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Abstract
The European School of High-Energy Physics is intended to give young experimental physicists an
introduction to the theoretical aspects of recent advances in elementary particle physics. These
proceedings contain lectures on Field Theory, Physics Beyond the Standard Model, Flavour
Physics, Neutrino Physics, Collider Physics and Astrophysics, as well as reports on Heavy-Ion
Physics, the Large Hadron Collider Project and Physics in JINR/Russia.

Preface
The 1996 European School of High-Energy Physics was held at Carry-le-Rouet (near Marseilles),
France from 1 to 14 September. The 1996 School was the fourth in the new series organised on a
yearly basis in collaboration between CERN and JINR, Dubna. In all, the school brought together
130 students and physicists not only from all over Europe and the CIS countries, but also from the
United States, Canada, Brazil, India and Turkey, some thirty nationalities in all. The School was
sponsored by CERN, the Commissariat a l'Energie Atomique (CEA), the Institut National de
Physique des Particules (IN2P3-CNRS), JINR, Dubna and the Societe de Physique (SFP). Ten
students from former Soviet Union countries have received financial support within the framework
of the ENTAS programme of the European Community; and UNESCO has provided financial
support for eight students. Local support and sponsoring has been provided by the Centre de
Physique des particules, Faculty of Sciences, Luminy, and Tektronix.
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.
The major responsibility for organising the 1996 School was with the French Institut National de
Physique Nucleaire et de Physique des Particules (IN2P3-CNRS) and the Departement
d'Astrophysique de Physique des Particules de Physique Nucleaire et d'Instrumentation Associee
(CEA-DAPNIA). The Marseilles Centre de Physique des Particules acted as local organisers. Our
warmest thanks are extended to Prof. Alain Blondel, who acted as Director of the School, and to
Mossadek Talby, 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 organisation and the
social programme. Our special thanks go to the professionals Caroline, Caty, Franc and SYRATU
for organising intense sport activities and taking care that nobody fell off the cliffs or were left at
the bottom of the Mediterranean. We are as always grateful 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 Manager of Vacanciel La Calanque Hotel, Mrs.
Dastrevigne, and to her assistants Sylvie and Florence who also acted as guides. Our thanks also go
to the chef for providing an excellent selection of French food. The media coverage for the School
was good.
Herbert Curien, President of the CERN Council, gave an interesting evening lecture on the role of
science in society, Vladimir Kadyshevsky, the Director General of JINR/Dubna, gave an overview
of the scientific programme of Dubna and Chris Llewellyn Smith, CERN Director General,
presented an inspiring outlook of the future possibilities of High Energy Physics. The social
programme also had a special lecture on French wine, including wine tasting, organised by Paul
Colas, a boat trip to the Calanques, a visit to the Beaux de Provence and a full day excursion to the
Camargue with evening meal and Gypsy music.
The success of the 1996 School was to a large extent due to the students themselves. Throughout
the School they participated actively during the lectures and in the discussion sessions, as well as in
the different sports activities and excursions. Last but not least, the poster session in which students
presented their work was a great success, with many excellent presentations.

Egil Lillest0l
on behalf of the Organising Committee
MEXT PAGE(S)
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Discours

Monsieur Lebris
Premier Adjoint au maire de Carry-le-Rouet

Monsieur le Maire, Pierre PENE, est gêné par une sciatique douloureuse qui l'a poussé à me
demander de vous accueillir ici, au Vacanciel de Carry, en son nom et en celui de la Municipalité.
Soyez certains que nous sommes très fiers d'accueillir des gens de votre niveau. Voilà en effet que
pour deux semaines, grâce à vous, la douce "Calanque" de Carry se transforme en Centre européen
de la recherche nucléaire de Genève, en Centre de Physique des particules de Marseille et en Joint
Institute for Nuclear Research de Dubna de Russie.
Et ceci sous la houlette prestigieuse de Monsieur Hubert Curien, ancien ministre de la recherche et
président du Conseil du Centre européen de la recherche nucléaire.
Fiers de vous accueillir nous vous disons ce qu'est notre Carry-le-Rouet qui vous accueille.
Si modestes que soient les connaissances sur la préhistoire caryenne, quelques éclaircissements
apparaissent avec l'arrivée conquérante des Celtes armées de fer — ce qui bouleversa vers 800 ans
avant J.-C. les civilisations du cuivre et du bronze... les gréco-romains firent leur apparition avec
l'extraction de pierres à bâtir... Ce sont les Romains qui appelèrent INCARUS la "positio" de
Carry. C'est ainsi qu'est cité le Carry d'alors dans l'itinéraire maritime rédigé au 2e siècle après
J.-C. selon la volonté de l'empereur Antoine. La racine KAR (pierre) — comme dans CARRO et
COURONNE évoque les extractions de calcaire rose. Quant à l'appellation ROUET on peut penser
que c'est un dérivé de ROUVRE désignant le chêne.
Comme partout, le temps des pirates précéda celui des Seigneurs... puis vint le temps de la Misère :
au moment de la Révolution il n'y avait ici que 18 maisons et 12 bastides et 250 personnes de tous
âges. En 1900 on atteint 500 habitants... l'amélioration des liaisons routières puis la construction de
la voie ferrée... et enfin la mise en valeur de toute la côte ouest de Marseille (plan Pompidou)
provoquent un boum démographique... En 1968, 2500 habitants... puis dans les années 70... 3500
et enfin dans les années actuelles 5600 habitants.
Maintenant la maîtrise de la démographie : le POS (plan d'occupation des sols) et le COS
(coefficient d'occupation des sols).
Je vous ai présenté rapidement Carry... c'est maintenant une ville coquette qui s'est transformée en
ville touristique familiale... Nous ferons tout pour que ses dimensions restent humaines.
Je terminerai en vous disant de revenir parmi nous soit en promeneurs... soit en touristes... Carry
est véritablement heureuse de vous accueillir... la perle de la Côte Bleue.
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Welcoming Address

Monsieur Lebris
Premier Adjoint au maire de Carry-le-Rouet

Monsieur Pierre PENE, Mayor of Carry, is hampered by a painful attack of sciatica, and asked me
to welcome you here in his name, and in the name of the town council.
Be sure of one thing: we are all very proud to be the hosts of such high level people. Indeed, for two
weeks now, thanks to you, the sweet 'Calanque' of Carry will be turned into the European
Organization for Nuclear Reseach of Geneva, the Centre de Physique des Particules de Marseille,
and the Joint Institute For Nuclear Reasearch of Dubna in Russia.
All that under the prestigious guidance of Monsieur Hubert Curien, former Minister of research and
chairman of the Council of the European Organization for Nuclear Research of Geneva.
Proud, thus, we are; but let us tell you what is this town of Carry-le-Rouet that welcomes you. Our
knowledge of prehistorical Carry is modest, to say the least. Some light appears with the arrival of
the Celts with their iron weapons. Their arrival around 800 B.C. disturbed seriously the existing
copper and bronze civilizations. Greco-romans arrived a few centuries later, and with them the
extraction of construction stone. It is the Romans who gave the name INCARUS to the 'positio' of
Carry. It is under this name that Carry is mentioned in the marine itineraries written in the second
century A.D. under the orders of Antonin. The root KAR (Stone) — as in CARRO and
COURONNE (Crown) -— refers evidently to the extraction of the rosy limestone. Concerning the
nickname of ROUET, one can imagine that it is related to ROUVRE, which designates the oak tree.
As elsewhere, the times of pirates (early middle ages) came before those of lords (late middle ages).
Then came the times of misery... At the time of the French revolution, only 18 houses and
12 mansions remained with 250 inhabitants of all ages. By 1900 the population had reached 500.
Improvement in road connections, then the construction of the railway... and finally the
improvement plans of all the region west of Marseille (the so-called Pompidou plan... from the
former French President 1969-1974) lead to a real demographic boom: by 1968, 2500 inhabitants,
3500 by the late 70's and now over 5600. We are now rather trying to master the demographic
expansion by strict management and planning of construction and land occupancy.
I have briefly introduced you to Carry. It is now a quaint little town turned into a touristic family
resort. We will do everything we can to keep its dimensions human.
I will finish by inviting you to come back after the school, either as wanderers and hikers, or as
tourists. Carry, Perle de la Cote Bleue, is truly happy to welcome you all.
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FIELD THEORY

A. Cohen
CERN, Geneva, Switzerland

Introduction
The basic theoretical framework particle physicists use to describe the behavior of relativistic quantum systems is Quantum Field Theory. These lectures are intended to
serve as an outline of elementary field theory for experimentalists; they are quite limited in scope, and assume some prior background in the subject. They are not suitable
for learning field theory, but will hopefully refresh some basic field theory concepts
and introduce new ideas which will be useful in understanding the other lectures at
this school.

