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Abstract

KE009922296*

The European School of High-Energy Physics is intended to give young experimentalists an
introduction to the theoretical aspects of recent advances in elementary particle physics. These
proceedings contain lectures on Field Theory, the Standard Model, Physics beyond the Standard
Model, Quantum Chromodynamics and Deep Inelastic Scattering, B-Physics and CP Violation,
Neutrino Oscillations, Dark Matter, Experimental Techniques, as well as reports on Heavy Ions and
Collider Physics and an account of particle physics at JINR. Two local subjects are also treated:
Conditions for Science in Russia, and Search for Heavy Elements.
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Preface

The 1995 European School of High-Energy Physics was organized in Dubna, Russia from
27 August to 9 September. The 1995 School was the third in the new series organized on a yearly
basis in collaboration between CERN and JINR, Dubna. It was attended by 87 students, 68 and
16 from CERN and JINR Member States, respectively, and three from non-member states.
Our sincere thanks are due to the lecturers and discussion leaders for their active participation in
the School and for making the scientific programme so stimulating. Their personal contribution in
answering questions and explaining points of theory was undoubtedly appreciated by the students
who in turn manifested their good spirits during two intense weeks.
JINR/Dubna had the major responsibility for organizing the 95 School. Our warmest thanks are
extended to Prof. Dmitri Kazakov, who acted as Director of the School, and to Alexei Romanov,
who was responsible for the local arrangements. Together with an efficient team of colleagues and
students they ensured the smooth running of the day-to-day organization and the social programme.
Our special thanks go to the crew of people who took care of the demanding tasks of meeting
people and of the transport between Moscow Airport and Dubna. We mention in particular
Alexander Beliaev, Sergey Chatrchyan, Zhezher Valery, Aleksei Sheleev, Ilia Liashenko and
Anatoli Astvatsaturov. We are grateful to Thomas Kress who advised some of the sudents about
cheap accommodation in Moscow and to Elena Shmakova for practical assistance at the secretariat,
and last, but not least to Susannah Tracy and Tatyana Donskova for their untiring efforts in the
lengthy preparations for and the day-to-day care of the School. A special word of thanks goes to the
staff of the Dubna Hotel and to the Directors of the Restaurant, Ludmila Afansieva and the
Scientist's Club, Dmitri Kriukov, for providing good and plentiful food in an efficient way. The
media coverage for the School was good; and Dmitri Kazakov gave a long interview on local
television about its purpose and international participation.

The Mayor, Mr. V. Prokh, welcomed the participants to the town of Dubna at the beginning of
the School. Vice Minister Z. Yakobashvili gave an interesting evening lecture on the formidable
task of reorganizing and rebuilding Russian Science. A special evening lecture by
Mrs. H. Andreeva on Russian icons was followed by a most interesting excursion and visit to
St. Sergius Trinity Monastery in Sergiev Posad. The social programme also included a boat trip to
the Moscow Sea with barbecue on one of the islands, concerts with Russian folk music and of a
children choir and at the end the closing banquet with an excellent selection of food and beverages.
The success of the 95 School was to a large extent due to the students themselves. Not only did
they produce a very good poster session, but throughout the School they participated actively during
the lectures, in the discussion sessions and with genuine interest in the excursions.

Egil Lillest0l
on behalf of the Organizing Committee
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AN INTRODUCTION TO QUANTUM FIELD THEORY
ERIK VERLINDE

Theory Division, CERN, CH-1211 Geneva 23, Switzerland

Abstract
The basic concepts and ideas underlying quantum field theory
are presented, together with a brief discussion of Lagrangian field
theory, symmetries and gauge invariance. The use of the Feynman rules to calculate scattering amplitudes and cross sections is
illustrated in the context of quantum electro dynamics.

1.

INTRODUCTION
Quantum field theory provides a successful theoretical framework for describing
elementary particles and their interactions. It combines the theory of special relativity
and quantum mechanics and leads to a set of rules that allows one to compute physical
quantities that can be compared with high energy experiments. The physical quantity of
most interest in high energy experiments is the cross-section cr. It determines directly the
number of events that an experimentalist will be able to see, and also is in a direct way
related to the quantum mechanical probabilities that can be computed with the help of
field theory.
In these notes I will present the basic concepts and ideas underlying quantum field
theory. Starting from the quantum mechanics of relativistic particles I will introduce
quantum field operators and explain how these are used to describe the interactions among
elementary particles. These notes also contain a brief discussion of Lagrangian field theory,
symmetries and gauge invariance. Finally, after presenting a heuristic derivation of the
Feynman rules, I'll illustrate in the context of quantum electro dynamics how to calculate
the amplitude that determines the cross section for a simple scattering process. But before
we turn to the quantum mechanics, let us first discuss the meaning of the cross section in
more familiar classical terms.
1.1

From Events to Cross Sections
For concreteness, let us consider an experiment with two colliding particle beams in
which one beam consists of, say, electrons and the other beam of positrons. An experimentalist can now collect and count the events in which an electron and a positron collide and
produce several other particles. The number of events N that occur in a certain amount

of time depends on various experimental details, in particular the densities px and p2 of
the particles inside the beams and of course the particle velocities Vi and v2.
To find out how these parameters affect the number of events, let us first consider
the probability that an event occurs inside a a small volume AV and within a time
interval A*. In this case we can assume that the densities and velocities are constant.
Now imagine that one of the particles, say the electron, has a finite cross-section a as seen
from the perspective of the other particle, the positron. After a time At each electron
has moved with respect to the positrons over a distance |ui — v2\At, where vi — v2 is the
relative velocity, and in this way it has swept out a part of space with a volume equal to
a\v\ — v2\At. The probability that in this time the electron has collided with a positron
is equal to the number of positrons inside this volume, which is p2cr\vi — v2\At. Finally,
to obtain the total number AN of collisions we have to multiply this with the number
of electrons inside the volume AV; this number is piAV. In this way we find that the
number of events that occur in AV and At is
AN = apxp2\vx - u 2 |AVA*

(1)

In a realistic situation the densities pi(x,t) of the particles and their velocities are not
constant in space and time. Instead of the velocity v it is also more appropriate to use
the current density j that describes the flux of the particles per unit of area. It is defined
by j ~ pv where v is the local velocity at a certain point in space and time. By repeating
the above argumentation we can express the number of events in an infinitesimal volume
dV and time interval dt as dN = cr\p2j\ — pij2\d3xdt. Then by integrating of space and
time we obtain the following expression for the total number of events N

N = ajdtL{t),

(2)

where ^
All experimental details that influence the number of events are combined in the time
integral of L(t), which is called the integrated luminosity. The integrated luminosity does
not depend on the kind of process that one is interested in, and so it can be measured by
looking at a reference process for which the cross section a is accurately known. With this
knowledge one can then determine the cross sections for all other processes. These crosssections a are independent of the experimental details, and thus can be used to compare
the data that come from different experiments. They are also the relevant quantities that
one wishes to compute using quantum field theory.

1.2

Quantum Mechanical Probabilities

Just to give an idea of how the cross section a is related to a quantum mechanical
amplitude, let us assume that before the collision the densities and velocities of the particles inside the beams are accurately known. In terms of quantum mechanics this means
1) A more careful analysis shows that the integrand has an additional relativistic contribution -|ji x j 2 \ . This term can be dropped in a situation where j \ a nd j2 are
(approximately) parallel.

that one has specified the initial quantum state |^.) of the colliding particles. Similarly,
by measuring the energies and directions of the particles that are being produced by the
collisions one selects a certain final wave-function ($/) that describes the state of the
out-going particles. According to the rules of quantum mechanics the probablity W for
this event to happen is given by the absolute valued squared of the overlap between the
final state and the initial state

Quantum field theory provides the tools to compute the amplitudes {$,!$/), and hence
determine the quantum mechanical probabilities W. In fact, the quantity that is most
directly computed is the probability W that a collision takes place per unit of volume
and time for a situation with constant particle densities p\ and pi- For this situation W
may be identified with the ratio AN] AVAt, which according to equation (1) gives the
cross section a times the product of the densities and relative velocity. All this will be
explained in more detail in the following sections.

2.

RELATIVITY AND QUANTUM MECHANICS

The elementary particles that are used in high energy experiments have velocities
close to the speed of light, and should therefore be described by the theory of special
relativity. For relativistic particles it is convenient to specify their motion, instead by
their velocity v, in terms of their momentum

l\ ~ (f )*
An important reason for this is that during collision the total momentum of the particles
will be conserved. The total energy of the particles will also be conserved. In special
relativity the energy of a particle with momentum p is given by

E = yjpc2 +m2c4

(5)
2

For a particle at rest this becomes Einstein's famous relation E = me .

2.1

Relativistic Wave Functions

In quantum mechanics the energy E becomes identified with the Hamiltonian operator H. The time evolution of the wave function for a single particle is, as usual, governed
by the Schrodinger equation in which the Hamiltonian if acts as a differential operator.
The form of this differential operator can be read of from (5) by replacing the momentum
p by the operator p = —ikV. This gives
ihdttl>(x,t) = H<l>(x,t)

(6)

H = \J-h2V* + m*c*.

(7)

with
An important difference with the non-relativistic case is, however, that the Hamiltonian
involves a square root. Still the Schrodinger equation can easily be solved by expanding
the wave-function in terms of plane waves

These plane waves are the eigenfunctions of the momentum operators p with eigenvalue
p = hk and are also energy eigenstates with eigenvalue E = hu)(k). The most general
solution to the Schrodinger equation can now be written as2)

where

w(ifc) = \jk2 + m 2 .

(9)

To simplify the formulas we put here and in the following h, — c = 1. When the momentum
p is well specified the wave-function x^(k) will be strongly peaked near k = p. The position
of the particle will in this case not be very precisely determined due to the uncertainty
principle. So the wave function gives us only a probability p(x, t) for finding a particle at
a position f a t a certain time t. Because probabilities have to be conserved, there must
also exist a probability current density j(x, t) that obeys the conservation law
dtp(x,t) = V'j{x,t)

(10)

For the relativistic wave function the probability density and current density are given by
the expressions

(rV1>r/>VP)

(11)

These densities can in fact be identified with the particle densities p and j inside the
beam. Notice that for a plane wave 0£ these densities are given by p = •£ and j = £ . To
verify that these expressions indeed satisfy the conservation law (10) one has to use the
'square' of the Schrodinger equation (6)
(dt2-V2 +

rn2)t/>(i,<)=0

(12)

This equation is called the Klein-Gordon equation. We note, however, that the KleinGordon equation allows more general solutions than the original Schrodinger equation.
Namely, if we change the sign of the time frequency u>(k) —>• — u>(k) in the expression (8)
it would still be a solution of (12). These negative frequency solutions are not physically
acceptable as wave functions because they would correspond to particles with negative
energy.

2.2

The Dirac Equation

For particles with spin the wave function not only carries information about the
momentum and energy but also specify the polarization of the particle. An electron has
spin 1/2, and so its wave function has two independent components Xt(^»0» f° r s P m uP>
2) Here the normalization factor 2u{k) is chosen so that the function xp(k) has a relativistic
invariant meaning.

and and X4.(£?0' f° r s P ' n dowm- Both components satisfy the Schrodinger equation (6)
and through a similar expansion as (8) lead to two independent functions Xt(^) an<^ (
that can be combined in a two component " spinor"

In the rest frame of the electron the direction of the spin is measured by the Pauli matrices
cr,. These are 2 x 2 matrices satisfying of = 1 and <TI<T2 = — a^cri = 103, etc.
Dirac discovered a relativistic wave equation for a spin | particle in terms of a
4-component wave-function Vv It is convenient to first decompose this four component
spinor in two two-component spinors i/>+ and 0_.

and introduce the matrices
5 = II

" )

and

The Dirac equation can then be given in the form of a Schrodinger equation
idttl> = {-ia • V + m/3)t/>

(14)

One of the motivations of Dirac to write down this wave equation is that the associated probability density p and the probability current j do not involve time or spatial
derivatives, but take the simple form
p = ipty,

j = ^aip.

(15)

Using the Dirac equation one easily verifies that these current densities satisfy the conservation law (10).
It follows from (14) that the separate components of t/>o satisfy the Klein-Gordon
equation. The wave functions that describe physical particles must again have positive
energies u(k) > 0. Hence, the physical solutions to the Dirac equation can be expanded
in plane waves as

where

«(*) = V ^ ( j i , . )

(17)

and x(£) is the two component spinor introduced above. Notice that for an electron at rest
the momentum k = 0 and energy u>(k) — m. As a consequence, the lower two components
of ua vanish while the upper two components are identified with the spinor x- This shows
that the Dirac equation indeed describes spin | particles with two polarizations.

2.3

Lorentz Covariant Notation

The invariance under Lorentz transformations of the Klein-Gordon and Dirac equations can be made more manifest by introducing a covariant notation for the coordinates,
x" = (x,t), where /i = 1,2,3,0 and the derivatives d^ = (V,d t ). We also introduce a
metric rj^u with signature diag( —1, — 1, — 1,+1) that is used to raise, lower, and contract
indices. The Klein-Gordon equation can in this notation be written as
(d^d* + m2)<p{x) = 0

(18)

Here we changed the notation for the wave function to <p to distinguish it from the
Dirac wave-function. The conserved probability current j ^ — (j,p) becomes in covariant
notation j

M=

^(tp'dtf

- <pdM(p*).

To write the Dirac equation in covariant form we define the Dirac gamma-matrices
-yM = (7,70) by 7 = /3a and 70 = /?. These gamma matrices satisfy the anti-commutation
relations {7^, 7,,} = 7^7* + 7* 7M = 2 ^ . With these definitions one easily verifies that the
Dirac equation (14) coincides with
)= 0

(19)

The conserved probability current (15) is in covariant notation jfM = ^ 7 ^ ' where rf> —

3.

QUANTUM FIELDS AND THE FOCK SPACE

To describe the processes that take place in high energy collisions it is not sufficient
to restrict ones attention to wave functions of single particles. These processes involve
several particles which at early times before the collision and also after the collisions are
at different positions xt- and may carry different momenta £;. As long as the particles are
well separated in space we can represent the n-particle wave function by a product of the
single particle wave-functions

$(£i,x 2 ,...,f n ,*) =

rp(xut)ip(x2,t)...ip(xn,t)

In this regime the total energy is approximately equal to the sum of the energies of the
individual particles. The time evolution outside the interaction region may therefore be
described by the free Hamiltonian

In non-relativistic quantum mechanics we are used to describe interactions among particles
by introducing a potential V(xi, X2, • • •, x n ) in the Hamiltonian. However, this prescription
can not be valid in a relativistic theory because it would describe an instantaneous force
between particles that are outside each others light-cone. As we will see, the correct way to
describe interactions is to allow the particles to emit and absorb other particles. Through
these interactions the number of particles may change in time. Indeed, we know that a
collision of a electron and positron may result in the production of many other particles.
This is what makes quantum field theory different from usual non-relativistic quantum
mechanics in which the number of particles is always fixed. The physical explanation of

this fact is that the relation E — me2 allows the center of mass energy of the colliding
particles to be used to create new particles. We may conclude from this that quantum
field theory needs to be formulated in a Hilbert space that contains quantum states with
arbitrary number of particles.
3.1

The Fock Space
The Hilbert space that consist of all multi-particle states is called a Fock space.
We will now explain how to construct this Fock space. First, there exists one unique
state without particles which is called the vacuum state. It is denoted by \vac) and is
normalized such that (vac\vac) = 1. Then there are states \k) that describe one particle
with momentum k. We normalize these one-particle states as
(k'\k) = 2u>(fc)(27r)3£(3)(£ - k').

(20)

The quantum state for n particles with momenta fcj, k^,.. .,kn is denoted by

These states have a normalization similar to (20) including factors of 2w(£,)(27r)3.
In quantum field theory it is possible to have transitions between states with different
number of particles. These transitions are described with the help creation operators ak.
When the creation operator a\ acts on the vacuum state \vac) it gives the one-particle
state \k). More generally, by acting with a\ on a state with n particles one adds another
particle with momentum k, and hence one obtains a state with n + 1 particles. In this
way one concludes that any n-particle state is obtained from the empty vacuum by acting
successively with n creation operators

\k1,...X)

= ali...a\n\vac).

(21)

Here we assumed for simplicity that all momenta k{ are different. Similarly we can define
so-called annihilation operators a.% that reduce the number of particles with momentum
k by one. When these annihilation operators act on a state that contains no particle with
momentum k one gets zero. In particular, the vacuum state \vac) satisfies a^vac) = 0.
The creation and annihilation operators obey the commutation relations

[aj, ap] = 2u(k)(2nfS^(k - #),

(22)

which is similar to the algebra of the creation and annihilation operators for the harmonic
oscillator.
3.2

Quantum Fields
As its name suggests, the central objects in quantum field theory are the quantum
fields. A quantum field is an (hermitean) operator 4>{x, t) that at time t destroys or creates
a particle at the position x. More precisely, by acting with the quantum field <j>(x,t) on
the empty vacuum we obtain a state with one particle

*®

(23)

Here we notice the similarity with the expression (8) for the single particle wave function.
But it should be clear that quantum field <f>{x,t) has quite a different interpretation than
the wave function ip(x, t). By expanding the field (f>(x, t) in terms of plane waves as
(24)
one obtains the creation and annihilation operators at and a% that we introduced before.
Notice that the quantum field <j>(x,t) satisfies the Klein-Gordon equation (12), but that
unlike the wave-function ij}(x,t) it contains in its expansion plane waves with negative
time frequency — u(k).
The canonical commutation relations between the creation and annihilation operators imply that the quantum field <f>(x, t) does not necessarily commute with the field
<f>(y, t') at some other point in space and time. However, two operators that act at the
same time t' = t but at different points in space should commute. Otherwise there would
be a contradiction with one of the postulates of relativity that no signal can travel faster
than light. Indeed one can show that
[7r(y,t),<j>(x,t)} = -i5W(x-y)

(25)

where 7r(y, t) = dt4>{y,t) is called the canonically conjugate field of 4>(x,t) because their
relation is similar to that of the momentum p and the coordinate x. We remark that by
expanding the field <f> and IT in plane waves one recovers from (25) all the commutation
relations (22) of the creation and annihilation operators.

3.3

Quantum Fields for Particles with Charge and Spin

The field that we just described is the simplest example of a relativistic quantum
field. It describes an uncharged particle with zero spin such as the pion 7r°. We will now
briefly describe the quantum fields for particles with charge and spin. An important fact
about Nature is that all charged particle have an associated anti-particle with an identical
mass and spin but with opposite charge. For example, the anti-particle for the TT+ pion is
the negatively charged pion 7r"~, and the positron is the anti-particle associated with the
electron. The quantum field for the charged pions is a complex scalar with expansion

? / i k W^"""' + V-('"+-(t")

(26)

where aX- creates a TT+ while b% annihilates a IT . The other operators &t and c^ are
contained in the hermitean conjugate field ^ . The electron and positron are described
by a complex Dirac spinor which has four components satisfying the Dirac equation. The
creation and annihilation operators are again found by expanding the Dirac field in Fourier
modes

^j£k
J 2u>(k) ^( ^' ^

(2TT) 3

a

kb

'

W*»)

(27)

where ua(k) is defined in (17), with a = | or | , and vb(k) is given by a similar expression
with the upper and lower components interchanged. The first term gives the creation

operators ct ^ for the electron and the last term describes the annihilation operators d^
for the positron. Again the hermitean conjugate field gives the other operators. Because
the electron and positron are fermions the creation and annihilation operators satisfy
canonical anti-commutation rules

Ha' C*,a'} = ^MW^Kk

- k')

(28)

This will incorporate the Pauli exclusion principle, and leads, as we will see, to some slight
differences in the Feynman rules for fermions compared to bosons.
3.4

The Feynman Propagator
The forces between elementary particles are often described by the mediation of
another particle which is created at one point (x, t) in space and time and then annihilated at another point (x', t') with t' > t. The quantum mechanical amplitude for such a
successive creation and annihilation is given by the propagator
A(z-x',t-t')

= {vac\4>(x',t')(f>(x,t)\vac) for

t' > t

(29)

For t > f one has to change the order of the two fields, because the operator that
corresponds to the earliest point in time must also acts first on the vacuum. So in this
case the particle is first created at the position (x',t') and than annihilated at (x,t).
The propagator will play an important role in the Feynman rules. But just as a
preparation, we will describe here how to evaluate it. First we insert the equation (23)
and then use the normalization (20). In this way we obtain
^ "

(30)

Notice that the propagators only depends on the differences in the coordinates. We can
use this to put x' and t' equal to zero. The above expression is a direct generalization of
the familiar Yukawa potential e"'"1''^/):?) to which it would reduce in the static limit. We
can rewrite the propagator in a manifestly Lorentz invariant form by using the identity
it
2u>
which is proven by a complex contour deformation. The Feynman propagator can thus be
written in covariant notation as
a

(2*) 4

-"-

(31)

with
„

\

, ,.

(32)

and kf, = (fc, k0) and i " = (x, t). In a similar way one can derive the Feynman propagator
for the Dirac field. The only difference is that we have a sum over polarization states of
the electron. From the normalization of the spinor ua(k) given in section 2.2 one finds
that as a result the integrand contains an additional factor
(33)
where 7M are the gamma matrices introduced in section 2.3.

4.

AMPLITUDES AND CROSS SECTIONS

In this section we will explain how the cross section is related to quantum mechanical
amplitude, and we will describe how these amplitudes are represented in quantum field
theory

4.1

From Amplitudes to Cross Sections

Consider an event where two particles with momenta pi and pi collide and produce
n particles with momenta ki, ..., kn. Before the collision we can represent the wave
functions of both particles by planes waves ^ , , and Vy2 • We will denote this two-particle
state by \pi,p2)i- Similarly, after the collision we have n particles with wave functions
given by plane waves. The corresponding n-particle state is |fcj,.. .,kn)j. The quantum
mechanical probability for this process is determined by the transition amplitude
Ai-+j(puP2]ki) = | .{pi,ft|fci,...,* n > /

(34)

These transition amplitudes are the objects that one would like to compute with quantum
field theory. But before we discuss that in some detail, let us first explain in what way
these amplitudes are related to the cross section, which after all is the observable that
can be measured.
During a collision there are various physical quantities that are conserved. In particular, the total energy and momentum before and after the collision must be the same.
This tells us that the transition amplitude A will vanish unless

i =

i Pl

+ P2

Examples of other conserved quantities are charge, lepton number etc. Now according
to the standard rules, we can now calculate the probability by taking the square of the
amplitude. Notice, however, since we have fixed the momentum of the produced particles,
we are only calculation a partial probability for producing particles with momenta between
ki and ki + dki. This transition probability is
4

d3k

2

dW(pup2-k%) = (2n) \A(pup2;kt)\ U

,•

' r ,

(2TT)32ui(ki)

(35)

To obtain the full probability one has to integrate of the final momenta £,. Implicit in the
expression (35) are the delta-functions for momentum and energy conservation. To make
them explicit one should multiply the right hand side by

This transition rate dW depends on the normalization of the wave functions of the two
incoming particles. Because these wave-functions are represented by planes waves the
associated particle densities are p, — ~~- and ji — ^-. Now, to go from the transition
probability to the differential cross-section da we can follow the same steps of section 1.1.

10

The luminosity is given by the integral of \J1P2 — J2P1 \ = \p1U2 — P2W1 |/mim 2 . If we divide
the transition rate dW by this factor we obtain the cross section. Thus we obtain
da =

mim

l

.dW(Pl,p2; kt)

(36)

\P1U2 - P20J11

This expression is valid in the center of mass frame. To extend it to general Lorentz frames
we simply note that numerator can be written in covariant form as J{pi • P2)2 — m\m\.
In the following we will not really be concerned with calculating explicitly these cross sections. Instead we will focus on the quantum mechanical amplitudes A and the probability
rate dW.
4.2

The Interaction Hamiltonian
In quantum mechanics the time evolution of a quantum state is described by a
Schrodinger equation. For the situation of our interest the Hamiltonian H is an operator
that acts in the Fock space of many particles, and can be written a sum of the free
Hamiltonian HQ and an additional term Hint that represent the interactions among the
particles. What can we say about ffmt? Because the interactions may change the number
of particles the Hamiltonian will contain operators that can create or destruct particles.
Furthermore, the interactions should be consistent with causality, which means that the
presence of a particle can be felt by another particle only when they have been in causal
contact. This is guaranteed when the interactions that are contained in the Hamiltonian
only occur between particles that are at the same point in space and time.
To make a long story short, the appropriate way to construct a Hamiltonian that
satisfies all the required properties is to express the interaction Hamiltonian as an integral
over space of a density /H{x,t). This Hamiltonian density "H must be given in terms of
a product of the quantum fields <f> and IT and, possibly, the first order spatial derivatives

= JdzxHint(ir,V<f>,<f>)

(37)

In fact, also the free Hamiltonian is of this form with an integrand that is quadratic in
the quantum fields

Ho = Jd3x (TT2 + (V<£)2)

(38)

This is what distinguishes the free Hamiltonian from the interaction Hamiltonian, which is
an higher order operator. A typical example of an interaction term is %int(x, t) = \<j)4(x, t).
In modern approaches to quantum field theory one does not often use the Hamiltonian density H, but instead one formulates the theory in terms of a Lagrangian density
C(x, t). It is related to the Hamiltonian density by

The advantage of using the Lagrangian instead of the Hamiltonian formalism is that all
symmetries, like Lorentz invariance, are manifest. This is because, instead of the Hamiltonian H which is an integral over space, one works with an action S that is written as
an integral over space and time of the Lagrangian density C. In the next section we will
discuss the Lagrangian formulation in more detail.
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4.3

The 5-Matrix
We will now describe how the quantum mechanical probability amplitudes
-A(pi,P2;kj) =

i(pu...,pm\ku...,fen)

are represented in terms of quantum field theory. The idea is as follows. We consider a
quantum state \^(t)) which at the time t = —oo coincides with the initial state. Then
by studying its time evolution we can in principle find out what this state looks like at
t = +00. The probability for finding the n particles in the final state ^(oo)) is then
determined by the overlap of the n-particle state with this final state.
So, once we know the Hamiltonian density ?^mt in principle all we have to do is to
solve the Schrodinger equation
idt\*(t))s = (fIo + Hint)\*(t))s

(40)

Without interaction this would have been easy, because the free Hamiltonian just evolves
each of the particles according to the usual one particle Schrodinger equation. In particular, it doesn't change the number of particles.
The non-trivial part of the time evolution is contained in the interaction Hamiltonian. One can describe the quantum states in a different representation which only sees
the interactions by undoing the time evolution that is generated by the free Hamiltonian.
So we introduce a new quantum state by
(41)
The time evolution of this state is generated only by the interaction Hamiltonian
(42)

The interaction Hamiltonian Hint(t) is expressed as in (37). Note, however, that in this
picture the fields <j>{x,t) and hence Hint{t) are time dependent. This time dependence
simply means that the fields <j>(x,t) satisfy the Klein-Gordon, or Dirac, or some other
linear wave equation. Formally we can write down the solution to the Schrodinger equation
(40) as

>, =Texp [-t£'«ft JJ/(O] \*{U))t

(43)

where the time ordening symbol T implies that the operators H[(t) must act successively
on the state ^ ( i , ) ) in the order of the time t in their argument. More explicitly,

Texp[-i f'dtHft)] s £(-*)*/ dhdh.-.dtn Hl{tn)...Hl{t2)HJ{t1)

(44)

Next we insert the expression (37) for the interaction Hamiltonian and send t; —> —00
and tf —> 00 to get

Moo)), = Texp [-»/<*•*«*«*(*)] |*(-oo)),

(45)

where d4x = dtd?x and x = (x,t). This exponential operator on the right-hand-side is
called the S-matrix. Its matrix elements give the probability amplitude that for an initial
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n-particle state \pi,..., pn) the outgoing state is given by the m-particle state
This amplitude is
Aipukj) = (fcx,...,fcm|Texp ^-ijtfx'Ui^x^

\Pu.. .,Pn)

\ki,...,km).
(46)

From this expression it is straightforward to derive the Feynman rules for a given Hamiltonian densite %int{x)4.4

Feynman Rules
To evaluate these amplitudes one has to use perturbation theory. One expands the
exponent, taking in to account the time ordening, and than one inserts the explicit expression of the interaction Hamiltonian in terms of the fields. As mentioned, the Hamiltonian
density is some polynomial in the fields <f> and its derivatives. These fields create or destroy
particles at a certain position (x, i) in space and time. The power of the fields tells us how
many particles are destroyed or annihilated at one point.
The various contributions to the scattering amplitude can be represented graphically
in terms of Feynman diagrams. Given a diagram there is a very precise prescription to
write down the expression for the contribution in terms of the propagators and vertices of
a given quantum field theory. Here we will here just sketch the basic idea. Each Feynman
diagram has a number of external lines that represent the incoming and outgoing particles.
For the above amplitude the number of lines would be m incoming and n outgoing. We
label these lines by the associated momenta ki and p,. According to the Feynman rules
one has to write down for each of the lines the appropriate single particle wave functions
describing a particle with external momentum fc, or p,. Next, the external lines come
together at vertices. These vertices are in one to one correspondence with the various
terms in the interaction Hamiltonian. For a simple situation in which Hint has just one
term A04 there is just one type of vertex where 4 lines come together. For each vertex one
has to write down one power of the coupling constant A times an i that comes from the i
in front of the Hamiltonian.
Further, the sum of all momenta that flow towards a vertex must vanish. It is not
necessary that all lines that come together in one vertex correspond to external lines. A
Feynman diagram has also internal lines that correspond to the propagators. Just like the
external lines, the internal lines also carry momentum. For each propagator one has to
write down a factor that depends on its momentum. The precise form of this propagator
depends on the type of field. For the Klein Gordon scalar field that we considered so far
the propagator is

-erh+a

(47)

where k — (k,k0) and k2 = k% — k2. We have already explained in section 3.4 how this
expression is derived. For diagrams without closed loops the condition that momentum is
conserved at each vertex determines the momenta for all the internal lines in terms of the
external momenta &,. But for diagrams with £ closed loops there will be £ undetermined
momenta that have to be integrated over. Fermion loops have an additional factor of
( — 1) because of fermi statistics. Finally, one has to sum over all inequivalent ways that
the external lines can be connected through propagators and vertices. What I have just
given is only a rough sketch of the Feynman rules. The precise rules depend of course on
the quantum field theory that one considers and, unfortunately, also on conventions.
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5.

LAGRANGIAN FIELD THEORY

We will leave aside the quantum fields for while, and consider classical field theory
in its Lagrangian formulation.

5.1

The Action Principle

A classical field theory may be defined in terms of an action 5 that is given as an
integral over space and time of a Lagrangian density C. This Lagrangian density £ is a
Lorentz invariant function of the field <f> and its derivative d^. Thus in general the action
S takes the form

Jf^d^ix)).

(48)

According to the action principle one obtains the classical field equations by requiring
that the action is stationary, that means it does not change under infinitesimal variations
of the fields <j> —> <f> + 84>. For general values of the field <j> the the action S changes under
such a variation by a small amount SS given by

jd4x

(49)

where we dropped a surface terms after the partial integration. In this way we find that
the variation of the action vanishes provided the field (j)(x) satisfies the Euler-Lagrange
equation

Note that to obtain a linear Euler-Lagrange equation the Lagrangian must be quadratic
in the fields <j> and its derivatives. But in general one can write down Lagrangians that ,
besides a quadratic terms, involve higher order powers. These Lagrangians will give rise
to non-linear field equations. It is in this way that interactions are introduced in the
Lagrangian formalism.
We have seen that the fields 4> a n d ip associated with particles with spin zero and
spin 1/2 satisfy the Klein-Gordon and Dirac equation. These wave equations can in fact be
derived from an action principle. Because the wave equations are linear it is not difficult to
construct the corresponding Lagrangrians C. For the Klein Gordon field the Lagrangian
is
L^\d^d^-\m^\
(51)
One easily checks that | ^ = m2<t> and J|^T = — d^ and thus the Euler-Lagrange equation indeed reproduces the Klein-Gordon equation. In a similar way one canfindthe
Lagrangian for the Dirac field
£+ = ^(t7MdM - m)0
where V> = ^
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(52)

5.2

Noether's Theorem: An Example

Charged particles with spin, such as the TT* pions, are described by a complex scalar
field 9. For this field the Lagrangian is

Notice that the Lagrangian is real, despite of the fact that <p is complex. Moreover, when
we multiply the field 9? by a complex phase factor
tp -»• eix<p

(54)

the Lagrangian Cv will remain the same because (e<x)*e'x = 1. This has an important
consequence. Namely, suppose that x *s a function of the space and time coordinate 1".
In that case the transformation (54) is not a symmetry of the Lagrangian or the action.
Yet, when the fields satisfy the equation of motion, we know that the action should be
invariant under infinitesimal transformations <p —• <p + 8ip. For an infinitesimal phase
rotation (54) with a small parameter Sx the field tp varies with Sip = iSx<p- After inserting
this variation in the action one can easily see that all terms without derivatives on Sx
cancel. The terms that are left over are
SS = it
From the action principle we know that this variation should vanish, and therefore we
conclude that the expression
*)

(55)

must satisfy the conservation law
= 0-

(56)

This can also be checked directly from the equation of motion. The current j ^ = (je,pe)
represents the electric current and charge density. The fact that the presence of a conserved
current is associated with a symmetry of the Lagrangian is known as Noether's theorem.
For a complex Dirac field, which describes the electron and positron, one can in a similar
way determine the expression for the electric current density. It is

j£ = e^Y4>

(57)

This current will play an important role in describing the interactions with the electromagnetic field.

5.3

Photons and the Electro Magnetic Field

The photon is a particle with spin one, and is described by a vector field A^ = (A, V).
These fields A and V are in fact the vector and scalar potential for the electric field
E = 8tA — VV and magnetic field B — V x A. Already in the previous century Maxwell
wrote down the field equations for E and B

V x B - dtE=]e
V • E=Pe
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(58)

where pe and j e are the electric charge and current densities. The fact that these equations
are Lorentz invariant was discovered only later, and led to the development of special
relativity. Nowadays, we write often the Maxwell equations directly in a covariant form
in terms of the electromagnetic field strength
Fw = d»Av - duA^

(59)

which combines the electric and magnetic field: Fo, = 2?,-, F tJ = tijkBk- The equation (58)
can be combined as

WF^ = fv

(60)

Notice that this equation only has solutions when the current jl satisfies the conservation
law (56), because for the left-hand-side of this equation we automically have d"dllFllu = 0.
The Maxwell equations can again be derived from an action principle. The Lagrangian is
given as a function of A^x) by

CA = -\{d*Au - dvArf + AJ?

(61)

It is not difficult to verify that the Euler-Lagrange equations give the equation (60). For
example, the linear term in A^ directly leads to the right hand side in terms of the electric
current.

6.

QUANTUM ELECTRO DYNAMICS

Quantum Electro Dynamics (QED) describes the electro-magnetic interactions between electrons and positrons. By combining the results of the previous section we can
easily construct an action for the electron and positron field together with the electromagnetic field. Namely, we simply take the sum of the Lagrangians(52) and (61)

and identify the electric current with the Noether current (57), that is j£ =
Combining these ingredients we can write the Lagrangian of quantum electro dynamics
88

1
CQED = - j F i - 0 (*7*A. ~m)*

(62)

where
A , = (dp - ieA,,).

(63)

is called the covariant derivative.

6.1

Gauge Invariance of the Lagrangian

A very important property of this Lagrangian is that it is invariant under local
gauge transformations. These tranformations act on the field AM as
(64)
and simultaneously on the fermion field ift and rl> as complex phase rotations

(65)
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First, one easily checks that the field strength is invariant: F^ —*• FliV+-{dlldvx—dvdllx) —
F^y. Next, the fact that the derivative d^ on the fermion field is replaced by the 'covariant
derivative' D^ guarantees the invariance of the kinetic term of the fermions because it
follows from (63) and (64) that under a gauge transformation Z?M -» e'xZ)Me~IX and so
D^

-> eixD^

(66)

This phase factor cancels against the one of ifr. The significance of the gauge invariance is
that it ensures that the photon only has two physical polarizations and remains massless.

6.2

The Feynman Rules of QED

Given the form of the Lagrangian one can read of the Feynman rules in a simple
manner by writing the action in terms of Fourier modes. The quadratic terms in the fields
describe the kinetic terms and determines the form of the propagator A(p). To be precise,
the propagator is given by the inverse of the kinetic operator written in momentum space.
The propagators for the electron-positron field is
WWW/

VwiM

IT

„

m2

which was already derived in section 2.4. To find the propagator for the photon is somewhat more tricky due to the gauge invariance. Because of this the kinetic term would
not give an invertible expression in momentum space. The right procedure is to add a
so-called gauge-fixing term
So that the kinetic term is invertible. This gives the following photon propagator

Gauge invariance ensures that the result is independent of £. We can use this fact to
choose f = 1, so that the expression simplifies. We will use as photon propagator

WWAAAA/
q2 + ie

q

The Lagrangian (62) contains only one term that is not quadratic in the fields. This
interaction term is

Cint = eAjfo»1>

(69)

We conclude that QED has only one vertex, namely one with two fermion lines and one
photon line. The corresponding factor is

\ww
The external lines for the electrons are represesented by their wave functions u(p or v(p)
for incoming lines, and by u(p) and v(p for outgoing lines. Similarly, the external photons
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have a factor e^(fc) that describes their polarization. The physical polarization satisfy
k^e^ — 0. Furthermore, due to the gauge invariance the Feynman amplitudes must be
invariant under t^ ~ eM + Xk^. This implies that longitudinal photons with t^ — Xk^
decouple, and hence the photon has only two physical polarizations. Finally, each loop
momentum integral has a normalization factor (2TT)~4.
6.3

A Tree Level Calculation
As an illustration of the Feynman rules let us consider the scattering amplitude
for the process e + e~ ~¥ pi+fx~. At tree level there is only one Feynman diagram that
contributes. It is given by
v(p2)

u(pi)

u{ki)

Feynman diagram for e + e~ —»• fi+fi~

In words what happens is that the electron and positron annihilate and produce a virtual
photon. This photon propagates for a while and then decays in to the muon-pair /x+ and
\i~. The amplitude for this process is given by

fi)yuV) »eu"'(£)
7 V 2 7V(£)

(70)

(Pi ~T~ P2)

The transition rate W is obtained by squaring this amplitude. For unpolarized electrons
and positrons one should average over the initial polarizations a and b. Also, when one
ignores the muon-polarization one has to sum over a' and b'. Combining these ingredients
one finds that the transition rate take the form

^=7
H

E \A%{p^k3)\2 ^K^{PuP2)L^{kuk2)

(71)

S

a,b,a',b'

where
Ltlt/{p1,p2) = ~ - J3"a(Pi)7M^(P2K(p2)7^<(Pi)

(72)

o,fc

Here we also introduced the Mandelstam variable s = (pi + P2)2 which is equal to the
square of the center of mass energy. Now, using identities like (33) and after evaluating
the trace of the gamma matrices one finds
L^(pi,P2)=ptP2+PiP2+r)tl'/(pi-P2

+ m2)

(73)

We will now assume that the energies are large so that we ignore the terms with the mass
m 2 . Inserting the expression for £"" in to
dW

= <l/~^~

(74)

where t = (pi — k\)2 and u = (pi — k2)2 are the two other Mandelstam variables. This
result can now be compared to experiments, and gives a way of determining the value of
the coupling constant e.
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6.4

Loop Corrections
At one loop there are four kinds of Feynman diagrams that give corrections to the
tree level result. First there is the possibility that the electron emits a photon which it
again re-absorbs before it annihilates with the positron. This gives the electron self-energy.
Then there is a so-called vertex correction where a photon is emitted by the electron and
absorbed by the positron before both annihilate. Another possibility is that the emitted
photon is absorbed only later by one of the produced muons.
The remain type of correction, which we will consider in much more detail, is the
so-called vacuum polarization graph. In words it describes a process where the photon
that is created out to the electron and positron produces first a virtual lepton (e+ e~
or // + (i~) pair. This virtual pair again annihilates and produces a photon which then
in second instance produce the muon pair. So this correction comes from an additional
fermion loop inside the photon propagator.
q +k

k
Vacuum polarization diagram
This diagram will change the value of the electric charge e and in fact make it dependent
on the center of mass energy of the initial electron and positron. Intuitively what happens
is that the vacuum contains fluctuations of lepton pairs £~ and £+. Through the electric
force the positively charged virtual leptons £+ move somewhat towards the electron while
the virtual t~ particles move towards the positron. In this way the virtual fluctuations
"polarize" the vacuum and screen the electric charge e of both the electron and the
positron. This effect becomes more important when the center of mass energy of the
colliding electron and positron is large. This may be understood intuitively from the fact
that to form a virtual electron-positron or muon pair the vacuum has to "borrow" part of
this center of mass energy and so the number of virtual pairs increases when more energy
is available3).
The vacuum polarization graph only affects the part of the diagram that represents
the photon propagator. In fact, without much additional work one can include also higher
loop corrections that correspond to repeated vacuum polarization diagrams. These can
be summed up by a geometric series. Its effect can be included by shifting the inverse
propagator A~l(q) by a term as follows

(75)

i
where we again put f = 1 and

3) Mysteriously enough, this intuition fails for non-abelian gauge fields, where one finds
an "anti-screening" effect that is responsible for asymptotic freedom.
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It follows from Lorentz invariance and gauge invariance (decoupling of the longitudinal
polarization of the photon) that this expression must be of the form

i W ) = ( ? V - ?V)n(<z2)

(77)

This can be verified explicitely by evaluating the gamma trace and doing some manipulations in the integral. Fruther, we will again assume that the energy carried by the photon
is much larger that the electron mass, and so we drop the terms depending on m. In this
way one finds

!

i/^W

<78)

This integral is infinite. This is of course rather disturbing result, but fortunately there is
still a way to extract a sensible answer. First one has to regulate the integral so that it is
finite, and then apply a so-called renormalization procedure. Here we will not go in too
much detail, but we just want make clear what the essential idea behind renormalization.

6.5

Regularization and Renormalization

There are various way to regulate the above integral expression. The simplest fashion
is to analytically continue to euclidean space and to introduce a momentum cut off A by
restricting the integral over k to values with jfcj < A. Again omitting some details, one
gets

12TT2

This one-loop correction can now be inserted in t h e Feynman graph for t h e full process,
and in this way added to the tree-level result. Because it only corrects the photon propagator t h e result is of the same form as t h e tree-level, but with an additional 5 dependent
factor. This eventually leads to

Now there appears t o be a problem with this expression. Namely, it depends on t h e cut-off
A, which was chosen arbitrarily. In particular, when we would send t h e cut-off A —> 00
we would again find a divergent answer, at least when we keep e fixed. T h e solution to
this problem is t h a t the coupling constant e that appears in this expression should not
really be identified with the physical value of the electric charge that we measure in t h e
laboratory. Therefore, we are allowed t o make this 'bare' coupling e = eo(A) dependent
on the cut-off A in such a way that t h e physical observables like dW are independent of
A.
Suppose we first do the experiment at a certain center of mass energy s = y}. T h e n
at this value of s we can now use t h e tree-level expression (74) t o define the physical
coupling constant e(/i) by
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Comparing this to the one loop result (80) one concludes that
(82)
where we made explicit that the bare coupling eo(A) depends on the cut-off. This equation
now tells us what e^A) is in terms of the physical coupling e(p). Next we can re-express
the result for the physical observable dW at other values for 5 in terms of the physical
coupling e(/z). In this way one finds that cut-off A disappears from the expression for dW,
because it follows from (82) that
(83)

and so we can write the transition probability in terms of the physical coupling constant
as

dW=2e\ f

+ u2

(l

e2{pi)

ln(S))

(84)

This expression is identical to (80) but now the cut-off A is replaced by the mass scale /u,
which is called the renormalization scale. Still there appears to be the problem that the
answer for dW depends on the arbitrary scale fx, while we know that the physical value
of dW must be independent of /x. However, this condition precisely determines the way
that e(fi) depends on fi. So finally, we conclude that the effect of the one-loop vacuum
polarization can be summarized by equation (81) with a running coupling constant e(fx).
Given the value of e{n) at low energies, say at fi0 ~ a few eV, we can determine its value
at other values from the condition that value of dW remains unchanged. This gives

At low energies we know the value of the coupling constant very well: we have ot(fto) =
e2(/zo)/47r = 1/137. The value at higher energies follows from the above relation which
may be rewritten in terms of the fine structure constant a(fi) — e2((i)/4x as

J-^ = J—- ±.\n(£).

(86)

In fact, at high energies one also has to take in to account the contribution to the vacuum
polarization of other charged particles, in particular the muon. This leads to additional
contributions that change the coefficient ^ somewhat. This running of the fine structure
constant has been confirmed by high energy experiments, in particular at LEP.
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Abstract
In the lectures the basic notions and the status of the electroweak theory
are presented. We draw attention to precise tests of the theory, especially
in high statistic experiments on Z-decay. Problems connected with higgs
partide(s) search are explicated. Possible deviations from standard theory
predictions are briefly discussed.

The history of the electroweak interactions begins with observations of ft - decay
and attempts for its description. As in many other fields of particles physics, the
first achievements are connected with results by E.Fermi. In the early thirties, just
60 years ago, Fermi introduced the four-fermion interaction, which was already then
presented in the form current x current. Namely, for description of a /? - decay of a
neutron
n —* peue;
Fermi writes down the following interaction Lagrangian (we assume a fair intelligence
of the audience in main notions of field theory)
L = G (*B7«*p *, e 7a^e + # P 7a*n *e7a#, e ) 5

(1)

where $, denotes a spinor field, corresponding to the particle i and G is dimensional
constant, which further on acquires the name Fermi constant. Here and in what
follows we adopt the convention to denote a scalar product in the Minkowsky space
by using repeated indices, just as it is done in Eq. (1). Notation Aa Ba means
AoBo — AB. We see that in Eq. (1) the interaction Lagrangian is in fact presented
in the form

Lint = G (J? Jt + (J?)+ (JZ)+) ;

(2)

where the second term in the r.h.s. corresponds to Hermitian conjugation. In what
follows we often use the notation h.c. just for this operation. We see from Eq. (2)
that interaction is written down in terms of vector current Ja — ^i7a^2 5 which
is quite similar to electromagnetic current ^fja^. It was just Fermi's intuition to
try to construct the new interaction in a way, the most close to quantum electrodynamics, which was recently discovered at that time. And as we know now, he was
almost right, and completely right was Fermi's feeling of close similarity of weak and
electromagnetic interactions. We just call the unified theory of these interactions the
Standard Theory, and under this title the present lectures are delivered.
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We start with the formulation of the basic notions of the Standard Theory, then
describe the present status of the precise tests of the electroweak theory. Then we
concentrate on the contemporary problems of the Standard Theory, in particular, on
problems of a Higgs scalar particle and of the electroweak symmetry breaking. In
conclusion we discuss the question what one could expect to find out, concerning
problems of the Standard Theory, when LEP200 will be working.
Let us remind the way, which have led to the Standard Theory. First of all, more
than 20 years after the Fermi work it came clear, due mostly to Feynmann and GellMann, that interaction Eq. (1) (and also others, then discussed) was not precise and
one had to formulate the so-called V-A theory. That means, that all the data on
particles weak decays being known at that time can be described by the following
weak interaction lagrangian
Lint — —1= Ja Ja ',

(3)

Ja = e(l - 7s)7a^ + £(1 - 75)7o^ + V - A;
where we introduce the notation, which will be used in the following. Namely, we
denote since now the spinor field of a particle by its symbol, e.g. \i — 9^ denotes
the spinor field of a muon. Here V and A denote vector and axial hadron current.
We see that the structure of the interaction is again charged current x current,
as in original Fermi formulation. The very important element enters here, namely
combination (1 — 75). It deserves more detailed attention. Note, that we define here
75 = —«7o7i7273, so that -yf = 1 . Let us construct two matrices
R

~

2

' '

One easily sees, that these matrices possess all the properties, necessary for the complete set of projection operators, namely
P? = Pi\

PL + PR = 1;

PL*PR

= PR*PL

= 0.

(5)

Therefore these operators split the space of spinors $ into two subspaces

(6)
Thus, operators PL, PR project the initial spinor on its left and right components.
By Dirac conjugation Eq. (6) becomes
1 _L ~ -

(7)
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where we take into account that 75 anticommutes with 70 being present in the conjugated spinor. In other words, left particle corresponds to right antiparticle and vice
versa. Let us consider free lagrangian of a spinor field

Using Eqs. (6) and (7) we rewrite it in terms of left and right components

-m (t/Wz, + $LI!>R) •

(8)

We see here that the first term divides in two independent parts, connected with
left and right spinors respectively, but the mass term mixes these components. If
an interaction is described in terms only of, say, left components and a mass is
zero, right components are thoroughly decoupled and do not appear, if they are not
present initially. In this sense the purely left (or right) particles can exist, which are
described by its left (right) components. Just the reality provides excellent examples
of the situation. We mean, of course, massless neutrinos. It is well-known, that such a
particle has only one polarization state - left particle is polarized against the direction
of motion, and the right one - along the direction. The problem, if neutrino masses
are exactly zero is widely discussed, we will not touch it here. What is important
for us now, is just the possibility to describe interaction (3) in terms of left spinors.
Really, it is easy to see, that

^

$

l>AL

TV ( I

+

) ^^

( !

+

)

^

(

9

)

i.e. we have just V — A variant (3). As a matter of fact, we can write weak interaction
lagrangian in the form of charged currents production, including particles being known
up to now.

L^t = -~JpxJl;

(10)

l + 75)i/e + /i 7 ,(l + 75)1^ + f7,(l + 75)i/T +
7s)u + srlp(l + 75 )c + fe'7p(l + lb)t.
Here all the leptons and quarks are present, one has to bear in mind, that for quarks
also summing over colour indices is understood, so, in simple words, there are three
terms for each quark pair. The prime up the — | e charged quarks (down quarks)
means linear combinations according to the well-known Cabibbo-Kobayashi-Maskawa
matrix: D' = U D, i.e.
—S\C 3

—S1S3

C1C2S3 + s2s3et6
C\S2c3 + c2s3etS
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I I 5 I ;

(11)

Here s,- = sinOi, c,- = cosOi are mixing angles and 6 is a phase, which makes it possible
to describe CP-violation. We will not discuss in details the status of the CKM matrix
elements determination, including the CP-violating phase, because it is the subject
of other lectures. For us it is sufficient to know, that this matrix is the unitary one,
that is UW = I.
The main trouble with interaction (10) is its unrenormalizability. This theoretical
notion means, that even in the first order of perturbation theory we have processes
cross-sections, which linearly rise with energy increasing. For example, the total
cross-section for a muon neutrino scattering on an electron reads
cK«)

G2
= ~a;

(12)

where as usually, 5 is the invariant energy squared: s = (pv + pe)2. This behaviour
immediately contradicts to unitarity restrictions. Indeed, lowest order of the perturbation theory for contact interaction (10) leads only to S and P - waves in a
scattering amplitude. And from quantum mechanics follows, that the contribution of
the l-th partial wave to the total cross-section is bounded by the expression
1

>.

(13)

By comparing Eqs. (12) and (13) we get convinced, that starting from some energy
, a contradiction appears. For / = 1 we have

so = *^L

= 0.94106 GeV2 .

(14)

In such a way the energy of "unitarity limit" appears. It was actively discussed
few decades ago, maybe it doesn't lose its significance even in the present state of
electroweak physics.
This unitarity contradiction along with the Fermi idea of close similarity of electromagnetic and weak interactions led finally to the construction of the Standard
Model, but, of course on the completely new level.
A renormalizable theory, in simple words, a theory without rising cross-sections,
could be formulated only in terms of gauge theories. Theory states, that Yang - Mills
type gauge theory is just renormalizable, so cause no difficulties with unitarity. The
first step in this line consists in introduction of intermediate charged W - boson.
Indeed, if one assumes, that the interaction lagrangian is of the form

Lint = - 9w(Ja Wa + Jl Wl) ;

(15)

where W stands for a massive charged vector field, carrying spin one. Now the
Feynmann diagram with W exchange leads to
T — ifO-n-V1 n2
T - I(2TT) gw
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7 &»£ ~
Ja k2

M2
M2

Tt .
Jp ,

where k is a momentum of W, which is equal to momentum transferred between
particles, entering in current J. If all the energy and momentum variables are much
less than the W mass M , then k2 <C M 2 . Then we come to the well-known relation

£k

~ v/2 '
Thus, if the W mass is large enough, we obtain in a variant with the charged intermediate boson results, coinciding with those of the four-fermion interaction (10). But
we are aware, that introduction of W is by no means sufficient to achieve the goal. It
is necessary to have at least four vector gauge fields at the beginning, which finally
corresponds to four physical states: one photon, two charged W and one extra neutral
Z. The argumentation is repeatedly laid down concerning this fact, namely only if
we have at least this set of vector fields at our disposal, we can arrange interaction
in such a way, that all the rising terms in amplitudes cancel and there is no unitarity
limit restrictions. The arrangement of the interaction means, of course, its symmetry.
So we come now to the point of formulation of the present day Standard Theory of
electroweak interactions.
The symmetry of the gauge theory of electroweak interaction is SU(2) x C/(l).
S£/(2)-group is completely the same (in mathematical aspects) as the symmetry
group, describing usual spin and isotopic spin. This is why, the symmetry can be
named as weak isospin and its representations are labeled by values of this isospin
/ , which as usually, are integer or half-integer. U(l) group corresponds to some
symmetry, conserving a charge, similar to electric charge and hypercharge. The corresponding quantum number is named weak hypercharge Y. The representation of
the electroweak symmetry group is hence characterized by two numbers: ( / , Y) .
Now we have three Yang - Mills fields W*, corresponding to SU(2) subgroup
and one photon-like field B^ connected with (7(1). All four of them are massless.
The theory of interaction of such a vector field set with a conserved spinor current
is renormalizable, so we are safe of all these unitarity troubles. But such theory has
nothing to do with real physics. As we see from a brief review of ^-interaction,
W+, W~ (and Z as well) have to be sufficiently massive and only a photon is allowed
to be massless. So we have a good theory, which is unphysical due to the fact, that it
is too good, too symmetric. A breaking of the symmetry is necessary and here lies the
central point of the theory. We will demonstrate (for many of you, once more) how
the so-called Higgs mechanism works and just problems, connected with symmetry
breaking, will a good deal concern us at the lectures, as well as, presumably, in the
professional activity.
So, we proceed to the Higgs phenomenon. Let us consider the lagrangian, describing interacting a massless vector and a complex scalar field

27

Here FMU — d^A,, — dvA^ is an electromagnetic field. The lagrangian is invariant
under the following transformations

A ->A

'-—

If one introduces instead of fields <f>, <f>+ two following real fields 4>j

then transformations (18) take the form of a two-dimensional rotation
<j>\ = cos i? fa — sin d fa;
4>2 = sin tifa + cos i? fa .

(20)

Thus, the symmetry upon transformations U{\) (18) means in fact invariance in
respect to rotations of a plane. A^ is the potential of the corresponding Yang Mills field (abelian in the case). Transformations in the form Eq. (20) demonstrate
independence of the theory on a direction in the plane with axes 1, 2. Let us ask the
question, if spontaneous breaking of the invariance could occur? For answering the
question one have to add to Eq. (17) a small term, which breaks the invariance

SL^efa.

(21)

Now we lose equivalence of two axes, so the initial invariance is valid no longer. In
particular, if one takes vacuum expectation value of field <f>x it is not zero, due to Eq.
(21), whereas < fa > = 0 . So we have
< 4i >=

rj]

< fa > = 0.

(22)

In a normal theory for an application of the perturbation theory was possible,
such vacuum averages should be zero. So we redefine fields in the following way

fa = v + t

<f>2=^-

(23)

Now vacuum averages of both fields ( and i/> are zero and lagrangian (17) takes the
form
~
(24)

e2
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We have now to demand vacuum average of redefined field £ be zero. But we know,
that if there is a term proportional to a field itself in a lagrangian, the corresponding
average is not zero. So we look for the linear terms in £ in (24) and obtain the
condition
c - m2r] - Xrj3 = 0 .
(25)
At this point we switch off the initial breaking term, that is put e —»• 0 and have the
following equation
i?(m2 + Xri2) = 0 .
(26)
There are two solutions of the equation. The first one is trivial r) = 0 . The other

,' = - £ ;

(27)

just breaks the initial invariance. If both parameters here are positive, the solution
does not exist. Condition A > 0 is unavoidable, because if it is not so, a theory
becomes unstable. We shall return to this important point in the following. So we
have to assume, that m 2 = — ml is negative, that is also not so sweet, because means
that initial scalar particles are tachions. However, we shall see, that this is not leading
to observable effects. So, we have symmetry breaking solution (27).
Let us look now at lagrangian (24) and mark terms quadratic in scalar fields £, V>

\d^d^+id^t+^+e)

- ^V -

3

-~f-e.

(28)

Using Eq. (27) we get convinced, that field 0 has now zero mass, and field £ acquires
normal real mass
= 0;
mt = y/2m0.
(29)
The fact that field ip is massless occurs by no means by chance. It is consequence
of the general theorem, which was proven by N.Bogoljubov in statistical physics and
was applied to particle physics by Goldstone. Due to this such particles are called
Goldstone particles.
Thus at the moment we have vector field AM , which initially is massless, massless
scalar field 0 and massive scalar field f . The appearance of the massless scalar makes
the model unrealistic, because this means an existence of a new Coulomb force, which
is severely restricted by observations. However, as is first shown by Higgs, there
occurs quite beautiful phenomenon, which leads to acquiring of a mass by the vector
particle and at the same time to disappearance of the massless scalar from a physical
spectrum. Indeed, let us consider in Eq. (24) terms, which are quadratic in the vector
field and in field ^ :
1

1

- -F^F^ + -d^d^
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e2
- eqd^A,, + JV2AUAM •

(30)

One easily sees, that the last three terms are united into combination

The expression in brackets is just a gauge transformation (18), so we can introduce
new vector-potential
Bp = An

d^;

Of course, the electromagnetic field can be as well expressed in terms of SM : F^ =.
d?Bv — duBn . As a result of this substitution field ^ disappears completely from Eq.
(30), which is now expressed exclusively in terms of B
— 7-^*"' ^M" ^

TT'B^Bn;

(32)

that is it corresponds to a vector field with the mass
m - er).

(33)

It comes out, that at the beginning we have four field degrees of freedom: two
degrees of the vector field, that corresponds to two possible states of its polarization,
and two degrees of freedom - one per each scalar. As a result of the symmetry
breaking we have massive vector field with three degrees of freedom, because a massive
vector particle has three polarization states, and one massive scalar particles, which
corresponds to the scalar field, which acquires nonzero vacuum average, i.e. former
<f>i. It comes out, that the degree of freedom of the massless scalar field is used for a
creation of the additional (the third) degree of freedom of the vector field , so that
it describe now massive spin-one particle. The physical sense of the Higgs effect is
connected just with this fact.
The problem, what solution - trivial or nontrivial - is preferable and have to be
realized, actually is of the utmost importance. Here we can rely on a consideration
of a classical interaction energy. Indeed, the fact, that vacuum average (22) is not
zero, corresponds to an existence of classical constant field <j>\ = 77 . Then in the
expression for the energy all derivatives vanish and it now looks like (remind, that
L = T — V , where kinetic energy T is just connected with terms with derivatives)
(34)

The dependence of the potential energy on (f> drastically differs for two cases: m 2 > 0
and m 2 < 0 . One can draw it and see immediately, that for ra2 > 0 there is only
one equilibrium state corresponding to the trivial solution <f>\ = 0 . For the second
possibility m2 < 0 there are already two equilibrium states, but the trivial state
is unstable. The stable state with minimal energy just corresponds to a nonzero
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vacuum average, that is it leads to the symmetry breaking with the properties being
described. Note, that the position of the minimum of course exactly coincides with
solution (27). Let us note also, that the picture illustrates the statement, which was
made above, concerning an instability of a theory with A < 0. Indeed, in this case
for <£i —> oo a potential energy tends to the negative infinity, that evidently leads
to an instability. In what follows we shall consider more complicated situation for a
classical field dependent potential, taking into account quantum effects, but just the
physical argumentation on stability problem will be the same, as in the simple case.
Higgs phenomenon occurs also in nonabelian Yang - Mills theories. Let us proceed
to real situation of the Standard Model. As we have noted, for a description of
electroweak interactions, we have to use (at least) four gauge fields, corresponding to
symmetry group SU(2) x U(l) . So we have three W°, a = 1,2,3 and one B^, or in
other notation
W 1 — ?W 2

W1 4- iW2

It is necessary, that as a result of a breaking of the gauge invariance of the electroweak
interactions we obtain three massive vector fields: W+, W~ ZM , and one massless
photon field A^ . Now, W° and B have the same quantum numbers, being as well
the same as physical states Z and A are to have. So the last two can be expressed as
linear combinations of the initial ones. Let us define the relation between these fields
to be
=

Bp = — sin 0w Zn + cos 0w A^;

(36)

where 9\y is usually called Weinberg mixing angle. To create three masses we need
at least three Goldstone scalars. We need also at least one scalar field which acquires
nonzero vacuum average and finally becomes an observable spin-zero particle. So,
there is minimal number four initial scalar fields. Variants with a number of initial
scalars being more than four are also considered by theoreticians, but they do not
correspond to what we mean under Standard Theory. Thus we consider just the
standard set of scalar fields, which in respect to SU(2) x U(l) quantum numbers is
in (1/2, 1) representation. That means, firstly, that <f> is a complex doublet

M.

(37)

And, secondly, the lagrangian, describing vector gauge fields and scalar fields is the
following

L =
1.

(38)
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where field B^ corresponds to U(l) and is defined in a usual way, and W*v are
well-known Yang - Mills fields

*C = W ° - d»wZ + 9?bcKWt-

(39)

Charges of <j>, corresponding (1/2, 1) representation are seen from the definition of a
long (covariant) derivative of <f>

DJ = d^ + igWf-^4 + ijB,

ft

(40)

Let now again m 2 < 0; m 2 = — m2, , then Higgs phenomenon occurs. Let <f>2 has
nonzero real vacuum expectation value

Let us introduce new notation, which generalizes Eq. (23)

1 / V

/

\

h - vfa n + a- -

Similarly to how we deal with the fields substitution in Higgs model, we proceed here
and obtain in place of Eq. (38)
1

—d,iibit dni>i

2

^

+

1

—O Oi duo

2

M

M

1

+ x
2

?4) -

(42)

Here i = 1, 2. The condition of the vacuum average of the redefined field a be equal
to zero is exactly the same, as Eq. (27). If the nontrivial solution is realized, fields
fa, £ have zero masses and field a acquires mass y/2mo. As a rule, this particle, which
remains in the physical spectrum is called Higgs particle, so we have

MH = V2m0 =
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V2\T).

(43)

We see also from Eq. (42), that massless scalars again are united in combination
similar to Eq. (31) and the corresponding vector fields obtain masses. The charged
Wf, i = 1, 2 are redefined in the following way

and have now mass
Neutral fields W° and BM form the following combination

</VS"

r y -

T

y~~

(46)

and the neutral vector boson has the mass
Mz =

-

.

(47)

Comparing Eq. (45) with Eq. (36), we see, that the Weinberg angle is defined in
terms of coupling constants in the following way
smOw = - = = 5 .
(48)
9 +5
Again from Eq. (42) we also see, that the photon combination (36) remains massless.
Thus, we explicitly traced the action of the Higgs effect in the theory under study
and obtained masses of intermediate bosons and Higgs and expression for Weinberg
mixing angle in terms of the initial parameters of the theory: g, g', A, mo- Remind,
that according to Eq. (27) vacuum average rj1 = m^/A.
Let us obtain also relations, connecting the theory parameters with elementary
electric charge e. We know, that charged W± are to have unit charge. Hence, the
upper components of scalars (41) are also unit charged. So, in long derivative (40)
electromagnetic vector-potential has to enter with coefficient it. Substituting Eq.
(36) into Eq. (40) we have

4

(49)

Let us proceed to a description of interaction of vector and scalar fields with spinor
ones - with leptons and quarks. Just this interaction leads to effects, which have been
observed. The interaction of the charged bosons with leptons and quarks has to be
described by interaction (15) with charged current (16). Usually for the beginning
one takes the first term of the current, which contain an electron and an electron
neutrino. At first we have to formulate a lagrangian having exact SU(2) x U(l)
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symmetry. We know, that W± interact only with left-handed components of leptons,
whereas a photon interact with both components. Therefore, a minimal set of spinone-half fields consists of a doublet of left spinors and of a right electron, which is a
singlet (both in respect to weak SU(2)).
(50)

(•:)•
The spinor containing part of the lagrangian has the form

)

(51)

where

~~WbJlL

(52)

and corresponding expressions for Dirac conjugated spinors. Here as usually the
gauge interaction of a Yang - Mills triplet with a doublet is defined by the same
gauge constant g, which enters in Eqs. (39) and (40). Concerning representations of
the electroweak group SU(2) xU(l), ^i and <$R belong respectively to (1/2, — 2gxfg')
and ( 0, —Igilg'). We will soon explicate values of weak hypercharges. As we see in
Eq. (52), the right singlet does not interact with W field. It is easy to understand
this fact, because $R has weak isospin zero, and adding two spins zero one can never
obtain spin one. The last term in Eq. (51) is also very important, because it provides
an electron with a mass. Really, if we use Eq. (41), this part of interaction for an
electron looks like
SLH = ~pr[eLtR + eReL) + -j={eLeR + eReL) + ~=-(eLeR - eReL).

(53)

Comparing Eq. (53) with Eq. (8) we see, that the first term in Eq.(53) is just
describing an electron mass, namely
5r/

y/2gMw

....
(54)

where we have used expression (45) for W mass. Hence, the symmetry breaking leads
at the same time to appearing of a mass of an electron (and of other spin-one-half
particles). The second term in Eq. (53) is describing the interaction of the Higgs
scalar a with an electron (and similar terms with other spinors). We come thus to
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a conclusion, that interaction constant of Higgs with a spinor is proportional to its
mass
This property will be quite important for a study of problems, connected with a Higgs
particle.
Let us return to the leptons' interaction with gauge bosons. Substituting Eq. (52)
into Eq. (51) we have for the interaction lagrangian
Li = — T^L^^ln^L i-gi^LBujft$fi +g2^RBltjti^fR.

(56)

We need this lagrangian to describe correctly interactions, which we know, and firstly
an electromagnetic one. Let us extract the photon interaction from Eq. (56) using
decomposition (36)
g

_

"I" ^ L 7 U * / L ) C O S $ W +

—{&iT1u&L — VL*1U.VL) sin 0\y H~ gvJ^Liu^L
2

+ g2^R.f(ieR cos $w ) A^ = e(ej/)ve£ + ^R'YH^R)AM. .

(57)

Right hand side of the expression describes the well-known electromagnetic interaction. Demanding independent terms in Eq. (57) be equal in both sides, we obtain
the following conditions
-sintfvv + g\ cosBw — e;
gi cos 9w = e;
g

(58)

— - sin 6w + <7i cos $w — 0.
By solving this set of equations one obtains
9 — ~—T~'i 9i = TT = n—

a

'

9i

=

9' —

T~-

(^)

We know the first relation already and the two last ones give prescriptions to values
of weak hypercharges of the left and the right spinors respectively
^-(I.-l);

*R-»(0,-2).

(60)

Of course, we can also express # in terms of g
g2 = 2gi = g tanftj^.
Now starting again from Eq. (56) we write down interaction lagrangian of W and Z

35

The first two terms coincide with expression (15) provided

Relation (62) allows us to connect W mass with other parameters. Indeed, using Eqs.
(16) and (62) we have
2
e vy/2
z

=
*a
sin OW%G v/2sin 2 e w G"

=

2

(fn\
K

}

Here we know all the constants but sin2 $w , so we come to the famous relation, which
has played such a role in W discovery

Mw = -iSf-.GeV.

(64)

|sin0w|
By using expression (47) for the Z mass and comparing it with Eq. (45), we have
Mz =

— = ——
__GeV.
|cos0w|
|sin^cos^|

(65)

The term in brackets, which is a factor by ZM field in Eq. (61), is usually called the
weak neutral current. It can be represented in the form

f

(66)

This expression is easy for remembering, because it consists of two terms, the first is
just the third projection of the weak isospin, applied to the well-known V — A combination and the second is just the electromagnetic current, multiplied by 2 s i n 2 ^ Note, that in a low momenta approximation, in which weak interaction between
leptons and quarks are effectively described by a four-fermion interaction, interaction
lagrangian takes a simple form
^ {

)

(67)

One applies this effective lagrangian for a description of totality of weak decays of
"light" particles, up to B-particles and to neutrino interactions at not very high
energies. We will not deal with this quite interesting field of studies.
Let us proceed further. An inclusion of other spin one-half particles in the theory
is straightforward. The expression for a charged current is already presented in Eqs.
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(10) and (11)- As a matter of fact this means, that in addition to doublet and singlet
(50) we introduce lepton and quark doublets

All lepton doublets are (1/2, - 1) and all quark doublets are (1/2, 1/3). One finds this
in the same way, as we have done it for an electron. The prime at lower components
of the doublet is explicated by Cabibbo - Kobayashi - Maskawa matrix (11). We are
to have also right components for charged leptons and for all quarks. This gives the
following set of right spinors in addition to (50)

i^r;

^

t«

(69)

=

Here all leptons (the first line) are (0, - 2), upper quarks (the second line) are (0, 4/3)
and all lower quarks (the third line) are (0, - 2/3).
These newly introduced objects interact with gauge bosons and scalars in the same
way, as electron and its neutrino, so that we have electroweak interaction lagrangian
of W, Z, A with leptons and quarks in the following form
Lint =

'^f(w

+J

?*?) ~ w£ J ° f i Z p

+ eJrAp;

(70)

-f 7s)c+ *7>(1 + 7s))

H>(
1

75))
75)*)

2 sin2

{d

Here, of course, again in quark terms the sum on colours is understood. Charged
current is defined in Eq. (10) and is connected with CKM matrix (11).
At this point we would make few remarks concerning the problem of quark mixing.
Let us begin with three light quarks u, d, s , then charged current has the following
form
+7 5 )u;
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where a is the Cabibbo angle. This means, that left dublet has the form
lTf

*UL

=

l+ls ( u \
—n—
» ;

,
, , .
d =. cos a d + sin a s .

Then the I%~A term in neutral current (66) becomes
1
.,
U
.,
,_,
1
„
.
x
-U7JI+75JU — ro7p(l + 75)a = XU7J1 + 75m —
2
2
2
— - (cos 2 a d*fp(l + fs)d + sin2 a 37,(1 + 75)3 +
+ cos a sin a (^7^,(1 + 7s)s + sfp(l + 7s)d) J .
Now there is strangeness nonconservation in the neutral current interaction with
Z, that is sdZ and dsZ vertices are present. This would lead to decays involving
neutral current e.g. K± —• v^ui/ . However, stringent experimental limitations on
probabilities of the decays (B.K.(K+ —* TT+PI/) < 5.210~9) decisively exclude such
possibility. So there necessarily has to exist the fourth quark c, which enters into the
second dublet
\]>CL — — — /

1.

5' = — sin a <f + cos a 3 ;

so that neutral current contains no nondiagonal terms ds, ds due to relation
\ (-,
,
,
A
1/_
\
— — I d~fp(l + is)d + s 7P(1 + 75)5 1 = — — ( <?7p(l + 75)^ + •S7»(l + 7s)s I .
2\
/
2V
/
The mathematical meaning of the fact consist in invariance of a "length" in a
two-dimensional complex space: dd + ss, under transformations
d' = cos a d + sin a s ;

5' ~ — sin a d + cos a s .

In the same way a three-dimensional complex length dd + ss + bb is invariant in respect
to transformations, being described by CKM unitary matrix (11). These properties
of invariance are the essence of GIM (Glashow - Illiopulos - Mayani) mechanism,
leading to cancellations of some large contribution in different processes. One of the
most important examples is connected with KL — Ks mass difference, which was a
difficult problem around twenty five years ago. Really, transition K° —> K°, which
defines the mass difference, provided one neglects the t - quark contribution, is due
to a composition of four terms, schematically described in the following way (remind,
that K° consists of 5 d and K° - of ds:
sd
sd
sd
sd

—* uu —* ds ;
—• cu —> ds ;
—• tic —> ds ;
—>• cc —> d s ;
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~ cos2 a sin2 a ;
~ — cos2 a sin2 a ;
~ — cos a sin a ;
~ cos2 a sin2 a;

Here in the place of arrows an exchange of corresponding W is meant and in the second
column coefficients afore corresponding diagrams are presented. If we do not take into
account the quark c, we are left with the first line only and it gives a large contribution,
which contradicts to the measured value of the mass difference. However, in the sum
of all four lines the main contributions cancel due to signs in different terms. The
difference between diagrams here is connected only with difference in masses of c and
u and so the result is proportional to (m c — m u ) 2 and the contradiction with data
disappears. Note, that taking into account also of the t - quark, we obtain a good
agreement with experiment.
The next point to discuss here is the number of parameters in CKM matrix (11).
There are three real angles and one complex phase for our case of three quark generations (dublets). Let us consider n dublets. So we have nxn unitary mixing matrix
with n 2 independent elements ( 2n 2 complex numbers are restricted by n 2 conditions
U U^ = I). We have In quark wave functions and can choose their phases arbitrarily. One of them is the common overall phase, so we can choose 2n — 1 phases. Real
transformations of n - dimensional space are just corresponding rotations, which are
described by
Ne

_

_

?

angles. Thus, the remaining number of independent phases is defined by

* = »•- (2n-l) - Sfe^il = <»-')(-*>.
This number is zero for n = 1, 2 and is just 1 for real case of three dublets. So, a
complex phase is inherent for this case and the nonzero phase leads to a violation of
CP invariance. To conclude the discussion of quark mixing we explain this point.
If elements of CKM matrix are not real, as is the case for 6 =^ 0, 7r, an interaction
of charged current with W contains terms with effective coupling constant being
complex. E.g. cb coupling is proportional to
s2s3e

%s

)

So let us consider the following term
Let us make successive P and C transformations. E.g. for space indices k = 1, 2, 3
we have
P:
Wk ->
C :

-Wk;

^ 1 7 * ^ 2 - » - $27fc</>i 5
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Thus, the term under discussion is transforming into

We see that the two expressions coincide only provided g — g*, i.e. the complexity
in a mixing matrix leads to CP nonconservation.
Now, we have formulated just what is called the Standard Model. The history
of an experimental confirmation of the SM has really the most prominent steps.
They are: the discovery of the neutrino neutral current, the discovery of W and
Z intermediate bosons, and nowadays the excellent totality of experiments at LEP
which study interactions of Z with very high precision, that allows to test radiative
corrections to SM, that is to test its internal structure. Shortly, we can say, that the
SM is now in a good form concerning confrontation of the theory and experiments.
We will consider these problems in more detail below and now to proceed further we
have to get some knowledge in Feynmann rules of this theory.
The most simple set of Feynmann rules is presented in the Quantum Electrodynamics. There is one vertex and two propagators a photon one and an electron one.
Somewhat more complicated situation is happening in QCD, where the well-known
nonlinear gluon interaction is acting. In QCD it is necessary to take into account
ghosts, so there are additional vertices and propagators. However QCD is the theory
with exact symmetry, this makes Feynmann rules quite definite and easy to remember. The electroweak theory in this sense is the worse from the mentioned three
existing realistic theories. There are additional scalar fields, three of which are unobservable, and the fourth one is just the Higgs particle. Ghosts are also presenting in
the so called £ - gauge. We will present rules just in this gauge, and will denote the
gauge parameter by £, because notation £ is already used for one of scalar fields. So,
we have four vector fields: W*, Z^ AM , ghosts, which corresponds to vector bosons
respectively: to*, z, a , three unobservable scalar fields: ^>±, £, and the Higgs boson
a. We have, of course, also the necessary amount of spinor fields. At first on propagators. We denote a propagator by symbol D(P), where for P we will substitute the
symbol of a particle (field) and will add necessary indices.
Now we have for a momentum k carried by a propagator

(
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+ (C

"
J

—i
2

k - CMf + te '
—i

Now there is a lot of vertices. Let us denote a vertex, in which three lines are entering
as F(ai,pi; a 2 ,p 2 ; az,Pz), where a; stands for particle's symbol with corresponding
indices and p,- are the corresponding momenta which are directed to be entering in
the vertex. We write down below triple vertices, including gauge bosons, scalar fields
and Higgs particle.

2) r(Z M , P l ; W^p2- Wr,p>) = - i ^ ^ r ^ , ^ ;

W+,p2;

c
+

3)
4)

5) r(Z M ,p; a,?!; ^,p2)
I COS O

P;

+

V P;^P) =

7)

|

,p;

V-,P-;

afPl) = | ( P l - P - ) M ;

(72)

W"; 0 + ) = Z ; CT) =

We do not present here vertices with four legs as well as the ones including ghosts.
These could be found e.g. in Ref. [2].
There are also leptons and quarks. Their propagators are the usual ones
p — m, + it
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p = pa7a

We also write down few vertices, which we use in what follows

2) T{W;\ u o ; dh) =

4) T(Z^; /; /) =
5) r(Z M ;

Pa;

4(.^7M((2sin

^ - 1)(1 + 7s) + 2 s i n 2 ^ ( l - 7s)) ;

pa) =
( ( - sin2 Ow - 1)(1 + 7s) + r sin2 9w(l - 75)) ;

6) T(Zti\ da; da) = -——-7^
7)

2

.. ,T... ,T,.\ _

l m

9 i

2MW '

Here in # 7 index j corresponds to any spinor particle, Uai, is an element of the CKM
matrix (11).
Now we can proceed to applications. At first we demonstrate simple tools to deal
with W and Z decays in the lowest approximation, corresponding to the so called
tree diagrams. In numerical estimates we use here values (further we shall discuss
precise values of parameters)
G = 1.166 -KT 5 GeV~7;
Mw = 80.2 G e F ;
Mz = 91.2 GeV;
sin20iy = 0.23.
Let us start with W decays, which are described by Eq. (73), # # 1, 2. Calculation
of a decay into a lepton pair gives the following partial width, if we neglect spinor
masses

The same expression multiplied by 3 (the number of colours) is describing the decay
W —» ud. We have three lepton channels, according to e, /JL, T and two quark ones
u d, cs. So, to obtain the total width one has to multiply Eq. (74) by 3 + 2 • 3, i. e.

Tt(W)
V ; = 9 ^ 4 ^ = 9-227MeV = 2.043 GeV.
6V2V
Branching ratios for different decay modes follow from the above and are 1/9 for each
lepton mode and 1/3 for each quark mode. These simple results are just valid with a
considerable accuracy.
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To deal with Z decays, we have to note, that (74) describes a partial width no
matter which sign stands in a bracket (1±7 5 ). Contributions of left and right parts do
not interfere in the approximation of zero spinor masses due to orthogonality property
(5), so we have for a partial width

(75)

J^|

where gL,R are coefficients afore (1 ± 75) respectively in expressions (73) for a corresponding vertex. We calculate in this way the total width and obtain

s ~ sin 2 0 w .

(76)

Again simple estimate gives a satisfactory value. It is easy to obtain also branching
ratios for different decay modes. For instance, invisible neutrino modes have each
<7x, = 1, QR = 0, so for three neutrinos we have

T,

21 - 40s + if

- = 0.205;

(77)

to be compared with the measured value 0.2001, that, as is well-known, fix the number
of light neutrinos to be just three.
Thus, simple tree-level calculation give satisfactory agreement with data. However, the lowest order of perturbation theory may be the same in different physical
theories. So, a real proof of the validity of a theory can be achieved only after measurement of radiative corrections. Such was the history of a justification of quantum
electrodynamics. Now the precision of experiments on electroweak effects allows to
measure one-loop radiative corrections. The information mostly comes from LEP
experiments at the Z - boson peak. The totality of data gives now precision tests of
SM, the latest review is presented if Ref. [3]. One-loop contributions come from calculation one-loop diagrams, which contain all possible kinds of virtual fields exchange,
there are, for example, chain diagrams, triangle diagrams etc. One uses Feynmann
rules (71), (72), (73) for these calculations. It is necessary to take into account also
chromodynamic and electromagnetic corrections.
Let us discuss briefly QCD corrections. First of all we have to take into account
the fact, that all quantities, connected with coloured object become running with Q2.
That is, we have running strong coupling constant ccs(Q2) and running quark masses
Mq(Q2). Secondly, all probabilities of quark - antiquark decay channels have to be
multiplied by the famous factor

1 + *t*£l;
7T
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(78)

that leads to some enhancement of quark modes in comparison with lepton ones. It
is the main effects of QCD corrections.
The main effect of EM corrections consists again in running coupling constant,
namely, the well-known Sommerfeld fine-structure constant ot{Q2). Q2 now is either
Mw or M\ , that is large enough. Really, calculation of this running constant gives
approximately in the region Q2 oi (100 GeV)2

where leptonic and hadronic contributions respectively are the following

6

=

~*

»-

1

R s ds

()

s{Q* - s - it) '
where R(s) is the well-known cross-section ratio in e + e~ annihilation: <7h(s)/cro(s).
So it is necessary to have precise data on total cross-section of e + e~ annihilation
at energies up to 10 GeV to obtain sufficiently precise values of 6a. Precise value
of a(Mf) will be presented below. For the moment let us draw attention to properties of running constant (79). The integral in Sa^ for large Q2 is proportional to
Rooln(Q2/h2), so two contributions add. Due to the minus sign in (79) and contrary
to the case of QCD a(Q2) is not asymptotically free, it increase with Q2 increasing.
More than that, one easily see the presence of the Landau - Pomeranchuk pole in
this expression. Indeed, for some value of Ql the denominator becomes zero and
the effective coupling becomes infinite. This property, discovered by the aforesaid
authors, leads to restrictions on region of applicability of a theory. For Q2 > Ql the
theory loses sense and so Qo is some boundary momentum. As a matter of fact, for
physical value of a <5o is tremendously large.
Now let us discuss just the electroweak one-loop corrections. As one see from
Feynmann rules (71) - (73) In calculations will enter masses of Z and W, masses of
leptons and quarks, constants e and g, or s — sin2 6\v instead one of the last two.
We have information of all these quantities. However there is also present mass of
Higgs particle a, which is unknown experimentally. Theoretically, it is defined by
Eq. (43). Here we have two parameters: vacuum average r\ and coupling constant of
scalar self-action A. As for the first quantity, it is connected with Mw in Eq. (45).
From this definition we have

= Mw y ^ r

= 247 GeV

-

But we have no information on constant X. So we have no strict prediction for
Higgs particle mass in SM. The situation is quite contrary to the one before W
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and Z discovery. At that time data on neutrino neutral reactions gave the value of
sin2 9\y = 0.22 ± 0.02 and thus the region for a search was defined. There is nothing
similar for Higgs particle. Some considerations for theoretical restrictions on values
of the mass we consider further. For present discussion of the one-loop electroweak
corrections we take MH as a free parameter.
Considerations of precision tests of SM begin with definition of the initial parameters, which are measured with the best accuracy. They are
G = 1.16639(2) -lO^GeV" 2 ;
Mz = 91.1887 ± 0.0044 GeV;
a = a(0) =

137

(81)

0359895(61) "

Here G is defined from fi - decay probability with account of radiative corrections
and Mz is measured at LEP. The most precise tests are deal with Z data, so one
needs value of a(Mz)- In the way, explained above, this value is obtained to be
a" 1 {Mz) = 128.87 ±0.12.

(82)

In addition to these parameters masses of leptons and quarks are necessary. Lepton masses are presented in PDG issues and as for quarks , heavy quark masses,
which are essential for corrections are now situated in the following intervals
mc = 1.55 ±0.35 GeV;
mb = 4.7±0.3G.eV;
mt = 176 ±13 GeV
(CDF);
= 199 ± 30 GeV
(DO).

(83)

Few months ago the t - quark mass was considered as a free parameter and was fitted
with data. The fitted interval agrees excellently with experimental numbers, obtained
in pioneering works by CDF [4] and DO [5]. One can now use just the first number
as having smaller uncertainties.
A couple of years ago an interesting observation was made [6], that if one used
value (82) for a instead of the usual one, the agreement of the totality of data on Z
decays with calculations without loops improved really significantly, so that one could
imagine, that all radiative corrections were contained just in this change of a value.
In fact this was connected with some cancellations in amplitudes due to the value
of the t - quark mass. Nowadays with accuracy of measurements improving such
simple rule is not correct. One have just to calculate all necessary corrections and
compare them with the totality of data, which in fact consists of a set of electroweak
observables. These observables are measured mostly at Z peak. These observables
are:
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mass of the W
hadronic peak cross — section
07,;
partial leptonic and hadronic widths
the total width
Tz',
the total hadronic width
F/,;
the total invisible width
F, nv ;
ratios
Ri, R*, Rc;

F,,, F e , FM, F T , F u , F^, F 5 , F c , Tb;
(84)

asymmetries and polarizations
^FB-I ^LRI ^FBI ^FB-> P*•> Pb >
effective sine
sin2 #e//> sin2 0ejj ;

The effective sine is defined by

9A

where gv, gA a r e respectively coefficient at vector and axial in the corresponding current term and Qj being the electric charge of the fermion / in units of the elementary
one.
There are definitions
1 inv

— AZ

J-e

»• n

AT

* h>

ak - 12TT
In SM Fj nv = 3 Tv , so that we have

Tz = 3F,, + Fe + FM + FT + Th .

(86)

A fit of data gives also a value of as(Mz), we will comment this point below.
We will not discuss in detail theoretical problems of radiative corrections calculations, which are reviewed up to date in Ref. [3], where the corresponding methods
are described and necessary formulae are presented. Here we quote a number of essential results applied to observable processes. First of all, on widths of Z decay.
The hadronic width and partial qq widths needs some comment. Starting from a 2
order decomposition in individual quark channels became rather unclear, because a
gluon, emitted by a quark may produce a qq pair bearing another flavour. Usually,
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a convention is adopted, to prescribe all additional quark pairs to the most heavy
pair. Thus one can distinguish all corrections up to the order a j . However, starting
from al order there appear undistinguishable diagrams, which correspond to final
state <7i<7i, 9292, gluon and while squaring an amplitude one have to take into account
also possibility of a gluon be emitted, say, by q\ and be absorbed by q2. Taking into
account such contributions one decompose the total hadronic width in the following
way

GM\
f=udscb

Ry = - 0.41318 (X>,) 2 ^§;

(87)

Vq = - y

5i

Concerning partial decay modes let us look to Eq. (75). In calculating radiative
correction people usually use instead of GL,R vector and axial coefficients gv = SX +
<7K> <}A—QL — 9R- Corrections are parameterized in the following way:

% = 1 -413,1 sin2 6WKf;
9A
KJ

(88)

= 1 + Bit} .

The leading contributions are defined by a large t - quark mass and for all decays
but 66 we have

It is worth mentioning, that corrections contain, of course, a dependence on the
Higgs mass MH- However observables (84) are not strongly dependent on it, and so the
data fit do not show us a possible region of MH values. More stringent results might
be obtained if one could have information on radiative corrections to W propagator
and to 6p, which defines the ratio of W and Z masses. Comparison of measured and
calculated quantities is performed for some "middle" value MHAmong the hadronic widths a special interest is caused by decay Z —* bb. It is,
in particular, because this decay width contains additional dependence on the t quark mass mt due to two diagrams. The first one is a triangle with two t - quark
sides and W in between and the other has W sides and the t — quark as an exchange
particle. These diagrams give additional contributions to parameters 6p, 8K. It comes
out, that the change of the parameters can be expressed in terms of their redefinition
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according to the following
Pb = P{\ + n)2

(90)

1 -

n= -

*as(mt)

+

The Z66 probability contain also other significant term, e.g. containing not small
aln(mf/My^). All these contributions are duly calculated (see [3]).
Now we proceed to presenting the precise data and the results of calculations.
As theoretical numbers an average best fit of four groups, which participate in the
EW working group [3], is presented: BHM, LEPTOP, TOPAZO, ZFITTER. Thus, we
have for observables (84), the first number after an observable symbol is experimental
and the second one is just from the best fit.
80.22 ±0.18
83.96 ±0.18
Tz(MeV)
2497.4 ±3.8
Ri 20.795 ± 0.040
Rb 0.2202 ± 0.0020
Rc 0.1583 ± 0.0098
2
sin e[}} 0.2321 ± 0.0004

Mw{GeV)
Ti(MeV)

2

b

sin 0

no datum
0.0170 ± 0.0016
0.1668 ± 0.0077
0.0967 ± 0.0038
0.0760 ± 0.0038

eff

A'FB

ALR
AFB

A%

80.135
83.933
2497.4
20.782
0.21569
0.17238
0.23199

(91)

0.23330
0.01540
0.14332
0.10042
0.07161

The presented best fit uses the following parameters in addition to Eqs. (81) - (83):
mt = 175 GeV; MH = 300 GeV; as{Mz) = 0.125 .
So, the first conclusion of Eq. (91) is that the Standard Theory seems to be in
quite a good shape. Coincidences up to the third or the fourth digits really impress.
Thus the third important step in electroweak physics development can be considered
being successfully accomplished.
However some points are rather doubtful. One of them consists in different results of a,(Mz) definition from the best EW fit and from hadron strong interaction
processes. Really, electroweak data give
as(Mz)

= 0.125 ±0.007.