1 First Lecture
1.1 Why field theory?
A good starting point is to ask why we need field theory anyway. What is wrong
with just using the familiar techniques of non-relativistic Quantum Mechanics with a
relativistic relationship between energy and momentum?
There are a number of different ways of seeing why this approach has problems.
A typical quantum mechanics problem we may address is the nature of the structure
of atoms: for example, we might try to probe the Hydrogen Atom by performing a
scattering experiment using a (charged) projectile with a kinetic energy - eV. To probe
increasingly shorter distances we can raise the momentum of the projectile. When
the kinetic energy eventually gets to be much greater than 13.6 eV we observe that
sometimes an electron is knocked out; we say "Hydrogen is a bound state of e~ + p".
We can do the same experiment with a proton target (and still an electron probe,
e.g.). To see deep inside the proton we need a projectile with high momentum, which
means high energy, E 3> 100 MeV. In contrast to the Hydrogen experiment, lots of stuff
comes out (pions, e+e~ pairs, etc.) In particular the Mass of the stuff > Mass of Proton!
We do not say "Proton is a bound state of stuff". (Note that of course Energy is still con-

} 'Stuff'
served.)
"
Of course this isn't really a huge surprise—its just relativity: E = me 2 => energy goes
into "Particle Creation"!
In non-relativistic quantum mechanics, the Hilbert space was simple—single (or
possibly few) particle momentum eigenstates form a nice basis. But in the relativistic
case, with particle creation, we have the possibility of arbitrary numbers of particles
(even when there is only one type of particle, e.g. photons, 7r°s, etc). To keep our examples simple we will work for the moment with only one type of particle, which
we occasionally refer to as a 'meson', with mass u. We will frequently encounter the
combination y k 2 + u2 which we will notate as cuk.
We will adopt a basis for the Hilbert space of this system composed of the following
states:
|0)

the 'no particle' state or 'vacuum'

|k)

the 'single particle' states

|ki, k2)
|k] ... kN)

the 'two particle' states

the 'N particle' states

The norm of this Hilbert space will be

= (27t)62cuki2cuk2 {S3(k! -k\)b\k2-k'2)

+ b3(k: - k'2)53(k2

and the obvious generalization to the other states (including no overlap between states
with different numbers of particles). This Hilbert space is called a Fock Space.
Having the Hilbert space is a good start, but we need operators on this Hilbert
space which will correspond to physical observables. We may specify them by their
action on each of the basis states. For example, the energy and momentum operators
for a non-interacting particle are:
Momentum P|k,...k N > = £ * k ^ ...1*) \
Energy R|ki...kN) = Hi=i ^kjki .. .k N ) I

N Freeparticles

Note that A ^ \fP2 + \x2\ Starting with this kind of relation (as the early relativistic QM
pioneers sometimes did) would not lead to a consistent formulation of the quantum

mechanics of relativistic systems; by introducing the Fock space we have avoided this
trap.
A general state in this Hilbert space is a linear combination of these basis states:

y S3 M > i (k)ik) +
27t) 2cu k

, k 2 ) | k , , k 2 ) + ---

2!

A more convenient notation will be to label the states by N (k) which 'counts' particles with momentum k (in the discrete case; in the infinite volume limit N (k)d3k/(27t)32cuk
is the number of particles in the (relativistically invariant) momentum volume d3k centered about k.) Then we can rewrite the energy and momentum operators in terms of
an operator which acting upon a state labeled by N (k) returns N (k):
27t) 3 2cu k

How can we express this operator? In the quantum mechanics of the SHO we have
encountered an operator which 'counts' things, the operator fit fi (where fit and fi are
raising and lowering operators, respectively). Since we want a separate count for each
momentum, we will introduce a 'raising' and 'lowering' operator for each momentum
mode, with (continuum) commutation relations:

Using these commutation relations its easy to see that fik and fik are 'creation' and
'annihilation' operators, respectively (ft(k) = fikfik)
,fit,] = (27t) 3 6 3 (k-k')2a) k a k
fl |0) = 0 -» fik|0) = 0 Vk fik
fik|0) = |k)
fik

annihilates the vacuum
creates an extra particle

We will adopt these creation and annihilation operators as the basic operators from
which we will construct all observables. But what kinds of operators will truly correspond to observables? The Hamiltonian A, for example, would measure the energy of
all the mesons in the Universe, which is not very interesting from our point of view.
We would like to talk about the energy (or whatever) that is associated with the experiment in our laboratory. In addition, the position of a particle no longer has any
obvious sense to it when we have particle creation, as we can no longer be sure which
particle we are talking about.
Indeed we could try to identify a position operator by attempting to localize a particle given the Hilbert space above. Unfortunately a moments thought reveals why this
is inadequate—any attempt to localize a particle to distances smaller than its Compton wavelength will involve relativistic momenta, and consequently will involve the
creation of new particles.
Furthermore, we can ask what happens if we perform two experiments which are
separated such that signals traveling at velocities less than that of light cannot be exchanged:

-•X
where Ri and R2 are 'spacelike separated', so that no communication between these
two regions is possible. If measurements in these two regions were to interfere with
each other, we would have violations of causality (i.e. we would be able to communicate at velocities faster than light). This implies that operators which correspond to
measurements at spacelike separation must commute; but in order for this to be true
we must attach a space-time location to each observable, and consequently to each
operator which will correspond to such an observable!
Position is then not an operator, but merely a label carried by operators which correspond to observables. We must replace localization of particles, which was adequate
for non-relativistic quantum mechanics, with Localization of Measurements. Since
operators corresponding to observables now carry a space-time label, they are fields—
this is why we speak of "quantum field theory".
We can construct an observable out of &[ and ftk => $(x). We will impose the
following restrictions:
1. Hermiticity:

= $(x).

2. Poincare Covariance: eiPu a^ $(x)e

iP a

" » = $(x + a).

3. Commutation at spacelike separation: [$(x), $(y)] = 0

(x-y)2<0.

4. Linearity: <$ is a linear function of &\. and S.k.
These conditions allow us to write (with a conventional choice of phase)

(with k • x = tu k t — k • x and k2 = u2.) Quantities constructed out of $(x) (and its
derivatives) are called Local Observables, e.g. 4>n(x), 9^4>9V4), 4>4, etc.
Note that we can verify by explicit computation that $ satisfies a differential equation
H 2 )$(x)=0

with

• =

= 3g - V 2

(1)

This equation is called the "Klein-Gordon" equation—it is not a Schrodinger wave
equation. As we have obtained it, it is an equation satisfied by an (time dependent)

operator (i.e. an operator in the Heisenberg representation). Using the commutation
relations of the creation and annihilation operators we can verify that (from now on we
will drop the hats which signify operators—context should always make clear what is
intended):
, t), c|>(y, t)] - -i5 3 (x -y)

(if (j> = n -» CCR)

(2)

and restating two of our other conditions:
*(x)=4) t (x)

(3)

4> is a Lorentz Scalar (no spin)

(4)

These 4 conditions are enough to reconstruct everything we have done so far: this
includes the Hilbert space, energy-momentum operators, etc. But these 4 relations
may be obtained in a different way: from Canonical Quantization of a classical KleinGordon field! Thus the Quantum Mechanics of a Free Meson <=> Canonical Quantization of Klein-Gordon field theory!
It will help to keep in mind the logic we have followed in arriving at this point:
Relativity + QM => Fock Space => Local observables => Quantum Fields. From now
on we will adopt a different procedure: we will start with canonical quantization of a
relativistic field theory. Reversing the above chain tells us we will end up with what
we are really after, a good quantum theory of relativistic particles.