(92)

At the same time hadronic processes steadily give rather a smaller number
as(Mz)
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s 0.112.

(93)

The discrepancy is really not very large, namely, two s.d., however this fact draws
attention and is discussed in the literature. Really, all EW measurements are centered
around value (92) and strong ones just around Eq. (93). One has to remember this
and we in the following will once more comment the situation.
There is another point, which excites discussions and considerations. There is a
discrepancy in Rt,. It should be emphasized, that decay Z —> 66 is very important for
precise test of the SM. This process can be measured with high level of precision due
to experimental methodical facilities. Really, B - particles, which have comparatively
large lifetime are safely identified in a vertex detectors, so systematic errors are here
significantly less, than, e.g. in Z —+ cc - decay. It is also important, that in ratio
Rb strong QCD corrections do not influence much and theoretical uncertainties, say,
in as are not significant. In view of this there is an experimental activity in this
direction, which leads to precise value (91)
Rb = 0.2202 ± 0.0020;

(94)

to be compared with the best fit value i?& = 0.21569. There is 2.25s.d. discrepancy
which again statistically is not drastic. Nevertheless this effect is measured on the
level of 1% accuracy, that is really good level and it seems, that there are experimental facilities to improve accuracy at existing LEP experimental installations by
factor 1.5 in a year or two. So, maybe this is just the place to dig at to obtain the
most sensitive test of the SM. The problem initiated a number of theoretical proposals, including those going beyond the SM. Note, that the most recent data, which
are contributed to the Europhysics 1995 Conference in Brussels, give essentially larger discrepancy for this observable. Namely, according to an information from the
conference, discrepancy is now ~ 3.8 s.d.. So the problem becomes really serious.
Now we turn to the unsolved problem of a Higgs particle. This is the only undiscovered object of the SM. It seems that the fourth stage of electroweak theory testing,
which starts after the radiative corrections test (91) will consist just in the study of
this problem. We have already mentioned, that there is no prediction of MJJ in the
framework of the SM itself. In definition of Mu (43) enters "measured" quantity rj the vacuum expectation value of a scalar field and completely unknown quantity A the coupling constant of scalar fields self-interaction. There is a qualitative classification of possible Higgs masses. If the mass is much less than T/ ~ 247 GeV, the Higgs
is "light". This means small A, e.g. weak scalar self-interaction. If Mu » 247 GeV,
the Higgs is "heavy" and the interaction quite strong. And there is of course, the
region of medium wight Higgs MJJ being few hundreds GeV. Maybe it is the most
interesting and promising region.
At first we discuss theoretical results on some restrictions on possible Higgs masses.
These restrictions are connected with taking into account of loop contributions to the
Higgs mechanism, what leads to changing of an effective potential of scalar fields. So
be begin with a definition of the effective potential with account of quantum field
theory loops (see, e.g. Ref. [7]).
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The potential, e.g. Eq. (34) deals with constant classical field <f>c. The Fourier
transform of a constant is 6(0), that means, that in momentum space all legs have
zero momentum. So, if we have (strongly connected) vertices F n , corresponding to
diagrams with n scalar field legs, the effective potential is the following

7»=1

For instance, in approximation (34) there are two vertices: F 2 = — m 2 /2 and F 4 =
—A/4 . When we begin calculate loops the situation changes. Let us take initial
interaction Lint ~ — U(<j>) = — h<j>n/n\ and <f> being a massless scalar field. Then if we
take a one-loop diagram, which is just a child's picture of the Sun with r vertices on
the circle, each of which consists of n — 2 rays, it is equal to the following

t #k
<^("-2> / h y l
1 (2*)4 (fc2 + it)')' V(n - 2)\
2)\) 2r '
The sum of these terms up to infinity gives a well-known series for /n(l — x), so
that we have after doing the Wick rotation to Euclidean space (that is substitutions
k2 —• — k2; d*k —* id4k) the following effective potential

(n - 2)!
We have obtained expression (97) for a simple form of the initial potential. The result
remains valid for more complicated cases, e.g. for Eq. (34) and for massive fields.
Calculation of the integral in Eq. (97) gives

(98)
The last two terms are divergent for A —* oo, so, according to QFT science they
should be compensated by a counter-terms, with coefficients, which are defined from
a normalization conditions. For example, for potential of the Higgs model (34) we
have, taking into account scalar field loops

=~<f>l + ~<f>t+( m 2 6 + 4 ^ ) '»(m 2 + 3A£) + a<£ + btf.

(99)

One can normalize Eq. (99) by demanding the second and the fourth derivatives of
V{4>) being defined by renormalized parameters at a normalization point <f>c = M.
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However, realistic model contains also gauge boson loops and fermion loops. In
view of taking into account all contributions (on one-loop level), let us formulate
another tool to calculate a n effective potential. Let us introduce field dependent
function (functional in mathematical terminology)

T(<t>e,u) = JTn=l "•

J

I dix1...dixnrn(x1,...,xn)(<f>c(xi)-u)-(<f>c(*n)-u).

(100)

Comparing with Eq. (95) we obtain
^1

v(<f>c) =
T1 is a coefficient afore the first power of the field. In one-loop approximation it is the
so-called tadpole. To clarify, let us consider the example of this tool in Higgs model,
where there is term

introducing the vacuum average TJ = <j>c and recalling result (33) on the vector boson
mass, we have for the tadpole

where we have used the "photon" propagator (see Eq. (71) #3) in Landau gauge
(£ = 0), which is preferable here due to vanishing of interaction of scalars and ghost
fields. The mass of the "photon" is defined by Eq. (33) to be eio. Calculating integral
(102), and using Eq. (101), we have

where M is a normalizing point. For nonabelian case the formula is almost the same,
one has to introduce in addition a trace in symmetry indices. In the same way one
defines part of the potential, connected with fermion loops. In this way we obtain
the effective potential in the Standard Model
V = Vo + VvectOT + Vsca,ar + Vfermion;

v - m V 4- VScalar-

^

v
<«
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^

+

(104)

Here in fermionic part only the t - quark loop is taken into account, because all
other fermion masses are small. It comes clear, that effective potential (104) gives
restrictions on parameters of the theory and, what is the most important, on the
Higgs mass. Let us begin with the case of light Higgs. Now m and A are small and
the potential takes the form

We see from Eq. (105), that if gy, and thus mt, is large enough, the coefficient afore
the second term becomes negative and so for large <}>c potential tends to negative
infinity. This means, of course, instability. So we obtain the upper limit for the t quark mass: mt < 83 GeV. However, light Higgs is proven to be unrealistic, because
experimental restriction now reads MH > 50 GeV. For real case of the t - quark
mass (83) the restriction corresponds to A ~ 1, so we cannot neglect Vscaiar and more
than that, the one-loop approximation needs an improvement. The improvement
is achieved by using renormalization group method of diagrams summation. This
analysis changes the situation and weakens restrictions on MH- The first result,
obtained in this way reads
mt-95GeV
MH >

Q6

, .
(106)

•

For example for mt = 176 Gev we have MH > 135 GeV. Up to date analysis [8],
including also considerations of methastability areas gives a region of possible MH
values (see pictures in Ref. [8]). The dependence of MH lower boundary on mt is
described by the simple expression
/> ~ n 194

MH(GeV) > 127.9 + 1.92 (mt - 174) - 4.25 ( '

"I ).
(107)
0.06
For instance, at lower error bar of mt in Eq. (83) we have MH > 105.6 GeV. In
simple words, possible masses begin from a hundred GeV.
In theory there arise also possibility to restrict MH from above. This is connected
with the fact that scalar <f>4 theory has Landau - Pomeranchuk pole similar to the
one in quantum electrodynamics (see Eq. (79)). The appearance of the pole gives
a boundary momentum, as we have already mentioned. When coupling constant is
small, this momentum is very high. For example in pure QED it exceeds the Universe
mass. However for A ~ 1 this boundary gives real restriction. Because MH increase
with A increasing, the boundary gives restriction onM# from above. It depends on
what scale is adopted as boundary of applicability of all the theory. If one assumes
for this GUT scale 1015 GeV, the line of restriction goes in the vicinity of 200 GeV.
So appears the theoretical prediction on MH value in SM, which is situated between
(107) and ~ 200 GeV (for more precise values see Ref. [8]). Of course, the level of
accuracy of these restrictions is far not the same, which have been for Z, W masses
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before their discovery. For instance, if the Higgs particle is not elementary but a
compound one as it is in variants of dynamical electroweak symmetry breaking, there
is no restriction from a Landau - Pomeranchuk pole. In this case there is no upper
boundary and Higgs may be quite heavy. For variants of extension of SM, e.g. for
supersymmetric ones, there are other restrictions on Higgs masses. But just for the
Standard Model as it is, the restrictions are meaningful.
According to the classification there is neither light Higgs nor heavy one, just in
between. Such particle without doubt can be seen at hopefully forthcoming LHC.
The main contribution for pp collisions at LHC y/s comes from weak vector bosons
fusion W+ W~ —» <r\ Z Z —> a. Calculations of the effect can be found e.g. in Ref.
[9]. For example, MH = 200 GeV corresponds to the total cross-section ~ 2pb. Just
the quest for Higgs is announced as the first physical goal of LHC. As for more near
future, the natural question arises, if it is possible to find such Higgs at LEP200?
Possibilities of Higgs particle detection are widely discussed. There is even book
[10], in which the problem is considered in details. Specific problems of Higgs searches
at LEP200 are described in Ref. [11]. At LEP200 the main mechanism of Higgs
production is the reaction e + e~ —• / / H (from this moment we use notation H = a
for SM Higgs particle). Here enters large ZZH vertex (see Eq. (72) #13) and / /
pair is produced in a decay of either real or virtual Z. Born approximation for this
process after summation on all fermions but t reads
G2{v2e +

- 2 JxP dxF(x);

VBorn —

b

i

(12 + 2a - 12x + x

a

_4M2H
_ _ _ .

MzTz
_ _ _ .

b

x

_
_

_

2

x — 1H

M H-M\
s

;

r

X\ — y/a;

a
X2 = 1 + 7.
4

Eff is the Higgs energy in lab.r.f. and ve is defined in Eq. (89). All one loop
corrections are also calculated, for example in an analytic form [12]. The values for
cross-sections for different MH, \/S are presented at Table 1 from Ref. [11], where
quoted both Born values and corrected ones, calculated for mt = 165 GeV.
One sees from the table, that e.g. for y/s = 190 GeV the realistic possibility to find
Higgs is restricted by MH < 90 GeV. So unfortunately the most interesting region
is not reached at LEP200. Nevertheless one can be sure, that searches for Higgs at
LEP200 will be performed. The discovery of if in these searches presumably will
cause serious difficulties for the SM. It would be the sign of something new, maybe
of a supersymmetry. Of course, it would be highly desirable to increase an energy of
the LEP second stage up to 250 GeV or so.
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Table 1.
Higgs production effective cross-section (pb)
MHGeV
60
70
80
90
100
60
70
80
90
100
60
70
80

yfsGeV
170

180

190

90
100
60
70
80
90
100
60
70
80
90
100

200

210

&Born

&corr

1.171
0.708
0.076
0.011
0.004
1.119
0.834
0.501
0.053
0.008
1.016
0.821
0.610
0.365
0.038
0.905
0.764
0.616
0.456
0.272
0.802
0.696
0.586
0.471
0.347

1.139
0.692
0.075
0.011
0.004
1.083
0.811
0.490
0.052
0.008
0.980
0.795
0.593
0.357
0.038
0.871
0.738
0.597
0.443
0.265
0.770
0.670
0.566
0.456
0.337

For Higgs hunting not only the mass, but also branching ratios are of high importance. For interval of Higgs masses around 100 GeV fermion - antifermion channels
are the most significant. In Born approximation widths and branching ratios are the
following
4m}

NcGMHm}p}

1

\

BR =

Ncm)f3)

Tr2~ '

(109)

If one takes quark masses (83) and lepton masses, Eq. (109) gives BR(bb) = 87%;
BR(cc) = 9%; BR(TT) = 4%. However, for these quantities loop correction change
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results quite significantly. This is connected with running quark masses. Namely, mq{Q2) decrease with Q2 increasing, so that e.g. for Q = 50 GeV; mi =
2.89 GeV; mc — 0.51 GeV. That is why cc and rf channels change its places: r
channel becomes the second and c one the third. Table 2 represent BR for the most
significant channels for mass interval presumably accessible at LEP200. Decay 66
remains the main one and the second is rf on the level of 10%. Branching ratios of
the Higgs decays provide an example of a drastic influence of radiative corrections.
The reason is that quark masses are running, whereas Iepton ones are practically cc nstant. It is just instructive, because numerous examples of loop corrections, which
we considered here seem to give at most few per cent contributions. It is not always
the case.
Table 2.
Branching ratios of Higgs particle decays (%) depending
MHGeV
50
60
70
80
90
100
110
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88.3
87.9
87.6
87.1
86.7
85.3
80.8

TT

8.7
9.0
9.2
9.5

9.6
9.7
9.4

cc
2.8
2.8
2.8
2.8
2.8
2.7
2.6

99

0.2
0.3
0.4
0.4

0.1

0.6

0.2

0.7
0.8

1.3
5.7

Z*Z* 77
0.1
0.1
0.1
0.5

0.2
0.2

Of course, the situation with Higgs decays changes after thresholds of W W and
Z Z pairs be achieved. Due to large values of couplings (see Eq. (83) ##12, 13) these
channels become dominant from M# ~ 160<j?eV up to the t - quark pair threshold
~ 350 GeV. In any case at LEP200 one has to work with b - channel. At LHC the
use of channel H—*ZZ-^fifipfi
seems the most promising for Mfj > 180 GeV.
The study of Higgs particle and, more generally, of a mechanism of the electroweak
symmetry breaking can be the crucial point for the SM. In our lectures we are just
conservative, that is we rely on the initial formulation of the SM due to A.Salam
and S.Weinberg, dealing with the minimal set of elementary scalar fields. Not all
physicists are satisfied with such approach. One of sound arguments is the problem
of naturalness. Let us briefly remind, what is this. In a gauge theory including
fermion and gauge vector fields all divergences are logarithmic, that is has the form
"

4
4TT

where A is a high-momentum cut-off. However, if scalar fields are appearing in a
theory, a scalar particle mass is quadratically divergent already in one-loop approximation, that is
SM2 ~ ^ A 2 .
4
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For A being equal grand unification scale this gives tremendously large number, which
has to be compensated by other contributions. There arises the problem of fine tuning.
Indeed, two very large numbers have to cancel in such a way that a realistic mass
value remains. The precision here should be ~ 1O~20 or better. We are not used to
such situation, so it is for us unnatural.
Thus attempts are undertaken to overcome the situation. First of all, there is a
possibility of supersymmetry, in which cancelling is just appropriate to the basis of a
theory. These considerations no doubt are present in lectures dealing with problems
beyond the Standard Theory. There is also a possibility of a dynamical breaking of
the electroweak symmetry , in which initial elementary scalar fields are absent and
appear as bound states of elementary species, e.g. of the ti - quarks, as in a Nambu
model with t - condensate. There are also other possibilities with nonelementary
Higgs (see e.g. Ref. [13] and references therein).
To conclude, let us make few remarks on what we may expect for a development
of the study of the Standard Theory effects in the nearest future.
First of all on the forthcoming LEP200. Possibilities of Higgs searches were discussed above. It seems, that MH — 100 GeV is the most optimistic boundary for
Higgs mass available at LEP200. Quite important is the study of W pair production.
It will give a stringent bounds for possible nonstandard vertices, such as (110). A
precise value for W mass may get limits of Higgs mass predictions much narrower,
especially if an accuracy of the t - quark mass measurements will be improved in the
forthcoming few years.
Much more one expects of an activity by the future LHC and a possible NLC.
Presumably these facilities make possible the solution of symmetry breaking problem.
If a Higgs with predicted properties is to be discovered, this problem waits for a
solution. It needs much efforts of all the high energy physical community.
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PERTURBATIVE QCD FOR BEGINNERS
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Abstract
Basic elements of the perturhative QCD approach to multiparticle production in hard processes are discussed.

Instead of Introduction
I had a hard time writing these lectures. You will have a hard time reading them.
Don't take it as the author's fault: it is rather part of the author's design.
I met in Dubna young experimenters, eager to learn. Some of them would ask not
just "How probable is it to have this-and-that", but the most clever questions such as
"Why on earth..." or "How come that..." or even "How could I estimate the fraction of
such-and-such events". Those students are to blame for what follows.
Hearing things and an easy reading can only give an illusion of understanding. To
really learn the game one should try playing.
The present course was designed as a dull introduction into the realm of quarks and
gluons as QCD partons. We shall discuss why and to which extent an entirely classical
probabilistic language of partons is applicable to the analysis of multip article production
in quantum field theory in the first place. We shall spend quite some time with the basic
ingredients of the QCD parton picture: the nature of logarithmically enhanced contributions to high-order hard interaction cross sections; the notion of parton evolution; and the
problem of coherence effects due to quantum interference, which reveals itself in a clever
choice of the "evolution time". We shall study the main building blocks: parton splitting
functions, all-order double logarithmic form factors, the running coupling.
Scanning through the text, you will occasionally see some formula-free pages. Don't
rush in there. I believe these lectures may help you to develop physical intuition and
to learn to apply it for practically producing interesting, reliable back-of-an-envelope
estimates. To get there, however, you had better prepare yourself to a slow reading and
keep a pencil and a (A4) notepad at hand.
You will find quite a few Exercises and Problems on the way. The former are to
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train your hand is performing typical calculations; the latter will require activation of
grey cells prior to a hand. Try them. Don't hurry up to the solutions supplied.
Good luck. May the colour force be with you.

Lecture 1.

BASICS OF BREMSSTRAHLUNG

We start our excursion with a survey of the process of soft photon radiation accompanying hard scattering of an electron, that is the QED bremsstiahlung. Speaking
of a hard process (scattering, interaction, etc.) one means a process in which a charged
particle experiences an impact with large momentum transfer, Q2 — \q2\ ^> TO2.
The main characters of the first lecture will be Electrons and Photons (with Quarks
and Gluons explicitly appearing only on special occasions when QCD subtleties come onto
the stage). It is implied that all conclusions we shall arrive at considering basic properties
of QED bremsstrahlung hold in the QCD context as well, that is when soft gluon radiation
is concerned.
Consider electron scattering off an external field V accompanied by the emission
of a photon with the 4-momentum k. The radiation amplitude is described by the two
graphs of Fig. 1.
Pi

-s

V2

Pi

i
i
i
i

^

P2

i
i
i
i

Figure 1: Feynman graphs for radiation accompanying scattering of a charge
Applying Feynman rules we get for these two contributions

where V stands for the vertex of the interaction with the external field. The next step is to
simplify the radiation amplitude by making use of the Dirac equation for the on-mass-shell
fennions,
«(P*) ("»- h) - (™ - Pi) «(Pi) = 0 .
(1.2)
To this end let us exchange the order of pi and 7" matrices,

to identically rewrite the square brackets of (1.1) as

(2T/Z + V k) V
Using

V(2r^t k V l

\T -I—%—7
Tv? + terms vanishing for on-mass-shell charges.
J
2
)
m -(pi-fc)2

(pi ± k)2 - m* = ±2pik + k2 ~ ±2#Jfe (for real photons, k2 = 0),
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(1.3)

one arrives at

Depending on the nature of the underlying scattering process, the vertex V may affect
electron polarization states, i.e. may have a spinor structure. Therefore we have carefully
kept the ^-factors at their proper places according to the Feynman rules for the amplitude
(1.1).
Such a precaution is necessary, however, only for the A term, while the first, main,
contribution to (1.4) simply provides the scattering vertex V with a scalar (with respect
to fermion polarization space) accompanying-radiation factor j**,

The reason to call j M the main contribution is seen from the way the amplitude scales
with respect to the photon energy u> — k°:
j " = ©(of1) ,

A" = O(v°) .

(1.6)

This clearly makes j * dominating for soft photons with u> <C Ei,Ei. The origin of the
soft radiation factor (1.5) is purely classical. Let us verify this by considering scattering
of a charge in the framework of the classical theory of electromagnetic radiation.
1.1

Classical Consideration
From classical field theory we know that it is the acceleration of a charge that causes
electromagnetic radiation. Electromagnetic current participating in field formation in the
course of scattering consists of two terms (we suppress the charge e for simplicity)

with V\Q the velocity of the initial (final) charge moving along the classical trajectory
r — vtt. By to we denote the moment in time when the scattering occurs and the velocity
abruptly changes. To achieve a Lorentz-covariant description one adds to (1.7a) an equation for the propagation of the charge-density D to be treated as the zero-component of
the 4-vector current C ,
(

)

s«fD*f

(1.7b)

with v? the 4-velocity vectors

vf = (l,S).
The emission amplitude for a field component with 4-momentum (o>,k) is proportional
to the Fourier transform of the total current. For the two terms of the current we have

[ * ^ ( M
-oo

«ZUy

,

k° — (k • Vi)

(1.8)

J [ J**
= Jdt
J

P°° dr
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k° — (fc

The solution of the Maxwell equation for the field potential induced by the current (1.8)
reads

where

A»(k) = Aj(Jfc) - A?(k) ;

(1.10a)

A?(k) = Ui-l'cos®.)'6*"*'''

w=s

l * l . (^-i?0 sow* cose*. (1.10b)

Here 0< are the angles between the direction of the photon momentum and that of the
corresponding (initial/final) charge.
Rewriting (1.10b) in the covariant form

we observe that the classical 4-vector "potential" (1.10a), as expected, is identical to the
quantum amplitude j M (1.5), apart from an overall phase factor exp(iu/40)- The latter is
irrelevant for calculating the observable cioss section (see, however, section 1.10).
We conclude that the classical consideration gives the correct accompanying radiation pattern in the soft-photon limit. This is natural because in such circumstances
(negligible recoil) it is legitimate to keep charges moving along their classical trajectories,
which remain unperturbed in the course of sending away radiation.
1.2
1.
2.
3.

Radiation Cross Section
To obtain the differential cross section you have to
calculate the matrix element by projecting the field-amplitude M" onto the photon
polarization state A,
square it and supply it with a proper phase-space factor and
sum over A :
dtr oc

The sum runs over two physical polarization states of the real photon, described by
normalized polarization vectors orthogonal to its momentum:

^ ( * ) ' £ v ( * ) = Sxx>,

e£(fc) • K = 0;

A, A' = 1,2.

Within these conditions the polarization vectors may be chosen differently. As you know
fairly well, such an uncertainty does not affect physical observables (gauge invariance).
Indeed, the polarization tensor in the r.h.s. of (1.11) may be represented as
X ) eA£A" = ~ST +

tensor proportional to Jfc* and/or kv .

(1.12)

The latter, however, can be dropped due to the current conservation (a direct consequence
of the gauge invariance):

M^nM-w
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= o.

(1.13)

Exercise £.1

Check that the current conservation condition is separately satisfied by j - and A-terms of the on-mass-shell amplitude (1.4). Verify
th&t conservation of the electromagnetic current persists when fc2 7^ 0
(off-mass-shell photon).

As a result, one may simply replace (1.12) by the unit 4-tensor, thus reducing the
problem to calculating the Lorentz-square of the original vector amplitude,
da oc

?

(This is equivalent to summing over all four polarizations: two physical and two "longitudinal" — non-contributing— ones in the Feynman gauge.)
The cross section (1.11) takes the form
oc - J ^

{{V)* • j 2 + 2(V A») - j,>+ {A»)2} dSl-udw,

(1.14)

where the bracketed terms are process-dependent.
According to (1.6), the three terms in (1.14) scale like a;"2, a;"1 and w°, respectively.
Taken together with the phase-space factor, this leads to
.
a dw
der ~

n IK\
(1.15)

because of the main classical piece.
1.3

Soft Factorization, Antennas, Multiple Radiation
Thus, the cross section with emission of a photon is given, in the soft approximation, by the product of the non-radiative scattering cross section and the accompanying
radiation factor dN:
da =

-A

adwdO.
w 4ir

, f

rf

& V

I (pik)

(|>2fc) J

(1.16)

Soft Factorization is an essence of the celebrated soft bremsstrahlung theorem, formulated by Low in 1956 for the case of scalar charged particles and later generalized by
Barnett and Kroll to charged fermions. The very classical nature of soft radiation makes
it universal with respect to intrinsic quantum properties of participating objects and the
nature of the underlying scattering process: it is only the classical movement of electromagnetic charges that matters. In particular, (1.16) does not depend on electron spin and
holds beyond the Born approximation for the scattering cross section.
There is nothing special about the electron scattering we have chosen as an example:
generalization to an arbitrary process is straightforward and results in the substitution:

incoming

W**/
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outgoing

where the contributions to the total current due to all initial and final particles, weighted
with their respective charges, are put together. Due to charge conservation,

the classical current (1.17) is explicitly conserving, j * • &M = 0, so that one may employ
an arbitrary gauge or the physical polarization technique to calculate the accompanying
photon production.
Two-Particle "Antennas".
meet the cross products

Constructing the radiation probability oc — (j7*)2 you will

often referred to as a two-particle antenna. In the relativistic limit when particle masses
may be neglected, pf — p* — 0, this expression is inversely proportional to the invariant
transverse momentum of the bremsstrahlung quantum (photon, gluon) with respect to
the (tj) pair,
, _ 2{Pik)(pik)
This quantity becomes the actual transverse momentum in a reference frame where i and
j are anti-colBnear. Spatial distribution of radiation is given by the antenna pattern

(3) =
written in terms of characteristic angular functions
o» = 1 — cos ®i,

Oij = 1 — cos 0 # .

(1-19)

This distribution is responsible for the logarithmic (collinear) enhancement of the emission
probability, which shows up when the radiation is close to the direction of one of the
charges,

If the relative angle between the charges happens to be numerically small, a,-,- <C 1,
radiation at angles exceeding 0 y is no longer "logarithmic" and is now distributed as
dft —>.
( ) c

da
<<l

Multiple Photons. As long as photon emission produces no essential recoil upon particle
momenta, the classical current (1.17) may be repetitively used to construct multiple soft
photon ensembles.

64

1.4

Soft Gluon Bremsstrahlung
Turning to the QCD case one meets no difficulty in producing a soft gluon to
accompany quark scattering off an external colourless (sic!) field (back to Fig. 1). The
Lorentz-structure of photon-electron and gluon-quark interactions is identical. Therefore
the only modification of the above formulae consists of substituting a,Cp for a with CF
the squared "colour charge" of the quark,
N2-l

w?-i

4

However, the very next step — radiation of one extra gluon — is very different from a
simple repetition of the first emission, as was the case for the "Abelian" photon. Even
without producing any substantial recoil upon quark momenta, sending away the first
gluon drastically changes the colova topology of the system. The gluon carries "colour
charge" by itself and therefore is bound to play a double role: that of "radiation" and,
at the same time, that of "radiator" with respect to the next-generation (softer) gluons.
Thus one would expect multiple QCD-radiation patterns to be much more complicated
than the QED-picture discussed above.
Such a pessimistic expectation indeed comes true when the algebra of non-commuting "colour charges" gets its full strength in calculating radiation probabilities. However, a
transparent QED-motivated technology can still be applied to the construction of multiple
soft-gluon radiation amplitudes.
Soft Insertion Rules is the name for the corresponding technique invented and beautifully described by Bassetto, Ciafaloni and Marchesini. It is based on a repetitive use of
(1.17) with properly placed colour generators substituted for electromagnetic charges €{,
Cf. To do that one has to pick up the softest gluon and treat the quarks, antiquarks and
the harder gluons as an ensemble of radiating "colour charges".
In practice, the soft gluon approximation is extremely important for studying mean
particle multiplicities and particle flows in multijet events: it is gluons with w < Q that
determine the bulk of the parton content of QCD jets.
The Soft-Insertion-Rule technique is exploited when the manifestation of QCD
coherence in string/drag effects in inter-jet particle flows is studied.
1.5

Independent and Coherent Radiation
In the rest of this lecture we will study in detail the basic properties of soft bremsstrahlung determined by the classical current (1.5).
Turning back to Fig. 1 we now address the following question: Can one say which
part of radiation is due to the initial charge and which is due to the final one?
The expression (1.16) for the accompanying radiation factor dN does not provide a
satisfactory answer, since in the Feynman-gauge the result is dominated by the interference
between the two emitters whose expression does not belong to either 1 or 2:

-\JL-JLX~
\JL-JLX

[ ( * ) (ft*)
( * ) JJ ~~
[ (Pi*)

(Pl*)(ft*) '

There is a way, however, to give a reasonable answer to the above question. To do that
one has to sacrifice simplicity of the Feynman-gauge calculation and recall the original
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expression (1.11) for the cross section in terms of physical photon polarizations. It is
natural to choose the so-called radiative gauge based on the three-vector potential A,
with the scalar component set to zero, AQ s 0. Our photon is then described by (real)
3-vectors orthogonal to one another and to its 3-momentum:
(?x • ?v) =

fcv,

(?A • k) = 0 .

(1.20)

This explicitly leaves us with two physical polarization states. Summing over polarizations
obviously results in

with a, /? the 3-dimensional indices. We now substitute the current in the form of (1.10)
and make use of the relations
ka kfi
= v\ sin2 0,-,
Vi,
(1.22a)
=

v i d e o s ©i2 — cos ©i cos ©2) ,

(1.22b)

to finally arrive at
(1.23a)
Here
v? sin' 0,-

(1.23b)

(1-ViCOS©;)2'
Vit>2 (COS ©12 — COS © i COS ©2)
(1 — Vi COS © i ) ( l — t>2 COS ©2)

(1.23c)

The 7L contributions can be looked upon as being due to independent radiation off initial
and final charges, while the J term accounts for interference between them.
Such an interpretation should be taken with a pinch of salt since the very extraction
of "independent" radiation is, generally speaking, reference-frame- (and gauge-) dependent. In particular, it looks as if we have lost Lorentz invariance by explicitly introducing
3-velocities and angles.

Exerdse £.2

Verify Lorentz invariance of the total emission probability (1.23).

The output of the exercise E.2 is an identity between (1.23a) and the square of the
accompanying radiation factor (1.5):
<f*fe
du)
(1.24)
Exercise E.3

Derive an alternative expression for the soft radiation probability
in terms of a squared 3-vector current:

-4'
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dw dQ
u) Ant

(1.25)

1.5.1 "Independent" Radiation (p-decay at rest)
Our convention to refer to % (1.23b) as an independent radiation off a charge may
be illustrated by the example when only one charge gets accelerated. To this end consider
the muon decay at rest
p~ ~* e~ + Vp + i/e.
In this case only one term in (1.23a) survives, vi=v e , v 2 =v / 1 =0,
dN

a

dSl __ a d£l

vf sin*0

with 9 the angle between the photon and the electron. In the 3-body kinematics, the
velocity of the final charge may be very different. It varies from a non-relativistic electron
(accompanied by back-to-back neutrinos carrying away practically all decay energy) up to
an extremely relativistic one, E\ ~ \mM (collinear v pair). Correspondingly, the angular
patterns of accompanying soft radiation and the total photon emission probability are
quite different.
Non-relaMvistic Suppression. Radiation vanishes as v\ for small electron velocities,
v\ <C 1. This property is often referred to as the dipole suppression. Radiation intensity
is then maximal in the transverse direction, dN oc sin2 9.
With v\ increasing, the denominator of (1.26) enters the game and shifts the maximum of the angular distribution towards the electron momentum direction. The "Bremsstrahlung Cone" that starts developing determines the bulk of radiation off a ielativistic
charge. Approximating
l_t,1«_JL = lG5<l;

l-cos0«y<l

we obtain a broad logarithmic angular distribution of radiation
dN

a d4
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a dO*

within the wide range of polar angles,
^

= 1 - ^ = 0 ' <6*<1.

(1.27b)

For emission angles smaller than the characteristic angle &o — m-ijEi one observes the
The Dead Cone (or "Dead Zone", if you like it better): vanishing of the soft radiation
intensity in the very forward direction (sin 9 = 0; v x = 0).
These are the basic properties of "independent" emission.
Exercise E.4

Integrate (1.26) over emission angles to £nd the total radiation
probability.
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_ ,
1 . 1+ V
I(v) = - hi— 1— v

ft

2

v
(1.28b)
—;
1 I:
with v = tanh n .
tanhi?
/
Here ij has the meaning of a "hyperbolic angle" determining the 4-momentum of the
electron,
E\ — mi * cosh ij, \p% I = nil * sinh T\ .
1.5.2 "Coherent" Radiation (neutron fi-decay)
In the case of two moving charges all three terms of (1.23) are at work. Hereafter
we name the full sum the coherent radiation,

(1.29)

One might have in mind the original electron scattering example or a neutral meson decay,
say, J/^> - • t*t~. To be a bit more general let us allow our two charges to have different
masses, as in the /3-decay of a neutron producing p + and e~ plus a neutral ve (for us —
a tool to vary the ep kinematics).
Problem P.5

Calculate the differential energy spectrum of soft radiation produced by a pair of charges with arbitrary masses:

u = tanh A ,

(P1P2) = TOi"i2 cosh A .

(1.30b)

The total radiation intensity is given by the same characteristic function J as defined in
(1.28b). Now it depends on the "relative velocity" u related to the Minkovskian 4-angle
A between the particle momenta by (1.30b).
1.6

Relativistic Bremsstrahlung
In what follows we shall be mainly interested in relativistic kinematics in which the
coUinear enhancement of bremsstrahlung amplitudes leads to high probability of parton
splitting and results in multiple QCD cascades. Bearing this in mind let us simplify the
problem by restricting ourselves to the vj —> 1 limit. We immediately notice that the
"independent" and interference terms behave differently: (7^) increase logarithmically
with energy according to (1.30), while the interference contribution to the total radiation
intensity has a finite limit.
Indeed, at small emission angles # = 0 i <C 0 2 ~ 012 the interference term (1.23c)
gets enhanced much weakly than the independent radiation (1.23b):
sin20

sin 9 cos <f> cos<f>
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1

so that the angular integral converges:
f0d92

t

J JdSlx J ~ p - = const,
to be compared with the divergent independent contribution (1.27)
— — = In fc>5 —• oo .

From this point of view J may be treated as a non-singular function of angles as fax as
its contribution to the total radiation intensity is concerned. At the same time, it is the
interference that causes azimnthal asymmetry of soft accompanying radiation around the
charge direction and makes QCD jets look "lop-sided".
1.6.1 Relativistic Independent Radiation
In the relativistic limit, vi —• 1, we get
x

vi

l-V!

mf

\lEi

The main logarithmic contribution here comes from the angular region (1.27b) defined
above as the bremsstrahlung cone.
1.6.2 Beware of the Dead Zone!
One of the two subtraction units in (1.31) has a somewhat specific origin. It comes
from the dead cone angle region, which formally vanishes in the relativistic limit, 0 <
80 ~ ( l - v ) - * 0 .
Indeed, let us notice that if we were first to take the v\ —> 1 limit of the integrand
of (1.28a) and to perform the angular integration afterwards we would get a different
result:
1?

*

«m*e!

1 + COS0!

2

1_COS01 - 1
l|«lni

2

l^
^ ll nn - i - i . (i.32b)

1 - cos 0i
J
1 - cos ©o
This answer lacks one subtraction unity as compared to the exact (1.31).
The solution of the puzzle is quite simple. The squared single-charge contribution
to the classical current jM exhibits too strong a singularity at small polar angles:
\pkj

=1

£?*(1-trees©)8

As a sesolt, fts eoaiabtttkm to the total radiatlos intensity survives the v —»1 Una

This effect is absent (or, better, usually gets lost) in the QCD context when one deals with
fight ("massless") quarks, since such pazametzieaUy small radiation angles correspond to
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gluon transverse momenta k±_ < o;0 o = mq • w/Eq -C mq < /*, deep inside the forbidden
non-pertnrbative region. Notice however that for bremsstrahlung off heavy quarks c, b, t
this effect mast be taken fall care of.
To outline this subtlety we shall hereafter make a distinction between those two
different units in (1.31) by writing the angular-integrated independent radiation intensity
as

Here —1 is a plain number due to large angles 0 ~ 1, while — (T) stands for the dead
cone subtraction effect (which one disregards in the perturbative treatment of the gluon
emission off light quarks).
1.6.3 How does Interference affect Radiation Intensity?
A formal answer to this question is straightforward since we have already found
both angular integrals of <RtaA.v. and 7lcok.r.:
T(« [vi,v2; cos 0 12 ])} .
(1.34)
The ©^-dependence is hidden here in the invariant "relative velocity" u. Therefore such
an answer would not completely satisfy our curiosity about an impact of the interference
contribution J upon the radiation pattern.
As we have noticed above, the angular integral of the interference term converges
in the relativistic limit so that expression (1.23c) for J can be simplified by setting

Problem P.6

Calculate by explicit integration over the photon direction n in
the lab frame:
Jim

*i.«»-»i

Exercise E.7

{J) = / ——

__

^z-r — In

J Air (1 — n n i ) ( l — nnj)

^-~z

1•

(1.

1 — niti2

Verify (1.35) using the relativistic approximation for (1.34).

Now we are in a position to discuss the most important property of soft radiation
that stems from interference effects: the "angular ordering".
General relativistic expression (5.8) for the total radiation intensity derived in E.7
reads, for 612 > ©<*:

- 2{J) = I n ( l 1 . " ^ ! 9 - ^ ) - ® + O(l - fH) .

(1.36)

In invariant terms it may be written as

fa—> = 2 fin H ^ - ® ) + O (02O) .

70

(1.37)

Let us apply (1.36) to our original electron-scattering process. For potential scattering
the electron energy is conserved, E\ — Ez, and the momentum transfer reads
q = P2~Pi*

I 91 = 2 I j> | sin — ;

with 0 , = ©12 the scattering angle. One obtains

'm2j

[

m2

so that the radiation intensity takes the form
. (1.38a)

— cos

If the initial and final charges were acting independently, then, according to (1.31), one
would expect to have instead

2 x [in ™ - 1 - (T)) = 2 fin
^—p- - 1 - fiS) .
W
V ®o
/
V l-cos0o
^^/

(1.38b)
v

;

The difference is due to the interference term (1.35):

(1.38-.) - (1.381) - - 2 (J) = - 2 [ In j - 1 - - - l ] .
The coherent answer (1.38a) recalls independent radiation off a single charge, with 0miuc =
0 , substituted for the upper limits of the polar-angle integration instead of 9 = x,
r Binddd
/ e e 1 — cos 0

2

/^

v

1 - cos ©o

fe' sinMO
Ve0 1 — cos 8

,

(1-cos©,)
1 — cos 0 O

This is more than a mere coincidence.
1.7

Splitting Two-Particle Antenna Pattern
Let us have a closer look at the relativistic expressions for independent and interference terms (1.23):
Kl

sin8©! _ l 4 c o s © i _
2
2
"* (1 - cos ©0
1 - cos 0 ! " 1 - cos ©a

cos ©12 — cos ©i cos ©2
fj ~^ .____^_,____________________
(1 — COS © i ) ( l — COS © 2 )

=

[iL
" Lax J

=

ai + 0-2 — <*i2 — o.\a2
a\ + a^ — 012
---^_i_2
_i_2

j

Here we adopted the short notation (1.19) and embraced 2/a; ratios to remind you that
the total angular integral of the independent term should be understood as containing an
extra (T) dead-cone subtraction:
l-
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The full coherent combination (1.23a) takes the form

(1.40)

-

Al J

+ — -2
LA 2 J

Oid 2

Now we combine the two interference pieces with the independent ones to identically
rewrite (1.40) as

(1.41)

In general, the two-particle antenna pattern (1.18) we represent as a sum of two terms
(5) s

^

= P^n) + Pki(n) ;

;
i (i + £»Z
a*

N

(1.42a)

(i.42b)

/

The point in splitting the radiation pattern into two terms, Pu, and P«, is that only the
former (the latter) is singular at 0,- — 0 (correspondingly, 0 * = 0) and therefore may be
looked upon as "belonging to" the particle i (k).
The independent radiation factor 2/aj in Pu, depends only on the polar angle 0 ;
between the photon and the radiating particle i. The direction of the other charge enters
through the second factor Ty,, which explicitly contains a* and therefore varies with the
azknuthal angle <f>i at fixed ©j. If the photon lies within the cone determined by i and k
(oik > <*»)) the afc-dependent term in (1.42b) is positive (Tik > | ) . Outside this cone it is
negative (Ty, < | ) . As a result, the angular functions Tik have the following remarkable
property: strict Angular Ordering.
Exercise £ . 8

Show that azimuth average of T& with respect to photon momentum n around the direction of the charge n,- results in

@i cos

"

Thus (Pih)^ is just the incoherent radiation off a particle i, effectively confined to the
cone
cos ©i > cos On,,
Qi < Oik
(1.44)
with an opening angle equal to the angle ©# between the charges,

= Pik(n) + P«(n) ^

f - 1 • 1^(0^ - © , ) + [ - ] • i?(©,* - Qk).
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(1.45)

The angular integration of (1.45) is now trivial and we get the known result back in an
explicitly Lorentz-invariant form (1.37),

1.8

Suppression of Large Radiation Angles. Fingerspitzgefuhl.
What is the reason for radiation at angles exceeding the scattering angle to be suppressed? Let as try our physical intuition and consider semi-classically how the radiation
process really develops.
A physical electron is a charge surrounded by its proper Coulomb field. In quantum
language the Lorentz-contracted Coulomb-disk attached to a relativistic particle may be
treated as consisting of photons virtually emitted and, in due time, reabsorbed by the
core charge. Such virtual emission and absorption processes form a coherent state which
we call a physical electron ("dressed'* particle).
This coherence is partially destroyed when the charge experiences an impact. As
a result, a part of intrinsic field fluctuations gets released in the form of real photon
radiation: the bremsstrahlung cone in the direction of the initial momentum develops. On
the other hand, the deflected charge now leaves the interaction region as a "half-dressed"
object with its proper field-coat lacking some field components (eventually those that were
lost at the first stage). In the process of regenerating the new Coulomb-disk adjusted to
the final-momentum direction, an extra radiation takes place giving rise to the second
bremsstrahlung cone.
Now we need to be more specific to find out which momentum components of the
electromagnetic coat do actually take leave of absence.
A typical time interval between emission and reabsorption of the photon k by
the initial electron pi may be estimated as the Lorentz-dilated lifetime of the virtual
intermediate electron state (pi — k),
.
*

&

Ex

1'

w
(

Here we restricted ourselves, for simplicity, to small radiation angles, k±
The fluctuation time (1.46) may become macroscopically large for small photon energies
u» and enters as a characteristic parameter in a number of QED processes. As an example,
let us mention the so called Landau-Pomeranchuk effect — suppression of soft radiation
off a charge that experiences multiple scattering propagating through a medium. Quanta
with too large a wavelength get not enough time to be properly formed before successive
scattering occurs, so that the resulting bremsstraMung spectrum behaves as dN oc dw/y/w
instead of the standard logarithmic duffw distribution.
The characteristic time scale (1.46) responsible for this and many other radiative
phenomena is often referred to as the formation time.
Now imagine that within this interval the core charge was kicked by some external
interaction and has changed direction by some 0 ( . Whether the photon will be reabsorbed
or not depends on the position of the scattered charge with respect to the point where
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the photon was expecting to meet it "at the end of the day". That is, we need to compare
the spatial displacement of the core charge Af with the characteristic size of the photon
field, A|| ~ o r 1 , Ax ~ k±~l:

ta

me,

Q] • — = (^j A|, & A,,;
1

Ar± ~

c0, • t.me4 ~ 0 , • —

f®.\

= (—J Ax <* A± .

We conclude that it is only photons with 0 < 0 , that can notice the charge being displaced
and thus the coherence of the state being disturbed. Therefore only that radiation at angles
smaller than the scattering angle actually emerges. The other field components have too
large a wavelength and are easily reabsorbed as if there were no scattering at all.
So what counts is & change in the current, which is sharp enough to be noticed by
the "to-be-emitted" quantum within the characteristic formation/field-fluctuation time
(1.46) of the latter.
Radiation at large angles has too short a formation time to become aware of the
acceleration of the charge. No scattering — no radiation.
The same argument applies to the dual process of production of two opposite
charges (decay of a neutral object, vacuum pair production, etc.). The only difference
is that now one has to take for Ar not a displacement between the initial and the final
charges, but the actual distance between the produced particles (spatial size of a dipole),
to be compared with the radiation wavelength.
1.9

Quark Scattering. How Many Bremsstrahlung Cones?
Both the qualitative arguments of the previous section and the quantitative analysis
of the two-particle antenna pattern apply to the QCD process of gluon emission in the
course of quark scattering. So two gluon-bremsstrahlung cones with the opening angles
restricted by the scattering angle 0 , would be expected to appear.
There is an important subtlety, however. In the QED case it was deflection of an
electron that changed the e.m. current and caused photon radiation. In QCD there is
another option, namely to "repaint" the quark. Rotation of the colour state would affect
the colour current as well and, therefore, must lead to gluon radiation irrespectively of
whether the quark-momentum direction has changed or not.
This is what happens when a quark scatters off a colour field. To be specific, one
may consider as an example two channels of Higgs production in hadron-hadron collisions. At very high energies two mechanisms of Higgs production become competitive:
W+W~ —* H and the gluon-gluon fusion gg —> H (see Fig. 2). Since the typical momentum transfer is large, of the order of the Higgs mass, (—t) ~ Mjj, Higgs production is a
hard process. Colliding quarks experience hard scattering with characteristic scattering
angles ©J ~ \t\ /« ~ M\\a. As far as the accompanying gluon radiation is concerned,
the two subprocesses differ with respect to the nature of the "external field", which is
colourless for the ^-exchange and colourful for the gluon fusion.
We do know the answer for the gluon radiation accompanying the first subprocess:
each colliding quark gives rise to a pair of bremsstrahlung cones with opening angles
0 , , while radiation at large angles 0 > 0 , is effectively suppressed. Quantitatively, the
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Figure 2: WW and gluon-gluon fusion graphs for Higgs production
contribution of one of the quarks (with the initial momentum Pi and the final momentum
pa) is
,„_
a, du> d£l
dN = ~ — 7 - • CFnnin.,

An

(1.48a)

with the standard coherent antenna

0

n=-J (-4 - 4 V * — ^ -^( - - ®»)+
Bremsstrahlung gluons develop secondary parton cascades with characteristic hardness
402 ~ —t ~ M j . Parton multiplication finally results in hadronic accompaniment.
Emission angles are related to pseudorapidity,

0
- 1 y,

|7|<

The 17-distribution of accompanying hadrons will have the structure of a quasi-diffractive
process with two symmetric humps of the width A17 hump — la MB in the fragmentation
regions. The total rapidity span is 77tot — In •*> so that for sufficiently large s a "hole" in the
central rapidity region should be seen as broad as A77 hole — V.-tot " 2A77 hump — In s/Mg.
As for the gluon-fusion subprocess, some colour algebra will be needed to quantitatively describe its structure.
Problem P.O

Calculate the angular distribution of gluon radiation accompanying quark scattering off the gluon field:

dN = SiL±L^.. ( C F n ^ t . + NeJ).

(1.48b)

(t)

The first term of (1.48b) is identical to (1.48a) and responsible for two standard "forward"
cones. An additional contribution proportional to the gluon colour charge is given by the
interference distribution (1.23c), (1.39):
01 + aj
J ~ —
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ai2

1•

It is non-singular in the forward regions 9 i < 0 , , 02 < 0 , , and, at the same time,
populates large emission angles © = ©i « 0 j ^> 0 , where
d£l J oc sin0<Z0 (- - l ) ~ ^ 2 .
\o
/
0
Evaluating the azimuthal average, say, around the incoming quark direction we obtain
ax

a

Thus we conclude that the third complementary bremsstrahlung cone emerges. It basically
corresponds to radiation at angles larger than the scattering angle and its intensity is
proportional to the colour charge of the t-channel exchange.
As a result, hadronic accompaniment for the gluon-fusion subprocess should reveal
a practically constant rapidity plateau distribution (2CF » Ne) all over the rapidity range,
in sharp contrast with the case of the colourless W-exchange.
We could have guessed without actually performing a laborious calculation of
(1.48b) that at large angles the gluon radiation is related to the ghion colour charge.
As far as large emission angles 0 ^> 0 , are concerned, one may identify the directions of
initial and final quarks to simplify the total radiation amplitude as

£.
pk
This, with account of the commutation relation for quark generators, [tatb] — ifabctc,
immediately results in Ne — (ifabe)2 ^ a proper colour charge.
Angular Ordering in Space-Like Paiton Evolution. The fact that it is the ^-channel
exchange th&t determines the intensity of large-angle bremsstrahlung is of a very general
nature and holds irrespectively of particularities of participating partons. Indeed, consider
the most general case of incoming particle (quark, gluon, coloured diquark or whatever)
splitting, on some external field V, into a bunch of partons with small relative angles as
shown in Fig. 3.
If Af is the basic scattering amplitude, then the amplitude with emission of an
extra soft gluon k reads

with a the colour index of the gluon and T° the generators of the colour group representations appropriate to particles involved. With respect to large gluon angles, 0 >• 0, o , 0,*,
all accompanying radiation factors look approximately the same:
pok
so that the amplitude effectively reduces to

simply due to conservation of colour.
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Po

Pi

Figure 3: Interference between initial- and final-state radiation off a narrow bunch of partons leads to large-angle bremsstrahlung as if produced by the virtual {-channel exchange
parton.
Angular Ordered Time-lake Parton Cascades. Property of Angular Ordering (AO)
allows to incorporate soft gluon interference effects in the Monte Carlo simulations of
partonic cascades in a probabilistic way. For the case of a multiparton system with n hard
emitters (* = 1 . . . n) the full soft radiation pattern -P(ft) may be replaced by
(1.49)
which looks as a sum of independent emission probabilities.
1.10 "Delayed" Scattering as Means of Separating Independent and
Coherent Radiation
Till now we were dealing with particle scattering/production as instant processes.
Such they usually are (compared to typical formation times). Nevertheless, let us imagine
that our electron in Fig. 1 is delayed by some finite At = r "in the V-vertex". For example,
as if some metastable state was formed with characteristic lifetime r = F" 1 .
In such a case one would have to take into consideration an extra longitudinal
charge displacement due to finite delay and (1.47) would be modified as

(-

+CT

a;"

1

Now the condition Ary < A|| for radiation at © > ©, to be coherently suppressed would
imply an additional restriction r < w"1 to be satisfied. For large enough values of the
delay time, r ^» Jr" 1 , this new condition seriously affects radiation with comparatively
large energies w > T" 1 (but still soft in the overall energy scale, u> <C -£»)• Such photons
acquire sufficiently large resolutions for coherence to be completely destroyed by the delay.
Therefore they are bound to form two independent bremsstraHung cones even for 0 , = 0.
So we would expect the accompanying radiation pattern to be that of the coherent antenna ?£«<*«. for softer radiation, r~x > to, and, to the contrary, a sum of two
independent sources Ki + Hi for relatively hard photons, r" 1 < u> «C E.
This qualitative expectation has a nice quantitative approval:
Problem P.10

Generalize the soft radiation pattern (1.24) for the case when a
charged particle experiences delay before being scattered.

77

The result (see below, eq. (5.12)) may be written as a mixture of independent and coherent
patterns with the weights depending on the ratio w/F via the profile function xr (5.12b),

f

I

{

I 1 * ) ] * ( * ) + » ( « ) ' *—.(*)} .

(1.50)

x(w) acts as a "switch": for long-wave radiation x ( w < r ) - + l and the standard coherent
antenna pattern appears; vice versa, for large frequencies x(a> » F) —* 0, and coherence
between charges is dashed away, as we expected.
Soft Photons and t i e W-Width.
This simple phenomenon finds an intriguing practically
important implication in the dual channel. Suppose that in the e + e~ annihilation process
a W+W~ pair is produced. An intermediate boson has a finite life-time, F ~ 2 GeV,
and decays either leptonicaHy or into a quark pair producing two hadron jets at the end
of the day. Thus, the decays of W+ and W~ produce ultra-relativistic electromagnetic
currents and occur independently from one another within a characteristic time interval
|Ato| ~ I1"1.
Therefore one meets exactly the same "delayed acceleration" scenario as applied
to the final-state currents. As a result, eq. (1.50) describes the photon radiation accompanying leptonic decays of non-relativistic W+ and W~.
In particular, invoking relativistic expressions (1.33) and (1.36) for angular integrated independent and coherent patterns we obtain for the total photon multiplicity

ex [ 1

» ( « ) ] ( 7 W ) + Xr(o;)

(1.51)
where vi and »j are velocities of final charged leptons (e,fi or r). The main "collinear"
contributions ~ ln(l — Vi)"1 » 1 are naturally w and ©12 independent.
A non-trivial (^-dependence comes together with the functional dependence on
the angle ©u between the leptons. This suggests a programme of measuring the profile
function xr by studying the ©12 variation of the total radiation yield.
In & sample of WW events, relative angles are evenly distributed in sin0i2^©i2.
Problem P . l l

Show that coherent effects do not change the mean total photon
multiplicity of the event sample, but only redistribute radiation intensity between events with different angles Qi2 between final leptons.

The w-dependent term in (1.51) enhances the accompanying photon multiplicity for large
values of ©12 and, vice versa, acts destructively if the angle between leptons happens to
be below the critical value
cos©eii, = 1 - 2 e x p ( - l ) « 0.264 ,
5*
©«„, « 1.30 « - - = 75°.
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(1.52)

Problem P.12

Study how the destructive interference affects photon emission
off cqUinear lepton pair. Suggest back-of-envelope explanation of the
total compensation of long-wave photon radiation for the case of equal
lepton velocities, v\ ~v^-

When one of the W-bosons (or both of them) decay hadronically, the situation slightly
changes. In such a case W —* qq produces two charged quarks instead of one charged
lepton from W^—tt^i/, so that the structure of final currents becomes more complicated.
Moreover, in a realistic situation one has to keep track of interference between the initial
e+e~ pair and the final-state particles/jets.
However, these complications do not alter the main conclusion: a general angular
pattern of bremsstrahlung photons in the e+e~ —» W+W~ process is quite sensitive to
the u/T ratio. In particular, dependence of the total photon yield on kinematics of the
IT-decays, asamuthal asymmetry of photons around final jet directions, even asymmetry
with respect to initial beams due to I/F interference effects may be employed to extract

IV-

Lecture 2.

LEADING LOGS

Large logarithmic corrections to various characteristics of high-energy processes are
usually said to exponentiate. This does not necessarily imply that the final expressions
are bound to be exponents (one often meets modified Bessels and occasionally even such
a nasty thing as the function of a parabolic cylinder). Rather, the word "exponentiation"
means that the logarithmically enhanced terms
(2.1a)
L n

j

or
J*n) oc Cn I — log QI

(2.1b)

that appear in the n *** order of perturbative expansion may be resummed into expressions
that are functions (sometimes, exponential) of less singular terms. Here Q stands for
large dimensionless parameter(s) of the problem. For example, there may be just one
parameter, as in the case of radiative QED corrections to the resonant J/ip production in
e"*"c~ annihilation,
Q = M+/T+ > 1,
or a handful of large ratios that enter (2.1a) in different combinations in the inclusive
energy spectrum of "leading" heavy quarks Q produced in e+e~ annihilation with total
energy W, e+e" -* Q(x • \W) + Q + •...
Q = W/MQ

>

1,

Q! « (1 - x)-1

>

1,

Q" = MQ/TQ >

1.

Small a, (a) as a PT-expansion parameter gets replaced by the characteristic combination
a, log*2) Q which may eventually exceed unity with Q increasing. As a result, all orders of
perturbation theory become equally important and should be taken care of simultaneously.
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From the first sight such a programme looks hopeless since the coefficients Cn of
the series (2.1) are, generally speaking, functions of other parameters of the problem and
have to he found order by order for arbitrarily large n. The very fact that the all-order
logarithmic asymptotes can be written down in a closed form and, more than that, that
they A posteriori prove to be quite simple, follows from the statement that constitutes a
field-theoretical "article of faith":
A logarithm is not a function but a signal of simple underlying physics.
In our context this simplicity has to do with the classical nature of
— soft enhancement of bremsstrahlung amplitudes ("infrared" singularities) and
— collineai enhancement of basic 1 —* 2 parton splitting amplitudes (or "mass" singularities).
As a result, the leading logarithmic asymptotes can be found without performing laborious
calculations. It suffices to invoke an intuitively clear picture of parton cascades described
in probabilistic fashion in terms of sequential independent elementary parton branchings.
In the next lecture, we shall apply our knowledge about soft bremsstrahlung to
construct the exponential DL Sudakov form factors that suppress exclusive scattering
amplitudes and reveal themselves, under certain circumstances, in inclusive observables
as well.
Whether the main enhanced terms are Double Logarithmic (DL) as in (2.1a) or
Single Logarithmic (SL), (2.1b), depends on the nature of the problem under focus. The
very distinction between DL and SL asymptotic regimes is often elusive. To illustrate the
latter statement one may recall the QCD analysis of structure functions describing deep
inelastic scattering (DIS), the subject to be discussed in detail later on in this lecture.
DIS (Q2 large, x moderate) is a typical SL problem, with the following PTexpansion:

Z><n>(z, Q2) = Cn(x)- ^ f — In % 1 +less singular terms; D(x,Q2) = f ) D™ . (2.2)
Here x is the Bjorken variable and ft2 the finite initial virtuality of the target parton A
(quark, gluon).
In general, |C n (x)| ~ 1. However, in the quasi-elastic limit of x —• 1, when the
invariant mass of the produced parton system becomes relatively small, W2 = Q2(l —
x)/x <C Q2, the expansion coefficients in (2.2) take the form

and the problem turns out to be DL. Another important example of such a permutation
has to do with the opposite limit of numerically small x. In this region the dominant
contribution comes from sea-quark pairs copiously produced via gluon cascades, and the
answer again exhibits the DL asymptote:
/

In.«.

7r2\

(2.3b)
with I\ the modified Bessel function.
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Thus, the extra large parameters that appear in the above limits are, respectively,
Q' —.—— ^ i ^ (2.3a) — quasi-elastic limit ;
1—x
<2'= i > l ,

(2.36) = "Regge" limit.

2.1

Puzzle of DIS, Puzzle of Partons and QCD
Let us invoke the deep inelastic lepton-hadron scattering as a standard example of
the PT-resummation programme.
Here, the momentum q with a large space-like virtuality Q2 = \q2\ is transferred
from an incident electron (muon, neutrino) to the target proton, which then breaks up into
the final multiparton —» multihadron system. Introducing an invariant energy between the
exchange photon (Z°y W*) and the proton with 4-momentum P (P2 — M2),

s = 2(Pq),
one writes the invariant mass of the produced hadron system which measures inelasticity
of the process as
= 5(1 ~ X) ,

X =

with x the Bjorken variable. The cross section of the process depends on two variables:
Q2 and x. For the case of elastic lepton-proton scattering one has x~l and it is natural
to write the cross section as
wTei

<*0" Ruth

dQ2 [dx]

dQ2

rf/«J\

reft

\1

J n

' *V ) * [o(l ~ *)] •

fn

A

\

(2-4a)

Here <r Roth oc <x2/Q4 is the standard Rutherford cross section for e.m. scattering off a
point charge and /«< stands for the elastic proton form factor.
For inclusive inelastic cross section one can write an analogous expression by introducing an inelastic proton "form factor" which now depends on both the momentum
transfer Q2 and the inelasticity parameter x:
dQ2dx

dQ2

'J**X>V>'

^AD>

What kind of (^'-behaviour of the form factors (2.4) could one expect in the Bjorken limit
Q2 —• oo? Quantum mechanics tells us how the Q2-behaviour of the electromagnetic form
factor can be related to the charge distribution inside a proton:

) exp {i&} .

(2.5)

For a point charge p{r) = ^ ( f ) , it is obvious that / E 1. On the contrary, for a smooth
charge distribution f(Q2) falls with increasing Q2, the faster the smoother p is. Experimentally, the elastic e-p cross section does decrease with Q2 much faster that the Rutherford
one (fet(Q2) decays as a large power of Q 2 ). Does this imply that p{f) is indeed regular
so that there is no well-localized — point-charge inside a proton? If it were the case, the
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inelastic form factor would decay as well in the Bjorken limit: a tiny photon with the
characteristic size ~ 1/Q —• 0 would penetrate through a "smooth" proton like a knife
through butter, inducing neither elastic nor inelastic interactions.
However, as was first observed at SLAC in the late sixties, for a fixed i , f?n stays
practically constant with Q2, that is, the inelastic cross section (with a given inelasticity)
is similar to the Rutherford cross section (Bjorken scaling). It looks as if there was a pointlike scattering in the guts of it, but in a rather strange way: it results in inelastic breakup dominating over the elastic channel. Quite a paradoxical picture emerged; FeynmanBjorken partons came to the rescue.
Imagine that it is not the proton itself that is a point-charge-bearer, but some
other guys (quark-partons) inside it. If those constituents were tightly bound to each
other, the elastic channel would be bigger than, or comparable with, the inelastic one: an
excitation of the parton that takes an impact would be transferred, with the help of rigid
Hnks between partons, to the proton as a whole, leading to the elastic scattering or to the
formation of a quasi-elastic finite-mass system (N-K, Air or so), 1—x <C 1.
To match the experimental pattern fli{Q2) <L ffn{Q2) one has instead to view the
parton ensemble as a loosely bound system of quasi-free particles. Only under these circumstances does knocking off one of the partons inevitably lead to deep inelastic breakup,
with a negligible chance of reshuffling the excitation among partons.
The parton model, forged to explain the DIS phenomenon, was intrinsically paradoxical by itself. In sixties and seventies, there was no other way of discussing particle
interactions but in the field-theoretical framework, where it remains nowadays. But all reliable (renormalizable, 4-dimensional) quantum field theories (QFTs) known by then had
one feature in common: an effective interaction strength (the running coupling g2(Q2)) increasing with the scale of the hard process Q2. (Actually, this feature was widely believed
to be a general law of nature, and for a good reason — screening + unitarity — as we shall
discuss below.) At the same time, it would be preferable to have it the other way around
so as to be in accord with the parton model, which needs parton-parton interaction to
weaken at small distances (large Q2).
Only with the advent of non-Abelian QFTs (and QCD among them) exhibiting an
anti-intuitive asymptotic-freedom behaviour of the coupling, the concept of partons was
to become more than a mere phenomenological model.
2.2

DIS in Q C D : Sketch of the Resummation Programme
Neglecting in (2.2) less singular terms, that is those with the power of log less than
that of a, (subleasing terms), you come to what is known as the Leading Logarithmic
Approximation (LLA):

« F( LLA) («. Q2)
n=o

The resummation programme for F* LLA) was carried out in 1971-72 by Gribov and Lipatov. In the first place, the key observation was made that, in QFTs with dimensionless
coupling, predictable logarithmic deviations from the exact Bjorken scaling emerge. Gribov and Lipatov demonstrated how the all-order expressions for DIS structure functions
and e+e~ single-inclusive fragmentation functions are built up from the repetitive occur-
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rence of simple first-order 1 —• 2 splitting processes. Two years later these results were
explicitly formulated by Lipatov in terms of the parton evolution picture.
To cut a long story short, the appearance of the log-enhanced contributions in
(2.1b) is due to the following structure

with k\t the squared transverse momenta of produced partons. The LLA contributions
originate from the region of strongly ordered transverse momenta, that is

** 1 <*i 1 <*ii<. •.<*!,. <Ca-"

(2.7)

This is intimately related to the ordering in the lifetime of successive virtual parton
fluctuations.
The expressions (2.2) and (2.3) exhibit an unpleasant (or wonderful, according to
taste) feature: they become senseless (diverge) in the zero-quark-mass limit, fi—>0. Well,
when you see a nasty thing happen beyond your reach, you can do no better than make
use of it. This "mass singularity", according to (2.6), occurs in the lower limit of the
k± integration of the very first (and only!) parton branch. Let us drag this misbehaving
integral to the right by rewriting (2.6) as

(2.8)
where we have combined the internal (»—1) integrals into the same expression that corresponds to the previous order in a4-expansion and has a new lower limit k2Ll substituted
for the original ft2. Now, we can localize the /x-dependence by evaluating the logarithmic
derivative:
2

This equation relates the n *** order of the PT expansion to the previous one. To put this
symbolic relation at work one first has to recall the satellite z-dependence.
By extracting the first step one may look upon the rest as DIS off a new "target" —
the parton with transverse momentum h\x and a finite fraction z of the initial longitudinal
momentum P. As a result, there appears an additional integration with the probability
of the first splitting, h(z), and the differential equation for the resummed F^LLA) takes
the form

Since a logarithm (like a stick) has two ends, differentiation over the overall hardness scale
Q2 would do the same job, the result being the evolution equation in a familiar form:

where the symbol ( x ) stands for convolution in the x-space.
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2.3

Introducing Parton Distributions

Evolution equations similar to (2.9) emerge for various hard-interaction processes,
DIS being a rank-and-file example. Therefore it is convenient to extract the processindependent part of the evolution by introducing universal parton distributions
(2.10a)
(2.10b)
Here A marks an initial parton (quark, antiquark of some flavour, or gluon) and B — the
one that directly participates in the hard interaction (the quark that takes an impact from
a lepton in the DIS case). Within the LLA accuracy the hard-interaction cross sections
a h*sd are very simple as they have to be evaluated at the Born level, a , = 0 . In particular,
for DIS structure functions as a^rd one has
(FT)9 = ej£(l - x),

(FL)q ~ (FT,L)g = 0 .

When one moves beyond the LLA, <rBhxtA develops its own PT-series in a,, and so does
the evolution matrix HQ. An important feature of (2.10) is that they both remain Anite
in the /t=0 limit, i.e. they are free from a mass singularities" (collinear-safe). This leaves
us with the only momentum scale Q2 that is relevant for these objects. Therefore it is
natural (and is in fact a direct consequence of the renormalizability of the theory) that
it is the running coupling at this large scale, at(Q2), that determines the PT-expansions
for or *"** and 2T, as explicitly stated in (2.10).
This observation takes care of the additional essential source of logarithmic Independence of parton distributions, i.e. the effect of running QCD coupling. In particular,
the limiting LLA expressions (2.3), which we have written symbolically as if a, was truly
constant, get modified according to
a,

Q2

r

yr

fQ' dn2 a,(/c2)
J»*

/c2

TT

Coliine&r factorization. Factorization of collinear (mass) singularities is a wonderful
property of & general nature. The fact that the radiation amplitude for the particle with
the smallest transverse momentum factors out in a universal way, as l/k±, from the
total interaction amplitude goes back to the so-called Gribov bremsstrahlung theorem.
Collinear factorization is not only the basic ingredient of the QCD analysis of inclusive and
semi-inclusive characteristics such as DIS and e+e~ structure functions, Drell-Yan cross
sections, etc.; it also helps to develop powerful tools for studying asymptotic properties
of scattering amplitudes and particle form factors. It is one of the milestones of the QCD
parton branching picture in general.
2.4

Collinear and Infra-Red: both, one or none?
According to (2.7), the parton distributions are driven by the collweax physics.
What about the infra-red logs —= the soft-enhanced contributions we dealt with in the
first lecture?
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Both: Elastic Cross Sections. We have seen that the energy-integral in the total radiation probability of photon/gluon emission diverges at w ~+ 0 (infra-red singulaxity) and
so does, in the massless charge limit, the integral over the radiation angle 8 —+ 0 (collinear
singularity). The solution of the first -— infra-red — "catastrophe" is well known from the
QED context: infinitely soft photons cannot be triggered experimentally. Their (infinite
positive) contributions to the "inelastic" scattering cross section cancel against corresponding virtual contributions (infinite negative corrections) to the non-radiative elastic
channel, order by order in perturbation theory.
The cancellation of soft divergences does not mean that there is no trace of infra-red
physics left in physical observables. The matrix elements for real and virtual corrections
are identical in the soft limit, but the cancellation is limited by the phase space available
for the former. As a result, in observable cross sections the divergent terms are replaced
by finite (but potentially large) log-enhanced contributions whose magnitude depends on
how severely the real radiation is affected by the phase-space restriction. Accompanied by
the collinear enhancements typical for hard interactions (relativistic charges), this leads
to the Double-Log form-factor suppression.
From a general point of view, in the QFT framework there is an interplay between
two tendencies: with Q2 increasing, new production channels open up (more terms to sum
up; the cross section becomes larger) and, at the same time, the contribution of each given
channel gets suppressed by the form-factor effects (each term decreases; so does the cross
section). In the case of DIS it is x > 0.20-0.25 when the latter effect takes over. In the
region of large Bjorken x (limited inelasticity l~x <C 1) the DL suppression (2.3a) shows
up.
It would be premature to conclude that the DL-enhanced corrections are always
"suppression effects". As we shall discuss in the next lecture, in certain cases DL bremsstrahlung rather smears or redistributes cross sections without changing the total probability of the hard interactions; it may even enhance it. For the time being it will suffice
to conclude that physical cross sections are free from infra-red divergences.

Only Coltine&r: Particle Distributions.
The situation with the collinear divergences is
more subtle. They may be there even in inclusive physical observables, provided a charged
particle is present in the initial state (e.g. an "initial" quark/gluon in the PT treatment of
DIS parton distributions) and/or is measured in the final state (e + e~ inclusive fragmentation functions). The bad news is that gluons are supposed to be massless and the light
quarks (u, d and s) are practically massless when gauged by the characteristic QCD (confinement) scale. Therefore, the collinear divergences pose a real problem for perturbative
QCD. However, there is a piece of good news coming: collinear factorization allows one
to absorb these would-be divergences into the ((^-independent, sicl) black box of "initial
parton distributions inside a proton". Since collinear divergences are universal, that is
they do not depend on the process under consideration, the black box is too. The predictive power of PT QCD, although reduced, remains non-zero, provided we consistently use
one and the same "box" for describing the DIS proton structure functions, production of
massive lepton pairs and large-p* jets in proton-proton collisions, etc.
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None: ColEnear-and-Infra-iled-Safe Observables. At yet another level of the hierarchy
there live the observables which are both infra-red- and collinear-safe (CIS). Such quantities are most friendly to the perturbative approach: they can be predicted, order by
order in PT QCD, without encountering divergent integrals (but the standard ultraviolet
divergence disposed of by renormalizing the coupling and the parton masses, if any).
To belong to the CIS clan an observable must be sufficiently inclusive (to allow
for soft cancellation) and insensitive to collinear parton splitting. Historically the first
example of the CIS QCD observable is the Sterman-Weinberg two-jet e+e~ annihilation
cross section formulated as a probability to have all but the small fraction of the total
hadron energy lie inside the cone of a small opening angle. Later on we shall present
a simple derivation of this quantity. Similar in spirit to the original Sterman-Weinberg
design are the n-jet cross sections.
Another example is an inclusive correlation between particle energy flows in e+e~
annihilation, hi particular the double-inclusive EEC viewed as a function of the angle
between the two "calorimeters".
Finally, there is a multitude of rather detailed inclusive characteristics of the finitestate structure that match the CIS criterion: the so-called event shape observables or "jet
shapes". Among them are thrust, oblateness, C-parameter, jet broadening B, etc. These
and other, similar jet-shape characteristics are extracted by analyzing different tensor
structures built from the momenta of finite particles.
The general idea is to compare the characteristics of h&dionic events measured
in experiment (jet cross sections, EEC, jet shapes, etc.) with those calculated for the
underlying massless parton ensembles drawn on paper. A common feature of the CIS constructions is their linearity in particle momenta. This ensures that a potentially dangerous
collinear splitting process A(fc't) —• B(z-kft)+C((l—z)-k11) does not affect the value of the
observable: z + (1—2) = 1. Given this property, the cancellation between real and virtual
collinear divergences takes place: contributions from a particle A and from its aligned
offspring B -f G are identical. Therefore it does not matter whether the splitting really
occurred (+00) or, instead, constituted a virtual fluctuation A —• B + G —*• A (—00). This
should be contrasted with measuring other than the linear quantity, e.g. (k]_) (the late
"sphericity"). In such a case a mismatch occurs between the contributions from a virtual
fluctuation {1} and from a real splitting { z2 + (1—z)2 ^ 1} resulting in non-compensation
of collinear divergences: the PT predictability ("stability") is lost.
The existence of CIS observables is intimately related to the Bloch-Nordsieck theorem stating that quantities such as total cross sections, total decay widths, etc., remain
finite in the massless limit.

2.5

Bloch-Nordsieck Theorem and its Mysterious Extension
The classical example of this powerful statement is the PT corrections to the total
cross section for e+e~ annihilation into hadrons. At sufficiently large annihilation energy
W quark masses may be neglected to obtain, in the Born approximation, the parton model
expression
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with 0"«+e--*>i+M- *ke point cross section for the QED annihilation process. Talcing account
of the gluon radiative effects, QCD corrections appear in the form of a PT series in a,:

Written in terms of the running a, evaluated at the characteristic hardness scale of the
problem, this series is free from soft/coUinear divergences, in accord with the BlochNordsieck theorem.
Meanwhile, we have learned that the total gluon-production cross section e+e~ -*
qq + g, formally speaking, is infinite as it diverges in both u> and 6. The virtual correction
to the qq —*• qq channel one expects to be negative and infinite as well. Since not much
information can be extracted from the combination oo + (—00), it is worth trying to
regularize (make finite) each of the two contributions in a consistent way and to observe
how the dependence on the regulator cancels in the sum producing the finite correction
in (2.12). It is possible to restore a finite quark mass, which ensures convergence of the
angular integration, and apply, for the soft divergence, an explicit infra-red cut in the
gluon energy. This is legitimate but not an elegant way of doing since the energy cut is not
Lorentz-invariant. Another technical trick, much appreciated by many QCD practitioners
for the respect it pays to the Lorentz- and gauge-invariance, consists of fussing around with
the dimension of the space-time so as to make logarithmic integrals pseudo-convergent,
fatP^z/z ~ 1/e < co. The "dimensional regularization", however artificial it is, proves
to be a useful tool for performing technically involved high-order calculations.
We shall choose another option, namely to provide a finite mass \i to the gluon,
which regularizes both infra-red and collinear divergences in one shot. Let us stress that
by doing this one does not intend to make QCD gluon fields actually massive. (Contrary
to QED, where a photon field could be perfectly massive, introducing a non-zero gluon
mass term in the QCD Lagrangian would lead to non-renormalizability of the theory
through breaking of the gauge invariance beyond the leading order in a,. Invoke the
Higgs mechanism of soft gauge-symmetry breaking, as one does in the SU(2) sector of
the standard model, if you really want to make non-Abelian gluons massive!)
In Fig. 4 the real and virtual contributions ace shown, as a function of the ratio
of the gluon "mass" to the annihilation energy, for the coefficient of the first-order PT
correction term in (2.12),

In the smaU-e Emit the real and virtual contributions are
O(eln 2 e) ,

li
^

( 2 - 13 )
()

The Bloch-Nordsieck theorem in its classical version only tells us that the sum is finite,
meaning the In2 e and In £ terms in (2.13) are bound to cancel: taking away the regularization, e -* 0, results in the expected value 3/2 for the sum of 11real and H virt . The
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Figure 4: Coefficient of the fixst-order QCD correction to i2e+eterms that are suppressed by powers of 6 clearly vanish in this limit, even if they are log(DL-)enhanced. Therefore the Bloch-Nordsieck theorem does not care whether such terms
axe present in the total cross section or not.
At the same time, inspecting Fig. 4 one observes how flat the behaviour of 7Z(e) is
in the origin and may suspect that the terms linear in e should be absent as well. Indeed, as
was recently noticed by Beneke and Braun, the cancellation of the /i-dependent corrections
strangely proceeds far beyond the Bloch-Nordsieck wisdom and includes, in addition to
the "guaranteed" singular terms hi2 e + In e, also the vanishing ones
eln 2 e + eln c + e + e2 In2 c + e2 In e.
The first gluon-mass corrections that survive the extended Bloch-Nordsieck cancellation

f

2

4f

The leading correction 6H oc e follows immediately from the mysterious exact first-order
relation

ex

" r < c ) - \\ =e l ^ e " 1 ) - 2 J ;

{NB: n(oo) = 0]

-

(2 15)

-

Is it worth spending any time discussing dependence on the fake gluon mass introduced
merely as a technical tool for regularizing unphysical divergences? As far as purely perturbative corrections a , + o?t + . . . are concerned, the tiny details of the e-behaviour are
indeed irrelevant and may be disregarded.
However, the PT-treatment is intrinsically limited in QFTs. Especially so in QCD.
Here, in addition to slowly varying (logarithmic) corrections to hard observables, given
by the standard series in at(Q2), one expects confinement-driven power terms Q~n that
explode at low momentum scales. Keeping this in mind one finds that the /i-behaviour
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can be used to quantify the sensitivity of a given observable to the large-distance physics,
and thus to trigger the expected exponent of the power-suppressed correction due to
confinement.
For example, from (2.14) one concludes that the first power correction to R(W) at
large energies amounts to A 6 Q C D / W 6 (look at the first term non-analytic in e). Such an
effect is obviously negligible.
There is another quantity closely related to Re+e-, which attracts much attention
and was intensively scrutinized by theoreticians for quite a while. It is the value of the
r-lepton hadronic decay width r~ —> vr + ii + d —* ur+ hadrons. At every conference
you will see the plot of the running a,, with a lever arm provided by a,(m*.), bravely
extracted from the perturbative QCD corrections to Rr. How about non-PT effects at
scales (significantly) lower than 3 GeV2? Despite the fact that the problem is far from
being settled, the powerful extended Bloch-Nordsieck cancellation mechanism bin's that
potentially large power corrections to Rr due to infrared (confinement) physics, namely
the leading terms of order A 2 Q CD /TO* and even A4QCD/m* are likely to be absent.
To give an opposite example of a CIS observable for which a large non-PT power
correction is envisaged, let us mention the mean value of thrust. In the two-particle
kinematics (two massless quarks, two narrow jets) 1 — T vanishes. The PT gluon radiation
makes jets wider and leads to
(1 - T)

PT

= Cr^-i-

+ O(a])

.

(2.16a)

Sensitivity of this quantity to the large-distance domain, triggered by the fake-gluon-mass
machinery, proves to be at the level of y/e. That is, much higher than in the Re+C-/Rr
case. As a result, a significant power correction linear in inverse energy emerges:
(2.16b)
rr

with the value of the numerator extracted from experiment. Such a slow decrease makes
the non-PT effects in thrust (as well as in some other jet shapes) essential even at LEP
energies. The theoretical problem of marrying PT and non-PT contributions is there, and
a delicate one.
At this point we should stop an intervention into hot, undeveloped theoretical
issues, provoked by CIS observables, and return to the main stream: soft- and collinearenhanced PT contributions, resummation problems, and the QCD parton picture.

Lecture 3.

LLA AS "ZERO-ORDER APPROXIMATION"

LLA for DIS (and for similar SL problems) may be treated as an improved "zero
approximation" of the PT analysis, in the sense that we need to perform all-order resummation of the LLA series (2.1b) in order to have a mismatch between the exact structure
function and the corresponding PT prediction vanishing in the Bjorken limit:
=

lim
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In other words, a resumraation of the leading logs is necessary in order to predict the
answer with a controllable relative accuracy.
For the DL-problems characterized by the PT-series of the type (2.1a), constructing
such a "zero approximation" proves to be more subtle a problem since the subleading SLcorrections substantially affect the asymptotic behaviour as well. Keeping track of essential
Slogs is not a simple task to perform in the presense of overwhelming Dlogs!
In recent years asymptotically exact PT-predictions in the "DL-j-SL" environment
have been carried out for a number of characteristics of e+e~ annihilation and hadroninitiated processes. Among them are
— inclusive energy spectra of soft particles in jets and
— preasymptotic effects in the KNO multiplicity fluctuation pattern,
— the energy-energy correlation and the thrust distribution in e + e~ annihilation,
— transverse and longitudinal momentum distributions of massive lepton pairs produced
in hadron collisions (the Drell-Yan process),
— jet rates and average jet multiplicities, etc.
All the more surprising it may seem that these technically involved results can be reproduced on the back of an envelope exploiting one's physical intuition. To develop such an
ergonomic intuition one has to make an acquaintance with three major ingredients of the
QCD parton picture:
— probabilities of basic parton splittings,
— parton form factors and
— running coupling.
In the rest of this lecture we will concentrate on the first of these items.
3.1

Parton Branching
The elementary parton splitting functions describe decay probabilities averaged
(summed up) over colours and polarizations of parent (offspring) partons. These functions
play the role of "Hamiltonian" (x-depending kernels) of the evolution equation (2.10) for
the LLA parton distributions.

3.1.1 The Way it Flows
The decay phase space for the space-like evolution determining the DIS structure
functions is

*^"o_*L24S2£,jo w

(3.2a)

with z the longitudinal momentum fraction carried by the parton B. In the DIS environment the initial parton A with a negative (space-like) virtuality decays into B[z] with
the large space-like virtual momentum \k%\ > |fc^| and a positive virtuality (time-like)
C[l—z]. The parton C generates a subjet of secondary partons (—*• hadrons) in the final
state. As long as the process is inclusive, that is that no details of the final-state structure
are measured, integration over the subjet mass is due, dominated in LLA by the region
kc <C \k%\. The latter condition makes C look quasi-real, compared with the hard scale
of \kg\. The same is true for the initial parton A.
Splitting can be viewed as a large momentum-transfer process of scattering (turnover) of a "real" target parton A into a "real" C on the external field mediated by
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high-virtuality B. At the next step of evolution it is J5's turn to play a role of a next
target B = A\ "real" with respect to yet deeper probe \k%\ » \k%\^ and so on.
Successive parton decays with step-by-step increasing space-like virtualities (transverse momenta) constitute the picture of parton wave-function fluctuations inside the
proton. The sequence proceeds until the overall hardness scale Q2 is reached.
A similar picture emerges for the time-like branching processes determining the
internal structure of jets produced, for example, in e+e~ annihilation. Here the flow of
hardness is opposite to that in DIS: evolution starts from a highly virtual quark with positive virtuality, originating from the e.m. vertex, while time-like virtualities of its products
("quasi-real" with respect to predecessors; "high-virtuality" with respect to offspring)
degrade.
It is important to notice, however, that the flow of energy (longitudinal momentum)
is governed, in the LLA, by the same functions $f c : it does not matter that now, in
contrast to space-like evolution, A is the "virtual" one and B and C are "real".
In the time-like case the longitudinal phase space is symmetric in offspring parton
energy fractions, and the differential decay probability reads

£ ^

z

sBc{z)

(3 2b)

The choice of the transverse momentum squared in eqs. (3.2) and as an argument of
running coupling will be explained in the last lecture.
3.1.2 Fluctuation Time and Evolution Times: Coherence
An attentive reader has noticed that we wrote the phase space differently: for the
space-like case (3.2a) in terms of transverse momentum fcj. and for the time-like evolution
(3.2b) via the decay angle 8. Logarithmic differentials by themselves are identical, since
k\ and ©2 are proportional for fixed z. We have made this distinction to stress an important difference between a probabilistic interpretation of DIS and the e+e~ evolution: the
different evolution times.
An appearance of the angle as a proper evolution parameter in (3.2b) is readily
understood: it is a consequence of the Angular Ordering. Should we not order soft accompanying radiation in angles for the case of space-like scattering as well, as we have
discussed in the first lecture? Yes, we should (and better do). However, speaking of the
space-like evolution of the initial parton system our aim is different, namely to describe,
in probabilistic terms, the inclusive DIS cross section, a quantity that could not care less
about the finite-state structure and that of soft accompaniment in particular.
To be honest, within the LLA framework it does not make much sense to argue
which of evolution parameters hi k\^ In 0* or In |fe?| (with k2 the total parton virtuality)
does a better job: these choices differ by subleading terms formally negligible from the
LLA point of view. A mismatch is of the order of
~a,ln2a:.

(3.3)

It becomes significant, however, and should be "resummed"(fa. In2 x]n ~ 1) when numerically small values of the Bjorken x are concerned. (The word "numerically" stands here
as a warning for not confusing this kinematics! region with a "parametrically" small x,
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such that <x. In 1/x ~ 1 — the Regge region — where essentially different physics comes
onto stage.)
The ifcx-ordering proves to be the one that takes care of potentially disturbing
corrections (3.3) in all orders and in this sense becomes a preferable choice for constructing
the probabilistic scheme for single-inclusive parton distributions in DIS.
It is instructive to see how this comes about.
Problem P.13

Introduce two light-like vectors j%, p£ and study the Sudakov
decomposition (light-cone variables)

fc" - jSrf + ccrf + fexM •

(3.4)

For ki + k% + &£ = 0 derive a general relation
k \

2

•

(3 5)

-

Relation (3.5) applied to our basic space-like splitting A —* B[z]C[l — z] gives

_

__

+_ _ + _ _ ,

where we have chosen the direction of pi such that kji± — 0, ksx = —kci. = k±. Since
the 4-momenta of A and B are space-like, all terms in (3.6) are positive. B being an
intermediate virtual state, &| enters in the Feynman denominators in the matrix element.
The collinear-log contribution arises upon integration over k]_, over the region where the
last term dominates in the r.h.s. of (3.6), that is from the region

— ^-#-T»
Kl#- -z
— z)

(37)

The physical origin of this strong inequality becomes transparent in terms of lifetimes of
virtual states

n = i^j,

(3.8)

namely
TB

<

TA

, rc •

(3.9)

This shows that the LLA contributions originate from the sequence of branchings well
separated in the fluctuation time (3.8). Invoking the local-scattering analogy (recall A —+
C on the "external field" B), we can say that the classical picture naturally implies "fast
scattering": probing time TB much smaller than the lifetime(s) of the "target" before (TA)
and after the scattering occurs {re)Assembling a "ladder" of successive parton splittings i = l , 2 . . . , n , and tracing
the space-like parton state the n "'-order LLA contribution ~ [aM]n(Q2/fi2)]n is expected
to come from time-ordered kinematics
P
xP
-=• > n > r2 > . . . > rn > — .
yr
Q2
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(3.10)
'

v

Let us now dig into the h\ against 0 2 problem. Equation (3.7) relates virtuality and
transverse momentum of the "i-channel" parton after the i th splitting with the relative
longitudinal momentum (/?-) fraction z;:

l-Zi

(3.11)

~

The latter approximation is made by remembering that, because of cancellation between
real and virtual contributions in inclusive parton distributions (DIS structure functions),
the soft 3-channel radiation 1 ~ ^ < 1 does not matter (as long as we stay away from
the quasi-elastic kinematics, 1 — z <C 1, where it does).
The two-dimensional emission angle (the angle between C and A) can be written
and estimated as (cf. (3.5))
(3.12)
We are in a position to compare different orderings. It is straightforward to get
k
Fluctuation times =£• k?, ^> zi • k}_,,
» - i x >,
Emission angles

(3.13a)
(3.13b)

to be compared with
Transverse momenta
(virtualities)

c

t-lX

(3.13c)

For x = z\ • zi •... • Zn ~ 1 prescriptions (3.13) are essentially equivalent since each decay
fraction stays finite, Zj ~ 1, and may be neglected in the logarithmic integral over fc?x.
However, for small z the Bethe-Heitler mechanism of DIS off sea quarks dominates (see
Fig.5).
lepton

lepton

quark

quark

Figure 5: Valence and sea contributions to deep inelastic lepton-quark scattering
The multigluon "ladders" provide longitudinally enhanced contributions oc In Z{,
which combine with the In z,- factors from the collinear-integration phase space to produce,
at the end of the day, the "DL" mismatch [a. In3 x]n~2 between the options (3.13).
So, which one is correct? The first two prescriptions are more liberal than the last
(correct!) one: they both allow for disordered transverse momentum configurations. For
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example, the fluctuation-time ordering (3.13a) embodies the region (which may be quite
broad for Zj <C 1):
Zi Ki-.i± <^ «,-x ^

K

W- 1 4 J

i-U. »

where the fcx -ordering is violated. The truth is, this region does not contribute to the
answer, the reason being quantum mechanical coherence.
Consider a two-step process shown by the first graph in Fig.6. Let the second decay
be soft in the ^-channel direction, that is z2 = &//?i "C 1. (The first one can be either
soft, Z\ — fhlPo <C 1 or hard, Z\ ~ 1.) In the kinematical region (3.14),

the time-ordering is still intact, which means that the momentum k2 is transferred fast
as compared with the lifetime of the first fluctuation P —> P' + k\.