1.2 Lagrangian Field Theory
We review the basic formulae of classical field theory, beginning with the Lagrangian,
which is an integral over space of the Lagrangian density

I"
and the action as an integral over time of the Lagrangian

S= fdtL= [d"x£
The equations of motion are obtained by stationarizing the action with respect to variations of the field 4> which vanish at the endpoints of the time interval:
5£

_5£_

+ surface

The surface term vanishes since the field variation vanishes on the surface. The resulting equations are called the Euler-Lagrange equations:

As our first example, we consider the simple quadratic Lagrangian density

The canonical momentum is
n = —r- = cb
6<b
^

and the Euler-Lagrange equations give
TX = —u. cb,

= 9^cb

=>

QuQ^cb + M- ^

=

0

(Klein-Gordon)

When we quantize this theory the (real) field (b becomes a (Hermitian) operator, satisfying the canonical commutation relations
CCR

[7r(x,t),cb(y ) t)]=-iS 3 (x--g)

These are the same results we arrived at earlier, by following our logic chain in the
opposite direction.
So our problem becomes one of constructing Lagrangians from fields which will
eventually be related to local observables. We need to know how to do this more
generally. The things we usually observe are local densities of various sorts:
energy deposited
momentum
charge

etc.
How do we obtain these objects from our basic observables?
The answer is due to a remarkable theorem which allows us to connect Symmetries
with Conservables, called Nother's Theorem. To derive this relationship, consider a
transformation of the field <J>(x) —•> 4)(x;^) parameterized by the continuous variable
A with A = 0 corresponding to 'no transformation' c})(x; A = 0) = cj)(x) (An example
might be space translation by a distance A along the x-axis (J)(x) —» (|>(x + Ax")). Most of
the time we will only need the infinitesimal form of such a transformation, and so we
will define the 'derivative' of the transformation
)

a<t>(x;X)
3A

A=0

We can now say precisely what we mean by a (continuous) symmetry: it is a transformation which leaves the equations of motion unchanged. Since the equations of
motion are obtained by stationarizing an action, this condition tells us that under a
symmetry transformation S —> S + const =>£—>£ + 9HF^ for some F^.

We are now in a position to derive Nother's theorem; its basically just some straightforward algebra. First we use the rules of partial differentiation to write

Using the equations of motion this is also

or using the assumption that this transformation is a symmetry

If we then define the 'current'

by taking the difference of the last two equalities we see that this four-vector satisfies
the "Continuity Equation"
ot
By integrating this equation over a spatial volume V bounded by a surface I we get
(letting Q v = J v d\j°)

(the change in charge in the region is equal to the flow of charge through the boundary,
i.e. no charge is created or destroyed in the volume). This is the local expression of
charge conservation.
Example 1: Translations in space and time: 4>(x) —> 4>(x+A£) with
£ = (t, x\ 0, £}.
Then
D4> = +e"9-v4)

DC = +e^d^C => F^ = +e»C

There will be four currents (one for each choice of t)

THV is called the energy-momentum tensor. If we choose -v = 0 (time translations) and
consider the Klein-Gordon Lagrangian C — |(9^4>)2 — ^(i2cj>2 we get a current

The time component of this four vector is the charge density, which in this case is just
the energy density %

Example 2: Two scalar fields 4>i, $2 with a common mass \i.
C= ^ c
It is convenient to combine these two real fields into a single complex field

with which we can write the Lagrangian
C = 3^*
The Euler-Lagrange equations are

We can write this (complex) field in terms of creation and annihilation operators just
as for the single real Klein-Gordon field—we just have twice as many such operators,
and those for field 1 commute with those for field 2:
J (27t) 3 2

(27r)32tuk
or combining these two into the field 4>

where we have defined

It is easy to check that the ocs and ys satisfy independent creation and annihilation
algebras.
In this complex notation its easy to see that the Lagrangian has a symmetry transformation under which we rotate the phase of the complex field c|), 4> —> e~vA(j). The
derivative of this transformation is
DcJ) = -ict>

D(j>* = +icK

and
DC = 0 => P = 0
8

The corresponding current is

and the total conserved charge, which is just the integral over all space of the time
component of p , is
Q =

This is just the number of (3 type mesons minus the number of y type mesons, so we
identify our creation and annihilation opeartors:
6 k creates mesons with Q = +1
1 _,,
, w
t
u-i i.
a, o
1 r Charged Meson
yj. annihilates mesons with Q = — I J
°
Note that the Lagrangian we started with had two degrees of freedom (corresponding to the fields cj)i and <$>2), and so does the complex field. These two degrees of freedom show up as two kinds of particles, those with charge +1, which we arbitrarily
call 'particles', and those with charge —1, which we call 'antiparticles'. Since the Lagrangian must be real, this means that we inevitably have both kinds of objects in our
theory—we cannot construct a Lagrangian involving only 4> and not <$K

2

Second Lecture

2.1 More on symmetries
Using Nother's theorem we are able to construct conserved quantities associated with
symmetries of the Lagrangian. These symmetries are useful constraints on the kinds
of Lagrangians we might consider when discussing the fundamental interactions of
nature. For example, if we believe the laws of physics should be space-time translation
invariant, then we must make sure that this transformation (discussed in an example
in lecture 1) is indeed a symmetry of the Lagrangian. Experimentally the best evidence
for this is the conservation of energy and momentum.
There is one other symmetry which we want to be sure to implement in all of our
Lagrangians—this is Lorentz invariance. In the Klein-Gordon case this was quite simple, since we assumed that cf» was a Lorentz scalar. But there are other possibilities, and
indeed if we hope to describe particles with spin we need to know what kinds of fields
will give rise to a Hilbert space which has such particles.
In non-relativistic quantum mechanics we learned about a possible internal degree
of freedom associated with angular momentum, which was called spin. The states
for particles with different spin behaved in different ways under rotations; that is, they
formed different representations of the algebra formed by the angular momentum generators (called SU(2)):
[Jt, Jj] = UijkJk •

But in relativity, these are not the only symmetries we want to implement: we want
to include boosts in any direction. This means that in addition to the three generators
of rotations, J we will also have three generators (for three independent directions)
of boosts, K. We need to find the commutation relations satisfied by rotations and
boosts together. Since the boost generators behave like a vector under rotations, the
commutator of a boost with a rotation is simply a rotated boost:

The commutator of two boosts is a bit harder, but we can find it by just using the
elementary formulas for infinitesimal Lorentz boosts on the space-time four vector.
We first boost by a velocity dvi in the x-direction, followed by a boost with velocity
dv2 in the y-direction, and subtract the boosts in the opposite order:
dv. followed
by dv2

t -• + t ' = t - x
x --*x' = x -- 1
y - -»y' =•y
z --> z ' = z

dv2 followed
by dv.

t-

•*t'

=

t-

d^i
dv>i

• y dv 2

-»t"
- y ' dy 2
->x" = x'
- • y " = y' _ ^
—> z" = z'
- > t ' == t —- X ' (
- > x " = x'-- t ' dv.
^ y " = y'

=t — X dv) —y dv2
=x 4- df!
=y - t dv2 + X cfc^i dy?
=z
=t — X dv. —y dv2
=x - t dv. + y dy, dy 2
=y - t dv2

x -->x' = X
y - -»y' =: y — t dv2
z -->z' = z
->z" = z'
=z
This difference is a rotation about the z-axis, and so the commutator of two boosts
will be a rotation (you can easily work out the more general case of boosts along any