P

P'

P

^ " " kx

P

P'

Figure 6: Two steps of space-like evolution in a "wrong" kinematics k2± < &n
Since fa is small, the process can be viewed as inelastic relativistic scattering P —> 1
in the external gluon field. The transverse size of the field is p± ~ fcjjj. The characteristic
size of the fluctuation P' + fci, according to (3.15), is smaller: A r O n ~ k^l <C /»x« We
thus have a compact state propagating through the field that is smooth at distances of
the order of the size of the system. In such circumstances the field cannot resolve the
internal structure of the fluctuation. Components of the fluctuation, partons P' and Jt\
in the first two graphs of Fig. 6, scatter coherently with the total amplitude identical
and opposite in sign to that for scattering of the initial state P (the last graph): inelastic
breakup does not occur.
This general physical phenomenon is due to Gribov, who has proved that the
diflxactive deuteron splitting vanishes in the forward kinematics and used this as an argument in favour of the so-called weak-Reggeon-coupling regime based on the vanishing
of inelastic processes in the k± ~* 0 limit. In our context the cancellation between the
amplitudes of Fig. 6 in region (3.15) is a direct consequence of conservation of the colour

current.
3.2

Relating Parton Splittings
For discussion of the relations between kernels it is convenient to extract colour

factors

*£(*) = to Vf(z),
•SW = T* V£(z),

#?(*) = CF Vf{z),
#g(») = Ne V°(z).
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(3.16)

The splitting functions then take the form:

1-z

(3.17a)

1
1-z

(3.17b)

\-z

V£(z) = z2 + (1 - z)> ,

g

= 2 Iz(l-z) + -

(3.17c)

(3.17d)

1O

Parton splitting functions have the following remarkable symmetry properties.
Parton IDxchange results in an obvious relation between probabilities to find decay
products with complementary momentum fractions:
- z).

(3.18a)

Drell-Levy-Yan Crossing Relation emerges when one links together two splitting
processes corresponding to opposite evolution "time" sequences:

V£ (z) = (-I) 2 "- 2 '- 1 zVf ( i ) ,

(3.18b)

with »x the spin of particle A. Strictly speaking, the crossing z —* 1/z relates the spacelike and time-like evolution kernels, and vice versa, V *-*• V. Representing (3.18b) in terms
of V relies upon an identity of the LLA "Hamiltonians" mentioned above,
Gribov-Lipatov Reciprocity Relation:
V(z)

time-like = V(z)

gpace-like •

As we see, these relations do not leave much freedom for splitting functions. In fact, one
could borrow V/ from QED textbooks, reconstruct Vp by exchanging the decay products
(3.18a), and then obtain VQ using the crossing (3.18b). This is the way to generate all
three splitting functions relevant for QED (3.17a)-(3.17c). The last gluon-gluon splitting
function (3.17d) transforms into itself under both (3.18a) and (3.18b). The more surprising
is the fact that the gluon self-interaction kernel actually could have been obtained "from
QED" using
the Super-Symmetry Relation:
VFF(z)

= Vi(z) + Vg(z).
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(3.18c)

This relation exploits the existence of the supeisymmetric QFT closely related to real
QCD. In the SUSY-QCD, "quark" and "gluon" belong to the same (adjoint) representation of the colour group, so that all colour factors become identical CF = C\ — TR (cf.
(3.16)). Bearing this in mind one can spell out (3.18c) as an equality between the total
probabilities of "quark" and "gluon" decays. The fact that it holds identically in z means
that there is an infinite number of non-trivial conservation laws in this theory!
Even this is not the end of the story.
Conformal Invariance leads to a number of relations (involving derivatives) between
splitting functions, the simplest of which reads

The general character of the symmetry properties makes them practically useful when
studying subleading effects in parton distributions where one faces technically difficult
calculations. For example, the supersymmetric QCD analogue had been used to choose
between two contradictory calculations in the next-to-LLA (the two-loop anomalous dimensions). We illustrate the idea by another example of the most advanced next-to-nextto-leading result obtained by Gaffney and Mueller for the ratio of mean parton multiplicities in gluon and quark jets, which reads

T,C
4CU
Here CA = Ne is the gluon "colour charge" (Casimir operator of the adjoint representation
of the colour SU(Ne) group) and
with 2nf the number of fermions (quarks and antiquarks of n / flavours).
Problem P.14

Show that in "supeisymmetric QCD", parton multiplicities in
quark and gluon jets are equal, as expected.

3.3

Constructing Polarized Splitting Kernels
We discussed the splitting functions summed (averaged) over polarizations of the
offspring (parent) partons. There is a mnemonic rule which is even more informative as
it provides transition probabilities for different polarization states.
Either quark or gluon can be in two helicity states A = ± 1 . To be definite, let us
fix the initial parton helicity to be positive. Then, the following final states are allowed
(note: quark-gluon interaction conserves quark helicity; also there is no-go for (-f-1) —>

(-1) + (-1)):

(

9+ -» 1+9+ > 9+ ~* 9+99+ ~* 9+99+ -* 9+9+ > 9+ -+ 9+9-

plus the states one obtains exchanging z <-> (1—z). Each of them is described by a simple
expression of the form z°{\ — zf. To find the exponents, the following intuitively simple
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rule applies. Consider the limit z —* 1. A turns into B (while C is very soft and may
be forgotten for a xninute). The probability of such a decay should be more and more
suppressed as the missing angular momentum in the transition from A to B grows. The
initial angular momentum projection is a* (remember, we have chosen A^ = +1), the final
is \B*B- We put the power suppression (1—z)2^A~Xs'BK Applying the same consideration
to z —* limit we finally write
VfC(z)

= £ *- 1 + 2 A 5 ' • (1 - z)~ 1 + 2 A 5 ; AS =

\\ASA

-

ASSB!

, A S ' = \\AsA - \csc\

.

(3.20)
Here AS is the difference of "spin projections" of initial and final particles.
For a transition between partons with equal helicities:
q± -+q±,g±-*
q±~*g±,g±

9± : AS = 0 ;
-*q± ••

AS~\.

For opposite helicities,

- f.
For example, for hard-gluon emission off a quark
r\q+ —• q+g+) = z

2 {i — z)

-

,
Z2

•P(?+ - * tf+0-) = «"

1+2

(3.21a)

1+

'2 (1 ™ z)~ ° =
X "™ Z

Or for a gluon decaying into a fermion pair:

p ( s ^, + 5 .)=,--f(i-,)--j=^,

^

(3m)

Taken together, contributions of two polarization channels give us unpolarized splitting
functions (3.17a)-(3.17c).
Exercise E.15

Apply the rule (3.20) to split the unpol&rized gluon-gluon kernel
into fixed helicity channels.

Problem P.16

Imagine t i e gluon was a scalar Held. The coupling between
feimions and scalar "gluons" is dimensionless, so that this QFT possesses collineax logs and, thus, LLA paxton blanching as well. Apply
(3.20) to construct q —* qgt, q —* g,q and g, —* q^ splitting functions
(NB: contrary to QED/QCD vector coupling, the scalar one always Hips
"quark" helidty).

Problem P.17

Verify t i e symmetry relations (3.18) in QFT with fermion-scalar
interaction.
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Lecture 4.

DOUBLE LOGS

In this lecture we return to discussion of the double-logarithmically-enhanced radiative
effects.
The role of multiple bremsstrahlung is eventually threefold. DL effects lead to
1. Form-factor suppression of exclusive channels when radiation is either explicitly vetoed or does not get enough available phase space,
2. Damping and smearing of sharp structures in Born (non-radiative) cross sections due
to implicit dynamical restrictions upon accompanying radiation, and, sometimes, to
3. Enhancement of very small cross sections (such as point-like e + e~ —» n+fi~ annihilation at extremely high energies).
4.1

Elastic Form Factors
We start by considering again an elementary QED scattering process, this time
the elastic scattering of two charges A and B with 4-momenta px —* p3 and -pi —* p4
correspondingly. Hereafter,
CP1+P2)2 = <i 0*— Pi) 2 = *» (j>*—Pi)2 = « ;

s + t + u = 0 (neglecting particle masses).

Beyond the Born approximation the scattering amplitude acquires radiative corrections
due to virtual photon exchanges. Instead of calculating explicitly virtual corrections, one
can alternatively look at the real soft photon radiation probability. In the one-photon
approximation it is given by the total classical current

J = eA C ^

+eB ^

\(pik)

(pzk)J

.

dw

oc _ ( JM)2

( 4 1}

\{p2k)

with ex, es charges of colliding particles in electron units.
Squaring (4.1) we obtain, in addition to the standard soft "antennas" e^(13) and
which we studied in the first lecture, also interference terms proportional to the
product of the charges e^es. The corresponding terms are shown in (4.2) by dashed lines.

- (12) - (34) ]

P \ I
^

—

—

(4.2)

4

Upon integration over photon angles (see (5.10)) the differential energy spectrum of soft
radiation takes the form
/

4.

\

f

*

\

. "I

The first two terms look as "personal belongings" of A and B, while the last contribution
is due to the mutual influence of charges and has no factorized form. The first two are
collineax-singular (and we know that the collinear factorization keeps the logm 2 terms
"private" indeed). The third term is collinear-iinite.
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Since bremsstrahlung photons do not disturb the kinematics of the basic process,
multiple radiation follows the Poisson distribution law,

4
n!

where w% stands for the total energy-integrated one-photon emission probability. Therefore
the probability to scatter elastically (no accompanying radiation, n — 0) is
dtr Mastic = wo • d<r Bom»

Wo = e"*"1 .

(4.4)

Forward Scattering. In this case, « >• \t\, we have — u — s + 1 « s, and the interference
term in (4.3) is power-suppressed and may be safely neglected:

—U

S

\ 3

)

The total one-photon radiation probability simplifies and can be written as

l-

(45)

-

As a result, the virtual suppression factor (4.4) naturally splits into the product of independent form factors of participating particles,

(4-6)

Here we have expressed the logf-factor in terms of the angular integral running from the
dead cone ©J = 4mf/s up to the scattering angle, 0J ~ 4|i|/j.
Large Angle Scattering.
The interference plays, however, an important role for large
scattering angles, in which case the DL-suppression of the cross section starts to depend
essentially on the relative sign of incoming particle charges and, therefore, can no longer
be expressed in terms of the product of "private" form factors.
A physical reason for such a dependence to appear is quite simple. Consider an
extreme situation when incoming charges are scattered backwards, so that — u & s + t
becomes relatively small.
Backward scattering of equal charges. Take first equally charged initial particles e\ ~
*B — « (eg. €~/*~ —> «"/*")• In this case (4.3) takes the simple form
dwi
I.
du>

2e'« f fin - * • - 1 ) + (in - ^ - l) 1 .

(47.)

The backward kinematics would mean substituting union for electron in the direction
1 « 4 and, vice versa, c~ for pT in the opposite direction 2 « 3.
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We observe that (4.7a) is f +-»• tt symmetric. The accompanying radiation does not
care whether an electron remained intact (small |£|) or was substituted by a nation (small
|tt|), as long as the charge keeps moving roughly in the same direction with roughly the
same velocity. In relativistic situations, both e and fi move practically with the speed of
light. Their Coulomb-field coats are indistinguishable. Thus, what happens in the case of
relativistic backward e/x-scattering is a smooth substitution of one core-charge by another
(equal) one, which replacement remains unnoticed by the accompanying virtual photon
cloud and, therefore, does not disturb the latter. No intensive radiation emerges at \u\ ~
m*, similar to the forward case, |£| ~ m 2 .
Backward scattering of opposite charges. Take oppositely charged initial particles (e.g.
e~p+ —* e~/*+). In this case (4.3) becomes (e^ = — es = e)

dw\

*& \ {

ts

\

I

ts

\1

w-r™ = 2e x— I In -—=—
11 + I In
; — 11 .
dw
L \ umi
/
\ urrig
)J

(4.7b)

Now the backward kinematics (small |u|) means substituting a positive charge (fi+) in the
electron direction and vice versa. One would expect such a transformation to be strongly
suppressed, since the proper e~ and p+ fields are "opposite" (if you take my meaning)
and can no longer be smoothly adjusted without producing an intensive bremsstrahlung
shake-off.
Let us notice that for large-angle scattering, |i| ~ \u\ ~ s, with the DLA accuracy,
the form factor suppression of equal- and opposite-charge scattering channels is roughly
the same:
ti/i(4.5) « ^(4.70) w ^(4.76) ~ 4e2 /

— - In ^\,

\t\ ~ \u\ ~ s.

(4.8)

However, in the small-|ti| limit, |u| ~ m 2 , s ~ \t\, for the opposite charges (4.7b) gives
attMe ur backward) ~ 8e /
J

In ~ ,
U> 7T

\t\ ~ 5.

(4.9)

m2

This results in twice stronger a suppression than for the large-angle scattering case (4.8).
4.2

Particle and Cross-Channel Form Factors
Have we lost a possibility to express the elastic scattering suppression in terms of
form factors? The answer is no. An intuitive physical picture based on the relation between
virtual radiative effects and non-emission probabilities can be rescued at the expense of
introducing additional form factors responsible for the suppression of large-angle radiation
due to "t-channel" and "u-channel" charges.
Actually, we have seen already in the QCD environment that quark scattering off a
colourful field results in additional coherent bremsstrahlung at 0 > 0 , , which is complementary to narrow bremsstrahlung cones around initial- and final-quark directions. The
intensity of this additional radiation was shown to be proportional to the colour-charge of
the i-channel (gluon) exchange. Let us see how the coherent cross-channel radiation (and
thus the form factors) appears in our QED context.
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Problem P.18

Calculate the accompanying radiation for the general case of four
charges

(ci + ej = es + e4) to derive

-> = f / • £ ( g ^ ^

+

2Q?1n^ + 2 g>-l-) , (4.!0a)

wiere
Qt = e s - ex = e2 - e4 ;

Q u = e4 - ex = e* - c3

(4.10b)

are the values of charge-transfer in the cross channels.
As a result, the suppression factor can be represented as a product of four private form
factors of participating charges Ti depending on the characteristic hardness parameter of
the process,
Q2 = — > m 2 ,

(4.11)

3

and a new cross-channel form factor

Thus, an elastic-scattering cross section acquires the DL suppression factor — the price
for vetoing bremsstrahlung:

to0 = Fx.f[Fi(Q).

(4.13)

»=i

Equivalently, the virtual radiative correction factor can be attributed to the elastic amplitude,
4

t/

(4.14)

One can express the result in terms of proper and large-angle bremsstrahlung cones by
defining the "scattering angle" as
02

22

tu

• f~*

~u

So denned, Qs becomes the smallest of two angles, between an initial and a final particles.
In these terms, particle form factors and the X-channel form factor look similar,

Here Qx is the charge-transfer in the cross channel with limited momentum transfer, that
is

Qx = Qt for - t < a , -u w s ,
Qx = Qu for — « <C
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Let me remind yon that the square brackets in (4.16a) mean that the logarithmic angular
integral includes, strictly speaking, the dead-cone subtraction unit (see the first lecture).
Equations (4.13)-(4.16) provide simple effective tools for constructing all-order DL
suppression factors for 2 —* 2 elementary QED and QCD processes.
For example, for e~p~ scattering one has
Qt = Qu = 0.
There is no charge transfer in cross-channels, and the DL suppression is given by the
product of particle form factors,

For the e~p+ case one has instead
Qt = 0;

Qu = 2.

Particle form factors depend on Q and therefore tend to unity for both \t\ ~ m2 and \u\ ~
m7 when the "scattering angle" (4.15) vanishes. However, in the backward kinematics,
|u| ~ TO2, one has to additionally suppress the large-angle radiation caused by the doublecharge exchange in the v-channel,
wo*

Ft;

2-(2) 2 = 8.

This explains the phenomenon of super-suppression (4.9).
Before we conclude this general discussion and turn to practically interesting examples let us formulate our probabilistic recipe:
For a given hard-scattering process, calculate the probability w\ of natural
bremsstrahlung accompaniment and exponentiate —w\ to obtain the double logarithmic suppression of the elastic channel.
The word natural in this motto deserves some attention: there is a subtlety concerning
large-angle coherent radiation.
Process-Dependent Limitation of X-Channel Radiation.
We were dealing with soft
radiation without actually specifying the meaning of being soft. It was implicit throughout
our considerations that bremsstrahlung does not afFect the cross section of the basic
scattering process. (This is the meaning of being soft, of being "natural".) In kinematical
regions where the Born cross section is smooth, this condition is satisfied. Let us invoke
again the e~fi+ example. The differential scattering cross section behaves as
da
1
— oc - j

(Rutherford scattering).

(4.17a)

For large-angle scattering (as well as for scattering backwards) the cross section is very
small and, more importantly, smooth:
™«™,

1*1 «••
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(4.17b)

Emission of an extra photon with w <C E = \yfs has no effect upon it. The situation
changes when |t| is taken to be small. In such a case (4.17a) exhibits a strong small-i
enhancement, so that radiating even a relatively soft (small-energy) photon may disturb
the tuned kinematics and push the cross section away from the forward peak. Such radiation does not count as "natural". To prevent it, one has to make sure that the transverse
momentum of radiation does not exceed the Born momentum transfer:
fcj. « w0 < V-t ~ EQ..

(4.18)

We immediately observe that the particle form factors do respect this "naturality": the
proper bremsstrahlung cones have opening angles 0 < 0 , , which, together with u> < E,
ensures (4.18). However, for the coherent large-angle radiation responsible for the Xchannel form factor, this condition is no longer automatically satisfied. For the particular
process under consideration this does not matter, since the ^-enhanced Rutherford cross
section has no charge exchange in t-channel and thus Fx = Ft = 1.
The additional limitation upon the large-angle radiation (4.18) has to be imposed
by hand when the differential cross section peaks in the channel where a non-zero charge
is transferred.
Problem P.19

Find t i e DL suppression of the Compton scattering cross section
ey -+ e*y in the small-u region:

(What do you think the photon form factor ^(Q2)
running e.m. coupling?)

might be, and what it got to do with

4.3

QCD Form Factors and Reggeization
It is straightforward to apply our wisdom to QCD scattering processes. Consider
elastic QCD parton scattering with momentum transfer larger than the characteristic
confinement scale, tu/s ^> ft2. To construct the elastic suppression we have to write down
parton form factors and to analyse the X-channel contribution. The particles involved
could be quarks or gluons or any other (point-like, structureless) colour objects. In general,
each participating parton i — 1,...,4 contributes to the one-gluon radiation probability
as

with Ci the proper colour factor ("squared colour charge"). We have identically rewritten
the angular integral in terms of kL and supplied the latter with the lower boundary k± > fi
below which the quark-gluon picture ceases to work.
Glnon Exchange. The cross-channel term is procesPSepeiiilent. Let it be AB —• AB
scattering with \t\ <C s. In this case it is dominated by one-gluon exchange in the t-channel,
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so that Cx — Gt — Ne. We have
%

k\

(4.21)

The upper limit of the fcx-integral reflects (4.18); the upper limit of the internal w-integral,
k± = u>@ > o>®«, originates from the angular restriction 0 > 0 , . Exponentiating (4.21)
and assembling particle form factors, we finally obtain for the differential cross section

«f

(-a)

Here we have defined
1^1

y* 4 \

«* n

IT

k\

7T

(i2

In the Regge theory framework the scattering amplitude in the kinematical region s ;§> |t|
is written as
/ s\°(0
M(syt)cxRA(t)RB(t) \^j
(4.23a)
with R the ^-independent factorized "residues" and a(t) the Regge trajectory of the tchannel exchange particle. Correspondingly, the differential cross section becomes

d<r{s,t) oc - Jft(*)i4(<) ( ^ )

•

(4.23b)

Thus we conclude that the suppression of large-angle coherent bremsstrahlung is responsible for the large-* asymptote of the gluon Regge trajectory:
|*| > / * 2 .
Quark Exchange.

(4.24)

Similarly the backward QCD Compton scattering can be considered
q(ps)g(p*),

« = (P4

which is dominated by the u-channel quart exchange (cf. Problem P.19). Once again,
we have a small-angle scattering, but with 0 , < 1 standing now for the angle between
the initial quark and the final gluon. The only difference with the previously considered
Rutherford scattering is the colour charge in the t-channel:

(J-Y ' " Fl(u)Tl(u),
du
du
\—uJ
'
The quark Regge trajectory becomes

'

-p. a a 2 f - i ^ ~ r ^ r . (4.25)
du

);

H>/i2.

[—u\s3

[—u]s v

'

(4.26)

A rigorous QCD derivation of these results involves a sophisticated perturbative technique
of "infra-red evolution equations" for parton-scattering amplitudes.
We conclude that our naive probabilistic approach is capable of reproducing such
a non-trivial anti-intuitive phenomenon as the Reggeization of quarks and gluons.
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4.4

Sterman-Weinberg 2-Jet Cross Section
It is the probability that final hadrons carry away all but a 2e fraction of the total
initial e + e~ energy W — 2E confined inside the cone of half-angle S.
According to our probabilistic logic, the fraction of such events can be obtained
by vetoing radiation of a gluon with the energy fraction z — u>/E > e at relatively large
angles © > 8. In this problem we have only two hard radiators, namely qq developing into
a pair of two "narrow" hadron jets. The answer reads

In the DLA one only keeps track of small z and 0 , and the DL estimate for the 2-jet
fraction becomes simply
i?(e, S) « exp ( - 4 C F — In e In s) .

(4.28)

Intuition beyond DLA.
It is worth while to mention that the intuitive probabilistic
logic works even beyond the DLA. To account for subleading effects one needs to make
three natural refinements:
1. We expressed the angular integral in terms of

. 0

2' £r^o7e~L<

dT'ft •
2

2.

"

2

Choosing this variable we accurately account for numerically large angles 0 ~ 1.
This region contributes at the SL level (no collinear log; In e intact).
A complementary SL correction (no soft log; In 6 intact) is recovered by substituting
the exact q —* gq splitting function for the pure logarithmic (soft) phase space in
(4.27):
2C7jr— = dz ^£l- = » . dz $ ? ( * ) = dz O
U)

3.

(4 29)

Z

q

1 +

1

(

* y.

(4.30)

Z

Finally, formally subleading but practically important corrections emerge from the
proper argument of the running coupling in (4.27). It turns into the gluon transverse
momentum in the essential kinematical region 0 < 1 :
zW sin ™ w z - \W • 0 = (zE)Q w k± .

(4.31a)

A similar result can be easily written for two "narrow" gluon jets produced by a
colourless point source. In this case to obtain the correct answer with an SL accuracy we
must veto not only the radiation g —• gg but the gluon splitting into quarks as well, that
is employ the total gluon decay probability function:

nfTR[zI + (1 - zf] . (4.32)
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Exercise E.20

Verify that there is no typo in the r.h.s. of (4.32).

The gluon-decay probability deserves a closer look.
Exercise E.21

Find the constant term in the z-integrated gluon-decay probability (4.32):

f^f

(

^ + O(e) . (4.33)

Does it ring a bell? Sure it does. The constant piece in (4.33) is nothing but the leading
coefficient of the ^-function, which determines the way the QCD coupling runs:

dlnkl

ft - T ^ • ~ r n / •

2*

(4 34)

-

This is certainly not a coincidence.
4.5

Gluon Decay and the Running a.
You learned, or at least heard for sure, that in hard processes an interaction strength
(effective or "running'') coupling emerges depending on the characteristic momentum
transfer (characteristic distances involved). For example, vacuum corrections to virtual
photon propagation lead to the appearance of oc(t) in the QED Rutherford scattering
cross section:

da

It

a

a\\t\)

"~F~~

Interaction at large distances (a(0) = 1/137) is screened, therefore a(t) > a(0). From this
very picture it becomes natural that running of the coupling is intimately related to the
photon splitting function: viewed "from above", that is from the physical i-channel region,
t > 4n»|, the same amplitude (its imaginary part; discontinuity) describes 7* —> e+e~
decay. Indeed, disregarding non-Abelian iVe-pieces in (4.33) and substituting TR = 1 one
obtains the correct QED result for the running a :

with n/ the (charge-weighted) number of fermions polarizing the QED vacuum.
The fact that a increases at small distances is driven by positivity of the photon
decay probability. If so, how on earth does an anti-screening emerge in non-Abelian theories like QCD? There is no formal contradiction because the total gluon decay probability
is still positive, and very much so: an infra-red-divergent term makes it infinite! Buried
under this positive infinity is the negative constant (4.34). The truth is, the soft infinity
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is carefully compensated by the non-Abelian vertex correction graphs, which describe the
propagation of a gluon (remember, a "charged" object!) in the colour Coulomb field of
participating quarks. Symbolically, the following dubious equation holds:

y)+(-|oo)+(-Joo) = -

y

4.6

Thrust Distribution in e+e~ Annihilation

The Sterman-Weinberg 2-jet cross section (4.27) is an example of a CIS quantity
which, in the region of small e and S, has an exponential DL suppression caused by the
veto upon natural bremsstrahlung accompaniment. For another example let us discuss
the differential thrust distribution for large T values, l ~ f < l . Physics here is basically
the same, but the veto is not as explicit as in the previous case: it is indirectly imposed
by our wish to have the final hadrons in a specific nearly-two-jet geometry.
For a two-parton qq state the thrust (the maximized sum of the moduli of the longitudinal projection of particle momenta, in units of W) is obviously 1. Taking account
of parton branching, T starts to deviate from unity. Since T is a CIS measure (neither
collinear nor soft splittings affects its value; see the previous lecture), one expects regular perturbative series in a, for the ^-distribution of events. Large values of T remain
preferable: the Born approximation
N

L =

T)

(4.36a)

in the first order in a, acquires the 1 — T ^ 0 tail

Since the differential distribution (4.36) upon integration over T should produce 1, an
appearance of the tail (4.36b) implies the order-a, double logarithmic subtraction correction to the Born term (4.36a). Order by order, the DL form-factor suppression builds
up. Our technology allows us to write down the final all-order resummed answer. To do
that we have to analyse the kinematics of single gluon bremsstrahlung off the qq pair and
exponentiate the total probability of radiation in the forbidden region.
For a three-particle ensemble the preferable direction is that of the most energetic
parton. Let it be an antiquark with the energy E9 « E = \W and let us denote by 0 ,
and 0 , quark and gluon angles with respect to this axis. For the purpose of extracting
log-enhanced contributions it suffices to consider a soft gluon w <C E and small relative
angles, 6 , , &0 -C 1. From the equality of quark and gluon transverse momenta,
pxq « (JS? — w) sin 0 , ~ EQq
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— k±g « u sin Qg ~ w®g ,

we have the relation

0 — ~0

<r

0

• ~ E
Adding together longitudinal momentum projections of three partons, we estimates the
deviation of the thrust value from unity in terms of gluon variables as
|

Problem P.22

) }

(4

,7)

Derive a general formula for t i e thrust of the 3-paston system
in terms of angles. Verify (4.37) in the quasi-collinear approximation

Now it is time to construct the veto:

= 2 • C, jf* £ [ %• ^ i?M2 - AE{1-T)).

(4.38)

Turning to multi-gluon radiation, we interpret exp(—w\) as the probability that none of
the gluons pushes the event below a given T. In the DLA it is equivalent to saying that
all together don't do that. Thus we get an integrated probability that 1 — T' of the event
does not exceed a given value 1 — T:
, rl
dN
,
jV-i / dT'^= = exp{-u)i(T)} = THwP < 2W{1 - T)).

(4.39)

The all-order-improved distribution (4.36b), one gets simply by differentiating (4.39) over
T:
This result can be easily generalized by taking into proper account the large-angle region,
hard decays and the running coupling, similarly to the 2-jet cross section discussed above.
4.7

c+e" -* J/V»
All along our excursion into the realm of logs we have been using QED as a solid
testing ground. In reality, one rarely needs higher orders in QED, except for few well
known top-precision quantities such as g — 2 or so.
For the last illustration of the probabilistic DL technology, I have chosen an almost unique example of QED phenomenon for which the all-order resummation is vitally
important.
J/rj> being a very narrow resonance, e+e~ annihilation into hadrons, with the total
energy W3 ~ (pin+P2ii)2 & Af^' a c < l l " r e s a prominent peak according to the Breit-Wigner
formula

¥ C,

Bo{W) = .,,„ *L

„

(4.41)

with C the non-resonant part of the cross section.
In reality J/if> production is much different from a pure Breit-Wigner, the position
of the peak, its height and the very energy shape of <T(W) being strongly affected by
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multiple photon bremsstrahlung. As a result, high-order radiative QED corrections play
a crucial role in the experimental determination of resonance mass, its total and partial
widths.
The reason is quite simple. In the course of neutral meson production two extremely
relativistic charges abruptly leave the stage. Therefore one would expect a certain amount
of accompanying radiation to occur. Previously we stressed that soft radiation effects are
bound to cancel in inclusive quantities such as total cross sections, as far as one does not
intend to directly "measure" those bremsstrahlung quanta. However, as we have discussed
in the previous lecture, one should pay more attention to the notion of being "soft", in
particular cases where the cross section is a sharp function of W, containing, in the present
case, an extra small parameter F < f .
Indeed, in the vicinity of the resonance, photon radiation with u/ > T can no longer
be treated as truly "soft" from the point of view of real/virtual compensation ideology:
real emission of such a photon, contrary to a virtual one, seriously affects the resonant
cross section by producing a substantial recoil effect.
Taking account of the multiple emission of photons with u>i <C W, the invariant
mass of "would-be-resonance" reduces to

Thus in the first approximation (neglecting quadratic [wi/W]2 effects) it is the aggregate
energy u> carried away by bremsstrahlung photons that only matters kinematically. Let
f(u>) be the corresponding differential distribution. Then the meson production cross
section takes the form of a convolution

a(W) = f

du> f{u) • *9ir(W ~w).

(4.42)

Jo

The distribution f(u) we need to know may be looked upon as a differential of the integral
quantity describing the probability that the aggregate photon energy is smaller than a
given u, namely:
In the DLA the latter quantity reduces to the probability that each photon has u>-t <
Having said that we immediately get

-2 JJW dwe(u,') 1 sHere we(u/) describes a single photon radiation (with w' the photon energy) and the factor
2 accounts for bremsstrahlung off two initial charges; jFe is the electron form factor with
u> playing the role of the infra-red cut (energy resolution). Thus, the differential spectrum
takes the form

^ M
We have the product of two probability factors:
1. to emit a photon with energy u> off the initial e+e~ and
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(4.43)

2.

to have no extra radiation either off e + or e~, with photon energies larger than that.
Now we make use of (5.10) to obtain

<*,/(„) « ^ ^ ( ^ /

with /? = 2 ^ 1 n ^ = - l ) .

(4.44b)

Substituting (4.44b) into the convolution formula (4.42) we observe that the w-integral is
determined by the region w ~ \W — M|, T <C W and well converges. Therefore the exact
upper limit does not matter and may be extended up to oo to produce the following nice
result:
Exercise E.23

Derive

<r(W)<xlm{[Bo(W)}1-0}.

(4.45)

The small perturbation parameter a in (4.44b) gets enhanced by the collinear log. This
enhancement proves to be quite substantial for huge mass ratios such as M$/me, M-c/me
and especially M^o/m, (it goes without saying that the above analysis and formulae
obviously apply to the production of any resonant state, from p° up to Z°).
Enjoy the beauty of (4.45) by studying how radiative corrections affect the position
and the height of the resonance.
Radiative effects in J/ip production not only damp the Breit-Wigner peak. They
also essentially enhance the cross section to the right from the resonance, W ~ M ^>T.
When the total e + e~ energy exceeds the mass of the resonance, it pays back to reduce
the effective annihilation energy by shaking off a photon in the initial state. Despite the
smallness of the e.m. coupling, returning to the resonant energy Weff = M there is a gain
in the cross section. This phenomenon is known as the "radiative tail".

Instead of Conclusion
Here the real story starts.
— Now you should be able to produce, in two lines, the r behaviour of the yield of
lepton pairs with large invariant masses, Q2/s = r w 1, produced in qq annihilation.
— Another two lines will give you the valence quark distribution in the quasi-elastic
limit x —»1 as measured in DIS.
— This will immediately explain a "strange enhancement" in the Drell-Yan formula
that expresses the fi+/i~ production cross section in terms of the product of two DIS
quark distributions, the so-called iT-factor:

—

Given your experience, now it sould not be difficult for you to understand why the
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differential spectrum of fi+fi~ pairs peaks but remains finite in the Q\ —> 0 limit,
and so does the EEC in e+e~ annihilation into the back-to-back calorimeters.
— You should be able to answer, without any calculation, why (7-even heavy particles
(quarkonia, for example) produced in hadron-hadron collisions via gluon-gluon fusion
must have "twice" as broad transverse momentum spectra than the Drell-Yan pairs
of the same mass;
— why the distribution over the out-of-scattering-plane transverse momentum component p£°* of large-j>x jets at the Tevatron is still "twice" as broad.
— You should feel comfortable, estimating probabilities of all kind of "holes", "gaps" in
the final-state structure of, say, e+c~ annihilation events with a given jet topology;
— should have no problem explaining both global qualitative features and subtleties of
the event distributions; for example, why (I guess) a nearly maximal oblateness is
relatively rare compared with a nearly maximal thrust etc.
If, at least partially, the above yon should...-s will be spelled out as I am...-s, then the
aim of these lectures will have been reached.

Further Reading
-

Yu.L. Dokshitzer, V.A. Khoze, A.H. Mueller and S.I. Troyan, Basics of Perturbafive
QCD, Editions Frontieres, Giff-sur-Yvette, 1991.
J.C. Collins, D.E. Soper and G. Sterman, "Factorization of Hard Processes in QCD",
in Perturbative Quantum Chromodynamics, ed. A.H. Mueller (World Scientific, Singapore, 1989).
M. Ciafaloni, ibid.
Yu.L. Dokshitzer, V.A. Khoze and S.I. Troyan, "Coherence and Physics of QCD
Jets", ibid.
A. Bassetto, M. Ciafaloni, and G. Marchesini, Phys. Rep. C100 (1983) 201.
G. AltareUi, Phys. Rep. 81 (1982) 1.
V.N. Baier, V.S. Fadin, and V.A. Khoze, Phys. Rep. 78 (1981) 294.
Yu.L. Dokshitzer, D.I. Dyakonov and S.I. Troyan, Phys. Rep. 58 (1980) 270.

5. Solutions to Exercises and Problems
Solution E.I
(kj) = 0 identically; (fcA) = 0 because of k2 = 0. For an off-mass-shell photon,
k2 ^ 0, you should keep k2 term in the Feynman denominators:

Solution E.2
Substitute for (1.23)
v? sin2 ©i _1 + Vi cos 0;
1 — v\
2
(1 - vt cos ©i) ~" 1 - v{ cos Qi ~ ( l - i
(COS ®!2 — COS ©i COS @j) = (1 — V\ COS © ! • V2 COS @ 2 ) — (1 — ViV2 COS 0 1 2 )
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Then with account of the cancellation
1 + t>i COS © i

1 + Vj COS ©a
1

1 — V\ COS © i • V2 COS ©2

WCOS©2

( 1—V i C O S © i ) ( l — V C O S @ )

'

one finally obtains
v\ sin2 ©2

v\ sin* ©i
(1 — V\ COS ©l)

2

2v\v2 (cos ©12 — cos ©i cos ©2)

(1 — t>2 COS @ 2 )

2

2(1 — V\V2 COS ©12)

(1 ~ Vi COS ©i)(l — V2 COS ©2) '
1 — v\

( 1 — V i C O S © l ) ( l — V2COS02)

1 — v\

( 1 — ViCOS@i)

2

( 1 — V2 COS 0 2 ) 2

The last expression can be easily rewritten in terms of invariants resulting in
\ K\ + /C2

dn [
w

1

2

[(Pik)(p2k)

2

(pik)

(p2k) J a;

Solution E.3
Introduce n — As/a;, the unit vector in the photon direction. Summing over
physical polarizations leads to the projector

Let us apply it twice when calculating the square of the "potential" A in (1.21):
A°(k) • Pa0 • A*(fc) = (AP) -(PA) ,
Z.p-

PA. - Vi-njn-Vi) __ vt
1 — V; COS 0 ;

1 _ v»

where we have omitted the irrelevant common phase factor (see, however, P. 10).
Here v x is the 2-vector in the plane transversal to the photon direction n, and
t?ll is the charge velocity projection onto n. Evaluating [ PAi — PA2 ]2 results in
(1.25).
Solution E.4
(1-VCOS^) 2

i
1-VCOS0

(1-VCOS^) 2 '

The angular average reduces to the polar-angle integration,

so that the three terms of (5.1) give

(-1)

= - 1 ,

(5.2b)

f L ) . _1B

(5.2C)
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It is the first term related to the broad "Bremsstrahlung Cone" region (1.27b)
that dominates in the relativistic case, v —> 1,
4
2
(5.2a) ss In-~~21n — .
1 — v*
©o
The origin of the last two contributions is quite different. Equation (5.26) = — 1
is due to large radiation angles, 8 ~ 1, while (5.2c) = —1 is determined by the
very narrow interval of parametrically small angles 0 ~ 0o < 1, that is by the
"Dead Zone".

Solution P.5
The easiest way to calculate the angular integral

is based on the observation that the photon energy u> scales under the Lorentz
transformation, so that the integration elements

—

and

u?

u • dfi

are invariant by themselves. (The upper limit of the u> integration would be
different for different reference frames, but in the soft approximation we won't
care much about this.) Therefore (5.3) may be calculated in an arbitrary frame.
Choosing the rest frame of one of the charges, we get

where v\ in terms of invariants reads, see (1.30b),

Solution P.6
Let us first integrate over the azimuth and then over the polar angle of the
photon with respect to, for instance, the nx direction:

J Air J ~ k
/T\

v

2

Jo 2iJ

~ 2A

\\
ra*i
, " i " 2 ~ nrt-j. I
1
1 —nni
1 —nni
\ 1 — nn-il

1—x {

\ 1 — nn2 / 4 )

where x s nni = cos©i is the second integration variable.
To calculate the azimuthal average of the only non-trivial term (1 — nn2)~l
write
= cos ©2 = cos ©i cos 0 1 2 + sin ©i sin ©i2 • cos <f>
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we

and, making use of (a > |6|),

-bcos<f> ~

rfF^V

V Y a + 6— 2 i '
\

,_..
(5.4;

1

l

[*" it

/

we obtain To 2ir a + 6 c
(5.5)
COS ©12 — COS 0 1 1

| ni7l2 — X

Thus the azimuthal average of the interference contribution J with respect to
n\ direction results in

**JL)

»(**—)-!.

(5.6)

— X

The remaining ^-integration is trivial and immediately leads to (1.35).

Solution £.7
Expressing A (1.30b) via the laboratory frame velocities and their relative angle,
cosh2 A

(1 — v\v2 cos 0i2) 2 '

we may use in the relativistic limit the following approximation

Then, for the values of ©12 not specially close to 0 (for angles between the charges
exceeding the aperture of the corresponding "Dead Cones"),

€>u > (1 - vi) + (1 - v2),
we have

1— ~ i '

(i_cos012)2

and
-"i)'

Subtracting asymptotes of the independent contributions,

Ui = —L--2 +
1 — v,-

one finally derives from (1.34)
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(5 8)

-

Solution £.8
Make use of the experience you gained by solving P.6.

Solution P.9
Let us denote the octet colour index of the "external" gluon field by V. Then
the classical current for the emission of an additional gluon in the colour state
a may be written as
?=tyta'A$-tHy -A^
(5.9)
with Ai, As the two pieces of the Abelian current (1.5) due to initial- and finalstate radiation, respectively,
v
' cos Qi
1 — Vi

Pik

The radiation amplitude now bears two colour indices V and a. A pair of gluons
attached to the quark line may be in three different colour states as a whole,
namely in singlet and two octet (symmetric and antisymmetric) states. Making
use of the standard decomposition of the product of two triplet colour generators,
.a,,
1 ,
, j , . , ..*,,
* * — nfj °oh ~>~ 2 \aabe T t/obcj * »

we rewrite (5.9) as

= A1 ^p A2.
with
To find emission probability we need to sum the squared amplitude over colours.
Three colour structures do not "interfere",

(I) x (S)s = (T) x (S)A - (S)s x ®A = 0 .
Their squared "colour charges" read

~*

The common factor Cp = (tvj belongs to the Born (non-radiative) cross section, so that (5.9) takes the form
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To complete the calculation you need to get rid of the dots that formally separate
amplitudes and amplitudes conjugated in dN oc \Af. When dealing with QED
radiation we were free to choose either the language of physical polarizations or
an arbitrary gauge for photon field (e.g. the Feynman gauge) to calculate
A=l,2

However our specific QCD amplitude (5.9) is no longer explicitly gauge-invariant,
j^kp oc \tVta] ~ ifvact0 i* 0- Therefore one must stick to the physical polarization method (1.21) and substitute, in particular,

M • M = £ K «4A)) (4? #>) = J • { # A=l,2

Accompanying radiation intensity finally takes the form

ltAtt. +

NCJ.

Solution P.10
Freeze! and Move!
The initial and final electron currents (1.8) now acquire different phases due to
difference between the Freeze! and Move! times ioi and t02- The relative phase
enters the cross product of the potentials A\ • A2 given by (1.10b). As a result
the soft radiation pattern gets modified according to

dN = - { *» + K2 - 2 J • Re [ «**»--) 1 } ^ f-.

(5.11)

To make our pedagogical setup more realistic, imagine that it was the formation
of a meta-stable (resonant) state that caused the delay. In such a case the delaytime T = toi — to2 would be distributed according to the characteristic decay
exponent
r r°°
T.
Averaging (5.11) with this distribution immediately results in a F-dependent
expression, namely,

dN = - { R i + K a - 2 J - x r ( « ) } " ^

(5.12a)

with the profile factor

Solution P . l l
This property can be checked explicitly by evaluating the angular average of the
coherent distribution (1.30) over ©12, which results in

)(9M) = I [+1dcosQu \-±— In *+ "(.®ia). -21
Z

^1

[ «(012)
V2
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In1 - V2

1 ~ «(©12)

J

4 = \'M»d«».) •
'

The easiest way, however, is to verify a stronger property, namely that the interference effects vanish already after integration over the direction of one of the
daughter particles is performed. Indeed, let us fix the directions of the photon,
n, and of one of the leptons, vj, and calculate the integral over the direction of
V] of the interference term J. Taking J in a 3-dimensional form (see (1.22b))
we obtain
/ M12J - ,
s1* . . > a " i 8 - Sa0] / ^2^—~r—=r oc [nanp - Sap]-nfi = 0.
/
1 — [yi • n)
J
1 — ^>2 • n)
Vanishing J means, by definition, equality between (©12 averaged) 7£i,4ep. and
^«h.r.- As a result, there is no u (and thus IV) dependence left in the photon
multiplicity (1.51).

Solution P.12
For paxametrically small angles
©12 < (1 ~ V1) + (1 - V2) ,
(5.7) gives

which may be arbitrarily small for nearly equal velocities v = v\ « v2. As a
result the coherent radiation term in (1.51) becomes negligible in this limit:
..) = T{u) oc ti2 oc (vi - v2f -+ 0 .
We are left with the independent term
dN
aw
which vanishes when ujT —• 0. Two oppositely charged leptons moving in the
same direction with equal velocities form a dipole with a finite characteristic
longitudinal size ~ F" 1 due to the uncertainty in the acceleration times of the
two charges. Photon with large wavelength
1-1

A~

cannot resolve such a dipole (left picture below) and feels only the total charge
of the pair, that is no charge at all. No charge, no radiation.

A ;> r-

1

^

B w+w-

w+w-
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Solution P.13
Sudakov (light-cone) decomposition (3.4) has the following properties:
fc£ is a space-like two-dimensional vector orthogonal to p% and p%:

(Pik) = o, (ksy = -{kLf;
Phase space:

= dad/3<Pkx - ,

s == 2(pxp2) > 0;

Projection:
2(kxk2)

=

where the product of transversal components is the Euclidean product,

*i>0;
Virtuality:

k2 =

aps-kl.

Expressing a» in terms of /?», A:2^ and virtuality A;? it is straightforward to derive
(3.5) from

(*!+*2)2 = k\.
Solution P.14
You tried and failed? I would, if I were you. The subtlety is that the "quark" here
is the Majorana fermion (identical to the "antiquark"), so that the total number
of qq flavour states is 2n/ = 1. Now it works. Corrections to the multiplicity
ratio vanish. Don't they?

Solution £.15
For the g —* gg splitting there are three helicity combinations:
P(g+ -> g+g+) =

^

P{g+ -> g+g.) = z " 1 ^ 2 (1 - »)-*+• = ~±~ ,

(5.13)

- 9-9+) =
Check that
_
— z)

1-z

z

z(l-z)

r
Lv

'

1-z
z

z 1
1 — zl

Solution P.16
The scalar object obviously has zero helicity. From (3.20) we get
(1 - z ) " 1 + 2 1
P(g.-*q+q+)

=

z " 1 + 2 2 (1 - z ) " 1 + 2 i
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= l ~ z ,

(5.14a)

= 1 .

(5.14b)

Solution P.17
From (5.14) we have

Vi(z) = 1.
Eq. (3.18a) is obviously satisfied. Check the crossing (3.18b) for yourself (sp — | ,
sa = 0). Even the supersymmetry relation (3.18c) holds! Guess why.
Solution P.18
Squaring the full emission current, we have:

oc 2 [ Cie3(13) + e2e4(24) + eae4(14) + e2e3(23) - eie2(12) - e3e4
The angular integration gives:
2(cies + e 2 e 4 )ln —r + 2(eie 4 + e2e3)ln —r — 2(eie2 + e3e4)ln —r
in
m
tn
= ^ c* m — - + 2(eie3 + e2e4) In - + 2(eie4 + e2e3) In - - 2(eie2 + e3e4) In
-c3e4)ln+ 2( e i e 4 + e2e3 - exe2 - e3e4) In j = Y) e? In ~ + 2Q\ In j + 2Q\ In t
^j
am'
r
u
with
Qt =

e

3 — Cl

=

^2 — e 4 >

Qu — e 4 —e l

== e

2 —e 3

the charge transfers in the cross channels.
Solution P.10
For the Compton scattering process,
Qt = 0 ;

Qu = 1.

For small |t| we simply have
d<T = da Bom * ^

In the backward region, |u| <C 5, where the scattering cross section is much
larger, electron form factors combine with the u-channel form factor to give
a [B dw ( /®»
a

« T . „"; .^. 2
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ftJ

"2

(5-i5)

Solution £.20
The g -* gg splitting results in two identical particles in the final state. Therefore
one has to supply the total z-integrated decay probability with the symmetry
factor (1/2!). Being symmetric in offspring momenta, $g{z) is singular both at
z — 0 and z = 1. Instead of symmetrizing the energy cut-off in (4.27) it is natural
to break the symmetry by using the following chain

= Jwy.
Solution £.21
Just do it. Recall TR = \.
Solution P.22
The energies of three massless particles are directly related to the angles between
them:
Ei : E2: Es — sin ©23 : sin ©31 : sin Qi2 ;
E' : E : w = sin(0,+0,) : sin Qg : sin ©, .
Therefore the thrust value in terms of angles takes the form
_ E' + E' cos 0 , + w • cos 0 , _ sin(0, + 0fl) + sin ©g cos 0 , + sin 0 , cos ©g
™
"""E' + E + ta
"
sin(0, + Qg) + sin 0 , + sin Qg
sin © g (l - cos 0,) + sin 0,(1 - c o s ©g) _
©^
©,
~
sin0,(1 + cos©,) + sin0,(1 + cos©,) ~
*" 2 ^ 2 "
For small angles one gets

Solution £.23
To calculate the integral

O

U)

replace it with an integration in the complex u> plane around the cut (0, +00) of
the function
/9M

w

J2ism(*0)\ w)

w-M +

ar-u'

Then move the contour and close it by the pole at w = W — M+t|r.
W with Af everywhere but in the difference W—M, we obtain

Identifying

= [Bo{W)]l->-{1 + 0(0*)}.
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B PHYSICS AND CP VIOLATION
MATTHIAS NEUBERT

Theory Division, CERN, CH-1211 Geneva 23, Switzerland

Abstract
In a series of four lectures, I present the theory and phenomenology
of heavy-quark symmetry, exclusive weak decays of B mesons,
inclusive decay rates and lifetimes of b hadrons, and CP violation
in B-meson decays.

INTRODUCTION
The rich phenomenology of weak decays has always been a source of information
about the nature of elementary particle interactions. A long time ago, /?- and /x-decay
experiments revealed the structure of the effective flavour-changing interactions at low
momentum transfer. Today, weak decays of hadrons containing heavy quarks are employed
for tests of the Standard Model and measurements of its parameters. In particular, they
offer the most direct way to determine the weak mixing angles, to test the unitarity
of the Cabibbo-Kobayashi-Maskawa (CKM) matrix, and to explore the physics of CP
violation. On the other hand, hadronic weak decays also serve as a probe of that part of
strong-interaction phenomenology which is least understood: the confinement of quarks
and gluons inside hadrons.
The structure of weak interactions in the Standard Model is rather simple. Flavourchanging decays are mediated by the coupling of the charged current J£c to the W-boson
field:

^

t

(LI)

h.c,

where

(eL\

fdL\
(1.2)

contains the left-handed lepton and quark fields, and
VudVusVub'
VCKM = I Vcd Vcs Vcb |

Vtd Vu Vtb
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(1.3)

is the CKM matrix. At low energies, the charged-current interaction gives rise to local
four-fermion couplings of the form
(1.4)
where
= 1.16639(2) GeV - 2

(1.5)

is the Fermi constant.

FT

D'

TT

D+
d
Figure I.I: Examples of leptonic (B -* r vr\ semileptonic (B°
and non-leptonic (5° —> D+n~) decays of B mesons.
According to the structure of the charged-current interaction, weak decays of hadrons can be divided into three classes: leptonic decays, in which the quarks of the decaying
hadron annihilate each other and only leptons appear in the final state; semileptonic
decays, in which both leptons and hadrons appear in the final state; and non-leptonic
decays, in which the final state consists of hadrons only. Representative examples of these
three types of decays are shown in Fig. I.I. The simple quark-line graphs shown in this
figure are a gross oversimplification, however. In the real world, quarks are confined inside
hadrons, bound by the exchange of soft gluons. The simplicity of the weak interactions
is overshadowed by the complexity of the strong interactions. A complicated interplay
between the weak and strong forces characterizes the phenomenology of hadronic weak
decays. As an example, I show in Fig. 1.2 a more realistic picture of a non-leptonic decay.
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n

zr
Figure 1.2: More realistic representation of a non-leptonic decay.
The complexity of strong-interaction effects increases with the number of quarks
appearing in the final state. Bound-state effects in leptonic decays can be lumped into a
single parameter (a "decay constant"), while those in semileptonic decays are described by
invariant form factors, depending on the momentum transfer q2 between the hadrons. As I
will explain in the second lecture, approximate symmetries of the strong interactions help
to constrain the properties of these form factors. For non-leptonic decays, on the other
hand, we are still far from having a quantitative understanding of strong-interaction effects
even in the simplest decay modes.
Over the last decade, a lot of information on heavy-quark decays has been collected
in experiments at e+e~ storage rings operating at the T(4s) resonance, and more recently
at high-energy e + e" and hadron colliders. This has led to a rather detailed knowledge
of the flavour sector of the Standard Model and many of the parameters associated with
it. There have been several great discoveries in this field, such as B°-B° mixing [1, 2],
6 —• u transitions [3]-[5], and rare decays induced by penguin operators [6, 7]. Yet there
is much more to come. Upgrades of the existing facilities at Cornell and Fermilab, as well
as the B-factories to be operated at SLAC, KEK, HERA-B and LHC-B, will provide a
wealth of new results within the coming years. The experimental progress in heavy-flavour
physics has been accompanied by a significant progress in theory, which was related to
the discovery of heavy-quark symmetry, the development of the heavy-quark effective
theory, and the establishment of the heavy-quark expansion for inclusive decay rates. The
excitement about these developments is caused by the fact that they allow (some) modelindependent predictions in an area in which "progress" in theory often meant nothing
more than the construction of a new model, which could be used to estimate some stronginteraction hadronic matrix elements. In the first lecture, I explain the physical picture
behind heavy-quark symmetry and discuss the construction, as well as simple applications,
of the heavy-quark effective theory. The second lecture deals with applications of these
concepts to exclusive weak decays of B mesons. Applications of the heavy-quark expansion
to the description of inclusive decay rates and lifetimes of b hadrons are the topic of the
third lecture. The fourth lecture is devoted to a discussion of CP violation in meson decays
and the physics of the unitarity triangle.
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1.

HEAVY-QUARK SYMMETRY

This lecture gives an introduction to the ideas of heavy-quark symmetry [8]—[13] and
the heavy-quark effective theory [14]-[24], which provide the modern theoretical framework for the description of the properties and decays of hadrons containing a heavy quark.
For a more detailed description of this subject, I refer to the review articles in Refs. [25][30].

1.1

The Physical Picture

There are several reasons why the strong interactions of systems containing heavy
quarks are easier to understand than those of systems containing only light quarks. The
first is asymptotic freedom, the fact that the effective coupling constant of QCD becomes
weak in processes with large momentum transfer, corresponding to interactions at shortdistance scales [31, 32]. At large distances, on the other hand, the coupling becomes
strong, leading to non-perturbative phenomena such as the confinement of quarks and
gluons on a length scale i?had ~ 1/AQCD ~ 1 fm, which determines the size of hadrons.
Roughly speaking, AQCD ~ 0-2 GeV is the energy scale that separates the regions of large
and small coupling constant. When the mass of a quark Q is much larger than this scale,
m
Q > AQCD, it is called a heavy quark. The quarks of the Standard Model fall naturally
into two classes: up, down and strange are light quarks, whereas charm, bottom and top
are heavy quarks.1) For heavy quarks, the effective coupling constant as(mQ) is small,
implying that on length scales comparable to the Compton wavelength XQ ~ I/THQ the
strong interactions are perturbative and much like the electromagnetic interactions. In
fact, the quarkonium systems (QQ), whose size is of order XQjfas(mQ) <IC Rh*d, are very
much hydrogen-like. Since the discovery of asymptotic freedom, their properties could be
predicted [33] before the observation of charmonium, and later of bottomonium states.
Systems composed of a heavy quark and other light constituents are more complicated. The size of such systems is determined by i?hadi a n d the typical momenta exchanged between the heavy and light constituents are of order AQCD- The heavy quark is
surrounded by a most complicated, strongly interacting cloud of light quarks, antiquarks,
and gluons. In this case it is the fact that XQ <C /?had, i-e. that the Compton wavelength of
the heavy quark is much smaller than the size of the hadron, which leads to simplifications.
To resolve the quantum numbers of the heavy quark would require a hard probe; the soft
gluons exchanged between the heavy quark and the light constituents can only resolve
distances much larger than XQ . Therefore, the light degrees of freedom are blind to the
flavour (mass) and spin orientation of the heavy quark. They experience only its colour
field, which extends over large distances because of confinement. In the rest frame of the
heavy quark, it is in fact only the electric colour field that is important; relativistic effects
such as colour magnetism vanish as TUQ —Y oo. Since the heavy-quark spin participates
in interactions only through such relativistic effects, it decouples. That the heavy-quark
mass becomes irrelevant can be seen as follows: as rriQ —*• oo, the heavy quark and the
hadron that contains it have the same velocity. In the rest frame of the hadron, the heavy
quark is at rest, too. The wave function of the light constituents follows from a solution
of the field equations of QCD subject to the boundary condition of a static triplet source
1) Ironically, the top quark is of no relevance to my discussion here, since it is too heavy
to form hadronic bound states before it decays.
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of colour at the location of the heavy quark. This boundary condition is independent of
mQ, and so is the solution for the configuration of the light constituents.
It follows that, in the limit mg ~> oo, hadronic systems which differ only in the
flavour or spin quantum numbers of the heavy quark have the same configuration of their
light degrees of freedom [8]—[13]. Although this observation still does not allow us to
calculate what this configuration is, it provides relations between the properties of such
particles as the heavy mesons B, D, B* and D*, or the heavy baryons A{, and Ac (to the
extent that corrections to the infinite quark-mass limit are small in these systems). These
relations result from some approximate symmetries of the effective strong interactions of
heavy quarks at low energies. The configuration of light degrees of freedom in a hadron
containing a single heavy quark with velocity v does not change if this quark is replaced by
another heavy quark with different flavour or spin, but with the same velocity. Both heavy
quarks lead to the same static colour field. For Nh heavy-quark flavours, there is thus an
SU(2iV>i) spin-flavour symmetry group, under which the effective strong interactions are
invariant. These symmetries are in close correspondence to familiar properties of atoms.
The flavour symmetry is analogous to the fact that different isotopes have the same
chemistry, since to good approximation the wave function of the electrons is independent
of the mass of the nucleus. The electrons only see the total nuclear charge. The spin
symmetry is analogous to the fact that the hyperfine levels in atoms are nearly degenerate.
The nuclear spin decouples in the limit roe/mjv —»• 0.
Heavy-quark symmetry is an approximate symmetry, and corrections arise since the
quark masses are not infinite. In many respects, it is complementary to chiral symmetry,
which arises in the opposite limit of small quark masses. There is an important distinction,
however. Whereas chiral symmetry is a symmetry of the QCD Lagrangian in the limit of
vanishing quark masses, heavy-quark symmetry is not a symmetry of the Lagrangian (not
even an approximate one), but rather a symmetry of an effective theory, which is a good
approximation of QCD in a certain kinematic region. It is realized only in systems in which
a heavy quark interacts predominantly by the exchange of soft gluons. In such systems
the heavy quark is almost on-shell; its momentum fluctuates around the mass shell by an
amount of order AQCD • The corresponding fluctuations in the velocity of the heavy quark
vanish as AQCD/""^ -» 0. The velocity becomes a conserved quantity and is no longer
a dynamical degree of freedom [21]. Nevertheless, results derived on the basis of heavyquark symmetry are model-independent consequences of QCD in a well-defined limit. The
symmetry-breaking corrections can, at least in principle, be studied in a systematic way.
To this end, it is however necessary to recast the QCD Lagrangian for a heavy quark,
(1.1)
into a form suitable for taking the limit TUQ -» oo.

1.2

Heavy-Quark Effective Theory

The effects of a very heavy particle often become irrelevant at low energies. It is then
useful to construct a low-energy effective theory, in which this heavy particle no longer
appears. Eventually, this effective theory will be easier to deal with than the full theory.
A familiar example is Fermi's theory of the weak interactions. For the description of weak
decays of hadrons, the weak interactions can be approximated by point-like four-fermion
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couplings, governed by a dimensionful coupling constant GF- Only at energies much larger
than the masses of hadrons can the effects of the intermediate vector bosons, W and Z,
be resolved.
The process of removing the degrees of freedom of a heavy particle involves the
following steps [34]-[36]: one first identifies the heavy-particle fields and "integrates them
out" in the generating functional of the Green functions of the theory. This is possible
since at low energies the heavy particle does not appear as an external state. However,
although the action of the full theory is usually a local one, what results after this first
step is a non-local effective action. The non-locality is related to the fact that in the full
theory the heavy particle with mass M can appear in virtual processes and propagate
over a short but finite distance Ax ~ 1/M. Thus, a second step is required to obtain a
local effective Lagrangian: the non-local effective action is rewritten as an infinite series
of local terms in an Operator Product Expansion (OPE) [37, 38]. Roughly speaking, this
corresponds to an expansion in powers of 1/M. It is in this step that the short- and longdistance physics is disentangled. The long-distance physics corresponds to interactions at
low energies and is the same in the full and the effective theory. But short-distance effects
arising from quantum corrections involving large virtual momenta (of order M) are not
reproduced in the effective theory, once the heavy particle has been integrated out. In
a third step, they have to be added in a perturbative way using renormalization-group
techniques. These short-distance effects lead to a renormalization of the coefficients of the
local operators in the effective Lagrangian. An example is the effective Lagrangian for
non-leptonic weak decays, in which radiative corrections from hard gluons with virtual
momenta in the range between rn\y and some renormalization scale /z ~ 1 GeV give rise
to Wilson coefficients, which renormalize the local four-fermion interactions [39]-[41].
The heavy-quark effective theory (HQET) is constructed to provide a simplified
description of processes where a heavy quark interacts with light degrees of freedom by
the exchange of soft gluons [14]-[24]. Clearly, rriQ is the high-energy scale in this case, and
AQCD is the scale of the hadronic physics we are interested in. However, a subtlety arises
since we want to describe the properties and decays of hadrons which contain a heavy
quark. Hence, it is not possible to remove the heavy quark completely from the effective
theory. What is possible, however, is to integrate out the "small components" in the full
heavy-quark spinor, which describe the fluctuations around the mass shell.
The starting point in the construction of the low-energy effective theory is the
observation that a very heavy quark bound inside a hadron moves more or less with the
hadron's velocity v, and is almost on-shell. Its momentum can be written as
+ k» ,

(1.2)

where the components of the so-called residual momentum k are much smaller than
Note that v is a four-velocity, so that v2 — 1. Interactions of the heavy quark with light
degrees of freedom change the residual momentum by an amount of order Ak ~ AQCD,
but the corresponding changes in the heavy-quark velocity vanish as A Q C D / ^ Q —> 0. In
this situation, it is appropriate to introduce large- and small-component fields hv and Hv
by
Hv{x) = e tm « v * F_ Q(x),

*P+Q{x),
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(1.3)

where P+ and P_ are projection operators defined as
^±-

2

•

(1-4)

It follows that

Q{x) = e-™*"-* [hv(x) + Hv(x)} .

(1.5)

Because of the projection operators, the new fields satisfy fhv — hv and f Hv — —Hv. In
the rest frame, i.e. for v* = (1,0,0,0), hv corresponds to the upper two components of
Q, while Hv corresponds to the lower ones. Whereas hv annihilates a heavy quark with
velocity v, Hv creates a heavy antiquark with velocity v.
In terms of the new fields, the QCD Lagrangian (1.1) for a heavy quark takes the
form
CQ =hviv-Dhv~ Hv{iv-D + 2mQ)Hv + hvip±Hv + Hviipxhv,
(1.6)
where D1^ = D11 — v^v-D'is orthogonal to the heavy-quark velocity: v• Dx. — 0. In the rest
frame, D*l = (0, Z)) contains the spatial components of the covariant derivative. From
(1.6), it is apparent that hv describes massless degrees of freedom, whereas Hv corresponds
to fluctuations with twice the heavy-quark mass. These are the heavy degrees of freedom
that will be eliminated in the construction of the effective theory. The fields are mixed by
the presence of the third and fourth terms, which describe pair creation or annihilation
of heavy quarks and antiquarks. As shown in the first diagram in Fig. 1.1, in a virtual
process, a heavy quark propagating forward in time can turn into an antiquark propagating
backward in time, and then turn back into a quark. The energy of the intermediate
quantum state hhH is larger than the energy of the incoming heavy quark by at least
2rriQ. Because of this large energy gap, the virtual quantum fluctuation can only propagate
over a short distance Aa; ~ 1/mg. On hadronic scales set by /2had = 1/AQCD, the process
essentially looks like a local interaction of the form
^xpJi^

(1.7)

where I have simply replaced the propagator for Hv by l/2m,Q. A more correct treatment
is to integrate out the small-component field Hv, thereby deriving a non-local effective
action for the large-component field hv, which can then be expanded in terms of local
operators. Before doing this, let me mention a second type of virtual corrections involving
pair creation, namely heavy-quark loops. An example is shown in the second diagram in
Fig. 1.1. Heavy-quark loops cannot be described in terms of the effective fields hv and
Hv, since the quark velocities inside a loop are not conserved and are in no way related
to hadron velocities. However, such short-distance processes are proportional to the small
coupling constant as(niQ) and can be calculated in perturbation theory. They lead to
corrections that are added onto the low-energy effective theory in the renormalization
procedure.
On a classical level, the heavy degrees of freedom represented by Hv can be eliminated using the equation of motion (i p — TUQ) Q = 0. With (1.5), this gives
v
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= Q,

(1.8)

^^*-^

Figure 1.1: Virtual fluctuations involving pair creation of heavy quarks. Time
flows to the right.
and multiplying by P± one derives the two equations
-iv-Dhv

= ip±Hv,

{ivD + 2mQ)Hv = ip1hv.

(1.9)

The second one can be solved to give
^-r—F:ipj.hv,

(1.10)

which shows that the small-component field Hv is indeed of order 1/rn.Q. We can now
insert this solution into the first equation to obtain the equation of motion for hv. It is
easy to see that this equation follows from the non-local effective Lagrangian
1
£eff = K iv-Dhv + hv i pL ——E i pxK .
(1.11)
2m,Q + ivD
'
Clearly, the second term corresponds to the first class of virtual processes shown in Fig. 1.1.
Because of the phase factor in (1.5), the x dependence of the effective heavy-quark
field hv is weak. In momentum space, derivatives acting on hv produce powers of the
residual momentum k, which is much smaller than TUQ. Hence, the non-local effective
Lagrangian (1.11) allows for a derivative expansion in powers of iD/rriQ:

°° / iv • D\n
+T,hvipj.(--^
ip±hv.
2mg n = 0
V 2mQ J
1

£eH = hvivDhv

(1.12)

Taking into account that hv contains a P+ projection operator, and using the identity

P+ i P± i P±P+ = P+ [(iZ) x ) 2 + | cr^ <?""] P+ ,

(1.13)

where [iD M ,iD"] = igsG»v is the gluon field-strength tensor, one finds that [19, 23]
£ eff = hv iv-Dhv + -^— hv {iD±)2 hv + -^-hv a^ G»v K + 0 ( l / m M .
(1.14)
irriQ

In the limit

TTIQ

4mQ

—> oo, only the first terms remains:
CO0 = hvivDhv.

(1.15)

This is the effective Lagrangian of the HQET. It gives rise to the Feynman rules depicted
in Fig. 1.2.
Let us take a moment to study the symmetries of this Lagrangian [21]. Since there
appear no Dirac matrices, interactions of the heavy quark with gluons leave its spin unchanged. Associated with this is an SU(2) symmetry group, under which £«» is invariant.
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Figure 1.2: Feynman rules of the HQET (i,j and a are colour indices). A heavy
quark is represented by a double line labelled by the velocity v. The residual
momentum k is denned in (1.2).
The action of this symmetry on the heavy-quark fields becomes most transparent in the
rest frame, where the generators S% of SU(2) can be chosen as
(1.16)
Here a% are the Pauli matrices. An infinitesimal SU(2) transformation hv —>• (1 + ie- S) hv
leaves the Lagrangian invariant:
5Coo = hv[ivD,ie-S]hv

= 0.

(1.17)

Another symmetry of the HQET arises since the mass of the heavy quark does not appear
in the effective Lagrangian. For Nh heavy quarks moving at the same velocity, eq. (1.15)
can be extended by writing
N

This is invariant under rotations in flavour space. When combined with the spin symmetry,
the symmetry group is promoted to SU(27V^). This is the heavy-quark spin-flavour symmetry [13, 21]. Its physical content is that, in the limit TTIQ —y oo, the strong interactions
of a heavy quark become independent of its mass and spin.
Consider now the operators appearing at order I/THQ in the effective Lagrangian
(1.14). They are easiest to identify in the rest frame. The first operator,
Okin = ~hv(iD±)2
hv -4 -J—hv(iD)2
hv ,
(1.19)
imq
ZrriQ
is the gauge-covariant extension of the kinetic energy arising from the off-shell residual
motion of the heavy quark. The second operator is the non-Abelian analogue of the Pauli
interaction, which describes the colour-magnetic coupling of the heavy-quark spin to the
gluon field:

C>

= Jb- hv a^ (?"" / » „ - + - — fiw S-Bc hv .

(1.20)

4m5
niQ
%
Here 5 is the spin operator denned in (1.16), and B c = ~^e^kG^k are the components of
the colour-magnetic field. The chromo-magnetic interaction is a relativistic effect, which
scales like I/THQ. This is the origin of the heavy-quark spin symmetry.

129

1.3

Spectroscopic Implications

The spin-flavour symmetry leads to many interesting relations between the properties of hadrons containing a heavy quark. The most direct consequences concern the
spectroscopy of such states [42]. In the limit rriQ -4 oo, the spin of the heavy quark and
the total angular momentum j of the light degrees of freedom are separately conserved by
the strong interactions. Because of heavy-quark symmetry, the dynamics is independent
of the spin and mass of the heavy quark. Hadronic states can thus be classified by the
quantum numbers (flavour, spin, parity, etc.) of the light degrees of freedom [43]. The
spin symmetry predicts that, for fixed j ^ 0, there is a doublet of degenerate states with
total spin J — j ± | . The flavour symmetry relates the properties of states with different
heavy-quark flavour.
In general, t h e mass of a hadron HQ containing a heavy quark Q obeys an expansion
of the form
2

^

Q).

ZTTIQ

(1.21)

The parameter A represents contributions arising from terms in the Lagrangian that are
independent of the heavy-quark mass [44], whereas the quantity Am 2 originates from
the terms of order 1/rriQ in the effective Lagrangian of the HQET. For the ground-state
pseudoscalar and vector mesons, one can parametrize the contributions from the kinetic
energy and the chromo-magnetic interaction in terms of two quantities Xi and A2, in such
a way that [45]
2

[

|]2.

(1.22)

The hadronic parameters A, Aj and A2 are independent of TUQ. They characterize the
properties of the light constituents.
Consider, as a first example, the SU(3) mass splittings for heavy mesons. The heavyquark expansion predicts that
mBa ~ mBd = A, - Kd + 0{l/mb),
mD, - mDd = Ks - kd + 0{l/mc),

(1.23)

where I have indicated that the value of the parameter A depends on the flavour of the
light quark. Thus, to the extent that the charm and bottom quarks can both be considered
sufficiently heavy, the mass splittings should be similar in the two systems. This prediction
is confirmed experimentally, since [46]
mBs - mBd = (90 ± 3) MeV,
mDa -mDd = (99 db 1) MeV.

(1.24)

As a second example, consider the spin splittings between the ground-state pseudoscalar (J — 0) and vector (J = 1) mesons, which are the members of the spin-doublet
with j = \- The theory predicts that
m?B. - m2B = 4A2 +
2

m D. -

2
m D

O(l/mb),

= 4A2 + 0 ( l / m c ) .
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(1.25)

The data are compatible with this:
m | . - mB ~ 0.49 GeV 2 ,
m2D. - m2D ~ 0.55 GeV 2 .

(1.26)

Assuming that the B system is close to the heavy-quark limit, we obtain the value
A 2 ~ 0.12 GeV2

(1.27)

for one of the hadronic parameters in (1.22). As I will discuss in the third lecture, this quantity plays an important role in the phenomenology of inclusive decays of heavy hadrons.
A third example is provided by the mass splittings between the ground-state mesons
and baryons containing a heavy quark. The HQET predicts that
b

-mB

= Abaryon ~ A meson + 0(1/mb)

,

- mD — Abaryon - A meson + 0(1/mc).

(1.28)

This is again consistent with the experimental results
mAb - mB = (346 ± 6) MeV,
mAc-mD
= (416 ± 1) MeV,

(1.29)

although in this case the data indicate sizeable symmetry-breaking corrections. For the
mass of the A;, baryon, I have used the value
mAfc = (5625 ± 6) MeV,

(1.30)

which is obtained by averaging the result m\h = (5639 ± 15) MeV quoted in Ref. [46]
with the preliminary value m\b = (5623 ± 5 ± 4 ) MeV reported by the CDF Collaboration
[47]. The dominant correction to the relations (1.28) comes from the contribution of the
chromo-magnetic interaction to the masses of the heavy mesons,2) which adds a term
3A2/2mQ on the right-hand side. Including this term, we obtain the refined prediction
that the two quantities
= (312 ± 6 ) MeV,
mAc - mD - ^ - = (320 ± 1) MeV
(1.31)
2mc
should be close to each other. This is clearly satisfied by the data.
The mass formula (1.21) can also be used to derive information on the heavy-quark
masses from the observed hadron masses. Introducing the "spin-averaged" meson masses
rnB = | (mB + 3mB>) ~ 5.31 GeV and rnD = \ (mD + 3m c «) ^ 1.97 GeV, we find that

-mc = (mB - mD) {l - ^ t .

-frO(l/m|)j .

(1.32)

2) Because of the spin symmetry, there is no such contribution to the masses of the AQ
baryons.
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Using theoretical estimates for the parameter Ai, which lie in the range [48]-[50]
Aj = - ( 0 . 4 ± 0.2) GeV 2 ,

(1.33)

this relation leads to
mb-mc

= (3.40 ± 0.03 ± 0.03) GeV,

(1.34)

where the first error reflects the uncertainty in the value of Ax, and the second one takes
into account unknown higher-order corrections. As I will discuss in the third lecture, the
fact that the difference (mj, — m c ) is determined rather precisely becomes important in
the analysis of inclusive decays of heavy hadrons.
For completeness, I note that for the pole masses of the heavy quarks I shall adopt
in these lectures the values
mb = 4.8 GeV,

m c = 1.4 GeV.

(1.35)

The concept of the pole mass of a heavy quark has been the subject of much discussion
recently. It has been found that there is an unavoidable ambiguity of order AQCD in any
definition of the pole mass extending beyond perturbation theory [51, 52]. Formally, this
ambiguity appears as a divergence of the perturbation series, which relates the pole mass
to a renormalized mass defined at short distances, such as the "running mass" mg(mQ).
As long as we work to a finite order in perturbation theory, however, this subtlety can
be ignored. The values given above will be used in connection with one-loop calculations
and thus refer to the one-loop pole masses of the heavy quarks.

2.

EXCLUSIVE SEMILEPTONIC DECAYS

Semileptonic decays of B mesons have received a lot of attention in recent years. The
decay channel B -4 D*lv has the largest branching fraction of all B-meson decay modes.
From a theoretical point of view, semileptonic decays are simple enough to allow for a
reliable, quantitative description. The analysis of these decays provides much information
about the strong forces that bind the quarks and gluons into hadrons. Schematically, a
semileptonic decay process is shown in Fig. 2.1. The strength of the b -> c transition
vertex is governed by the element Vc\, of the CKM matrix. The parameters of this matrix are fundamental parameters of the Standard Model. A primary goal of the study of
semileptonic decays of B mesons is to extract with high precision the values of \VC\,\ and
|Ki|- In this lecture, I will discuss the theoretical basis of such analyses.

1

B F

'

v

" I r>,z?M3**,...

Figure 2.1: Semileptonic decays of a B meson.
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2.1

Weak Decay Form Factors
Heavy-quark symmetry implies relations between the weak decay form factors of
heavy mesons, which are of particular interest. These relations have been derived by Isgur
and Wise [13], generalizing ideas developed by Nussinov and Wetzel [10], and by Voloshin
and Shifman [11, 12].
Consider the elastic scattering of a B meson, B(v) —> B(v'), induced by a vector
current coupled to the b quark. Before the action of the current, the light degrees of
freedom in the B meson orbit around the heavy quark, which acts as a static source
of colour. On average, the 6 quark and the B meson have the same velocity v. The
action of the current is to replace instantaneously (at t = to) the colour source by one
moving at a velocity v', as indicated in Fig. 2.2. If v = u', nothing happens; the light
degrees of freedom do not realize that there was a current acting on the heavy quark.
If the velocities are different, however, the light constituents suddenly find themselves
interacting with a moving colour source. Soft gluons have to be exchanged to rearrange
them so as to form a B meson moving at velocity v'. This rearrangement leads to a formfactor suppression, which reflects the fact that as the velocities become more and more
different, the probability for an elastic transition decreases. The important observation
is that, in the limit mj —»• oo, the form factor can only depend on the Lorentz boost
<y = v • v' that connects the rest frames of the initial- and final-state mesons. Thus, in this
limit a dimensionless probability function £(i> • v') describes the transition. It is called the
Isgur-Wise function [13]. In the HQET, which provides the appropriate framework for
taking the limit mt —>• oo, the hadronic matrix element describing the scattering process
can thus be written as
— (B(v')\ l^bv

\B{v)) = i{v • v') (v + v'Y •

(2.1)

TU

Here, bv and bv> are the velocity-dependent heavy-quark fields defined in (1.3). It is important that the function £(i> • v') does not depend on mj,. The factor 1/mg on the left-hand
side compensates for a trivial dependence on the heavy-meson mass caused by the relativistic normalization of meson states, which is conventionally taken to be
(B(p')\B(p)) = 2mBv°{2ir?8\p-p').

(2.2)

Note that there is no term proportional to (v—v'Y in (2.1). This can be seen by contracting
the matrix element with (v — u')M, which must give zero since fbv = bv and bvif = bvi.

t<t0

t-tQ

t>tQ

Figure 2.2: Elastic transition induced by an external heavy-quark current.
It is more conventional to write the above matrix element in terms of an elastic
form factor Fe\(q2) depending on the momentum transfer q2 = (p — p')2:

(B(v')\bYb\B(v)) = Fei(q2)(p + p'r,
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(2-3)

where p^ = msv^.

Comparing this with (2.1), we find that
Fe](q2) = £(t/ • v'),

q2 = -2m2B(v

• v' - 1 ) .

(2.4)

Because of current conservation, the elastic form factor is normalized to unity at q2 — 0.
This condition implies the normalization of the Isgur-Wise function at the kinematic
point v • v1 — 1, i.e. for v = v':
«1) = 1.
(2-5)
It is in accordance with the intuitive argument that the probability for an elastic transition
is unity if there is no velocity change. Since for v = v' the daughter meson is at rest in the
rest frame of the parent meson, the point v • v' = 1 is referred to as the zero-recoil limit.
We can now use the flavour symmetry to replace the 6 quark in the final-state meson
by a c quark, thereby turning the B meson into a D meson. Then the scattering process
turns into a weak decay process. In the infinite mass limit, the replacement bv> —t cv< is a
symmetry transformation, under which the effective Lagrangian is invariant. Hence, the
matrix element
1

(D(v')\ c^-fK \B[y)) = Z{v • v1) (v + v'f

(2.6)

is still determined by the same function £(u • v'). This is interesting, since in general
the matrix element of a flavour-changing current between two pseudoscalar mesons is
described by two form factors:
pY-

(2-7)

Comparing the above two equations, we find that
mB ± mD
2
ql) = 2y/m
q2 = m% + m2D ~2mBmD{v

v'-l).

(2.8)

Thus, the heavy-quark flavour symmetry relates two a priori independent form factors
to one and the same function. Moreover, the normalization of the Isgur-Wise function at
v • v' — 1 now implies a non-trivial normalization of the form factors f±{q2) at the point
of maximum momentum transfer, <?^ax = (ro# — mo)2'-

The heavy-quark spin symmetry leads to additional relations among weak decay
form factors. It can be used to relate matrix elements involving vector mesons to those
involving pseudoscalar mesons. A vector meson with longitudinal polarization is related
to a pseudoscalar meson by a rotation of the heavy-quark spin. Hence, the spin-symmetry
transformation c^, -> c|,, relates the transition matrix element for B —> D to that for
B -*• D*. The result of this transformation is [13]:
(£)•(«', e)| Cy.-i^K \B(v)) = ie"1"* < v > ^ ^(u • v'),
(D"(v', e)| cv,ris

K \B{v))

= [c*" (vv'
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+ l ) - v'» e' • v] t(v • v'), (2.10)

where t denotes the polarization vector of the D* meson. Once again, the matrix elements
are completely described in terms of the Isgur-Wise function. Now this is even more
remarkable, since in general four form factors, V(q2) for the vector current, and A{(q2),
i = 0,1,2, for the axial vector current, are required to parametrize these matrix elements.
In the heavy-quark limit, they obey the relations [53]
v • t,') = V(q2) = A0(q2) = A^)
2

2

2

q = m B + m D. - 2mBmD.(v

= fl L
• v' - 1).

rri£>)

(2.11)

Equations (2.8) and (2.11) summarize the relations imposed by heavy-quark symmetry on the weak decay form factors describing the semileptonic decay processes B —^ D tv
and B —)• D*£P. These relations are model-independent consequences of QCD in the limit
where mj,, mc 3> AQCD- They play a crucial role in the determination of \Vcf,\. In terms of
the recoil variable w — v • t/, the differential semileptonic decay rates in the heavy-quark
limit become:

\2 (mB — mD')2mzD.

(2.12)
These expressions receive symmetry-breaking corrections, since the masses of the heavy
quarks are not infinitely large. Perturbative corrections of order a"(m<3), with Q = 6 or c,
can be calculated order by order in perturbation theory. A more difficult task is to control
non-perturbative power corrections of order (AQCD/^Q) 71 - The HQET provides a systematic framework for analysing these corrections. As an example, I have discussed in the first
lecture the 1/rog corrections to the effective Lagrangian. For the more complicated case
of weak-decay form factors, the analysis of the I/TUQ corrections was performed by Luke
[54]. Later, Falk and myself have also analysed the structure of 1/mg corrections for both
meson and baryon weak decay form factors [45]. I shall not discuss these rather technical
issues in detail, but only mention the most important result of Luke's analysis. It concerns the zero-recoil limit, where an analogue of the Adernoilo-Gatto theorem [55] can be
proved. This is Luke's theorem [54], which states that the matrix elements describing the
leading \jrriQ corrections to weak decay amplitudes vanish at zero recoil. This theorem
is valid to all orders in perturbation theory [45, 56, 57]. Most importantly, it protects
the B —>• D*£P decay rate from receiving first-order l/rriQ corrections at zero recoil [58].
A similar statement is not true for the decay B —¥ D lv\ however. The reason is simple
but somewhat subtle. Luke's theorem protects only those form factors not multiplied by
kinematic factors that vanish for v = v'. By angular momentum conservation, the two
pseudoscalar mesons in the decay B —>• D tv must be in a relative p-wave, and hence the
amplitude is proportional to the velocity \VD\ of the 2? meson in the 2?-meson rest frame.
This leads to a factor (w2 — 1) in the decay rate. In such a situation, form factors that
are kinematically suppressed can contribute [53].
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2.2

Short-Distance Corrections

In the first lecture, I have discussed the first two steps in the construction of the
HQET. Integrating out the small components in the heavy-quark fields, a non-local effective action was derived, which was then expanded in a series of local operators. The
effective Lagrangian derived that way correctly reproduces the long-distance physics of
the full theory. It does not contain the short-distance physics correctly, however. The reason is obvious: a heavy quark participates in strong interactions through its coupling to
gluons. These gluons can be soft or hard, i.e. their virtual momenta can be small, of the
order of the confinement scale, or large, of the order of the heavy-quark mass. But hard
gluons can resolve the spin and flavour quantum numbers of a heavy quark. Their effects
lead to a renormalization of the coefficients of the operators in the HQET. A new feature
of such short-distance corrections is that through the running coupling constant as(m,Q)
they induce a logarithmic dependence on the heavy-quark mass [11]. Fortunately, since
Qs(m(j) is small, these effects can be calculated in perturbation theory.
Consider, as an example, matrix elements of the vector current V — qi^Q. In
QCD this current is partially conserved and needs no renormalization [59]. Its matrix
elements are free of ultraviolet divergences. Still, these matrix elements have a logarithmic
dependence on TUQ from the exchange of hard gluons with virtual momenta of the order
of the heavy-quark mass. If one goes over to the effective theory by taking the limit
rriQ —¥ oo, these logarithms diverge. Consequently, the vector current in the effective
theory does require a renormalization [18]. Its matrix elements depend on an arbitrary
renormalization scale /x, which separates the regions of short- and long-distance physics.
If ft is chosen such that AQCD •C /" •C m<g, the effective coupling constant in the region
between \i and TTIQ is small, and perturbation theory can be used to compute the shortdistance corrections. These corrections have to be added to the matrix elements of the
effective theory, which contain the long-distance physics below the scale JJL. Schematically,
then, the relation between matrix elements in the full and in the effective theory is

(V(mQ))QCD = Co(mQ,») (VOM)HQET + ^ ^ ' ^ M M W + • • • ,

(2.13)

where I have indicated that matrix elements in the full theory depend on TTIQ, whereas
matrix elements in the effective theory are mass-independent, but do depend on the renormalization scale. The Wilson coefficients Ci(m,Q,fi) are defined by this relation. Order by
order in perturbation theory, they can be computed from a comparison of the matrix elements in the two theories. Since the effective theory is constructed to reproduce correctly
the low-energy behaviour of the full theory, this "matching" procedure is independent
of any long-distance physics, such as infrared singularities, non-perturbative effects, the
nature of the external states used in the matrix elements, etc.
The calculation of the coefficient functions in perturbation theory uses the powerful
methods of the renormalization group. It is in principle straightforward, yet in practice
rather tedious. A comprehensive discussion of most of the existing calculations of shortdistance corrections in the HQET can be found in Ref. [25].
2.3

Model-Independent Determination of |VC&|
I will now discuss some of the most important applications and tests of the above
formalism in the context of semileptonic decays of B mesons. A model-independent de-
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termination of the CKM matrix element \Vci>\ based on heavy-quark symmetry can be
obtained by measuring the recoil spectrum of D* mesons produced in B —> D*£ v decays
[58]. In the heavy-quark limit, the differential decay rate for this process has been given
in (2.12). In order to allow for corrections to that limit, we write
> DHu)

dw

G2F
48?r3
Aw

x

1+ w + l

mB — 2tu

(mB-mD.)2

J1

C01

K

(2.14)

where the hadronic form factor T{w) coincides with the Isgur-Wise function up to
symmetry-breaking corrections of order aa(m,Q) and A Q C D / ^ Q . The idea is to measure
the product |V^|,F(u7) as a function of w, and to extract \Vcb\ from an extrapolation of
the data to the zero-recoil point w = 1, where the B and the D* mesons have a common
rest frame. At this kinematic point, heavy-quark symmetry helps to calculate the normalization J-(l) with small and controlled theoretical errors. Since the range of w values
accessible in this decay is rather small (1 < w < 1.5), the extrapolation can be done using
an expansion around w — 1:

F(w) = F{l){l-(?{w-l)+

...}.

(2.15)

The slope g2 is treated as a fit parameter.
0.05

1.1
w

Figure 2.3: CLEO data for the product |V^t| F(w), as extracted from the recoil
spectrum in B —> D'iv decays [61]. The line shows a linear fit to the data.
Measurements of the recoil spectrum have been performed first by the ARGUS [60]
and CLEO [61] Collaborations in experiments operating at the T(4s) resonance, and more
recently by the ALEPH [62] and DELPHI [63] Collaborations at LEP. As an example,
I show in Fig. 2.3 the data reported by the CLEO Collaboration. The results obtained by
the various experimental groups from a linear fit to their data are summarized in Table 1.
The weighted average of these results is
= (34.6 ±1.7) x l O " 3 ,
Q2 = 0.82 ±0.09.
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(2.16)

The effect of a positive curvature of the form factor has been investigated by Stone [64],
who finds that the value of \Vct,\ F(l) may change by up to +4%. I thus increase the above
value by (2 ± 2)% and quote the final result as
\Vcb\T{l) = (35.3 ±1.8) xlO - 3

(2.17)

In future analyses, the extrapolation to zero recoil should be performed including higherorder terms in the expansion (2.15). It can be shown in a model-independent way that the
shape of the form factor is highly constrained by analyticity and unitarity requirements
[65, 66]. In particular, the curvature at w — 1 is strongly correlated with the slope of the
form factor. For the value of g2 given in (2.16), one obtains a small positive curvature
[66], in agreement with the assumption made in Ref. [64].
Table 1: Values for \Vcb\-^"(1) (in units of 10~3) and g2 extracted from measurements of the recoil spectrum in B -*• D*ii> decays

ivy n 1)
ARGUS
CLEO
ALEPH
DELPHI

Q2

38.8 ± 4.3 ± 2.5
35.1 ± 1.9 ± 2.0
31.4 ± 2.3 ± 2.5
35.0 ± 1.9 ± 2.3

1.17
0.84
0.39
0.81

± 0.22 ± 0.06
± 0.12 ± 0.08
± 0.21 ± 0.12
± 0.16 ± 0.10

Heavy-quark symmetry implies that the general structure of the symmetry-breaking
corrections to the form factor at zero recoil is [58]
5»M(l+<Jl/mO,

( 2 - 18 )

where r\A is a short-distance correction arising from a finite renormalization of the flavourchanging axial current at zero recoil, and #i/m2 parametrizes second-order (and higher)
power corrections. The absence of first-order power corrections at zero recoil is a consequence of Luke's theorem [54]. The one-loop expression for r]A has been known for a long
time [9, 12, 67]:
as(M) fmb + rric , m*
8\
7M = 1 + -J±~~L
"
In —b- - - ) ~ 0.96 .
IT
\rrib — mc
mc
3/

(2.19)

The scale M in the running coupling constant can be fixed by adopting the prescription
of Brodsky, Lepage and Mackenzie (BLM) [68], where it is identified with the average virtuality of the gluon in the one-loop diagrams that contribute to r/A. If as(M) is defined in
the Ms scheme, the result is M ~ 0.5ly/mcmb [69]. Several estimates of higher-order corrections to r}A have been discussed. A renormalization-group resummation of logarithms of
the type (as In mb/mc)n, as(as In m.b/mc)n and mc/mb(as In mb/mc)n leads to rjA ~ 0.985
[18], [70]-[73]. On the other hand, a resummation of "renormalon-chain" contributions
of the form /?O~ 1 Q £I where /30 = 1 1 — | n / is the first coefficient of the QCD /?-function,
gives r]A ~ 0.945 [74]. Using these partial resummations to estimate the uncertainty gives
r]A = 0.965 ± 0.020. Recently, Czarnecki has improved this estimate by calculating t]A at
two-loop order [75]. His result,
r}A = 0.960 ± 0.007,
(2.20)
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is in excellent agreement with the BLM-improved one-loop expression (2.19). Here the
error is taken to be the size of the two-loop correction.
The analysis of the power corrections 8\/m2 is more difficult, since it cannot rely on
perturbation theory. Three approaches have been discussed: in the "exclusive approach",
all \\m\ operators in the HQET are classified and their matrix elements estimated,
leading to Si/m2 ~ — (3±2)% [45, 76]; the "inclusive approach" has been used to derive the
bound 81/m2 < - 3 % , and to estimate that 8l/m2 = - ( 7 ±3)% [77]; the "hybrid approach"
combines the virtues of the former two to obtain a more restrictive lower bound on 5i/m2.
This leads to [78]
< W = -0-055 ±0.025.
(2.21)
Combining the above results, adding the theoretical errors linearly to be conservative, gives
^ ( 1 ) = 0.91 ±0.03
(2.22)
for the normalization of the hadronic form factor at zero recoil. Thus, the corrections to
the heavy-quark limit amount to a moderate decrease of the form factor of about 10%.
This can be used to extract from the experimental result (2.17) the model-independent
value
\Vcb\ = (38.8 ± 2.0exp ± 1.2th) x 10" 3 .
(2.23)

2.4

Bounds and Predictions for g2

The slope parameter Q2 in the expansion of the physical form factor in (2.15) differs
from the slope parameter Q2 of the Isgur-Wise function by corrections that violate the
heavy-quark symmetry. The short-distance corrections have been calculated, with the
result [78]
f = g2 + (0.16 ± 0.02) + O{l/mQ).
(2.24)
Bjorken has shown that the slope of the Isgur-Wise function is related to the form factors
of transitions of a ground-state heavy meson into excited states, in which the light degrees
of freedom carry quantum numbers j P = \ or | , by a sum rule which is an expression
of quark-hadron duality: in the heavy-quark limit, the inclusive sum of the probabilities
for decays into hadronic states is equal to the probability for the free quark transition. If
one normalizes the latter probability to unity, the sum rule takes the form [79]-[81]

_ w +1
1

_

(2.25)
where l,m,n label the radial excitations of states with the same spin-parity quantum
numbers. The terms in the first line on the right-hand side of the sum rule correspond to
transitions into states containing light constituents with quantum numbers j = | . The
ground state gives a contribution proportional to the Isgur-Wise function, and excited
states contribute proportionally to analogous functions £^{w). Because at zero recoil
these states must be orthogonal to the ground state, it follows that £^(1) = 0, and the
corresponding contributions to (2.25) are actually of order (w — I) 2 . The contributions
in the second line correspond to transitions into states with j p = \ or | . Because of
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the change in parity, these are p-wave transitions. The amplitudes are proportional to the
velocity \v/\ = (w2 - 1) 1/2 of the final state in the rest frame of the initial state, which
explains the suppression factor (w — 1) in the decay probabilities. The functions Tj(iv)
are the analogues of the Isgur-Wise function for these transitions [80]. Transitions into
excited states with quantum numbers other than the above proceed via higher partial
waves and are suppressed by at least a factor (w — I) 2 .
For w — 1, eq. (2.25) reduces to the normalization condition for the Isgur-Wise
function. The Bjorken sum rule is obtained by expanding in powers of (w — 1) and keeping
terms of first order. Taking into account the definition of the slope parameter, £'(1) = — g2,
one finds that [79, 80]

\ + £ rt"?(l)l2 + 2 E l $ ( l ) l 2 > \ •

(2-26)

Notice that the lower bound is due to the prefactor \{w + 1) of the first term in (2.25)
and is of purely kinematic origin. In the analogous sum rule for Ag baryons, this factor is
absent, and consequently the slope parameter of the baryon Isgur-Wise function is only
subject to the trivial constraint Q2 > 0 [53, 82].
Voloshin has derived another sum rule involving the form factors for transitions into
excited states, which is the analogue of the "optical sum rule" for the dipole scattering of
light in atomic physics. It reads [83]
-m.Q
9
m

__ ^
~~ ^

(m)
1/2 lTl/2

(m)

n

where Ej are the excitation energies relative to the mass m ^ of the ground-state heavy
meson. The important point is that this relation can be combined with the Bjorken sum
rule to obtain an upper bound for the slope parameter g2:

p

(2.28)

where i^mjn denotes the minimum excitation energy. In the quark model, one expects 3 '
that Emin ^ rriM — "i<?, and one may use this as an estimate to obtain g2 < 0.75.
The above discussion of the sum rules ignores renormalization effects. Both perturbative and non-perturbative corrections to (2.26) and (2.28) can be incorporated using
the OPE, where one introduces a momentum scale fi ~ few x AQCD large enough for a s (/z)
and power corrections of order (AQCD/Z-O71 to be small, but otherwise as small as possible
to suppress contributions from excited states [84]. The result is ^^^(/x) < g2 < ^maxCA*)
[85], where the boundary values are shown in Fig. 2.4 as a function of the scale JJL. Assuming that the OPE works down to values \i ~ 0.8 GeV, one obtains rather tight bounds for
the slope parameters:
0.5 < g2 < 0.8,
0.5 < g2 < 1.1.
(2.29)
The allowed region for g2 has been increased in order to account for the unknown 1/mp
corrections in the relation (2.24). The experimental result given in (2.16) falls inside this
region.
3) Strictly speaking, the lowest excited "state" contributing to the sum rule is D+n, which
has an excitation-energy spectrum with a threshold at m T . However, this spectrum is
broad, so that this contribution will not invalidate the upper bound for g2 derived here.
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Figure 2.4: Bounds for the slope parameter g2 following from the Bjorken and
Voloshin sum rules.
These bounds compare well with theoretical predictions for the slope parameters.
QCD sum rules have been used to calculate the slope of the Isgur-Wise function. The
results obtained by various authors are g2 = 0.84 ± 0.02 (Bagan et al. [86]), 0.7 ± 0.1
(Neubert [87]), 0.70 ± 0.25 (Blok and Shifman [88]), and 1.00 ± 0.02 (Narison [89]). The
UKQCD Collaboration has presented a lattice calculation of the slope of the form factor
F(w), yielding g2 = O.Qlg^oi [90]-1 stress that the sum-rule bounds in (2.29) are largely
model independent; model calculations in strong disagreement with these bounds should
be discarded.

2.5

Measurement of B -+ D*lu Form Factors

If the lepton mass is neglected, the differential decay distributions in B -¥ D*lv
decays can be parametrized by three helicity amplitudes, or equivalently by three independent combinations of form factors. It has been suggested that a good choice for three such
quantities should be inspired by the heavy-quark limit [25, 91]. One thus defines a form
factor H,AI(W), which up to symmetry-breaking corrections coincides with the Isgur-Wise
function, and two form-factor ratios

Ri(w) = [l
mD.)

(2.30)

The relation between w and q2 has been given in (2.11). This definition is such that in
the heavy-quark limit Ri(w) = R2(w) = 1 independently ofw.
To extract the functions /ui(u>), R\{w) and R^w) from experimental data is a
complicated task. However, HQET-based calculations suggest that the w dependence of
the form-factor ratios, which is induced by symmetry-breaking effects, is rather mild [91].
Moreover, the form factor h,Ai(w) is expected to have a nearly linear shape over the
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accessible w range. This motivates to introduce three parameters Q2M , Ri and R2 by

R2{w)~R2,

(2.31)

where T{1) = 0.91 ±0.03 from (2.22). The CLEO Collaboration has extracted these three
parameters from an analysis of the angular distributions in B —» D*£v decays [92]. The
result is:
Q\X =0.91 ±0.15 ±0.06,
Rx = 1.18 ±0.30 ±0.12,
R2 = 0.71 ± 0.22 ± 0.07.

(2.32)

Using the HQET, one obtains an essentially model-independent prediction for the symmetry-breaking corrections to Ri, whereas the corrections to R2 are somewhat model dependent. To good approximation [25]

R2 ~

(2.33)

1-K~^-~0.8±0.2,

2mc
with K ~ 1 from QCD sum rules [91]. Here A is the "binding energy" as defined in the
mass formula (1.21). Theoretical calculations [93, 94] as well as phenomenological analyses
[95, 96] suggest that A ~ 0.45-0.65 GeV is the appropriate value to be used in one-loop
calculations. A quark-model calculation of R\ and R2 gives results similar to the HQET
predictions: R\ ~ 1.15 and R2 ~ 0.91 [97]. The experimental data confirm the theoretical
prediction that Ri > 1 and R2 < 1, although the errors are still large.
There is a model-independent relation between the three parameters determined
from the analysis of angular distributions and the slope parameter g2 extracted from the
semileptonic spectrum. It reads [78]

W

^

U

+

^1-*)-

< 2 ' 34 >

The CLEO data give 0.07±0.20 for the difference of the slope parameters on the left-hand
side, and 0.22 ± 0.18 for the right-hand side. Both values are compatible within errors.
The results of this analysis are very encouraging. Within errors, the experiment
confirms the HQET predictions, starting to test them at the level of symmetry-breaking
corrections.

2.6

Decays to Charmless Final States

For completeness, I will discuss briefly semileptonic B-meson decays into charmless
final states, although heavy-quark symmetry does not help much in the analysis of these
processes. Recently, the CLEO Collaboration has reported a first signal for the exclusive
semileptonic decay modes B —>• n£p and B —t plv. The underlying quark process for
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these transitions is b ->• ulv. Thus, these decays provide information on the strength of
the CKM matrix element Vu&- The observed branching fractions are [5]:
0.45) x

(3

"4;

ISGW,

ISGW
BSW

88+i.

'

(2.35)

There is a significant model dependence in the simulation of the reconstruction efficiencies,
for which the models of Isgur et al. (ISGW) [98] and Bauer et al. (BSW) [99] have been
used.
Table 2: Values for IV^/Ktl extracted from the CLEO measurement of exclusive semileptonic B decays into charmless final states, taking |VC(,| = 0.040.
An average over the experimental results in (2.35) is used for all except the
ISGW and BSW models, where the numbers corresponding to these models
are used. The first error quoted is experimental, the second (when available)
is theoretical.
Method
QCD sum rules

Lattice QCD

Reference

B -* n£i>

B ->• plv

0.159 ±0.019 ±0.001 0.066lffi ± 0-003
Ball [101]
0.105 ±0.013 ±0.011 o.o94±3:giS ± 0.016
Khodj. & Riickl [102]
0.085 ± 0.010
Narison [100]

UKQCD [103]
APE [104]

0.103 ±0.012lHlo
0.084 ±0.010 ±0.021

pQCD

Li k Yu [105]

0.054 ± 0.006

—

Quark models

BSW [99]

0.093 ± 0.016

n n7fi + 0 0 1 1

KS [106]

0.088 ±0.011
0.074 ±0.012

n n^fi + 0 0 0 6

ISGW2 [107]

U.UOD_o.o07
n n7Q+0-012

The theoretical description of these heavy-to-light (b -> u) decays is more model dependent than that for heavy-to-heavy (6 —> c) transitions, because heavy-quark symmetry
does not help to constrain the relevant hadronic form factors. A variety of calculations
for such form factors exists, based on QCD sum rules, lattice gauge theory, perturbative
QCD, or quark models. In Table 2, I give a summary of values extracted for the ratio
|Ki>/K&i from a selection of such calculations. Some approaches are more consistent than
others in that the extracted values are compatible for the two decay modes. With few
exceptions, the results lie in the range

Y±
vcb

0.06-0.11,

(2.36)

excl

which is in good agreement with the measurement of \Vub\ obtained from the endpoint
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region of the lepton spectrum in inclusive semileptonic decays [3, 4]:
Vub
/

db incl

= 0.08 ± O.Olexp ± 0.02th .

(2.37)

Clearly, this is only the first step towards a more reliable determination of | Vu6|; yet,
with the discovery of exclusive b ~¥ u transitions an important milestone has been met.
Efforts must now concentrate on more reliable methods to determine the form factors for
heavy-to-light transitions. Some new ideas in this direction have been discussed recently.
They are based on lattice calculations [108], analyticity constraints [109, 110], or variants
of the form-factor relations for heavy-to-heavy transitions [111].

3.

INCLUSIVE DECAY RATES AND LIFETIMES

Inclusive decay rates determine the probability of the decay of a particle into the
sum of all possible final states with a given set of quantum numbers. An example is
provided by the inclusive semileptonic decay rate of the B meson, T(B —y Xc£u), where
the final state consists of a lepton-neutrino pair accompanied by any number of hadrons
with total charm-quark number nc = 1. In this lecture, I will discuss the theoretical
description of inclusive decays of hadrons containing a heavy quark [112]—[120]. From
the theoretical point of view, such decays have two advantages: first, bound-state effects
related to the initial state (such as the "Fermi motion" of the heavy quark inside the
hadron) can be accounted for in a systematic way using the heavy-quark expansion, in
much the same way as I explained in the previous lecture; secondly, the fact that the final
state consists of a sum over many hadronic channels eliminates bound-state effects related
to the properties of individual hadrons. This second feature is based on a hypothesis
known as quark-hadron duality, which is an important concept in QCD phenomenology.
The assumption of duality is that cross sections and decay rates, which are denned in
the physical region (i.e. the region of time-like momenta), are calculable in QCD after a
"smearing" or "averaging" procedure has been applied [121]. In semileptonic decays, it
is the integration over the lepton and neutrino phase space that provides a "smearing"
over the invariant hadronic mass of the final state (so-called "global" duality). For nonleptonic decays, on the other hand, the total hadronic mass is fixed, and it is only the
fact that one sums over many hadronic states that provides an "averaging" (so-called
"local" duality). Clearly, local duality is a stronger assumption than global duality. It is
important to stress that quark-hadron duality cannot yet be derived from first principles,
although it is a necessary assumption for many applications of QCD. Some tests of this
assumption in the context of hadronic r decays have been discussed recently in Ref. [122].
A more formal attempt to address the problem of quark-hadron duality can be found in
Ref. [123].
Using the optical theorem, the inclusive decay width of a hadron Hb containing a 6
quark can be written in the form
^21m(Hb\T\Hb),

(3.1)

where the transition operator T is given by the time-ordered product of two effective
Lagrangians:
|
(3.2)

144

In fact, inserting a complete set of states inside the time-ordered product, we find the
standard expression

T(Hb -> X) = -LmL - 32(2*)*P{pH -Px)\(X\£eff
Hb

\Hb)\2

(3.3)

X

for the decay rate. For the case of semileptonic and non-leptonic decays, £eff is the effective
weak Lagrangian given in eq. (1.4) of the Introduction, which in practice is corrected for
short-distance effects arising from the exchange of gluons with virtualities between mw
and ra& [124]—[128]. If some quantum numbers of the final states X are specified, the sum
over intermediate states is restricted appropriately. In the case of the inclusive semileptonic
decay rate, for instance, the sum would include only those states X containing a leptonneutrino pair.
66

Figure 3.1: Perturbative contributions to the transition operator T (left), and
the corresponding operators in the OPE (right). The open squares represent a
four-fermion interaction of the effective Lagrangian £eff5 while the black circles
represent local operators in the OPE.
In perturbation theory, some contributions to the transition operator are given by
the two-loop diagrams shown on the left-hand side in Fig. 3.1. Because of the large mass
of the 6 quark, the momenta flowing through the internal lines in these diagrams are
large. It is thus possible to construct an OPE for the transition operator, in which T is
represented as a series of local operators containing the heavy-quark fields. The operator
with the lowest dimension, d = 3, is 66. It arises from integrating over the internal lines in
the first diagram shown in the figure. The only gauge-invariant operator with dimension
d — 4 is bipb; however, the equation of motion implies that between physical states
this operator can be replaced by rnbbb. The first operator that is different from 66 has
dimension d = 5 and contains the gluon field. It is given by bggU^G^b. This operator
arises from diagrams in which a gluon is emitted from one of the internal lines, such as
the second diagram shown in the figure.
For dimensional reasons, the matrix elements of such higher-dimensional operators
are suppressed by inverse powers of the heavy-quark mass. Thus, any inclusive decay rate
of a hadron Hb can be written in the form [113]—[115]:

9hiff
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where the prefactor arises naturally from the loop integrations, cfn are calculable coefficient functions (which also contain the relevant CKM matrix elements) depending on the
quantum numbers / of the final state, and (O)H are the (normalized) forward matrix
elements of local operators, for which I use the short-hand notation
^(Hb\O\Hb).

(3.5)

In the next step, these matrix elements are systematically expanded in powers of
1/mb, using the technology of the HQET. Introducing the velocity-dependent fields bv of
the HQET, where v denotes the velocity of the hadron Hb, one finds [45, 115, 116]

(3.6)
where I have defined the HQET matrix elements
^

(Hb(v)\ k (iD)2 bv \Hb(v)),
{Hb{v)\bJ±<r^G'"'bv\Hh{v)).
2

(3.7)

Here (iD)2 - (iv • D)2 - {iD)2; in the rest frame, i.e. for v" = (1,0,0,0), this is the square
of the operator for the spatial momentum of the heavy quark. Inserting these results into
(3.4), we obtain

^{(*9>)

tf^

} (3.8)

It is instructive to understand the appearance of the "kinetic energy" contribution yu2,
which is the gauge-covariant extension of the square of the 6-quark momentum inside
the heavy hadron. This contribution is the field-theory analogue of the Lorentz factor
(1 — i;62)1/'2 ~ 1 — pb2/2m2, in accordance with the fact that the lifetime, r = 1/P, for a
moving particle increases due to time dilation.
The main result of the heavy-quark expansion for inclusive decay rates is that the
free quark decay (i.e. the parton model) provides the first term in a systematic \/rnb
expansion, i.e.

r(Hb -» Xj) = § g f 4 {l + O(l/m2)} .

(3.9)

For dimensional reasons, the free-quark decay rate is proportional to the fifth power
of the 6-quark mass. The non-perturbative corrections to this picture, which arise from
bound-state effects inside the hadron Hb, are suppressed by (at least) two powers of the
heavy-quark mass, i.e. they are of relative order ( A Q C D / " ^ ) 2 - Note that the absence of
first-order power corrections is a simple consequence of the equation of motion, as there
is no independent gauge-invariant operator of dimension d — 4 that could appear in
the OPE. The fact that bound-state effects in inclusive decays are strongly suppressed
explains a posteriori the success of the parton model in describing such processes.
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The hadronic matrix elements appearing in the heavy-quark expansion (3.8) can
be determined to some extent from the known masses of heavy hadron states. For the B
meson, one finds that [45]

= 3A2 = Z- (m%. - m%) ~ 0.36 GeV2 ,

(3.10)

where Ax and A2 are the parameters appearing in the mass formula (1.22). For the groundstate baryon Aj, in which the light constituents have total spin zero, it follows that
= 0,

(3.11)

while the matrix element ^2(A;>) obeys the relation

- mAc) - (mB - rnD) = [£ (B) - /4(A6)] ( J - - _ L ) + O(l/m2Q),

(3.12)

where mg and mp denote the spin-averaged masses introduced in connection with (1.32).
With the value of m^b given in (1.30), this leads to
/x2(B) - /z2(Ab) = (0.01 ± 0.03) GeV 2 .

(3.13)

What remains to be calculated, then, is the coefficient functions c£ for a given inclusive decay channel. I shall now discuss the most important applications of this general
formalism.

3.1

Determination of \VC\,\ from Inclusive Semileptonic Decays

The extraction of \Vcb\ from the inclusive semileptonic decay rate of the B meson is
based on the expression [113]—[115]

where mi, and mc are the poles mass of the b and c quarks (defined to a given order in
perturbation theory), and f(x) and g(x) are phase-space functions:
f{x) = 1 - 8x2 + 8x6 - x8 - 12x4 In x 2 ,

(3.15)

and g(x) is given elsewhere [129]. The theoretical uncertainties in this determination of
\Vcb\ are quite different from those entering the analysis of exclusive decays. In particular,
in inclusive decays there appear the quark masses rather than the meson masses. Moreover,
the theoretical description relies on the assumption of global quark-hadron duality, which
is not necessary for exclusive decays. One should distinguish three sources of theoretical
uncertainties:
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Hadronic parameters:
The non-perturbative corrections are very small; with —Aj =
(0.4 ± 0.2) GeV2 and A2 = 0.12 GeV2, one finds a reduction of the free-quark decay
rate by —(4.2 ± 0.5)%. The uncertainty in this number is below 1% and thus completely
negligible.
Quark-mass dependence: The fact that F ~ ml f(mc/mb) suggests a strong dependence
of the decay rate on the value of the 6-quark mass. However, this dependence becomes
milder if one chooses m\, and Am = m\, — mc as independent variables. This is apparent
from Fig. 3.2, which shows that F ~ m 2 3 Am2-7. This choice of variables is also preferred
from a conceptual point of view, since it leads to essentially uncorrelated theoretical
uncertainties: whereas mi, = TUB — A + . . . is mainly determined by the A parameter of the
HQET, the mass difference Am obeys the expansion shown in (1.32), i.e. it is sensitive to
the kinetic-energy parameter Ai. Theoretical uncertainties of 60 MeV on Am and 200 MeV
on mt, are reasonable; values much smaller than this are probably too optimistic. This
leads to
Smb
\2
(5T
+ (o,
0.05
= t/0.10
200 MeW
F[arb. units]

Figure 3.2: Dependence of the inclusive semileptonic decay rate on

and

A m = 771;, — m c .

Perturbative corrections: The perturbative corrections are the most subtle part of the
analysis. The semileptonic rate is known exactly only to order Q S [129], although a partial
calculation of the coefficient of order o?s exists [130]. The result is

tree

(3.17)

7T

The one-loop correction is moderate; it amounts to about —11%. Of the two-loop coefficient, only the part proportional to the /3-function coefficient j3o = 11 — | n / is known.
For rif = 3 light quark flavours, this term gives 1.68/?o ^ 15.1, corresponding to a rather
large correction of about —6%. One may take this as an estimate of the perturbative
uncertainty. The dependence of the result on the choice of the renormalization scale and
scheme has been investigated, too, and found to be of order 6% [131]. Yet, the actual
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perturbative uncertainty may be larger than that. A subset of higher-order corrections,
the so-called "renormalon-chain" contributions of the form 0%~lo%, can be summed to all
orders in perturbation theory, leading to r / F t r e e = 0.77±0.05 [132], which is equivalent to
choosing the rather low scale M ~ 1 GeV in (3.14). This estimate is 12% lower than the
one-loop result. These considerations show that there are substantial perturbative uncertainties in the calculation of the semileptonic decay rate. They could only be reduced with
a complete two-loop calculation, which is however quite a formidable task. At present, I
consider {8YfY)pt.Tt ~ 10% a reasonable estimate.
Adding, as previously, the theoretical errors linearly, and taking the square root,
leads to

for the theoretical uncertainty in the determination of \Vcb\ from inclusive decays, keeping
in mind that this method relies in addition on the assumption of global quark-hadron
duality. Taking the result of Ball et al. [132] for the central value, I quote

IK.I- (0.0400 ± 0.0040) (

T

|L)/(

r

^-)/.

(3.19)

With the new world averages for the semileptonic branching ratio, Bsh = (10.90±0.46)%
(see below), and for the average B-meson lifetime, TB = (1.60 ± 0.03) ps [46], I obtain
(KbI = (40.0 ± 0.9exp ± 4.0th) x 10" 3 .

(3.20)

This is in excellent agreement with the value in (2.23), which has been extracted from
the analysis of the exclusive decay B -» D'iv. This agreement is gratifying given the
differences of the methods used, and it provides an indirect test of global quark-hadron
duality. Combining the two measurements gives the final result
|Vc6| = 0.039 ±0.002.

(3.21)

After Vud and V^,, this is now the third-best known entry in the CKM matrix.

3.2

Semileptonic Branching Ratio and Charm Counting
The semileptonic branching ratio of B mesons is defined as

where FNL and F r a r e are the inclusive rates for non-leptonic and rare decays, respectively.
The main difficulty in calculating BSL is not in the semileptonic width, but in the nonleptonic one. As mentioned above, the calculation of non-leptonic decays in the heavyquark expansion relies on the strong assumption of local quark-hadron duality.
Measurements of the semileptonic branching ratio have been performed by various
experimental groups, using both model-dependent and model-independent analyses. The
status of the results is controversial, as there is a discrepancy between low-energy measurements performed at the T(4s) resonance and high-energy measurements performed at
the Z° resonance. The average value at low energies is BSL ~ (10.37 ±0.30)% [133]. Highenergy measurements performed at LEP, on the other hand, give Z?SL = (11.11 ± 0.23)%
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[134]. The superscript (6) indicates that this value refers not to the B meson, but to a mixture of b hadrons (approximately 40% B~, 40% B°, 12% B s , and 8% Afc). Assuming that
the corresponding semileptonic width ISL is close to that of the B meson,4) we can correct
for this and find BSL = (r(B)/r(6)) B ^ = (11.30 ±0.26)%, where r(6) = (1.57 ±0.03) ps
is the average lifetime corresponding to the above mixture of b hadrons [46]. The discrepancy between the low-energy and high-energy measurements of the semileptonic branching
ratio is therefore larger than 3 standard deviations. If we take the average and inflate the
error to account for this fact, we obtain
BSL = (10.90 ± 0.46)%.

(3.23)

In understanding this result, an important aspect is charm counting, i.e. the measurement
of the average number nc of charm hadrons produced per B decay. Recently, two new (preliminary) measurements of this quantity have been performed. The CLEO Collaboration
has presented the value n c = 1.16 ± 0.05 [133, 135], and the ALEPH Collaboration has
reported the result n c = 1.20 ± 0.08 [136]. The average is
nc = 1.17 ±0.04.

(3.24)

In the parton model, one finds BSL — 13% and nc ~ 1.15 [137]. Whereas nc is in
agreement with experiment, the semileptonic branching ratio is predicted to be too large.
With the establishment of the 1/rriQ expansion the non-perturbative corrections to the
parton model could be computed, and they turned out to be too small to improve the
prediction. This led Bigi et al. to conclude that values BSL < 12.5% cannot be accommodated by theory, thus giving rise to a puzzle referred to as the "baffling semileptonic
branching ratio" [138]. The situation has changed recently, however, when it was shown
that higher-order perturbative corrections lower the value of BSL significantly [139]. The
exact order-Qs corrections to the non-leptonic width have been computed for mc ^ 0, and
an analysis of the renormalization scale and scheme dependence has been performed. In
particular, it turns out that radiative corrections increase the partial width T(B —> Xci3)
by a large amount. This has two effects: it lowers the semileptonic branching ratio, but
at the price of a higher value of n c .
The original analysis of Bagan et al. has recently been corrected in an erratum [139].
Here I shall present the results of an independent numerical analysis using the same theoretical input (for a detailed discussion, see Ref. [140]). The semileptonic branching ratio
and nc depend on the quark-mass ratio mc/mb and on the ratio n/mi,, where fi is the scale
used to renormalize the coupling constant as(fi) and the Wilson coefficients appearing in
the non-leptonic decay rate. The freedom in choosing the scale \i reflects our ignorance
of higher-order corrections, which are neglected when the perturbative expansion is truncated at order as. Below we shall consider several choices for the renormalization scale.
We allow the pole masses of the heavy quarks to vary in the range [see (1.34)]
m6 = (4.8 ±0.2) GeV,

mb - mc = (3.40 ± 0.06) GeV,

(3.25)

corresponding to 0.25 < mc/mb < 0.33. Non-perturbative effects appearing at order 1 /ml
in the heavy-quark expansion are described by the single parameter A2 ^ 0.12 GeV2
4) Theoretically, this is expected to be a very good approximation.
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denned in (3.10); the dependence on the parameter X\ is the same for all inclusive decay
rates and cancels out in BSL a nd nc. For the two choices y. — mb and fj, = ra&/2, we obtain

n, =

12.0 ± 1.0%;
10.9 ± 0.9%;
1.21 =F 0.06;
1.22 q= 0.06;

fi = mb,
ft = mj/2,
// = mb,
n = mb/2.

(3.26)

The uncertainties in the two quantities, which result from the variation of mc/mb in the
range given above, are anticorrelated. Notice that the semiieptonic branching ratio has a
stronger scale dependence than n c . This is illustrated in Fig. 3.3, where I show the two
quantities as a function of \i. By choosing a low renormalization scale, values £?SL < 12%
can easily be accommodated. The experimental data prefer a scale /i/m& ~ 0.5, which is
indeed not unnatural. Using the BLM scale setting method [68], Luke et al. have estimated
that fi ^t 0.32m;, is an appropriate scale to use [130].

0.25

Figure 3.3: Scale dependence of the theoretical predictions for the semiieptonic
branching ratio and nc. The bands show the average experimental values given
in (3.23) and (3.24).
The combined theoretical predictions for the semiieptonic branching ratio and charm
counting are shown in Fig. 3.4. They are compared with the experimental results obtained
from low- and high-energy measurements. It was argued that the combination of a low
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semileptonic branching ratio and a low value of nc would constitute a potential problem for
the Standard Model [141]. However, with the new experimental and theoretical numbers,
it is only for the low-energy measurements that a small discrepancy remains between
theory and experiment.

c° 1.2 -

10

11

12

13

14

B S L (%)
Figure 3.4: Combined theoretical predictions for the semileptonic branching
ratio and charm counting as a function of the quark-mass ratio rac/mj, and
the renormalization scale fx. The data points show the average experimental
values for 5SL and nc obtained in low-energy (LE) and high-energy (HE) measurements, as discussed in the text.
Previous attempts to resolve the "problem of the semileptonic branching ratio" have
focused on four possibilities:
— It has been argued that the experimental value of nc may depend on model assumptions about the production of charm hadrons, which are sometimes questionable
[141, 142].
— It has been pointed out that the assumption of local quark-hadron duality could fail
in non-leptonic B decays [143]-[146]. If so, this will most likely happen in the channel
b —¥ ccs, where the energy release, E — mg — mx(ccs), iS °f order 1.5 GeV or less.
However, if one assumes that sizeable duality violations occur only in this channel,
it is impossible to improve the agreement between theory and experiment [147].
— Another possibility is that higher-order corrections in the 1/m;, expansion, which
were previously thought to be negligible, give a sizeable contribution. As will be
discussed in more detail below, certain corrections involving the participation of a
spectator quark are enhanced by phase space, so that they lead to effects of relative
size 167T 2 (AQCD/"Z6) 3 rather than (AQCD/™&) 3 [147]. They could lower the semileptonic branching ratio by up to 1%, depending on the size of some hadronic matrix
elements [140]. Lattice calculations could help to confirm or rule out this possibility.
— Finally, there is also the possibility to invoke New Physics [148]—[151]. One may, for
instance, consider extensions of the Standard Model with enhanced flavour-changing
neutral currents such as b -> 5 g. The effect of such a contribution would be that both
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and nc are reduced by a factor (1 + JfBfJ1)-1, where rj = (r rare - Tf^e)/TSL. To
obtain a sizeable decrease requires values 77 ~ 0.5, which are large (in the Standard
Model, r^ e /TsL ~ 0.1), but not excluded by current experiments.
For completeness, I briefly discuss the semileptonic branching ratio for B decays
into a r lepton, which is suppressed by phase space. The ratio of the semileptonic rates
for decays into r leptons and into electrons can be calculated reliably. The result is [118]
(

3,7,

This ratio has been measured at LEP and is found to be [133]
(3.28)
in good agreement with the theoretical prediction.
3.3

Lifetime Ratios of b Hadrons
The heavy-quark expansion shows that the lifetimes of all hadrons containing a b
quark agree up to non-perturbative corrections suppressed by at least two powers of 1/roj,.
In particular, it predicts that
T(S°)

^ |

= (1.00 ± 0.01)+ O(l/mf),

r(At)

_

A4(A&) — \i

r(B°) ~
2mJ
~ 0.98 + O{l/ml),

,ub
(3.29)

where CQ ~ 1.1, and I have used (3.10) and (3.13). The uncertainty in the value of the
ratio T(BS)/T(BCI) arises from unknown SU(3)-violating effects in the matrix elements of
Bs mesons. The above theoretical predictions may be compared with the average experimental values for the lifetime ratios, which are [46, 152]:

r(B°)

= 1.02 ±0.04,
= 1.01+0.07,
« 0.78 ±0.05.

(3.30)

Whereas the lifetime ratios of the different B mesons are in good agreement with the
theoretical prediction, the low value of the lifetime of the Af, baryon is surprising.
To understand the structure of the lifetime differences requires to go further in the
1/mj, expansion [153]. Although at first sight it appears that higher-order corrections
could be safely neglected given the smallness of the 1 /ml corrections, this impression
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Figure 3.5: Spectator contributions to the transition operator T (left), and the
corresponding operators in the OPE (right). Here F, denotes some combination
of Dirac and colour matrices.
is erroneous for two reasons: first, at order l/rnf in the heavy-quark expansion for nonleptonic decay rates there appear four-quark operators, whose matrix elements explicitly
depend on the flavour of the spectator quark(s) in the hadron Hb, and hence are responsible for lifetime differences between hadrons with different light constituents; secondly,
these spectator effects receive a phase-space enhancement factor of 16TT2 with respect to
the leading terms in the OPE [147]. This can be seen from Fig. 3.5, which shows that
the corresponding contributions to the transition operator T arise from one-loop rather
than two-loop diagrams. The presence of this phase-space enhancement factor leads to
a peculiar structure of the heavy-quark expansion for non-leptonic rates, which may be
displayed as follows:
T = To

(3.31)
Here xn and yn are coefficients of order unity. It is conceivable that the terms of order
16TT2 ( A Q C D / 7 7 ^ ) 3 could be larger than the ones of order (AQCD/W(>) 2 - It is thus important
to include this type of corrections to all predictions for non-leptonic rates. Moreover, there
is a challenge to calculate the hadronic matrix elements of the corresponding four-quark
operators with high accuracy. Lattice calculations could help to improve the existing
estimates of such matrix elements.
In total, a set of four four-quark operators is induced by spectator effects. They are:
-7s)
q

O s_P = 6(1 -

- 75)
75)6,

g_P = 6(1 -

(3.32)

where q is a light quark, and ta are the generators of colour SU(3). In most previous
analyses of spectator effects the hadronic matrix elements of these operators have been
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estimated making simplifying assumptions [153]-[156J. For the matrix elements between
.B-meson states the vacuum saturation approximation [1.57] was assumed, i.e. the matrix
elements of the four-quark operators have been evaluated by inserting the vacuum inside
the current products. This leads to
(Bq\0<v_A \Bq) = (Bq\Ol.P

\Bq) =

pBm\,

{5,| Tv_A \Bq) = (Bg\ Ti_P \Bq) = 0,

(3.33)

where fsq is the decay constant of the Bq meson, which is defined as
( \ \

.

(3.34)

This approach has been criticized by Chernyak, who estimates that corrections to the
vacuum saturation approximation can be as large as 50% [158].
An unbiased analysis of spectator effects, which avoids assumptions about hadronic
matrix elements, can be performed if instead of (3.33) one defines [140]

\Bq)=e2flqmlq.

(3.35)

The values of the dimensionless hadronic parameters B{ and £,• are currently not known;
ultimately, they may be calculated using some field-theoretic approach such as lattice
gauge theory or QCD sum rules. The vacuum saturation approximation corresponds to
setting Bi = 1 and e,- = 0 (at some scale (JL, where the approximation is believed to be
valid). For real QCD, however, it is known that
B, = O(1),

ei = O(l/Nc),

(3.36)

where Nc is the number of colours. Below, we shall treat Bi and £,• (renormalized at the
scale nib) as unknown parameters. Similarly, the relevant hadronic matrix elements of the
four-quark operators between Aj-baryon states can be parametrized by two parameters,
B and r, where B = 1 in the valence-quark approximation, in which the colour of the
quark fields in the operators is identified with the colour of the quarks inside the baryon
[140].
3.3.1 Lifetime ratio for B~ and B°
The lifetimes of the charged and neutral B mesons differ because of two types of
spectator effects, which are referred to as Pauli interference and W exchange [154]—[156].
They are illustrated in Fig. 3.6. In the operator language, these effects are represented by
the hadronic matrix elements of the local four-quark operators given in (3.35). In fact,
the diagrams in Fig. 3.6 can be obtained from those in Fig. 3.5 by cutting the internal
lines, which corresponds to taking the imaginary part in (3.1).
The explicit calculation of these spectator effects leads to [140]

Ar spec (B g ) =
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[Z
Figure 3.6: Pauli interference and W exchange contributions to the lifetimes
of the B~ and the B° mesons. The spectator effect in the first diagram arises
from the interference due to the presence of two identical u quarks in the final
state.
where
CB- ~ - 0 . 4 £ i + 6.6ex,

(B° =* -2.2£j + 2.4e 2 .

(3.38)

Note the factor of 16TT2 in (3.37), which arises from the phase-space enhancement of
spectator effects. Given that the parton-model result for the total decay width is
(3.39)
we see that the characteristic scale of spectator contributions is
(

\

~5%.

(3.40)

Thus, it is natural that the lifetimes of different 6 hadrons differ by a few per cent.
The precise value of the lifetime ratio depends crucially on the size of the hadronic
matrix elements. Taking js = 200 MeV for the decay constant of the B meson (see
Ref. [25] and references therein), i.e. absorbing the uncertainty in this parameter into the
definition of B, and £,, leads to [140]

^ | l

(3.41)

The most striking feature of this result is that the coefficients of the colour-octet operators
7V-A and Ts-p are orders of magnitude larger than those of the colour-singlet operator
OV-A- As a consequence, the vacuum insertion approximation, which was adopted in
Ref. [153] to predict that r(B~)/T(Bd) is larger than unity by an amount of order 5%,
cannot be trusted. With E, of order l/iVc, it is conceivable that the non-factorizable
contributions actually dominate the result. Thus, without a detailed calculation of the
parameters e, no reliable prediction can be obtained. Given our present ignorance about
the true values of the hadronic matrix elements, we must conclude that even the sign of
the sum of the spectator contributions cannot be predicted. A lifetime ratio in the range
0.8 < T(B~)/T(B°)
< 1.2 could be easily accommodated by theory.
In view of these considerations, the experimental fact that the lifetime ratio turns
out to be very close to unity is somewhat of a surprise. It implies a constraint on a certain
combination of the colour-octet matrix elements, which reads
ei - 0.3e2 = few %.
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(3.42)

3.3.2 Lifetime ratio for Bs and Bj
The lifetimes of the two neutral mesons Bs and B& differ because spectator effects
depend on the flavour of the light quark, and moreover because the hadronic matrix
elements in the two cases differ by SU(3) symmetry-breaking corrections. It is difficult to
predict the sign of the net effect, but the magnitude cannot be larger than one or two per
cent [140, 153]. Hence
~ ^

= 1 ± 0(1%),

(3.43)

which is consistent with the experimental value in (3.30). Note that T(BS) denotes the
average lifetime of the two Bs states.
3.3.3 Lifetime ratio for A& and B°
Although, as shown in (3.29), lifetime differences between heavy mesons and baryons
start at order I/ml, * n e m a i n effects are expected to appear at order l/mf in the heavyquark expansion. However, here one encounters the problem that the matrix elements
of four-quark operators are needed between baryon states. Very little is known about
such matrix elements. Bigi et al. have adopted a simple non-relativistic quark model and
conclude that [153]

l | M = 0.90-0.95.

(3.44)

An even smaller lifetime difference has been obtained by Rosner [159].
An unbiased analysis gives, in the present case [140]:

4M

0.022B)r,

(3.45)

where B and r are expected to be positive and of order unity. Given the structure of
this result, it seems difficult to explain the experimental value r(At)/r(F°) = 0.78 ±0.05
without violating the bound (3.42).5) Essentially the only possibility is to have r of order
2-4 or so, as there are good theoretical arguments why B cannot be much larger than
unity. On the other hand, in a constituent quark picture, r is the ratio of the wave functions
determining the probability to find a light quark at the location of the b quark inside the
Ai baryon and the B meson, i.e.

J^M,

(3.46)

and it is hard to see how this ratio could be much different from unity.
In view of the above discussion, the problem of the short A(, lifetime appears as
a puzzle, whose explanation may lie beyond the heavy-quark expansion. If the current
experimental value persists, one may have to question the validity of local quark-hadron
duality, which is assumed in the theoretical calculation of lifetimes and (non-leptonic)
inclusive decay rates.
5) Another constraint arises if one does not want to spoil the theoretical prediction for
the semileptonic branching ratio [140].
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4.

CP VIOLATION

The violation of CP symmetry is one of the most intriguing aspects of high-energy
physics. Experimentally, it is one of the least tested properties of the Standard Model. To
date, there is only a single unambiguous measurement of a CP-violating parameter: the
measurement of CK in K decays [160]. The Standard Model description of CP violation
is very predictive, on the other hand; all CP-violating effects are related to the phase 8
of the CKM matrix. Yet, this description has two major difficulties: first, CP violation is
a necessary prerequisite for baryogenesis [161], but CP violation in the Standard Model
is believed to be too small to account for the observed baryon asymmetry in the Universe; secondly, there is the so-called strong CP problem. The symmetries of the strong
interactions allow a term in the QCD Lagrangian that violates CP:
e^TrG^G^.

(4.1)

The problem is that such a term would contribute to the electric dipole moment of the
neutron [162, 163]. In general, electric dipole moments of elementary particles are sensitive
probes of CP-violating effects. Since the only vector that characterizes an elementary particle is its spin,6) we must have D — dJ. However, J and D have different transformation
properties under parity and time-reversal transformations. Consequently, if either P or T
is a good symmetry, we must have d = 0. According to the CPT theorem, a violation of
time-reversal symmetry implies CP violation. This is why measurements of electric dipole
moments can be used to constrain CP-violating parameters. The current experimental
upper bound on the electric dipole moment of the neutron
\dn\ < 1.1 x 10" 25 ecm

(95% CL)

(4.2)

implies \9\ < 10~9, corresponding to an extreme fine-tuning of a parameter in the QCD
Lagrangian. The above two problems call for extensions of the Standard Model, such as
the Peccei-Quinn symmetry [164]. The prospects are thus good that detailed studies of
CP-violating phenomena at future B factories will provide hints to physics beyond the
Standard Model.
Besides measurements of the electric dipole moments of the electron and the neutron, the most interesting observables for CP violation are the weak decays of K and B
mesons. In this lecture, I will present first a general, model-independent discussion and
classification of CP-violating effects in meson decays. I will distinguish three types of CP
violation: direct CP violation in weak decays, indirect CP violation in the mixing of neutral meson states, and CP violation in the interference of mixing and decay. In the second
part, I will then focus on an analysis of these effects in the Standard Model. Much of my
discussion here follows a review article by Nir [165], which also contains more details on
CP violation in extensions of the Standard Model. Another excellent overview of this field
can be found in the comprehensive review article by Buchalla et al. [166].

4.1 P, C, and CP Transformations
I start with a discussion of the parity, charge-conjugation and CP transformations
acting on meson states. The parity transformation is a space-time transformation, under
6) In this sense, the term "elementary particle" applies to the neutron, too.
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which t -¥ t, x —v —x. It changes the sign of momenta, p -*• —p, leaving spins unchanged.
For pseudoscalar mesons P and P, the parity transformation implies (adopting the common phase conventions)
P \P{p)) = -\P(-p)),

P \P(p)) = ~\P(-p)).

(4.3)

Charge conjugation is a transformation that relates particles and antiparticles, leaving all space-time coordinates unchanged, i.e.
C \P(P)) = \P(p)),

C \P(p)) = \P(p)).

(4.4)

The combined transformation, CP, acts on the pseudoscalar meson states as follows:
CP \P(p)) = -\P(-p)),

CP \P(p)) = -\P(-f)).

(4.5)

For neutral mesons, P° and P°, one can construct the CP eigenstates

\P?) = - L (|po) _ |po } ) ^

|po}= _ ^ (|p 0 )+

|p0))?

(4 6)

which obey
°
4.2

°

°

0

(4.7)

Direct CP Violation in Weak Decays

Consider two decay processes related to each other by a CP transformation. Let P
and P be CP-conjugated pseudoscalar meson states, and / and / some CP-conjugated
final states:
CP|P) = e ! ^ | P ) ,
C P |/) = e il " | / ) .
(4.8)
The phases ipp and </?/ are arbitrary. The CP-conjugated decay amplitudes, A and A, can
then be written as
= {f\H\P) =
= (f\n\P)=

e1"^"-*') 53 Ai ei&' e~^ ,

(4.9)

where 7-L is the effective Hamiltonian for weak decays, and Ai are real partial amplitudes.
Two types of phases may appear in the decay amplitudes: the weak phases fa are parameters of the Lagrangian that violate CP. They usually appear in the electroweak sector
of the theory and enter A and A with opposite signs. The strong phases Si appear in
scattering amplitudes even if the Lagrangian is CP invariant. They usually arise from
rescattering effects due to the strong interactions and enter A and A with the same sign.
Although the definition of strong and weak phases is to a large degree convention
dependent, one can show that the ratio
A

'-"""

"

(4.10)

is independent of phase conventions and therefore physically meaningful. The condition
A
A

1

=*> direct CP violation

(4.11)

implies CP violation, which results from the interference of decay amplitudes leading to
the same final state. Note that this requires at least two partial amplitudes that differ in
both their weak and strong phases.
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Experimental observation of direct CP violation: Since mixing is unavoidable in neutral
meson decays, it is best to observe direct CP violation in the decays of charged mesons.
One defines the CP asymmetry:
1

=

(

> /) - T{P- -> / )

T(P+ ~>f) + r(p-

-+/)

1 - \A/A\2
I + \A/A\*'

{

The requirement of at least two partial amplitudes with different phases forces us to
consider non-leptonic decays, since leptonic and semileptonic decays are usually dominated by a single diagram. Non-leptonic decays, on the other hand, can receive so-called
"tree" and "penguin" contributions [34].7) Penguin diagrams contain a VK-boson-quark
loop and typically involve other weak phases than tree diagrams. In order to get large
interference effects, one needs partial amplitudes with similar magnitude [167]. A possibility is to consider decays in which the tree contribution is suppressed, with respect
to the penguin contribution, by small CKM parameters. This compensates for the loop
suppression of penguin diagrams. In the Standard Model, an example of this type is the
decay B± ™» K±p° shown in Fig. 4.1, for which the tree diagram is proportional to the
small CKM parameters V^,V£S ~ 10~3, whereas the penguin diagram is proportional to
(a5/127r)ln(mf2/™£) VtbVt* ~ 0.02 x 0.04 ~ 10"3. Another possibility is to consider treeforbidden decays, which can only proceed through penguin diagrams. In this case it is
the possibility to have different quarks in the loop (t,c, u) that leads to the interference.
Examples are B± -> K^K and B* ->• K*^, as well as the radiative decays B± —>• K*±f
and B± -» p ± 7, see Fig. 4.2. Unfortunately, the decays /if* ->• n^n0 and B± —> ^n0 are
pure A/ = | transitions and are thus governed by a single strong phase 82 corresponding
to a 7T7T final state with isospin 7 = 2; isospin I — 1 is not allowed because of Bose symmetry. It follows that aVT = 0. There is no unambiguous experimental evidence for direct
CP violation vet.

Figure 4.1: Tree and penguin diagrams for the decay B± —>• K±p°.
Hadronic uncertainties: Theoretical calculations of direct CP-violating asymmetries
have large hadronic uncertainties. They are limited by our incapacity to calculate hadronic matrix elements of quark operators with high accuracy. Moreover, direct CP violation
requires non-trivial strong phase shifts, which are notoriously hard to calculate. In some
cases, however, part of the uncertainty can be eliminated using isospin analysis [168]-[172].
Nevertheless, in general it would be difficult to extract precise information on fundamental
CP-violating parameters from a measurement of direct CP asymmetries.
7) It is a challenge to draw a penguin diagram in such a way that it would actually
deserve its name. Among the various rumours about the origin of the name "penguin",
I tend to believe the one of a well-known CERN theorist, who had a bet that he could
introduce any name he wanted into high-energy physics.
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Figure 4.2: Penguin diagrams for some tree-forbidden B decays.

4.3

Indirect CP Violation in the Mixing of Neutral Mesons
The neutral mesons P° and P° can mix via common decay channels:

P° <+ X ^ P°.

(4.13)

An arbitrary neutral meson state can thus be written as a superposition of the flavour
eigenstates, a\P°) + b\P°), which obeys the time-dependent Schrodinger equation
(4.14)

I —

where M and F are Hermitian 2 x 2 matrices, which are called the mass and decay
matrices, respectively. Since the Hamilton operator, H, is not Hermitian, its eigenvectors

\P1<2)=p\Po)±q\P0);

(4.15)

are not orthogonal, and the eigenvalues
2

(4.16)

are complex. This reflects that the states Pi and P2 are resonances, not elementary particles. M, are the masses of these resonances, and Fj are their decay widths. The states
Pi have a diagonal time evolution given by
(4.17)
One can show that the ratio
(4.18)
is independent of phase conventions and therefore physically meaningful. The condition
£1

=*•

indirect CP violation

(4.19)

implies CP violation, which results from the fact that the flavour eigenstates are different
from the CP eigenstates.
Let me collect some useful equations related to the mixing of neutral mesons. Define
the mass difference Am = mi — rn\ and the width difference AF ~ F2 — IV Then the
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following relations hold:

= 4Re(M12H2),
q

1 Am — |

p

2M12-ir12

Am-^AV

An alternative common notation is to define I such that
1+ e
P

1-e
q

"

1 -I

~

ij the icaon system: One defines the "short-lived" and "long-lived" neutral kaon
states Ks — A'x and KL = A'2, which differ significantly in their lifetimes: TS = (8.926 ±
0.012) x 10"11 s and TL = (5.17 ±0.04) x 10~8 s. Experimentally,
AmA- = mL - ms = (3.510 ± 0.018) x 10"15 GeV,
ArA- = TL - T5 = -(7.361 ± O.OIO) x 10"15 GeV,

(4.22)

so that
~ -2Am A -.

If we define

r*

1

Ti 2

12

(4.23)

(4.24)

M,12
the experimental observation that there is only a small CP violation in the kaon system
is reflected in the fact that |<^>i2| = <9(10~3). From (4.20), we find to first order in this
small angle

so that with (4.23)
(4.26)

PK
qjp in the B-meson system: Decay channels common to B° and B°, which are responsible for the difference AFB, are known to have branching fractions of order 10"3 or less.
Hence, although ATB has not yet been measured directly, it follows that IATBI/TB <
10"2. The observed B°-B° mixing rate implies AmB/TB = 0.74 ±0.04 [173], on the other
hand, so that model independently
|ArB|<AmB.

(4.27)

Thus, there is a negligible lifetime difference between the CP eigenstates, and one therefore
refers to these states as "light" and "heavy", BL = B\ and BH — B2. It follows that
|r i 2 | <3C |Mj 2 |, and to first order in Tn/Mn we obtain from (4.20)
<4'28>
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Hence
P

B

- 1 ~ - 2 Re eB = O(10~2).

(4.29)

As in the kaon system, CP violation in B°-B° mixing is a small effect.
Experimental observation of indirect CP violation in the kaon system: One uses the
fact that the semileptonic decays of neutral mesons are flavour-tagging, i.e. P°-/±£~u and
P°-f>£+D, and defines
A = {ti>X\ H \P°),

A* = {fuX\ U |F°).

(4.30)

Because of the large lifetime difference between the two neutral kaon states, it is possible
to prepare a beam of KL particles and to measure the asymmetry
K
SL

__ T(KL -> t*vX) - T(KL -> t-uX)
T(KL -». £+*X) + T{KL -+ 1-vX) "

K

'

Using that \KL) = p\K°) - q\K°), and hence
{tuX\ H \KL) = pA,

(i-uX\ n \KL) = -qA*,

(4.32)

we find that
Experimentally, it was found that
4 L = (3.27 ± 0.12) x 10" 3 .

(4.34)

This was the observation of indirect CP violation in the kaon system [160].
Experimental observation of indirect CP violation in the B-meson system: Since BL
and BJJ have almost identical lifetimes, it is not possible to produce selectively beams of
BL or BH particles. With mn,L ~ WB ± | A m s and TH,L — TB> eq. (4.17) gives for the
time evolution of an initially pure B° state:

YP
~ e~imBt e~'rBt \e-L'AmBt
= e-imBt e~

\BH)

cos ( i AmBt) \B°) + ^ sin (f AmBt) |S 0 )} . (4.35)

Similarly:
\B°(t)) = e~imBt e~^Bt [ cos ( | Am B i) \B°) + - sin (i AmB<) |B 0 )} .

(4.36)

Defining the semileptonic asymmetry as
SL

T{B°{t)
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l

'

;

and taking into account that B°-f*t v and £°-/»£ + i/, we obtain
I

~

4 R e lB = O ( 1 0

"2)'

(4 38)

-

To date, there is no experimental evidence for indirect CP violation in the B-meson
system.
Hadronic uncertainties:
The calculation of \q/p\ involves hadronic matrix elements of
local four-quark operators (so-called B parameters). The theoretical uncertainty in the
calculation of such matrix elements is about 30%.

4.4

CP Violation in the Interference of Mixing and Decay
Consider decays of neutral mesons into CP eigenstates:

A = {fCP\H\P°),

A* = (fCP\H\P°).

(4.39)

It can be shown that the product

A-J.i

(4.40,

is independent of phase conventions and thus physically meaningful. In other words, the
convention dependence of q/p cancels against that of A/A. The condition
A^ 1

=»

CP violation

(4.41)

implies CP violation. Note that direct CP violation (|A//1| ^ 1) and indirect CP violation
(\q/p\ 7^ 1) imply |A| ^ 1, but they are not necessary for the weaker condition A ^ 1. In
fact, the case |A| = 1 but ImA ^ 0 is the theoretically favoured situation. In that case A
is a pure phase, which can be calculated without hadronic uncertainties.
Many decays of neutral B mesons are of the kind described above. If one defines
the CP asymmetry [174]-[176]
a/cp

- r(g(O>/cp)r(g(*)>/cp)
r(2?°(t) + /CP) + i w o > /CP)

l

}

and takes into account that \q/p\B — 1, it follows that
G

/CP |A

(1 - |A|2) cos(Amsi) - 2ImA
1 + IAl2

4* -ImA sin(Am B 0 .

s'm(AmBt)

(4.43)

The "clean modes" with |A| ~ 1 are those dominated by a single weak phase <j>, so that

i*«-«

(4.44)

is close to a pure phase. Examples of such decays are discussed in detail below. Unfortunately, this method is not useful in kaon decays, since
),
i.e. very small.
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(4.45)

4.5

CP Violation in the Standard Model
In the second part of this lecture, I specify the general framework described above
and discuss CP violation in the context of the Standard Model. Below mass scales of order
mw ~ 80 GeV, the Standard Model gauge group S U C ( 3 ) X S U L ( 2 ) X U Y ( 1 ) is spontaneously
broken to SUc(3) x U e m (l), since the scalar Higgs doublet <f> acquires a vacuum expectation
value. This gives masses to the W and Z bosons, as well as to the quarks and leptons.
The quark masses arise from the Yukawa couplings to the Higgs doublet, which in the
unbroken theory are assumed to be of the most general form invariant under local gauge
transformations. The Yukawa interactions are written in terms of the weak eigenstates q'
of the quark fields, which have simple transformation properties under S U L ( 2 ) X Uy(l)After the symmetry breaking, one redefines the quark fields so as to obtain the mass terms
in the canonical form. This has an interesting effect on the form of the flavour-changing
charged-current interactions. In the weak basis, these interactions have the form

£ int = --2L (u'L, c'L, t'L) Y

f

«L Wj + h.c.

(4.46)

In terms of the mass eigenstates q, however, this becomes
('4'

£int = — ~ (uuch,tL)rVcKM

^

SL Wj + h.c.

A.
U

(4.47)

The CKM mixing matrix VCKM is a unitary matrix in flavour space. In the general case
of n quark generations, VCKM would be an n x n matrix.
For two generations, the mixing matrix can be parametrized by one angle and three
phases:
( cos9ceia sin 0C e"
^ — sin 0c e*7 cos 0c e1
_ (e™ 0 W

-\0

cos0c s i n 0 c W l

0

\
a

e*) {- sin 0c cos 0c J \0 e^~ )) '

,
W)

^

The phases are not observable, however, as they can be absorbed into a redefinition of the
phases of the quark fields « L , CL, and SL relative to d\,. After this redefinition, the matrix
takes the standard form due to Cabibbo [177]:
( cos0 c s i n * A
\ —sin 0c cos 0 c /

(4.49)

In the case of three generations, VCKM can be parametrized by three Euler angles and six
phases, five of which can be removed by adjusting the relative phases of the left-handed
quark fields. Hence, three angles 0,j and one observable phase S remain in the quark mixing
matrix, as was first pointed out by Kobayashi and Maskawa [178]. For completeness, I
note that in the general case of n generations, it is easy to show that there are \n(n — 1)
angles and | ( n - l ) ( n - 2 ) observable phases [179]. Therefore, whereas the Cabibbo matrix
is real and has only one parameter, the CKM matrix is complex and can be parametrized

165

by four quantities. The imaginary part of the mixing matrix is necessary to describe CP
violation in the Standard Model. In general, CP is violated in flavour-changing decays if
there is no degeneracy of any two quark masses, and if the quantity Jcp 7^ 0, where
= I I m (VijVuVJVZ)

I;

i ? k ,

j ^ l .

(4.50)

It can be shown that all CP-violating amplitudes in the Standard Model are proportional
to Jcp, and that this quantity is invariant under phase redefinitions of the quark fields
[180].
Ignoring the strong CP problem, i.e. assuming that 6 = 0 in (4.1), the complex
phase of the CKM matrix is the only parameter in the Standard Model that violates CP
symmetry. Hence, the Standard Model is very predictive in describing CP-violating effects:
all CP-violating observables are in principle calculable in terms of only one parameter. In
practice, however, strong interaction effects have to be controlled before such calculations
can be performed.
I will now discuss two of the most convenient parametrizations of the CKM matrix.
The "standard parametrization" [181] recommended by the Particle Data Group is
Cl2 C23 — Si 2 S 23 Si3 e'

S 2 3C i3 | .

(4-51)

—Cl2S23 — 5]

Here, the short-hand notation c,_, = cos#^ and Sjj = sin#,j is used. Some advantages of
this parametrization are the following ones:
\Vub\ = 513 is given by a single angle, which experimentally turns out to be very small.
Because of this, several other entries are given by single angles to an accuracy of
better than four digits. They are: Vu<i ~ Ci2, Vus ~ S\2, Vcb ^ 523, and Vtb ~ c23.
The CP-violating phase S appears together with the small parameter 513, making it
explicit that CP violation in the Standard Model is a small effect. Indeed, one finds
JCP = I S13 5 2 3 5l2 SS Cj 3 C23 C12 | .

(4.52)

For many purposes and applications, it is more convenient to use an approximate
parametrization of the CKM matrix, which makes explicit the strong hierarchy observed
experimentally. Setting C13 = 1 (experimentally, it is known that C13 > 0.99998) and
neglecting 513 compared with terms of order unity, we find
5i 3 e-'*\
5l3C

C12

5l2

—5i 2 C23

C12 C23

523

512-523 — C12 c 2 3 5 1 3 e '

-Ci2 523

c23

(4.53)

Now denote A = 5i 2 — 0.22. Experiments indicate that s23 = O(X2) and 513 = O(A3).
Hence, it is natural to define s 23 — A\2 and Sise"1* = A \z{p — irj), with A, p and 77 of
order unity. An expansion in powers of A then leads to the Wolfenstein parametrization
[182]
1- ~

_A
3

,\ {l~p-irj)

A \3(p - it]) ^

A

l - 2 £ AA2
2

-AX
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1

t-O(A 4 ).

(4.54)

It nicely exhibits the hierarchy of the mixing matrix: the entries on the diagonal are close
to unity, Vus and Vcd are of order 20%, Vcb and Vts are of order 4%, and Vub and Vtd are of
order 1% and thus the smallest entries in the matrix. Some care has to be taken when one
wants to calculate the quantity Jcp in the Wolfenstein parametrization, since the result
is of order A6 and thus beyond the accuracy of the approximation. However, taking i = u,
j = d, k — t, and / = b in (4.50), we obtain the correct answer
"CP ~ A TJ A — 1.1 X 1U

A Tj,

(4.55)

which shows that Jcp is generically of order 10~4 for A ~ 0.22.
In principle, the entries in the first two rows of the mixing matrix are accessible
in so-called direct (tree-level) processes, i.e. in weak decays of hadrons containing the
corresponding quarks. In practice, \Vud\ and \VUS\ are known to an accuracy of better than
1%, \Vcb\ is known to 5%, and \Vcd\ and |VCS| are known to about 10-20%. Hence, the two
Wolfenstein parameters A and A are rather well determined experimentally:
A = \VUS\ = 0.2205 ±0.0018,

Vus2

= 0.80 ± 0 . 0 4 .

(4.56)

On the other hand, |VU;,| has an uncertainty of about 30%, and the same is true for \Vtd\,
which is obtained from B°-B° mixing. This implies a rather significant uncertainty in
the values of the Wolfenstein parameters p and rj. A more precise determination of these
parameters will be a challenge to experiments and theory over the next decade.

4.6

The Unitarity Triangle

A simple but beautiful way to visualize the implications of unitarity is provided by
the so-called unitarity triangle [183], which uses the fact that the unitarity equation
Va V;k = 0

(j ? k)

(4.57)

can be represented as the equation of a closed triangle in the complex plane. There are
six such triangles, all of which have the same area [184]
\AA\ = ^JCp.

(4.58)

Under phase reparametrizations of the quark fields, the triangles change their orientation
in the complex plane, but their shape remains unaffected.
Most useful from the phenomenological point of view is the triangle relation
V AV\
v
ua ' ub

4- VJV'L 4- V*JV! — 0
w
T r ca r cb > r t a r t b
'

(4 59)
y-r.^^y

since it contains the most poorly known entries in the CKM matrix. It has been widely
discussed in the literature [183]—[190]. In the standard parametrization, V^VC£ is real, and
the unitarity triangle has the form shown in Fig. 4.3. It is useful to rescale the triangle
by dividing all sides by VcdV^. The rescaled triangle has the coordinates (0,0), (1,0), and
[191]
-

(^

X2s
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Vtdvtb

Rb

A—

(0,0)

(1,0)

Figure 4.3: The unitarity triangle (left), and its rescaled form in the p-fj plane
(right). The angle 7 coincides with the phase 8 of the standard parametrization.
are related to the Wolfenstein parameters p and 77 appearing in (4.54). Unitarity amounts
to the statement that the triangle is closed, and CP is violated when the area of the
triangle does not vanish, i.e. when all the angles are different from zero.
To determine the shape of the triangle, one can aim for measurements of the two
sides Rb and Rt, and of the angles a, /?, and 7. So far, experimental information is available
only on the sides of the triangle. The current value of \VU(,\ in (2.37) implies

Y±
vcb

= 0.35 ± 0.09.

(4.61)

To determine Rt, one needs information on \Vtd\, which can be extracted from B°-B°
mixing. In the Standard Model, the mass difference Amg between the two neutral meson
states is calculable from the box diagrams shown in Fig. 4.4. The resulting theoretical
expression is
Amg =

£-•- - T)B BBJB

m

B S{mt/mw)

IKdV^j ,

(4.62)

where r}B — 0.55 ± 0.01 accounts for the QCD corrections [192], and S(mtjmw)
is a
function of the top quark mass [193, 194]. The product BBIB parametrizes the hadronic
matrix element of a local four-quark operator between fi-meson states. There exists a vast
literature on calculations of the decay constant /g and the BB parameter. Combining the
results of some recent QCD sum-rule [94, 195] and lattice calculations [196]-[199], I quote
the value
fB = 185 ± 40 MeV.
(4.63)
This, together with the prediction BB ^ 1-08 obtained from lattice calculations [200],
gives
B^fe = (200 ± 40) MeV.
(4.64)
Solving then (4.62) for IV^I, one obtains [201]
| V - | . 8.53 X 10

200 MeV \ /17
/170

mt(mt) )

>B

1/2

(4.65)

Taking fht(mt) ~ (170 ± 15) GeV for the running top-quark mass, and using the new
world average [173]
AmB = (0.465 ± 0.024) ps" 1 ,
(4.66)
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gives

\Vtd\ = (8.53 ±1.81) x 1(T3
The corresponding range of values for Rt is

(4.67)

= 0.99 ± 0.22.
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(4.68)
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d

b

Figure 4.4: Box diagrams for B°-B° mixing in the Standard Model.
Equations (4.61) and (4.68) yield constraints on the Wolfenstein parameters p and
77, which have the form of rings centred at (p,f\) = (0,0) and (0,1). Another constraint
can be obtained from the measurement of indirect CP violation in the kaon system. The
experimental result on the parameter €&• measuring CP violation in K°-K° mixing implies
that the unitarity triangle lies in the upper half plane. The constraint arising in the p-fj
plane has the form of a hyperbola, the shape of which depends on a hadronic parameter
Bfc- The theoretical prediction is [201]
fj \(l - p) A2 (—)

' + (0.69 ± 0.05)1 A2 BK ~ 0.50,

(4.69)

where A = 0.80 ± 0.04 according to (4.56). In the last few years, theoretical calculations
of the BK parameter have converged and give results in the ball park of
A = 0.75 ±0.15.

(4.70)

In particular, the most recent lattice calculations [202, 203] are in good agreement with the
results obtained using the \/Nc expansion [204, 205], and the differences with previous,
lower predictions for BK based on duality and chiral symmetry [206, 207] have been
understood.
In principle, the measurement of the ratio Re (c'/e) m *^e kaon system could provide
a determination of 77 independent of p. In practice, however, the experimental situation
is unclear [208, 209], and the theoretical calculations [21O]-[212] of this ratio are affected
by large uncertainties, so that there currently is no useful bound to be derived.
In Fig. 4.5, I show the constraints which the measurements of i?j,, Rt, and CK imply
in the p-fj plane. Given the present theoretical and experimental uncertainties in the
analysis of charmless B decays, B°-B° mixing, and CP violation in the kaon system, there
is still a rather large region allowed for the Wolfenstein parameters. This has important
implications. For instance, the allowed region for the angle/? of the unitarity triangle (see
Fig. 4.3) is such that
0.34 < sin 2/3 < 0.75.
(4.71)
Below, I will discuss that the CP asymmetry in the decay B —>• tp A's, which is one
of the favoured modes to search for CP violation at a future B factory, is proportional
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Figure 4.5: Experimental constraints on the unitarity triangle in the p-fj plane.
The region between the solid (dashed) circles is allowed by the measurement of
Rt, (Rt) discussed above. The dash-dotted curves show the constraint following
from the measurement of the CK parameter in the kaon system. The shaded
region shows the allowed range for the tip of the unitarity triangle. The base
of the triangle has the coordinates (0,0) and (1,0).
to sin 2/?. Obviously, the prospects for discovering CP violation with such a machine
depend on whether sin 20 is closer to the upper or lower bound in (4.71). A more reliable
determination of the shape of the unitarity triangle is thus of great importance.
On the other hand, our knowledge of the unitarity triangle has already improved a
lot in the last few years, and we are now reaching a state where the analysis described in
this section becomes a serious test of the Standard Model. If the three bands in Fig. 4.5
did not overlap, this would be an indication of New Physics.

4.7

CP Asymmetries in Neutral B-Meson Decays

As mentioned above, decays of neutral B mesons into CP eigenstates provide for
largely model-independent determinations of the angles of the unitarity triangle. In the
B-meson system, up to corrections of order 10~2, we have

M\12
B

|M 1 2 |

\V?hVtd\2

VtbVtd

(4.72)

This combination of CKM parameters can be read off directly from the vertices of the box
diagrams in Fig. 4.4, which in the Standard Model are responsible for the non-diagonal
element M{2 of the mass matrix. Notice that for the real part of the box diagrams, which
determines M ^ , the contributions of c and u quarks in the loops can be neglected.
To eliminate hadronic uncertainties, one has to choose decay modes dominated by a
single diagram. However, most channels receive contributions from "tree" and "penguin"
diagrams, which for a generic b —> qq'q' decay contribute in the ratio [213]-[215]
penguin
tree

aS
—
I2n

i

"*t

In —2 \ • r •

m

170

b

(4.73)

The first factor arises from the loop suppression of the penguin diagrams and is of order
2%, the second factor accounts for the fact that hadronic matrix elements of penguin
operators are usually enhanced with respect to those of the operators appearing in tree
diagrams by r ~ 2-5, and the last factor is the ratio of CKM matrix elements.
It follows that there are three possibilities to obtain the dominance of a single
diagram:
If the CKM parameters of the penguin diagram are not enhanced with respect to the
tree diagram, i.e. if
< 1,

(4.74)

the tree diagram dominates over the penguin diagram. Examples of such decays are
B -»• 7T7T, B -+ DD, Bs -4 pKs and Bs -+ $KS.
If tree diagrams are forbidden, the penguin diagram dominates. Examples of such
decays are B -4 4>KS, B -*• KsKs, Bs -4 r\'r\' and Bs -+ 4>KsIf
= 0 or n ,

(4.75)

both the tree and the penguin diagram have the same weak phase. In that case
one still has \A/A\ = 1, i.e. no hadronic uncertainties. Examples of such decays are
B ->• 4>KS a n d Bs - » i>4>.
Let me illustrate these three classes of decays with explicit examples.
4.7.1 Tree-dominant decays: B -> TTTT
The decay B -> 7T7T proceeds through the quark decay b —> uud, for which both the
tree and the penguin diagram have CKM parameters of order A3, as shown in Fig. 4.6.
Thus, the tree diagram is dominant, and to a good approximation
A

= q -p • A\ - VWtbV*&d •V*
^ b=Vude ~

2 i 0

e 2t7 e2ia

"

=

Hence,
Im A™ ~ sin 2a .

(4.77)

Hadronic uncertainties arise from the small admixture of penguin contributions, which
lead to |A| ^ 1. They are expected to be of order 10% [165], and can be reduced further
by using isospin analysis [168]-[172].

Figure 4.6: Tree and penguin diagrams for the decay B -+ mr.
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4.7.2 Tree-forbidden decays: B -»• <f>Ks
The decay B -+ <f>Ks proceeds through the quark transition 6 —> sss, i.e. it involves
a flavour-changing neutral current, which is forbidden at the tree level in the Standard
Model. Thus, the relevant diagram is the penguin transition shown in Fig. 4.7. A new
ingredient is the presence of K-K mixing, which adds a factor

in the definition of A. This is essential for decays with a single A's, since only B° -> A'0
and B° —¥ K° transitions are allowed, and interference between them is possible only due
to K-K mixing. It follows that
P)B

VP)K A ~ VthVt'd V&

V£VU " °

'

and therefore
- sin 2/? •

Im
b

N

^*
d

(4.80)

S

H

:]•

Figure 4.7: Penguin diagram for the decay B -4- 4>I<s

4.7.3 Decays with a single weak phase: B -¥ 4>Ks
The decay B -*• iftKs is based on the quark transition b -» ccs, for which the
tree diagram is dominant. As shown in Fig. 4.8, the tree amplitude is proportional to
VcbV;s ~ A2. One finds

and therefore
ImA^K's ^ s i n 2 / ? .

(4.82)

In the present case, the contamination from the penguin contribution is extremely small
[175]. Depending on the flavour q of the quark in the loop of the penguin diagram, the
penguin contributions are proportional to VtbVt* ~ A2 (for q = <), VcbV*3 ~ A2 (for q — c),
and VubV's ~ A4 (for q = u). Because of the relation VtbVt* = -VcbVc*3 + O(A4), it follows
that up to very small corrections the penguin contributions have the same weak phase
as the tree diagram. Hence, their presence affects neither |A| nor ImA. Detailed estimates
show that the hadronic uncertainties are only of order 10"3. This makes the measurement
of sin 2/3 in B —> tftKs the theoretically cleanest determination of any CKM parameter.
For this reason, this decay is often considered the "gold-plated" mode of a B factory.
The above-mentioned examples are only meant to illustrate the range of possibilities
for performing model-independent measurements of CP-violating CKM parameters in
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Figure 4.8: Tree and penguin diagrams for the decay B
neutral B-meson decays into CP eigenstates. A summary and some more examples are
given in Table 3. The angle /?' appearing in the CP asymmetries for S4-meson decays is
the analogue of the angle /? in the unitarity triangle denned by the relation
(4.83)

Experimentally, | sin 2/3'| < 0.06.
Table 3: Examples of CP asymmetries for B and Bs decays into CP eigenstates

Quark decay
6 —>• ccs
b —¥ ccd
b —> uud
b —> sss
b —> ssd

B decays
Final state SM prediction
4>KS
- sin 2/3
D+D- s i n 2/3
7T 7T~
sin 2a
-sin2(/3-/?')
4>Ks
+

KSKS

0

Bs decays
Final state

SM prediction
- s i n 2/?'
- s i n 2/3'

pKs

- s i n 2(7 + /?')

4>KS

0
sin2(/?-/?')

At the end of this lecture, let me stress again that the Standard Model description
of CP violation is at the same time very predictive (since all CP violation is related to a
single parameter) and most likely wrong (because of the problems with baryogenesis and
strong CP violation). Thus, the prospects are good that once the various CP asymmetries
in B-meson decays can be explored at a B factory, deviations from the picture described
here will arise. Those deviations would indicate New Physics beyond the Standard Model.
CONCLUDING REMARKS
In these lectures, I have presented an introduction to the theory and phenomenology of heavy-flavour physics. The theoretical tools that allow to perform quantitative
calculations in this area are the heavy-quark symmetry, the heavy-quark effective theory,
and the 1/mg expansion. I have discussed in detail exclusive weak decays of B mesons,
inclusive decay rates and lifetimes of 6 hadrons, and CP violation in B-meson decays.
Besides reviewing the status of the latest developments in these fields, I hope I have convinced you that heavy-flavour physics is a rich and diverse area of research, which is at
present characterized by a fruitful interplay between theory and experiments. This has
led to many significant discoveries and developments on both sides. Heavy-quark physics
has the potential to determine many important parameters of the electroweak theory and

173

to test the Standard Model at low energies. At the same time, it provides an ideal laboratory to study the nature of non-perturbative phenomena in QCD, still one of the least
understood properties of the Standard Model. The phenomenon of CP violation, finally,
is one of the most intriguing aspects of high-energy physics. Today, there is only a single
unambiguous measurement of a CP-violating quantity. But already in a few years, when
CP violation in the 5-meson system can be explored at the B factories, this will very
likely provide some clues about the physics beyond the Standard Model.
Indeed, the prospects for further significant developments in the field of heavyflavour physics look rather promising. With the approval of the first asymmetric B factories at SLAC and KEK, with ongoing 5-physics programs at the existing facilities at
Cornell, Fermilab and CERN, and with plans for future B physics at HERA-B and the
LHC-B, there are Beautiful times ahead of us!
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Abstract
In these lectures I give a short review of the main theoretical ideas
underlying the extensions of the Standard Model of elementary
particle interactions.

1.

INTRODUCTION

Studying physics beyond the Standard Model means looking for the conditions of
the Universe in the first billionth of a second, when its temperature was above 10 u K.
This clearly requires a gigantic intellectual leap in the investigation. It is even more
striking that modern accelerators can reproduce particle collisions similar to those that
continually occurred in the thermal bath in the very first instants of our Universe. We
are now entering the age in which, with the joint effort of experiments and theory, we are
likely to unravel the mystery of the fundamental principles of particle interactions lying
beyond the Standard Model.
The Standard Model [1] describes the interactions of three generations of quarks and
leptons defined by a non-Abelian gauge theory based on the group SU3 x SU2 x U\. The
precision measurements at LEP have given an extraordinary confirmation of the validity
of the Standard Model up to the electroweak energy scale (for reviews, see ref. [2]), and
we have no firm experimental indications for failures of this theory at higher energies. Our
belief that the Standard Model is a low-energy approximation of a new and fundamental
theory is based only on theoretical, but well-motivated^/arguments.
First of all, the electroweak symmetry breaking sector is not on firm experimental
ground. The Higgs mechanism, which is invoked by the Standard Model to generate the Z°
and W± masses, predicts the existence of a new scalar particle, still to be discovered. From
the theoretical point of view, the Higgs mechanism suffers from the so-called "hierarchy"
or "naturalness" problem which, as discussed in sect. 5, leads us to believe that new
physics must take place at the TeV energy scale.
Furthermore, the complexity of the fermionic arid gauge structures makes the Standard Model look like an improbable fundamental theory. To put it in a less qualitative
way, the Standard Model contains many free parameters (e.g. the three gauge coupling
constants, the nine fermion masses and the four Cabibbo-Kobayashi-Maskawa mixing
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parameters); these correspond to important physical quantities, but cannot be computed
in the context of the model. Simplifying the Standard Model structure and predicting its
free parameters are therefore basic tasks of a successful theory.
In these lectures I review the main current ideas about theories beyond the Standard Model, keeping the discussion at a qualitative level and making no use of advanced
mathematics. More comprehensive reviews can be found in refs. [3] (for GUTs), [4] (for
supersymmetry) and [5] (for technicolour).
2.

GUT SUS
The first attempts to extend the structure of the Standard Model have led to the
construction of Grand Unified Theories (GUTs) [6]. The basic idea is that gauge interactions are described by a single simple gauge group, which contains the Standard Model
SUz x SU2 x ^ a s a subgroup and as a low-energy manifestation. At first this may seem
impossible, since a simple gauge group contains a single coupling constant gx and the
strong, weak and electromagnetic couplings have different numerical values. However it
should be remembered that, in a quantum field theory, the coupling constants depend
on the energy scale at which they are probed, as a consequence of the exchange of virtual particles surrounding the charge. The evolution of the gauge coupling constants as
a function of the energy scale can be computed using renormalization group techniques
and perturbation theory, and the relevant equations are described in sect. 7. There, we
will also find that, as we include the quantum effects of all Standard Model particles, the
three gauge coupling constants approach one another as the energy scale is raised. For the
moment, let us assume that the three gauge couplings meet at a single value for a specific
energy scale (Mx) and study possible GUT candidates describing the physics above Mx
with a single gauge coupling constant gxThe simplest example of a GUT is based on the group SUs • Each fermion family is contained in a 10 + 5 representation of SUs- This can be understood from the
decomposition in terms of the Standard Model group:
SU5 -*

SU3 x SU2 x Ui

10 -» (5,l l -|V J l + (S>2>J)ft + (l > l,l)^
5 -*
(3,1,1)^ +(1,2,-IK-

(1)

Here the numbers inside the brackets respectively denote the SU$ and SUv representations
and the Ui quantum numbers. Equation (1) shows that the degrees of freedom for all the
(left-handed) fields in one Standard Model family are described by the two SUs fields
10 and 5. In GUTs not only is the gauge group unified, going from SUz x SU% x U\ to
SUs in this specific example, but also the fermionic spectrum is simplified. As quarks in
QCD come with different colours, in GUTs different quarks and leptons are just different
aspects of the same particle. This also explains the simple integer relations among the
electric charges of different quarks and leptons.
3.

EXPERIMENTAL TESTS FOR GUTs
Theoretical elegance is of course not a sufficient argument to convince us that GUTs
have anything to do with Nature. We need to establish GUTs predictions which can be
confronted with experimental data. The basic idea of GUTs, gauge coupling unification,
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provides such a prediction. Indeed at the GUT scale Mx we can compute the weak mixing
angle:

Here T3 is the third isospin-component and Q is the electric charge. The trace in eq. (2),
taken over any SU$ representation, follows from a correct normalization of the GUT
generators. Before comparing eq. (2) with experiment, one has to rescale it to the low
energies where coupling constants are measured. We will do this in sect. 7, and show
that eq. (2) gives a successful prediction for a class of theories which we have not yet
introduced, supersymmetric GUTs. We anticipate here that, if gauge coupling unification
has any chance to succeed, the unification scale Mx must be extremely large, of the order
of 1015-1016 GeV, which, in the thermal history of our Universe, brings us to consider
events occurring in the first lO" 3 5 -^" 3 8 s.
Since we have promoted the gauge group to SU5, we expect new gauge bosons and
therefore new forces which may have experimental consequences. The decomposition of
the SU$ gauge bosons in terms of Standard Model ones is:
SU5
24

-»
-» (8 f l,0), + (l,S,0) H

Together with the familiar degrees of freedom for the gluons (g) and the electroweak gauge
bosons (W±i W°, B), we find new particles (X and X) which carry both colour and weak
quantum numbers. The gauge bosons X and X affect weak interactions, but modify
standard processes only by an amount (Myy/Afx)2, a fantastically small number, whose
effect is completely undetectable even in the most precise measurements. Nevertheless, the
X-mediated interactions may not be so invisible. Let us inspect the interactions between
X, X and the fermionic currents, which are dictated by SU$ gauge invariance:

(4)

Notice that one cannot assign a conserved baryon (B) and lepton (L) quantum number
to X and X; the new interactions violate both B and L. In the Standard Model B and L
are accidental global symmetries, in the sense that they are just a consequence of gauge
invariance and renormalizability. It is not surprising that B and L are then violated in
extensions of the Standard Model, in particular in GUTs where quarks and leptons are
different aspects of the same particle.
The experimental discovery of processes that violate B and L would be clear evidence for physics beyond the Standard Model. One of the most important of such processes
is proton decay, which has the dramatic consequence that ordinary matter is not stable.
It is easy to see from eq. (4) that the X boson mediates the transition uu ~» e+d. When
dressed between physical hadronic states, this transition is converted into the proton decay modes p —t e+7r°, e+p°, e+T), e+7r+7r~, and so on. The calculation of the proton lifetime
yields

y^yV
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(5)

The uncertainties in the numerical coefficient in eq. (5) come mainly from the difficulty in
estimating the matrix elements relating quarks to hadrons. For reasonable GUT masses,
Mx =* 1015-1016 GeV, eq. (5) predicts a proton lifetime 1021-1025 times larger than the
age of the Universe. It is fascinating that experiments can probe such slow processes by
studying very large samples of matter. The present experimental bound on the lifetime
of the decay mode p —>• e+ir°, the dominant proton decay channel in SU$, is [7]
r(p ~> e+7r°) > 5.5 x 1032 yr .

(6)

This bound already sets important constraints on possible GUT models.
GUTs also provide a framework in which the creation of a primordial baryon asymmetry can be understood and computed. Although this is not an experimental test, it is
clearly a very attractive theoretical feature. Observations tell us that the present ratio
of baryons to photons in the Universe is a very small number, ns/n^ = 4-7 x 10~10. If
ns/ny is then extrapolated back in time following the thermal history of the Universe, one
finds that the excess of baryons over antibaryons at the time of the big bang must have
been A B = (ns — wg)/ n £ ~ 3 x 10~8. We find it disturbing to consider that the present
observed Universe is determined by a peculiar initial condition prescribing that for each
three hundred million baryons there are three hundred million minus one antibaryons.
The hypothesis of baryogenesis is that A B = 0 at the time of the big bang and
that the small cosmic baryon asymmetry was dynamically created during the evolution
of the Universe. The physics responsible for the creation of A B must necessarily involve
interactions which violate B. GUTs are therefore a natural framework for baryogenesis
and it has been proved [8] that they have all the necessary ingredients to generate the
observed value of the present baryon density.
4.

S0lQ AND NEUTRINO MASSES
I have presented SU$ as the simplest GUT, but models based on larger groups can
also be constructed. Probably the most interesting of them [9] is based on the orthogonal
group 50io, which contains SU5 as a subgroup. The 16-dimensional spinorial representation of SO10 decomposes into 10 + 5 + 1 under SU5. We recognize the fermion content
of one Standard Model family. It is quite satisfactory that quarks and leptons with their
different quantum number assignments can be described by a single SOw particle, for
each generation.
In addition to the ordinary quarks and leptons contained in the 10 + 5 of SU$, the
spinorial representation of 50io contains also a gauge singlet. This can be interpreted as
the right-handed component of the neutrino, allowing the possibility of Dirac neutrino
masses. The neutrino mass term can now be written in the form
(^i^M

+h-c

,

(7)

where, for simplicity, we are considering only the one-generation case. The different entries
of the neutrino mass matrix M.

can be understood in terms of symmetry principles. The term S transforms as a singlet
under the Standard Model gauge group and therefore is naturally generated at the scale
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where the SO\Q symmetry is broken, S ~ Mx- The other two terms, T and D, transform
respectively as a triplet and a doublet under the weak group SU2; therefore they can
be generated only after the Standard Model gauge group is broken. However, vacuum
expectation values of triplet fields lead to an incorrect relation between the strengths
of neutral and charged weak currents. We conclude therefore that T ~ 0 and D ~ m/,
where mj is a typical fermion (quark or charged lepton) mass. After diagonalization of the
matrix in eq. (8), we find one heavy eigenstate with mass of order Mx and one (mainly
left-handed) eigenstate with mass [10]:
m

)

In the context of the SO10 GUT, not only do we expect neutrinos to be massive,
but we also understand in terms of symmetries why their masses must be much smaller
than the typical scale of the other fermion masses.

5.

THE HIERARCHY PROBLEM

The hierarchy (or naturalness) problem [11] is considered to be one of the most
serious theoretical drawbacks of the Standard Model and most of the attempts to build
theories beyond the Standard Model have concentrated on its solution. It springs from the
difficulty in field theory in keeping fundamental scalar particles much lighter than A max ,
the maximum energy scale up to which the theory remains valid.
It is intuitive to require that if a particle mass is much smaller than A max , there
should exist a (possibly approximate) symmetry under which the mass term is forbidden. We know an example of such a symmetry for spin-one particles. The photon is,
theoretically speaking, naturally massless since the gauge symmetry A^ —• A^ -f dMX
forbids the occurrence of the photon mass term m2AliA11. Similarly, we can identify
a symmetry which protects the mass of a fermionic particle. A chiral symmetry, under which the left-handed and right-handed fermionic components transform differently
ipL -* etor^L, rjfR —>• e'*tyfi>Q ¥" &i forbids the mass term m ^L^R + h.c. Scalar particles
can be naturally light if they are Goldstone bosons of some broken global symmetry since
their non-linear transformation property <p -> ip + a forbids the mass term m2<p2.
In the case of the Higgs particle, required in the Standard Model by the electroweak
symmetry breaking mechanism, we cannot rely on any of the above-mentioned symmetries.
In the absence of any symmetry principle, we expect the Higgs potential mass parameter
m2H to be of the order of A ^ . Even if we artificially set the classical value of mjj to zero,
it will be generated by quadratically divergent quantum corrections:

m^fALc,

(10)

where a measures the effect of a typical coupling constant.
One may argue that in a renormalizable theory, the bare value of any parameter
is an infinite (or, in other words, cut-off dependent) quantity, without a precise physical
meaning. Since all divergences can be reabsorbed, one can just choose the renormalized
quantity to be equal to any appropriate value. However, we believe that a complete description of particle interactions in a final theory will be free from divergences. From this
point of view, the cancellation between a bare value and quadratically divergent quantum

187

corrections looks like a conspiracy between the infra-red (below Amax) and the ultraviolet
(above Amax) components of the theory. We do not accept such a conspiracy, but, on the
other hand, we know that the parameter m# sets the scale for electroweak symmetry
breaking and it is therefore directly related to rrily. We thus require that the quantum
corrections in eq. (10) do not exceed m^,. This implies an upper bound on Amax:
^Mw ~ TeV .