10

directions):
[Ki( Kj]=-i£ i j k Jk.
These 6 generators and their commutation relations form the algebra for the Lorentz
Group. The representations of this algebra are more complicated than those of just the
rotation algebra, and consequently we will have to classify particles with something
slightly more complicated than just spin.
Although it looks like finding the representations of this algebra will be difficult, a
'trick' makes it fairly easy. Define

In terms of these objects the commutation relations can be written

This looks like 2 independent 'angular momentum' algebras! This means we can
use what we know about representations of SU(2) to find the representations in this
case—we just have to remember that we have two of everything. The real angular
momentum is the sum of the plus and minus generators, J = J(+) + J( '.
Now the representations are easy: we label them by two half-integers (corresponding to the 'spin' of the plus and minus parts of the algebra) (s+, s_). The real angular
momentum is obtained by adding these two (just like "addition of angular momentum" in non-relativistic quantum mechanics); so the representation (s+,s_) contains
angular momenta s+ + s_, s + + s — 1, all the way down to |s+ — s_|. The simplest
choice is (0, 0), and the total angular momentum is just zero. This is the scalar representation that we discussed in lecture 1. There are two choices for the next simplest
possibility, angular momentum 1/2: (1/2, 0) or (0, 1/2). Since the real angular momentum is the sum, these two representations behave the same way under rotations;
however the boost generators have opposite sign, so these representations behave oppositely under boosts. The explicit matrix representation of the generators should be
familiar from the elementary quantum mechanics of spin 1 /2 objects—they are called
the Pauli matrices:
0 1\

°x - i -,

0

,

)

-y~\

f 0 -i\

{

i

j

)

0

/ 1 0

»* - i o 1

{

So for (1 /2,0) we have

f<+> = |

j H= o

]

K

~2

" ~X2

and (0,1/2) has the plus and minus generators interchanged, which corresponds to the
same J but the opposite sign for K.
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We will call the first representation 'right handed' and the second 'left handed'. Is
this a sensible language? If it is, we expect that a parity transformation should take
a left handed representation into a right handed one. Under parity ] behaves like a
vector, but K behaves like a pseudo-vector: f —> }, K —> —K. Thus the effect of the
transformation is to interchange (s+ <-> s_), and our assignment of "handedness" is
reasonable.
Now that we have representations we can attempt to construct an action which
involves fields which transform according to these representations. Consider a twocomponent column of fields, \J)R, which will transform like the (1/2,0) representation.
For the action we want terms constructed out of this field which will be invariant under
Lorentz transformations. An obvious first try might be ij>R^R (remember that \|)R is
a column, so the dagger turns it into a row). In fact this is no good! Rather than
being a scalar, this is the time component of a four vector. To see this we can consider
how this object transforms under an infinitesimal boost in the z direction. The matrix
corresponding to this boost is
D(A) = 1 -HdvKz = 1 - d v y .
Then

IJJRIJJR

will transform like

\ H = xJ> R M> R - dvi|>R\J>R
By comparing with the transformation law of the space-time four vector
t->t' = (t-dvz)
z-» z' = ( z - d v t )
this suggests that we identify the four vector as

where we have defined the four-vector of matrices 5^ = (1, of).
In order to make a scalar term for the action, we need to contract the four vector index in our bilinear with some other four vector index—the obvious one at our disposal
is the space-time derivative 3^:
£ = il>R io^a^R
(we have included a factor of i to make the action Hermitian. We have also rescaled
the field to normalize the coefficient to magnitude one, and have chosen the sign to be
positive for reasons that we will explain shortly).
The equations of motion are found by the usual procedure of stationarizing with
respect to variations of \\>R (and ij>R; really we want to vary with respect to the real and
imaginary parts of \|)R, but this is equivalent to stationarizing with respect to \pR and
i|)R independently):
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iaH3^R = 0
This is called the Weyl Equation. We can find plane wave solutions to this equation
by assuming a solution of the form 4>R(x) = URk e~vkx where uRk is a two component
column vector. Substituting this form into the Weyl equation gives
(k°-a-k)uRk = 0
This is a set of two simultaneous linear equations which has a non-trivial solution only
if the determinant of the matrix coefficient of u vanishes: k2 = (k0)2 — k2 = 0. This is
the dispersion relation for a massless particle!
We will complete the solution for a particular momentum only; the other solutions
may be obtained by applying a rotation. Call the direction of motion the z-axis, so we
can write k^ = tu(l, 0,0,1). Then the Weyl equation becomes
(1 -

CTJ

u Rk = 0 =^> uRk = (

The fact that we find only one solution for this k^ means that there is correspondingly only one kind of particle. This one degree of freedom has only a single possible
value of the spin; we say that the particle has helicity 1 /2.
Helicity is technically the component of } along the direction of motion. (This is
frame dependent except for massless particles, as we have here):

This is like the neutrino in the real world—to date only 'left-handed' (A = —1/2) neutrinos have been observed.
The positive frequency part of \|;R annihilates the particle described above. Since
I};R is a complex field, it also has a creation part for an antiparticle (just as our complex
scalar field did). This antiparticle has the opposite helicity from the particle (which
would imply that the antineutrino is right-handed, A = +1/2).
How do we know this experimentally? We could look for example at n~ decay into

N

7
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Since the antineutrino produced is right-handed, its spin points along its direction
of motion. Since the total spin must sum to zero, this means that the spin of the u~
must also point along its direction of motion as indicated in the diagram. But the weak
interactions, which are responsible for this decay, only affect the left handed part of the
u-~. So it looks like this decay would conflict with angular momentum conservation.
However the mass of the \±~ can change the yr from right handed to left, and vice
versa. The amplitude for such a flip is proportional to the mass, so we would naively
expect the rate, which is proportional to the amplitude squared, to be proportional to
the mass squared: Y[n~ —> yr + •v(j oc m^. In particular we can look at the ratio of the
decay involving the muon to that involving the electron:
V{n~ -4 e^ + ye)

(The experimental result is ~ 1.2 x 10~4; the discrepancy arises since we forgot to include the difference in phase space for the two reactions).
We can put 2 helicities together (one +1/2 and one —1/2) to describe a massive
particle like the electron which comes with both helicities. This representation is often
called a four component 'Dirac Spinor':

The presence of two fields allows a new term in the action which is a Lorentz scalar,
^ R ^ L + he., and so we can write a Lagrangian
C

= \p^ia

l i

a^

R

+

i

l

;

t

[

where we have introduced the 'gamma matrices'
0 )

y y

~

\0

-a

and W = W^y°. We can recover the Weyl spinors by projecting W back onto its left and
right handed components. The matrix which does this is conventionally written in
terms of
(

]

in the Weyl basis, so the projection operators are (1 ± Ys)/2 = P±The equations of motion are found as usual by varying the Lagrangian. The result
is
(iYH3H - vn]W = (t ^ - m)W = 0
This is called the Dirac Equation. We can find plane wave solutions just as we did for
the Weyl equation; If we assume a form W — Uke ik x then the Dirac equation becomes
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Note that by acting with the matrix Jk + mon this equation we get

This will have non-trivial solutions only for four vectors k^ that satisfy k2 = m2. We
first look at the the positive frequency solutions, k° > 0, and we will work in the rest
frame where kM = (m,0) (we can always Lorentz transform to obtain the solutions
with any other value of the momentum). The equation of motion then reduces to
(7° - 1 )Uk = 0.
It is more common to see the solutions for the Dirac equation quoted with a different set of y matrices than those used here; this is entirely equivalent, but corresponds
to putting different linear combinations of 4>R and I^L into W. A standard basis which is
often used to quote the solutions to the Dirac equation (the so-called 'standard basis')
has
1
0

0
-1

There are then two linearly independent solutions to our equation, which we will label
with 1 and 2, and choose to normalize so that U (r 'll (s) = Srs2m:

o\

\
0
0

1
0

u'2) =

These particular combinations have been chosen to be eigenstates of J3, which in this
basis is the matrix
J