(11)

We can conclude that the Standard Model has a natural upper bound at the TeV scale,
where new physics should appear and modify the ultraviolet behaviour of the theory.
The hierarchy problem becomes most apparent when one considers GUTs. Here the
Higgs potential of the model contains two different mass parameters: one is of order Mx
and sets the scale for the breaking of the unified group; the other is of order Mw and
sets the scale for the ordinary electroweak breaking. By explicit calculation, one can show
[12] that these parameters mix at the quantum level and the hierarchy of the two mass
scales can be maintained only at the price of fine-tuning the parameters by an amount

6.

SUPERSYMMETRY
Supersymmetry [13], contrary to all other ordinary symmetries in field theory, transforms bosons to fermions and vice versa. This means that bosons and fermions sit in the
same supersymmetric multiplet. In the simplest version of supersymmetry (the so-called
N — 1 supersymmetry), each complex scalar has a Weyl fermion companion and each
massless gauge boson also has a Weyl fermion companion; similarly the spin-2 graviton
has a spin-3/2 companion, the gravitino. Invariance under supersymmetry implies that
particles inside a supermultiplet are degenerate in mass. It is therefore evident that, in
a supersymmetric theory, if a chiral symmetry forbids a fermion mass term, it forbids
also the appearance of a scalar mass term, such as the notorious Higgs mass parameter.
The hierarchy problem discussed in the previous section can now be solved. Indeed, it
has been proved that a supersymmetric theory is free from quadratic divergences [14].
The contribution to m2H proportional to A j ^ in eq. (10) coming from a bosonic loop is
exactly cancelled by a loop involving fermionic particles. Since the dependence on A^^
has now disappeared, we can extend the scale of validity of the theory without provoking
any hierarchy problem.
It should also be mentioned that when supersymmetry is promoted to a local symmetry, which means that the transformation parameter depends on space-time, then the
theory automatically includes gravity and is called supergravity. Because of this characteristic, supersymmetry is believed to be a necessary ingredient for the complete unification
of forces.
Here we are interested in the minimal extension of the Standard Model compatible
with supersymmetry. Each Standard Model particle is accompanied by a supersymmetric
partner: scalar particles (squarks and sleptons) are the partners of quarks and leptons,
and fermion particles {e.g. gluinos) are the partners of the Standard Model bosons (e.g.
gluons). Supersymmetry also requires two Higgs doublets, as opposed to the single Higgs
doublet of the Standard Model, and their fermionic partners mix with the fermionic
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partners of the electroweak gauge bosons to produce particles with one unit of electric
charge (charginos) or no electric charge (neutralinos).
Supersymmetry ensures that the couplings of all these new particles are strictly
related to ordinary couplings. For instance, the couplings of squarks to one or two gluons,
of gluinos to gluons, of squarks and gluinos to quarks are solely determined by aa, the
QCD gauge coupling constant.
The supersymmetric generalization of the Standard Model is therefore a well-defined
theory where all new interactions are described by the mathematical properties of the
supersymmetric transformation. As such, however, the theory is not acceptable since it
predicts a mass degeneracy between the ordinary and the supersymmetric particles; in
Nature, therefore, supersymmetry is not an exact symmetry. In order to preserve the
solution of the hierarchy problem we need to break supersymmetry while maintaining the
good ultraviolet behaviour of the theory. It has been shown [15] that if only a certain set
of supersymmetry-breaking terms with dimensionful couplings are introduced, then the
quadratic divergences still cancel, but the mass degeneracy is removed. Let us generically
call ms the mass that sets the scale for the dimensionful couplings which softly break
supersymmetry. This scale has a definite physical meaning, since all new supersymmetric
particles acquire masses of order ms- It is the energy scale at which supersymmetry has
to be looked for in experiments.
By explicit calculation one finds that, in a softly broken supersymmetric theory,
quadratic divergences cancel, but some finite terms of the kind (a/n)ms remain. From
eq. (10) we recognize that ms behaves as the cut-off of quadratic divergences in the
Standard Model. This is not entirely surprising since, in the limit ms —> oo, all supersymmetric particles decouple and one should recover the ultraviolet behaviour of the Standard
Model. Therefore we conclude that, in a softly broken supersymmetric theory, the cut-off
of quadratic divergences has a physical meaning since it is related to ms, the mass scale of
the new particles. Moreover, following the same argument that led us to eq. (11) we find
that these new particles cannot be much heavier than the TeV scale, if supersymmetry
solves the hierarchy problem. In sect. 8, I will make this argument more quantitative.
Although technically successful, it may appear that the introduction of the soft
supersymmetry-breaking terms is too arbitrary to be entirely satisfactory. But, on the
contrary, it has a very appealing explanation [16]. Let us first promote supersymmetry
to supergravity, possibly a necessary step towards complete unification of forces. Then
assume that supergravity is either spontaneously or dynamically broken in a sector of the
theory that does not directly couple to ordinary particles. In this case, gravity communicates the supersymmetry breaking, and the low-energy effective theory of the supersymmetric Standard Model contains exactly all the terms which break supersymmetry
without introducing quadratic divergences.
From this point of view, the appearance of the soft-breaking terms can be understood
in terms of well-defined dynamics. However, we do not yet know which mechanism breaks
supersymmetry and therefore we are not able to compute the soft-breaking terms. This is
unfortunate because these define the mass spectrum of the new particles. All we can do
now is to keep them as free parameters and hope they will be determined by experimental
measurements or calculated, if theoretical progress is made. In the minimal version of
the theory, there are only four such parameters but, if some assumptions are relaxed, the
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number of free parameters can grow enormously.
7.

SUPERSYMMETRIC UNIFICATION
In the previous section, we have extended the Standard Model to include supersymmetry in order to solve the hierarchy problem. We can now incorporate within this model
the ideas of grand unification, and construct a supersymmetric GUT [17].
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Figure 1: Gauge coupling constant unification predictions obtained by varying log10 Mx (as shown by the numbers inside the bands) for the Standard
and supersymmetric GUT theories. The bands represent the uncertainties in
the prediction. Also shown are the present experimental data and the data
available in 1981. (Courtesy S. Dimopoulos.).
As discussed in sect. 3, the first test of a GUT is gauge coupling unification. At the
one-loop approximation the evolution of the SU$ x SUi x U\ gauge coupling constants
with the energy scale Q2 is given by
cfa,

« = 1,2,3,

It

(12)

where t =. log(A/£/Q2). The coefficients 6,- take into account the numbers of degrees of
freedom and the gauge quantum numbers of all particles involved in virtual exchanges.
For the Standard Model, we find
4

63=-7+-(JV5-3),

1Q

4

62 = - - + -(jV 5 -

41

20

(13)

where Ng is the number of generations. In the supersymmetric case all new particles
influence the running of the gauge coupling constants and modify the 6,- parameters,
63 = - 3 + 2(iV a -3),

62 = 1 + 2 ( ^ - 3 ) ,

b, = 11 + ~(Ng - 3) .

(14)

Assuming Ng = 3 and gauge coupling unification, i.e. 0:3(0) = 02(0) = 5/3cti(0), we can
compute the QCD coupling at(Mz){= ot3(Mz)) and sin20vf(= [1 + a<2(Mz)/ai(Mz)]~1)
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as a function of Mx, taking a~1(Mz) = 127.9 db 0.1 (a" 1 s af 1 + aj 1 ). The results
of the theoretical calculations in the Standard and supersyrnmetric models are shown
in fig. 1, together with the experimental result [7]. Unification of couplings is clearly
inconsistent with the Standard Model evolution for any value of Mx- This rules out any
simple GUT which breaks directly into SU3 x SU2 x U\, with only ordinary matter content.
Inclusion of additional light particles or intermediate steps of gauge symmetry breaking
may reconcile the Standard Model with the idea of unification. Of course, in this case,
any prediction from gauge coupling unification is necessarily lost. More interesting is the
supersymmetric case in which unification is achieved in the minimal version of the model,
with Mx — 1016 GeV. From the historical point of view, it is amusing to notice that in
1981, when supersymmetric GUTs were first proposed, the experimental data [18] were
compatible with standard GUTs, but disfavoured supersymmetric unification; see fig. 1.
8.

ELECTROWEAK SYMMETRY BREAKING
As a realistic theory of particle interactions, the supersymmetric model should describe the correct pattern of electroweak symmetry breaking. This is obtained by the Higgs
mechanism. As already mentioned in sect. 6, supersymmetry requires two Higgs doublets,
as opposed to the single one of the Standard Model. Along the neutral components of the
two Higgs fields, the scalar potential is:

l H°2) = ml\H°\2 + m\\H°2\* - r<&H°H* + h.c.) + ^ ™ ^ (|H?|2 - \H°\')2
where g, g1 are respectively the SU2 and U\ gauge coupling constants. The mass parameters
ml, ml and m| originate from soft-breaking terms and are therefore of the order of ms,
the mass scale introduced in sect. 6. The stability of the potential for large values of fields
along the direction H® = //£ requires
m\ + ml > 2\ml\ .

(16)

Since electroweak symmetry is broken, the origin if" = H% ~ 0 must correspond to an
unstable configuration, which implies:
m\m\ < m\ .

(17)

It is often assumed that the soft-breaking terms satisfy some universality conditions around Mx- Notice that, should for instance m\ — m\, eqs. (16) and (17) cannot
be simultaneously satisfied and electroweak symmetry remains unbroken. Nevertheless,
before drawing any conclusion, we have to include the renormalization effects of changing
the scale from Mx to the electroweak scale Mw. These effects are important as they
are proportional to a large logarithm, \og(Mx/Mw), and they have been systematically
computed up to two loops [19]. Generically, the effect of gauge interactions is to increase
the masses as we evolve from Mx to Mw- Therefore, if all masses are equal at Mx, we
expect gluinos to be heavier than charginos and neutralinos, and similarly squarks to be
heavier than sleptons, because of the dominant QCD effects. On the other hand, Yukawa
interactions decrease the masses in the renormalization from high to low energies. Therefore, the stops will be the lightest among squarks, since the top quark coupling gives the
dominant Yukawa effect.

191

(15)

Let us now consider the evolution of the Higgs mass parameters. As they do not feel
QCD forces at one loop, their gauge renormalization is not very significant. The Yukawa
coupling effect is important for ml, because Hi is the Higgs field responsible for the top
quark mass, but not for m\. Therefore, as an effect of the heavy top quark, m\ decreases
and it is likely to be driven negative around the weak scale, while m\ remains positive. For
rn\ > 0 and m\ < 0, eqs. (16) and (17) can be easily satisfied and electroweak symmetry
is broken [20].
In conclusion, the supersymmetric model is consistent with electroweak symmetry
breaking and the mechanism involved is appealing in several ways. First of all, the breaking
is driven by purely quantum effects, a theoretically attractive feature. Then it needs a
heavy top quark, which agrees with the Tevatron discovery. Finally, we have found that
the dynamics itself chooses to break down SUi. In a supersymmetric theory, colour SU3
could spontaneously break if squarks get a vacuum expectation value, but this does not
happen since squark masses squared receive large positive radiative corrections.
The minimization of the Higgs potential in eq. (15) gives:
Mz _ 92 + 9' 2 _ mi ~ m _ t a f l 2 ft
_ ^ _ _ v _ __________ ,
Sin2!/3

= -mj^m\

'

,1<n
(18)

(19

>

where

. <fl?> = - 4 s M .

(20)

Equation (18) can be interpreted as a prediction of Mz in terms of the soft supersymmetrybreaking parameters (a,) which determine mj, mj, and m\. Unfortunately, we are not able
to compute supersymmetry breaking, and therefore we can only use eq. (18) as a constraint
which fixes one of the parameters a,- in terms of the others.
We can also use eq. (18) to define a quantitative criterion for obtaining upper bounds
on supersymmetric particle masses from the naturalness requirement [21]. It is intuitive
that, as the supersymmetry-breaking scale ms grows, eq. (18) can hold only with an
increasingly precise cancellation among the different terms. We therefore require, for each
parameter a,:
a, dM\
(21)

f
z

oa.i

v

'

where M | is given by eq. (18) and A is the degree of fine tuning. Equation (21) can now
be translated into upper bounds on the supersymmetric particle masses. Independently
of specific universality assumptions on supersymmetry-breaking terms, we find [22], for
instance, that the chargino and the gluino are respectively lighter than 120 and 500 GeV,
if fine tunings no greater than 10% (A = 10) are required.
9.

HIGGS SECTOR
Supersymmetry requires two Higgs doublets and therefore an extended spectrum of
physical Higgs particles. Out of the eight degrees of freedom of the two complex doublets,
three are eaten in the Higgs mechanism and five correspond to physical particles. These
form two real CP-even scalars (h, H), one real CP-odd scalar (A), and one complex
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scalar (H+). As we have seen in the previous section, the Higgs potential contains three
parameters {m\,m\,m$) and one of them is fixed by the electroweak symmetry-breaking
condition, eq. (18). Therefore, all tree-level masses and gauge couplings of the five Higgs
particles are completely described by only two free parameters.
Another important feature of the supersymmetric Higgs potential is that the quartic
coupling is given in terms of gauge couplings, see eq. (15). In the Standard Model case,
the quartic Higgs coupling measures the Higgs mass. Therefore, it is not surprising to find
that in supersymmetry the mass of the lightest Higgs is bounded from above:
mh<Mz\cos2p\ .

(22)

Supersymmetry does not only provide a solution to the hierarchy problem by stabilizing
the Higgs mass parameter, but also predicts the existence of a Higgs boson lighter than
the Z°.
Note that eq. (22) holds only at the classical level. There are important radiative
corrections to the lightest Higgs mass proportional to m* [23]:
3

TO*

ms

^ v

, ,
(23)

The upper bound given in eq. (22) is then modified, and the result is shown in fig. 2 [25].
For extreme values of the parameters, m^ can be as heavy as 150 GeV, but it is generally
much lighter.
This is an excellent opportunity for LEP2, where the Standard Model Higgs boson
can be discovered via the process e+e~ —> hZ° in essentially the entire kinematical range
™>h < y/s — Mz- In the supersymmetric case, the search is more involved, because of the
extended Higgs sector. For tan/3 close to 1, the supersymmetric Higgs boson resembles
the Standard Model counterpart and the LEP2 search is unchanged. For large values
of tan /?, the cross-section for e+e~ —> hZ° is reduced and can become unobservable at
LEP2. However, at the same time, the CP-odd Higgs boson A becomes light and the crosssection for the process e + e~ -» hA is then sizeable. The two different Higgs production
mechanisms are therefore complementary and allow the search for the supersymmetric
Higgs boson at LEP2 for most of the parameters. Nevertheless, a complete exploration
of the whole supersymmetric parameter space will be possible only at the LHC, at the
beginning of the next millenium.
The discovery of a light Higgs boson is certainly not a proof of the existence of supersymmetry at low energies. However, in the Standard Model, vacuum stability imposes
a lower bound on the Higgs mass as a function of the top quark mass [24]. This is shown
in fig. 2 [25], where the validity of the Standard Model is assumed up to the Planck mass.
For comparison, the upper bound on the supersymmetric Higgs mass is also shown in
fig. 2. Notice that, for mt < 175 GeV, the Higgs discovery can discriminate between the
supersymmetric model and the Standard Model with Amax ~ Mpi. Although this is not
strictly true for mt > 175 GeV, it is clear that the Higgs search can in general give good
indications about the scale of new physics.
10.

SUPERSYMMETRY AND E X P E R I M E N T S
If the Higgs search is certainly an important experimental test, evidence for lowenergy supersymmetry will come only from the discovery of the partners of ordinary
particles.
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Figure 2: Left: Lower bound on the Standard Model Higgs boson mass (thick
lines) from metastability requirements, as a function of the top quark mass,
for a cut-off scale A — 1019 GeV. Upper bound on the supersymmetric Higgs
boson mass (thin lines) for ms < 1 TeV. The dashed lines show the uncertainties in the bounds. Right: Lower bounds on the Standard Model Higgs boson
mass from metastability requirements, as a function of the cut-ff scale A for
rnt = 170, 180, 190, 200 GeV (lines from bottom to top). (Courtesy M. Quiros.)
The most important feature of supersymmetry phenomenology is the existence of
a discrete symmetry, called i?-parity, which distinguishes ordinary particles from their
partners. This is not an accidental symmetry, in the sense that it is not an automatic
consequence of supersymmetry and gauge invariance. Nevertheless, it is usually assumed,
or else dangerous B- or /^violating interactions are introduced. It can be understood
as a consequence of gauge symmetry in GUT models which contain left-right symmetric
groups. If imparity is indeed conserved only an even number of supersymmetric partners
can appear in each interaction. As a consequence, supersymmetric particles are produced
in pairs and the lightest supersymmetric particle is stable.
In most of the models, this stable particle turns out to be the lightest neutralino
0
(x )- This is fortunate for the model, since the present density of electric- or colourcharged heavy particles is very strongly limited by searches for exotic atoms [26]. A
stable neutral particle is not only allowed by present searches but also welcome since it
can explain the presence of dark matter in the Universe (see ref. [27]). From the point
of view of collider experiments, x° w m behave as a heavy neutrino which escapes the
detector, leaving an unbalanced momentum and missing energy in the observed event.
The distinguishing signature of supersymmetry is therefore an excess of missing energy
and momentum. For example, in e + e" colliders, charginos and sleptons are pair-produced
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with typical electroweak cross-sections and then decay, giving rise to events such as:
e+e~ -¥ x+X~ -* isolated leptons and/or jets + $ ,
e+e~ -+ £+t -+ isolated leptons +]} .

(24)

Using these processes, LEP1, working at the Z° peak, was able to rule out the existence of
these particles with masses less than Mz/2 [7]. LEP2 should cover most of the kinematical
range, and discover or exclude x + and I+ with masses almost up to y/s/2. This is certainly
going to be a very critical region since, as we have seen in sect. 8, the 10% fine-tuning
limits place the weakly-interacting supersymmetric particles at the border of the LEP2
discovery reach.
Strongly-interacting particles, such as squarks and gluinos, can be best studied at
hadron colliders where they are produced with large cross-sections. The signature is again
missing transverse energy carried by the neutralinos produced in the decays of squarks
and gluinos. Tevatron experiments have set limits on the masses of these particles of about
150-200 GeV, depending on the particular model assumptions. At the LHC squarks and
gluinos can be searched even for masses of several TeV, well above the 10% fine-tuning
limits.
It is worth pointing out that although e+e~ colliders are the ideal machines for a
systematic search of new weakly-interacting particles, charginos and neutralinos may also
be discovered at hadron colliders, for instance in the process:

PP->xtx°,, x f - ^ i * ? , X $ - ^ O t f .

(25)

The signal of three leptons and missing transverse energy in the final state has almost no
Standard Model background, when sufficient lepton isolation requirements are imposed.
However, it is difficult to obtain lower bounds on the new particle masses, because the
leptonic branching ratios of charginos and neutralinos depend strongly on the model
parameters.
In conclusion, this generation of colliders is testing the theoretically best-motivated
region of parameters in the supersymmetric model. We can be confident that, after the
LHC has run, either low-energy supersymmetry will have been discovered or it must be
discarded, since its main motivation is no longer valid.
11.

THE FLAVOUR PROBLEM
The Standard Model Lagrangian for gauge interactions is invariant under a global I/f
symmetry, with each U\ acting on the generation indices of the five irreducible fermionic
representations of the gauge group (qi,, u ^ d ^ l ^ e ^ ) ; , i = 1, 2, 3. This symmetry,
called flavour (or generation) symmetry, implies that gauge interactions do not distinguish among the three generations of quarks and leptons. In the real world, this symmetry
must be broken, as quarks and leptons of different generations have different masses. However, the breaking must be such as to maintain an approximate cancellation of FlavourChanging Neutral Currents (FCNC). This is called the flavour problem.
In the Standard Model the flavour problem is solved in a simple and rather elegant
way. The flavour symmetry is broken only by the Yukawa interactions between the Higgs
field and the fermions. After electroweak symmetry breaking, these interactions give rise
to the various masses of the three generations of quarks and leptons. The attractive feature
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of this mechanism is that all FCNC exactly vanish at tree level [28]. This is a specific
property of the Standard Model with minimal Higgs structure and it is not automatic
in models with an enlarged Higgs sector. Small contributions to FCNC are generated at
loop level and generally agree with experimental observations. Athough this mechanism
provides a great success of the Standard Model, it prevents us from computing any of the
quark or lepton masses, as these are introduced in terms of some free parameters.
In supersymmetry, the solution of the flavour problem is more arduous. Most of
the soft-breaking terms introduced in sect. 6 generally violate the flavour symmetry and
give too large contributions to the FCNC. This can be understood by recalling that, in
a softly-broken supersymmetric theory, the mass matrices for quarks and squarks are
independent and therefore cannot be simultaneously diagonalized by an equal rotation of
the quark and squark fields. Thus neutral currents involving gluino-quark-squark vertices
can mediate significant transitions among the different generations. Only if squarks and
gluinos were heavier than 10-100 TeV could generic soft-breaking terms be consistent with
observations of FCNC processes. Since, as discussed in sect. 8, the very motivation for lowenergy supersymmetry implies that squarks and gluinos must be lighter than 500-1000
GeV, we have to postulate that the supersymmetry-breaking terms have some specific
property.
The first possibility is that the supersymmetry-breaking terms respect the flavour
symmetry in the limit of vanishing Yukawa couplings. This possibility is often advocated
in models based on supergravity, on the basis of the hypothesis that all gravitationallyinduced interactions are flavour-invariant. However, this hypothesis has been shown to
be incorrect both in supergravity models with generic Kahler metrics [29] and in models
derived from superstrings [30]. Nevertheless, this is an interesting possibility, since it
significantly reduces the number of free parameters in the supersymmetry-breaking terms
and allows sharp predictions testable at future colliders.
The other possibility is that the supersymmetry-breaking terms violate the flavour
symmetry but are approximately aligned with the corresponding flavour violation in the
fermionic sector (e.g. with the Yukawa couplings). This can be the result of some new
symmetry [31] or some dynamical mechanism [32].
It is likely that the solution of the flavour problem is linked with the mechanism
of supersymmetry breaking and therefore it will only be unravelled after significant theoretical developments. Now we can only speculate that an understanding of the flavour
problem may help us to calculate the amount of flavour breaking and ultimately all quark
and lepton masses.

12.

TECHNICOLOUR

We have seen how supersymmetry can cure the hierachy problem of the Standard
Model by stabilizing the mass scale in the Higgs potential. Technicolour [33] offers a
different solution to the hierarchy problem, based on the idea of removing all fundamental
scalar particles from the theory. The mass scale which sets the electroweak breaking is
dynamically determined in a strongly interacting gauge theory with purely fermionic
matter.
The presence of light scalars (mesons) in the hadronic spectrum does not pose a
problem of hierarchy. The description of mesons as fundamental particles is valid only up
to about AQCD- Above this scale, physics is described in terms of quarks and gluons, and
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hadrons have to be interpreted as composite particles. Technicolour aims to describe the
Higgs boson as a composite particle, similarly to the case of mesons in QCD.
In order to illustrate the main idea of technicolour, let us consider as a toy model
QCD with only two massless flavours (mu = rrid = 0). In this limit, the theory has a chiral
SU(2)L x SU(2)R invariance, in which the left-handed and right-handed components of
the up and down quarks are rotated independently. As QCD becomes strongly-interacting
at Q2 ^ AQ CD , the quark condensates are formed:
(uu) = {dd) = 0(A3QCD) .

(26)

If the two condensates are equal, the chiral symmetry is broken to the vectorial part
SU(2)L+R. Goldstone's theorem ensures the existence of three massless scalar particles
in the spectrum, the pions 7r°, IT±. In the real world, quark masses explicitly break chiral
symmetry and give small masses to the pions. Also, if the strange quark is included, the
chiral symmetry SU{Z)L X SU(3)R is broken to 5C/(3)i+fi, giving rise to the meson octet
as approximate Goldstone bosons.
Let us turn on weak interactions in our toy model. Since the W boson couples to
quarks, it also interacts with the pions. This coupling can be obtained from PCAC, which
determines the matrix element of the broken current (j£) in terms of the pion decay
constant fv:
(0\3>") = f«*8* •

(27)

Here a, b are SU(2) indices and q^ is the pion four-momentum. From eq. (27) and the
coupling of the W boson to the weak current, we obtain the coupling between W* and
7T 6 :

f f«q»sab •

(28)

Consider now the correction of one-pion exchange in the W propagator:
•

(29)

The first term corresponds to the uncorrected massless W propagator and the second
term corresponds to the exchange of a massless pion between two W propagators with
the coupling given in eq. (28). We can insert an infinite number of pion exchanges, but it
is not difficult to sum the whole series:

Equation (30) shows that the effect of the pion exchange is to shift the pole value of the
W propagator to

MW = f / r •

(31)

The W boson has acquired mass, which is not a surprising result if we think that we have
promoted a global broken symmetry to a local invariance. The value for the W mass given
by eq. (31) is about 30 MeV, certainly too small to explain the experimental data.
We can use the result of this toy model and explain the physical value of Mw, if we
introduce a new force, called technicolour. Technicolour behaves in a similar fashion to
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the ordinary colour forces but it becomes strong at a much larger scale ATC — 500 GeV.
The simplest technicolour model is very easy to construct. Take a doublet of fermions
with the same electroweak quantum numbers as the up and down quarks, assign to them
a technicolour charge and call them techniquarks U and D. The condensates
(UU) = (DD) = O(A3TC)

(32)

generate three composite Goldstone modes, which become the longitudinal degrees of freedom of the W and Z gauge bosons. We have then built a model of electroweak symmetry
breaking with no fundamental Higgs boson. The experimental signature is the presence
of strongly interacting dynamics at the TeV scale, which produces new resonances similar
to those found in the hadronic spectrum at the GeV scale.
Although the mechanism for generating electroweak breaking in technicolour is very
elegant, several difficulties have prevented the construction of a fully realistic model. The
first problem is the communication of electroweak breaking to the quark and leptonic
sectors of the theory. This can be done via new interactions, called extended technicolour
(ETC) forces [34], which couple quarks to techniquarks. If the ETC symmetry is broken
(possibly by some dynamical mechanism) at a scale METC larger than ATC, quarks and
leptons receive masses of the order of
^

(33)

ETC

where (FF) is the corresponding technifermionic condensate. The trouble is that measurements of FCNC processes generally impose stringent lower bounds on METC, of the order
of 100 TeV. This means that the ETC mechanism can generate the masses for the first
generation of fermions, but has difficulties to explain the larger masses of the second and
third generations. The task is particularly arduous for the top quark, since a dynamical
mechanism which explains the large isospin breaking in the difference between mt and mj
generally leads to large corrections to the p parameter, the ratio between the strengths
of the neutral and charged weak currents. Finally, the effect of the strong technicolour
dynamics always gives sizeable corrections to the electroweak precision data in LEPl,
which have been shown to agree with the Standard Model with great accuracy [2].
The hope is that these problems can be cured in technicolour theories with dynamics
substantially different from a scaled-up QCD. There has been some effort in this direction,
trying to construct theories in which the ultraviolet behaviour of the technifermion selfenergy enhances the quark mass contribution, while the infra-red behaviour determines
the W mass. This may occur in theories with slowly running coupling constants (the
so-called walking technicolour [35]) or in fixed-point gauge theories [36], although the
non-perturbative nature of the problem prevents us from making reliable calculations.
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NEUTRINO OSCILLATIONS

Luigi Di Leila
CERN, Geneva, Switzerland

Abstract

These lectures review the status of neutrino oscillations. After
an introduction to the theory of neutrino oscillation in vacuum
and a survey of negative searches using man-made neutrino
sources, the status of the solar neutrino problem is reviewed
and explanations of the observed deficit and spectral distortions
in terms of matter-enhanced oscillations are described.
Expectations for v^ - vT oscillations are then discussed and
present experiments on this subject are reviewed. Recent
results from the study of neutrinos produced in the Earth
atmosphere and from the LSND and KARMEN are then
described. Finally, future experiments are reviewed.
1.

THEORY OF NEUTRINO OSCILLATIONS IN VACUUM

Neutrino oscillations are a consequence of the hypothesis of neutrino mixing
first proposed by Pontecorvo [1] and independently by Maki et al.[2]. According to
this hypothesis the three known neutrino flavours, ve, v^ and vT , are not mass
eigenstates but quantum-mechanical superpositions of three mass eigenstates, v2, v2
and v3, with mass eigenvalues m lr m2 and m3, respectively :
v a = X U aiVi

(1)

i
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In Eq. (1) a = e, li, t is the flavour index, i = 1, 2, 3 is the index of the mass
eigenstates and U is a unitary 3x3 matrix. The relation
I

V i a va

(2)

a

also holds, where V = U and V ia = U<xi because U is unitary.
From Eq. (1) it follows that the time evolution of a neutrino with momentum p
produced in the state v a at time t = 0 is given by

v(t) = e ^ Z U o i e - ^ V i

(3)

where EA = ^/p2 + mj 2 . If the masses mi are not all equal, the three terms of the sum
in Eq. (3) get out of phase and the state v(t) acquires components Vp with P*a.
The case of two-neutrino mixing is a particularly useful example. In this case
the mixing matrix U is described by only one real parameter 8 (the mixing angle),
and Eqs. (1), (2) and (3) become, respectively

v a = cosG vx+ sin6 v2
(4)
Vp = - sin0 v,+ cos0 v2

= cos9 v a - sin8 Vp
(5)
v2 = sinG v a +cos 0Vp
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v(t) = e ^ c o s f o T ^ V ! + sin9e"iE2tV2)

(6)

where v(0) = v a in Eq. (6).

The probability to detect a neutrino state Vp at time t can then be easily
calculated to be

(7)
where we have used the approximation, valid for m « p,

Ei=Vpr+m12-pi 1 +^ - 1

(8)

It can be easily demonstrated that, for v(0) = Vp, Ppa(t) is also given by Eq. (7).
Furthermore, we have

P««(t) = 1 - P«p(t)

(9)

Eq. (7) is expressed in natural units. In more familiar units we can write

Pap(L) = sin 2 20sin2 1 . 2 6 7 ^ - L

(10)

where L = ct is the distance from the source in metres, Am2 = m 2 2 - mj 2 is
measured in e v and E ~ p is the neutrino energy in MeV (the same equation holds if
L is measured in km and E in GeV).
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Eq. (10) describes an oscillation with amplitude equal to sin 28 and oscillation
length X given by

X = 2.48-^y

(11)

where X is expressed in metres (km), E in MeV (GeV) and Am in eV . We note that,
if the oscillation length X is much shorter than the size of the neutrino source or of
the detector (or of both), the periodic term in Eq. (10) averages to 1/2 and the
oscillation probability becomes independent of L :

(12)

2.

OSCILLATION EXPERIMENTS

Experiments searching for neutrino oscillations can be subdivided into two
categories:
2.1 Disappearance experiments
In these experiments the flux of a given neutrino flavour is measured at a
certain distance L from the source. The presence of neutrino oscillations has the
effect of reducing the flux with respect to the value expected in the absence of
oscillations . The probability measured by these experiments is
P aa (L) = l - I PafJ(L)

(13)

The sensitivity of these experiments is limited by the systematic uncertainty on
the knowledge of the neutrino flux from the source. To reduce this uncertainty a
second detector close to the source is often used in order to measure directly the
neutrino flux.
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Disappearance experiments have been performed at nuclear reactors [3] and at.
accelerators [4]. The core of a nuclear reactor is an intense source of v e with an
average energy of - 3 MeV, which can be detected by observing the reaction
v e + p -> e + + n . If a v e turns into a v^ or a vT it becomes invisible because n + or t +
production is energetically forbidden.
Proton accelerators produce v^'s with energies between -30 MeV and -200
GeV. In disappearance experiments the v^ flux is measured by detecting the reaction
v^ + nucleon —»|i + hadrons. The energy threshold for the reaction v^ + n —> [i~ + p
on a neutron at rest is 110.2 MeV.
2.2

Appearance experiments
These experiments use beams containing predominantly one neutrino flavour

and search for neutrinos of different flavour at a certain distance from the source.
The sensitivity of these experiments is often limited by the systematic
uncertainty on the knowledge of the beam contamination by other neutrino flavours
at the source. For example, in a typical v^ beam from a high-energy accelerator the
ve contamination at the source is of the order of 1%.
Searches for v e and vT appearance in a beam containing predominantly v^ have
been performed at accelerators [5-6]. In these experiments the presence of v e 's (vT)
in the beam is detected by observing the reaction v e (vT) + nucleon —» e (t ) +
hadrons.
2.3

Review of previous experiments
So far, searches for neutrino oscillations at nuclear reactors or at proton

accelerators have failed to observe any oscillation signal, with the possible exception
of a recent experiment which will be described in Section 6. These negative results
provide upper limits for the oscillation probability which can be converted into
2

2

excluded regions in the oscillation parameter plane (sin 28, Am ) using Eq. (10).
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Fig. 1 shows the boundaries of the exclusion regions obtained in v e
disappearance experiments at nuclear reactors [3]. The results from v e appearance
experiments in a v^ beam [5] are shown in Fig. 2, while Fig. 3 displays the exclusion
regions obtained in v^ disappearance experiments at accelerators using a close and a
far detector [4] and the exclusion region from a v^ - vT appearance experiment [6]. In
all these figures the excluded region is on the right of the corresponding curve. At
high values of Am the upper limit on the oscillation probability can be converted
directly into an upper limit on the oscillation parameter sin226 using Eq. (12).
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Fig. 1 Regions of the oscillation parameter plane excluded
by Ve disappearance experiments at nuclear reactors.
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Fig. 2 Exclusion regions in the oscillation parameter plane from
v e appearance experiments using v^ beams.
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Fig. 3 Exclusion regions in the oscillation parameter plane from vM disappearance
experiments (CCFR, CDHS, CHARM) and from a search for v t appearance
experiments using a vM beam (EMULSION E531).
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3.

SOLAR NEUTRINOS

3.1

The Standard Solar Model
As all visible stars, the Sun was formed from the gravitational collapse of a

cloud of gas consisting mostly of hydrogen and helium. This collapse produced an
increase of the core density and temperature resulting in the ignition of nuclear
fusion reactions. A state of hydrostatic equilibrium was reached when the kinetic
and radiation pressure balanced the gravitational forces preventing any further
collapse.
There are several nuclear fusion reactions occurring in the Sun core, all having
the effect of transforming four protons into a He nucleus :

4p -> He 4 + 2e+ + 2ve

(14)

This reaction is followed by the annihilation of the two positrons with two
electrons, so the average energy produced by reaction (14) and emitted by the Sun in
the form of electromagnetic radiation is

Q = (4mp - M He + 2m e ) c - <E(2ve)> « 26.1 MeV

(15)

4

where rru, M j ^ , m e are the proton, He nucleus and electron mass, respectively, and
<E(2ve)> = 0.59 MeV is the average energy carried by the two neutrinos. The Sun
luminosity is measured to be [7]
= 3.846 x 1026 W = 2.400 xlO39 MeV/s

(16)

From Eqs. (15) and (16) it is possible to calculate the rate of ve emission from the
Sun:
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,38 -1

dN (v.)/dt = 2 L o /Q «1.8 x lO1^ s

(17)

from which one can calculate the solar neutrino flux on Earth using the average
li

distance between the Sun and the Earth (1.496 x 10 m):
.

,

l0

A
n
<I>V « 6.4
x i10
cm

-2 -1

s

(18)

The Standard Solar Model (SSM), which has been developed and continuously
updated by J. N. Bahcall during the past 20 years [8], predicts the energy spectrum of
the solar neutrinos. The main assumptions of the'SSM are:
(i)

hydrostatic equilibrium;

(ii)

energy production by fusion;

(iii) thermal equilibrium (i.e., the thermal energy production rate is equal to the
luminosity);
(iv) the energy transport inside the Sun is dominated by radiation.
Table I shows a list of Sun parameters.
TABLE I
Sun parameters
Luminosity

3.846 xlO 26 W

Radius

6.96 xlO* Km

Mass

1.989x10* Kg

Core temperature Tc

15.6 xlO 6 °K

Surface temperature Ts

5773 °K

Hydrogen content in the core (by mass)

34.1%

Helium content in the core (by mass)

63.9%
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The age of the Sun (4.6 x 10 years) is also known. The SSM calculations are
performed by adjusting the initial parameters, by evolving them to the present day
and by comparing the predicted and measured properties of the Sun. The initial
composition of the Sun is taken to be equal to the present day measurement of the
surface abundances. If the predicted properties disagree with the measured ones,
the calculations are repeated with different initial parameters until agreement is
found. These calculations require the knowledge of the absolute cross-sections for
nuclear reactions in a very low energy region where little information is directly
available from laboratory experiments. Another important ingredient in these
calculations is the knowledge of the opacity versus radius which controls the energy
transport inside the Sun and the internal temperature distribution.
There are two main nuclear reaction cycles in the Sun core :
(i) The pp cycle, responsible for 98.5% of the Sun luminosity. This cycle involves the
following reactions:
p + p -» e+ + ve + d

(19a)

d~> y+He 3

(19b)

He 3 +He 3 -> H e 4 + p + p

(19c)

where the second He nucleus in the initial state of reaction (19c) is produced by
another sequence of reactions (19a) and (19b).
Reactions (19a) through (19c) represent 85% of the pp cycle. In the remaining
15% reaction (19c) is replaced by the following dominant sequence of reactions :
y+Be 7
Be 7 -* ve + Li7
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(19d)

(19e)

He4+He4

(19f)

In approximately 1.9 x 10 of the cases reactions (19e) and (19f) are replaced by

Be 7 -* Y + B 8
Be8 + e + +v e

(19g)

(19h)

Be 8 -* He 4 + He 4
Reaction (19a) is replaced in 0.4% of the cases by the three-body fusion reaction

d + ve

Finally, in an even smaller fraction of the cases (~2.4 x 10"), reaction (19c) is
replaced by
He 3 + p-> He 4 + e + +v e

(19k)

It can be seen that in the pp cycle v e 's are produced by the five reactions (19a),
(19e), (19h), (19j) and (19k). These neutrinos will be denoted as Vpp, v^, vB/ v pep and
Vu,, respectively. While Vpp, vB and v ^ have a continuous energy spectrum, v Be
and Vpgp are mono-energetic because they are produced in two-body final states.
(ii) The CNO cycle, which involves heavier elements. This cycle consists of the
following chains of reactions:
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C 12 + He 4

(20a)

C 12 -» y + N 1 3

(20b)

N 13 -> e + + v e + C 13

(20c)

(20d)

''

(20e)

O 15 -> e + + v e + N 1 5

(20f)

and
IE

1<

(20g)

(20h)
(20i)

O 17
O 1 7 -» N 1 4 +He 4

(20j)

followed by reactions (20e) and (20f). As for the pp cycle, the two chains of reactions
in the CNO cycle have the overall effect of transforming four protons into a He
nucleus. Production of v e occurs in reactions (20c), (20f) and (20i). These neutrinos
will be denoted as v N/ v o and vF, respectively.
Fig. 4 shows the v e flux as a function of energy, as predicted by the SSM for the
different reactions. The v pp flux is the dominant component. However, neutrino
2

cross-sections increase rapidly with energy (typically as E v for energies well above
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threshold), so these neutrinos are not among the easiest ones to detect because of
their low energy. Fig. 4 displays also the energy threshold for the capture reaction
(A,Z)

(A,Z

(21)

for a variety of nuclear isotopes.

CAMIOK

Solar Neutrino
Spectrum

NEUTRINO ENERGY (MeV)
Fig. 4 Solar neutrino energy spectrum as calculated from the SSM [8].
Energy threshold for various neutrino detection processes
are shown on top.

The SSM also makes predictions on neutrino production as a function of radius,
as shown in Fig. 5.
It must be finally pointed out that, while solar neutrinos arrive on Earth
approximately 500 s after being produced, it takes of the order of 10 years for the
energy produced in the same reactions to be transported from the Sun core to its
surface. Thus the Sun luminosity which is measured at present is associated with
neutrinos which reached the Earth ~10 years ago. This is not considered to be a
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problem for the SSM because the Sun is a star on the main sequence, with no
appreciable change of properties over ~ 10 years.

Neutrino Production
versus Radius

Fig. 5 Neutrino production versus distance from Sun centre,
as calculated from the SSM [8].
3.2 The Homestake experiment
Solar neutrinos were successfully detected for the first time in an experiment
performed by Davis and collaborators [9] in the Homestake gold mine (South
Dakota, U. S. A.). The method consists in measuring the production rate of A

from

the capture reaction
37

v e + Cl

-

A

37

(22)

e +A

which occurs in a 390 m tank filled with 615 tonnes of perchloroethylene (C 2 Q 4 , a
37

commonly used cleaning fluid). The isotope Cl

represents 24% of all natural

chlorine, so there are approximately 125 tonnes of Cl

in the tank. The neutrino

energy threshold for reaction (22) is 0.814 MeV, so this reaction is not sensitive to the
Vpp component (see Fig. 4).
37

The tank is installed deep underground in order to reduce A

production by

cosmic rays. Every few months, Argon is extracted from the tank by N 2 flow. It is
then separated, purified, mixed with natural Argon and used to fill a proportional
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37 .

counter. The presence of A in the counter is then detected by observing its decay
which occurs by electron capture with a half-life time T|/2 = 34d:
e +A

37

,37

(23)

ve+cr

In this reaction an X-ray or an Auger electron emitted from the atomic
transition to the orbital state left empty after electron capture is detected in the
proportional counter. Fig. 6 shows the counting rate in the counter as a function of
time after extraction. The expected component from A

37

decay is clearly visible,

superimposed to a time-independent background. The extraction efficiency is
37.

measured by injecting a known amount of A in the tank.

10-2
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100
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300

Time After Bad of Extraction (Days)

Fig. 6 Counting rate in the Homestake proportional counter as a function
of time after extraction.
37

Fig. 7 shows the daily A production rate, as measured over approximately 20
37

years. On average, this rate is of the order of 0.5 A atoms/day which illustrates the
difficulty of the experiment

215

- 2.0

5

CO

1970

Fig. 7 Averaged daily A production rate in the Homestake experiment.
It has become customary to express the solar neutrino capture rate in Solar
Neutrino Units or SNU (1 SNU corresponds to 1 capture/s from 1036 nuclei). The
weighted average of the Homestake experiment is
37,

= 2.55 ± 0.17 ± 0.18 SNU

(24)

where the first error is statistical and the second one represents the systematic
uncertainties.
Table 2 shows the SSM predictions, as calculated by Bahcall et al. [10].
The total rate for reaction (22) is predicted to be R^ (Cl37) = 8.0 ± 3.0 SNU,
which disagrees with the measured value. An independent SSM calculation by
Turck-Chieze et al. [11] predicts R^ (Cl37) = 6.4 ± 1.4 SNU which is again larger than
the measured value. The ratio of the measured value to the lower theoretical
prediction is
37

)/ Rth (Cl37) = 0. 40 ± 0.04 ± 0.09
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(25)

where the first error is experimental and the second one represents the theoretical
uncertainty. Eq.(25) illustrates the so-called solar neutrino problem.
TABLE 2
Solar neutrino contributions to reaction (22), as predicted by the SSM [10].

Solar neutrino component

A production rate (SNU)

vB

6.2

VBe

1.2

vo

0.3

pep

0.2

vN

0.1

Total

8.0 ±3.0

v

3.3

The KAMIOKANDE experiment
KAMIOKANDE is a real-time experiment which uses an underground detector

installed in the Kamioka mine 350 km west of Tokyo [12]. The inner detector (see
Fig. 8) consists of a cylindrical tank with a diameter of 15.6 m and a height of 11.2 m,
filled with 2140 tonnes of water. Approximately 20% of the tank surface are covered
by 940 photomultipliers with a diameter of 50 cm and pointing towards the liquid.
The inner detector is surrounded by an additional layer of water seen by 123
photomultipliers and used to reject charged particles entering the detector from
outside.
The inner detector is used as an imaging Cerenkov counter. Charged particles
with v/c = 1 produce Cerenkov light at an angle of ~41° to their direction of flight
and the pattern of hit photomultipliers and their relative timing provide information
on the particle direction and origin in the detector volume.
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19m
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Fig. 8 The KAMIOKANDE detector.

Solar neutrinos are detected by the scattering reaction

ve + e

(26)

which is suppressed by approximately one order of magnitude for v^ and vT . The
detection energy threshold is set by the requirement that at least 20 photomultipliers
give a signal corresponding to at least one photo-electron. This requirement
corresponds to a ve energy of 7.5 MeV and thus the experiment is sensitive mainly to
the vB component. Only events contained in a fiducial region of 680 tonnes in the
centre of the detector are accepted.
The detected electron from reaction (26) has a very strong directional
correlation with the incident neutrino. This property is used to demonstrate the
solar origin of the events, as shown in Fig. 9 which displays the distribution of the
angle between the electron direction and the Sun-to-Earth direction at the time of the
event. The peak at 1 is due to solar neutrinos.
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o.oo

-0.5
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coseSUB

Fig. 9 Distribution of the cosine of the angle between the electron direction and the Sun-toEarth direction, as measured in KAMIOKANDE The curve is the prediction of the
SSM, superimposed to the measured isotropic background.
KAMIOKANDE has taken data for a total of 1667 days between 1987 and 1994
(see Fig. 10).
1.0

87

Fig. 10

88

89

90

91

92

93

94

Ratio between the neutrino flux, as measured by KAMIOKANDE [12], and the
SSM predictions by Bahcall et al. [10].

The neutrino flux, averaged over the entire period, is measured to be

(27)
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where the first error is statistical and the second represents the systematic
uncertainties.

This result is significantly lower than the SSM predictions,

Oth = (5.7±0.7)xl06cm~2s"1 by Bahcall et al. [10], and ^

= (4.9±1.0)xl06cm~2s"1

by Turck-Chieze et al. [11]. Thus KAMIOKANDE confirms the existence of the solar
neutrino problem first observed in the Homestake experiment.
3.4 Gallium experiments
Both the Homestake and KAMIOKANDE experiments are sensitive to solar
neutrinos of relatively high energy. These neutrinos represent only a small fraction
of the total solar neutrino flux and questions have been raised on the reliability of the
SSM predictions. In particular, the rate of reactions (19d) and (19g), which are
responsible for v^, and vB production, depends very strongly on the temperature of
the Sun core, Tc, because of strong Coulomb repulsion effects. More specifically, the
Q

SSM predicts [8] that the vgg flux is proportional to Tc while the vB flux, which
18

implies the occurrence of both reactions (19d) and (19g), is proportional to Tc

.A

small change of Tc would therefore result in sizeable variations of the predicted
and vB fluxes.
On the contrary, the Vpp component of the solar neutrino flux can be reliably
predicted because these neutrinos originate from reactions (19a) through (19c) which
are responsible for most of the Sun luminosity. A method to detect these neutrinos
was proposed in 1966 by Kuzmin [13] who suggested to use the capture reaction
Ge71 + e"

(28)

which has a neutrino energy threshold of 0.233 MeV. Two experiments have
recently used this reaction to detect solar neutrinos.
The GALLEX experiment [14] installed deep underground in the Gran Sasso
National Laboratory ~ 150 km east of Rome, Italy, uses 30.3 tonnes of natural
71

Gallium, containing 39.6% of Ga , in the form of a water solution of gallium
chloride. Every three weeks, GeCl4 (a highly volatile substance) is extracted from the
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tank by means of N 2 flow and chemically converted to GeH4 gas. This gas is then
introduced into a proportional counter built from special low-radioactivity materials
and carefully shielded against natural radioactivity. The presence of Ge 71 from
reaction (28) is then detected by observing its decay which occurs by electron capture
with a half-life t 1 / 2 = 11.43 d:

Ga 71

(29)

Both the 10.37 KeV X-rays from K capture and the 1.17 KeV X-rays from L capture
are detected in the counter by measuring both the signal amplitude and rise-time to
provide additional rejection against background (X-rays are expected to result in
very fast signals because the primary ionization which they produce is localized in
space). The behaviour of the counting rate as a function of time after extraction (see
Fig. 11) clearly shows the expected contribution from Ge71 decay.
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Fig. 11 Counting rate in the GALLEX proportional counter as a function of time after
extraction.

The Ge

71

extraction efficiency is measured to be 99.8% by introducing into the

tank a known quantity of As 71 which decays to Ge71 by electron capture.
Fig. 12 shows the solar neutrino capture rate, as measured between May 1991
and September 1993. The average value is
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71

(30)

a'*) = 79 ±10±6 SNU

where the first error is statistical and the second one represents the systematic
uncertainties.

3.0

320
280

2.5

240
200

2

160

g

16

20

1.5

10

JO

1.0

0.5

combined

120 J

-I

OALLEX II
- preliminary

GALLEX I

0.0

ML

am

xev

(MM

M*S

1991

MIY

ML

mm

not

1992

1993

71

Fig. 12 Ge production rate as measured by GALLEX.
Recently, the GALLEX collaboration has performed a direct test of the neutrino
ction method using artificial v e 's from a 1.67 x 10 Curie Cr
detection

source which

produces 0.750 MeV neutrinos from the decay
e~+Cr 51 -> ve + V 51

(31)

with a half-life x 1/2 = 27.7 d [15]. When the source is placed in the GALLEX detector,
71

its neutrino flux is expected to increase the initial Ge production rate by a factor of
~ 15 with respect to the solar neutrino rate. The ratio between the measured and
71

expected Ge

51

production rate from the Cr
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source is measured to be 1.04 ± 0.12,

indicating that there is no significant experimental artifact or unknown errors at the
71

10% level which could affect the measured Ge

production rate from solar

neutrinos.
A second Gallium experiment, SAGE (for Soviet-American Gallium
Experiment) has taken data since 1990 in the Baksan Underground Laboratory in
Caucasus [16]. It uses metallic Gallium which is liquid at operating temperature,
71

from which Ge

is extracted and detected using reaction (29).

SAGE has reported results earlier than GALLEX. Fig. 13 compares the signal
reported by SAGE and GALLEX as a function of time.
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Fig. 13 Comparison between the signals reported by the GALLEX and SAGE
experiments as a function of time.
After an initial preliminary result suggesting a surprisingly low solar neutrino flux,
the most recent result is in good agreement with GALLEX :
+5
RexP(Ga71) = 69 ± 11 SNU
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(32)

where the first error is statistical and the second one represents the systematic
uncertainty.
Table 3 shows the SSM predictions for the Gallium experiments [10,11].
TABLE 3
Solar neutrino contributions to reaction (28), as predicted by the SSM.

Ge

Solar neutrino component

productioi-i rate (SNU)

Ref. [10]

Ref. [11]

V

70.8

70.6

Vpep

3.1

2.8

VBe

35.8

30.6

vB

13.8

9.3

vN

3.0

3.9

vo

4.9

6.5

Total

As expected, the Ge

131.5

71

+7
—6

124 ±5

production rate is dominated by the v p p contribution

with sizeable contributions from v Be and vB and smaller contributions from v pep/ v N
71

and v o . However, for both calculations the total Ge

production rate is significantly

larger than the experimental values. The weighted average of the two experiments,
71

) = 74 ± 9.5 SNU

represents a v e deficit of ~ 40% with respect to the SSM predictions.
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(33)

3.5 Interpretation of the solar neutrino problem
The measurement of the solar neutrino flux using three different reactions with
different energy thresholds provides a way to determine directly the flux of the three
dominant components from the pp cycle (v pp , Vgg and v B ), under the reasonable
assumption that all other components can be neglected [17,18,19].
The three main reaction sequences in the p-p cycle can be rewritten in a
simplified form as follows :
4p + 2e -> He 4 + 2v p p + 26.7MeV

(34a)

4p + 2e -» H e 4 + v p p + v B e + 26.7MeV

(34b)

4p+2e~-> H e 4 + v p p + v B + 26.7MeV

(34c)

Since the neutrinos emitted in these reaction sequences have different energies, the
energy contributions to the Sun luminosity are different. The average neutrino
energy is <E(vpp)> = 0.265 MeV, E(vBe) = 0.861 MeV and <E(vB)> =7.0 MeV and the
average energy release in the form of heat from reaction (34a), (34b) and (34c) is,
therefore, 26.2 MeV, 25.6 MeV and 19.5 MeV, respectively.
The solar energy flux on Earth is measured to be
= 8.5 x 1011 MeV/cm 2 s

Denoting by ^>(Vpp), ^v&j)

an<

i *(VB)

(35)

tne

^ux

or> v

pp' vBe anc * vB on Earth,

respectively, it is possible to establish a relation between OE and the neutrino fluxes :
<DE = 13.1 [OKVpp) - ^vife) - <&(vB)] + 25.6 *(v f c ) + 19.5 <D(vB) MeV/ cm 2 s
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(36)

O n the right-hand side of Eq. (36) the first term represents the contribution
from reaction (34a), because for each neutrino produced in reaction (34a) there is an
energy release of 13.1 MeV and the contribution to <Kvpp) from reactions (34b) and
(34c) must be subtracted. Similarly, for each produced v Be (v B ) there is an energy
release of 25.6 (19.5) MeV which contributes to the second (third) term in Eq. (36).
As the purpose of this analysis is to study deviations from the SSM predictions,
we express the neutrino fluxes as

(37a)

(37b)

= xB<DSSM(vB)

(37c)

where

*SSM (Vpp) = 6.0 x 10 10 cm

2

s"1

(38a)

<&SSM (VBe) = 4.9 x 109 cm" 2 s"1

V

B)

(38b)

= 5.7 X 106 cm 2 S 1

(38C)

are the SSM predictions of Bahcall et al. [10] and the parameters Xpp, x Be and x B
describe the deviations of the measurements from these predictions.
Using Eqs. (35), (37) and (38), Eq. (36) becomes

1 = 0.92 Xpp + 0.072 x ^ + 4 - 2
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x 10 5 X

"

B

(39)

71

As the solar neutrino capture rate from Ga

depends linearly on the neutrino

fluxes, it can be expressed in terms of x ^ , xBe and x B with the help of Table 3 and
neglecting all other contributions.
70.8 Xpp + 35.8 XBe + 13-8 xB = 74 ± 9.5 SNU

(40)

where the right-hand side of the equation is the combined result of the Gallium
experiments (Eq. 33).
Similarly, with the help of Table 2 the Homestake result can be written as

1.2 xse + 6-2 xB = 2.55 ± 0.25 SNU

(41)

In the Kamiokande experiment the flux O(vB) is measured directly (see Eq. 27).
After combining the statistical and systematic error and dividing by <E>ggM (vB), as
given by Eq. (38c), one obtains

xB =0.51 ±0.07

(42)

Eq. (39) can be used to express x pp as a function of x^, and xB and to eliminate x_p
from Eq. (40) which becomes

30.3 XBe + 13.8 xB = -3.0 ±9.5 SNU

(43)

It can easily be seen that any two equations (41), (42), (43) give a solution for
which has a negative, unphysical value, although consistent with zero within errors.
The result of simultaneous fit to the three equations using x Be and x B as fitting
parameters with the conditions x ^ > 0 is shown in Fig. 14. The best fit values are XBe=0,
xB=0.43 with x = 2.2. Also shown in Fig. 14 are the l a to 5a contours, calculated
assuming gaussian errors, together with the SSM predictions. It can be seen that the

227

best fit differs from the SSM predictions by at least 3o, even if the temperature of the
Sun core is allowed to vary.
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Fig. 14 Best fit to Eqs. (41), (42) and (43) and 1 a to 5a contours (dashed curves). The solid
ellipses are SSM predictions. The dotted line is the SSM expectation for variable
temperature of the Sun core measured in units of the SSM prediction of Ref. [10],
Tc = 15.6 x 10 °K (the crosses on this line correspond to temperature values of 0.85,
0.90,0.95, 0.984,1.000 and 1.02).

By using the best fit values xBe=0, xB=0.43 in Eq. (40) one obtains xR)=0.96 ±0.13
which agrees with the SSM prediction for the v pp contribution to the solar neutrino flux.
7

8

The absence of v Be is intriguing because Be is needed to form B (reaction 19g)
g

and neutrinos from B decay (reaction 19h) have been observed in the KAMIOKANDE
experiment. However, if Be is produced in the Sun core, then reaction (19e), which is
responsible for vBe production, occurs at a rate which is approximately three orders of
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magnitude faster than reaction (19g) because the latter is strongly suppressed by
Coulomb repulsion effects.
There are three possible explanations to this puzzle :
(i)

At least two of the three measurements of the solar neutrino flux are wrong;

(ii)

There is a basic flaw in the SSM, resulting in unreliable predictions of the solar
neutrino flux;

(ii)

The v^'s are produced as v e in the core of the Sun but are no longer ve when they
reach the Earth.
This last explanation, which we assume to be the correct one, implies the

occurrence of neutrino oscillations.
3.6 Vacuum oscillation solution to the solar neutrino problem
The range of oscillation parameters which would explain the apparent absence of
Vgg in the solar neutrino flux on Earth can be estimated by requiring that all v e 's with
energy E=0.861 MeV are no longer v e when they reach the Earth. Setting P a p (L) =1 in
Eq. (10), where L=1.496 xlO m is the average distance between the Sun and the Earth,
one obtains sin 26 = 1 and

An.2 = JE_(n + 1 ) 1 - l.4xl<r11f n + - 1 eV2
1.271 2jL
I 2)

(44)

where n > 0 is an integer. However, from Eq. (10) it can be easily shown that the
solution n=0 produces no significant suppression of the neutrino flux above 7.5 MeV,
in disagreement with the KAMIOKANDE result. Similarly, solutions with large
values of n are excluded because in these cases the oscillation probability varies very
rapidly with energy resulting in a reduction of the v e capture rate in Cl by only a
factor of 2.
The result from the most recent analysis of the solar neutrino problem in terms
of vacuum oscillations [20] is shown in Figure 15. Several islands of allowed
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parameters are possible. However, while these solutions are all mathematically
acceptable, they result from a precise numerical relation among three physical
quantities (Am , the distance between the Sun and the Earth and the vBe energy)
which should be totally uncorrelated.
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Regions of the sin 20, Am plane allowed at the 90% (solid line) and 95% (dashed line)
confidence level by the solar neutrino results using the SSM predictions of Ref. [10]
including (a) or without including (b) the theoretical uncertainties.

More seriously, all of these solutions require large mixing angles. This seems
rather unplausible in comparison with the parameters of the CKM matrix which
describes quark mixing in the Standard Model [21]. A more plausible solution to the
solar neutrino problem can be found if one takes into account the properties of
neutrino propagation through the dense solar core in the presence of mixing.
3.7 Theory of neutrino oscillations in matter

It was first pointed out by Wolfenstein [22] that neutrino oscillations in dense
matter differ from oscillations in vacuum if ve's are involved. This effect arises from
coherent neutrino scattering at 0° which, in addition to the Z-boson exchange
amplitude (the same for all three neutrino flavours), in the case of v e 's has a
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contribution from W-boson exchange with the matter electrons (see the relevant
Feynman graphs in Fig. 16).

e

e"
e,N

e,N

a)

b)

c)

Fig. 16 Feynman graphs for neutrino scattering in matter: (a) neutrino-nucleon or
neutrino-electron scattering by Z boson exchange (the same for all three neutrino
types); b) ve-electron and (c) ve-electron scattering by W boson exchange.
Since scattering at 0° is a coherent process involving an extended target, the
propagation of neutrinos in matter can be described by adding to the Hamiltonian a
potential energy term which for the diagram of Fig. 16b is given by

7.63xlO" u —p eV

Vw =

(45)

where G F is the Fermi coupling constant, N e is the number of electrons per unit
volume, p is the matter density in g/cm

and the ratio Z / A is the number of

electrons per nucleon.
We consider the case of two-neutrino mixing between ve and v^ :

v e = Vj cos 8V + v 2 sin 8V
v

n = " vi

sm

(46a)

% + V2 c o s

where 9V is the mixing angle in vacuum. We assume that 9V <45° and m 2 >
where mj (m2) is the Vj (v2) mass value. The evolution equation is
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(47)

dt

where

(48)

is a two-component vector describing the neutrino state at time t and the
Hamiltonian H is a 2 x 2 matrix:

(49)

where M is the square of the mass matrix and V z is the potential energy term
resulting from Z boson exchange. By using the approximation
"2

M2

lp~
the Hamiltonian can be rewritten as
M 2 e e + 2EV W
M

(50)

where

-(i! 2 -Am 2 cos26 vv)
9v
;

(51a)

= -Am 2 sin29

(51b)

= - ( n 2 + Am2 cos26v)

(51c)

I ee —
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T

O

O

O

with \i = mi + m 2

O

O

and Am = m 2 - m j . Obviously, the first term of the

Hamiltonian produces no mixing between ve and v^.
The study of the ideal case of ve's produced in a medium of constant density is
mathematically rather simple and is very useful to understand the physics of
neutrino oscillations in matter. In this case the Hamiltonian is time-independent and
the mass eigenstates can be found by diagonalising the second matrix in Eq. (50).
The two mass eigenvalues in matter are

m 2 = -(\i2 + ^)±-^(Am2cos26v

- c j 2 + (Am 2 ) 2 sin 2 29V

(52)

and the mixing angle in matter, 8 m , is given by the equation

tan29 m =

Am 2 cos29 v -

where
£=2VWE«. 1.526 xlO' 7 (Z/A) pE eV 2

(54)

3

In Eq. (54) p is in g/cm and the neutrino energy E is in MeV.
The behaviour of the two mass eigenvalues as a function of £ is illustrated in
Fig. 17.
Eq. (53) shows that, even if 6V is very small, for £=Am cos26v the denominator
vanishes and the mixing angle in matter, 9 m , is equal to 45°, which corresponds to
maximal mixing. This resonant behaviour was first noticed by Mikheyev and
Smirnov [23] some years after Wolfenstein's original formulation of the theory of
neutrino oscillations in matter. At the resonant value of % the difference between the
two eigenstates is minimal and is equal to Am sin29v.
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1
es

Fig. 17 Neutrino mass eigenvalues in matter as a function of h, for the case of small mixing
angle in vacuum. On the right-hand side of the resonant value, ^^ v2 is mostly ve
while on the left-hand side v2 is mostly v^.

The oscillation length in matter, Xm, is longer than in vacuum and is given by

(55)
2

2 2

2

Am cos26 v - ^) + (Am ) sin 29V

where 7^, is the oscillation length in vacuum given by Eq. (11). The maximum value
of Xm is reached at resonance, where Xm = X,v /sin20 v .
The potential energy term V w changes sign for v e (see the Feynman graph of
Fig. 16c). As a consequence, the difference between the two mass eigenvalues
increases monotonically with density. There is no resonance, therefore, in the case
of antineutrinos.
3.8

Application to the solar neutrino problem

For neutrinos propagating through the Sun, the density p varies along the
3

trajectory from a value higher than 100 g/cm in the core to much less than 1 g/cm
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3

in the outermost layers. The ratio Z/A also varies across the Sun because of the
varying hydrogen abundance. Hence, in Eq. (47) the Hamiltonian depends on time.
For a given set of mixing parameters m l r m 2 and 6 V/ Eq. (47) can be solved
numerically with the initial condition

(56)

which represents a pure v e state, using the SSM predictions for the solar density,
Z/A ratio and distribution of neutrino origins inside the Sun core.
The ideal case of constant density discussed in Section 3.7 represents a good
approximation to a class of solutions of relatively short oscillation length for which
the variation of the solar density over an oscillation length is negligible (the so-called
adiabatic solutions):

(57)

where r is the distance from the Sun centre. For such solutions the neutrino can be
described as superposition of mass eigenstates with slowly varying eigenvalues and
mixing angle. In this case, if for a v e at production the condition 2; > Am cos28v is
satisfied, then 6 m is larger than 45° (see Eq. 53) and the dominant mass eigenstate is
v2. If, furthermore, the adiabaticity condition (57) is satisfied also at resonance,
where Xm is maximal, then the v2-»v1 transition probability is negligible and the
dominant mass eigenstate is still v2 when the neutrino emerges from the Sun.
However, the v 2 eigenstate in vacuum is mostly v^ because 6V <45°. Thus the
Mikheyev - Smirnov resonance offers an elegant way to explain the solar neutrino
problem even if the mixing angle in vacuum is small.
It must be pointed out that, in the case of small mixing angle, only the v e 's
produced with £ > Am2 cos 28V may emerge from the Sun as v^'s as a result of the
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Mikheyev-Smirnov effect. As £ depends linearly on the neutrino energy E (see Eq.
54), this condition is satisfied only by neutrinos produced above a critical energy
which depends on the mixing parameters.
The results from the latest analysis of the solar neutrino data in terms of matter
enhanced oscillations [24] are shown in Fig. 18. For each experiment the measured
2

2

event rate corresponds to a region of allowed parameters in the sin 20V, Am plane.
This region consists of a vertical band at large mixing angles, of a horizontal band at
constant Am corresponding to adiabatic solutions and extending to small mixing
angles, and of another band merging into the two previous ones for which the
allowed values of sin 26V decrease with increasing Am .
Since the processes used to detect solar neutrinos have different energy
thresholds, these regions do not coincide and the oscillation parameters which
describe all available data are defined by their overlap. An additional region of the
sin 2 26, Am2 plane defined by sin226 > 0.02 and 2 xlO'6 eV2 < Am 2 < 10"5 eV2 is
excluded by the absence of day - night effect in KAMIOKANDE [25]. This happens
because with such parameters one expects enhanced vH - v e oscillations for neutrinos
crossing the Earth, resulting in an increase of the v e flux at nights which is not
observed experimentally.
As shown in Fig. 18, the best fit values of the oscillation parameters taking into
account matter effects are
sin226 = 6.5 x 10"3; Am2= 6.1 x 10"6 eV2

(58a)

sin226 = 0.62;

(58b)

or
Am2= 9.4 x 10'6 eV2

One must add to these two solutions the vacuum oscillation solutions described in
-11

2

section 3.6 for which Am is in the range 10

-10

-10

T2

2

e v and sin 28 > 0.7.

Unfortunately, there is no way to detect oscillations with such parameters in
experiments using neutrinos from reactors or accelerators. Even in the more
favourable case of the large Am solutions (Eqs. 58a and 58b), for v e from nuclear
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reactors (average energy 3 MeV) the oscillation probability is maximal at a distance
of -700 km from the source (see Eq. 11). Similarly, for a neutrino beam of 1 GeV from
an accelerator the required distance between source and detector is ~ 200 000 km.
It must be finally noted that an identical explanation of the solar neutrino
problem would be obtained under the assumption of ve - vx oscillations.
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I
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Pinsonneaun SSM
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SAGE4GALLEX
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10"

Fig. 18

sin226

*

10"'

10"

The allowed regions of the Homestake, KAMIOKANDE and Gallium experiments,
taking into account the Earth effect in the KAMIOKANDE experiment and using the
SSM predictions of Ref. [10].

4.

SEARCH FOR v^ - vT OSCILLATIONS

4.1

The "see-saw" model
The so-called "see-saw" model [26] is a reasonable theoretical proposal which

tries to explain why neutrinos are much lighter than the charged leptons or quarks in
the same fermion generation.
In this model it is conjectured that each fermion generation contains a massless
Dirac neutrino field describing left-handed neutrinos, v L , and right-handed
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antineutrinos, VR, and an additional field describing the two helicity states N L and
N R of a Majorana neutrino. The mass terms in the Lagrangian are written as [27]

< 59 >

where m and M are parameters of the theory with m < < M.
The eigenvalues of the square of the mass matrix in Eq. (50) give the mass
values of the two physical neutrino states for each generation:
/M

;

m2~M

(60)

(the heavier the second neutrino, the lighter the first one, hence the name of the
model).
If, furthermore, one assumes that M has the same value for all three
generations, then it is possible to obtain a relation among the masses of the three
light neutrinos if one takes for m the value of the charged lepton or of the I 3 = 1/2
quark in each generation. In the former case

(61a)

while in the latter case

m(v e ): m ^ ) : m(vT) = m* : m* : m^

(61b)

In both cases one has m ^ ) > > m(ve), so that, assuming that the solar neutrino
problem is the result of v e - v^ oscillation, Am is equal to [m(VjJ]2 to a very good
approximation. From the small mixing angle solution (Eq. 58a) one obtains
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(62)
from which, using Eq. (61a) one has
m (v e )«6 x 10'8 eV

;

m(v T ) = 0.7eV

(63a)

Alternatively, using Eq. (61b) one obtains
m (v e )«2.5 x 10*8 eV

;

m(v T )«32eV

(63b)

where we have used the values m u = 5 MeV, m c = 1.5 GeV and m t = 170 GeV.
From Eqs. (60) and (62) one further obtains M » 5 x 106 TeV or 8 x 108 TeV,
using Eq. (61a) or (61b), respectively. Obviously, in both cases the second physical
neutrino is too heavy to be experimentally observed.
The range of values for the v t mass in the see-saw model (between ~ 1 and ~ 30
eV) can be compared with the cosmological upper limit for the sum of the three
neutrino masses which is of the order of 50 eV [28]. Thus, with such masses, the v t
could be, at least partially, an important component of the dark matter in the
Universe.
More importantly, the v^ - vT oscillation length for a neutrino beam energy of 30
GeV would be in the range from 100 m to 200 km. Such oscillations can be observed
using high-energy neutrino beams from accelerators if the mixing angle is not too
small.
4.2 The CERN experimental programme on neutrino oscillations.
Two experiments are presently taking data in the wide-band neutrino beam
from the CERN 450 GeV SPS with the aim of detecting v^ - vT oscillations.
The method adopted by both experiments consists in detecting x~ production
with a sensitivity corresponding to a vT/v^ ratio of ~ 2 x 10 . Such a value is
approximately three orders of magnitude larger than the value expected from D s
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production by the primary proton beam, followed by the decay D -> tv T . The
observation of x~ production could only result, therefore, from v ^ - vT oscillations.
The two experiments are installed one behind the other at a distance of ~ 820 m
from the proton target. A pair of pulsed magnetic lenses located after the target
produces a parallel wide-band beam of positive hadrons. Neutrinos from n or K
decay reach the detectors, while iron and earth shielding is used to absorb surviving
hadrons and to range out decay muons. The distance between the proton target and
the end of the decay tunnel is 414 m. Fig. 19 shows the expected neutrino energy
spectrum.
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Fig. 19 Expected neutrino flux from the CERN wide-band beam. The ordinate gives the
2

Q

number of neutrinos per m per GeV for 10 protons on target.
The CHORUS experiment is located just upstream of the NOMAD experiment.
CHORUS (CERN Hybrid Oscillation Research apparatus) aims at detecting the
characteristic decay of the short-lived t lepton in nuclear emulsion [29]. The
apparatus is shown in Fig. 20. It consists of an emulsion target with a total mass of ~
800 kg followed by an electronic tracking detector made of scintillating fibres, an aircore hexagonal magnet, high-resolution calorimetry and a muon spectometer. The
hexagonal magnet provides a field of 0.1 T, over a length of 0.75m, oriented along the
sides of an hexagon with no radial dependence. It is used to determine the charge
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and momentum of low-energy particles with a resolution c(p)/p ~ 20% for momenta
between 2 and 10 GeV. The calorimeters consist of scintillating fibres embedded in
lead and provide a resolution c? (E)/E ~ 0.13/VI and ~ 0.35/ VI (E in GeV) for
electromagnetic and hadronic showers, respectively.
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Fig. 20 Layout of the CHORUS detector.
Neutrino events with a \L~, a negatively charged hadron or three charged
hadrons with negative total charge are selected and one of the tracks is followed
back to the exit point from the emulsion target for further scanning and
measurement.
The large number of v^ charged-current (CC) or neutral-current (NC)
interactions which would satisfy this first selection is reduced by more than one
order of magnitude by applying kinematical criteria which distinguish these events
19

from vT CC interactions. For a total of 2.4 x 10 protons on target, which correspond
to a run of two years, one expects 5 x 105 v^ CC interactions in the emulsion target,
which are reduced to ~ 3 x 104 events to be scanned by rejecting event configurations
with the muon momentum and the total momentum of all other detected particles at

241

opposite azimuthal angles. Similarly, the expected number of 1.5 x 1(7 \^ NC
interactions is reduced to ~ 10 events to be scanned by rejecting the events in which
the missing transverse momentum is opposite in azimuth to the momentum of the
negative hadron (or of the three charged hadrons).
The method used to follow the tracks of selected events back into the emulsion
target is illustrated in Fig. 21. A special emulsion sheet which is replaced
approximately every three weeks during the run is mounted between the emulsion
target and the fibre tracker. With the reconstruction accuracy of the latter, the track
position on this sheet is predicted within an area of 360 urn x 360 urn. In this area
one finds, on average, only 5 muon tracks which are rejected by angular
measurement. The search is then continued in an area of 20um x 20 pm into the
emulsion target, with negligible background despite the long exposure time of the
target. Using a computer-assisted microscope, the time needed to follow back the
track to the primary vertex is typically 15 minutes and with 20 measuring tables it is
4

possible to analyse ~ 5 x 10 event/year.
Tncking
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Emulsion target
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Fig. 21 Expected configuration of a typical

V T N-»T

X event in the emulsion and

scintillating fibre tracker. The average x~ decay length is of the order of one
millimetre.
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CHORUS started data taking in May 1994; at the end of October 1995 the
emulsion target was removed and developed (a quarter of the target had already
been developed and replaced at the end of 1994). Fig. 22 shows a beautiful example
of a v. CC event containing a charmed meson decaying to a \i . This event serves to
illustrate the excellent space resolution which can be achieved by means of the
emulsion technique.

o i—

1000

2000

3000

4000

5000
L.i. j, I , I I I I I I I—L I I
1000
500
-500

1500

Fig. 22 A v ^ CC event as reconstructed in the CHORUS emulsion. The event contains a
short-lived particle (most likely a D+ meson) decaying to a \i*. The scale of both the
abscissa and ordinate is in micrometres.
Table 4 shows the expected sensitivity of the CHORUS experiment to the three
19

x decay modes being considered, for an exposure of 2.4 x 10

protons on target.

Also listed in Table 4 is the number of events (N^) expected from v^ - vT oscillations
with Am2 > 40eV2 and sin229 = 5 x 10'3, a value corresponding to the present upper
limit (see section 2 and Fig. 3). The observation of one event consistent with
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background gives an upper limit of 3.5 events from v^ - vT oscillations at the 90%
confidence level, equivalent to the limit v T /v u < 1.6 x 10 .
TABLE 4
CHORUS sensitivity to vT CC interactions. The number of events corresponds
19

to a run of 2.4 x 10 protons on target.
Branching ratio

Efficiency

N?

Background events

0.0178

0.084

20

0.15

vTh~ + nn°

0.50

0.040

25

0.5

vzn~n~n++ njc°

0.14

0.055

10

0.5

55

1.15

x- decay mode

Total
2

2

For Am >40eV this corresponds to the limit
sin229 < 3.3 x 10"4
at the 90% confidence level.
An additional two-year run is scheduled for 1996-97 with a new emulsion
target.
NOMAD (Neutrino Oscillation MAgnetic Detector) aims at identifying T~
production and decay using only kinematical criteria [30]. Such a method was
proposed a long time ago [31], but previous neutrino detectors never had the
required resolution.
The NOMAD experiment had a later start with respect to CHORUS, both
because of a later approval and because of technical problems with one of the
detector components in 1994. The apparatus became fully operational in August
1995 but useful data have been recorded since May with a reduced target mass. Data
taking in parallel with CHORUS is scheduled until the end of 1997.
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The apparatus is shown in Fig. 23. It is based on the UA1 magnet [32] which
provides a horizontal magnetic field of 0.4 T perpendicular to the beam axis over a
3

volume of 3.6 x 3.5 x 7.0 m .
The main detector components are:
(i)

A system of 44 drift chambers, each with a thickness equivalent to ~ 0.02

radiation lengths (r.l.) and consisting of three wire planes for stereo reconstruction of
charged particle tracks. These chambers also act as the neutrino target, providing a
mass of - 2.5 tonnes over a fiducial area of 2.6 x 2.6 m . The average density of this
target is O.lg/cm . The momentum resolution for charged hadrons and muons is
q(p) _ 0.05
P ~ VL

0.008p

where L is the track length in metres and p is the particle momentum in GeV. In this
expression the first term arises from multiple scattering and the second one from
measurement errors.
muon chambers

TOP VIEW

electromagnetic
calorimeter

return
yoke

hadronic
calorimeter

Fig. 23 Top view of the NOMAD detector.
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(ii)

Nine modules of transition radiation detectors (TRD) for electron identification.

Each module (see Fig. 24) consists of a radiator followed by a layer of vertical strawtubes filled with a Xe-CH 4 mixture to detect the transition radiation X-rays produced
by charged particles with E/m > 10 when they cross the radiator. Five additional
drift chambers are interspersed among the TRD modules to track charged particles
in this region.
(iii) An electromagnetic calorimeter [33] consisting of 875 lead-glass counters
equipped with special photo-tetrodes for operation in the magnetic field. This
calorimeter is located behind a "preshower" detector consisting of two orthogonal
layers of proportional tubes behind a 1.6 r.l. thick converter. The energy resolution
for electrons and photons is

where E is in GeV.
(iv) A hadronic calorimeter made of a multi-layer iron-scintillator sandwich.
(v)

Ten large-area muon chambers [34] arranged in two stations separated by an 80

cm thick iron wall.

The NOMAD experiment aims at detecting x~ production by observing both
leptonic and hadronic decay modes of the x~. The decay x~ —> v t e~v e is particularly
attractive because the main background results from v e CC events which are only
- 1 % of the total number of neutrino interactions in the target fiducial volume. This
background is rejected by considering the azimuthal separation <|>eh between the
electron momentum and the total hadron momentum, and the azimuthal separation
^mh between the latter and the missing transverse momentum (see Fig. 26a). As
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shown in Figures 26b and 26c, for v e CC events ( ^ is peaked at 180° while the
correlation is much looser in the case of x~ —> vTe~ve decay. Furthermore, in a large
fraction of decays x decays the missing transverse momentum resulting from the two
outgoing neutrinos is at opposite azimuthal angles to the total hadron momentum.
Hence it is possible to define a region of the ( ( j ^ , <t>eh) plane which is mainly
populated by x~ decays, with very little background from v e CC events.
drift
chamber

\
trigger
counters

preshower

trigger
counters

kTRD module

16mmdiam.
straw-tubes

(Xe-CH4)

radiator
350 0.015 mm CH2 foils
foil spacing 0.25 mm

Fig. 24 Details of the NOMAD transition radiation detectors.
A typical neutrino interaction in the NOMAD detector is shown in Fig. 25.
Similar considerations apply to the decay

T~

™> VT|LI~\^, albeit with a much

larger background. This can be reduced to a tolerable level at the expense of
detection efficiency by reducing the size of the selected region in the (§„&, <|>^h) plane.
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Fig. 25 Typical v^ CC event in the NOMAD detector. In addition to the n" and to other
charged particles produced in the interaction, the event contains a V°, most likely
resulting from photon conversion.
The search for the hadronic decay modes x~-»vT7c~, vTp~, VT7C~7I~TI+ is also possible
with the NOMAD detector. The main criteria for identifying such decay modes are :

(i)

the presence of a hadronic system consistent with T~ decay in events with no

visible charged lepton;
(ii)

the total momentum vectors of this hadronic system and of all the remaining

hadrons in the event must be at opposite azimuthal angles;
(iii) the transverse components of these two momenta with respect to the nominal
beam direction must both exceed a given threshold, typically set at 1.6 GeV.
The sensitivity of NOMAD to v^ - vT oscillations for a total of 2.4 x 10 protons
on target is listed in Table 5 for the various x decay channels. The background to all
these channels, except for x~ -* vTu~v^ decay, can be monitored from the data
themselves using the very large sample of v^ CC events recorded in the experiment
(more than 10 events in a two-year run). The observation of seven events consistent
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with the expected background in the leptonic channels, and of no event in the
-4

hadronic channels gives an upper limit vT/vu < 1.9 x 10 at the 90% confidence level.
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Fig. 26 a) Definition of the azimuthal separations ^^ and ^nii in terms of transverse
momentum vectors;
b) Distribution in the (^a&l,tyA)plane for vT CC interactions followed by
x~—> vx e~ v e decay;
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c) Ihe same for v e CC interactions. The full line defines the selected region for x~
events.
TABLE 5
NOMAD sensitivity to vT CC interactions. The number of events corresponds
to a run of 2.4 x 10 protons on target.

Branching ratio

Efficiency

N;

Background events

xe~>

0.0178

0.135

39

4.6

xH~v^

vxn~Tt~n + nit°

0.0178
0.138

0.039
0.077

11
18

2.2
<0.2

V T TT

0.11

0.014

3

<0.2

V T P~

0.23

0.020

7

<0.2

78

6.8

x- decay mode
v
v

+

Total

2

2

For Am > 40 eV this corresponds to the limit
sin228 < 3.8 xlO"4

Fig. 27 shows the region of the (sin 20, Am ) plane excluded by the combined
CHORUS and NOMAD results if no signal is seen in either experiment. For Am2 >
40 e v the limit on the v^ - vT mixing angle is
sin 2 29 < 2.3 xlO"4

(64)

which represents an improvement by more than a factor of 20 with respect to the
existing limits.
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Fig. 27 Region of the (sin229, Am2) plane excluded by the combined results of CHORUS
and NOMAD if no x~ signal is observed in either experiment. Also shown are the
exclusion regions from previous experiments.
5.

THE ATMOSPHERIC NEUTRINO PROBLEM

Since the total thickness of the atmosphere is ~ 10 3 g/cm 2 / which is equivalent to
- 10 interaction lengths, the interaction of a primary cosmic ray in the upper layers
of the atmosphere results in the development of a hadronic shower leading to a flux
of neutrinos from charged pion and muon decay. These neutrinos have energies
ranging from - 0.1 GeV to few GeV.
Since a v^ is produced from both %* and u + decay, and a v e from u~ decay only,
one expects the ratio between the vM and v e fluxes on Earth to be of the order of 2.
However, the calculation of the atmospheric neutrino fluxes are affected by sizeable
uncertainties which result from uncertainties on the composition and energy
spectrum of the primary cosmic rays, on secondary particle distributions and on the
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K/7C ratio. The final uncertainty affecting the v^ and v e fluxes on Earth is estimated
to be of the order of ± 30% [35]. However, because of partial cancellations, the
uncertainty on the predicted v^/v e ratio is believed to be less than ± 10%.
Five underground experiments have measured the atmospheric neutrinos
fluxes by detecting quasi-elastic interactions:

(v e ) + n -> \i~ (e~) + p

(65a)

+ p -* H+ (e+) + n

(65b)

Two experiments (KAMIOKANDE [36] and IMB-3 [37]) are based on large volume
water tanks and detect the Cerenkov light ring produced by relativistic particles in
the water. The other three experiments (FREJUS [38], NUSEX [39] and SOUDAN-2
[40]) use calorimeters with high longitudinal and transverse segmentation.
Muons from reactions (65a) and (65b) appear in all these detectors as single
penetrating tracks. If the muon stops in the detector and decays, the decay electron
can also be observed.
Electrons produce single electromagnetic showers consisting of many short
tracks which are easily identified in the calorimeters and result in diffuse Cerenkov
light rings in KAMIOKANDE and IMB-3.
The comparison between the measured and predicted v^ /v e ratio for the five
experiments is shown in Table 6. The average of the five results, after adding the
statistical and systematic errors in quadrature, is

/

V

v

, m e a s u r e d = 0.61 ± 0.06

(66)

(V e) p r e d i c t e d
The deviation of this ratio from 1 illustrates the so-called atmospheric neutrino
problem.
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Table 6
Comparison between the measured and calculated v^ /v e ratio for atmospheric
neutrinos. The second error shows separately the uncertainty on the
calculation.

Experiment

Detector mass x years
of exposure

\ ^

e

' measured

(V Ve )predicted

KAMIOKANDE

[36]

6.1

0.60 ±0.07 ±0.05

IMB-3

[37]

7.7

0.54 ±0.05 ±0.07

FREJUS

[38]

1.6

0.87 + 0.21

NUSEX

[39]

0.4

0.99 ±0.40

SOUDAN-2

[40]

1.0

0.69 ±0.19 ±0.09

A comparison of the v^ and ve fluxes, as measured by KAMIOKANDE [36,41]/ with
the calculated fluxes is shown in Fig. 28. It appears from this comparison that the v^
flux is lower than predicted while the v e flux agrees with calculations. This could
just be the effect of the large uncertainties affecting these calculations. However, an
interpretation of these results in terms of neutrino oscillations is also possible. In this
case, v^ - vT and v^ - v e oscillations are both acceptable solutions. For v^ - ve
oscillations, since the ratio v^/Vg is close to 2 at production, the v^ flux on Earth is
reduced despite the fact that the two probabilities P(v^-»ve) and P(ve-»v^) are equal
(see Section 1). For v^ - vx oscillations, the energy threshold for i~ production in
quasi-elastic neutrino scattering is 3.5 GeV, hence for energies below this value the vT
is not detected.
Additional evidence in favour of neutrino oscillations has been recently
reported by KAMIOKANDE [41]. Since the flux of atmospheric neutrinos on Earth
is, to a good approximation, isotropic, the neutrino flight path from the production
point to the detector varies enormously with the zenith angle 6. For example,
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neutrinos impinging on the detector from above (cos6 =1) are produced few
kilometres above the detector, while upward going neutrinos (cos 6 = -1) have
traversed the Earth and so have travelled for at least 13, 000 km before reaching the
detector. Hence, depending on Am , oscillations may result in a dependence of the
v^/ve ratio on the zenith angle 6.

0.5

1.0
P(GeV/c)

Fig. 28 Momentum spectrum of electrons (a) and muons (b) from quasi-elastic scattering of
atmospheric neutrinos, as measured by KAMIOKANDE. The histograms show the
predictions without neutrino oscillations (thick line) and with neutrino oscillations
(thin line).
Such a measurement is only possible in the case of multi-GeV neutrinos, for
which the outgoing lepton direction is correlated with the incident neutrino direction
(on average, the angle between the outgoing lepton and the incident neutrino has a
r.m.s. deviation from zero of ~ 60° for energies below 1 GeV, and of less than 20° for
energies above 1.5 GeV).
The variation of the v^/Vg flux ratio with zenith angle with respect to the
predictions in the absence of oscillations, as reported by KAMIOKANDE [41], is
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shown in Fig. 29. Within the limited statistics, these data are consistent with a
reduction of the v^/v e ratio at large flight distances.
Multi-GeV

Fig. 29

Zenith angle distribution of the ratio between the number of \f and e~ events, as
measured by KAMIOKANDE, normalized to the predicted ratio in the absence of
oscillations . The histograms are expectations from v^ - v e oscillations with Am =
0.018 eV2 (dashed line) or v(1 - vT oscillations with Am2 = 0.016 eV2 (dotted line).
For both cases sin 26=1 is assumed.

When interpreted in terms of v^ - v t oscillations, these results favour a large
2

2

2

mixing angle solution (sin 26 > 0.6) and Am « 0.016 eV .
If these are indeed the parameters describing v^ - vT oscillations, it can be seen
from Eq. (10) that the probability for vT appearance in a ~ 30 GeV v^ beam is maximal
at a distance of ~ 3700 km from the source. As a consequence, for the CHORUS and
NOMAD experiments, which are located at a distance of ~ 0.8 km from the neutrino
source, the probability of x appearance is negligibly small (of the order of 5 x 10")
and no oscillation signal can be detected in those experiments.

6.

RECENT SEARCHES FOR v^ - v e OSCILLATIONS AT ACCELERATORS

6.1

The LSND experiment

The Liquid Scintillator Neutrino Detector (LSND) has recently reported the
observation of events which can be interpreted in terms of v^ - v e oscillations [42].
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The LSND experiment uses neutrinos from n and u. decay from the beam stop
of the Los Alamos Meson Physics Facility (LAMPF). The layout of the experiment is
shown in Fig. 30. Protons from the LAMPF 800 MeV linear accelerator produce
pions in a 30 cm long water target located ~ 1 m upstream of a copper beam stop.
Neutrinos are produced by the following decay processes:

(i)

K+ -¥ u + vR (in flight or at rest);

(ii)

\i+ -» e + v^v e (at rest);

(ii) ri~ -» n'v^ (in flight);
(iv) u~ -> e~v^ve (at rest).

2000 g/cm steel overburden

Not to scale!
veto

-water plug

Fig. 30 Sketch of the LSND experiment.