~ 2 V 0 a3

T3

u

^

,,(2)

,(2)

For the negative frequency solutions, we will assume a form for the spinor
Vk e +ik x; since we have explicitly changed the sign in the exponential, the vector
the same as before kH = (m, 0). The Dirac equation in this case is

with solutions
0\
0
0

/o\
0
1

/2m
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/2m

is

So far we have constructed massless Weyl spinors, which have a single helicity
for a particle and the opposite helicity for the antiparticle, and massive Dirac spinors
which have both helicities for particles as well as antiparticles. But it turns out we
can also make a mass term for our Weyl spinors. This must mean the addition to the
action of a term which is a scalar under Lorentz transformations; we have already
considered terms which have one I^R and one \1>R, which led only to a four vector.
Since IJ)R transforms according to the (1/2,0) representation, we should be able to take
a product of two I|)RS, which, by the rules of addition of angular momenta, will contain
a Lorentz scalar component.
In fact a term m xj^ O ^ R + h.c. works. We can check that this is a rotational scalar,
by performing an infinitesimal rotation
Wl

= ^R i—2~ 9 = ^R i—j-0

and putting these pieces together S ^ R O ^ R ) = 0. A similar calculation verifies that
this term in the action is a scalar under boosts as well.
This kind of term is called a Majorana Mass term. Note that our massless Weyl
theory has a conserved charge corresponding to the symmetry transformation i\)R —»
e~lAl^R/ but this symmetry is broken by this kind of mass. The resulting particle has
spin 1 jl (both helicity components, ±1 /2), but the particle is its own antiparticle. It is
sometimes called 'real' for this reason.
Majorana mass terms play an important role in theories of extensions of the standard model which allow a neutrino mass. In the standard model, the left handed
neutrino is part of a doublet of an internal SU(2) symmetry (that is, it transforms like
the spin 1/2 representation of this internal SU(2); the other component of the doublet
is the left handed part of the electron).
A mass term in the Lagrangian involving the neutrino must be invariant under this
internal SU(2) symmetry as well as the Lorentz symmetries, ^ [ ^ L is not acceptable
as it is not a Lorentz Scalar, as we have already discussed. The alternative term, a
Majorana mass term, would be of the form ^[H^. This is possible, but since it does not
have any phase rotation symmetries, it will violate several charge conservation laws:
1. Lepton Number: The overall phase rotation ^L —> e~lXA¥i of this lepton doublet
in the standard model gives rise to a conserved charge, called lepton number. A
Majorana neutrino mass of this form would violate this symmetry, and can be
probed to high precision by looking for violations of this conservation law.
2. Hypercharge: Although this term can be made invariant under electroweak SU(2),
there is also an internal U(1) symmetry (a phase rotation of the fields) called Hypercharge, which must be an exact symmetry of the Lagrangian. To make a mass
term of this form we need another particle with the proper hypercharge quantum numbers. The standard model lacks such a particle, but can be extended to
include one.
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2.2 Quantization of the Dirac field
We can combine our plane wave solutions to construct the most general solution to the
Dirac equation:

When we impose commutation relations we expect that the ak J will become annihilation operators (they annihilate particles with spin label i) and the b ( i ) k will become
creation operators (for antiparticles with spin label i).
But before we become too comfortable with this conclusion we should compute the
Hamiltonian in terms of our putative creation and annihilation operators:

If we were to impose canonical commutation relations we could commute the b^
through the b, throw away the (unobservable) additive constant to the energy, and
identify the two terms as the number of particles times their energy minus the number
of antiparticles times their energy. The problem is that this is not positive definite!
The energy is not bounded from below, and the system is unstable. The way out is to
impose canonical anticommutation relations:
{b™, bkj,)f} = 6ij {In)3 S 3 (k- k')2cuk.
The choice of sign we made in the Dirac Lagrangian now insures that, with these anticommutation relations, the Hamiltonian is bounded from below.
One can show that quite generally canonical anticommutation relations are appropriate for fields with half-odd integer spin ('fermions') and commutation relations are
appropriate for particles with integer spin ('bosons')- This result is called the spinstatistics theorem.

2.3 Spin 1 and QED
We know from elementary electromagnetism that the electromagnetic field carries intrinsic angular momentum 1, so in trying to formulate the canonical quantization of
spin 1 fields we can start with the free electromagnetic field. The Lagrangian is
r — _ ( F 2 — R2) —

- F

F^

where F ^ , the electromagnetic field strength, is

In terms of the electric and magnetic fields we can write this as
o

E=

Bl =

£i'k3jAk
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0

= (V x AY

The canonical treatment of this Lagrangian has several features which differ from
our previous examples. Firstly, although it appears that there are four canonical fields
(the four components of AH) this is illusory. The time derivative of Ao does not appear
in the Lagrangian, and consequently it is not a canonical variable, but only a constraining variable, much like a Lagrange multiplier in Lagrangian mechanics. We can, if we
choose, eliminate this degree of freedom in terms of the other true canonical variables.
Secondly, this Lagrangian possesses a well known Gauge Invariance: the transformation A ^ —> A^ + 3HA for any function A leaves the form of the Lagrangian unchanged.
In order to solve the equations of motion we need to 'choose a gauge' (sometimes
called 'gauge fixing')—this means we must impose a subsidiary condition to eliminate
the freedom represented by gauge transformations. The reason for requiring this subsidiary condition is not hard to find. Remember that the electromagnetic field describes
two physical degrees of freedom corresponding to the two physical polarizations of
light. But we have introduced four fields in our description of this system. We have
already remarked that one of these fields, A0/ is a constraining variable and can be
eliminated. But this still leaves three fields to describe only two degrees of freedom—
we are using redundant variables to describe the physical objects in our theory! The
freedom represented by the arbitrary function A in our gauge transformation is just
enough to eliminate one field, leaving two fields to describe two degrees of freedom.
Gauge fixing eliminates this last redundant degree of freedom.
For example, we could fix the gauge by choosing the condition A3 = 0; the remaining fields A1 and A2 are sufficient to describe the two physical polarizations (or
'helicities') of light. Why don't we simply start with these two degrees of freedom
and dispense with all of this redundancy? Note that if we wish to maintain explicit
Lorentz covariance we need to use a set of fields that transform like a representation of
the Lorentz group, such as the four vector AM. Although we could work just with Ai 2/
this would make verifying Lorentz covariance very difficult, and complicate Feynman
rules and other calculational techniques. (We are not saying that this theory would
violate Lorentz invariance—just that it would be difficult to see at each stage).
A very common gauge for explicit calculations is the so-called Lorentz (or Landau)
gauge, specified by the gauge condition d^An = 0. In this gauge the equations of
motion become simply
M(x)

=0.