The relative yield of v e above an energy of 36 MeV is only ~ 4 x 10" because %
decaying in flight are only a few % of all produced n~ and only a small fraction of the
u~ stopping in high Z material undergoes decays (JC~ at rest do not decay because
they are immediately captured by nuclei).
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LSND consists of a tank containing 167 tonnes of liquid scintillator (doped
mineral oil, CH2). Both scintillation and Cerenkov light are collected by 1220
photomultipliers covering 25% of the tank surface. The tank itself is inside a liquid
scintillator shield which is used in anticoincidence to reject charged particles
entering the tank from outside.
LSND detects ve by the reaction
ve + p -» e + + n

(67)

which gives a prompt e + signal followed by a delayed 2.2 MeV y-ray from the
capture reaction np —> dy.
A total of nine events has been observed in the e + energy interval from 36 to 60
MeV during two runs in 1993-94, to be compared with an expected background of
2.12 ± 0.34 events [42]. The probability that the excess of 6.9 events results from a
statistical fluctuation is <10" . If attributed to v ^ - v e oscillations, this excess
(
+0.20
"\
2
corresponds to an oscillation probability of 0.34
± 0.07 xlO .
However, an independent analysis of the same data [43] reports the observation
of only five events, to be compared with an estimated background of 6.2 events. In
this analysis it is found that the beam-on e+ signals are not uniformly distributed
over the detector volume but are concentrated near the bottom edge. The use of a
fiducial volume cut to remove this region leads to a result consistent with no
oscillations.
2

2

Fig. 31 displays the LSND allowed region in the sin 20, Am plane under the
assumption that the positive signal reported in ref. [42] is due to v^ - v e oscillations,
together with the regions excluded by the alternative LSND analysis [43] and by
other experiments.
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sin2(26f)

Fig. 31

Region of the sin z8, Am2 plane allowed by LSND (shaded area) together with the
exclusion regions from a previous BNL experiment (E-776 [46]), from KARMEN
[45] and from the Bugey reactor experiment (B. Achtar et al. [3]). The alternative
LSND analysis [43] gives a limit similar to KARMEN [45].

6.2

The KARMEN experiment
The KArlsruhe-Rutherford Medium Energy Neutrino (KARMEN) experiment

[44] is being performed at the spallation neutron facility ISIS of the RutherfordAppleton Laboratory.
The layout of the experiment is shown in Fig. 32. A proton beam with a kinetic
energy of 800 MeV bombards the ISIS target producing pions which are stopped in
the target shielding resulting in a neutrino beam similar to the LAMPF one.
However, an important difference with respect to LAMPF is that the ISIS beam is
pulsed with a time structure consisting of two 100 ns long pulses separated by 320 ns
(this sequence has a repetition rate of 50 Hz). Thus it is possible to separate neutrinos
from muon and pion decay from their different time distributions with respect to the
beam pulse.
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KSTega

Fig. 32 Layout of the KARMEN experiment.
The KARMEN detector consists of 56 tonnes of liquid scintillator contained in a
matrix of 512 independent 3.5 m long boxes with a section of 18 x 18 cm and viewed
by two photomultipliers at each end. A thin layer of Gd2Q3 placed between adjacent
boxes allows neutron detection by neutron capture in Gadolinium followed by y
emission. The advantages of this technique with respect to neutron capture from
protons is that the cross-section is large for fast neutrons, hence one can use faster
coincidences. In addition, the total y-ray energy is ~ 8 MeV.
The KARMEN experiment has observed no signal above the expected
background from reaction (67), providing no evidence for vH - ve oscillations [45].
The regions of the sin226, Am2 plane excluded by the KARMEN experiment [45]
2

2

and by earlier experiments are shown in Fig. 31. A small region with 0.3 eV <Am <
2 eV2 and sin226 in the range 0.04 to 0.002 (depending on Am2) is compatible with the
positive result of ref. [42] without being excluded by the other ones. However, in
view of the limited statistical evidence of the LSND experiment and of the existence
of an independent analysis reaching different conclusions, it is not possible at
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present to consider the LSND result [42] as evidence for v^ - v e oscillations. More
data are needed to reach a definitive conclusion.
It is quite difficult to explain the LSND result [42] as well as the solar and
atmospheric neutrino problems in terms of oscillations involving three neutrino
flavours because three very different values of Am are required by the data whereas
2

with three neutrinos only two independent values of Am can be defined.
7.

FUTURE OSCILLATION SEARCHES

7.1

Short base-line experiments at accelerators
A new search for v^ - vT oscillations has been recently approved at Fermilab.

This experiment, named COSMOS, uses the neutrino beam which will become
available at Fermilab near the end of the century when the new Main Injector (MI)
will start operation.
The COSMOS experiment [47] is conceptually similar to CHORUS. The
apparatus is shown in Fig. 33. The neutrino target consists of 520 kg of emulsion
followed by a high-precision scintillating fibre tracker, an open gap dipole magnetic
spectrometer with a field of 0.5 T.m, drift chambers, an electromagnetic calorimeter
and a muon detector. The two main differences with respect to CHORUS are a more
intense neutrino beam and the magnetic spectrometer which provides a better
momentum resolution (o"p/p ~ 3%, to be compared with ~ 20% for the CHORUS
hexagonal magnet). This latter property should provide a stronger reduction of the
number of events to be scanned in the emulsion, thus allowing for a much larger
number of neutrino interactions while keeping the scanning time within a reasonable
limit.
Table 7 compares the main parameters of the future Fermilab Main Injector and
neutrino beam with those presently available from the CERN SPS. It must be
pointed out that the cross-section for T production from vT's in the neutrino beam
from the Fermilab Main Injector is a factor of ~ 5 lower than in the CERN beam
because of the lower energy of the interacting neutrinos.
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FIBER READOUT

2 METERS

Fig. 33 Side-view of the COSMOS detector.

Table 7
List of relevant beam parameters.
CERN SPS

Fermilab MI

Proton energy

450GeV

120 GeV

Protons on target/cycle

2xlO 1 3

6 x 1013

Cycle time
Protons on target/year

14.4 s
1.2 x 1019

1.9 s
3 x 1020

Average energy of interacting v u

40GeV

16 GeV

COSMOS will start data taking around the year 2000. It expects to collect 6.3 x
106 v u CC events in a run of four years. The corresponding number of events to be
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c

0

0

scanned is ~ 1.5 x 10 . Fig. 34 shows the region of the sin 20, Am plane which will
be excluded by COSMOS if no oscillation signal is observed. It will improve the
anticipated CHORUS and NOMAD limit by an order of magnitude.
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Region of the sin 28, Am plane excluded by COSMOS after a four-year run if no v t signal is
observed. Also shown is the anticipated limit from CHORUS and NOMAD, together with
limits from previous experiments.

7.2 Long base-line experiments at accelerators
If the atmospheric neutrino problem discussed in section 5 is indeed the result
of neutrino oscillations, then the value of Am = 10" ev needed to explain the data
will give rise to oscillations which can be detected by installing a suitable detector at
a distance of the order of 1000 km from a source of neutrinos with energies of the
order of 10 GeV.
The future neutrino programme at Fermilab includes a long base-line
experiment. The neutrino beam from the Main Injector is directed towards the
Soudan underground laboratory in Minnesota at a distance of 730 km from Fermilab
(see Fig. 35).
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Fig. 35 Future neutrino beam-line from Fermilab to Soudan.

The Soudan laboratory, at a depth of 713 m (2090 m of water equivalent), will
be equipped with a new underground hall oriented along the neutrino beam where
the Main Injector Neutrino Oscillation Search (MINOS)7 will be installed.
The MINOS detector [48] is shown in Fig. 36. It consists of 600 octagonal
magnetized iron plates, 4 cm thick, interleaved with active detector planes providing
at the same time calorimetric and tracking information.

The total mass of the

MINOS detector is 10,000 tonnes. With such a mass and a wide-band beam, one
expects approximately 20,000 v^ CC events per year.
The MINOS detector is used in conjunction with a second detector of similar
conceptual design but with a much smaller mass located at a distance of ~ 1 km from
the proton target.
MINOS uses several methods to detect v^ - vT oscillations. One method consists
of measuring the ratio of the number of events with no muon to the number of
events with one muon. If v^ - vT oscillations are present with the oscillation
parameters suggested by the atmospheric neutrino problem, this ratio will be
different for the far and near detector because only ~ 18% of the vT CC events will
produce a [L from x~ —» vTjj,~vJi decay.
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M I N O S (Main Injector Neutrino Oscillation Search)

Far (Labyrinth) Detector
Fermi lat
32,000 m Active Detector Planes
x and y strip/wire readout
480,000 channels

36 m
Magnetized Fe Plates
600 Layers x 4 cm Fe
10.0 kT Total Mass

Fig. 36 Sketch of the MINOS detector.

An alternative, independent method consists in measuring the neutrino energy
spectrum in both the far and near detector by measuring the total visible energy in
events containing a u~. The presence of v^ - vT oscillations would then result in a
distortion of the spectrum measured in the far detector with respect to the spectrum
measured in the near detector. Using Eq. (10), the shape of this distortion will
provide a determination of the oscillation parameters.
MINOS will begin data taking at the beginning of the next century in parallel
with the short base-line COSMOS experiment described previously. It will be able to
demonstrate the presence of v^ oscillations for mixing angles sin226 > 0.01 and for
Am2 > lO'W 2 .
Another possibility for long base-line neutrino oscillation searches, now being
actively discussed in Europe, consists in aiming a neutrino beam from the CERN SPS
to the Gran Sasso National Laboratory in Italy at a distance of 732 km. The three
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existing underground halls at Gran Sasso, under ~ 4000 m of water equivalent, are
already oriented towards CERN and ICARUS, a 600 tonnes detector suitable for
oscillation searches, will start operation in 1998 with the main goals of searching for
proton decay and of studying atmospheric and solar neutrinos.
ICARUS [49] is a new detector concept based on a liquid Argon Time Projection
Chamber (TPC) which allows three-dimensional reconstruction of events with
spatial resolution of the order of 1 mm. The principle of this detector is illustrated in
Fig. 37.

Race

Fig. 37

Principle of the ICARUS detector. The drift direction is perpendicular to the cathode
and chamber planes.

Primary ionisation electrons drift in very high purity liquid Argon over distances of
the order of 1 m and are collected by electrodes made of strips which provide two of
the three coordinates and measure the ionisation, while the third coordinate along
the drift direction is determined by measuring the drift time.
After one year of data taking using a wide-band neutrino beam from the CERN
SPS ICARUS should be able to exclude neutrino oscillations with Am2 > 2 x 10"2eV2
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2

and sin 29 > 0.1 if no signal is observed. The exclusion region should extend to Am2
values as low as 3 x 10 "3 eV2 for larger mixing angles.
Fig. 38 shows the track quality achieved in a 3 tonnes prototype.
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Fig. 38a) Stopping cosmic ray muon with delayed decay electron;
b) Hadronic shower from a cosmic ray. A photon produces an electromagnetic shower near
the centre of the picture.

7.3 Experiments on solar neutrinos
7.3.1 SNO
The Sudbury Neutrino Observatory (SNO) is a solar neutrino detector under
construction in the Creighton mine near Sudbury, Ontario [50]. The detector, located
2070 m below ground (5900 m of water equivalent), consists of a spherical vessel
with a radius of 6 m containing ~ 1000 tonnes of high purity heavy water.
Cerenkov light produced in the heavy water is collected by 9600 photomultipliers
with a diameter of 20cm located on a concentric spherical surface at a radius of 8.5 m.
About 7000 tonnes of high purity light water shield the heavy water against
radioactivity from the walls of the laboratory.
Solar neutrinos are detected by the observation of the reactions

ve + d - » p + p + e~

(68a)

v + e~-»v + e'

(68b)
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For both reactions, the Cerenkov light ring produced by the electron is detected with
a threshold of ~ 2 MeV, which makes the experiment sensitive only to neutrinos
from B decay (see Eq. 19h and Fig. 4). Reaction (68a) has the advantage of a much
larger cross-section with respect to reaction (68b) but the disadvantage that the
electron direction is practically uncorrelated with the incident neutrino direction.
An additional feature of SNO is its anticipated capability to detect the reaction

v + d—»p + n + v

(68c)

which has the same cross-section for all neutrino flavours and measures, therefore,
the total solar neutrino flux. This reaction is observed by dissolving high purity
MgCl2 salt into the heavy water and by detecting the 8.5 MeV y-ray emitted by
neutron capture in Cl :

As the detector does not distinguish between electrons and photons, it is planned to
alternate data taking runs with and without MgCl2 salt. Another possibility being
actively studied is the insertion of special neutron counters in the vessel.
SNO is expected to start data taking in 1997. In the absence of oscillations, one
4

3

expects ~ 10 events/year from reaction (68a), ~ 10 events/year from reaction (68b)
and ~ 3 x 10 events/year from reaction (68c) with MgCl2 salt. The presence of ve
oscillations reduces the event rates from reactions (68a) and (68b) but does not
change the rate of reaction (68c).
7.3.2 BOREXINO
BOREXINO is an experiment presently under construction at the Gran Sasso
National Laboratory [51]. The detector consists of a spherical, transparent vessel of
8.5 m diameter filled with very high purity, low activity liquid scintillator and
viewed by an array of 1650 photomultipliers located on its surface. The relative
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timing of the photomultiplier signals provides information of the event position
within the detector volume. The entire detector is immersed in a cylindrical tank
16.5 m high with a 16.5 m diameter filled with high purity water and acting as a
shield.
The aim of the experiment is to detect the v e - electron scattering reaction (68b)
with an energy threshold as low as 0.25 MeV. If this is achieved, the experiment is
sensitive to the v Be component (E = 0.861 MeV) which is expected to be strongly
suppressed if neutrino oscillations are the solution of the solar neutrino problem (see
section 3.5). In the absence of oscillations one expects a contribution of ~ 50
events/day from these neutrinos. With such a rate, it is possible to identify the solar
origin of the signal by observing the ~ 7% yearly variation associated with the
varying distance between the Sun and the Earth.
BOREXINO is expected to start data taking sometime after the beginning of
1998.
7.4

Experiments at nuclear reactors.
Two v e disappearance experiments are presently under construction at the

Chooz (France) and San Onofre (California) nuclear power plants [52].
The Chooz detector, installed in an underground tunnel at a distance of 1025 m
from the reactors, consists of three concentric vessels. The innermost one contains
4.9 tonnes of Gadolinium doped liquid scintillator which acts as the v e target and as
the detector. The two other vessels are both filled with liquid scintillator. The
outermost vessel is used as an active veto and as a shield.
The San Onofre detector, installed at 750 metres from two reactors, consists of
12 tonnes of Gadolinium loaded liquid scintillator surrounded by 1 metre thick
water shield and by a liquid scintillator layer to reject cosmic rays. The central
detector is subdivided into 66 independent cells.
In both experiments the reaction v e p —> e+ n produces a prompt e+ signal
followed by a delayed photon signal resulting from neutron capture in Gadolinium.
In the Chooz detector the middle vessel is used to increase the photon detection
efficiency.

In the San Onofre detector the e + and the two photons from e+

annihilation are detected in three neighbouring cells.
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These experiments are sensitive to v e oscillations with Am2 values in the range
from 3 x 10"3 to 3 x 10"2 eV2 and sin229 > 0.1.
7.5

SUPER-KAMIOKANDE
SUPER-KAMIOKANDE is a new, very massive water Cerenkov detector [53].

The total mass of water is 50,000 tonnes, of which 22, 000 tonnes represent the
fiducial volume for solar neutrino detection (in KAMIOKANDE the fiducial volume
mass is only 680 tonnes). The Cerenkov light is collected by 11,200 photomultipliers.
SUPER-KAMIOKANDE will study solar and atmospheric neutrinos and will
also serve for a long baseline oscillation experiment using a wide-band neutrino
beam from the KEK12 GeV proton synchrotron at a distance of 250 km.
SUPER-KAMIOKANDE should start data taking in the second half of 1996.
The expected solar neutrino event rate is ~ 30/day which is two orders of magnitude
larger than the corresponding KAMIOKANDE rate. One also expects ~ 2,000
events /year from atmospheric neutrinos.
8.

CONCLUSIONS
Experiments on solar and atmospheric neutrinos have been the only ones so far

to provide serious hints for neutrino oscillations. Unfortunately, the source of these
neutrinos is not under control and cannot be directly monitored as in the case of
reactor or accelerator experiments. While the oscillation parameters which explain
the solar neutrino problem cannot be verified using other kinds of neutrino sources,
the interpretation of the atmospheric problem in terms of oscillations can be verified
in long baseline experiments with neutrino beams of well known properties from
accelerators or nuclear reactors.
A wide programme of oscillation searches is presently being carried out or
being prepared, together with second-generation experiments on solar neutrinos.
Hopefully by the turn of the century it should be clear if neutrino oscillations do
indeed occur.
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DESPERATELY SEEKING DARK MATTER
Michel SPIRO
DAPNIA/SPP, CEA-Saclay, 91191 Gif-sur-Yvette, France

Abstract
This short review discusses the evidence for missing mass at large
scales, the possible nature of the dark matter in the Universe, and
the principles of dark matter detection. It summarizes the main
experimental results obtained up to now. Prospects and new ideas
are presented.

1.

INTRODUCTION

The estimate of the value of Cl, the ratio of the mean energy density in the Universe
to the critical energy density, is one of the main issues in modern cosmology. We can
measure the components of Q, in various ways :
- from luminous matter (stars), f2iUm>
- from the dynamical behaviour of stars in spiral galaxies (galactic halos), fihaio
- from primordial nucleosynthesis (baryons), f^barWe know from observations that the contributions from dust or gas to Cl are negligible. The estimates for the values of f£ium, fthaio and fibar are shown in figure 1 and
compared to the magic value Q = 1 which is the preferred value for aesthetical and theoretical reasons (to avoid fine tuning in initial conditions, and to agree with inflation
theories). Prom all these values, one can draw two main conclusions :
1) All these estimates are below 1. However, the value fi = 1 is not at all excluded.
The allowed range for the total contribution to Q is 0.001 < fitot < 2, where the lower
limit comes from visible matter and the upper limit comes from the minimum estimate
of the age of the Universe combined with the measured expansion rate. To reach Q = l,
it seems unavoidable to invoke intergalactic non baryonic dark matter, such as WIMPs
(Weakly Interacting Massive Particles: heavy neutrinos v>n, or lightest supersymmetric
particle LSP...), or light neutrinos such as 10 to 100 eV u% or v^ ox vT.
2) The comparison of the allowed range for Oium, fihaio a n d ^bar suggests that the
halos of spiral galaxies, like our own galaxy, could be partly or totally made of MACHOs (Massive Astrophysical Compact Halo Objects) which is almost the only possibility left for baryonic dark matter : these MACHOs could be either aborted stars (brown
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dwarves, planet like objects), or star remnants (white dwarves, neutron stars, black holes)
(Carr, 1990).

.01<Q !UU ,<.15
INTERGALACnC
DARK MATTER

V
v

Qsl

Figure 1: Values of J)ium, Qhaio and f^ar are shown and compared to fl cr j t .

2.

MACHO's or WIMP's IN THE HALO ?

Candidates for non baryonic dark matter abound (massive neutrinos, axions,
WIMPs such as the lightest supersymmetric particle, etc., all initially motivated by other
arguments than dark matter). On the other hand, very few possibilities remain for baryonic dark matter (Carr, 1990). Cold fractal clouds of helium and molecular hydrogen have
been suggested (Pfenninger et a l , 1993). Primordial black holes are also a possibility. But
probably the most plausible candidate would be compact objects too light to burn hydrogen, would be stars beyond the main sequence. Their mass has to lie between the
evaporation limit and the ignition threshold, i.e. 10~7 M© < M < 0.08 M 0 (de Rujula et
al., 1992). Those will be named MACHOs (Massive Compact Halo Objects) in the sequel.
A way to detect these MACHOs is to look for the temporary brightening of a star
that occurs when a MACHO passes next to its ligne of sight.

2.1

The microlensing effect

The use of the microlensing efect to detect dark matter was first proposed in 1986
by Paczynski. Figures 2 and 3 describe the phenomenon : a halo object D passes very
close to the line of sight between the observer 0 and a distant star S - typically within a
thousandth of an arc second.
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Figure 2: Instead of the direct ray going from the star S to the observer O, the deflector
D causes the light to follow two distinct optical paths. The observer sees two images Si
and S2, usually non separable in the case of microlensing.

Figure 3: The microlensing effect as seen in the plane of the deflector. The observer receives
light that had been emitted in a larger solid angle in the absence of the deflector. The
amplification is in fact simply the ratio of the surfaces (Si+Sa)/S.
In the following, L = OS and x = OD/OS. If the alignment was perfect, the observer
would see an Einstein ring of radius RE, with :

R2p.

_
—

4GML

- x)

(1)

More generally, the observer receives light through two optical paths, too close to
be separated - the separation is also of about 10~4 arcsec. But since he received light that
was emitted in a larger solid angle than without the deflector, the star appears brighter.
It is easy to compute the apparent amplification from the deflection given by general
relativity :
(2)

where u is the "reduced impact parameter", d(OS,D)/R E . The amplification as a function
of u is plotted in figure 4a.

-2

-1

1

2

t/t

Figure 4: a) The amplification as a funstion of the reduced impact parameter u. A unit
impact parameter corresponds to an amplification of 34% or 0.3 magnitude, b) Some
typical light curves. The abscissa is the time in unit of the time required for the deflector
to move by an Einstein radius. The various light curves correspond to a reduced minimum
impact parameter of 0.25, 0.5, 0.75, 1., 1.25 and 1.5 respectively.
Now, since the alignment needs to be so perfect, the effect is going to be sensitive
to the movement of the deflector in the halo. If the deflector has a velocity v, which
component transverse to the line of sight is vx, and its trajectory has a minimum impact
parameter UQ, then at any given time, we have :
'V1I

t 0 )) 2

(3)

and the phenomenon is time-dependent. It is convenient to define as RE/V_L, the characteristic duration of the phenomenon. For stars in the Large Magellanic Cloud, the average
duration is = 70 days^M/M^. Figure 4b shows typical light curves.
For a given observed light curve, the measurable quantities are the maximum amplification, the duration, and the time of maximum. The amplification gives the impact
parameter - which distribution must be flat -, but the duration is a function of the mass
of the object, its speed, and its distance from the observer. For any given event, only
a most probable mass can thus be computed. This mass is model-dependent, and the
distribution around this most probable value is very broad. As statistics increases, it is
however possible to perform a moment analysis to compute the moments of the MACHO
mass distribution (de Rujula et al., 1991).
The probability of the microlensing phenomenon is computed in (Paczynski, 1986)
for stars in the Large Magellanic Cloud, and more generally in (Griest et al., 1991). The
idea is that the probability for a given star to be microlensed at a given instant by more
than 34 % is simply the fraction of the sky covered by the Einstein radii of the MACHOs.
Since the surface of the Einstein disk is proportional to the mass of the object, the total
solid angle fraction - the optical depth - is independant of the mass of the objects. But since
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the event duration increases with the mass, lighter objects will cause more microlensing
events in a given time period. Typically, for stars in the LMC and a "standard" halo, the
optical depth is ~ 0.5 x 10~6. It is thus necessary to follow the luminosity of a few million
stars.
Some basic properties of the microlensing effect will help to distinguish a signal
from the background of variable stars :
• The light curve is symmetric and has a distinctive shape.
• The effect is achromatic, since all photons follow the same geodesic. As most
variable stars display colour variations, this is a very powerful criterium.
• The effect is rare enough to be unique for a given star. A long term follow-up of
the candidates is therefore needed.
• The effect is independant of the physical properties of the microlensed star. In
particular, the events must trace the spatial repartition of stars, as well as their repartition
in the colour-magnitude diagram.
2.2 The three experiments
2.2.1 EROS
EROS (Experience de Recherche d'Objets Sombres) is a French collaboration of
astrophysicists and particle physicists. It consists in fact of two experiments. The first one
targets high mass objects, and monitors a few millions stars on a time scale of 30 mn.
The plate experiment uses the 1 m Schmidt telescope at the European Southern
Observatory. Each 30 cm x 30 cm plate covers roughly an area of 5° x 5° on the LMC.
Two plates are taken each night, one with a blue filter, the other with a red filter. The
exposure time is one hour.
The plates are then digitized by the MAMA at the Observatoire de Paris (Berger
et al. 1991), and each yields 8 108 pixels of 0.7 x 0.7 arcsec2. 56 plates have been taken
in 1990-91, 200 in 91-92 and 25 in 92-93.
The photometric analysis is made with a specially developed algorithm, which
needs to work well in crowded fields, be automated, and be fast enough to accomodate
the huge volume of data. A reference image is first made by adding the best ten plates
in each colour. A catalog of stars is then produced, and the two colours are associated
with a pattern matching algorithm. Then, for each plate, the brightest stars are first
identified and matched with the reference catalog, and are also used to determine the
PSF. The geometric transformation is then used to impose the position of the stars on
the measured image : this saves the star finding process, speeds up the PSF fit, which
is then linear, and improves the photometric precision. About 8 106 stars are found on
the reference image, but half of them are too faint to be measured accurately enough.
Each photometric measurement is then added to the light curves of the stars for further
analysis.
The CCD experiment uses a 16-CCD mosaic at the focal plane of a dedicated
40 cm telescope, in the dome of the GPO at La Silla. The CCDs are 576 x 405 pixel
Thomson chips. The exposure times are 8 mn in R and 12 mn in B. During the 1991-92
campaign 2500 red and blue exposures have been recorded, and about 6000 during each
the following campaigns (1992-93 and 1993-1994). About 105 stars are monitored in the
bar of the LMC. The photometric algorithm is similar to the one used for the plates.
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More details on the EROS experiment can be found in (Aubourg et al., 1993a ;
Cavalier 1994b ; Queinnec 1994b).

2.2.2 MACHO
The MACHO group is a University of California - CfPA Berkeley - Mount Stromlo
Observatory collaboration. It uses a dedicated 50 inch telescope at MSSO, in Australia,
with a dual camera system and a dichroic beam splitter, allowing simultaneous exposures
in blue and red. Each camera has four 2048 x 2048 CCD, and covers a field of 0.7° x 0.7°.
The camera system is described in detail in (Stubbs et al., 1993).
The observation strategy targets high-mass objects by surveying many fields : although the exposure time is about 5 mn, the sampling time scale is a day. 82 fields are
monitored in the LMC. 21 in the SMC, and 75 in the bulge of the Galaxy. The experiment
has started in 1992.
The photometric program, SoDoPhot (Bennett 1994b), is based on DoPhot. As the
EROS photometric algorithm does, it uses a template - the best image - to impose the
position of stars.

2.2.3 OGLE
The OGLE experiment is a Warsaw-Carnegie collaboration, which observes the
Galactic bulge in the Baade's window. It uses a non-dedicated 1 m telescope at Las
Campanas Observatory, Chile, equipped with a 2048 x 2048 CCD camera. The data
taking has started in 1992 and consists of images taken principally IN I-band and only
sparse measurements in V-band. The photometry uses a slighlty modified DoPhot program
(Schechter et al., 1993).

2.3

Results

Once the light curves are built, all the collaborations are searching for a luminosity
increase which is unique and achromatic, using roughly the same methods.
The CCD experiment of the EROS collaboration is the only program sensitive to
low mass objects, in the range 10~7 to 10~3 M©. No events have been found (Queinnec
1994a, Queinnec 1994b, Aubourg et al., 1994), while about 10 are expected if the halo is
made of stars of less than 10~4 M©. It is therefore possible to exclude for instance a halo
in which more than 30 % of the stars would have such a low mass.
Both the EROS plate experiment and the MACHO experiment are looking for high
mass MACHOs in the LMC. The EROS collaboration has reported 2 events (Aubourg et
al., 1993b, Cavalier 1994a, Cavalier 1994b), and the MACHO collaboration has reported
3 events (Alcock et al., 1993, Bennett 1994a). Table 1 summarizes the characteristics of
these events.
Besides, the EROS and MACHO experiments have stars in common. The EROS
events happened while MACHO was not yet running, and the MACHO 2 and 3 events are
too faint to be seen by EROS ; but the MACHO 1 event can be seen by EROS, although
it has very few blue measurements, and thus was rejected by one of the first cuts in the
EROS analysis. By releasing these cuts, EROS has been able to confirm the amplification
of MACHO 1.
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Table 1: Characteristics of LMC events. For each event are given the unamplified magnitudes, the maximum amplification, the minimum impact parameter, the duration in days,
and the most probable mass for deflectors. A mass ten times higher or lower is just half
as probable.
Event
Magnitude
(days) M(M0)
"max
MACHO 1 R=19.0 V=19.6 7.1 0.14 17.5
0.07
V=20.7
MACHO 2 R=20.4
2.0 0.56
0.02
9
14
MACHO 3 R=19.1 V=19.4 1.5 0.83
0.05
26
EROS 1 R=18.7 B=19.3 2.5 0.42
0.16
EROS 2 R=19.2 B=19.3 3.3 0.31
30
0.20
The efficiency of the experiments is hard do determine, but for both EROS and
MACHO, the number of events found seems to be half or less what would be expected
for a halo made of stars just at the ignition threshold (Alcock et al., 1995, Ansari et al.,
1995).
As far as the Galactic bulge is concerned, the event rate is high enough that information quickly becomes obsolete ... At the time this article is written, the author is
aware of 11 events in the OGLE collaboration (Udalski et al. 1993, 1994a, 1994b, 1994c)
and of more than 30 in the MACHO collaboration (Alcock et al., 1994, Ch. Stubbs, priv.
comm.), one of which has an amplification by a factor 17. Table 2 gives the characteristics
of the published events.
Table 2: Characteristics of Bulge events. Same as Table 1, except that no mass estimates
are given, since they depend too strongly on the model (halo, disk, bulge, bar, etc.). Only
four events have hitherto been published by MACHO, although they now have more that
30.
Event
Magnitude
(days)
Uo
A m ax
MACHO Bl V=19.0 V-R=0.9 17.4 0.058 10.4
MACHO B2 V=19.7 V-R=l.l 2.9
0.36
21.2
MACHO B3 V-18.8 V-R=1.2 2.2
0.50
24.6
MACHO B4 V=17.4 V-R=0.9 1.8
0.66
24.3
OGLE1
2.7
0.39
1=18.8 V=20.0
25.9
OGLE 2
6.5
0.16
45.0
1=19.1 V=20.7
OGLE 3
10.7
1=15.9 V=17.6 1.26 1.14
OGLE 4
0.17
5.8
14.0
1=19.3 V=20.8
OGLE 5
1=17.9 V-I=1.6 11.5 0.087 12.4
OGLE 6
0.16
8.4
1=18.1 V-I=1.5 6.9
OGLE 7
Binary lens candidate
OGLE 8
1.9
0.60
49.5
1=17.6
OGLE 9
1.7
1=19.2 V-I=1.8
0.69
18.7
OGLE 10
61.6
1=15.8 V-I=2.1 1.10 1.67
OGLE 11
1=18.2 V-I=1.6 1.32 1.03
12.6
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The bulge rate is at least twice what would be expected for a "minimal disk" (Griest
et a l , 1991), but, according to an analysis performed by the MACHO collaboration on
its first four events, would be compatible with a "maximal disk" accounting for most
of the velocity at the Sun radius (Alcock et al. 1994). On the other hand, the OGLE
collaboration claims that its rate cannot be accounted for by any reasonnable disk model,
but that "a good case can be made for the lenses to be in the galactic bar, i.e. highly
non-axially symmetric galactic bulge" (Paczinsky 1994). More quantitative results should
be available soon as the statistics increases.
Figure 5 shows light curves of a microlensing event that clearly shows characteristics
of a binary lens with "caustic crossings" where the source star crosses into (or out of)
a region where two extra images are created (making a total of 5). This event was first
discovered by the OGLE collaboration (Udalski et al., 1994c), but the MACHO data
provides a nice confirmation with very good coverage of the second caustic crossing which
was largely missed by OGLE.
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Figure 5: Light curve of the first double lens microlensing event (OGLE experiment).

2.4

Conclusion

Gravitational microlensing is a field in which a lot has happened in the previous
year. All three collaborations have reported events which are compatible with microlensing.
At the very moment those lines axe written, spectra are being taken of a microlensing event that was detected early enough by the MACHO collaboration that the
astronomical community has been warned a few days before the maximum. Comparison
of spectra at the peak and a few weeks later should, if they are identical, give a very
strong weight to the attribution of this event to gravitational microlensing.
Anyway, if the observed light curves are fully compatible with the theory of gravitational microlensing, and if the method has thus proved it was a worthy probe of low-mass
star populations, some puzzling discrepancies in the event rates have occured : compared
to what is expected from having all the galactic dark matter in a spherical halo, the event
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rate towards the LMC is half too small, and the one towards the center of the Galaxy is
twice too high.
The events rate towards the galactic bulge is high enough for more quantitative
results to be available soon. For the LMC, a significant increase in the number of events
is required to start doing any statistical analysis.
The MACHO collaboration is planning to continue to run for a few years with
the same setup. The EROS collaboration plans to replace its setup with a i m dedicated
telescope, a dichroid beam splitter and two cameras, each fitted with 8 2048 x 2048 CCDs.
The OGLE collaboration should soon have a dedicated 1.27 m telescope, with a 2048 x
2048 CCD, to be expanded later.
Three new other experiments are starting now :
- DUO (photographic plates) directed towards the galactic bulge;
- AGAPE and VATT which monitor pixels of M31.

3.
WIMPs
3.1 LEP + pp COLLIDER CONSTRAINTS
3.1.1 Heavy Dirac or Majorana Neutrino
The LEP results on the Z° width, combined with the upper limits on the ve, v^ and
vT masses (10 eV, 250 keV and 35 MeV) excludes the possibility of any Dirac or Majorana
neutrino in the mass range 35 MeV to 40 GeV. In particular, this excludes (figure 6) the
3 to 7 GeV range, which would naturally give Q^ = 1 from the relic density which can
be reliably estimated for heavy neutrinos in standard cosmology.

eV

KeV

MeV GeV

W

Figure 6: Exclusion diagram for heavy neutrinos.

283

3.1.2 Lightest Supersymmetric Particle (LSP)
1) Boson
An illustrative candidate of that type is the sneutrino v to the width of the Z° is
half that of a standard neutrino. Again, from the LEP results one can exclude a v with
mass < 35 GeV at the 3a level.
2) Fermion
The LSP could naturally be in that case the neutralino, x> a linear combination
of the photino, the zino and the two higgsinos which are necessary in the minimal supersymmetric theory.
- Again, the residual cosmological density of neutralinos having survived annihilation can be reliably estimated. The decoupling time is determined by their low-energy
annihilation cross section which depends mostly on the neutralino mass and the lightest
scalar-fermion mass (figure 7). From CDF (pp experiment), we know already that the
sfermion masses are > 100 GeV. Demanding fi x = 1, this implies that 15 GeV < Mx <
3TeV.

Figure 7: Neutralino annihilation diagram.
- What do we learn from LEP ? The Z° is not coupled to photino-photino, nor to
Zino-Zino but does couple to two higgsinos. This implies that the higgsino masses are
higher than 40 GeV although there are some loopholes in the derivation. Furthermore,
the wino mass is greater than 40 GeV (again from LEP), which favours also a Zino mass
greater than 40 GeV in any natural model. In summary LEP cuts already most of the
parameter phase space for neutralinos below 30 GeV. This is bad news for direct detection
experiments. As the neutralino masses get higher and higher, the rate of WIMPs scattering
decreases.
- The natural scale of supersymmetry is below few TeV, to provide a natural explanation of the hierarchy of the grand unification compared to the electroweak unification.
Combined with LEP results, we find surprisingly the same allowed mass range as inferred
from cosmological arguments, namely between 30 GeV and few TeV.

3.2

DIRECT and INDIRECT DETECTION of WIMP's

The hypothesis that dark matter particles are gravitationally trapped in the galaxy
leads to the conclusion that, like stars, they should have a local Maxwell velocity distribution with a mean spread of 250 km/s. Then, the mean kinetic energy E r received by a
nucleus of mass Mn (in units of GeV) in an elastic collision with a dark matter particle
of mass Mx is :
E r = 2 keV x M n M x /(M x + M n ) 2
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(4)

The energy distribution is roughly exponential. The expected event rate for elastic
scattering on a given nucleus, assuming that 0.4 GeV/cm 3 is the local density of the halo
(needed to account for the flat rotation curve of stars) depends only on the mass and
interaction cross section.
These recoil events can be detected in well shielded deep underground devices such
as semiconductor diodes, scintillators and cryogenic bolometers. Experimental limits on
the cross section of wimps for scattering on germanium (S.P. Ahlen et a l , 1987, D. 0.
Caldwell et al., 1988, D. Reusser et al., 1991, M. Beck, 1993), CaF 2 and Nal (C. Bacci et
al., 1992) have been published. These limits are shown in figures 8 and 9, translated in
terms of single nucleon effective coupling strength depending on whether we are dealing
with pure axial coupling or with coherent N2 coupling where N is the number of nucleons
in the target nucleus.
Wimps can also be seen indirectly by observing their annihilation products (J.
Silk et al., 1985). The most sensitive indirect technique uses the fact that Wimps can be
trapped in the Sun or the Earth. Wimps with galactic orbits that happen to intersect
an astronomical body will be trapped if, while traversing the body, they suffer an elastic
collision with a nucleus that leaves the wimp with a velocity below the escape velocity (W.
H. Press and D. N. Spergel, 1985, A. Gould, 1987). The capture rate is proportional to the
elastic cross sections on the nuclei of the astronomical body. A steady state will eventually
be reached when the capture rate is balanced by the annihilation rate. Annihilations in
the Sun or the Earth will yield a flux of high energy neutrinos either directly or by decay
of annihilation products. The muon neutrinos can be observed in underground detector
through their interactions in the rock below the detector yielding upward going muons
pointing towards the Sun or the Earth. Presently, the most sensitive limits are those from
Kamiokande (M. Mori et al., 1992, M. Mori et al., 1993). The flux limits obtained so
far on upward going muons can be interpreted in terms of a limit on the effective elastic
cross section (figures 8 and 9). These can be then compared with the limits from direct
searches.
Dirac neutrinos with masses from 11 GeV to few TeV are excluded. Combined
with LEP results and direct mass determinations of known neutrino species, this closes
almost completely the remaining allowed window by cosmology (figure 6). Neutralinos
are expecting to range 2 to 5 orders of magnitude below the present sensitivity of direct
detection searches, depending on the exact values of minimal supersymmetry parameters.
Indirect detection experiments start to explore the highest part, in terms of cross section,
of the neutralino domain.
For the future one can note that the indirect searches are limited by the fixed
background from atmospheric neutrinos and can therefore expand their limits only in
proportion of the square root of the exposure time or detector area. Direct searches have no
known fundamental limit on their background from radioactive impurities in the detector
elements. Considerable progress has been made in lowering this background. Promising
techniques to further eliminate the backgrounds include simultaneous detection of phonons
and ionization in cryogenic germanium detectors, pulse shape analysis in Nal detectors
and search for the expected seasonal variation (added velocity due to the movement of
the Earth around the Sun) which will be ultimately necessary to confirm any observed
signal.
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4.

THE CASE FOR LIGHT NEUTRINOS

Although they are not favoured by theories dealing with small scale structure formation (galaxy formation), 30 to 100 eV neutrinos are quite appealing to explain the
nature of our halo (R. Cowsik and J. Me Clelland, 1972).
Note that if our galactic halo is made of light neutrinos there should be a sharp resonant absorption line in the spectrum of ultrahigh energy intergalactic neutrinos reaching
the Earth (figurelO). The detection of such a narrow line would be a proof of the neutrino
halo. Its position would provide for the neutrino mass : 2M I/ E 1/ = M| o .

1021 eV

1020

Figure 10: Ultra high energy neutrinos energy spectrum if the Galactic Halo is made of
few eV neutrinos.
The ve is now excluded due to the severe upper limit on the mass (4.35 eV) (Belesev
et al., 1994). However the v^ and vT are perfectly viable candidates. Obviously the direct
(laboratory or far supernova detection) or indirect (oscillations) measurements of the v^
and vr masses are of crucial importance in the context of the dark matter problem. A likely
scenario could be that the vT is much heavier (30 eV) than the v^ and that the i/M is much
heavier than the i/e. In that sense the deficit of solar neutrinos could be a hint for neutrino
ve-Vp oscillations and then for neutrino masses. The search for Vp-vT oscillations in the
range of Am 2 of eV2 to few hundred eV 2 (range of cosmological interest) has started at
CERN with the CHORUS and NOMAD experiments. Even if the favored range of masses
to explain the solar neutrino deficit is 10~4 to 10~2 eV, this could be the range of mass
for the Up, with a much lower mass for the ue and a much higher one for the vT (30 eV).
Neutrino masses could then both solve the dark matter and solar neutrino problems.

5.

CONCLUSION
We are still desperately seeking for the solution to the dark matter problem.

It is a pleasure to thank N.Lelievre for her help in editing and E.Aubourg,
C.Magneville, S.Zylberajch and D.Vignaud for fruitful discussions and comments.
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D. Fournier and L. Serin
Laboratoire de l'Accelerateur Lineaire,
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91405 Orsay CEDEX, France.

Abstract
Experimental techniques to be used in the new generation of highenergy physics experiments are presented. The emphasis is put on
the new ATLAS and CMS detectors for the CERN LHC. For the
most important elements of these detectors, a description of the
underlying physics processes is given, sometimes with reference to
comparable detectors used in the past. Some comparative global
performances of the two detectors are also given, with reference
to benchmark physics processes (detection of the Higgs boson in
various mass regions, etc.).

1

INTRODUCTION
Experimental techniques, used to exploit in the best possible way the accelerators
available to the high-energy particle physics community, cover a broad and rapidly evolving field. This evolution has been particularly rich in the last few years, mostly because of
the very demanding performances for experiments at the new high-energy, high-luminosity
accelerators, the former Superconducting Super Collider (SSC), and the now-approved
Large Hadron Collider (LHC) at CERN.
The approach taken for the lectures summarized below was to focus the presentation
on the new techniques used by ATLAS [1] and CMS [2], the two large, multipurpose experiments at the LHC recently approved by CERN. Some global aspects of these experiments
(choice of magnets, size, etc.) are also analysed.
Needless to say there are many other important experiments, planned or ongoing,
which use new and clever techniques. Some examples are taken from KTeV, NA48, and
BaBar. Having made such a selection, it is more than obvious that our presentation is
going to be incomplete. Many good reviews exist already, including, for example, those of
Ref. [3]. The material presented is divided into four main sections:
1. Magnets and muon detectors
2. Calorimeters
3. Tracking and vertexing detectors
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4.

Trigger, signal processing, and data transmission
Before the main presentation, it may be useful to recall a few parameters of the
LHC machine [4]:
1. It uses the LEP tunnel which is 27 km in circumference.
2. The energy available in proton-proton collisions is 2 x 7 TeV. Ions up to lead can
also be used, with an energy up to 3 TeV/nucleon.
3. Successive bunches collide every 25 ns. The size of the collision region is 5.6 cm
(r.m.s.) in length and less than 20 fim transversally.
4. At the design luminosity of 1034 cm~2s~1 there are about 20 inelastic interactions per
bunch crossing.
5. The pseudorapidity distribution, v = — ln(tg(0/2)), extends up to ±6 units, with a
mean anticipated multiplicity of 7 (3.5) charged (neutral) particles per rapidity unit.
6. The irradiation levels corresponding to one year of high-luminosity operation are
displayed in Figure 1 taking the ATLAS detector as example.
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Figure 1: Yearly integrated dose (Gy/year) calculated in the ATLAS detector for one year
at high luminosity. The neutron fluence (over 100 keV) has a rather similar shape, with
the isoline at 1013 n/cm2/year more or less superimposed on the 1 kGy line (equivalent to
O.I Mrad).
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2
2.1

MAGNETS AND MUON DETECTORS
Muon layouts at collider experiments

The layouts used so far, or planned, for collider experiments can be divided into
three broad classes:
COIL

precision
central
tracking

CAL

IRON
rough tracking

Figure 2: Measurement in the tracking volume of muons identified in the calorimeter and
absorber.
—

In the first one, the tracking system is used to analyse the momentum of the muon
tracks, which are identified in the calorimeter and a backing filter consisting of iron
slabs interspaced with coarse gaseous chambers (see Figure 2).
Such an approach has been used for example by the ALEPH, DELPHI and OPAL
experiments at LEP. This way of proceeding leads to comparatively cheap detectors,
but is limited to low or medium multiplicity. In a dense environment it becomes
harder and harder to correlate the signals in the muon filter with one particular
track in the tracking system, and measure its momentum.
COIL

precision
central
tracking
CAL
precision tracking

Figure 3: Identification and measurement of muons after full absorption of hadrons.
The approach at the other extreme consists in absorbing as completely as possible
all hadrons produced in the collision, and measuring, in a cleaned-up environment
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the leftover particles, which should predominantly be prompt muons, i.e. produced
at the vertex (see Figure 3). This solution was adopted by the L3 experiment at LEP,
and was also retained by the former GEM experiment at SSC, both with a solenoidal
field. The ATLAS experiment is also going this way, but using a toroidal field. This
layout is clearly the safest one for high multiplicities, provided the absorber is thick
enough (see below) since it can provide 'stand-alone' measurements in the harshest
possible environment. It is, on the other hand, a rather expensive approach since one
needs to equip a very large magnetic volume with precision tracking.
As usual, an intermediate way of doing things is also possible. This is the way chosen
by the CMS experiment. The magnetic field in the iron absorber is large enough to
give, using precision chambers, a stand-alone measurement, (less precise than in case
2), and in many cases an extrapolation to the precision tracking volume is possible,
which greatly improves the performance and brings it to the same level as, or possibly
better than for scheme 2. A sketch of this approach, using a solenoidal field like in
CMS, is shown in Figure 4.

COIL

precision
central
tracking

CAL

IRON RETURN FLUX

precision tracking

Figure 4: Combined measurement of muons in the return flux and in the central tracking.

2.2

Size of the muon detection system

2.2.1 Absorber thickness
As will be discussed in the Calorimeter section, high-energy particles entering a
material slab start first to 'multiply' by the showering process, and it is only after the
low-energy fragments have been slowed down, and captured or absorbed, that the mean
number of particles in a section transverse to the initial particle direction starts to decrease.
In order to judge the 'cleanliness' of the space behind an absorber slab, where a
muon detector would be positioned, the main quantity of interest is the 'punch-through'
probability, i.e. the probability that at least one particle be observable, behind the absorber, in a certain area of sufficient radius around the initial particle direction.
The main scale parameter in this problem is the 'interaction length' of the absorber,
namely, the mean distance between successive, inelastic collisions of the initial high-energy
particle with the medium. Typical numbers are 17 cm for iron and lead, 15 cm for copper,
10 cm for tungsten.
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In Figure 5 are shown recent results obtained by the RD5 Collaboration [5]. In order
to reduce the punchthrough probability to 1% or lower, at least 2 m of iron are needed for
an initial 30 GeV pion, and about 3 m at 100 GeV. It is also observed that the presence
of a magnetic field transverse to the initial particle direction does not change the results
significantly. The histogram shown is the result of a simulation of the cascade process
using the 'FLUKA' package [6].

10

A Data, M l off

-1

O Data, M1 3 TesTo
—FLUKA, M1 off

•2

FLUKA. M1 3Teslo

3

4

5

Iron Equivalent (m)
Figure 5: Punchthrough probability of pions as measured by RD5 [5].
In practice, taking into account the particle content of jets, the-effect of the Lorentz
boost etc., an equivalent of 10 (14) interaction lengths (A) is required in ATLAS in front
of the muon chambers for central (forward) rapidities. Most of this material is in fact
contained in the calorimeter, and only a few A of shielding are added to satisfy the
requirement. Taking into account also the size of the inner detector cavity (1.2 m radius,
3.4 m half-length), the muon detection in ATLAS starts at 4.2 m radius and 7 m along
the beam.
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In CMS, the muon detection starts somewhat earlier (9 and 13 A in the central and
forward regions, respectively) but, because of the approach chosen (magnetized iron, see
above), the last layers are shielded by 18 (26) A.
2.2.2 Size of the magnetic system
This is most easily seen in the case of an air magnet (ATLAS toroid or L3 solenoid).
The barrel toroid system of ATLAS is sketched in Figure 6. The field (decreasing as 1/R)
is on average 0.8 T, over 4 metres. This results in a sagitta of about 0.5 mm for 1 TeV
P T . If the goal is set to measure it at the 10% level (for example for unambiguous sign
determination), one immediately deduces that the sagitta should be measured with a
50 fira accuracy, indeed not a simple task for such huge volumes.
To obtain the field considered above is not trivial either: Ampere's theorem immediately gives the current needed:
2irRB =
nl ~ 20 x 106At
With eight coils, this amounts still to 2.5 x 106 ampere turns per coil, and definitely
requires the use of the superconducting technique.

0B

Figure 6: Sketch of the ATLAS barrel toroid with a bent track.

2.3

The ATLAS toroid

The layout of conductors in the ATLAS toroid is sketched in Figure 7, and the
magnetic field map in Figure 8. With the parameters given above, it is straightforward
to calculate the stored energy: about 1.5 GJ. How to dissipate this energy in case of a
quench (i.e. loss of superconductivity) in one of the coils is one of the numerous technical
problems of this magnet. Another challenge is to design a structure capable of holding the
magnetic forces, both in the normal regime, and, more difficultly, in case of a quench [7],
As an illustration it is instructive to give the magnetic force per metre of coil: about 200
tons! This is mostly withstood by the 'in-plane' rods of each coil, but there remains a net
inward force on each coil of about 1.5 ktons. This is to be supported by the octagonally
shaped 'voussoirs' (bars linking each coil to the next in the transverse plane).
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Figure 7: Layout of ATLAS toroid conductors in the (z,r) plane. The lines are drawn every
0.1 pseudorapidity unit up to T\ — 3.
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Figure 8: Magnetic field map at z — 10 m.
As shown in Figure 9 the field strength, represented by / Bxdl, is maintained and
even increases significantly up to large pseudorapldities (77 = 3). This is in contrast with
the solenoid case where this quantity starts to drop significantly as soon as trajectories
no longer traverse the coil windings (v = 1.5 in CMS).
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Figure 9: Transverse field integral in the ATLAS toroid as a function of the pseudorapidity.
A significant drawback of the toroid, however, is that the field for the central tracker
has to be provided by an extra magnet (a small solenoid), thus requiring in total four sets
of magnets for the experiment, while a single large solenoid does the job in CMS.
Before leaving this section, it may be relevant to indicate that toroids, even though
they have been much less used than solenoids in the past, are, however, part of recent
experiments, like CHORUS at CERN (neutrino oscillations, [8]), and at CEBAF [9].

2.4

Some considerations about solenoids
07300

^ —

05900

^- Super-insulated thermal shield

/— 30mm 55. outer vacuum vessel

60mm SS. inner vacuum vessel —

Welded 55. end-flange

Figure 10: Cut through the CMS solenoid end, showing the J^-layer winding.
2.4.1 The CMS solenoid
The CMS solenoid is a very large magnet, with a 5.9 m (7.3 m) inner (outer)
diameter and half-length of 6.5 m. A field of 4 T is obtained by four overlaid windings,
each carrying 20 kA (see Figure 10). The magnet contains the tracker and calorimetry. It
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represents by itself about one interaction length (at 90 degrees). The energy stored is about
2.5 GJ. As for the ATLAS toroid and thin solenoid (see below), the thickness is dictated
by the necessity of holding the magnetic forces (and weight), and by the requirements of
energy dissipation in case of quench.
Muon detection starts right after the magnet, in the 'return field' region. The behaviour of tracks in the transverse plane is sketched in Figure 11 for two values of rj. The
effect of the two bendings, 'direct' (in the solenoid) and 'reverse' (in the 'return field' region) is such that, in principle, outside the magnet, tracks point back to the vertex. This
is only approximately true because of energy loss and multiple scattering. However, it
does indicate that no useful information is to be obtained from chambers outside the iron
return yoke. In terms of accuracy, the last layer of the tracking chambers is particularly
important since it is close to the maximum sagitta point (about 1 mm at 1 TeV), and
likely to be quiet enough to allow unambiguous assignment to a muon road extrapolated
from the chambers behind the calorimeter.

Figure 11: Simulation of muon trajectories in the CMS transverse plane. The dispersion
of low-momenta tracks is due to multiple scattering.
It is also to be noted that the interaction vertex, known to very good accuracy
in the transverse plane (10 fim or so at the LHC), represents an extremely important
point on the muon track for a solenoid, while, because of vertex spread in the longitudinal
direction (about 5 cm r.m.s. at the LHC), it is almost useless for a 'stand-alone' toroid
measurement.
2.4-2 Thickness limit of thin solenoids
In optimizing the overall detector layout, it may be advantageous to limit the
solenoid radius in such a way that it contains the tracking, which needs the field, but
not the surrounding calorimeter for which the field is usually a 'nuisance'.
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In this case the solenoid represents 'dead material' in the path of particles to be
measured accurately by the calorimeter, and its thickness has to be reduced to a minimum.
The problem is particularly acute for electrons and photons, for which this material may
compromise an intrinsic resolution which is otherwise excellent (see next section). In this
case the relevant parameter is the thickness of the solenoid expressed in radiation lengths

"kapton / 6poxy" filling
, Al alloy

Pure Al

Lorentz Force

L J \ embedded
supraconductor
section AA

Figure 12: Sketch of the two layers of a thin superconducting solenoid.
The state of the art of solenoid construction has reached a point where the thickness
is limited by 'fundamental' considerations, in particular the elastic limit of aluminium
alloys. The calculations are rather straightforward [10].
The solenoid can be considered as being made of two layers, see Figure 12. The inner
one (thickness ei) is the conductor: superconducting wires embedded in pure aluminium
which is selected because of its very low resistivity at 4 K. (It carries the current in case of
quench without excessive temperature rise, but it has very poor mechanical properties.)
The outer one is made of aluminium alloy; its role is to take the magnetic force.
In an 'infinite solenoid model', the field is uniform with value B in the solenoid volume,
and decreases to zero linearly as it traverses the conductor. It is then straightforward to
calculate the tension force acting on a current loop:
F = / ^ IBcos(a)da = I{B)R = IBR/2
3

from which one derives that the thickness e2 of the surrounding cylinder, the maximum
admissible stress 9 and the field are related by:
B2R =
For example, in the SDC project, one had B — 2 T, R — 2 m, €2 = 31 mm, which
corresponded to a stress of 100 MPa, already at the limit when neglecting the contribution
of the 'pure aluminium' layer.
The total thickness e = €1 + €2 should also be such that if all the energy W is
dumped in the coil after a quench, the temperature does not rise by more than about
90 K:
e = W/((2*Rlp)(W/M)) ,
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e=

(B2R)/(2fioPcAT)

in which cAT = WfM = 7 kJ/kg corresponds to the AT of 90 K for aluminium, and p is
the aluminium mass per unit volume.
In the example considered above this gives a total thickness of 70 mm, (i.e. about
0.8 XQ) with 31 mm for the support cylinder and 39 mm for the conductor.
It is finally interesting to remember that, from both effects, the thickness of a
solenoid should increase like B2 and like its radius R.

2.5

Muon chambers

The muon detectors should provide momentum measurement and allow for triggering. In both ATLAS and CMS these requirements are fulfilled by two sets of interleaved
chambers: trigger chambers, and precision chambers.
10'P
Total

10°

Charged
-

Neutral

s

Figure 13: Calculated background rates in the inner layer of ATLAS muon chambers.

2.5.1 Background rates
The requirement of covering a large detection area (about 20 000 m 2 in ATLAS)
with precision devices (better than 100 fim. accuracy) points naturally to the drift chamber
technique. While in the central barrel region the counting rate (entirely dominated by
background) is well compatible with the drift chamber capabilities, it becomes so high in
the forward region that proportional chambers with thinner gaps and close wire spacing
have to be used. As an illustration Figure 13 shows the expected rate calculated in ATLAS
for the inner muon layer, indicating a factor 100 more flux at rapidity close to 3 than in
the central barrel part.
The dominant background is due to low-energy neutrons, photons, and hadrons
originating from primary hadrons interacting with the forward calorimeter, the beam
pipe, and other machine elements.
It is interesting to note that the background due to the neutral component is actually dominant over charged particles, except at large rapidity where punchthrough comes
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in. A precise calculation of the rate therefore necessitates a good understanding of the
production of low-energy neutral particles in shower tails and of the wire chamber signal
formation from photons and neutrons.
Photons interact primarily via the Compton effect and conversions (see Section 3).
Neutrons of thermal energy appear through radiative capture. At higher energies (up to
keV) they are much less visible because of lower capture cross-sections. They become
visible again when recoil nuclei from elastic scattering have enough energy to ionize the
chamber gas. In this respect the fraction of free protons (hydrogen atoms) in the chamber
gas is an important element.
Knowing that ageing problems in chambers appear after an accumulated charge of
about 1 C/cm, it is possible from Figure 13, using a typical gas gain of 104 and 'reasonable'
chamber geometry parameters, to place a rapidity limit to where drift chambers are usable
(about 200 Hz/cm 2 ). Beyond this limit, proportional chambers with cathode strip readout
(CSCs) have been proposed by the two experiments [11]. In CMS, for practical reasons
the change of technology coincides with the barrel/endcap transition. A gap and wire
spacing of about 3 mm allows high-rate capability, and cathode interpolation can lead to
accuracies down to 50 /xm.
2.5.2 The CMS rectangular tubes
The barrel muon detector of CMS has four concentric sections, each containing
eight layers of precision tubes with wires parallel to the beam axis, one RPC layer for
triggering (see below), and further tube layers for measuring the other (z) coordinate. The
eight layers are clustered in two groups of four, in order to provide an averaged precision
point and a local direction. This is necessary to disentangle hits from the genuine muon
track from those produced by associated 8 rays or converted photons exiting from the
iron.

Figure 14: Electric field lines in the CMS rectangular drift tubes.

The field in the rectangular tubes (40 mm wide, 11 mm thick) is shaped in such
a way as to give an almost uniform drift region for better accuracy (Figure 14). This
requires insulating shims between the ground planes and the I-beams which separate the
cells and define their geometry. The wires are 50 /im stainless steel (2.5 m long), and the
gas used is Ar-CO2. The maximum drift time is 400 ns. This will be digitized with a least
count of 0.8 ns (40 /tin). Multihit capability allows the separation of tracks distant by
about 2 mm. Since most of the magnetic flux is returned through the iron, the field in
between the iron slabs, where the chambers are located, should be weak, avoiding E x B
effects. The same is, however, not true in the endcap part where the CSCs are located.
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Test beam data have given a resolution per tube of 150 /tm. The construction
process of a layer of four chambers should insure an overall geometrical precision of better
than 100 pm within a stack of typically 2.5 x 2.5 m2. The precision assumed in CMS
simulations, for a stack of four chambers, is 200 fim. The overall resolution of the CMS
muon spectrometer is given in Figure 15.
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Figure 15: Simulated resolution of muon momentum measurement in CMS. The open
points correspond to the combined use of the central tracking.

2.5.3 The ATLAS round tubes
The ATLAS muon detection system is organized in three stations. Each station
contains two stacks of three layers of precision chambers with additional layers of RPCs
(or TGCs) for triggering and second coordinate measurements in the two outer stations.
Beyond a rapidity of 2 (inner station) or 2.6 (middle station), the drift tubes are replaced
by CSCs
Given the magnet symmetry and the toroidal nature of the field, the chambers are
arranged in an eight-fold symmetric pattern, with tubes (and wires) perpendicular to
the colliding beam direction. As a consequence, the longer tubes are 6 m long. In the
barrel/end cap transition (Figure 7) the tubes are located in a rather non-uniform field
region. These aspects, among others, have led to the 'Monitored Drift Tubes' concept:
tubes which are round, and arranged in stacks of a rather floppy nature, but carefully
monitored in shape and position. In particular, in order to avoid instability of long wires,
which sag by up to 0.6 mm under gravity, the chamber stacks are deformed in such a way
as to give a comparable sagging to the tubes.
The tubes are 3 cm in diameter. They are made of extruded aluminium alloy. The
wires are 50 fim in diameter. The round shape of the tubes allows over-pressure operation
which leads to better accuracy. The chosen value is 3 bars.
Out of the—typically—300 ion clusters produced per track in a tube, only about
20 are used to trigger the discriminator which commands the TDC. This is equivalent to
saying that only a slice of 2 mm thickness or so, perpendicular to the track, is 'useful' in
the position measurement. All of the ionization, however, is amplified and participates in
ageing.
A careful study of effects limiting the accuracy of round tubes can be found in
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Ref. [12]. In test beams, resolutions as good as 60 fim. have been obtained over most of
the drift path.
In order to exploit fully this intrinsic resolution, the drift-time-to-distance relation
has to be known to 0.1%. As opposed to the case of the CMS rectangular tubes, the
2£-field is non-homogeneous (1/r) and the E x B effect is sizeable (under combined E
and B, the electrons do not drift along E, but at a certain angle to it, the Lorentz angle,
making the drift path curved). It is proposed in ATLAS to calibrate the time-to-distance
relation in an iterative way, using the muon tracks themselves ('autocalibration').
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Figure 16: Simulated resolution of the ATLAS 'stand-alone' muon spectrometer as a function of momentum.
Another critical point when exploiting high resolution is the requirement to know
where each tube is with respect to the others and with respect to the magnet system (and
the tracker when combined information is used).
Within a stack of a certain size, the tubes are accurately positioned by construction.
Global deformation of the stacks and the positioning of a stack with respect to a reference
frame need to be monitored. One way to do this was pioneered by the NIKHEF group
in L3 [13]. This uses light rays emitted by light-emitting diodes, and a CCD camera for
detection. These two elements are supposed to be known in position. A lens is attached
to the object to be monitored which images a mask in front of the LED onto the CCD.
Any displacement of the lens is thus continuously monitored, with an accuracy of 1 /un
transversely, and 30 /xm longitudinally (from the image size).
The accuracy of the ATLAS muon spectrometer is shown in Figure 16 which illustrates the contributions from various effects at rj — 0: at low energy the fluctuations of
energy loss (4 GeV on average) in the 10 A in front of the spectrometer are the dominant effects. This can be improved by measuring the energy deposited in the corresponding
calorimeter tower. The spectrometer intrinsic performance (resolution and alignment) limits the high energy part. Figure 17 shows the resolution as a function of pseudorapidity
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for a selected numbers of P? values. In these plots the inner tracker is not used.
2.5.4 Trigger chambers
Owing to the rather large size of both the ATLAS and CMS drift tubes, the drift
duration of about 400 ns is much larger than the time distance between bunch collisions
at the LHC (25 ns). This excludes the use of these detectors, at least in a simple and fast
way, for triggering.
It has been proposed by both experiments to add dedicated layers of 'Resistive
Plate Chambers' for this purpose [14]. These chambers are wireless. The amplification in
the d.c. field (typically 10 kV for a 4 mm gap) is limited by the resistive nature of the
electrodes. A position measurement is obtained from strips capacitatively coupled to the
HV electrodes. These chambers are easy to build, and their time accuracy is excellent
(1 ns). They are however limited in rate to about 100 Hz/cm . This is insufficient to cover
the forward region of ATLAS for which 'regular' thin-gap MWPCs are proposed.
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Figure 17: Calculated momentum resolution of the ATLAS 'stand-alone' spectrometer as
a function of the azimuthal angle. In the coil plane near ip = 0 the resolution is limited
by multiple scattering.

2.5.5 Illustrative performance
A particularly interesting channel for gauging the performance of the muon spectrometer is a Higgs boson of about 130 GeV mass, decaying into four muons. Mass resolution for this channel is given at the end of Section 4, where consideration is given to
the performance of the tracker which also contributes significantly to this measurement.
3

CALORIMETRY
The principle of this technique is to perform the energy measurement of an incident
particle by total absorption, where a fraction of the total energy is transformed into a
measurable quantity (charge, light, heat...). The basic processes for electromagnetic (7, e^
and hadronic showering are described and some basic calorimeter concepts and limitations
reviewed. The state of development of the homogeneous and sampling calorimeters is
illustrated by various examples, with emphasis on the CMS and ATLAS calorimeters.

305

3.1

Electromagnetic (e.m.) interaction

The interaction of electrons or photons with matter is a multistep phenomena in
which various energy loss mechanisms take place, depending on the energy, as displayed
schematically in Figure 18. In Figure 19 are shown the fractional energy loss of electrons
and the interaction cross-section of photons in lead as a function of energy [15]. Above
1 GeV, bremsstrahlung for electrons (interaction with a nucleus) and pair production
for photons are the dominant mechanisms leading to a cascade of electrons and photons
until the energy of these secondary particles falls into a region where the energy loss is
dominated by ionization. It should be noticed that the clear dip in the photon crosssection implies that the longitudinal leakage will be dominated by photons of a few MeV.
These photons are also responsible for the tails observed in lateral profiles (see below).

ABSORBER

Figure 18: Simplified development of an electromagnetic shower.

In order to discuss electromagnetic calorimetry independently of the material used,
it is convenient to introduce two quantities:
—

The critical energy, Ec, is denned as the energy at which the loss by radiation is
equal to the loss by ionization. This can be parametrized as a function of the atomic
number by Ec = 800/(Z + 1.2) MeV.

-

The radiation length Xo is defined as the distance over which the energy of the
electron is reduced by a factor 1/e by bremsstrahlung only. The radiation length can
be parametrized with a 5% accuracy as Xo = 716AA/{Z(Z + l)ln(287/\fZ)} g.cm" 2
where Z is the atomic number and A the atomic weight.
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Figure 19: Energy loss of electrons (left), cross-section of photons in lead (right) [15].
The mean longitudinal shower development can be described by [16]:

(uy
T(a)
where t — X/XQ IS the depth in radiation length, EQ is the incident energy, a and b being
parameters depending on the nature of the incident particle, e* or 7.
Figure 20 [17] demonstrates that the longitudinal shower development of 10 GeV
electrons has a similar shape in different absorbers to first order. However, a shower starts
earlier in aluminium and is longer in lead because of a different dE/dx energy loss in the
material considered: 38.8 (7.2) MeV in one Xo of Al (Pb). A 100 GeV electromagnetic
shower deposits practically all of its energy in a 25 Xo depth calorimeter. The longitudinal
shower energy containment scales logarithmically as ln(E/Ec) which means one can keep
the calorimeter rather compact even at LHC energies (a few TeV electrons).
An equivalent distance for the photon interaction is the mean free path, Xy, i.e. the
average distance after which the number of identical high-energy photons has decreased
by 1/e through pair creation: X-, = fXo. The relative importance of the two processes
(bremsstrahlung and pair creation) as the function of the depth is almost equal. However,
the fraction of cascade energy carried by photons increases with depth.
The lateral spread of an electromagnetic shower is mainly due to the multiple scattering of electrons which do not radiate and have enough energy to travel far away from
the shower axis. The transverse dimension is most conveniently measured in terms of the
Moliere radius defined by JRM = XoEs/Ec (JES = 21 MeV). To a good approximation Ru is
inversely proportional to the density and gives a correct description of the lateral shower
containment. Typically an infinite cylinder of radius 2 x RM contains 95% of the shower
energy. Figure 20 presents the lateral shower spread in a lead fibre sampling calorimeter
[18] whose Moliere radius is about 2 cm: it is composed of a core very well explained
by multiple scattering (over a few Ru distance) a?nd^a.low-energy tail up to 50 cm. This
peripherical part is due to low-energy photons (10^-20 MeV) which are less attenuated in
matter (see Figure 19): they can travel a relatively long transverse distance when they
come from electrons which have scattered to a large angle from the shower axis.
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3.2

Experimental requirements and limitations for electromagnetic
calorimetry

Even if the primary goal is the energy measurement, the role of electromagnetic
calorimeters is also to provide position and angular measurements, and some particle
identification. Each of these points is considered below.
3.2.1 Energy measurement
The most important aspects of energy measurement are linearity and resolution.
Non-linear response could be a major concern in experiments with a large energy range.
For instance, in LHC experiments, one has to measure electrons with a transverse energy
from a few GeV (H ~+ 4e ± ) up to a few TeV (Z' —»• e + e~). An example of response
linearity over a 300 GeV range [19] is displayed in Figure 21 where there is a residual nonlinearity smaller than ± 1 % . Non-linearity is often due to the electronics chain and can
in principle be corrected offline. Operating in a high magnetic field can also be a source
of poor linearity at small energy (see Figure 21) [20]: for example low-energy charged
particles can be swept out of the collected region.
The energy resolution is commonly parametrized by the following quadratic sum:
E~
where a is the stochastic term (intrinsic resolution), b the noise term, c the constant term
and E is expressed in GeV. The parametrization by these three terms is not always the
best for all calorimeters (E'1^4 instead of E'1^2 is sometimes used for crystal calorimeters
because of rear leakage). Depending on the energy range involved in an experiment, it is
obvious that the optimization of these three parameters can be very different.
The intrinsic resolution is strongly linked to the technology used. The best performance is reached by homogeneous calorimeters in which the particles release all their
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Figure 21: Linearity response of the RD3 lead/liquid argon sampling calorimeter [19]
(left), linearity of the lead/sdntillator shashlik sampling calorimeter in a magnetic field
environment [20] (right).
energy in an active medium which provides the measurable signal (crystals, semiconductors, noble liquids, etc.). The intrinsic resolution is given by the statistical fluctuation
of the number of detected primary processes. The threshold of detection is usually small
enough that the number of primary processes, which could be detected, is large and gives
good intrinsic resolution. This limit is reached only in semiconductor detectors used at low
energy. In general this fluctuation has to be convoluted with instrumental effects which
dominate the resolution: efficiency of collection and photoelectron statistics in crystals,
lateral and longitudinal leakage in any calorimeter, etc. A particular case is lead glass
in which the fluctuation of the observed primary process can not be neglected. The cutoff energy for Cherenkov radiation of electrons is 0.7 MeV in lead glass, and at most
1400 tracks are produced per GeV leading to a stochastic term of about <rp > 2.6%.
However, the number of produced photoelectrons per GeV (what is indeed measured) is
about 1000 giving <rn = 3.2% at the level of the photon statistics term. The resulting fractional energy resolution cannot thus be better than about 4%/\/E. Some results achieved
in large lead glass detectors are not far from this limit [21]. More detailed examples of
homogeneous calorimeters are discussed in Section 3.4.
In contrast with homogeneous calorimeters, sampling calorimeters have only a fraction of the energy released in the active medium which is interleaved between passive
layers called absorbers. The resolution is dominated by the sampling fluctuations in the
total number of e* tracks crossing the sensitive layers. Using some approximations1),
one can derive the behaviour of the energy resolution. The cascade development is thus
modeled by the total track length T = EXofEc".Taking a sampling calorimeter with
absorbers spaced regularly with a pitch x, the number of tracks intercepted in the gap
is N = T/x = E/6E. SE is the energy loss of a minimum-ionizing particle in one cell of
The energy loss dE/dx is assumed energy-independent (= EC/XQ), the processes at low energy
(Compton, multiple scattering) are neglected (Approximation B of Rossi [22]), and the cutoff energy
is neglected.
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thickness equal to z. The energy resolution is given by the fluctuation in the number of
tracks N:

ojJE) _ J
E ~

/

t

where t = x/Xo is the absorber thickness. The approximation used is enough to demonstrate the energy dependence of the resolution but more detailed explanations can be
found in Refs. [22, 23].
As a very large fraction of the energy is deposited by low-energy electrons (MeV)
in the high-Z material (absorber), the energy resolution is improved when decreasing
the absorber thickness (or increasing the sampling frequency). This scaling law is valid
as long as the absorber thickness is not so small that the crossings between consecutive
layers are not correlated. It is useful to introduce the mip sampling fraction / ^ p which is
the fraction of a minimum-ionizing particle energy deposited in the active medium:
dE
Jmip —

where dE/dx is the energy loss, d and t the active and passive medium thicknesses. Since
the electromagnetic showers contain low-energy photons at the end of the shower development which are absorbed by photoelectric effect (<r oc Z6), the fraction of measurable signal, / s , is smaller than /mip by the e/mip ratio, around 0.6-0.7. The resolution is improved
with increasing sampling fraction. The performance of various sampling calorimeters with
solid or active medium is summarized in Figure 22 [18] (d/fs is to first order proportional
to the absorber thickness in a sampling calorimeter with interleaved layers perpendicular
to the particle direction).
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In the case of a gaseous active medium, the intrinsic energy resolution is no longer
dominated by the sampling fluctuations but by two other contributions:
The Landau tails of the energy loss distribution in the gas which does not scale as

I/VE.
—

The large fluctuation on the path length coming from the low-density medium (gas)
and the wide-angle spread of low-energy electrons. These electrons can easily move
away from the shower axis and induce large signals.
As an example in Figure 22 the energy resolution of a lead/MWPC sampling calorimeter
is plotted with the various contributions and compared with what could be obtained by
filling the gap with liquid argon.
The (b) term of the energy resolution describes the noise and is dominant at low
energy. Besides the electronics noise, a second contribution is important in LHC calorimeters: the pile-up noise due to multiple interactions. This reflects the high multiplicity of
charged and neutral particles with a low average momentum (500 MeV/c) which impact
in the calorimeter during each bunch crossing. The mean value of this energy can be either
subtracted by hardware (filtering in ATLAS) or software. Figure 23 shows the probability
of containing a transverse energy E? in a calorimeter cell when 20 minimum-bias events
are superimposed. Although the mean pile-up energy can be subtracted, its fluctuation
remains and manifests itself as an energy-independent term in the energy resolution.

1

*»*

r

r

lio'2
8

K

10*

10

: • . • 1 , . ,1 1 . , .

1 . . .

1 . . .

10

Figure 23: Probability P(E) to have a transverse energy greater then ET
cell when 20 minimum-bias events are added [25].

a calorimeter

The constant term (c), dominant at high energy, includes many contributions:
Electronic non-uniformity, mainly due to the calibration of the cell-to-cell response.
Mechanical non-uniformity, for example variation of the active and passive thicknesses
as a function of position in sampling calorimeters.
Signal variation with temperature or pollution which may vary across the calorimeter
or as a function of time.
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-

Lateral and longitudinal energy leakage. The first contribution is imposed by cluster
size considerations (noise, shower separation) and is in general small as the transverse
shape differs little from one shower to another and is not very sensitive to the energy.
The second term can give larger effects as the longitudinal shower shape presents more
fluctuation and the fraction of energy escaping from the back is energy dependent. To
illustrate this effect, the degradation of the fractional energy resolution as a function
of the longitudinal leakage is plotted in Figure 24 with a homogeneous liquid xenon
prototype [26].
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Figure 24: Degradation of energy resolution with longitudinal leakage (left) [26] and material in front (right) [27].
—

Degradation of the energy resolution due to the material in front of the calorimeter as
shown in Figure 24 from experimental results obtained with the NA48 liquid krypton
calorimeter prototype [27]. An amount of more than 2-3 Xo of inactive material in
front of the calorimeter is considered a hard limit. This contribution can be reduced
by using a presampler, in front of the calorimeter just behind the inactive material,
whose signal gives an estimate of the energy lost.
An example of the different sources of non-uniformity identified in the ATLAS liquid
argon prototype is presented at the end of this Section.
3.2.2 Position and angular measurement
The partition of calorimeter readout elements in strips or towers has been widely
used to find shower impact positions by centre-of-gravity methods. The energy resolution
in each of the cells reflects in a position resolution which also scales as 1/ \fE. For readout
elements of relatively large size (as compared to the shower width at the depth where it
is sampled), it is well known that the method is biased, and requires correction factors.
After those have been applied, resolution as good as a few mm jy/E is currently reached.
There is much less experience in obtaining from the calorimeter itself the shower
direction. The need for an angular measurement provided by the calorimeter was especially
stressed by the LHC physics requirement of the H —»• 77 channel. The 77 angle enters
in the mass resolution, and since at high luminosity the vertex is not known to better
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than the 'diamond' size, which has an r.m.s. of about 5 cm along the beam line, it is thus
necessary to measure this angle with the calorimeter. Such a measurement requires at
least two segments in depth and a sufficiently long lever arm.
In ATLAS detailed simulations as well as prototype studies have shown that the
required accuracy (60 mrad/\/J5) can be obtained combining tower readout (of size A77 =
0.025) for the shower core, with thin strip readout for the shower upstream part (first
5 XQ). At 50 GeV ET and 77 = 1.3 (end of the barrel) the resolution of (60 mmd/VE)
corresponds typically to 0.5 mm accuracy in the strips, 1.2 mm in the shower core, for
a lever arm of about 18 cm. In order not to increase too much the number of readout
channels, the strips have a coarser <j> granularity (0.1 compared to 0.025 in the second
compartment), implying a loss of <f> accuracy. However, in this direction (azimuth) there
is no need to measure the angle since the vertex transversal size is very narrow, giving
an excellent direction from the vertex and impact point in the second segment of the
calorimeter.
The solution retained by CMS is to use either an independent device in front of the
calorimeter (preshower) as the crystal calorimeter is not segmented in depth, or to use
the high transverse momentum charged particles in the event to find the vertex position.
A further use of a good impact point accuracy in <j> is for the so-called 'bremsstrahlung fit'. Using this point in the trajectory fit improves significantly the amount of
tails in the impulsion measurement (see Section 4 on tracking).
3.2.3 Particle identification
The particle identification is performed using both the electromagnetic and hadronic
calorimeters on the basis of lateral and longitudinal shower profiles. The demand is quite
different depending on the desired physics process. This can be illustrated by two examples
taken from LHC requirements:
At the LHC the performance in electron identification is best gauged by comparing
the 'prompt' electron production rate to the jet rate. For transverse momenta of
20 GeV/c or above, the jet-to-electron ratio is about 40 000. Calorimeter cuts based on
the longitudinal and transverse segmentation of ATLAS (including towers of A77 x A<f>
= 0.1 x 0.1 in the hadronic calorimeter) allow the reduction of the jet rate by a factor
about 1500. Further rejection requires use of the central tracker to allow for trackshower match (E/p and position), lower energy companion finding (against Dalitz
pairs and conversions), and possibly Transition Radiation identification. The ultimate
performance expected in ATLAS is a combined rejection of more than 3 x 10 5 , allowing
in principle to filter out single-electron inclusive samples.
— The most difficult problem is actually the 7-jet identification. The required performance is driven by the search for the Higgs boson in the 77 mode, for masses between
80 and 160 GeV. Backgrounds from misidentified jet-jet and 7—jet events add up
to the irreducible 77 background and therefore reduce the sensitivity. Rejections of
2 x 107 and 8 x 103, respectively, are desirable (to maintain the reducible/irreducible
background ratio below 10%), where the last figure is known as the rejection per 'leg'.
At 40 GeV Er the calorimeter cuts provide a rejection of about 3000 (against 1500 at
20 GeV, see above). The remaining background is dominated by jets fragmenting to a
leading ir°. The rapidity gap between the two 7's from such a TT° decay peaks around
0.006 (about 9 mm at r\ = 0), calling for a correspondingly high granularity. This
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is achieved in ATLAS with the narrow strips already described. The performance
obtained from full shower simulation is plotted in Figure 25. This indicates that a
rejection factor close to 8000 is within reach.
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3.3

Hadronic interactions

In contrast with electromagnetic showers described by a cascade of e* and 7 interactions, the hadronic shower development is more complex resulting from inelastic hadronic
interactions which give rise to a cascade of various particles as illustrated by Figure 26.
A few hadronic shower characteristics can be distinguished:
ABSORBER
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Figure 26: Hadronic shower development.
—

On average 30% of the incident energy is released as electromagnetic energy at
10 GeV, resulting mostly from TT°,TJ -* 77. This fraction increases with energy up to
60% for 150 GeV charged pions [18] and has large fluctuations from one shower to
another.
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Muons and neutrinos, produced mainly from pion decays, escape the detection (1%
of the incident energy at 40 GeV).
A large fraction of the remaining energy, whose origin is from nuclear break-up (strong
interaction), is either not or poorly detected, and is dissipated in a variety of mechanisms.
First the binding energy used to break up the nuclei is lost and amounts to a few per
cent of the incoming particle energy (Figure 27) [28]. A part of the energy loss may
be recovered when neutrons are captured by other nuclei and give rise to a visible
signal.
Secondly the non-relativistic protons, ct's, and heavy fragments produced suffer from
energy loss saturation in the scintillator or recombination effects in liquid argon.
Finally a large number of neutrons are produced in the break-up and spallation
process as displayed in Figure 27. As they can lose their kinetic energy only by
strong interaction, they can travel far from the particle axis before being absorbed
with a decay time as long as 0.5 [is. Some of them thus escape either the time or the
space window used for the measurement.
The fraction of non-detected energy can be as large as 40% of the non e.m. released
energy, with large fluctuations which dominate the energy resolution.
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Figure 27: Binding energy loss and number of neutrons produced in 1 GeV hadronic interaction in uranium [28].
In order to describe hadronic shower shapes independently of the calorimeter material, it is convenient to introduce the interaction length2), A, which is the mean free path
between two inelastic nuclear interactions:
The longitudinal shower size increases slowly with energy with about 10 A being
required in depth for a 200 GeV hadron (Figure 28) [17].
95% of the energy is contained in approximpely a 1 A radius. The lateral shape
presents a narrow core due to the e.m. fraction of the shower development (about
two Moliere radii) and a broad hadronic tail (Figure 28) [18].
A = A/(<rNop) oc A1/z. Typical values ate A = 15, 17, 17 cm for Cu, Fe, and Pb, respectively.
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Figure 28: Longitudinal (300 GeV) [17] and lateral [18] hadronic shower profiles.
Hadronic calorimeters should clearly be much more massive than their e.m. counterpart
(typically 2 m of iron as opposed to 15 cm of lead equivalent), imposing sampling calorimetry as the only affordable solution.

3.4

Energy resolution and limitations in hadronic calorimeters

As for electromagnetic calorimeters, one can parametrize the resolution by the relation defined in Section 2.2.1. The first term, a, is the quadratic sum of sampling fluctuations and intrinsic resolution. The sampling fluctuation of hadronic showers is about
twice the one obtained for e.m. showers with the same calorimeter. However, this contribution is small and the dominant one is the intrinsic resolution with its large fluctuation
of the energy loss and the different behaviour of response of the various components of
the shower. This is related to the deviation from unity of the e/h ratio defined as the ratio
of the e.m. and non e.m. components of an hadronic showers.
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Figure 29: Energy resolution of the HI calorimeter [29].
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The best energy resolution observed is about 40%/Vi? but this deviates from the
1/y/E law, becoming worse at high energy. Two ways have been considered to improve
the hadronic calorimeter resolution. By software one can try to estimate event by event
the e.m. content of the shower and apply weights. This allows the restoration of the \j\/E~
behaviour but the energy response linearity is difficult to maintain. As an example, the
energy resolution of the sampling Fe/LAr calorimeter of HI is displayed in Figure 29 with
charged pions [29].
By the use of hardware one could try to reduce the fluctuations by being more
sensitive to the nuclear binding energy loss and to make e/h ~ 1. Various possibilities
have been investigated:
— Use of U 238 fissile material as absorber in order that a part of the energy lost in nuclear
break-up induces neutrons by fission and is recovered. Indeed the kinetic energy of
the neutrons is strongly correlated to the binding energy loss (see Figure 27).
— Use of plastic scintillators as active layer because of their high sensitivity to neutrons
by elastic scattering on protons. This is illustrated by Figure 30 in which the e/h ratio
is presented as a function of the ratio of the absorber thickness to the active thickness
[17]. In liquid argon or with silicium, even with a l / i s gate, one cannot achieve e/h =
1 with a reasonable uranium thickness. On the contrary, with scintillators (PMMA,
SCSN) or warm liquid (TMP) rich in hydrogen, one can make the electromagnetic
and hadronic response equal. Such a scheme was adopted in the ZEUS sampling
calorimeter [30] with uranium/scintillator: the e/h ratio is about 1 as displayed in
Figure 30 and the resolution for hadrons is good, about 35%/ y/E. The drawback is
a modest electromagnetic energy resolution limited to 18%/vE because of the too
small sampling fraction and large absorber thickness dictated by the e/h requirement.
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Figure 30: e/h ratio for various active media [17] (left), and energy resolution of the ZEUS
calorimeter [SO] (right).
The second term includes the electronic noise, the pile-up at the LHC (6 GeV
for a cone size of &.R = 0.5 at high luminosity) and an additional cone size effect as

317

demonstrated in Figure 31. The constant term includes all the other effects, especially
instrumental (mechanical and electronic), and is of the order of a few per cent. In general
results shown are from pion beams, but in a real experiment the important feature is
the response to jets for which the calibration and energy scale are different and have to
be tuned in situ. For this purpose the CDF experiment uses two-jet events, for which
the energy of one jet is mainly electromagnetic, and applies the transverse momentum
conservation [31].
The two LHC experiments have chosen hadronic calorimeters without hardware
compensation. The ATLAS central hadronic calorimeter is made of large scintillating tiles
based on a sampling structure with interleaved steel absorber and scintillating plates read
out by wavelength shifting fibres (WLS). This structure is sketched in Figure 32. With
weights on the different compartments in depth (including the liquid argon calorimeter in
front), the energy resolution with pions obtained in a test beam is 45%/\/i2 + 1.3% which
fulfils the LHC requirements of jet measurement. For rapidities larger than 1.2 and up to
5, the ATLAS hadronic calorimetry uses the liquid argon technique, mainly on account
of its superior radiation hardness.
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Figure 31: Fractional energy resolution of single-jet simulation for various cone sizes with
the ATLAS barrel calorimeter [1].
The CMS calorimeter is based on the same concept, but as it is contained inside the
solenoid the space is limited leading to the use of copper which is non-magnetic and has a
shorter interaction length than steel. Nevertheless, as the depth is too thin in the central
region, it is followed outside the solenoid by a tail catcher as sketched on Figure 32. The
expected performance for jets is about 60%/y/E with a 3% constant term.

3.5

Examples of homogeneous calorimeters

3.5.1 Semiconductor detectors
On account of their high cost, these detectors are not used in large high-energy
physics experiments but only as 7 counters in nuclear physics. Their performance is interesting because they reach better resolution than the naive expectation. Indeed, in these
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Figure 32: Principle of the tile hadronic calorimeter of ATLAS (left), view of the barrel
hadronic calorimeter in CMS inside the solenoid (right).
devices the full energy of the radiation is absorbed and 'does not fluctuate' as opposed
to sampling calorimeters for instance. The total number of ionizations which can occur
leading to electron-hole pair production (the energy needed to create an electron-hole pair
is 3.6 eV in Si and 4.2 eV in Ge) and the energy lost are thus constrained by the total
energy. This means that these electron-hole pairs are not statistically independent and
the naive assumption of Poisson statistics is incorrect. The energy resolution is induced
not by the fluctuation on the total number of electron-hole pairs (y/N) but by vFN so
that the energy resolution is given by:

The factor F, called Fano factor, is a measurement of the correlation which exists between
each pair-creation. Figure 33 [32] shows the comparative pulse height spectra of an Ag 7
source with a Ge detector and a Nal(Tl) scintillator. The resolution is obviously better
with the Ge semiconductor which benefits from a smaller pair creation energy and from
the Fano factor (0.13) (this is difficult in Nal(Tl) where the collection efficiency can not
be 100%): typically 0.1% at 1 MeV against 8% with the crystal! The high resolution is,
however, lost as soon as energy leakage or an instrumental bias appears and for this reason
semiconductors are not used in high-energy experiments as calorimeters.
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Figure 33: Pufoc height spectra of a Ag ^-source with a Ge and a Nal detector (peaks are
labelled in keV) [32].

Table 1: Properties of noble liquids

z

A
Xo (cm)
Ec (MeV)
Ru (cm)
W (eV/pair)
dE/dx (mip) MeV/cm
Drift speed at saturation (mm//ts)

Ar
18
40

14.0
41.7

Kr
36
84
4.7

23.3
2.11

21.5
4.7
20.5
3.45

10

5

7.2

Xe
58
131

2.77
14.5
4.2

15.6
3.89
3

3.5.2 Homogeneous noble liquid calorimeter
The noble liquid detectors currently in operation are mainly based on charge collection in sensitive cryogenic liquids (Ar, Kr, Xe). The main characteristics of these liquids
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are summarized in Table 1. It should be noted that the electron/ion pairs do not all contribute to the ionization signal: in the absence of an electric field about half of these pairs
recombine and give scintillation light by molecule deexcitation with a signal component
which can be as fast as 10 ns. The correlation which exists between these two signals in
argon has already been demonstrated and is displayed in Figure 34 [33]. Collecting all
of the ionization signal already gives good energy resolution owing to the Fano factor.
Assuming the total energy being absorbed, N = Njon + Nscin, the fluctuation on the total
collected ionization signal Nion is ^N(NiojN)(Nscia/N)
= y/Nioa(N - Nion)/N. Taking
for instance Nion/N — 0.90 leads to an improvement by a factor 3 of the resolution with
respect to the naive Poisson expectation y/Ni^. Collecting also the scintillation light could
give excellent energy resolution.
512

Sttr
la ion in liq. Ar
E • 1-8 W/cm
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Figure 34: Correlation between scintillation light and ionization in liquid argon for two
operating high voltages [33].
For high-energy particles, xenon is obviously the best candidate with the smallest
critical energy (better resolution) and a short radiation length (2.77 cm) which would lead
to a compact calorimeter (70 cm for a 25 XQ depth). However, no large-sized liquid xenon
detector has been built up to now because of the prohibitive cost and the high sensitivity
to impurities.
The use of krypton was first investigated by the KEDR group [34] which required
a very good energy resolution at low energy (500 MeV), and obtained 2% at 1 GeV.
The NA48 experiment, designed for a high-precision measurement of CP violation in
the kaon system [35], is building a large-sized (quasi) homogeneous krypton calorimeter
(Figure 35) [36]. Electrodes are oriented along the incoming particle direction defining
2 x 2 cm2 towers. In order to reduce the dependence of the signal of drifting charge
with the distance between the core of the shower and the electrodes, especially a loss of
signal very close to them, they have been given a slight accordion shape. High resolution
(a = 3.5%), good uniformity (< 0.5% ), operation at high speed (40 MHz) to minimize
the accidental activity, and fine granularity to separate close-by photons from TT0 decay,
are the major requirements of this calorimeter. The main limitation comes from the large
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sensitivity to the geometrical imperfections in the charge collection structure (constant
term). Figure 36 presents the energy resolution of the NA48 prototype measurements [36].
The stochastic term is mainly dominated by the lateral fluctuation (which contributes to
2 . 5 % / A / E ) , the energy being reconstructed in a 11 x 11 cell area (2 Moliere radii) resulting
from an optimization of the noise contribution and shower separation. The use of cold Si
JFET preamplifiers, well-suited for operation at liquid Kr temperature (120 K), and the
small detector capacitances (80 pF) lead to a rather low noise (~ 7 MeV/cell) even for
a fast shaping (peaking time of the calorimeter signal of about 80 ns). The uniformity of
ionization signals is good enough to give a timing accuracy of 300 ps at 10 GeV.
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Figure 35: Drawing of the NA48 calorimeter prototype.
The homogeneous liquid argon calorimeters are not adapted to experiments at colliders, as a 25 Xo calorimeter would be 3.5 metres deep. Compared 3with Xe and Kr, Ar
is low cost and easier to handle because it needs less purification. The ICARUS Collaboration is developing a huge liquid argon homogeneous calorimeter (4400 m 3 of argon),
designed for proton decay and neutrino physics. The aim is a very good energy resolution
(3%/y/E) [37] and 'imaging' properties obtained by measuring time and position after
charge drift over a long distance as in a TPC (see Section 4.1).
3.5.3 Crystal calorimeters
The use of crystals is motivated by the possibility to reach a stochastic term as good
as 2%/y/E by collecting the scintillation light. This light results from various complex
mechanisms which induce an emission spectrum with different components and structure
which are very material dependent. For a large system the limitation comes from the
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constant term as illustrated by the performance of the L3 BGO crystal calorimeter (10 000
crystals with a 2 x 2 cm2 transverse size). The test beam resolution on prototype was
1.5%/y/E © 0.4% while the energy resolution was only 1.4% for Bhabha events at LEP
(~ 45 GeV) meaning a larger constant term (Figure 37) [38].
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Figure 36: Energy resolution of the NA48 calorimeter [36].
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Figure 37: Energy resolution of the L3 calorimeter in a test beam and at LEP with Bhabha
events [38].
The main characteristics of crystals already used or planned for high-energy physics
experiments are listed in Table 2. The choice for an experiment is driven by practical
considerations more than by intrinsic performances, among them:
Cost.

323

— Mechanical stability, density, temperature dependence.
— Speed of response.
— Radiation hardness.
— Matching between emission wavelength and the photodetector device.
— Efficiency of collecting devices (photomultipliers, photodiodes etc.).

Table 2: Properties of crystals

3

Density (g.cm )
Radiation length (cm)
Moliere radius (cm)
Emission peak (nm)

Nal(Tl)
3.67
2.59
4.8
410

CsI(Tl)
4.51
1.85
3.5
560

Decay time (ns)
fast and slow if any
Hygroscopic
% of signal/K
Light yield 7/MeV
Relative yield in pe

230

1250

yes
0.22
4xl04
100

slightly
0.1
5 x 104
45

Radiation hardness (rad)

102

103

Csl
4.51
1.85
3.5
420
310
35
6
slightly
0.1
4 x 104
5.6
2.3
105

CeF 3
6.16
1.68
2.63
340
300
30
9
no
0.15
2.103
6.6
2.0
107

BGO
7.13
1.12
2.33
480
300
no
-1.6
8 x 10s
9
102

BaF2
4.89
2.06
3.39
300
220
620
0.9
no
-2.0
104
21
2.7
103

PbWO 4
8.28
0.85
2.2
450
420
36
<10
no
-1.9
1.5 x 102
0.3
0.2
107

The crystal light yield quoted in Table 2 is the total intrinsic light yield. What
is really measured in a detector is the convolution of this number with the geometrical,
optical, time and quantum efficiencies of the collecting device which turns out to be the
limitation on energy resolution. For instance in the table is also listed the signal yield of
various crystals (of the same size) relative to Nal(Tl) and measured with a photomultiplier
(bialkali cathode). It should be noted that this 7 detector is best suited for Nal(Tl) but not
for all, so that these numbers are only indicative. Another illustration of these parameters
is also given by the Figure 38 where the signal pulse-height and the photoelectron yield
as a function of the integration time are displayed [39].
The first crystal, Nal(Tl) (thallium doping), is one of the better know because it
has been used for a long time. A resolution near the intrinsic limit was obtained around
1 GeV but the behaviour of the energy resolution was believed not to scale as l/y/~E but
rather as E~llA until recently when this behaviour was explained by energy leakage. Its
hygroscopic nature and its relatively low density do not make it a good candidate for new
experiments although it is probably the cheapest one.
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a function of the integration time for various crystals (right) (from Ref. [39]).
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Figure 39: A crystal from the BaBar calorimeter with its associated readout
The CsI(Tl) and Csl are very popular crystals which have been chosen for many
experiments for spectroscopy and B physics (Crystal Barrel [40], Cleo II [41], BaBar [42],
KEKB [43], etc.). The pure Csl presents a fast response and gives good energy resolution
even if the signal yield of the fast components is not very large. It will equip the KTeV [44]
calorimeter which has the same physics requirements as the NA48 calorimeter. The use of
Tl as a dopant improves the light yield by displacing the luminescence peak but results in
a much slower speed of response. This crystal is chosen by both B factory detectors with
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the aim of a resolution of l%/y/E®l%. The mechanical assembly of these detectors with
their projective geometries (all crystals are not identical) is a difficult job, and it is not
easy to maintain a good uniformity. Figure 39 shows a view of one crystal of the BaBar
calorimeter. It is equipped with two Si PIN diodes for reasons of reliability [42],
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Figure 40: Radiation hardness of BaF2 [45].
The BaF 2 crystal has a very fast response and a good yield. It was considered as a
candidate for the GEM experimental proposal at SSC. However, as displayed in Figure 40
its radiation hardness was barely sufficient at SSC [45], and would not be suited for the
LHC environment.
A complete investigation of crystals which fulfil the LHC calorimetry requirements,
was performed by the Crystal Clear Collaboration [46]. CeF 3 appeared to be the best
candidate by its intrinsic characteristics; however, external constraints, especially cost
reasons and delay of manufacture, have led the CMS experiment to choose the P b W 0 4
crystal. The drawbacks of this crystal are a high sensitivity to temperature variation,
1.9% per degree, and a poor light yield thus needing a very efficient light collection. PIN
diodes do not produce enough signal and the interaction of charged particles in the silicon
could be catastrophic (see later), photomultipliers cannot be used in the high magnetic
field (4 T) and radiation environment so that avalanche photodiodes (APDs) have been
considered. A schematic drawing of such a device is shown is Figure 41.
These components grown by epitaxy present a very thin high-gain region (a few
(im) in which is created a strong electric field (10s V/m). This layer is localized behind
the entrance layer where the light is converted to electron-hole pairs. The output signal
can be amplified by a factor up to 50 by an avalanche process in the high-gain region. New
measurements have been made recently [47]. Figure 42 shows a quantum efficiency of 65%
over the range of the PbW0 4 emission spectrum. These devices operate in a high magnetic
field environment and are not too sensitive to radiation as demonstrated in Figure 42.
The noise increase results directly from a decrease of the gain and quantum efficiency
and an increase of the leakage current. APDs also show a dependence on temperature:
working at a temperature around 13-14 °C and applying filtering might reduce the noise
by a factor of about 3.
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Figure 41: Schematic of various APDs [£].
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Figure 42: Quantum efficiency of APD vs wavelength (left), noise as a function of neutron
flux (right) [47].
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Progress is being made in order to reach the CMS calorimeter requirements:
The gain sensitivity to temperature (3% per degree) and bias voltage variations (5%
per volt with a 90 pF capacitance up to 16% with a 340 pF capacitance) have to be
reduced.
The excess noise factor, / , due to the statistical nature of the multiplication process
which increases for high gain, has to be maintained at less than 2. This behaviour
induces fluctuations on the measurable signal and degrades the sampling term as
y/fjN where N is the number of photoelectrons per GeV (JV = 900)3>.
To minimize the nuclear counter effect, the avalanche region has to be as close as
possible to the surface behind the sensitive layer. This nuclear counter effect is due to
charged particles (for instance fi or rear leakage) which cross through the APD and
give rise to electron-hole pairs (~ 85 for a minimum ionizing signal in 1 fim. of silicon).
If these charges are created in front of the avalanche region, they are amplified and
produce high-energy tails in the energy spectrum.
This is again an illustration of the difference between total light yield, 150 photons produced per
MeV, and signal yield, only 0.9 photoelectron per MeV in this particular case!
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The best performance obtained so far by a 36-crystal CMS prototype readout with
APDs is presented in Figure 43, with an energy resolution of 0.55% at 120 GeV. The
typical noise is about 250 MeV when nine crystals are used to reconstruct the energy.
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Figure 43: CMS prototype energy resolution with APD readout [47].

The final calorimeter will contain an order of magnitude larger number of crystals
(100 000) as compared to L3 so the desired 0.5% constant term over the full calorimeter
is quite challenging. A comparison of its expected overall performance with the ATLAS
calorimeter on the H—> 77 benchmark is discussed at the end of this section.
The ALICE [48] experiment is also going to use PbW0 4 crystals for its photon
spectrometer part (covering a solid angle of 0.7 steradian at a distance of 4 metres from
the interaction point). The choice in that case is to operate at —25 °C, which increases
the light yield by a factor 2.5, and allows the use of PIN diodes. The nuclear counter effect
is avoided by a charge particle veto in front of the calorimeter. The anticipated noise is
15 MeV per crystal for a shaping of 1 fis or so, compatible with the ion-mode luminosity
of the LHC.

3.5.4 Sampling e.m. calorimeters
This is a well-proven technology used in many large detectors. Charge or light is
collected depending on the active medium used. Depending on the absorber thickness and
active medium, energy resolutions in the range 5-lO%/y/~E have been obtained. Lateral
granularity and longitudinal segmentation are in general easier with these calorimeters
than with crystals.
A lead/scintillator electromagnetic sampling calorimeter was developed in the framework of the CMS Collaboration (shashlik calorimeter [49]). The light is read out at the
back of the calorimeter with WLS fibres running through holes perpendicular to the absorbers and scintillator plates. This light is converted into electron-hole pairs using PIN
diodes. A good energy resolution was obtained even in a 3 T magnetic field as displayed
in Figure 44 but the linearity is a little degraded at low energy (see Figure 21) [20].
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Figure 44: Energy resolution of the shashlik calorimeter in high magnetic field [20].
The ATLAS experiment has chosen a sampling lead/liquid argon e.m. calorimeter
with an accordion-shaped geometry. The absorber plates are pleated around radial planes,
as can be seen in Figure 45. This minimizes the cracks between modules and allows a fast
signal propagation up to the preamplifiers [50].

Figure 45: Picture of accordion prototype during its construction.
As in any ionization sampling calorimeter, electrons from pairs created by charged
particles drift towards the positively charged electrode. A point-like charge at a distance
x from the electrode will induce a uniform current i = qVo/g during a time t — x/Vo
where VD is the electron drift field in argon, (about 10 mm/fis) and g the distance between
anode and cathode). Charged particles crossing the gap will lead to a uniform distribution
of 'point-like charges' over the argon gap. The resulting current, i = z0 (1 — * / * D ) , is thus
triangular as shown in Figure 46. The current is maximum at the origin when all charges
drift and disappears when all charges created have crossed the full argon gap. This time

329

is about 400 ns in the ATLAS calorimeter. The calorimeter sensitivity comes out to be
about 3 fiA/GeV. It should be noted that in the NA48 calorimeter where the electrodes
are almost parallel to the particle direction, the ionization signal is not uniform in the
gap (it depends on the lateral shower spread) leading to a deformation of this triangular
shape.
A small current is also induced by the ion drift but it is negligible because of the low
drift velocity of the ions, typically 1000 times less than electrons. One should, however,
ensure that the ion density does not modify the applied electric field and thus the signal
[51].
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Figure 46: Current (a) and shaper (b) output in the ATLAS calorimeter (left); electronics
noise, pile-up noise and combined noise as a function of shaping time (right) [lj.
If one wanted to collect all the charge, the disadvantage of this technique would
obviously be too low a speed (400 ns), not adequate for the LHC. However, the energy
information is fully contained in the initial current, i 0 , if it can be measured. This is
solved with a signal clipping. In order to be sensitive to the initial current a CR — RCn
unipolar filter, equivalent to a current derivative, is used and gives the shape of the
ATLAS calorimeter signal displayed in Figure 46. It peaks at about 40 ns with a height
proportional to the initial current.
The price to pay with respect to a total charge collection is an increase of the
electronics noise which scales as 1/y/r (r = RC is the shaper time constant). Since the
pile-up noise scales as i/r, a trade-off has to be found as demonstrated by the optimization
chosen in ATLAS on Figure 46 [52].
The electronics noise can be characterized by the spectral density of the preamplifier
series noise generator, e n , and of the parallel noise generator, ia. The noise charge (ENC)
which is the charge Q needed to produce a signal at the output of the preamplifier equal
in magnitude to the r.m.s noise observed is defined by [53]:
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/» and ib are constant numbers depending only on n to first order.
C is the capacitance at the preamplifier input dominated usually by the detector's
capacitance.
— in = yJ^kT/R where R comes from resistors on the input, T the temperature and
k the Boltzmann constant. For fast shaping this noise contribution is dominated by
the series noise.
— The series noise is linked to the amplification mechanism, e\ = AkTa/gm where gm
is the transconductance of the input transistor and a ~ 0.7.
The best electronics performance so far has been realized with cold preamplifiers
using GaAs MESFET technology. They feature low noise (e n = 0.25 nV/s/WT) and dissipation (50 mW) and have a sufficient radiation hardness [54]. Warm electronics outside
the cryostat (with a matched impedance cable) can also be used [55]. The reliability of
the first one, as the preamplifiers are in the cold and could not be replaced during the
experiment lifetime, ~10 years, is counterbalanced by the larger sensitivity to pick-up of
the second one.
A typical electronics noise value (see Figure 46) in a cluster of 3 x 7 cells is 220 MeV.
Including the pile-up, the total noise amounts to about 450 MeV.
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Figure 47: Fractional energy resolution as a function of beam energy for two pseudorapidities.
Different prototypes have been built and many tests in electron beams have been
carried out [56]. To reconstruct the energy, a small correction is necessary to account
for the variations of sampling fraction as a function of <f> in the accordion direction.
The fractional energy resolution obtained with a large-scale prototype (2 metres long,
27° in azimuth) [19] at two rapidities is displayed in Figure 47 and fulfils the ATLAS
requirements. The study of the response of more than 150 cells over a large area has
demonstrated that a 0.58% uniformity response can be reached, equivalent to a 0.7%
global constant term 4 ). A lot of work was done to understand in detail the various sources
4

) The cell-to-cell response has to be convoluted by the local constant teim of the enetgy resolution to
obtain the global constant teim.
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as listed in Table 3 with the expectation for the ATLAS calorimeter. These results and
the possibility to use the large flux of Z —> e + e~ decay (mass constraint) or inclusive e~
(E/p matching) give confidence that a constant term < 0.7% can be reached in the full
ATLAS calorimeter.
Table 3: Contributions to the constant term (in per cent) measured in the prototype and
expected in the ATLAS calorimeter
Source

Prototype
Mechanics
Residual ^-modulation
0.3
Gap non-uniformity
0.15
Absorber thickness
0.3
Calibration
Amplitude accuracy
0.25
Timing precision
0.2
(Cross-talk effects)
(0.15)
Total (quadratic sum)
0.57

ATLAS
0.2
0.15
0.2
0.25
0
0
0.4

Up to now, the intrinsic performances of the calorimeters have been discussed separately. However, ultimately, it is important to examine the performance of the full detector
for a given physics process. As an example the search for the Higgs boson by its 77 decay
mode has been investigated with the CMS and ATLAS detectors. As a good illustration of
the various effects previously described, Table 4 shows the size of the various contributions
to the 77 mass in ATLAS. Owing to its better sampling and expected constant term, the
77 mass resolution of CMS is 1.6 times smaller which allows a narrower mass bin and
a 30% improvement in statistical significance S/y/B. However, as the CMS calorimeter
operates in a 4 T field, only non-converted photons can be used with a good resolution,
resulting in a 30% acceptance loss with respect to ATLAS, leading finally to comparable performances [57]. This shows the real difficulty in comparing the performance of a
subdetector on the basis of testbeam results only, outside of its running environment.

Table 4: Contribution to the 77 mass resolution at high and low luminosity with the
ATLAS detector. At low luminosity the pointing is performed assuming that the longitudinal position of the vertex is determined using charged tracks of the underlying event.
High luminosity
Sampling term (MeV)
900
Constant term (MeV)
490
Total noise term (MeV)
500
Angular term (MeV)
400
Total (MeV)
1210
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Low luminosity
900
490
210
70
1050

4

TRACKING AND VERTEX DETECTORS

The tracking systems have always been a major element of the physics reach of
collider experiments. This is going to be true at the LHC as well. Furthermore, the ability
to tag b-jets, usually referred to as 'vertexing', is now recognized as an essential tool to
reach 'new physics', in particular decay modes of the top quark and, possibly, 2-jet decay
modes of Higgs bosons.
After a short overview, this section is divided into three main subsections dealing with semiconductor devices, gaseous devices, and finally a summary of performances
expected at the LHC.

4.1

Examples, constraints, and basic elements of a tracker

The role of a tracker is to measure the parameters of charged tracks produced
in a given event, with a minimum of perturbation to them. The quantities of interest
are the track momentum (with sign), the two angles denning the initial direction, and
the vertex position if displaced from the primary collision point. All these quantities
are affected by interactions with matter (multiple Coulomb scattering, bremsstrahlung,
nuclear interactions, etc.) and it is a constant worry in designing a tracker to avoid having
too much material in it. The material in the tracker, and the coil surrounding it, is also a
serious limitation to the performance of the electromagnetic calorimeter (see Section 3).
Measuring the momentum requires a magnetic field, usually a solenoidal field in collider experiments (however UA1 had a dipole field). In some cases fieldless experiments
have been performed (UA2, DO). This presents some advantages in terms of electron and
photon identification, but is now considered insufficient in terms of the simple requirements summarized above [58].
Pattern recognition, in the dense environment of high-energy collisions, is perhaps
the leading consideration in designing a tracking system. The historical example of the
bubble chamber, in which one could visually see the tracks thanks to the high density
of bubbles, remains in this respect a reference. The closest modern concept, adapted to
interaction rates of a few kHz (as opposed to a few Hz for the bubble chamber) is the
Time Projection Chamber (TPC). This detector was pioneered in Berkeley [59], and used
at SLAC (PEP4 experiment) and LEP (ALEPH and DELPHI). It is also being used for
heavy-ion collisions (NA49) demonstrating its superb granularity, and also planned for
the ALICE heavy-ion experiment at the LHC [48].
4-1-1 The Time Projection Chamber
In the TPC the electrons and ions produced by charged tracks in the gas volume
surrounding the interaction point drift under a uniform electric field towards the end
plates (Figure 48). Electrons create measurable signals by avalanche amplification close
to anode wires, like in any wire chamber. Cathode pads allow accurate measurement in
the bending plane, while the time measurement gives the third coordinate (parallel to
the beam axis). Typical accuracies are 500 fiva. in the radial direction, 100 /zm in the
r<f> (bending) direction, and 500 /im in z. The high number of measurements along the
track path, typically of the order of 100j allows some particle identification by dE/dx.
An example of performance in this domain is shown in Figure 49. The capability reflects
the variation with energy of dE/dx by collisions, and is best adapted to low-momentum
particles (below 5 GeV). The maximum practical operating rate of such a detector is
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given by the drift time to the end plates, about 40 /ts, i.e. about 20 kHz. This was
perfectly matched to LEP (22.5 fis between bunch crossings), and is also adequate for
LHC operation with ions (the rate of inelastic lead-lead collisions is about 10 kHz at
the nominal luminosity of 10 27 cm~ 2 s~ 1 ). An average density of 0.1 particle per cm" 2 is
considered a (safe) maximum.

Figure 48: Sketch of a Time Projection Chamber.

4-1-2 Detectors and geometries at the LHC
In order to match the bunch-crossing rate at the LHC, one should consider detectors
in which the signal duration is less than or about 25 ns. This leaves semiconductor detectors (silicium, GaAs, or possibly diamond), gas detectors with short drift path (MSGCs
and small straw tubes), and scintillating fibres. The latter were discarded by ATLAS and
CMS for various practical reasons. However, they form the basis of the DO upgrade [58].
Given the small thickness of those detectors, the geometry of an LHC tracker has an
'onion shell' structure of cylinders (barrel part) and disks (forward part). This is illustrated
by Figure 50 which shows a perspective view of the CMS tracker.
Most detectors (Si strips, straws, MSGCs) give as result a line on a surface, while
pixels offer a 3-D point. Clearly this is much richer information, motivating much R&D
activity to make these detectors suitable for large-scale application.
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Figure 49: e/n/K/p

identification capability of the Aleph TPC [60].

In order to have a quantitative appreciation of the pattern recognition problem, one
may evaluate the detector occupancy (probability of a cell being hit for a given triggered
event) as a function of radius. At the nominal high luminosity of 1034cm~2s~1 typical
numbers are as follows:
— straws at radius 60 cm: occupancy ~ 20% for cell size s ~ 1 m x 4 mm;
— Si strips at radius 25 cm: occupancy ~ 1% for cell size 5 ~ 0.1 m x 100 /«n;
— pixels at radius 12 cm: occupancy ~ 0.01% for cell size * ~ 50 ftm x 300 /tm.
They show that the increased granularity beats off the 1/r2 behaviour, provided the
adequate technique is used.
Support rails
forward wheel
Forward MSGCs
barrel MSGCs
Barrel wheel
Forward silicons
.
barrel silicons

Figure 50: View of the CMS tracker.
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4-1-3 Function and limitations
The minimum function of the tracker, at the nominal high luminosity, was defined
in ATLAS so as to:
recognize and reconstruct high pr tracks in roads defined by the muon spectrometer
or by the calorimeter;
— check for their impact parameter;
check for the existence of a low-energy companion (for converted 7's or Dalitz pairs)
and when possible
•
search for secondary vertices within a jet (jet-tagging);
•
perform full tracking within a jet;
•
perform full tracking of the triggered event (at luminosities < 10 33 cm- 2 s" 1 ).
Finally the tracker should participate in the electron and muon trigger at level II, by
allowing fast track-finding within roads. As shown in the following paragraphs, technologies now exist or are in the process of being developed which should allow such functions
with good efficiency. However, practical limitations related to material accumulated in
the tracker from the different layers, power to be extracted by cooling, and cost, will inevitably limit the achievable performances. As an illustration of the first point the amount
of material corresponding to the CMS tracker is shown, as a function of pseudorapidity in
Figure 51 (the plot is qualitatively similar for ATLAS). Clearly, a material amount of up
to 0.5 Xo in the path of an electron, in a large magnetic field, is going to seriously limit
the calorimeter intrinsic performance.

Tracker plus outer support
sfructure and services
(Total material before ECAL)

Tracker up to last
de tecSon lave r

0.00

0.50

1.00

1.50

2.00

2.50

3.00

hi
Figure 51: Material in the CMS tracker.

4.2

Semiconductor devices
Although semiconductor detectors had been used for quite some time in nuclear
spectroscopy (see Section 3), their use for precision tracking is more recent, having been
linked first to the measurement of short-lived 'charmed particles' [61]. Since then, this
technique has seen an extremely fast development, and it is now considered a rather
standard tool of high-energy physics experiments. The use as vertex detectors in Collider
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experiments has, however, revealed fundamental problems associated with radiation damage (see below), which are better understood bearing in mind the basics of this detector.

4-2.1 Signal formation in a depleted junction
As is well known, energy levels of atoms become energy bands in crystals. At very
low temperature the upper (conduction) band of an intrinsic semiconductor (Si, Ge) would
be empty, and the lower one (valence) would be full. The gap distance between the two
bands, in Si, is 1.12 eV. As temperature rises, some electrons move to the conduction
band, leaving an equal number of holes in the valence band. In the presence of impurities
there are electrons in the conduction band (n-type) or holes in the valence band (p-type)
even at low temperature. In all cases the product of e and h densities is a function only
of temperature [62].
The p-n junction is the most important structure as far as detectors are concerned.
It consists of layers of opposite doping joined together. In the absence of external polarization, some electrons drift from the n to the p side (and vice versa for holes) until the
'built-in' potential Vy stops the flow. At this steady point the Fermi levels are equalized,
and there exists a thin 'depleted region' (no free charge) on either side of the transition.
Polarizing the diode with the n side at the negative potential allows the evacuation of
the charges. This is the forward biasing, which presents no interest as a detector. On the
contrary, when biasing the n side at the positive voltage, one increases the depth of the
depleted region. Eventually, for a large enough voltage, the junction is fully depleted. This
is the situation of interest for a detector. Electron-hole pairs created by ionization (on
average 3.6 eV in Si to create a pair) move under the electric field in the junction, and
create the signal of interest. A few quantitative statements can be made:
The depth of the depletion region is easily calculated using 'Gauss's theorem' (see
Figure 52).
If p is the charge density after depletion (reflecting the doping level), one has:
d | E | /dx =
which gives a full depletion voltage (for a bulk thickness d):

from the Ohm law applied to the forward biased mode, one relates the charge density
p, the resistivity r and the mobility ft by p = 1/r/i, leading to:

For currently used dopings on a typical n-side of 300 /*m, the full depletion voltage
is about 100 V.
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Electric field E(x)

Figure 52: An n-p junction
—

An electron-hole pair created at a distance x from the junction side, in a detector of
thickness d gives rise to:
- an electron current i_ = eve/d for a duration x/vt
- a hole current i+ = ev^/d for a duration(d — x)/vh.
This is well illustrated by Figure 53, taken from Ref. [63]. Signals from a sources are
produced right of a test detector at the surface and give rise to an electron (hole)
signal if produced on the junction (back) side. Because of the lower drift speed (typical
mobility of 500 instead of 1500 cm 2 /V.s) the hole signal is significantly slower, but
still fast enough in terms of the requirements mentioned earlier. For a mip (signal
from a minimum-ionizing particle), both carriers contribute. For the standard 300 ^m
thickness, the average signal collected is about 20 000 e~.

4-2.2 Some practical aspects and limitations
Signed, noise, charge division The signal level being given, it has to be compared to the
achievable noise. Like for the liquid argon calorimeter, the noise depends primarily on the
capacitance to be read out, and on the preamplifier characteristics. For a simple geometry
of adjacent strips on the junction side, with a typical strip size of 10 cm length by 100 fim
pitch, the effective capacitance (predominantly to neighbouring strips) is about 20 pF.
Typical preamplifiers adapted to a high level of integration (bipolar or CMOS processes)
have a transconductance of typically 10 mA/V (for a few mW power dissipation) leading
to a noise charge of about 1500 e~ for a fast bandwidth (response to a delta current
peaking after about 15 ns).
Direct readout The simplest layout consists in directly coupling to a preamplifier metal
strips laid on the thin (p + side) of the detector. In this way the resolution in position
can hardly be better than the strip pitch divided by \/12- A practical limit is about
50 fim. pitch, or 15 fim. resolution. In this scheme any leakage current (increasing with the

338

-0.7

10

0
•24
•5

7
f

-7JS

-10
-its

L \\« /

/

-15

•17*
-»

(c)

•2U
IS

20
Ttna«a)
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irradiation level) has to be evacuated through the preamplifier [64]. The vertex detector
of the CDF experiment at the Fermilab Tevatron was built according to this concept, and
operated successfully [65]. In particular the impact parameter resolution in the transverse
plane was measured to be [13 + 40/pt(GeV)] fim.
QL

Q
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CBP T

Figure 54: Equivalent network in a configuration of charge division.

Charge division
An alternative scheme, somewhat more complex, consists in coupling
the metal strips to the detector through a thin, insulating SiC>2 layer (AC coupling). The
HV polarization is provided through a biasing (high) resistance network, which eliminates
also the leakage current. This layout offers the interesting possibility of 'charge division'.
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It consists in equipping only one strip out of say three or four with a preamplifier. In this
case the detector can be approximated by the network of Figure 54. It is a simple matter
to see that the signal from drifting charges divides itself between the two closest strips
equipped with preamplifiers, in a way which gives signal proportional to the distance ratio
between the hit strip and the readout ones. Measuring the charge on these two strips thus
allows one to interpolate, and to obtain an accuracy better than that given by the pitch
of strips equipped with preamplifiers.
One of the limiting factors in this way of proceeding is the noise, which has to be
significantly smaller than for the previous scheme. A noise-to-mip ratio of 12 is considered
a minimum. As an illustration one can quote the results obtained with the first DELPHI
vertex detector [66], which are displayed in Figure 55. A parametrization of the resolution
in impact parameter is [24 © 69/pt(GeV)] /on.
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Figure 55: Distribution of the residual per plane with the DELPHI vertex detector using
charge division. The three classes of events reflect the hit multiplicity along a given track

[66].

Double-sided detectors By putting n + implants and metal strips on the back side of a
n-bulk detector, one can also read out the back side, frequently referred to as the ohmic
side, as opposed to the junction side. In this way a single detector offers a two-directional
readout. A simplified drawing of this scheme is shown in Figure 56, taken from Ref. [67].
As an illustration of this scheme, Figure 57 shows the pulse-height correlation observed
between the two sides (since the two signals are built out of the same drifting charge,
they should be highly correlated). This scheme offers the obvious benefit of saving one
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detector thickness out of two (i.e. 300 fim of Si). Depending on the material associated
with other elements (electronics, support, cooling.) this advantage may overwhelm, or
not, the increase in difficulty, and cost, associated with double-sided wafer processing.

SiO2

Figure 56: Simplified drawing of a double-sided semiconductor detector.
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Figure 57: Charge correlation between the two sides of a double-sided detector.
As an illustration Figure 58 shows the performance obtained in this way with the
DELPHI vertex detector [68]. The inferior accuracy obtained in the z direction is mainly
associated with the inclination of tracks in a cylinder geometry.
4-2.3 Radiation damage. Type inversion
A major issue in the use of silicon detectors at the LHC is their behaviour after
irradiation. The most important effect is associated with non-ionizing energy loss (NIEL)
[69], which is mainly due to hadrons (see Figure 59)r.Mu&liaxinteEactioiis create defects in
crystals, which alter their behaviour. The fundamental effects that occur are not totally
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clear yet, and a sound solid-state-physics-based model is still lacking. However, the observed behaviour is reproducible, and rather well described by phenomenological models
(see for example Refs. [70] and [71]).
Usually one starts from a junction in which the bulk is n-type. One observes that,
under irradiation, the n-doping equivalent concentration decreases, reaches zero for a dose
between 1 and 3 x 1013 n/cm 2 (1 MeV neutron equivalent), and then the substrate behaves
as p-type, with an equivalent p-doping which increases with the dose (see for example
Figure 60 taken from Ref. [70]). This is called type inversion. A direct consequence is
that the junction side moves from where it was originally to the other face of the detector
(originally the ohmic side).
If one were to start from a p-bulk, its doping concentration would simply increase
(see Figure 60). So the observation is consistent with donor removal and acceptor introduction. Mechanisms invoked for donor removal are, for example, combination with
a lattice vacancy. Alternative explanations exist, like the creation of deep level defects
(more or less at the middle of the forbidden band), which can ionize either as p or n types
[72].
The above has extremely important consequences for LHC detectors. Following the
apparent behaviour of impurity concentration, the voltage for full depletion would first
decrease, and then, after inversion, increase continuously. Since one can not go further
than a certain practical limit (250 V or so), eventually, the detector will no longer be fully
depleted. This is illustrated schematically in Figure 61. In this case the readout of strips
on the initial junction side essentially no longer works because of the undepleted layer
which shorts all strips together. On the contrary, the readout on the initially ohmic side
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Figure 59: Non-ionizing energy loss of different particles as a function of their kinetic
energy [69].
still works properly thanks to the n + implants, but with a reduced signal because of the
incomplete depletion.
Such a scheme, with strips on the initially ohmic side, and referred to as 'n + n', is
being seriously considered for the (single-sided) readout of the LHC detectors, although
the choice has not yet been made.
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increasing irradiation (1 MeV neutron equivalent).
Another important aspect of radiation damage is the increase of the reverse current
(or leakage current) associated with the defects created. This current JL contributes to
the power dissipation and, most importantly, generates a shot noise (i n = y/2qTjjS in a
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bandwidth B) which amounts typically to 500 electrons r.m.s for a current of 1 fiA.
Finally a very important aspect is the temperature of the detector, both during operation and maintenance periods. Given a temperature of operation, say 5°C, one observes
for a short time, when warming up, some decrease of the irradiation effects (annealing),
and then a definite worsening of them (anti-annealing). Furthermore the leakage current is
a fast varying function of the temperature. In total, the present trend is to design trackers
for cold operation (about 0 to 5°C), with the requirement that they will not be warmed
up to 20° C more than one month or so per year. An illustration of the consequences for
the planned ATLAS tracker is shown in Figure 62.
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Figure 61: Schematic type inversion.
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344

4.2.4 Pixel layers
As recalled at the beginning of this section, there are clear motivations for highgranularity and high-precision detectors close to the vertex. Pixel detectors represent a
further challenge beyond strip ones, mainly because a new way had to be mastered for
connecting detector pads and preamplifiers in two dimensions.
detector

electronics

bump bonds (indium, or equivalent)
Figure 63: Sketch of the pixel detector and electronics assembly by bump-bonding.
As schematically shown in Figure 63, the current technique is to join together by
'bump-bonding' two semiconductor wafer elements, one carrying the detector (n-bulk-p
junction), and the other the readout electronics (preamplifier and subsequent steps). For
typical pixel sizes of 50 fim. x 300 fim. the bonding operation represents 6000 connections
per cm 2 , which is at the limit of what the microelectronics industry can do at present.
Integrating the functionality of the readout on such a size (0.01 mm 2 ) has already been
done. The pixel system of the Omega spectrometer (experiment WA97) represents the
largest system used so far in an experiment [73], with a total of 72 kpixels.
Besides bump-bonding, the next difficulty with pixels is to organize the readout in
such a way that the potentially enormous amount of data produced by such a detector
does not flood the readout. This is possible because of the low occupancy (thanks to
the small size), and the excellent signal-to-noise ratio: because of the small cell size, the
noise can be kept below 500 electrons (for LHC adapted shaping) for a signal which is
still 20 000 electrons if a thickness of 300 fixa. is used. So, using a threshold of say 5000
electrons one has virtually no noise hits, and more than 99% efficiency.
A practical scheme consists in organizing the readout in a 'column architecture', in
which all information is transmitted along a column of pixels (typically 64 or 128 elements)
and none along the rows. One scheme proposed for ATLAS consists (schematically) in
loading, when the pixel is hit, the pixel address in the column, in an 8-bit column shift
register which is clocked down the end of the column at each bunch crossing. When the
address appears at the bottom of the column, a bunch-crossing (be) counter started by
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the 'or' of the column, tells when this pixel was actually hit, thus giving the full address:
be number, column number, and address in the column. This information is kept until a
match can be made with the level-I trigger be number. If a match occurs, the hit is kept
and transferred off-chip using optical fibres.
Both ATLAS and CMS plan two layers of pixels over the full tracker acceptance,
at typically 12 and 16 cm radius in the barrel part, amounting to about 108 channels. At
such a small distance from the interaction vertex, the irradiation problems are frightening.
However, the depletion voltage problem can be eased, given the good S/N ratio, using a
thinner detector (250 /Jin), and the leakage current noise is not critical because of the small
detector cell size. These are clear advantages of the pixel layout. What remains, however,
is the electronics radiation hardness, which is the subject of vigorous R&D in collaboration
with industry (using for example the processes SOI3HD or DMILL, see Ref. [74]). At the
time of the present report, there are good indications, but no firm demonstration, that a
solution exists.
Finally it should be said that, as far as radiation hardness is concerned, there
is a good propect of Schottky (metal-semiconductor) GaAs detectors (see for example
Ref. [75]) resisting up to irradiation levels of 1015 n/cm 2 (1 MeV equivalent neutrons).
radiation
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Figure 64: Schematic drawing of an MSGC and of its polarization.

4.3 Gas devices
4-3.1 Microstrip gas chambers
MSGCs are an attempt to reach—almost—the granularity of silicon strip detectors,
using the cheaper approach of gas detectors. The key point is to replace wires (see for
example Ref. [76]), which provide amplification in a MWPC, by strips deposited on a glass
substrate, (see Figure 64). The gas gap is typically 3 mm, providing about 30 electron-ion
pairs for a mip. A very thin and narrow anode strip allows amplification (see a typical
field map on Figure 65 taken from Ref. [77]) by a factor of a few thousands, giving signals
comparable in magnitude to those from Si although somewhat longer due to the drift time
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in the gas (50 ns). Very specific gas mixtures, Ar-DME or CO2-DME, have to be used in
which the dimethyl-ether avoids secondary emission and prevents ageing.

Figure 65: Calculated field map in an MSGC. The density of field lines in the bottom part
(substrate) depends on the backplane voltage. The anode is at the point where the field
lines converge.
Associated with this modest amplification, it was found that an instantaneous
counting rate of 106 particles/mm 2 could be tolerated, which is adequate at the LHC.
As the active material is primarily the gas, the detector was thought to be intrinsically
radiation resistant. Wire ageing, a phenomenon known to happen in classical wire chambers (see the muon section), was however found to limit the integrated flux of operation
of MSGCs to at most 0.1 C/cm (in extremely clean conditions, with gold electrodes),
corresponding to about the LHC flux integrated over 10 years, for a detector at 30 cm
from the beam.
The most difficult aspect of these detectors was found to be associated with the
glass (or other material) substrate. Unlike wire chambers were the ions drift in the gas
away from the anode, up to the cathode (metallic or rather good conductor), in a MSGC,
part of the ions are led to drift in the substrate, close to its surface (the density of field
lines in the substrate depends upon the backplane voltage). In these circumstances, the
substrate charges up, which modifies the potential distribution, and therefore the chamber
gain.
It has been found that stable operating conditions (Le. independent of the instantaneous rate) can be obtained with a bulk conducting glass of resistivity about 1O10 ftcm,
or with surface conducting substrates of resistivity arpjnd 10 t2 ft/D* The best known
example of the first type is S8900, a glass containing heavy metals (Xo ^ 4 cm), and
conducting by electron transfer. A well-known example of the second type is DESAG
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Figure 66: Ageing properties of MSGC prototypes with surface conducting (left) or bulk
conducting (right) substrates.

D263. With both of them, and using extremely clean gas distributions systems, and gold
electrodes, good results were obtained as shown in Figure 66. The lighter D263 glass is
preferred for reasons of transparency, although its behaviour is somewhat inferior to the
other one. A solution could be D263 with a thin coating of S8900 (or diamond).
Many prototypes of MSGCs have been tested in the last few years (see for example
Ref. [78]). For a typical anode pitch of 200 fim, the resolution is currently 40 fim for tracks
perpendicular to the chamber. In case the track path in the chamber projects onto many
strips (up to 10 at 45°), the resolution and the efficiency degrade rapidly. In the CMS
barrel part, the layout includes a tilt angle of about 12° to compensate for the Lorentz
angle (see Section 2.5).
The MSGC technique looks promising, but is still evolving. Such detectors have
been retained by CMS to equip the tracking volume at radii larger than 30 cm.

4-3.2 Straw chambers
To equip the outer part of its tracker, ATLAS has chosen straw tubes. These detectors are less granular than MSGCs (a typical straw is 50 cm long and 4 mm in diameter),
but being much more transparent, a much larger number of layers can be afforded for
the same amount of material, opening the possibility of so-called 'continuous tracking'.
Straw tubes have been used for a long time to equip vertex detectors, in place, or right
behind semiconductor layers. In their principle they are no different from the circular
tubes discussed in Section 2.5. However, their size, location, and use has led to a rather
different class of problems.
An interesting aspect of the ATLAS straws is their use as Transition Radiation
Detectors. When an ultrarelativistic particle crosses many boundaries between media
with a different index of refraction (stack of polypropylene foils) it emits 7 quanta (of a
few keV) which convert in the high Z gas (xenon) used in the straws. The practical use
of this property is to help identify electrons (which emit 7's) out of a hadron background
(see for example Ref. [79]) which do not.
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Figure 67: Perspective view of the ATLAS tracker showing its major elements.

The geometry of the ATLAS tracker is shown in Figure 67. The TRT occupies
the large radius part of the inner detector cavity. Straws are arranged parallel to the
beam in the barrel part, and orthogonal to it in the end-cap part, to optimize the use of
the magnetic field for momentum measurement. The total thickness of the detector (gas,
wires, straws and radiator) is about 0.15 XQ.
Besides the difficulties associated with the mechanical setting up of a (transparent
and accurate) 0.4 million straw system, the main problems of the straws in ATLAS are
related to the high rate leading to an occupancy in the 10-30% range. In particular, the
signal shape, which has a long 1/t behaviour (reflecting the ion drift speed) should be
electronically compensated by an appropriate network.
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Figure 68: Simulation of tracks in the ATLAS straw tracker. The histograms on the right
indicate how a fast trigger could recognize high pj tracks by applying a threshold to the
number of hits in a given solid-angle bin.

With a typical voltage of 1.8 kV applied to 50 lira, wires, the gain is about 2 x 104,
and the maximum drift time 40 ns (with a Xe/CF 4 /C02 mixture). Ten years of LHC
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running correspond to about 1 C/cm on the inner wires. Tests have shown that this is
rather easily achievable (note the difference with respect to MSGCs). An electronic noise
of typically 2000 electrons with the proper bandwidth allows the measurement of the drift
time out of the first electron reaching the anode wire. A consequence of high occupancy
is the association of wrong hits with the track. Detailed simulations indicate a resulting
mean accuracy per straw of 160 /un, and an equivalent accuracy for the straw stack in
the barrel part of 60 fira.
The main strength of the straw tracker is pattern recognition associated with the
continuous tracking. This is illustrated in Figure 68 showing a simulated ATLAS event
in which high px tracks are easily seen, both visually and with a simple histogramming
method which can be used at the trigger level II.
4-3.3 Some technical aspects
For optimum operation and mechanical stability, the detector temperature has to
be carefully regulated, despite the power dissipation of the tracker electronics, amounting
to typically 50 kW for either experiment. One way is to use as cooling medium circulating
in small pipes, a liquid containing small ice crystals in suspension (binary ice), much of
the power being taken by the ice/water phase transition.
Another very difficult point is alignment. The accuracy aimed at in relative detector
positioning is about 10 fim. As for the muon spectrometer, CCDs could be used, but they
are not likely to be radiation-hard enough. Another elegant approach is to use 'frequency
scan interferometry': by counting fringe numbers in a frequency scan between two interfering light paths from a laser and fibre network, one can measure distances of up to 1 m
with an accuracy of better than 1 fira (see for example Ref. [80])
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Figure 69: Efficiency of track reconstruction (right-hand scale) and probability of fake track
(left-hand scale) as a function of the number of hits in the silicon layers (ATLAS).
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4.4

Tracker performances

4-4-1 Pattern recognition
As mentioned above, this is one of the key points in order to have a tracker fulfil its
task. Continuous tracking, as illustrated in Figure 68, gives a visual impression that highpr track finding is indeed possible. More thorough studies were made, using full simulation
of 'mimimum-bias' events superimposed onto 'physics' events containing either leptons,
or b-jets.
In ATLAS the performance for tracks above 2 GeV is illustrated by Figure 69
which shows the reconstruction efficiency of such tracks as a function of the number
of spurious tracks found in the same window defined by hardware considerations (strip
length). Requiring at least five hits in the semiconductor inner layers, the fake probability
(a few 10~4) is well below the pileup probability (0.7%) at design luminosity.
Another important aspect is the track-finding efficiency and the fake probability in
a jet. In CMS, with a 97% track efficiency, the average fake probability is below 2% per
track of the jet.

4-4-2 Momentum accuracy
The results obtained for muon tracks by a simulation of the CMS tracker are shown
in Figure 70. The gain from the knowledge of the vertex position is clearly visible, especially at high momenta. The combined performance of the tracker and muon spectrometer
was shown in Section 2. In ATLAS, the performance of the tracker is typically a factor 2
worse, reflecting the lower value of the magnetic field.
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Figure 70: Accuracy of muon momentum measurement from a simulation of the CMS
tracker.

As a figure of merit of the combined tracker and muon spectrometer of the two
experiments, Figures 71 and 72 show the best expected mass resolution of a Higgs boson
decaying into four muons. In case only the 'stand-alone' muon spectrometer could be used,
the ATLAS performance would worsen by about 30%, and the CMS one by up to a factor
5 (see Figure 15), illustrating the difference of approach.
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Figure 72: Simulated 4p reconstructed mass in ATLAS, for a 130 GeV Higgs (tracker and
muon spectrometer combined).

More difficult than the measurement of muons is the tracking of electrons which is
largely spoilt by radiation in the tracker material. The performance achievable at high
momenta is particularly important since the tracker is the only detector that can give the
electron sign, notwithstanding the fact the accuracy in absolute value is dominated by
the calorimeter, even down to 10 GeV or so.
In order to limit the degradation of momentum accuracy due to bremsstrahlung, one
can incorporate in the track fitting the shower centre of gravity from the calorimeter. It is
a simple matter to see that, in the small-angles approximation, this point is independent of
radiation/conversions (see Ref. [81]). Even after this procedure the momentum resolution
is 2.2% at 20 GeV in ATLAS while it was 1.2% at the same energy for muons.
In CMS, on account of the high magnetic field, the degradation is even more pronounced. This degradation affects not only the tracking result, but also the calorimeter
measurement, as mentioned earlier. Despite the better crystal ideal resolution, the mass
spectrum of a Higgs boson decaying into four electrons is r in the present state of the
detector and its simulation, worse in CMS than in ATLAS (mass resolution of typically
1.8 GeV in CMS against 1.6 GeV in ATLAS for a Higgs mass of 130 GeV).
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4-4-3 Vertexing
The vertexing capabilities are important for the B physics programme at the initial
low luminosity of the LHC, and for tagging of b-jets to identify specific processes at all
luminosities (top quark production, Higgs boson decaying to bb, etc.) or to reject (tt and
Zbb) as backgrounds to a Higgs boson decaying into four leptons.
To assess the first point, the critical figure of merit is the accuracy in impact parameter measurement. This depends obviously on the detector layers, intrinsic performances,
but also very critically on the radius at which the first layer is situated. In order to reach
the best performance in the initial phase both experiments plan to install a 'B-layer' at
7 cm or so radius, which will be removed later on, leaving as first element a pixel layer at
radius about 12 cm. Including this first layer, the planned performance for CMS is shown
in Figure 73. It is to be compared to a mean impact parameter for tracks from a b-decay
of typically 150 /im.
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The vertexing capability at high luminosity depends not only on the intrinsic accuracy, but also on the pattern recognition capability in a dense environment (efficiency/fake
rate, see above). As an illustrative performance, Figure 74 shows the simulated ATLAS
capability at low and high luminosity. A rejection of non b-jets of a factor 20, with an
efficiency of 60% to tag b-jets is considered extremely valuable,
5

S I G N A L P R O C E S S I N G , T R I G G E R , A N D DATA T R A N S M I S S I O N
These topics have become one order of magnitude more complex during recent years
with the needs of new high-intensity experiments on CP violation in the kaon system and
with the LHC experiments. The signal processing and trigger, which are strongly linked,
are discussed. We also discuss briefly the data transmission.
5.1

Trigger
The trigger is a key part of any high-energy experiment with severe requirements
such as:
— Very high efficiency in order not to miss rare signal events.
— Absence of bias in the selection.
— Capability to match the high rate coming from the front end with no or small dead
time.
— Reduction of the data flow as early and as much as possible.
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Figure 75: ATLAS trigger architecture.
For LHC experiments to take a decision in 25 ns and fan it out is obviously not
possible and the trigger which consists of three successive levels and the data acquisition
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have to be pipelined. A conceptual scheme of the ATLAS trigger is presented in Figure 75
with the foreseen latency and rates.
Table 5: Level-I trigger requirement at high luminosity in ATLAS
Trigger
Rate (kHz)
1 n with px > 20 GeV
4
1 e.m. cluster with E? > 30 GeV
20
2 fi with pr > 6 GeV
1
4
2 e.m. clusters with ET > 20 GeV
1 jet with Ei > 300 GeV
3
Large Ei miss
1
At level I the information from different subdetectors cannot be combined. Only
elementary operations are performed to define elementary trigger conditions (see Table 5)
and the associated Region of Interest (Rol) around an e.m. cluster or a muon track in
the spectrometer. In order to keep the information from events which will satisfy the first
level the data are stored every 25 ns in pipelines (analog or digital). The data do not
move in the pipeline and read/write pointers deal with empty cells and keep the address
of level I accepted data. In Table 5 are summarized some of the level-I requirements of
ATLAS/CMS with their rates. The expected rejection factor is about 1000.

Figure 76: Two-photon trigger rate as a function of ET threshold. The upper curve is
rate at level I without isolation, the middle curve after isolation and the bottom curve at
level II with the preshower used.
The level II trigger uses the Rol defined at level I to combine the subdetector
information including inner-detector information. The full granularity of the calorimeter
is used and the criteria refined: shower shape, track match with e.m. cluster, E/p, isolation,
etc. The goal is to reduce the data flow by a factor 100 down to a level rate of about 1 kHz.
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As an example the rate as a function of the transverse energy threshold is presented for
the two-photon trigger in Figure 76. At level I the use of a crude isolation (because of large
cell) allows one to lower the rates by a factor 10. Another factor 10 is gained at level II
by using the fine granularity (strips in first compartment) and a better 7/jet rejection
The level III runs a full reconstruction algorithm and selects the most interesting
events in the allowed bandwidth. As the average event size will be about 1.0 Mbyte, (see
Table 6) and assuming a 100 Mbyte/s recording rate, the output of level III should not
exceed 100 Hz.

Table 6: CMS average event size at high luminosity
Subdetector No. channels Occupancy (%) Event size (kbyte)
Pixel
80 000 000
0.01
100
Inner tracker
16 000 000
3
700
Preshower
512 000
10
100
Calorimeters
250 000
10
50
Muons
1 000 000
0.1
10
Trigger
100
10
10 000
Total
970

5.2

Signal processing

The signal processing has to cope with the data acquisition requirements and is
specific to each subdetector.
5.2.1 Inner tracker devices
An 8-bit accuracy is enough for the tracker information. Moreover in pixel detectors
where the only information needed is the state of the pixel (signal or not), a simpler binary
approach with a threshold is used. In detectors which need an analog readout for charge
division, the solution is an analog pipeline (switch capacitor array) followed by an 8-bit
Analog-to-Digital-Converter (ADC) at 100 kHz as the information is used only at level II.
5.2.2 Calorimeters
In an e.m. calorimeter cell, the noise is about 20 MeV and the maximum signal
about 2 TeV, that is to say a 10s range. In order not to degrade the energy resolution,
the noise has to be kept at the level of the least significant bit, so that a 17 bits range
is desired. Handling such a dynamic range is very difficult. Various schemes have been
considered:
— The Fermi Collaboration [82] proposes a dynamic range compression to 11 bits followed by a 40 MHz ADC and a digital pipeline. The board includes also many facilities
for trigger signals as displayed in Figure 77. The main difficulty lies in the compression/decompression part. Some tests of this system have already been done with the
liquid argon e.m. calorimeter and the hadronic tile calorimeter in ATLAS, and with
the crystal calorimeter of CMS.
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Figure 77: The Fermi front-end system.
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An equivalent solution can be performed with a 4-gain system (ratio 1, 3, 13, 50
typically) instead of a compression of the dynamic range. The data are stored with a
track-and-hold system (or an analog delay) for about two clock cycles during which
the best-suited gain is chosen depending on the energy in the cell. The signal is then
digitized at 40 MHz with a fast ADC with a 10-bit range only. The major problem
consists in finding the appropriate gain in a very short time without degrading the
energy resolution. A solution of this type is planned in the NA48, KTeV and BaBar
experiments.
A third solution consists in storing the data in two parallel analog pipelines with
gains 1 and 12 matching a 13-bit dynamic range (Figure 78). The data are kept
inside the pipelines until a level I trigger decision is made. Accepted signals are then
digitized by a 13-bit ADC. Tests with an ATLAS liquid argon e.m. prototype have
already shown that with such a system the energy resolution reached is identical to
the one already presented in the calorimeter section. Analog pipelines have been used
successfully in the ZEUS experiment but with a lower dynamic range [83].
In all cases a careful understanding of the various sources of noise, coming mainly from
the presence of both analog and digital signals on the same board, is the key problem. At
the time of this report, the three techniques are still under development and some more
evaluation tests are planned before a final choice is made in each LHC experiment.
In ATLAS the level I calorimeter trigger uses a reduced granularity, about 7000 cells
with the elementary cells ganged in a 0.1x0.1 tower. The information of each trigger cell
is digitized with an 8-bit dynamic fast ADC corresponding to 250 GeV full scale (above
250 GeV in a trigger cell the event is systematically stored for level II). A digital trigger
processor runs a 2-D algorithm of cluster finding and applies a first isolation. Moreover, as
the liquid argon signal extends over more than one bunch crossing, a digital pulse filtering
(BCID) is used for bunch-crossing identification.
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5.2.S Muon detectors
ADCs with 10-bit range (cathode strip chambers) or 8-bit TDC (drift tubes) fulfil
easily the muon spectrometer requirements, which is a less challenging detector in terms
of signal processing. The ft trigger is performed by coincidences between the layers of
RPC of trigger stations (at different radius).
5.2.4 Data transmission - Mass storage
Trigger rate and data transmission speed are closely related. Each of the 7000
calorimeter trigger cell signals has to be extracted and sent to the logic board at 40 MHz,
meaning 3500 fibres at 1 Gbit/s if digital data is transferred. After level I, the information
has to move from the detector to the level II buffer (about 2000 boards) where a very
high bandwidth networking is needed to combine the information from Rols. Solutions are
still under investigation. The events accepted by the level II trigger are sent to the event
builder at about 1 to 10 GByte/s. A factor 10 reduction is expected with the level III
processors which indicates that a 106 MIP processing power is required.
The mass storage of LHC data is about 15 TByte/day. The best recording devices
up to now contain about 1 Gbyte in 3 cm3 so that significant progress is necessary in
storage capacity. However, no more than 1% of the data can be reasonably transferable
to the participing institutes. A very strong reduction of the data and filtering should be
made in situ at CERN and an optimized sharing of the capabilities in processing and
simulation has to be set up between the collaborating institutes.
6

CONCLUSION
The goal of measuring accurately rare and complex processes in a high-energy,
high-luminosity environment puts strong requirements on the LHC detectors.
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The knowledge available in the high-energy physics community, complemented by
strong detector development activities, and detailed simulations, have led to two new
detector concepts, ATLAS and CMS. In some aspects, they are rather different and complementary:
Solenoid against toroid for the muon detection.
Crystals against noble liquid for e.m. calorimetry.
In other aspects, they use actually the same technique:
Scintillating tiles for barrel hadronic calorimetry.
Silicon strips and pixels for the tracking.
The pertinence of the choices, and of how they fit together, will be judged, in the end, by
the quality of the results they produce.
We have said very little about other experiments, and this is certainly not doing
justice to the clever developments which are being made for CP violation experiments,
neutrino experiments, heavy-ion experiments, etc.

Nota Bene:
For the purpose of commenting on the detectors taken as illustration, numbers and
sometimes interpretations have been given in this document. It is clear that they engage
only the two authors, and in no case the original publications, to which the reader is
invited to go for precise references.
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COLLIDERS
D. Treille
CERN, Geneva, Switzerland

Abstract
Some themes of collider physics, for the near and for the more
remote future, are developed.

1

INTRODUCTION

Dealing with colliders in one hour is an almost impossible task! Let me develop a
selection of ideas — and try to convey optimism and incentives for the future.
Colliders dominate particle physics at the present time and this will continue in
the years to come, with the Stanford Linear Collider (SLC), the Large Electron-Positron
(LEP) collider, HERA, the Tevatron etc. They are the key of the more remote future,
with the Large Hadron Collider (LHC) about ten years from now, and a Linear Collider,
more difficult to locate in time. Lower energy options (B factories, under construction, ...)
or possible versions not yet considered in depth (Z° factory, ...) should also play crucial
roles.
These machines will provide a variety of types of collisions: e + e~, ep, pp or pp,
ion collisions. Altogether they will allow the performance of a vast programme of direct
searches, covering most of the foreseeable physics scenarios, as well as a set of accurate
measurements, which, compared to the Standard Model (SM) expectations, should be a
powerful and complementary discloser of new phenomena.
These main scenarios, going beyond the SM, are well known and documented and
I shall only review them briefly. One should, however, always keep in mind the possible
occurrence of the unexpected and, rather than focusing on sharply defined physics channels, one should consider broad classes of potentially interesting final states and optimize
the experimentation accordingly.
The general features and promises of e + e~ and hadron colliders are well known and
quite contrasted, as illustrated by Fig. 1 [1].
Hadron machines provide broadband beams of partons, and the luminosity of elementary collisions at an effective y/s depends both on the luminosity and on the energy
of the machine. As a rule of thumb, for an effective y/s ~ 1 TeV, an order of magnitude
in the luminosity of the parent collision is worth a factor ~ 3 in their energy: however,
one can easily invent counterexamples, for which what really matters is the energy.
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As for e + e machines, they provide a sharp peak of luminosity of elementary e + e
collisions, at the maximum energy, with some tail towards lower E due to radiation phenomena (brems- and beamstrahlung). But they also deliver broadband beams of radiated
electroweak bosons. The domain of 77 collisions is well known. At high energies WW
collisions, among others, and in particular their longitudinal components, will play an
important role. One sees that the LHC and a TeV e + e" collider are roughly equivalent in
this respect.
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Figure 1: Parton-parton normalized luminosities at the LHC and CLIC (i.e. a TeV collider)
(see Ref. [1] for details).

2
2.1

THE MACHINES IN BRIEF
The present

One can find a summary of the status of present machines in Ref. [2]
The e-p colliding ring HERA is progressively increasing its luminosity. The polarization of e" is reaching 60%. A fixed-target programme, HERA B, to be run on the
proton ring by 1999, is intended to measure CP violation in the B sector.
The e + e~ collider SLC, prototype of a linear one, is approaching its nominal luminosity. The rate of accumulated Z°'s is relatively low (~ 150 000) but a very high level
(~ 80%) of longitudinal polarization of the e~ is available and exploited. The value of the
polarization must, however, be measured by Compton and M0ller scattering.
The pp Tevatron collider has accumulated ~ 110 pb" 1 . The CDF and DO experiments have observed the top quark and given its mass within ~ ±12 GeV. The accuracy
on mw is also gradually improving. In 1999 or so a major upgrade, through a new injector,
is foreseen. The Tevatron should then deliver ~ 15 pb^/week, so that one can expect an
accumulation of ~ 1 fb"1 in the first years of the 21st century. The possibility of a further
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upgrade (TeV*), to reach an order of magnitude more luminosity, is also being considered
by some authors.
At LEP full priority is now being given to the energy rise.
The first phase of LEP, at the Z° energy, was quite successful and provided ~ 16 M
Z°'s to the four experiments. The luminosity of a circular electron collider is given by:

4naxor

where / is the rotation frequency, N* the number of particles per bunch, and the denominator is the transverse area of the interaction region. The only 'free' parameter is the
number of bunches per beam, nt>. It was four at the start of LEP and much activity was
devoted to raising that number while avoiding unwanted collisions. A 'pretzel' configuration [3] with eight bunches provided up to Lpeak = 2.2 x 1031 cm~2s~1. More recently a
bunch train solution, with n-b = 4 x n, n = 2,3,4, was exploited.
The integrated luminosity per year has been rising regularly. In 1994 it was 65 pb" 1 /
experiment.
Transverse polarization, due to the 'natural' Sokolov-Ternov effect and maintained
against depolarization resonances by harmonic spin-matching techniques, has reached a
level of ~ 40%. It has been shown that it was kept when beams were interacting.
It was extensively used, through a resonant depolarization method, for ultraprecise
measurement of the beam energy. The method itself gives an accuracy better than a MeV,
much less than the beam energy spread. This is understandable since the depolarization
time is long compared to the energy oscillation time of a particle, so that the relevant
energy is the average one.
This calibration was the key to the very accurate determination of mz and Fz (~ 2
and ~ 3 MeV, respectively, as preliminary values).
It has revealed spectacular correlations of LEP energy with the tidal force, the
level of water in the Lake of Geneva, and the timetable of the electric trains passing by
(Fig. 2). LEP has written there a beautiful chapter of machine physics, which is not yet
fully closed.
It is potentially possible to turn the transverse into a longitudinal polarization and
use it for physics, in particular for the J4LR measurement. The advantage of LEP would
be that both e~ and e+ are polarized. By using the trick of a selective action on the
polarization of individual bunches, one can then measure the level of polarization by a
simple counting of Z°'s. Such a programme, studied in detail in Ref. [4] will, however,
not occur before LEP 200. Results from polarized collisions are actually coming from the
SLC.
2.2

LEP 200
The overall problem for LEP 200 is well known. The energy loss per turn due to
synchrotron radiation goes like the fourth power of the energy and will reach 2.5 GeV
for a beam energy of 100 GeV. Besides the increased background problems, solved by
appropriate masking of the experiments, one has to compensate for that loss by providing
the necessary accelerating voltage around the ring; This is done by RF cavities: the warm
copper cavities of LEP I are totally insufficient and one had to develop and realize a large
set of superconducting ones, made of copper with an internal layer of sputtered niobium.
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Figure 2: Correlation in time between trains and the LEP NMR.

This programme turned out to be very challenging. Besides the cavities themselves,
the main couplers, feeding in the RF power, and the higher order mode couplers, filtering
out selectively the bad harmonics, were critical items. After solving a series of problems,
it is now foreseen that an accelerating field of 6 MV/m with a quality factor of a least
3.2 x 109 should be achieved by the set of cavities. Further improvements may be possible
ultimately.
One can then deduce the number of cavities needed to reach a given beam energy.
Besides the financial ones, there exist practical limitations to the amount of cavities
one can install around LEP. It is out of the question to undertake new massive civil
engineering and so one must manage with the room available in the existing galleries of
the four even-numbered straight sections: the corresponding limit is around 352 cavities,
and can be raised to around 384 cavities by removing the separators needed for bunch
train operation. Furthermore, at each point, there is currently a cryogenic limit amounting
to about 12 kW: the exact number of cavities which can be accommodated locally will
depend on the cryogenic load they represent. Beyond that number (72 to 80 cavities?)
one would have to increase the cryogenic power, a step anyway needed for the LHC.
Table 1 [5] gives the details of the possible scenarios. Scenario IV can now be
considered as approved. One sees from the table that up to y/s ~ 205 (i.e. except for the
ultimate Z scenario) one can work with 4 x 2 bunch trains, providing a peak luminosity
of nearly 1032 cm" 2 s" 1 .
Should one multiply this value by 107 s (a 'year') one would expect close to 1000 pb" 1
per 'year' per experiment. This is, however, an unrealistic number and, guided by the
present LEP achievements and the conditions expected at LEP 200, one has adopted a
value of ~ 170 pb" 1 per 'year' per experiment which leads to ~ 500 pb" 1 in 3 years.
Since for some physics channels it is likely that the four experiments will combine
their results, one can also consider the 'quantum' of 1 fb" 1 , which represents the total
luminosity delivered in around 1.5 years.
A first exposure of ~ 6 p b - 1 has recently been performed at 130-136 GeV c m .
energy. The run went smoothly, and is another success of the LEP machine.
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Table 1
Point No.
Type

Cu

2
Nb

NbCu

Phase
II

60

32

0

III

28

32

Ilia

26

32

4
NbCu

Cavities
6
Cu NbCu

8
NbCu

64
60
32
64
Orig inal LEP2 'De sign'

Cu

Totals
Nb NbCu

120

32

160

16

28
48
64
j 64
56
Upgrade for increased 1uminosit y

32

192

24

j

32

192

56 j 26
56
56
52
Modifications for bum:h trains

Ul

IIIb

26

32

32
56 | 26
64
56 | 52
32
Use ol 16 active spares (yet t o be approved)

IV

26

32
32 | 72 | 26
64
72 | 52
32
Maximum energy upgrade with 4 x 12 kW cryogenics

XI

26

32

X2

0

Y

0

Z

0

32

|

208

240

88 | 26
64
88 j 52
32
272
18 kW cryo at pts 4 and 8
32
48 | 88 | 0
80
88
0
32
304
18 kW at pts 2 atid 6
88 | 0
32
320
32
56 | 88 | 0
88
Symmetrical LEP with all eveiI points identical
32
64 j 96
0
96
96 | 0
32
352
Ultimate number of cavities with ZL 's removed (4 bunches)

Missing
cavities

0
8
16
0
8
16
0
8
16
0
8
16
0
8
16
0
16
0
16
0
16
0
16

Total

*msoc

(MV)

(mA)

2243
2161
2080
2390
2308
2227

6.00
6.00
6.00
6.60
6.90
7.20

€bb

0.0335
0.0340
0.0350
0.0355
0.0380
0.0400

HOM

Beam
power
(MW)

(GeV)

(10 31 )*

24.3
23.3
22.7
28.6
28.6
28.6

92.0
91.2
90.4
93.5
92.5
91.5

8.0
8.1
8.2
9.5
10.5
11.6

(W)
704
704
704
855
933
1017

Almost identical to previous phase
2542
2460
2379
2869
2787
2706
3196
3032
3377
3213
3540
3377
3866
3703

6.70
6.90
7.10
6.80
6.90
7.05
6.70
7.10
6.90
7.30
6.92
7.34
4.00
4.00

0.0345
0.0360
0.0370
0.0310
0.0320
0.0340
0.0280
0.0310
0.0280
0.0310
0.0270
0.0300
0.0300
0.0303

30.5
30.5
30.5
34.5
34.5
34.5
38.5
38.5
42.0
42.0
44.0
44.0
27.5
26.4

94.8
94.0
93.4
97.5
97.0
96.5
100.4
98.7
102.0
100.5
103.0
101.7
105.2
104.2

9.5
10.1
10.6

8.8
9.3
10.0
8.1
9.4
8.5
9.8
8.3
9.6
5.5
5.5

890
936
977
894
932
971
874
985
922
1039
936
1053
625
626

2.3

Linear colliders

A complete set of articles about all aspects of linear collider problems can be found
in Ref. [6].
2.3.1 Which machines ?
Table 2 gives the main parameters of the Linear Colliders (LCs) under consideration
for y/s — 500 GeV and for which I will use the generic name of NLC (Next Linear Collider).

Table 2
Linear Colliders
1

rfUPcm-'s" ]
/rep [Hz]
d [lO"3 nb- 1 ]
N [1010]
ax/ay [nm]
az [pan]

&/% [mm]

Ac/A,

Ax/Ay
ex/ay [nm]

^[KPcm^s- 1 ]
AflO-'nb-1]
To
T
6B
Tl-y

NLC
CLIC
DLC
JLC
2.7
2.4
6.8
6.0
1700
180
50
150
4
172
90
90
0.37
0.40
0.27
0.50
2.1
0.6
0.7
0.65
90/8
400/32
260/3
300/3
170
500
80
100
16/1
10/0.1
2.2/0.16
10/0.1
1.3/15 0.70/8.8
0.09/8.2 0.08/8.2
0.08/1.06 0.03/0.5 0.008/0.8 0.01/1.0
40/5.5
246/19
259/2.0 300/2.2
3.3
2.8
1.5
1.4
8.22
6.67
8.80
10.1
0.74
0.51
1.30
0.76
0.16
0.043
0.15
0.095
0.096
0.071
0.15
0.35
0.03
0.05
0.36
0.08
4.7
3.2
0.85
1.0

TESLA VLEPP
2.6
12
10
300
800
1
0.33
40
5.15
20
640/100
2000/4
1000
750
10/5 100/0.1
1.25/8.0
0.43/0.1/0.2 0.008/304/50
1587/4
4.2
1.3
11.1
15.1
1.39
50.2
0.031
0.059
0.065
0.074
0.14
0.14
5.9
5.1

e + e" mode
iVhad
2

iVjet5 [10- ]
^jetloflO-4]
77 mode
Nhad

N jet5 [10-2]
AWo[lO" 4 ]

1.37
5.77
16.4

0.32
0.44
1.16

0.07
0.23
0.69

0.04
0.10
0.31

1.58
1.62
2.88

45.9
56.3
138

0.15
6.90
32.4

0.10
4.72
22.3

0.19
8.61
40.7

0.14
6.43
30.4

0.13
5.68
26.9

15.2
685
3240

One may on the one hand contrast 'warm' machines with the superconducting
TESLA option. Another striking alternative is between CLIC, a two-beam version in
which a low-energy, high-intensity drive beam provides the accelerating field for the main
one, and all other single-beam designs that will require several thousand klystrons.
Obtaining the required luminosity in a single-pass machine is a real challenge. I
adopt as a 'reasonable' goal L ~ 1033 (5/(500 GeV)2) c m ^ s " 1 . This represents, per
crossing, a gain of 3 orders of magnitude compared to LEP. The key point is to achieve
a very small transverse area at the interaction point: the beam size, in particular the
vertical one, is now a few to a few tens of nanometres.
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A vigorous R&D programme is under way in several places to prove the feasibility
of the various options.
2.3.2 Some facts of life at linear colliders
Let me present in some detail a few features of the experimentation at a linear
collider.
The beamstrahlung parameter T measures the effect of the electromagnetic field of
a bunch on the particles of the opposite one.
It should actually be computed taking into account the related pinch effect: this
gives an effective T which differs from the nominal one, To, by as much as a factor of 2
in the case of the relatively small aspect ratio ay/ax (i.e. TESLA).
Another key number is n 7 , the mean number of beamstrahlung photons per electron.
Its dependence on the machine parameters is
T

A/Vbunch

exhibiting the linear dependence on oz for a given T: having a long bunch has to be paid
for.
T and n 7 are the main parameters governing the electron and photon energy spectra
at collision and therefore the differential luminosity curves for ee, e7, and 77 collisions.
The important features of the curve for e+e~ are:
- the fraction of the luminosity left close to the nominal value,
- the size of the tail, which may give some beneficial effects ('autoscan') but mostly
generates backgrounds.
A very useful fact is that the differential luminosity L(y/s) can be measured with
great accuracy by using the acollinearity of Bhabha events.
Another basic parameter is the intrinsic energy width of the beam (typically 0.11%) since it determines the visibility of sharp structures.
Figure 3 shows the photon spectra. The curve marked WW represents the unavoidable Weiszacker-Williams spectrum. The beamstrahlung spectra depend on which version
of the machine is considered.
Most important from the experimental point of view are the 77 or 7e interactions
at crossing.
Three processes
7 e —• eee
+

7 7 —> 3< e"
e e —*•

eeee

(Bethe-Heitler),
(Breit-Wheeler), and
(Landau-Lifshitz)

give rise to a large flux of soft e*. For the modest values of Y considered, the coherent
interactions of a beam particle with the opposite bunch are negligible. The incoherent
Bethe-Heitler process is generally dominant. Those of the soft e* that are emitted at
large angles or kicked out of the beam by the strong electromagnetic fields will reach the
central part of the detector. In spite of the protective effect of the solenoidal field, the flux
of e* at the level of an eventual microvertex detector will be very high: care must therefore
be taken in the design of this essential detector, and the need for a high fragmentation
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Figure 3: Beamstrahlung spectrum for a TeV collider. The curve labelled WW shows the
bremsstrahlung (Weizsacker-Williams) contribution to the photon flux, x = E7/Ee.
will push the use of charge-coupled devices (CCDs) and pixel devices. Although severe,
this problem has been shown to be quite manageable.
Most of the pairs created go forward and hit the quadrupoles. Re-emitted soft
photons, photoneutrons, etc. are so many that the detector would be swamped by this
background: the only way to protect it is by using a shield displayed radially, at a polar
angle of ~ 10°. At smaller angles there can be no tracking and only rudimentary calorimetry. This 'forward blindness' of a LC detector is an unavoidable feature, the effect of which
has to be carefully established for physics.
Another worry concerns the 77 hadronic interactions. Photons can interact in different ways: as vector mesons, as partons, or through their quark-gluon content. The
uncertainty in the 7 structure functions led to the conjecture that the rate of hadronic 77
interactions leading to minijets could eventually grow quite rapidly with energy. However,
the 7p cross-section measured at HERA and the 77 interaction measurements at Tristan
have actually excluded the most dramatic rise, although there is still room for some uncertainty. With a well-behaved hadronic-like 77 cross-section, the number of underlying
77 hadronic events per bunch crossing [~ (1 + n 7 ) 2 ] is generally low, and a fortiori those
leading to a substantial jet in the detector. The clarity of LC physics (at least for NLC
energies) will not be affected.
It is thus likely that at a LC the most severe background problems will arise from
'trivial' sources: synchrotron, lost particles, muon halo, etc.
2.3.3 The sunny side: physics prospects
Figure 4, due to I. Watanabe [7], shows the large variety of channels opened. One
can distinguish annihilation channels, decreasing as 1/s. The e + e" —+ Z7 process is dominant. Most interesting is the W+W~ final state which gives access to triple-boson couplings. Processes leading to three electroweak bosons are a promise of measuring quartic
couplings.
One can also see the rising curves corresponding to fusion processes. In particular
one can notice that the Higgs boson production is dominated by fusion above half a TeV
cm. energy.
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Figure 4: Total cross-sections of the SM processes in the NLC energy region. The figure is due
to I. Watanabe. For the cuts required see Ref. [7].
Not shown is the set of 77 collision final states whose cross-sections are highly
dependent on the p t acceptance and can reach large values.
2.3.4 The various modes of a linear collider
Quite frequently reference is made to cm. energies and modes of collisions different
from the classical e + e~ NLC.
a) A Z factory
No doubt a polarized Z° factory [7] would bring outstanding physics:
a new breakthrough in the accuracy of SM measurements, exploitable, as we
shall see provided other measurements (mtOp,e*e~—> hadrons at low y/s) are
performed as well;
rare modes of the Z°;
probably the best place to perform some hot b physics (B° mixing, CP violation
in the B° system, etc.).
b) e~e~ mode
Physics motivations include the desire to reafeh special quantum numbers, like doubly charged states.
This option requires some thinking about and some RfeD since the colliding beams
are now mutually defocusing: in particular, it is planned to study what improve-
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ments a plasma lens at the interaction can bring, certainly at the expense of an
increased background.
c) A 77 collider
It is, in principle, possible, by backscattering a laser beam on the electron beam
just in front of the interaction point, to obtain 77 collisions at large y/s. We shall
come back to this option at the end.
d) Two interaction regions
Having a single experiment at a LC has always been felt to be a drawback, both
from a sociological and a scientific point of view. Actually nothing in principle excludes having two interaction regions, for instance separated laterally: it is, however,
clear that the luminosity has to be split between the two experiments, with a timesharing which can go from a pulse-to-pulse basis to a yearly one.
e) A TeV collider
More importantly, as we will see, several plausible scenarios clearly call for a higher
cm. energy than that of the NLC. This should be kept in mind in the conception and
R&D programme for the e + e~ LC of the future. In my opinion, options extendable
to higher energies should be considered a first priority.
2.4

The LHC
The LHC [8], approved in December 1994, is the pivot of the future of high-energy
physics. Much has been said in the lectures of D. Fournier.
Let me briefly present the machine and summarize the physical requirements which
motivate the challenging enterprises in the field of detectors described in his lectures.
2.4-1 The machine
The LHC will provide pp collisions with the energy and luminosity needed to obtain
parton collisions in the TeV region, at a rate sufficient to exploit the potentially most
interesting ones, in particular Higgs boson production.
The LEP machine circumference and the present field limitations of superconducting
magnets set a bound to the LHC proton energy: the goal is a c m . energy of 14 TeV. One
is thus led to maximize the luminosity to compensate for this relatively low energy (it
was in particular low compared to the design value of the SSC), as one can understand
from Fig. 1. The LHC goal is 1034 cm" 2 s" 1 : this value, which was recognized as necessary
at the time of the 1987 La Thuile meeting, is the real challenge of the LHC both for the
machine and the experimentation. To reach it will imply having a bunch crossing every
25 ns and, at each crossing, ~ 20 hadronic interactions will occur. Table 3 shows a few
other impressive numbers about LHC, like the stored energy in the beams.
The LHC involves a large set of superconducting magnets. The '2-in-l' solution, in
which the two magnetic channels are accommodated in a single structure (Fig. 5), has
been adopted, as well as the choice of working at the temperature of superfluid helium
(1.8 K). A systematic and beautiful prototyping work has shown that the design field
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(8.36 T, for 7 TeV) could be safely reached in such magnets. You can, at CERN, visit an
assembly of dipoles and focusing elements, called the String Test, and representing few
per mil of the LHC: this will give you a concrete feeling for the size of the enterprise.
SC BUS BflfiS
HCflT EXCHBNGER PIPE
[RON YOKE ICOLD MUSS. t9K)
SUPERCONDUCTING COILS
SHRINKING CYLINDER HE II-VESSEL
BERM SCREEN
THERMRL SHIELD 155 to 75IC)
NON-MRCNETIC COLLARS
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H.50K
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SUPPORT POST

Figure 5: LHC magnet dipole cross-section.
Table 3: LHC performance parameters
7.0
[TeV]
Energy
8.4
Dipole field
[T]
56
Coil aperture
[mm]
194
Distance between apertures
[mm]
1034
[cm" 2 s" 1 ]
Luminosity
0.0034
Beam-beam parameter
[GeV]
450
Injection energy
0.54
Circulating current/beam
[A]
25
Bunch spacing
[ns]
10 11
Particles per bunch
334
Stored beam energy
[MJ]
3.75
Normalized transverse emittance [//m.rad]
0.075
r.m.s. bunch length
M
0.5
(3-values at I.P. in collision
[m]
200
[/zrad]
Full crossing angle
22
Beam lifetime
10
Luminosity lifetime
[h]
6.7
[keV]
Energy loss per turn
44.1
[eV]
Critical photon energy
[kW]
3.6
Total radiated power per beam

w
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Besides pp collisions, the LHC will offer ion-ion (lead) collisions. The LHC will take
the place of the LEP machine in the tunnel, but it is conceivable to install on top of it an
optimized electron ring to perform e-p collisions.
The LHC will feed two very large experiments — ATLAS and CMS — providing
them with the maximum pp luminosity. Two others — LHCB, devoted to B physics
and run at lower luminosity L ~ 1032 and the heavy-ion experiment ALICE — are also
foreseen (Fig. 6).
f

LowB(pp) ]

^High LuminosityJ

(CMSl

Figure 6: Probable LHC layout with four crossover points.
2.4.2 The experimentation
From the experimental point of view the challenge is to cope with this luminosity.
As shown by D. Fournier, the high interaction rate will lead to problems of:
- irradiation, up to ~ 100 Mrad/year in the most forward parts, calling for radiation
hardness of all components;
- occupancy, up to 107 particles/cm 2 /s in the central tracking region, calling for
extreme granularity and rapidity of the detectors;
- triggering, since the final output of the experiment should not exceed 100 events/s;
- flow of information, with up to 1 MByte of data volume generated by the detector
at each crossing.
One may remark that, before the LHC, other experimental programmes [9], like
BABAR and BELLE at B factories or HERA B, will already encounter some of these
conditions.
These foreseeable problems led to an unprecedented programme of R&D [10], first
in the framework of DRD, and now being pursued in the experiments. It will be long
and difficult, but very interesting and challenging, and the physics prospects are such
that it is being done enthusiastically. For young physicists an ideal situation, in my view,
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would be a balanced sharing of activity between an involvement'in such preparatory work
(instrumentation R&D, preparation of physics, ...) and in an ongoing experiment, so that
you get both satisfactions: doing physics today and preparing for tomorrow.
The main lines of physics will be considered in turn. Prom the detector point of
view, the various topics suggest functions to be fulfilled, like detecting leptons, measuring
missing pt, etc. This is summarized in Fig. 7, from F. Pauss. It is essential to see a detector,
not only as a juxtaposition of sub-elements, but also from the angle of these 'tasks' which
require a close cooperation of several sub-detectors and the definition of procedures.
Photons

Leptons

Taus

(

i discovery I

\

i

~~#f&

Jets
Missing ET

Figure 7: The functions to be fulfilled by the LHC detectors (outer layer) and examples of
expected signals. Prom F. Pauss.

3
ACCURATE MEASUREMENTS
3.1 Principle of indirect searches
A measurement has to be compared to an expectation. To compute an observable
in the SM one needs the input of the three basic electroweak parameters
9

9'

v

which are actually replaced by the equivalent set of three well-determined quantities
a

Gp

mz i

the fine structure constant, the muon decay constant, and the Z° mass, respectively. At
tree level, the set (a, G^, m z ) would be enough to compute any leptonic observable.
However, the intervention of the SM particles, in particular the top and Higgs, through
virtual loop effects, changes the observable value and, in the ignorance of their mass, it is
only possible to adopt for it a reference value. For hadronic processes, the strong coupling
as intervenes as well. In summary, for the observable 0, it is necessary to compute:

O(a,

_ref

mz,
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as,

and the goal is to measure an eventual discrepancy:
AO(rat op , mHiggs, ..., new physics)
which could be due to a departure of the top and Higgs masses from their reference value,
or to new physics. AO should in any case be a small quantity, and this fact calls for the
best possible accuracies, both for the experiment and for the theoretical estimate.
Actually the largest virtual effect observed so far is due to the top: up to now
accurate measurements at LEP I [11] have essentially been used as indicators of the top
mass. The latest combined results from LEP, the SLC and other fields (neutrino scattering,

mw/mz) give

m, = 178 ± 8 ±\l GeV.
The central value from LEP alone is nit = 170 GeV. The second error is due to the Higgs
mass variation, and the lowest value is about that expected in the case of a light Higgs,
as in the Minimal Standard Supersymmetric Model (MSSM).
This is in good agreement with the value of rat measured directly at Fermilab
m, = 180 ± 12 GeV .

3.2

The best observables

An illustration of the sensitivity of the electroweak observables to various deviations
from the SM is given in Ref. [12]. Let us focus on some of the most efficient ones, and
introduce useful combinations of them.
3.2.1 ALK
This is the spin asymmetry, obtained simply by comparing the Z° production crosssection from left- and right-handed e~ in e + e~ collisions.
Its sensitivity to sin2#w> its low level of detector systematics, and good statistical
conditions (all Z° final states can be used) make it the 'queen' of electroweak observables.
The results come from the SLC and are quite accurate thanks to the high level of
polarization. The most recent one interpreted in terms of Ae and sin2 #w is:
Ae [ALR] = 0.1637 ± 0.0075

sin2 0W [ALR] = 0.2305 ± 0.0005 .

In the SM this corresponds to a quite heavy top (~ 230 GeV).
3.2.2 Other Z° observables from LEP
Putting together the information from the various asymmetries one gets:
sin 2 0 w [LEP] = 0.23186 ± 0.00034 .
This is not in good agreement with the SLC value. In particular if one isolates the most
accurate single LEP observable, one gets
sin2 0W [A&B] = 0.23209 ± 0.00055 ,
2.15cr from the SLC value. Both LEP and the SLC should finally reach an accuracy on
sin2 0 W of 3 x 10" 4 . Note that the 'theoretical' uncertainty (see 3.4) is presently 2.3 x 10~4.
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3.2.3 m w
Prom the hadron collider experiments (CDF and DO at Fermilab, UA2 at CERN)
the present result of the direct measurement is:
m w = 80.26 ± 0.16 GeV .
Within the SM frame, one gets from LEP accurate measurements the indirect result:
m w = 80.29 ± 0.06 GeV .
Both values agree very well. As in the case of the top mass, within the SM this
seems to favour the LEP result on sin2 #w
The Fermilab Collider will probably reach Am w = ±100 MeV or better.
In the LEP 200 Workshops it was shown that by using the reconstruction/rescaling
method in the channel e + e" —• W + W~, each of the LEP experiments at LEP 200 should
reach for 500 pb" 1 an accuracy of ±60 MeV, largely dominated by statistics. But recent
studies claim that the main systematic error in the 4-jet channel (~ 40 MeV) could
actually result from QCD and Bose-Einstein [13] effects leading to 'cross-talk' between
the two W's: this deserves further investigation.
The mixed decay channel (&/2J), not affected by such problems, and a measurement
at threshold [14] guarantee anyway an excellent accuracy.
Only a LC may, eventually, do better for the mw measurement, provided systematic
errors are well mastered.
3.3

The top-mass determination
We quoted above the Fermilab result. Hadron machines will provide the top mass
to an accuracy of a few GeV: ~ 5 GeV at the upgraded Tevatron, ~ 3 GeV at the LHC.
But it will probably be necessary to wait for an e+e~ linear collider to get mt
with an accuracy of less than 1 GeV. The behaviour of the tt system near threshold is
peculiar and has been well studied. With such a heavy top, no toponium spectroscopy
is foreseen. The rise of the tt cross-section at threshold is described by a complicated
function, the main variables being mt and as, which are strongly correlated. Adding, as a
second measurement, the momentum spectrum of the produced top, which has a different
correlation pattern, m t and a s can be obtained independently, and with great accuracy.
Typically, Am t = 0.5 GeV for the range of mt considered. It is often said that such a step
in accuracy for mt does not help much in the overall testing of the SM. If, for instance,
the sensitivity to the Higgs mass is considered, the statement is correct, as long as other
measurements stay at the level of accuracy provided by the LEP/SLC era.
3.4

The next round of accurate measurements?
However, improvements are foreseeable in the future. A test in depth of the SM
is being performed by combining several accurate measurements. Figure 8 [15] shows
that the sensitivity to the Higgs mass is optimized by using, for instance, the top-mass
measurement, and an excellent determination of sin2 ^w. The width of the oblique band
corresponds in the figure to A sin2 0W = ±10~4, an accuracy three times better than that
expected from the LEP/SLC programmes.
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Figure 8: In the plane of variables A3Q and Ap (see Ref. [15]) the impact of accurate measurements. The oblique band labelled S2 corresponds to A sin2 0\y = 10~4.
A breakthrough in the accuracy of sin2 #w will require:
i) A much better measurement of ALR on the Z°. This could be obtained if one day
high luminosity and large polarization coexist in LEP. It could also come from a
polarized Z° factory, the limit on the precision probably being set there by the limit
on the knowledge of the electron polarization.
One may also quote the possibility of measuring sin2 #w at the LHC from the FB
asymmetry of the large number of Z°'s produced [16]. While the smallness of the
statistical error leaves no doubt, the mastering of systematics at the level quoted
has still to be proven.
ii) A more accurate determination of a(Z°) [17]. It is unfortunate that the extreme
accuracy of a at the Thomson limit is of no use for testing the SM: what matters
is the precision with which the running of a, from ,/s = 0 to y/s = m%, is known.
This is governed by the knowledge of the vacuum polarization effects, which in turn
depend on the quality of the measurement of e + e" —* hadrons between threshold
and ~ 10 GeV. We can note that the exploitation of the next round of the g — 2
experiment is also bound up with such an improvement, but in a region more
concentrated near threshold.
If both conditions are satisfied, and A sin2 0W = 10"4 is reached, then it is possible
to see from Fig. 8 the kind of improvement on the sensitivity to the Higgs mass (considered
here merely as an estimator of quality) provided by a better measurement of rat.