We can write the general solution to this as

The polarization vectors e(i) must satisfy (in this gauge) k • e(l'(k) = 0. We can choose
their normalization as we like, and the usual convention is e^ • e''' = —61'. Their
explicit form can be evaluated from these relations or found in standard texts.
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3 Third Lecture
3.1 Feynman Rules
Now that we have chosen the approach we are going to take for constructing observables in theories of relativistic particles we need to develop techniques for computing
matrix elements of these observables efficiently. The techniques which are commonly
employed in theories where low orders in perturbation theory are adequate makes
use of so-called Feynman Rules. A proper derivation and discussion of these rules
is beyond the scope of these brief lectures; we will instead merely sketch some of the
features which are important in understanding how these rules come about.
The rules themselves are relatively simple, and were developed by Feynman before
a rigorous derivation was available. Schwinger and Tomonoga developed an independent formalism for computing matrix elements in quantum field theory, but the result
was more cumbersome than Feynman's approach. It had the advantage however of
being fairly rigorously derived using the rules of field theory and quantum mechanics.
The situation improved substantially when Dyson was able to show that the two approaches were in fact equivalent. Thus the simple rules of Feynman could be justified
with some degree of rigor. Dyson was able to obtain a simple form for the so-called
S-matrix, which contains all the information we will need to describe our experiments..
We will adopt the following caricature of a scattering experiment, which we divide
into three stages
1. Prepare Experiment: Particles are well-separated, and we assume that we may
ignore any interactions between them.
2. Do experiment: If the particles have been prepared properly in stage 1, they will
come close to each other where they will interact.
3. Examine Experiment: The products of the experiment are once again well-separated
and their properties (energy, charge, etc.) can be measured without worrying
about interactions.
The key to this picture is the separation in time and space:

Before

After
During

3.2

Interactions

We will divide the Hamiltonian into two parts—the first part will describe the behavior
of free particles (in particular it should be adequate to describe the well-separated particles in parts 1 and 3 of our 'experiment') and the second will include the interactions
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(there will be a corresponding separation for the action):
H = Ho + H'

S = So + S'

We will use perturbation theory (which, in principle, can be used to all orders)
to understand the effects of the interaction H'. This approach appears to preclude a
discussion of two important topics:
1. Strong interactions, (non-perturbative effects important).
2. Profound changes due to the interaction: bound states, confinement, etc.
We will assume a correspondence between the Hilbert space of the full Hamiltonian, 5), and that of the free Hamiltonian, S)o- We will implement this correspondence
twice (in 2 different ways). First, we let

N>) e
such that
lim
t—»—oo

These 'in' states form a basis for the full Hilbert space, ¥). They have been set up to
have the special property that in the far past they 'look like' particular states in the free
Hilbert space f)0We can also make the correspondence
Ix) e

fto

lx)out e f>

such that

llx)out = Ix)
>+00

The (full) Hilbert space is the same in both cases; it will prove convenient to sometimes
use one such correspondence, sometimes the other.
We ultimately want to compute transition probabilities, like the probability that a
state (in Sj) which looks like |\p) (e.g. e~ + p) in the far past, during the preparation
phase of our experiment, overlaps with a state which looks like |x) (e.g. n + -ve) in the
far future, during the examination phase. This matrix element is Out(xW>)in (a matrix
element in the full Hilbert space $)).
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3.3 The Interaction Picture
In the Schrodinger Picture operators are time independent and states evolve while in
the Heisenberg Picture operators evolve and states are time independent. The Interaction Picture, which will be our shortest route to the S matrix, is midway in between—
states are unitarily redefined so that they would be time independent if the interaction
were switched off, as it effectively is in parts 1 and 3 of our experiment:
<9j(t)

=

eiHot O s e -iH 0 t

= e i H o t KMt)) s = e i H o t e~ iH
Of course all three pictures give the same answer for any matrix element, as can be easily checked from the definitions ((I) = (S) = (H)). The time evolution in the interaction
picture is given by

= - t e i H o t H'
= - i e i H o t H'e- iHot e iHot
= -tHiW)(t)>,
Let Ui(t, t') be the unitary operator which implements time translation from t' to t in
this picture:
Then
^U,(t,t')=-iH'1(t)U,(t,t')

(withU I (t,t) = l)

We might be tempted to solve this equation as if the Hamiltonian were merely a
function rather than an operator. If this were the case, then

[HUt), HUt')l=0=> Ur(t,t') =exp{-ij* df'HUt")}.
But this commutation property is not in general true, and so this isn't an accurate
solution. However we can adjust the order of the non-commuting terms fairly easily
to obtain the correct solution:
U,(t,t') = Texp{-ifdt"Hi(t")}
«t

n , n

If'

dt Hj(t ) — —

dti

+
The T symbol here stands for "time ordering"; that is, this symbol means that the
string of operators is to be interpreted as if it were written with the operator at the
latest time on the left, and the remaining operators arranged in decreasing time order.
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An exact evaluation of this time ordered exponential is in general quite difficult;
however it is ideally suited for a perturbative evaluation in H'—each order in perturbation theory corresponds to a term in the Taylor series of the exponential.
Note that the Schrodinger time evolution operator,
= U(t)|xM0)>

is then
U(t) =e" i H o t U I (t,0).
The point of all of this is to isolate the "trivial" part of the time evolution when the
particles are well separated; this corresponds to the way in which we labeled our states
(on the basis of what they 'looked like' in the asymptotic region where particles are
effectively non-interacting):
lim U(t,0)|xM0))in = e- i H °>(0))

since |i|)(0)) € So

t—>-oo

lim U(t,0)| X (0))out

=

e- iHot | X (O))

t—>+oo
SO

lim (X\eiHoU

out(xl4>)in =

U(t},0)U{0,t2)e-iH°t*\y]>)

t\ —> + 0O
t2—> — oo

=

lim <xlUi(t,,t2)N>>
ti-H-oo
t2—»—OO

The matrix elements that we are interested in, which involve the complicated states
|xp)in and lx)out/ are equal to matrix elements of a particular operator with the simpler
states \\\>) and |x)! This operator is the central object in our theory of scattering, and
is called the S-matrix; the previous argument has given a simple expression for this
object in a form that is ideally suited for perturbative evaluation:
Ui(oo, —oo) = S.
Note that in field theory (if the interaction does not involve time derivatives) we
can write

H'= f
so the S-matrix may be written
S = Texp{t

ld\C'}.

In this form the Lorentz invariance of the S-matrix has been made manifest.
The S-matrix tells us the transition amplitude from a state which 'looks like' the free
state \\\>) in the far past to the state which 'look like' the free state (xl in the far future.
Now we just need to evaluate these matrix elements in perturbation theory.
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As a simple example, we will consider a charged meson interacting with a neutral
meson in a charge conserving way. We will call our two fields \\) and ty, and will impose
a symmetry transformation \\> —> e"iA\|> 4> —> <j>.
An interaction term in the Lagrangian which preserves this symmetry is
£ = g^^Jx}).
This is hardly the only possibility, but it will be sufficient for our purpose to restrict
attention to this one example for the moment. One important point to note is that we
have chosen a so-called 'point-like' coupling—the interaction is zero unless all fields
are non-zero at the same space-time location.
We can consider the specific process of 4>i|) elastic scattering:

The matrix element we are interested in is (k',p'|S|k,p), and the S-matrix has an
expansion that begins S = 1 H . The 1 term here gives the trivial part, corresponding
to 'no interaction' in this scattering process—this part has the momenta of the particles
in the initial state equal to those of the final state We really want the non-trivial part
due to the interaction, which will be given by the difference of the S-matrix from one.
Also note that this interaction conserves energy and momentum, so it is convenient to
define a 'scattering amplitude' by

The field cj) creates and annihilates <$> mesons, so in order for this matrix element to
be non-zero S —1 must contain at least two $ fields, one to annihilate the incoming (J)(k)
and one to create the outgoing 4>(k'). Since each term in the interaction Lagrangian has
only a single 4> field this means that the leading non-trivial term will come from second
order perturbation theory:

Since each field cj) contains both a creation and an annihilation operator, there are two
possibilities: the annihilation of the incoming meson from the field 4>(xi) and the creation of the outgoing meson from the field 4>(x2), o r the other way around. For example, the first of these two cases will give rise to the term
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This must be multiplied by the matrix element of the \[> fields. As with the the neutral
meson, we need to annihilate the incoming charge +1 meson, and create the outgoing
charge +1 meson. There are again two terms, one of which is

But two fields remain unaccounted for; the actual term is

It is convenient to represent these two terms by 'pictures'; we will draw a dot for
each of the points xi, x2 with lines emanating from them to represent the creation or
annihilation part of each field at the corresponding point. The creation or annihilation
parts which create and annihilate the outgoing and incoming particles are extended to
the edge of the picture and left free; For the remaining fields we can use the creation
operator from one followed by the annihilation operator with the same momentum from
the other, and still obtain a non-zero matrix element. We will connect the lines from
these two fields to indicate this:

We have drawn two diagrams, but our description above would indicate four—
two choices for which field annihilates the incoming neutral meson, and two for which
field annihilates the incoming charged meson. However tracing the different terms
will easily reveal that the terms are equal in pairs; the result is that there are only two
distinct pictures, but each is multiplied by a factor of two, which conveniently cancels
the 1 /2! in our expression for the second order term in the S-matrix.
The factor (OIT^^xi )^(x2)}|0) is called a propagator; it can be evaluated by substituting the form of the fields in terms of creation and annihilation operators and explicitly evaluating the resulting matrix element. The result is
2TT)4 q2 - m2 + ie'

To complete the calculation of the matrix element we must remember that our expression for S2 involves integration over the points xi, x2; since the x dependence of
the integrand involves only exponentials the result of these integrals are simply delta
functions of energy and momentum.
It should now be clear that although there are no difficulties in evaluating the matrix element, the task is quite tedious, involving many similar algebraic terms which
eventually combine into a simple answer. The way in which we performed the calculation can be summarized in a set of rules:
1) Draw all topologically distinct pictures that contribute to the matrix element.
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2) Assign a momentum to each line, making sure that momentum is conserved at
each vertex (this condition arises from the final integrals over space-time); external lines get assigned the momentum of the corresponding incoming or outgoing
particle.
3) Assign a propagator for each internal line. The integral over q in the propagator
will always cancel a delta function of momentum from the vertex, so we may
leave these factors out ab initio.
4) Assign a factor —ig for each vertex.
It is quite straightforward to verify that these rules reproduce the manipulations
that we have described, and allow easy computation of the matrix element:

p-k'

k)2-m2

(p - k ' ) 2 - m 2

What is less straightforward, and well beyond the scope of these simple lectures, is
the demonstration that these rules (with a few small addenda) suffice to compute all
matrix elements in the theory, and can easily be amended to apply to any field theory.
The addenda are simple:
5) Integrate over any momenta that are left undetermined by rule 2.
6) Assign a 'symmetry factor' to each graph. This factor depends on the field theory;
in our case of meson interactions it is always 1.
7) Multiply the result for each graph by (—1) for each closed fermion loop, and
for each permutation of fermion lines. (This takes care of the special features of
anticommutation relations which the fermions satisfy).
We have been quite cavalier about factors and delta functions in this discussion; a more
careful treatment can be found in any good book on quantum field theory.
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4 Fourth Lecture
4.1 Cross sections
We have one remaining task in our computation of physical quantities: we must relate
the amplitudes which we compute by means of the Feynman rules to physically observed quantities, like cross sections. In non-relativistic quantum mechanics this is a
familiar relation, often known as Fermi's Golden Rule. We need to obtain a form of
this relation which is appropriate for our relativistic systems.
The derivation of this rule is quite standard, and parallels the non-relativistic case
almost line for line. Consequently we will just state the result for the differential transition rate:

The first factor is the matrix element squared, the second, D, is the density of final
states
d3k
out

and the factor of 1/(2EV) for each incoming particle is associated with our state normalization. (V here is the total volume. If we compute sensible physical quantities, we
should obtain finite volume independent limits as we take V —* oo).
There is some arbitrariness in how we divide things between the matrix element,
and the density of states. The choices we have made here have the significant advantage that both Aa and D are Lorentz invariant, so they may be computed in whichever
frame is most convenient. Note that D does not depend on the Lagrangian nor on any
detailed properties of the particles involved—it is a function only of the four-momenta
of the particles in the final state. Consequently it can be computed once and then stored
for future reference. The most common cases of 2 and 3 particles in the final state are
tabulated in the particle data book.
Example 1: Single particle decay. In this case there is one particle in the initial state
so the decay rate (the integral of the differential transition rate over final states) is
r = 1/(2E) Y_ L4|2D In the rest frame of the decaying particle this is l/(2m) J_ \A\2 D Since in any other frame E = my this has right time dilation properties.
Example 2: Two particle scattering. With two particles in the initial state the differential transition rate is (|.A|2/4EiE2) D(1/V). The quantity usually quoted by experimenters is this rate divided by the incident flux (since our states are normalized in a
volume V the flux is |vi — V2I/V) to give the differential cross section

dcr =

D
4EiE2|v! - v 2 |
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In the center of mass frame Pi = —P2 =4> vi = vj/trn; v2 — — Pi/™2 which allows us
to write the velocity difference in the form found in the particle data book:

This means that in the center of mass frame the differential cross section is
^

=

D

.

For two body final states, we can find D 2 in the particle data book:
=dll
)2

where dD is the element of solid angle about the direction of either particle in the final
state. This gives the differential cross section for 2 —» 2 scattering in the center of mass:
dcJ

_

1

IPfl, ,,2

da
4.2 QED
As our first complete example we will consider the interaction of the electron with the
electromagnetic field. We already have the non-interacting parts of the Lagrangian,
so we only need to construct the interaction. From classical electricity and magnetism
we know that the interaction Lagrangian for the electromagnetic field should be of
the form Cy — pA^e where e is the electromagnetic coupling constant and p is the
(conserved) electric current. From our discussion of Nother's theorem we also know
what this current should be—it is obtained from a symmetry transformation on the
electron field:
\y ^ e ^W
with Lagrangian

Using our procedure we can construct the current:
- W -> D£ = 0
=> P =
and so our Lagrangian will be
V(i$27

m)V + e1?

Recall that in our discussion of the free electromagnetic field we emphasized that by
using four fields to describe two degrees of freedom we needed to have gauge invariance to remove this redundancy. This means that in order for our Lagrangian including the interaction to successfully describe the electromagnetic field, we still must have
gauge invariance in order to remove the redundant degrees of freedom. Gauge invariance of the interaction follows because we have insisted upon coupling to a conserved
current! This is the reason an alternative coupling would have been unacceptable. It is
convenient to use a notation which makes checking gauge invariance easy, so we will
define a so-called 'covariant derivative' DM = 5^ — i
Then we can write our Lagrangian as

In this form its easy to see that the following change of variables does not change the
form of the Lagrangian:
V -» eieA(x) V

A^ -> A^ + 3HA

for any function A(x). The covariant derivative has the nice property that under this
transformation D ^ —•> e i e A ( x ' D ^ which makes invariance of the Lagrangian manifest. Note that this is not a symmetry; unlike a real symmetry, which relates the physical properties of different points in configuration space, this transformation just tells
us that the same point in configuration space can be described by different variables.
Different choices of gauge are just different 'coordinates' on this space, just as we can
use either Cartesian or spherical coordinates to describe three dimensional space.
The Feynman rules for this theory can be obtained as in the last lecture:

www
k —*.

m + ie
In addition we need to include spinors for the external electrons (and positrons) as well
as a polarization vector for any external photons:
U(r) for electron 1 ml) ,
, .
A/fri,
..
> e' for photon
lT)
r
V for positron J ^
Example 1: e + e" —> \i+yr at large center of mass energy squared, (k + k')2.
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Using the Feynman rules we can compute the amplitude for this process
U = (-ie) 2 We could at this point plug in the spinors associated with the explicit spin states of the
external fermions. However we will only consider the case of an unpolarized initial
beam, and an experiment which does not observe the final polarizations. This means
that, in the probability, we may sum over final spins, and average over initial spins:
1

-I

4

4

4 Z I* !' = 4 Z
spins

( k + icM4 V(k')Y^U(k)U(k)y^V(k') x (yi <-> y

V^k).

spins

Using standard tricks for the matrix algebra we can rewrite the sum as a trace:

spins

Since we are at high energies, we will ignore the electron mass. Then the traceis
Tr KV KV = 4(k'^kv + k^k" - g^k • k').
Now its just a matter of dotting all of the vectors together to get the final answer:

spins

where we have introduced the Mandelstam variables
s = (k+k') 2
t = (k-p)2
u = (k-p') 2
Finally, we can use this in our formula for the differential cross section (since we are
ignoring all masses, |pt| ~ |pf|):
1