4

DIRECT SEARCHES: THE SCENARIOS

It is not necessary to recall once more the successes of the SM, nor its theoretical
shortcomings.
The two main roads beyond the SM are some types of composite scenarios, like
technicolour, in which the existence of new types of constituents and interactions is postulated, or the resort to a higher level of symmetry, as in the case of supersymmetry.
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In the former case, which seems to meet some difficulties when confronted with the
accurate measurements of LEP I [18], one does not foresee the existence of elementary
Higgs bosons: one expects instead the appearance at high energy of a new type of strong
interaction between the longitudinal part of the intermediate vector bosons. Depending
whether this interaction leads to resonance or not, it will be more or less difficult to
observe it at the future colliders. In any case it is unlikely that LEP 200 has much to say
about this scenario.
The situation is a priori very different if SUSY is the truth. Its rich phenomenology
[19] and in particular its very constrained Higgs sector could, as we shall see, already
be partly revealed at LEP 200, provided energy and luminosity are sufficient, and at the
Tevatron. It would represent a cornucopia for the future large colliders.
It may be useful to spend some time defining which type of supersymmetric theories
one is actually considering. The minimal model (MSSM) postulates the minimal set of
partners and a Higgs sector made of two doublets, which, after Electroweak Symmetry
Breaking (EWSB), amounts to five bosons: the scalars h° and H°, the pseudoscalar A0
and the charged ones, H*: its phenomenology will be reviewed below.
SUSY must be broken and this is classically achieved by Soft SUSY Breaking (SSB)
terms which avoid the re-introduction of quadratic divergence. In the absence of further
restrictive assumptions, the number of such parameters is high. If, however, Grand Unification and gravity-inspired universality are assumed, one is left with the familiar set of
five free parameters

M, m, A, B, nM and m are the common gaugino and scalar masses, A and B the trilinear and
bilinear couplings of SSB and /J, the Higgsino mixing parameter.
The requirement of a correct EWSB allows one to trade away B and |/J|, while
tg j3 = vijv\ appears, and one then deals with another usual set:
M, m, A, sign(;u), tg/? .
Five independent parameters are still a lot and one can further reduce their number
and their possible range in different ways.
One way is to impose phenomenological constraints, experimental or cosmological:
this leads to various constrained models (CMSSM).
Another way is to get further inspiration on the nature of the soft SUSY breaking
terms from Supergravity (SUGRA) and superstrings. This leads to models which, like in
the so-called dilaton version of SSB, have finally only two independent parameters [20]. It
is fair to say that the corresponding assumptions are far from being proven and one can
only consider such models as an interesting and convenient set, in particular to compare
the potentials of various machines in exploring the allowed parameter space.
A third possibility, which is linked with the assumed grand unification of b and
r Yukawa couplings, is the so-called 'mtop fixed-point' scenario [21], in which a relation
between the top mass and tg/? is established. With the value found for the mass, one
version of this scenario favours a small value for tg/3, between 1 and ~ 3. This likely
realization of the MSSM will be considered below.
The virtues of SUSY are well known. Quite spectacular is the fact that in SUSY
the EWSB is 'built-in', once the top is heavy enough. Figure 9 shows the results of a
CMSSM [22], which is only one among several, but nevertheless indicates clearly what
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are the strong points on which one should focus first, in particular at LEP 200 and
the Tevatron: a general and unavoidable fact is the lightness of h°, the lightest scalar,
and this will be quantified in the next section. Another striking fact is that the gauginos,
charginos and neutralinos, may be light and within reach, although this is not guaranteed.
Another possibility is that, through a large mixing in the stop sector, the lightest stop
mass eigenstate is quite low as well.
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Figure 9: Scatter plot of mass versus particle type in the constrained model of Ref. [22].

5
5.1

THE HIGGS BOSON(S)
Higgs phenomenology
If, in spite of its shortcomings, one tries to stick to the SM it is natural to study the
bounds this model announces for the Higgs mass. In particular, most relevant for LEP 200
is the lower limit that one can deduce from the requirement of stability or metastability
of the vacuum [23]. This limit depends on the scale at which the perturbative character
of the SM is expected to break down. If the model is supposed to be valid up to the GUT
or Planck scale, one finds: m^ > 135 GeV. If, on the contrary, the model breaks down at
low energy (1-100 TeV) the limit is lower and the boson could be in the region accessible
to LEP 200: however, in such a case, the upper limit is ~ 600 GeV or so, and there is
no particular reason to expect the Higgs boson in the 100 GeV region, nor any strong
argument to try to gain 10-20 GeV of accessibility there, at any machine.
The situation is totally opposite in the case of SUSY where the lightest boson h°
is bound to exist in this region. The tree-level upper bound on its mass is raised by loop
corrections which depend on the fourth power of m^, and, logarithmically, on the masses

382

in the stop sector and therefore on the mixing which determines them
ml < m|| cos 2/?|2 + F (mt4, In ^ , ...)
\

/

nit

In the last few years, the value of rat has been sharpened and the computation
of mh in the MSSM has been refined. One can summarize the results by Fig. 10 [24]
which shows four extreme cases: large and small tg/? (i.e. IR fixed point), large and small
mixing. It is thus possible to tell which scenarios will be covered by a given mass reach. For
instance reaching mj, = 110 GeV would allow one to cover the small tg/? cases, whatever
the mixing, and the large tg 0 case with small mixing, while the large tg /? situation with
large mixing stays partly uncovered.
We recall that, as soon as WA is beyond ~ 100 GeV, the h° boson is essentially
SM-like, both for its bremsstrahlung production mode and in its decay. So the description
of the SM boson search which will follow is actually done having the h° in mind.
A last point is the slow variation of mj, in the upper right part of the tg /3 — m&
plane: one understands then that a small change in yfs can lead to a large one in the
coverage of the plane.
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Figure 10: The lightest CP-even Higgs mass as a function of the CP-odd Higgs mass (a) and
(b): large tg/3, with large and zero squark mixing, respectively, (c), (d) = small tg/3 (IR fixed
point), with large and zero squark mixing, respectively.

5.2

Search for the SM Higgs boson
I shall limit myself to a brief status report of the present situation, and a survey of
future prospects.
5.2.1 Production and decay

The features of Higgs boson production and decay are dominated by its property
of coupling preferentially with the highest-mass objects available.
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In e + e collisions the SM Higgs production occurs through bremsstrahlung and fusion processes, the latter dominating at high energies. In hadronic collisions, the evolution
of gg and qq processes when m^/y/s increases is shown by Fig. 11.
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Figure 11: Various components of the Higgs haxlronic production cross-section.
The expected decay modes of the SM Higgs boson as a function of its mass are well
known: dominance of bb up to ~ 140 GeV, and then of intermediate boson pairs.
The 27 decay mode, vital for the exploration of the intermediate mass region (90140 GeV) at hadron colliders, occurs through loop diagrams and has a small branching
ratio (~ 10" 3 ).
5.2.2 Higgs search at LEP

LEP I
Searching for a SM-like Higgs boson has been an important activity at LEP I [25].
A low-mass boson was rapidly excluded in all foreseeable decay modes. Focusing on
the highest mass region one can, for LEP I, draw the following conclusions:
- the present overall limit is ~ 65 GeV;
- one is not far from reaching saturation and only a few GeV more are to be expected;
- while the Hi/ei>e channel is still essentially background-free, the Hl+l~ channel starts
being populated and thus weakened by the expected background from four-fermions;
- the 4-jet channel will remain inaccessible for the SM boson search at LEP I in spite
of the progress made in b-tagging;
- the alternative mode e + e~ —* H7 will also stay out of reach in the SM frame. But
a level of about 10~5 for the branching ratio has been reached and this sets limits
on various still possible anomalous couplings in the Higgs sector.

LEP 200
Figure 12 gives the cross-section of the Higgs production process versus energy and
shows that above mj, ~ 55 GeV it is more profitable to search for it at LEP 200 [26] than
on the Z° since the cross-section is bigger and the background smaller.
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Figure 12: The Higgs boson production cross-section versus y/s (a) and versus rajj for two
energies (b).
The sharp threshold occurs at ~ mz + m^ and one needs ~ 10 GeV c m . more to
get close to the maximum of the cross-section: hence the old rule of thumb giving the
reach:
m h ~ y/s - 100 GeV .
For the relevant LEP 200 mass region the Higgs boson decays mostly into bb and
this explains the overall importance of b-tagging in its search. The bb decay is a tree-level
process, unlike the 77 mode, and its branching ratio is unambiguously calculable. The Z°
is observed in the usual ways: qq, vv and l+l~.
Although it is still modest, the fusion channel e + e~ —> fePeH does exist and interferes with the main one ee —* HZ(Z —• uei/e). This channel is not bound to the kinematical
limit expressed above: the possibility that it allows the gain of a few GeV in mass reach
is under study.
The background channels are mostly qq"7 (half being a radiative return to the Z
region), WW and ZZ. Combinations of kinematics and b-tagging allow them to be reduced
to manageable levels and all HZ modes turn out to be exploitable. The most difficult case
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is when mjj ~ m-z, since the ZZ final state is then kinematically indistinguishable and one
rests fully on the b tag.
The b-tag efficiency and purity needed have already been achieved in the present
LEP experiments. It was shown that at LEP 200 one can keep ~ 50% efficiency to the
HZ channel and reject WW by ~ 70 since there are no b's in W decay.
Even in the most difficult case, the signal/background figures are > 1. Figure 13
gives for the three energies the exclusion and discovery curves which have the behaviour
expected from our previous considerations. To interpret them in terms of running time,
one must make tentative assumptions about the experimental procedure at LEP 200: if
it is possible to combine the four experiments, as I believe, the luminosity needed per
experiment to answer the Higgs question is rather modest and corresponds to at most one
year of running.
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Figure 13: The exclusion and discovery curves for the SM Higgs boson at LEP 200.
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The rule of thumb presented above is fairly well verified for discovery: for exclusion
at 95% C.L. one still gains ~ 5 GeV or so in the mass reach.
On the other hand, the Tevatron, even after its upgrade, would not be able to
produce an SM-like Higgs boson in this mass range at a sufficient rate. At least an order
of magnitude increase in luminosity — or in the cross-section — would be needed.

5.3

Prospects at linear colliders

The problem is quite similar to the one at LEP 200 as long as the bremsstrahlung
process dominates: in particular b-tagging will be very useful. It should, however, be
remembered that for a given Higgs mass the Higgs cross-section slowly decreases, whilst
various fusion backgrounds rapidly increase with y/s (Fig. 4): the optimal mode for Higgs
study, once it is discovered, is therefore to bring the energy of the machine down to
~ m H + 110 GeV.
For m H ~ 100-150 GeV, at the NLC (y/s ~ 500 GeV) the fusion mechanism takes
over. This machine will allow the discovery of a Higgs boson up to ~ 350 GeV, but
a 1.5 TeV machine is needed to cover the full mass domain. Various studies [27] have
demonstrated that the visibility of a Higgs boson at an LC is guaranteed when the cm.
energy is sufficient.
As previously mentioned, an e + e~ (or e~e~) collider can, in principle, be turned
into a 77 collider: this would be an ideal machine to study (but not to discover) the Higgs
boson as we shall see below.

5.4

Prospects at the LHC

Future large hadron colliders have a large potential for the exploration of the Higgs
sector [28].
The production cross-section shown in Fig. 12 is relatively comfortable up to run ~
800 GeV.
When the Higgs boson decays substantially into a pair of Z's and is abundantly
produced, namely for 140 & mn ^ 800 GeV, the search, through four-lepton final states,
is relatively straightforward.
On the other hand, the extreme regions below ~ 140 GeV (a) and above ~ 800 GeV
(b) are certainly quite difficult to explore.
In (a) one way is to rely on the H —»• 77 mode in spite of its small branching ratio.
With an outstanding electromagnetic calorimeter, retaining its quality at full luminosity,
the signal should be visible over the irreducible 27 background spectrum: this assumes
that the reducible background from 7r°'s or jets mimicking a photon, can be mastered, as
well as the background from Z° —• e + e~, with the e confused with a 7, for masses around
90 GeV.
The possibility to observe the light Higgs boson in its dominant bb decay mode,
when it is tagged by the presence of a W or a tt system, is considered as well, after the
encouraging results of b identification by the CDF microvertex.
Above ~ 800 GeV, various tricks such as those described in the case of a strongly
interacting sector (central jet veto, forward jet tag) have to be used.
If reality conforms with Monte Carlo expectations, the hadron colliders, with several
years at full luminosity, should solve the SM Higgs problem.
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5.5

The MSSM Higgses

The previous section devoted to the SM Higgs describes as well the search for h°
through the bremsstrahlung mechanism. However, in the case of SUSY, one can also
exploit the Associated Production (AP) processes.
5.5.1 LEP 200
The relevant AP process is there: e + e" -> A°h° [26].
The complementarity between the two mechanism is well known, although the P
wave AP has the handicap of a (velocity)3 factor. At large tg/? and modest WIA, the AP
dominates, while it is the contrary at small tg/?.
The AP process, leading to 4 b's, is particularly prone to b-tagging: this is welcome
to allow the elimination of the much larger WW background, which is kinetically identical
to the signal when rap, ~ m h ~ raw
Let us recall that at LEP I both h and A are excluded up to 45 GeV. Searches
for hA associated production in the 4b final state exploiting b-tagging were particularly
efficient.
However, this result is obtained for a particular set of SUSY parameters corresponding to no or small mixing in the stop sector.
Turning now to the prospects for LEP 200, the exclusion/discovery domains in the
tg /? — TUA plot are shown in Fig. 14. One distinguishes clearly the regions where the two
search channels dominate. The coverage obtained through the bremsstrahlung channel
depends critically, as we saw previously, on the available y/s, and also, for a given ratop,
on the level of mixing in the stop sector.
At y/s = 205 GeV, small mixing and 1 fb" 1 , the plane is nearly fully covered. This
can be seen also in an alternative representation using the (mh, tg/?) plane.
One must remember that, in particular in the case of SUSY, one may be led to a
situation where the Higgs bosons decay invisibly. This can happen if the x°X° decay mode
is open, or in various scenarios of R parity breaking.
Detecting this mode is possible at e + e~ machines.
5.5.2 LHC
Here again the cm. energy opens a large set of possibilities, described in the now
familiar MSSM plot tg/? — raA. To simplify the presentation, let us consider separately
the various channels. The LHC potential is summarized by Figs. 15(a)-15(d).
One will search, as in the SM case, for a signal in the 77 mode. For SM-like couplings
the reach is given by Fig. 15(a). The two large experiments are rather equivalent, and the
apparent difference of coverage reflects the different assumptions made. A caveat: since
both h production and h —• 77 decay are mediated by loops, one should in principle take
into account the actual population of particles circulating in the loops, which depends on
the actual SUSY scenario.
Another direct signal to be searched for is the 4-lepton one [Fig. 15(c)], which allows
the coverage of the bottom region of the diagram. One may notice here that such a channel
would reveal the existence of the H boson, while in the same region LEP 200 would give
access to the h boson: this illustrates the complementarity between the information of
different machines.
Other channels, like TT or fifj., can reveal the existence of Higgs bosons in different
regions of the MSSM plane, above the lines shown in Fig. 15(b) and 15(d).
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Putting together the various pieces of information one will essentially cover all the
plane, with the possible exception of a 'hole' around m^ ~ 100-200 GeV, tg /? ~ 5-10.
The size of the hole depends on the luminosity considered and on the actual physical
parameters. For instance, a heavier top is favourable to the LHC potential of exploration
(and unfavourable to the LEP 200 one as we noticed).

No squark mixing
sras Typical mixing
a n Maximal mixing
95% C.L. exclusion contours
5a Discovery contours

0

50

100

150

200

250 300

350 400
m A (GeV/c2)

c=> No squatK mixing
Typical mfoing
'«Bf.Maximal rawing

0

50

100

150

200

250

300

350

400

m A (GeWc2)

Figure 14: The exclusion/discovery domains in the t g / 3 - m A plot at LEP 200 for two energies
and various sets of parameters.
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Figure 15: The discovery contours in the tg/3 — mA plot at the LHC for four decay modes of
Higgs bosons.

5.5.3 Linear colliders
It is likely that a LC will be built after the bulk of the exploratory work by the
LHC.
Here again the potential is large and the visibility of Higgses is guaranteed.
One can probably say that the roles of a LC will be:
1) To complement the exploratory work, in particular for special cases, like invisible
modes of-boson decay, which may be difficult to deal with at the LHC. Experience and simulation show that their observation should not be a problem at e + e"
machines.
2) To distinguish between scenarios, in case of discovery, and to bring quantitative
information.
The first goal, if a single boson has been discovered by then, would be to decide
whether one is dealing with SUSY or not by getting evidence for eventual partners,
and/or by measuring its branching ratios with enough accuracy to draw conclusions
[29]. This is illustrated by Fig. 16 [27] which shows the domain in which such
conclusions can be drawn.
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Figure 16: Regions of the tg (3—TUA plot for which LEP 200 and a Linear Collider can distinguish
SUSY from the SM.

6
6.1

OTHER SEARCHES
Generalities
The first role of new machines is to perform a general exploration for new particles
or mechanisms, with as few biases as possible about what they could be. As said earlier,
this should lead to putting the accent on topologies rather than on specific fully defined
channels.
For the discovery potential, it is clear that the LHC, because of its cm. energy,
luminosity, and broadband beams of partons, has no rival, provided the final state is
striking enough to stand out clearly above background. Recurrences of electroweak bosons,
decaying into lepton pairs, are a good example (Fig. 17).
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One usually considers an e+e~ collider as a measurement rather than as an exploratory machine. This is only partly true, and an equally founded statement could be
that hadron machines are best-suited to deal with strongly interacting particles and e + e"
machines with weakly interacting ones. Let us illustrate this point of view and possible
exceptions in the case of a few SUSY spartners.
6.2

Strongly interacting particles at hadron colliders
Proton machines are indeed the right ones to look for squarks and gluinos. The
production rates are sufficient up to very large masses (15 to 20% of the cm. energy,
typically) and depend actually on the g/q mass ratio. The decays are cascades through
gauginos and the fraction of missing energy depends on the detail of the cascade, the
shortest one (i.e. direct decay to LSP) giving the best signature through missing energy.
Another possibility is to look for multileptons issued from gaugino decays. In particular
same-sign dileptons can stem from both gluinos decaying to charginos, because gluinos
are Majorana particles.
Present limits of Fermilab are reaching typically 200 GeV. The prospect at the
upgraded collider is to gain still a factor ~ 1.5. As for the LHC the reach is quite impressive
as shown by Fig. 18. Actually, even with a lower initial luminosity, a large exploration of
this sector can be made rapidly.
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Figure 18: Cross-section as a function of E^^ for m, = nig = 1500 GeV (full line) and for
various backgrounds (from ATLAS Technical Proposal for explanations).

6.3 Weakly interacting particles at e+e machines
6.3.1 Gauginos
For charginos the situation was very simple at LEP I where the only production
diagram is Z/7 exchange: the scan allowed one to set a limit on its mass of 47 GeV,
provided that the lightest neutralino is below 41 GeV.
At LEP 200 the Pe t-exchange amplitude can interfere destructively with the previous one, and some set of parameters, with small mpe, may in principle lead to small
cross-sections.
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A systematic scan of the MSSM parameters was performed and the result is shown
in Fig. 19 [26]. Only a small fraction of pathological'cases correspond to a cross-section
below ~ 1 pb at LEP 200. One should add the condition that the chargino mass be
at least 5-10 GeV above the LSP one, so that visibility is guaranteed. The conclusion
is that most of the possible cases lead to a clearlf bbslrvable situation, where chargino
discovery, through a set of kinematical cuts rejecting WW background, is achievable with
the luminosity foreseen.
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Figure 19: Charginos at LEP 200: result of a scan of SUSY parameters (Ref [26]).
Could neutralinos add some relevant information?
At LEP I the Z —> XiXj coupling in the MSSM is large if Xi and Xj axe higgsino-like,
vanishing if Xi o r Xj a r e pure gaugino. The Z line shape measurement rapidly allowed the
exclusion of a large region of the parameter space. But even direct searches for Z —• x°x'°
(since x°X° ls n o t accessible) are not sufficient at small tg (3: for tg (3 < 2 one does not get
a limit on the x° mass. One must then invoke the gluino mass limit of hadron colliders as
a substitute.
At LEP 200 the neutralino search may allow the coverage of small regions of the
M, fi parameter space which are not kinematically accessible through charginos, provided
other parameters are such that the rates are large enough.
What about the potential impact of the Tevatron for gaugino searches? The cleanest
observable there is the three-lepton final state from x 0 ** associated production. The
present mass reach quoted is slightly above the LEP one and it will rise rapidly with
increased statistics. But, as shown in Fig. 20 [26] which represents a scan of parameters,
the situation is very model-dependent: with the fb"1 foreseen at the upgraded Tevatron
one can reach mass values as high as 150 GeV, with a reasonable probability of discovery,
but in case of a negative result it will be impossible to set a lower limit.
In the particular frame of SUGRA and string-inspired models one can make a similar
comparison of the potential of LEP 200 and the Tevatron: the competition between them
is quite manifest.
Any increase in LEP energy above the Z° will improve the mass reach for the
charginos and, until the W pair threshold is crossed, a very modest exposure is sufficient
to conclude. This has just been achieved, at the time of writing, for y/s = 130 and
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136 GeV. The conclusion is that the chargino is heavier than 65-68 GeV, depending on
its content and the mass difference with the LSP.

100 pb

40 50

200
300 400 500
70 100
Lightest Chargino Mass (GeV)

Figure 20: Charginos at the Tevatron: result of a scan of SUSY parameters (Ref. [26]).

6.3.2 Gauginos at linear colliders
A linear collider could benefit from its luminosity and clean conditions to perform
some metrology in the field of gauginos, like their mass determination.
This is illustrated by Fig. 21 [30].
i

1

I

i

(b)
1.00
2.28
A R1

-

-

/

/

Input

-

160
20

40
Ejj

205

60

-

I

I

i

i

210

215

220

225

230

(GeV)

Figure 21: Determination of the chargino and LSP masses at a LC (see Ref. [30]).

6.3.3 Sfermions
Although there is no compelling argument, it may be that sfermions, in particular
the £R spartner, are light. This can occur in some of the models alluded to in Ref. [20].
This is especially true for the stop: owing to the large top mass, mixing between
states could be important and the lightest resulting one be very light indeed.
Through its decay to cx° through a loop, or eventually the tree level decay bx+ if
kinematically accessible, the stop can be found at e + e~ machines.
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However, the Tevatron also has a large discovery potential for the stop, through cx°
and bx* final states: here again the machines are in competition.
The recent high-energy run of LEP has set limits at > 57 GeV ('left' component)
and > 48 GeV ('right' component).

7

WW COUPLINGS

The SM predicts a definite form for the multiboson couplings [31]: this part of the
SM has, however, never been checked directly. The channel e + e" —• W + W~ is the right
one to do so. The properties to be demonstrated are summarized by Fig. 22.

w

w

i
Figure 22: A diagrammatic expression of the SM predictions for electroweak boson couplings
(from K. Hagiwara).
In full generality five independent anomalous couplings should be introduced (we
assume CP conservation); they are related to eventual W anomalous properties. Further
theoretical assumptions lead to relationships between these anomalous couplings and allow
the number of free parameters to be decreased. By simple arguments one can understand
that the sensitivity to a given anomaly increases with c m . energy.
Detailed studies have shown that LEP 200 [32], provided that the planned energy
and luminosity are reached, will set limits on anomalous couplings at the level of

where g is used here as a generic name for an anomaly.
Similar studies were done for LC. At the NLC it seems that Ag ~ 0.01 can be
obtained. Furthermore, an increase of -</s allows the accuracy to be improved: 1 TeV
could push it to a few per mil.
Hadron colliders cannot use the W + W~ channel, swamped by background, but can
get equivalent information from WZ and W7 channels. A sensitivity of ~ 0.01 can also
probably be obtained.
Figure 23 gives an overview of the potential reach of various machines. The key
question is to know what is the expected size of such effects. Estimates range between
a few per cent and a few per mil, although no firm arguments can be put forward. A
safe objective could be to reach the level of the expected electroweak radiative corrections
amounting to a few per mil.
The argument [33] according to which low-energy (LEP I, etc.) measurements already preclude the existence of anomalies may be valid for the LEP 200 case, with possible
exceptions, but is certainly irrelevant for the level of accuracy we are discussing here.

395

AK,

Figure 23: The expected accuracy on anomalous couplings at various machines.

8

STRONGLY INTERACTING SECTOR

An experimentally related topic is the study of scenarios, mentioned in Ref. [34],
where a strong interaction of electroweak vector bosons — more exactly of their longitudinal part — appears at high energy.
This new interaction may be resonant or not. Its manifestation replaces the usual
Higgs phenomenology.
In brief, at s » m w , the W longitudinal polarization vector is e£ ^ (p*7mw)>
leading for W L W L scattering to amplitude ~ s/v2 (v is denned in 3.1).
In the SM the Higgs boson helps, by replacing s by m^. However, if there is no
Higgs boson below ~ 800 GeV, W L W L scattering becomes strong anyway.
So one must study this channel and more generally longitudinal boson-pair scattering.
As an example of resonant interaction one can consider technicolour (although we
know that present accurate electroweak measurements give a hard time to such theories)
and the case of '/9-like' resonance (7 = J ~ 1) or techni-p.
In the e + e~ —» W L W L process the techni-p acts as a rescattering coefficient F?:
experimentally the goal is, through a full angular analysis of the final state, to determine
Im FT and Re FT.
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The likelihood contours obtained from a Monte Carlo study for the L.C. c m . energy
and integrated luminosity quoted are shown in Fig. 24 [35] for a techni-p of 1.7 TeV. One
sees that even with generous exposures one needs to go beyond y/s = 500 GeV to get
clear evidence for the phenomenon.
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Figure 24: Im F T versus Re F T for a 1.7 TeV techni-p. The 'moon' around the SM point (0,1)
is the sensitivity limit.
Such scenarios (see also the BESS model [36]), as in the case of a heavy Higgs, are
incentives to consider machines beyond the NLC.
At the LHC a variety of resonant scenarios should be clearly identified in the leptonic
channels (Fig. 25). Non-resonant ones may appear in different versions: one keeps the
guidance of low-energy theorems (LETs) with various ways of implementing unitarity.
Here the situation may be quite difficult. One will use observables built from gold-plated
leptonic decays of boson pairs, with various tricks (tag of forward jets, ...)to enhance the
signal over background as shown by Fig. 26 from ATLAS. It is clear that owing to the
very low rate and the absence of distinct shape of the signal, which requires then a good
knowledge of the absolute efficiency, the observability of such unfavourable scenarios is a
real challenge.
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Figure 25: Visibility of technicolour resonances at LHC (from ATLAS).
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Figure 26: The lepton px spectrum from W + W + in the case of a very heavy Higgs (or a strongly
interacting scenario) (from ATLAS).
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9

... AND FUN FOR THE END
Since you are young people and have plenty of time ahead of you, let me present
briefly two futuristic machines.
9.1

A 77 collider
By backscattering a laser on an electron beam one can get very energetic photons,
at an angle ~ 1/7 (i.e. microradians in our case) from the beam. Doing that on both
sides at the final focus of an e + e" (or e~e~) collider, one obtains then 77 collisions at a
cm. energy comparable to the one of the collider [37]. An intermediate step would be to
perform e7 collisions.
Table 4 (from V. Balakin) shows the parameters of a relatively low-energy 77 machine ('Higgs factory'). The luminosity can be potentially very high since the interacting
beams are neutral. However, the last-but-one line already gives an idea of the problem:
the beam-laser interaction for the parameters given should occur not more than half a
millimetre away from the interaction point, otherwise the natural 1/7 'opening' blows up
the transverse area and kills the luminosity.
Table 4: Parameters of a 77 Higgs factory (from V. Balakin)
Electron energy [GeV]
Photon energy [GeV]
Luminosity 77 [cm"2s"1]
Length [km]
Repetition rate [Hz]
Linac wavelength [cm]
Number of electrons
Bunch sizes az [mm]

2x120
2 x 100
5 x 1035
2x1.7
900
4.2

4 x 10 u
0.75

ax \fjua]

0.2

oy j/zm]

0.0038

Beta functions (5X [mm]

0.7

0.35
Py [mm]
Emittances ^ex [m rad]
2 x 10~3
7ey [m rad]
0.7 x 10~8
3.5
BNS parameter aE [%]
0.7
Conversion coefficient
Conv. -I.P. distance [mm]
0.5
0.6
Quantum parameter (T)
I do not think anyone has produced a realistic scheme, nor a suitable laser, up to
now. See, however, Ref. [38] for guidance. Nevertheless it is worth pursuing (with maybe
a less ambitious initial goal than in Table 4) since 77 collisions would provide final states
with an original set of quantum numbers. In particular the Higgs boson would be produced
in the s-channel, through a loop diagram in which all existing heavy particles 'circulate'.
Furthermore, by proper manipulation of helicities (i.e. electron beam and laser polarization) one can, in principle, provide a rather monochromatic luminosity spectrum,
so that, assuming the boson has been discovered somewhere else, one can set the machine at the right energy to concentrate the luminosity at its mass, thus optimizing the
signal/background ratio.

399

9.2

A muon collider

Compared to electrons, muons have two main advantages due to their mass: they
do not radiate much, and, in the case of a mass-dependent coupling like to the Higgs, they
are much more strongly coupled. Unfortunately they are unstable and will only make a
few turns in a storage ring: this number actually only depends on the guiding field value:
Nturns = 300 x B (Tesla) .
One has to produce muons, cool them, accelerate them, and store them. The first
step, given the luminosity required, is probably the most difficult since one needs a very
fast cycling, very high intensity proton machine, as indicated in Table 5. Cooling can use
original methods, like dE/dx cooling, because of the depth of penetration of muons. One
then needs a high-energy linac and a storage ring.
This bold idea is generating much interest at the moment [39].
Table 5: Parameters of possible muon colliders
Parameter
Symbol
Energy per beam
E,
L = fonsnbN?i/4Tra2
Luminosity
HEH-source parameters
Proton energy
EP
Protons/pulse
Np
Pulse rate
/o
(j, production efficiency
Collider parameters
+
Number of /z /'fx~ per bunch
nB
Number of bunches
ns
Storage turns
/z-beam emittance
et
Interaction focus
00
Beam size at interaction
* = Mo) 1/2

High-energy

Higgs factory
100 GeV

2TeV
SxKPcm^s"1

4x KPcm^s- 1

40GeV

40 GeV

14

2 x 10
30 Hz
2 x 10"3

10 1 4
10 Hz
10" 3

2 x 10 u
2
1200
0.5 x 10"8 m rad
0.1 cm
2.2 fim

2.5 x 1010
4
1000
107 m rad
0.5 cm
22 fj,m
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Abstract
Information about the current status of JINR and its HEP programme is presented.
The HEP programme of Russia and the Former Soviet Union countries is briefly
discussed.
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1. General information about JINR
1.1. Historical background
The Joint Institute for Nuclear Research is situated in Dubna, a small town located
about 120 km north of Moscow. This town appeared in the late 1940s in hard times
after the end of World War II as part of the USSR Nuclear Defense Programme on the
initiative of Igor Kurchatov, an outstanding Soviet scientist who was responsible for the
Programme at that time and who also had a perfect understanding of the importance of
fundamental research.
JINR was founded in March of 1956 (in Khruschev times) on mutual agreement
of the governments of Albania, Bulgaria, China, Czechoslovakia, Hungary, the Socialist
Republic of Vietnam, the German Democratic Republic, the Democratic People's Republic
of Korea, Mongolia, Poland, Romania, and the Soviet Union. The USSR handed over to
the new institution two laboratories located in Dubna. After the establishment of JINR an international organization for fundamental research in nuclear science - Dubna became
an open town.
I would like also to mention that the formation of various scientific fields of research at JINR was initiated by a number of some outstanding scientists of the Institute's
Member States including the first directors Dmitri Blokhintsev and Nikolai Bogoliubov.
1.2. JINR's Charter; membership and internal organization
The Chapter of JINR was adopted in 1956, later on it was revised and newly-adopted
in 1992.
In accordance with the Chapter the activity of the Institute is realized on the basis
of its openess, mutual and equal cooperation for all interested parties to participate in
research.
The aim of the Institute is
- to carry out theoretical and experimental investigations on adopted scientific topics;
- to organize the exchange of scientifists in carrying out reseacrh, of ideas and
information by publishing scientific papers, organizing conferences, symposia etc.;
- to promote the development of intellectual and professional capabilities of scientific
personnel;
- to maintain contacts with other national and international scientific organizations
and institutions to ensure the stable and mutual cooperation;
- to use the results of investigations of applied character to provide supplementary
financial sources for fundamental research by implementing them into industrial, medical
and technological developments.
The results of investigations carried out at the Joint Institute for Nuclear Research
can be used solely for peaceful purposes to the benefit of mankind.
So until the late 80's Dubna was as a centre which unified the efforts of leading
research groups in nuclear sciences of the so- called 'socialist countries' and the Soviet
Union. After the disintegration of the USSR the membership of JINR underwent the
following changes: The majority of East European countries, such as Poland, the Czech
and Slovak Republics, Bulgaria, Romania continue to be Member States of our Institute.
Germany stays as an observer and makes a substantial financial contribution. Most of the
former Soviet Union republics which became independent states of the CIS (Commonwealth of Independent States) entered JINR as new members. Even some of the former
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Soviet republics - non-participants of CIS - joined JINR as well.
To my mind it somehow reflects the essence of science - its international integration.
Moreover, a new process is developing now: discussions with such countries as France,
Italy and the United States are under way in order to sign cooperation agreement on
governmental levels.
The participation in the Institute can be realized in different forms: on the basis of
membership, bilateral and multulateral agreements to perform particular scientific programmes. JINR Member States contribute financially to the Institute's activity and have
equal rights in its management.
JINR has at present 18 Member States:
Armenia
Azerbaijan
Belarus
Bulgaria
Cuba
Czech Republic
Georgia
Kazakhstan
D.P.Republic of Korea

Moldova
Mongolia
Poland
Romania
Russian Federation
Slovak Republic
Ukraine
Uzbekistan
Vietnam

JINR has special cooperation agreements concluded on governamental level with
Germany (in the field of theoretical physics, heavy ion physics, condensed matter physics
and high energy physics) and Hungary (in the field of condensed matter physics and
elementary particle physics).
Among the major partners with whom JINR has long-term cooperation agreements
are:
- CERN, in the field of high energy physics;
- IN2P3 (France), in the field of nuclear and particle physics;
- INFN (Italy), in the field of nuclear and particle physics;
- FNAL, BNL, SLAC and other research centres in USA.
JINR is also an associated member of EPS, has observers in ECFA, ICFA, IUPAP
and other international unions. The latest political changes in Eastern Europe and especially in Russia have been making JINR more and more open. New collaborating countries
are welcomed to join JINR.
Today JINR is a large centre with a total staff close to 4000 including services and workshop. Approximately 1100 scientists work in it.
The internal organization of JINR is determined by scientific specialization. There
are 7 Laboratories at the Institute:
BLTP
LHE
LPP
LNP
FLNR
FLNP
LCTA
Each laboratory has its

Bogoliubov Laboratory of Theoretical Physics
Laboratory of High Energies
Laboratory of Particle Physics
Laboratory of Nuclear Problems
Flerov Laboratory of Nuclear Reactions
Frank Laboratory of Neutron Physics
Laboratory of Computing Techniques and Automation.
own design and construction divisions which develop and
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manufacture non-standard equipment for particle accelerators, detectors and other experimental facilities. The staff of these divisions totals about 370 engineers, technicians and
workers.
A number of associate experimantal physics workshops are also part of the Institute.
The personnel of the JINR Experimental Physics Facilities Division totals about
400. It is equipped with everything necessary to manufacture large-sized non-standard
facilities, electronics, and has technological lines for constructing detectors for high energy
physics. It was there that the main units of JINR's heavy ion cyclotrons U-400 and U400M were constructed in recent years, as well as the Nuclotron - a new, first in Russia,
superconducting accelerator for relativistic nuclear physics.
Now, before I go to the next point of my report I would like to make the following
remark.
As you certainly know well, nuclear science and in particular its frontier Particle
Physics or High Energy Physics is rather an expensive field of research. Of course it
is very well understood now that deep fundamental studies have always resulted in huge
technological benefits. And the great discoveries of the past such as electricity, magnetism,
etc have never been paid off, and all the investments to fundamental science in the whole
world is still a negligible part compared to the benefit that mankind got from it. It would
be fare to say that mankind is INTERNALLY INDEBTED to fundamental science.
Now I am coming to the questions of JINR's international cooperation.
Despite the present hard economic and financial situation in most of JINR's Member States, which of course has greatly affected the ongoing research programme of the
Institute, many scientific groups from Dubna continue to participate in largest projects
of world's major centres.
The intensity of JINR international cooperation events can be demonstrated by the
following:
approximately 1200 JINR specialists participated in 1994 in joint experiments and
international conferences; more than 1000 scientists from collaborating laboratories and
centres visited Dubna. JINR organized 10 large conferences, 40 workshops and other
meetings. Together with CERN JINR participated in the organization of the European
School on HEP (formerly JINR-CERN School of Physics since 1970). JINR scientists
participated in more than 150 international conferences held world-wide.
2. JINR is a major partner of world's HEP Laboratories
Broad international cooperation is one of the most important principles of the
JINR activity. Almost all investigations are carried out in a close collaboration with
JINR member-state scientific centres as well as international and national institutions
and laboratories of the world. The most effective cooperation is realized with such institutes as IHEP (Protvino), Kurchatov Institute in Moscow, Institute of Nuclear Physics in
Gatchina near St.Peterburg, ITEP (Moscow), INR (Troitsk), Lebedev Institute of Physics
(Moscow).
A fruitful scientific cooperation is being held with CERN, especially in the last years,
as well as with many physics laboratories in USA, France, Germany, Italy, Switzerland
and other countries. Cooperation with scientific centers of China is being developed, a
Protocol on collaboration has been signed between JINR and the Institute of Modern
Physics of Academia Sinica. The JINR Directorate is ready to maintain constant and
long-term contacts with laboratories of other countries as well.
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2.1. JINR's international cooperation in high energy physics
.JINR's Broad International Collaboration in HEP:
HEP Lab's of
Member States:

Other
countries:

Russia:
(...IHEP - 9 JINR
experiments
ITEP, Budker INP...)
Kiev
Minsk
Tbilisi
Yerevan
Alma-Ata

China
Japan
Canada
Sweden
Finland
Israel...

CERN:
LEP-DELPHI
SPS-SMC
NA-48
OMEGA
NOMAD
LEAR-OBELIX
LEP-2
LHC-ATLAS
CMS
ALICE
Accelerator Program

USA:
FNAL
BNAL
SLAC
CEBAF

France:
IN2P3
LAPP (Annecy)
LAL
CAE
Italy:
INFN-Pisa
INFN-Frascati
Universities
Milano,
Firenca
Germany:
DESY (Hamburg)
MPI (Max Plank)
DESY (Zeuthen)

2.2. Cooperation with IHEP (Protvino)
JINR scientists are carrying out experiments at IHEP's U-70 proton synchrotron
with the help of such set-ups as MIS-2, SVD. Tagged Neutrinos, EXCHARM, DIMESOATOMS, HYPERON, Neutrino Detector, and others.
JINR's participation in research at U-70
EXCHARM

Search for exotic states with strange
quarks, study of processes of production
and decay of particles containing heavy
quarks.
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Cooperation:
Bulgaria, Romania, Czechia, Austria,
U.K., Italy, France, Switzerland,
Belarus,, Georgia, Kazakhstan, Russia.
SVD

Investigations of processes of open charm
particle production in pp-interactions.
Cooperation:
Bulgaria, Romania, Hungary, Georgia,
Russia.

HYPERON

Investigations of rare K-meson decays.
Cooperation:
Bulgaria, Vietnam, Poland, Romania,
Slovakia, Czechia, Hungary, Germany,
Italy, USA, France, Azerbaijan, Armenia,
Belarus, Georgia, Ukraine, Russia.

NEUTRINO
DETECTOR

Investigations of neutrino oscillations
and neutrino-nucleon interactions.
Cooperation:
Bulgaria, Vietnam, Poland, Romania,
Slovakia, Czechia, Hungary, Germany,
Italy, USA, France, Azerbaijan, Armenia,
Belarus, Georgia, Ukraine, Russia.

TARGGED
NEUTRINO
COMPLEX

Verification of the universal features
of weak interactions; search for rare
decays in neutrino interactions; search
for CP-violation in K-decays.
Cooperation:
Bulgaria, Belgium, Germany, Spain,
Azerbaijian, Armenia, Belarus, Georgia,
Kazakhstan, Russia, Uzbekistan.

MIS-2

Investigations of radial excitations of
boson systems of light quarks.
Cooperation:
Russia, Italy, Switzerland.

POSITRONIUMGLUON

Search for and investigations of mesonmeson and gluon-gluon bound states.
Cooperation:
Bulgaria, Vietnam, Poland, Slovakia,
Czechia, Hungary, Germany, Italy, USA,
France, Azerbaijan, Armenia, Belarus,
Georgia, Ukraine, Russia.
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PROZA-DIBARYON

Measurements of polarization
parameters in icN an NN interactions.
Cooperation:
Bulgaria, Vietnam, Poland, Romania,
Slovakia, Czechia, Hungary, Germany,
Italy, USA, France, Azerbaijan, Armenia,
Belarus, Georgia, Ukraine, Russia.

ISTRA-IKS

Study of the K~ - x'fi'/i* decay and
measurements of the structural radiation
of 7 -quantum in the K" - e~ 1/7 decay.
Cooperation:
Bulgaria, Russia, France.

JINR's participation in the UNK construction programme
NEPTUN

Study of spin effects in experiments
with stream polarized target at the UNK
internal beam.

MARS-MPS

Multi-particle spectrometer.

UNK-1
Accelerator

Development of separate systems of the
UNK first stage (the system of suppression
of transverse oscillation of the beam);
recapture station at U-70;
cryogenic systems of the UNK second stage.

2.3. Cooperation with CERN
Dubna physicists are involved in a big part of the CERN experimental programme.
The general Agreement between JINR and CERN was signed in 1992, but cooperation
between two international organizations has a very long history.
Figs.2.3.1 and 2.3.2 show the current experimental activities of Dubna groups at
CERN. The interest in the future CERN programme is demonstrated by the involvement
in the detector R&D and active participation of Dubna teams in the preparation of Letters
of Intent for the LHC.
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Figure 1: Distribution over Institutes of Russian physicists on LHC Letters of Intent.
Total number 347

Other CIS (10.5Z)
Kovosibirsk (2.4Z)
Moscow

Dubna (28.91)

Ioctatn(2JZ)—it
SLPetershri(lUX)— j

Ubedev (12.2Z) -

IIEP(inZ)

iTE? (10.8%)

Figure 2: Distribution over Russian physicists over Institutes in current CERN
programme, using Grey Book figures. Total number 287
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Experiments in 1994:
LEAR

OBELIX

PS201

SPS

SMC

NA47
NA48
WA91
WA92
WA96

CP Violation

OMEGA GLUEBALL
OMEGA BEATRICE
NOMAD

LEP

DELPHI

LHC

ATLAS
CMS
ALICE
TRD/RD6
LHC dampers
LHC Control architectures

3. JINR's scientific potential
3.1. Technical possibilites of JINR Laboratories for HEP experiments
are as follows:
Lab. of Particle Physics

track detectors (drift chambers,
proportional chambers, drift tubes),
semiconductor detectors;

JINR Serpukhov Dept.

provision of experiments at U-70,
capillary track detectors with liquid
scintillator,
electromagnetic and hadron calorimeters;

Lab. of High Energies

superconducting magnetic systems,
polarized targets;

Lab. of Nuclear Problems wire proportional chambers, pressurized
drift tubes, electromagnetic and hadron
calorimeters, radiation-proof big-sized
scintillation counters, cryogenic polarized
targets, development and fabrication of
big-sized magnetic systems.
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3.2. The Synchrophasotron-Nuclotron complex
Nuclotron

-

superconducting synchrotron for
accelerating of nuclei, 6-7 GeV/n

Synchrophasotron

-

accelerator of polarized protons and
deutrons;
acceleration of nuclei up to the energy
of 4 GeV/n.

The new superconducting accelerator Nuclotron was put into operation in 1993. It
will enable to perform a wide programme of research in relativistic nuclear physics. The
injection complex is being developed consisting of a buster, linac and ion sources. This
complex will allow one to accelerate nuclei from hydrogen to uranium with the intensity
from 1013 to 108 particles per pulse respectively and the energy of 6-7 Gev per nucleon.
Polarized deutron beams are forseen.
3.3. Dubna accelerators and reactors
The main fields of the Institute's investigations are theoretical physics, elementary
particle physics, relativistic nuclear physics, physics of low and intermediate energies,
heavy ion physics, nuclear physics with neutrons, condensed matter physics, radiobiology
and radiative medicine, experimental instruments and methods.
The major facilities of the Institute for experimental investigations are the synchrophasotron, phasotron, U-200, U-400 and U-400M cyclotrons, IBR-30 and IBR-2 neutron reactors (see tabl. 3.3.1).
Synchrophasotron ^ is an accelerator of 10 GeV protons put into operation in 1957.
In the 70's the acceleration of nuclei heavier than hydrogen, that is deuterium, lithium,
carbon, fluorine and magnium, was accomplished in the broad energy spectrum from 100
MeV to 4 GeV per nucleon. Average densities of beams range from 104 to 1011 ion/cm 2 s
depending on the atomic number of accelerated nuclei and experimental requirements.
Phasotron1^ is an accelerator of 680 MeV protons. It was put into operation in 1949,
reconstructed in 1984 and represent the oldest basic facility of JINR. 10 beam channels
are available at this machine which are used to carry out experiments with pions, muons,
neutrons and protons. 5 secondary beams are designed to carry out medical investigations,
mainly for cancer therapy. The intensity of the extracted proton beam is 2 mkA.
U-200 is an isochronous cyclotron constructed in 1968 to accelerate heavy ions. It
is designed to accelerate nuclei with {A/Z) = 2.8 — 5 up to 145 Z2/AMeV with the beam
intensity 108 — 109 ion/s. This machine is used presently for applied studies.
U-400 is a heavy ion isochronous cyclotron constructed in 1978. The range of accelerated nuclei is (A/Z) = 4 - 2 0 , energy is 650 Z2/A MtV, beam intensity is 1012 -10 14 ion/s.
U-400M is an isochronous cyclotron put into operation in 1991-92 to accelerate
heavy ions. It is designed to operate in the cyclotron U-400 + U-400M complex and
allows to accelerate ions from hydrogen up to uranium in the range of energy 120-20 MeV
per nucleon respectively with the average beam intensity of 4 x 1013 — 1011 ion/s.
IBR-301^ is a pulsed reactor on fast neutrons of periodic cycle constructed in 1969.
The average heat power of the reactor is 25 kW, instant pulse power is 150 MW. The
1) Since 1992 supported from Stabilization fund (under the budget of JINR), organized
by users.
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Facilities
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reactor generate pulses with frequency from 4 to 100 per second and length of 50 fi s. The
pulsed density of the heat neutron beam is 5 x 1014 n/cm 2 s. While operating in the buster
mode with an electron linac, the duration of neutron flash is reduced up to 3-4 fi s.
IBR-2 was put into operation in 1984. The average power of the reactor is 2MW,
the pulse power is 1500 MW, pulse length is 215 /x s, the frequency of pulse repetition is
5 per second, pulse density of the neutron flux is 1016 neutron/cm 2 /s.

4. Dubna as an Educational Centre
JINR gradually changes now from a purely scientific research institution to an international centre, in which fundamental science, engineering and applied researches are
closely connected with training. Structurally, it takes the form of a new satellite "students" laboratory. Its prototype is the currently working Training Centre (TC). This new
training function of JINR is supposed to be oriented to international demand.
The JINR Directorate has also plans to establish an International University at
Dubna. One of the steps taken by JINR towards this goal was the organization (in
July-August 1993) of the International Summer Courses "Radiation Protection: Physical, Medicobiological and Ecological Aspects" (Chernobyl's lessons).
Status and development of the JINR Training Centre
The following topics of training are offered at present:
— Elementary particle physics ,on the basis of:
Lab. of High Energies (Director: Prof.A.Baldin)
Lab. of Particle Physics (Director: Prof.I.Savin)
Lab. of Nuclear Problems (Director: Prof.N.Russakovich)
Chair of Elementary Particle Physics of Moscow State Univ.
(Head of the Chair: Prof.A.Tyapkin)
Chairs No.40 and No.7 of Moscow Physics Engineering Inst.
(Heads of the Chairs: Prof.B.Dolgoshein and Prof.F.Sergeev)
The Chair of Physics of High Energy Particle Interaction
was set up in 1993 on the decision of the Scientific Council of
Moscow Institute of Physics and Technology (Head of the Chair:
Dr.G.Shelkov).
— Physics of the Atomic Nucleus,on the basis of:
Lab. of Nuclear Reactions (Director: Prof. Yu.Oganessian)
Lab. of Neutron Physics (Director: Prof.V.Aksenov)
Chair of Physics of the Atomic Nucleus of Moscow State Univ.
(Head of the Chair: Prof.V.Balashov)
Chair No. 11 of Moscow Physics Engineering Institute
(Head of the Chair: Prof.V.Grigoriev)
— Nuclear Methods in Condensed Matter Physics and High
Temperature Superconductivity, on the basis of:
Lab. of Neutron Physics (Director: Prof.V.Aksenov)
Chair No.25 of Moscow Physics Engineering Institute
(Head of the Chair: Prof.Yu.Bykovsky)

414

— Engineering Paysics (formerly Accelerator Physics),
on the basis of:
Laboratories of Nuclear Problems, Particle Physics, Nuclear
Reactions (Leader from JINR: Prof.E.Perelshtein)
Faculty "A" of Moscow Physics Engineering Institute
— Radiobiology,on the basis of:
Laboratory of Nuclear Problems
(Leader from JINR: Prof.E.Krasavin)
Chair No.l of Moscow Physics Engineering Institute
(Head of the Chair: Prof. E.Kramer-Ageev)
The first graduates of the Training Centre presented their diploma papers in 1993.
The number of students trained in the spring semester of 1993 was 98, in the autumn
semester - 80.
120 students studied in the 1994 spring semester.
International contacts
A group of students did their diploma papers at the University of Dallas (USA), 6
students continue training there. Cooperation goes on with CERN and TU (Darmstadt,
FRG). Contacts are developing with the European Physical Society and the EC Moscow
Office in the sphere of exchange of students-physicists.
Further steps
Plans for 1994/1995 in the educational domain include: widening of the students'
exchange (Poland, Czechia), cooperation with new universities (Denmark), preparation of
documents for establishing in Dubna of a UNESCO-IAEA Chair of Radiation Protection.
The next step in the development of the JINR TC will be establishment of Economics Faculty in a joint effort with Moscow State University.
The signing of the inauguration documents of the "Dubna International University"
have been done in autumn 1994.
5. Plans for future
JINR has the following projects for the development of new basic facilities:
IREN (Intense Resonance Neutron Source) is a project aimed at constructing a
high-flux pulsed neutron source to carry out investigations with resonance neutrons.
The facility will comprise a modern 150 MeV electron linac and a subcritical uranium booster having neutron multiplication coefficient 14.
CT - Factory is a project of a new accelerator complex to comprise an electronpositron collider with an energy of 1.7 - 3 GeV in each beam and an injection system.
The research programme for this complex will include the study of Tau-lepton and
r-neutrino physics, T-charmonium spectroscopy, CP violation, charmed baryon physics
and meson spectroscopy.
Dubna specialists continue to develop systems of the Storage Rings Complex (UNK)in
Protvino. Experimental set-ups to carry out the first investigations are under construction.
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K4-K10: The design of the Heavy Ion Storage Ring Complex K4-K10 has been
performed in order to provide precise stable and exotic beams. It combines a pair of
the coupled storage rings K4 and KIO, both equipped with electron cooling, an injection
channel to transport beams from the U-400M cyclotron to the K4 ring and separation
channel designed for isolation of radiactive ion beams produced by nuclear interactions.
Due to unique properties of ion beams one can study nuclear matter in the extreme
state, the structure of the nucleus and mechanism of nuclear reactions, the synthesis of
superheavy and exotic nuclei and many other problems.
JINR's plans for the nearest future:
- Development of methodical and computing possibilities for participation in experimental programmes of the world's largest HEP laboratories (CERN, IHEP and others).
- Development of the injector complex of the Nuclotron.
- R&D of cr - Factory, NK-10 (together with BINP-Novosibirsk
and others).
- Further development of the JINR Training Centre
- The use of JINR's advanced infrastructure for holding international conferences,
meetings and schools.
In conclusion of this part of my talk I would like to express the following opinion:
The combination of JINR's attractive scientific programme, development of new
technologies and our recent initiatives in the educational field make our Institute an
interesting and promising partner.
JINR continues to be an active international centre of world importance and playes
a role as a bridge between East and West.
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HEAVY - ELEMENT RESEARCH AT FLNR (Dubna;

Yu.Ts.Oganessian
Flerov Laboratory of Nuclear Reactions, Joint Institute for Nuclear Research,
141980, Dubna, Moscow region, Russia

Abstract
Results of research on the synthesis and investigation of properties of heavy nuclei in the top of the
Periodic chart of elements carried out by the FLNR (Dubna) - LLNL (Livermore) collaboration are
presented.
These results have brought to the observation of a new region of nuclei stability near closed
deformed shells Z-108, N-162 predicted by the macro-microscopic theory
The heaviest isotopes Z=104, 106, 108 and 110 have been synthesized in hot fusion reactions of
238
U, 244Pu and 348Cm nuclei with ions of22Ne and 34S. Their radioactive properties point to a substantial
increase of stability with respect to spontaneous fission in the whole known region of nuclei of transfermium
elements with N£158.
The partial half-life for the 262104 nucleus with respect to, spontaneous fission has been
experimentally determined: T# = 1.2!j° s. All other isotopes with Z>106 undergo mostly the a-decay. The
experimental systematics of the a-decay energies QdfN) for all the known isotopes with Z=98-110
determines the status and strength of structural effects near closed deformed neutron shells N=152 and
N=102. It is demonstrated that the calculated values of nuclei near shells N=162 are in a good agreement
with the experiment.
The research has been carried out at the FLNR(JINR) on the beams of the U-400 heavy ion
accelerator using the Dubna gas filled separator of recoils.
The discovery of a new region of nuclei stability near closed deformed shells allows to make more
accurate assessments regarding the properties of heavier nuclides up to Z=120 and N=190. For them a
much stronger effect from spherical shells Z=114 and N=l 80-184 is predicted which opens a possibility of
further progress into the region ofsuperheavy elements.
For the synthesis of isotopes of the element 114 with maximum neutron excess the
244
8
Pu(* Ca,3,4n)289J8t114 hot fusion reaction is considered.
Theoretical predictions
It is known that modern macro-microscopic theory as applied to the collective motion of
heavy nuclei explains in general a number of experimental results: fission barrier configuration, shape
isomerism, spontaneous fission half-lives, mass and energy distributions of fission fragments and as
well as many other facts which have found no explanation in the classical liquid drop models.
The effects of the deformed nuclear structure appear to be most pronounced in the
probability of spontaneous fission a process which actually defines the limit for the Periodic system
of elements.
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As a result of the fission barrier emergence, determined by the nuclear structure, partial
spontaneous fission half-lives of heavy nuclei turn to be by 12-15 orders of magnitude larger than the
values predicted by the classical liquid drop model of nuclei. Additional slowing down of the
spontaneous fission of nuclei with the odd number of protons and/or neutrons makes this effect still
more important.
Due to a high spontaneous fission stability isotopes of the heaviest synthesized elements
undergo an alpha-decay. This circumstance, as it will be shown further, allows not only the synthesis
of new nuclides but also a rather precise determination of their mass in the ground state, of the
probability and energies of the decay.
Clearly, the theory can make certain predictions, in particular about the mass and radioactive
properties of still unknown nuclei.
Such predictions were made in a number of papers. We are presenting here some data from
papers by Z.Patyk and co-workers1 where the masses and fission barriers as well as partial half-lives
T« and Ts.f. of even-even nuclei with Z=100-l 12 and N=140-166 have been calculated.
Fig. 1 presents a contour map of spontaneous fission half-lives as a function of proton and
neutron numbers. Significant changes in T&£ of nuclei far from the N=1S2 shell are determined to a
great extent by another shell with N=162. It should be noted that both the neutron shells are referred
to deformed nuclei in the ground state. The maximum stabilization against spontaneous fission is
expected for the nucleus 270108(Z=108, N=162) for which the predicted T^. may reach 106-10* s.
However, the calculation of spontaneous fission half-life T^f. in the dynamical way consists of
a search for a one-dimensional fission trajectory in a multi-dimensional deformation space, which
minimizes the action integral corresponding to the penetration of the fission barrier. The trajectory
may not be the only one, and it leads to different fission modes, which differ considerably
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Fig.l
Contour map of the logarithm of spontaneous fission half-life T$ (seconds)
calculated by Z.Patyk et at. flj. The difference in the values of LogT#
between
neighbouring lines is 2. Squares: even-even isotopes produced in cold fusion reactions;
circles: isotopes produced in hot fusion reactions.

in the collective motion time and, hence, in fission probability2. Although the calculated static barrier
heights are almost equal, the differences in half-life estimates can be attributed to varying
assumptions regarding the dynamical path through the fission barrier and consequent inertial mass.
For example, P.Moller et al.\ taking 2S8Fm as a model for heavier nuclei, assume that the
path after the first barrier is short with the emerging fragments being nearly spherical and close to the
doubly magic I32Sn. On the other hand, Z.Patyk, et al1. calculate dynamical barriers that show a
different path, higher inertial mass, and consequently much longer spontaneous fission half-lives. This
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competition between static and dynamical features of the spontaneous fission process leading to so
large differences in stability makes experiments that explore ground-state decay properties of nuclei
around N=162 and Z=108 one of the most important tasks in heavy element research.
Reactions of Synthesis
It is known that the heaviest elements of the Periodic table have been synthesized in the cold
fusion reaction M8Pb(HI,n). One of the main advantages of cold fusion is a relatively low excitation
energy of the compound nucleus (Ex=10-20 MeV). At such a small excitation nuclear shell effects
disappear, although not completely, which gives a certain stability to the system with respect to
fission. The transition into the ground state occurs by emission of just one or two neutrons and yrays 4.
The production cross sections of the known most heavy nuclei are in the region of
picobams5'6. Despite of the obvious advantages of cold fusion reactions they lead to the production
of isotopes of elements 106 and 108 with N=155 and 157 correspondingly, which are still far from
the peak of the predicted island of stability.
In principle, a significant growth in the number of neutrons in evaporation residues (EVRs)
can be obtained in fusion reactions between heavy actinide nuclei of the ^ P u , ^ G m type and
projectiles such as 22Ne, 26Mg, ^ S . In such reactions the excitation energy of a compound nucleus
even at the Coulomb barrier is more than 40 MeV. The structural effect practically disappears at
such a high excitation energy; their fission barrier is determined only by the macroscopic (liquid
drop) component of the nucleus deformation energy7.
It is well known that for transactinide nuclei the fission barrier is practically equal to zero. In
the absence of a fission barrier an excited nucleus becomes totally unstable to fission which should
lead to a strong decrease in the probability of its transition to the ground state via a cascade
evaporation of 4-5 neutrons. Under these conditions the survival of EVRs totally depends on the
dynamic properties of the excited compound nucleus.
Investigation of excited nucleus fission dynamics by measuring the probability of pre-fission
neutron emission 8'9 together with experimental data for the cross section of (HI,4-6n) channels
obtained in the region 2or = 102-105 11 ' 12 makes it possible to compare the possibilities of sythesizing
isotopes Z>106 in cold and hot fusion reactions.
The expected channel cross section (ffl,4-5n) values are slightly lower than in the cold fusion
reactions. However, these difficulties are compensated by a possibility of obtaining isotopes of
elements 106 and 108 with N=160 and 161 just near the deformed shells with Z=108 and N=162.
Observations of Enhanced Stability of
Nuclei Z=104-110 Near Closed Shells
Essentially, this was the underlying idea of a joint JINR (Dubna) - LLNL (Livermore)
experiment on the synthesis of element 106 heavy isotopes14.
The ground state decay properties of ^ l O e should be a quite sensitive probe of the
theoretical predictions. If there is an increased stability near N=162 and Z=108, the isotope ^ l O e
should have a SF- or a-decay half-life of tens of seconds !5. Otherwise, m 106 should decay by SF
with a half-life of ~100 us 3. A T* difference is of ~105 or more. Thus, a distinct signature for
enhanced nuclear stability near N=162 and Z=108 would be the observation of the a-decay of
^
followed by the SF decay of the daughter nucleus••262T04. A signature for the odd-A isotope
would be the observation of its a-decay follpwed by sequential a-decays of the known
nuclides ^ K W and 257102.
To produce ^ 5 106 and 266106 we have used the complete fusion reaction 248Cm+22Ne at
bombarding energies which are expected to provide maximum cross sections for the 4n and 5n
evaporation channels.
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At the irradiation of the 248Cm target with a ^ e total ion beam doze of 1.6-1019 produced on
the U-400 accelerator (FLNR) by means of a gas-filled recoil separator two new most neutron-rich
isotopes of element 106 with masses 265 and 266 have been synthesized.
Table I
Nuclide

Principal
decay mode

Alpha-particle
energy, MeV

Half-life

8.63 to 8.91
8.63 ±0.05
9.74 to 9.87
11.35

2-30 s
10-30 s

SF
5

* 106

^w l o e

108
110

TO

a
a
a
a

19!£ ms
03% ms

Both the isotopes ^ l t o (N=159) and ^ l o e (N=160) undergo mostly the a-decay with
energies Ea=8.71-s-8.91 and 8.63 ± 0.05 MeV correspondingly. The energy of the a-decay of the
even-even nucleus 266 106 (Q a =8.76 MeV) determines its half-life T a =10-30s. (see Table I).
Based on the six registered (a,sf) correlations referring to the a-decay of the 266 106 nucleus
there was also determined the partial spontaneous fission half-life Ttf = 12^° s of the daughter
nucleus ^ l M ^ l 58).
Radioactive properties of even-even isotopes of 262104 and 766IO6 give an indication of a
substantial growth of heavy nuclei stability to spontaneous fission when approaching the closed shells
Z=108 andN=162 (Fig.2).
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Fig.2 Partial half-lives predicted by A.Sobiczewski et al [15] for
spontaneous fission and alpha-decay of even-even isotopes 1=106
shown by solid and dashed lines respectively. The solid line with points
shows spontaneous fission half-life predictions by PMoller et al. [3J.
The experimental values for 260'106 [16,17] and results for **106 [14]
are shown for comparison.

420

And really, with decreasing number of neutrons in the nucleus of 262104 by 6 units (^KM) or
of protons - by 4 units (258Fm), the spontaneous fission half-life gets correspondingly 250 and 2500
times shorter.
Similarly to this at the decrease of the number of neutrons in the nucleus of266106 by 6 units
(260106) or of the number of protons by 4 units (262102) the half-life of spontaneous fission becomes
over 5000 times smaller. Moreover, a heavier nucleus has a larger half-life: Tj.£=(Z=106, N=160)
»T lX (Z=104,N=158).
This means that the nuclei obtained in this experiment are in the process of an abrupt increase
of stability to spontaneous fission, as predicted by the macro-microscopic calculations by
A.Sobiczewski et al. is , (Fig.3). Another spontaneous fission mode, characterized by a short path of
tunneling through the fission barrier3 and leading to a sharp decrease of T«x for 766106 is suppresed
by more than 104 times.
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Ftg.3 Spontaneous fission half-lives vs.neutron number for even-even
isotopes transuranium elements. Squares: T# of isotopes of262104 and
266
106 produced in the 24SCmf2Ne.4n) reaction [14] and of light
isotopes of Cffrom the reactions Z06'2mPbf4S,2-4n) [18].

Among all possible target-ion combinations leading to the production of a 270108 nucleus
with closed shells Z=108 and N=160, the reaction .2J*U(36S,4n)270108 seems to be the most promising
one. However, with account of the ^S isotope high cpst> experimenters in Dubna in March-April
1994 were using a beam of a more abundant isotope 34S enriched to 90%.
At the irradiation of a 73*\3 target with a total 34 S^eanr doze of 1.7-1019, the positionsensitive strip detectors of recoils located in the focal plane of the separator registered 3(a-cc)
correletion events clearly pointing to the production of a new isotope of element 108 with a mass of
26719-20.
As seen in Table I, some 20-30 ms after the recoil nucleus entry into the detector its decay
was observed with emission of an a-particle with an energy Ea=9.74-9.88 MeV followed by the
subsequent decay of 2SS>104 or 255102 daughter nuclei, the decay properties of which are well known.
The yielil of M7iO8 nuclei in the Sn-channel 0Ex=5O MeV) corresponds to the reaction cross
section of about 3 pb (with a factor of 3 accuracy).
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Finally, in September-December 1994, experiments on the synthesis of element 110 were
performed. Three sequential a-decays pointing to of the formation of a new isotope of element 110
with A=273 were registered by the position-sensitive detectors situated in the focal plane of the
separator during the exposure of a ^Tu-target to a total beam doze of 2.7 1019. The energy of the
projectile ions was 190 MeV (E*«50 MeV) near the maximum of the 5n- evaporation channel 2un .
As seen from Fig. 4, approximately 0.4 ras after the moment the recoil nucleus had passed
through the time of flight system and entered into the position sensitive strip detector there was
observed its decay with emission of an alpha-particle with an energy Ea=l 1.35 MeV.
This decay followed by the subsequent decay of the grand-daughter nucleus
53
•* 2 "l02Fm previously known from the
14
reaction:
278 *

110

273

110
CL

11.35 MeV
0.394 ms

8.63 MeV
158$

Dec.7 ,1994

Strip#7
8.22 Mev
384 s

Beam dose: 2.6*10

19

Fig.4 Decay chain of the nucleous 273,110 produced in the
reaction

The random coincidence of such correlation is 4-10"4 The yield of the new nuclide in the 5nchannel (Ex=50MeV) corresponds to the reaction cross section of about 0.4 pb.
The experimental data of the reaction 244Pu+34S are still being processed, however the already
obtained results are of certain interest.
The Q a (N) dependence for all known even nuclei with Z>98 is presented in Fig.5.
Irregularities in the behaviour of Qo(N), as is well known, depend on the nuclear structure in
the ground states. They are maximum near closed shells, where the Q a value varies considerably. For
example, for Po isotopes the difference in the value of Q o between two even-odd nuclides:
209
Po(N=125) and 2n Po(N=127) -crossing shell N=126 is more than 2.5 MeV. Owing to the
spherical shells the isotopes of lead and bismuth with Z=82 and N=126 are stable. For deformed
shells with Z=102 and N=154 an analogous procedure gives a value AQ a which is just about
0.1 MeV. However, the presence of shells effect in the deformed nuclei leads to a comparatively high
stability of heavy actinide isotopes with a strong inhibition for spontaneous fission.
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Fig.5 Alpha-decay energy vs. neutron number for isotopes of elements Z=98-110. Squares experimental data far heaviest isotopes of the elements Z-104-110 produced in hot fusion
reactions. Open circles - theoretical predictions for even-even isotopes Z*=110. Deformed
neutron shells N=152 and N=162 indicated by arrows.

Finally, from the results of the latest experiments on the element 110 synthesis performed at
GSI for the isotopes of element 110 with N=159 and N=161 23>24 and also from the observed decay
event of the nucleus with N=163 it follows that AQ a =065 MeV, which is close to what has been
predicted by calculations 25.
Note that this comparison is carried out for two even-odd nuclei which are formed directly
after the deexcitation of the compound nucleus. A more precise value of AQ a for the ground states
of these nuclei can be determined if they themselves are the products of the a-decay of the mother
nuclei 275 ! 12 and 277112.
Experimental results on the synthesis of heavy isotopes with Z=104, 106, 108 and 110
confirmed the theoretical predictions about the substantiai rise of nuclear stability in the region of
deformed shells with Z=108 and N=162. The quantitative agreement with the experimental results
has been achieved by means of slight variations of calculation parameters and, upon the whole, has
been in agreement with the main postulates of the macro-microscopic theory about the great
influence of the nuclear shells on the superheavy nuclei stability.
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Towards Spherical Shells Z=114 and N«180-184.
Formally, theoretical calculations of the masses and nuclear deformations may be continued
for the determination of the radioactive properties of superheavy nuclides, in particular, of the nuclei
near the expected spherical shell Z=l 14 and N=184.
The work by RSmolanczuk and A-Sobiczewski25 has shown that, provided there is a neutron
excess in the heavy nuclei, the shell correction amplitude is still considerable (-6-7 MeV)
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Neutron number
Ftg.6 Contour map of the shell correction to energy. The difference in the values between neighbouring contour
lines specified by the scale
Lower part: alpha-decay energy QcfMeV) as a function of neutron number for nuclei with 2=100-120 calculated by
R.Smolanczuk et al.[25]. Experimental values for even-even isotopes are shown by open circles. Square - heaviest
even-even isotope 2S4U4 expected from the reaction 244Pu(wCa,4n).

for a wide range of nuclei, up to Z=120 and N=190. This is determined by the spherical shell Z=l 14,
N=180-184, which embraces a wide range of superheavy nuclides of high-stability with respect to
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spontaneous fission. It is expected that even-even nuclei in that range will undergo an a-decay with a
half-life, strongly depending on the neutron excess. (Fig.6).
Definitely, the effect of a sperical shell on radioactive properties of super heavy nuclei, as
seen in Fig.6, will be observed in the decay of isotopes with Z==114,116 already for N>174.
For the synthesis of these nuclides in the fusion reactions it is necessary to choose nucleipartners with the maximum neutron excess. The reaction 244Pu(48Ca,xn)292'*114 fulfills the
requirements best of all.
In the reaction 244Pu+HI the replacement of ^S ions by ^Ca^ all other factors being equal,
should lead to a further reduction of the evaporation residue formation cross section, which is
already small. However, owing to a considerable mass defect in the double magic nucleus 48Ca, the
excitation energy of the compound nucleus 2$>2114 will be about 30 MeV send its transition to the
ground state will be accompanied by a 3 or 4 neutron emission. This should increase the EVR-s
formation cross section.
Such considerable variations make it
Uvemiore-Beffceley
.-3?
inpossible
to estimate accurately the expected
1976
10
Dafmstadt-BerfceJey-Mainz Dubna
formation cross sections of superheavy nuclei in
Los-Alamos-Bem-Gotttingen
xn-channels. It is obvious though that this cross
section will be small, and the luminosity of the
•93
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experiment should be high.
1985
Development of accelerators and
Recoil separator
experimental technique does allow at present to
achieve cross sections of tens of picobams. This
10 s
is almost by 3 orders of magnitude lower than in
the previous attempts of
synthesizing
superheavy elements in the reaction Cm+ Ca
•5
8 10"
(Fig.7).
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We intend to perform this experiment in
s
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have begun its preparation. An
o
essential point of the programme is the
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external beam injection system at the U-400
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Fig. 7 Cross section limit in the attempts to produce super and investigation of new elements.
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4
heavy nuclei Z=116 by fusion Cm+ *Ca (upper solid
line). Lower line-limiting cross section expected in the
244
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THE SITUATION IN RUSSIAN SCIENCE
Z. A. Yakobashvili, Russian Vice-Minister for Science
You see, I am in a rather difficult situation, because I did not make any
special preparations. As you know, our Minister was going to come here
personally, but for reasons beyond his control he had to change the
schedule and failed to come here. This is one consideration. Another one ,
as you may have understood, is my poor English. And I think, that
difficulty is not so important for me as for you. Never mind, I'll try to speak
English and maybe sometimes if my English will be too terrible, our
colleagues will help me, OK ?
You know the situation in Russian science and technology ( S&T ) is
very difficult. Such situation is the result of an overall crisis in our
country. First of all we are very short in money - the budget share for S&T
is too small. Today theoretically we are supposed to have only 1.6 % of
the whole budget, but even this 1.6% we have not got yet up to these
days. In fact we are getting only 70 - 75 % of the total sum approved by our
parliament. You can compare this situation with what we had in the
former period, when the share of the whole budget was more than 3 - 4 % .
The current decrease is very severe.
Second. We have to change the structure of our science, the scientific and
technological society in the country. You know very well that our
scientific society as well as the whole country were too militarized and how
many closed scientific centers there had been. I cannot estimate this as
being only a negative factor, because a lot of outstanding results were
achieved in fundamental science in such centres as Arzamas, Chelyabinsk,
Kurchatov institute and others. But they used to work getting money
from defence budget. Today our military expenditures are cut and first of
all this affected such scientific spheres which didn't directly serve defence
purposes. At the same time we have there a significant potential of
scientists and specialists who worked there under the orders of our defence
agency. So, there is a very difficult task of converting their knowledge to
serve civil aims. It is not at all easy. You know the problems you have in
your countries connected with conversion. I hear a lot about meetings on
this matter in the United States, European countries. I remember an
assumption made by the former director-general of "Grumman"- one of
the leading American military companies. He said : "America is not so rich
as to allow itself cutting of military expenditures more than 3% per year".
That proves how difficult this process is. Yes, they have the knowledge, the
technologies, but it is impossible to use all this directly for civil
applications. It is necessary to help those scientists, to give them financial
support to enable them to do their research. This is our primary task.
Next. You know, now we are working on creating market economy. Our
scientists have never worked within market economy. They used to work
within a very rigid administrative system. That is why most of them and
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first of all those who were very close to applied fields, have to change their
mentality, behavior, all their traditions, patterns of organisation. They
have to choose quite another model. That is also our great headache,
because, as you may understand, it's impossible to do this during one day,
one week, even one year . And, of course, our state must give some support
to them during such transitional period. At the same time, we are very
short in our resources for supporting them. As a result, we have lost a lot of
scientists,' for example, during the period from 1991 to 1994 we lost about
30 % of our scientists. You can appreciate how much it is, but from my
point of view, even this figure can not describe the scope of our losses. You
are scientists and you know very well organization of any institute. Usually
there is a leader in a lab, ideologist, and there are people, who work and
work very professionally as a periphery. And in such case both sides
represent a structure in which all of them are necessary elements: a leader
and people around him. If we loose a leader, the periphery becomes
nothing, and on the other hand if a leader looses his people, he also
becomes very weak. So to my mind just the loss figure of 30 % tells
nothing. We must understand that structures, existed schools, labs,
institutions are being destroyed. That is the greatest loss. I wished that
such things as mentioned had never happened.
When our people go abroad on contract basis, say for one year, three
years, five years, it's OK; never mind, we are waiting that they will return to
our country. From my point of view it's normal, they are in science. You
know very well an example of China. There have been a lot of Chinese
abroad, but still working for China. Their scientific community did not
loose scientists. The case I mentioned is not so bad by itself, but we are
loosing our young people. They are the best part of our national potential,
they possess valuable knowledge. It doesn't matter that they don't have
special skills in managing, marketing, bank system. They have very good
higher education, brains. And now they are going into commercial
structures. May be it is also not so bad in terms of general interests of our
country andchangingtheimageof our country, because we also need those
structures. But as far as the interests of science are concerned you can
understand what a loss it is. If they establish a good bank or something like
that, it's fine, but if they work in small kiosks then it means a great loss for
the scientific community, for the country.
These are examples of the problems that we have. And once more, the
situation is very difficult. But I don't want to be very pessimistic. You are
here, in Dubna - in one of the outstanding world centres of high energy
physics, and this centre exists. You have possibilities to gather here, to meet
our prominent scientists,- they are still here. And this is not the only
example. That is why it might be relevant to mention famous phrase by
Mark Twain: " The rumours of my death are overexaggerated ." Look, in
the past there were a lot of outstanding achievements by our scientists in
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high energy physics, biotechnology, chemistry, mathematics and so on and
so forth. I want to say that the potential of Russia is so significant that
something extraordinary would be necessary to destroy it.
What are we doing in our Ministry ? The old structure of managing of
the scientific community has been destroyed-which was very similar to the
way we managed the whole country. You understand that it is very easy to
destroy a structure during one day and it is very difficult to built a new one
at once. We are trying to do that based of course on new principles. What
do new principles mean ? Sure we want to reject the principle of strong
administrative influence on scientific society. Russia has some very specific
elements of such system managing. What is the structure of our science like
at present? First of all its nucleus is represented by the Russian Academy
of Sciences with the net of about 400 institutes. To my mind, that was the
nucleus of former Soviet Union scientific society and this is true for Russia
today. Our system of higher education with its universities and colleges
also represents an essential part of national R&D potential. Then there is
such specific component as so called branch institutes which belong to
different industrial ministries. For example among them - institutes of
Ministry of Atomic Energy ( Minatom). Some of their scientific activities
are rather closely related to fundamental research, though most of them
are mainly involved in applied research and development. That is why it
maybe difficult to call them fundamental scientific research centres.
Our Ministry practically has no such institutes. There are a few institutes
which deal with matters of the state policy in S&T, statistics, and help us in
developing of the state policy and managing of that system. Today in our
country there are 41 S&T state priority programs. And we are responsible
for most of them. Each program includes particular projects and we are
financing them. These programs are supervised by scientific councils. There
is a special line in our budget for supporting international cooperation. I
am, for example, responsible for distributing this money. But it does not
mean that I am the only person who does that. We are supported by
experts, scientific councils, their recommendations.
Today we are
supporting about 560 international projects. Important point is that our
Ministry is doing selective support of our institutes, labs. Our main task is
realization of particular projects of national priority.
As I told you we have 41 state priority programs. This is an inheritance
of the previous period and it is too much to have. Today it's very important
for us to concentrate our resources. And now we are doing a very difficult
work of limiting that list down to 11-13 programs . Only then we will
have good opportunities to concentrate all our money on the best programs.
Here I see a lot of young faces. I hope some time in the future you will be
at the head of your institutes may be in the same position in your countries
as I am. And I want you to imagine what kind of work it is. Try to cut the
number of programs and projects and you will see how scientists who are
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not going to be included in your list will argue with you:" What are you
doing with our science (Russian science in my case)?", and they will tell
you who you are and what you are and so on and so on. It is a very
uncomfortable situation. But it is necessary to do and we are doing this
difficult and unpleasant as I call it "dirty job" on the basis of expert
estimations, proposals of our outstanding scientists. This is one aspect of
our work. The next one. As I mentioned there had been a lot of really great
and very strong scientific centres which served only defence needs. Today
it is necessary to preserve them. That is why we have created a new form of
organisation - state scientific centres (SSC). There is a special procedure of
awarding of this status. It does not mean that we give the SSC status to any
institute. The required standards are very high. An applying institute must
be of a world centre level. I can give you some examples of such institutes :
the Kurchatov Institute, the Institute of Applied Chemistry in SaintPetersburg, Institute headed by academician Skrinsky. So, you can
appreciate the level that institutes must have. But there is another
complication. When an institute realises that it can receive several privileges
we start getting a lot of telephone calls from the highest levels pressing us to
provide the SSC status to that institute. Believe me it is not so easy to
withstand that pressure. Although today we have several institutes which
from my point of view do not meet the level still the introduction of SSC
format is very important. Though this may not preserve all the institutes
but it helps to save the strongest of them during the period of
conversion. What does the scale of conversion mean ? Ill give you an
example. We have an institute called TRANSMACH. It produced tanks
and such like things and it was very strong. In the past nearly 95 % of its
research was defence oriented. Today this figure is only 5 % with 95 % of
its research efforts being in civilian sector. This is an illustration of
conversion scale and depth.
There is also some very hard work we have to do with our top level
officials in the government. In February there was a special governmental
meeting headed by V.S. Chernomyrdin, our prime - minister, which resulted
in many good resolutions. On coming Friday meeting of our government
we shall analyze what has been done in accordance with those resolutions.
And in the middle of September a special commission will assemble. Well
try to use that opportunity to achieve some concrete results to benefit our
scientific society. We hope to increase the science share of the state budget.
I don't believe that we could reach 3 % but even if we get 2,6 - 2.8 % then
it will be a real success. I hope that our Ministry of Finance will provide us
with the whole amount which has been approved by the parliament. We'd
like to pay our contributions to international scientific centres to give our
scientists normal opportunities to participate in their activities, we want to
have money for such purposes as preserving of our intellectual property, to
help our specialist to enter the world market and to give them some

430

additional resources for certification and everything what is necessary to do
to that extent. So, those are some very concrete steps which we want to
make.
One of the main goals for us is creating of a proper legislation. Today
we have no laws to serve our scientific society. We proposed to our
parliament such laws covering state S&T sector. To my mind it's a good
basis for other similar laws. There is a speciallawproposal regarding status
of scientific organization. So, we need to promote such efforts in order to
have adequate legislation. Today we are solving some acute problems as my
colleagues sitting here know. We are working with our Custom and Tax
agencies resolving only some of the problems arising from imperfection of
our legislation trying to harmonize it with the regulations western developed
countries already have. Once there was a meeting chaired by our first deputy
prime-minister O.N.Soskovets where this kind of subjects had been
discussed. I made a point then: " In the United States there are about 135
laws, with a number of annexes and supplements to them, different
legislative documents, which rather strongly regulate international
cooperation in S&T, but at the same time we do know how effectively their
legislation and their government serve their interests. Their governmental
strong control is based on the moral right to do that." That is why it is very
important to provide an effective legislation and adequate support for our
scientific society.
In our Ministry I am responsible for the international S&T cooperation,
I want to tell you that we try to do our best to help our scientists to
integrate into the world community. The problem seems very easy only at
first glance: " Please, open the doors and let them contact! " But there is a
complex of problems even such as financial support for travelling to start
with. And that isn't the main one. We must know how to organize
cooperation in a normal civilized way, our scientists have no experience in
intellectual property rights issues. There was nothing like that in the times of
the former Soviet Union. Everything belonged to the state which was the
only owner. Today our scientists, designers, researchers are becoming real
owners, we have a special law on that. But when they go abroad (they are
lucky, if they have contracts with serious institutes, structures ), believe me,
sometimes they meet ( not only foreigners, but even our russian ) people
there who want to rob them. That is why it is necessary to provide them
with advice and support.
Then there are a lot of other problems related to conversion. You
understand that scientific achievements may have many different
applications. You can use more than 80 % of them for military purposes,
even results of fundamental research. And the point is that those results
have been closed in our country. Now the problem is how to open them,
how to help our scientists to make use of this potential. It is also not so
easy. There are some forces in this country, which want to continue the
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policy of the past. So, there are two sides of the problem. The first one is
realisation of the neccessity to help the scientists and another one is how
to do this in a civilized way without putting at risk our national security.
We are working on this and have some very good results. For example,
with United States within Gore-Chernomyrdin Commission we have a
special Intergovernmental Joint Committee on Science and Technology,
headed by Minister B.G.Saltykov on the Russian side. And believe me we
are managing a lot of very delicate issues. With the state support from both
sides we are working together in such civil fields ( once more, we are not
responsible for military ones) which even could not have been thought of in
the past. I can give you an example. Acoustic Thermometry of Ocean
Climate is a very delicate subject, there are a lot of matters dealing with
national security and so on. But we found a way of solving the problems
and now we are working on that project.
There are some other positive examples. For instance, Russia became a
full member of EUREKA Program . Believe me it was very important to
us, and we came there not emptyhanded. Now we have about 25 projects
and it was our side who initiated them.
Well, so much for my dialogue, now I want to give you some
opportunities to ask me questions. You see, I am looking into the future
with optimism because of existing Dubna, our Academy of Sciences, branch
institutes and our scientists . Our task is to make centres like Dubna
attractive for young people and to raise the prestige of this field of science.
And we are doing something to that extent. We initiate special grants,
awards for young scientists. It is clear that what is being done is not
enough. But we are working hard. Finally I want to say it is wonderful that
you have such opportunities as this school and thanks to all organizers, to
CERN, to the leadership of Dubna centre. It is very important that you
have an opportunity to attend lectures of the outstanding specialists but
from my point of view the most important thing is that you have met each
other in the very beginning of your careers in science. I hope, you will keep
in touch and being based on your contacts we shall develop our
cooperation. Thank you. And, once more, excuse my terrible English.
D.I.: Thank you very much for this very informative report. Are there
any questions ? You can put them both in Russian and in English.
1-st: You talked about the problem of conversion of the military
industrial firms. Do you think, that it would be a good opportunity to
connect the problem of conversion with the problem of international
cooperation
because from CERN we have started some visits to
Cheljabinsk and other places, and there are good possibilities. And now of
course the next question is how to bring them together so that in the end the
budget funds and the capability of these places can be put to the service of
science in some way and what are the possibilities there ?
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-We are doing that. There are not only theoretical possibilities. And
we try to use our international contacts. I can give you an example. In the
end of the September in Saint-Petersburg there will be a workshop on the
problem of conversion of military research centres which we are organizing
with the Scientific Council of NATO, and this is not our first experience
with them. In the middle of September in Moscow there will be another
workshop which we also organize with Scientific Council of NATO on the
problem of intellectual property rights. You know that in the United States
there is a special fund oriented on conversion. To my regret previously they
talked only about such projects as construction and so on. But now from
both sides people who were interested in using this money for scientific
society (I mean in different ministries and the White House) proposed many
good projects. So, I could give you a lot of similar examples. We are doing
several joint projects with Germany, France. Already mentioned project of
Acoustic Thermometry of Ocean Climate is also connected with conversion
because we use the results of academician Gaponbv-Grekhov, who worked
in a closed institute. And you are quite right, what you have said is necessary
to do because this problem is not only of Russia (though for Russia it is of
greater importance because of the reasons I touched upon earlier). So, the
cooperation in this field is very important.
D.I.: Thank you. Are there other questions ?
2-nd: What are the feelings of Russian people towards the efforts with
respect of scientific programs about which you told us ?
The feelings are very clear - it is not enough. Our Ministry has been
under strong criticism. And I think it is normal. If the Ministry says that it
is responsible for the state policy in this field and the state policy is not
relevant for preserving and organizing normal conditions for scientists then
the criticism is quite normal and they are right. People who work with us
very closely understand what we are doing and we are supported by their
help. Without their understanding it would be impossible to work. But still
the reaction of most of the people is that we don't do enough to help our
scientists and specialists and they are quite right.
3-d: What are the main priority topics in the science ?
Believe me that high energy pfysics has been point number one in our
program. Sure, it will be. There will be also biotechnology, life sciences, new
materials. Our system will be very similar to American one. Of course we
have some specific moments , but once again, high energy physics will be of
a top priority.
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4-th: What about the problem of production technology and machine
engineering?
Sure, it will be included, without any doubts.
5-th: What about the future of CERN - Russia cooperation?
From our side we shall do our best to further develop that cooperation. I
think you know that we are preparing documents for signing with CERN. I
hope it will be possible to so organize our relations that Dubna in some
form will participate in CERN and CERN will be participating here as an
observer. So, we are very interested in that and ready to do our best to
provide our support. Moreover we are very interested in the experience of
CERN not only as the lab but also as a scientific community. And we shall
use such form to organize and renew cooperation on the territory of the
former Soviet Union. We
want to establish several international
organizations which will be open for any country of the world. And I would
like to stress it once again that we are very interested in developing contacts
with CERN.
6-th: Your country has so many problems now, even such as poverty,
nature pollution. Do you think it is sane to spend millions of dollars on
such expensive spheres as high energy and so on ?
Well, but how are you going to solve those problems, for example the
problem of environment^without science? Today before this lecture I visited
several institutes in Dubna. You know that Dubna is a centre of basic
theoretical knowledge but at the same time a lot of their results are
benefiting directly the environment protection. I think you would
appreciate the fact that some special filters developed here are working
successfully in America nowadays. We cannot solve our social problems
without new and more efficient technologies such as energy and resources
saving and non-pollution ones with all this being closely tied to economy
efficiency. Thats what is related to a sustainable development which
envisages new roles for science & technology in presenting adequate
models of mankind existance in this world. Our task is to use our resources
effectively, but how can we do that without science, technologies? There is
no other way.
D.I.: May be the last question ? Are there any ? No. Thank you very
much again for this very informative lecture.
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