1

1

64TT2 S
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\ (1+cos22,0)
2

where we have expressed t and u in terms of the center of mass scattering angle 9. The
total cross section is obtained by integrating over solid angle:
da
dO

4n <x2
.
3 s

dil = —

Example 2: Massive vector field decay. The decay of the Z° into two neutrinos Z —>
•v + "v arises through a weak interaction (whose Lagrangian is by now familiar from
other lectures at this school):
1-

2 cos 0w V 2
The (1 — y 5 )/2 projects onto the left handed component of the neutrino.

where e ^ q ) is the polarization vector of the decaying Z. Squaring we get
16 cosz 9w

To make things easy we note that the total width doesn't depend on the polarization, so we might as well average over the initial (three) polarizations of the Z. The
following easily verified relation is then useful:

Keeping in mind that the current U(k)y^V(k') is conserved (or equivalently that the
neutrino spinors satisfy the massless equation kll(k) = 0 =/k'V(k'))/ the terms of the
form U(k) dV(k') vanish, and
2
1
V
\A\
= -1—-ii—-U(k)
(1 -y5)Y^V(k')V(k')(1 _y5)y^U(k).
3 z__
3 16 2 0
COS

W

The spinor part of this can be converted to a trace:

TrAn-Ys^OT-YsW

= -16k-k'
= -8(k + k') 2
= -8M|
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So finally we obtain the simple result
\A\2 =

and using our previous result for 2-body phase space with |p f | = M z /2

or
9b7t c o s z 9 w

Using the definition G F / \ / 2 = g 2 /(8cos 2 0w M|) this becomes the usual answer

(This is for a single neutrino species—in the standard model with 3 light neutrino
species multiply this by 3.)

4.3 The benefit of scales
In our previous examples we have confidently included interactions in the form of
point-like couplings. For example in QED we used

But how do we know that the interaction really looks like this? In particular how do
we know that the coupling to the electromagnetic field at the space-time point x only
involves the current at the same space-time point?

Put another way, we can ask if we could distinguish this point-like interaction from
an alternative

ejd4ynx)AH(y)f(x-y)
where the function f (y) vanishes for distances larger than some very small amount,
say - 10~10 fm, and has total integral one J d4y f(y) = 1. (Actually righting down
an interaction of this form consistent with Lorentz invariance and causality is not as
straightforward as it might seem. However it is possible.)
Clearly we expect that by making measurements on distances much larger than
10"'° fm we are unlikely to be able to tell the difference of this modified interaction
from our point-like one. What we are really doing in our experiments is 'course graining', or averaging, over distance scales smaller than some scale I which depends on
the particular experiment.
What happens as we change the physics at distances smaller than V. (Equivalently
we can say we change the physics on momentum scales larger than A - 1/£). How do
these large momentum scales affect the physics at low momentum scales?
Example: Muon decay \i~ —\ e~ + ye + "v^ By now we know that to lowest order in
the weak interactions the relevant diagram is
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where the internal line represents the YV propagator. The amplitude is (q = p — k):

W

x

q2 - M ^ + ie

In evaluating this we will make a number of simplifications. Firstly, we will ignore all
masses except m^ and Mw Then Ue(p')Y^(1 — Y5)Ve(k')qH « 0, and the amplitude
becomes
8 sin2 9 W

fl2

Since kinematic constraints of this decay force q2 <C Myy we may replace the denominator by —Mw. Using the previous relation between g, Mw, and GF this is
Ys)U(p).
Note that this amplitude is exactly what we would have obtained if we had started
with an interaction Lagrangian £ t :

This Lagrangian is in fact an early suggestion of Fermi for the weak interaction; consequently it is usually referred to as the Fermi Theory of weak interactions.
Why did we obtain this simple Lagrangian? Really it came about because of our
expansion
1

1

q

2

- q

In position space, this is a short distance expansion of the function

I

d4q

i

(27t)4 q 2 - M 2

w
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f(x).

This function falls off exponentially for x < 1 /Mw; in fact the approximation we have
made in momentum space corresponds to replacing this exponentially localized function by the ultimate in localization, a delta function.
If we want greater precision we could keep the next term in the expansion of
l/(q 2 — Myy). This would give rise to a term in f proportional to two derivatives of a
delta function; correspondingly this would give rise to a new term in our interaction
Lagrangian which looks similar to the Fermi term but with two extra derivatives:

where the double headed arrow on top of the derivatives means the difference of the
derivative acting to the right and to the left. All of this is really just making a local
expansion of our non-local interaction. We could, in principle, measure this correction
to the Fermi theory in an experiment, and check its coefficient against the prediction
from this expansion of the W propagator.
When does this expansion break down? We can get an idea by noticing that we
are just expanding a geometric series, 1/(1 — q 2 /M 2 v ) whose radius of convergence is
Iq2/Mvvl = 1- But q2 = M2^ is exactly the point where we can produce the W! (Of
course we can never reach this kinematic region in real \i decay, but if it were true that
m,! > M.w then this would be possible in the decay u —> Wv like t —» bW).
We can consider other cases, however, where q2 is not always much less than M.2^.
For example we can return to e+e~ —» u+|j.~ scattering, but this time include a weak
interaction correction:

This diagram is the same as the one we considered in our QED example, except here
the internal line is a Z propagator rather than a photon. Using the standard weak
interaction Lagrangian we can compute the amplitude (really we should sum this contribution with the QED piece):
=

V(k')yc 1 - 7 5 — 2 sin2

x

U(k)U(P)y a !^-2sin2i

V(p')

s — M | \ 2 cos 9 W

or, making a similar expansion of the propagator 1 /(s — M|) « —1 / M | for s < M|:
C (
A - (spinors) x 2 —^ I 1 + -r-ry +
v2\
/v^
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Just as in the ]i decay example, the effect of the Z term can be reproduced by a series of
local operators, the first being the Fermi theory, the next being a correction involving
a term with two extra derivatives, etc. The expansion breaks down when the center of
mass energy begins to approach the Z mass.
The Fermi theory of weak interactions gives a very good description at low momenta, and if we wish to increase the accuracy of our predictions we can include operators with ever increasing powers of derivatives. The fact that all of these operators come from a geometric series is not very important from this low energy point of
view—we could extract the coefficients of these operators directly from precise (low
energy) experiments without knowing the details of W exchange. We would expect
this expansion to break down at some scale, and from these examples we see that the
size of these coefficients tell us what this scale is likely to be. If we had a detailed theory of this new physics at higher scales (like the electroweak gauge theory) we could
make predictions about these operators at low energies. Indeed if we believed in the
electroweak gauge theory, a precise measurement of e+e~ annihilation into \±+\x~ at low
energies would allow extraction of the coefficient of the second term in our s expansion, and hence would allow measurement of the Z mass. (Of course today there are
better ways to measure the Z mass, but this method would have been possible in principle long before the Z was actually seen at CERN). If we do not have a detailed theory
of the new physics we still get a Lagrangian which describes the physics at low energies, whose accuracy is limited only by the number of operators we choose to include.
We also get the scale of this new physics from the coefficients of these operators.
How can we characterize these low-energy effects in general? We performed an expansion in the dimensionless ratio momenta/scale (which in position space became an
expansion in the equally dimensionless ratio derivatives/scale); operators with more
derivatives have higher dimension (where dimension here means powers of mass),
and hence must be suppressed by compensating powers of the scale. All of this fancy
formalism has a very simple basis: its all just dimensional analysis!
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5 Fifth Lecture
We have discovered that at energies much less than a scale A we can replace our Lagrangian by a new one, which contains an expansion in local operators; operators of
higher dimension are suppressed by this scale A. We would like to systematize this argument in some way; this systematization is often called Effective Field Theory. Qualitatively, interactions from high energies are replaced by local operators expanded in
derivatives.

5.1 Operators and Interactions
Since dimensional analysis is clearly playing such an important role, we begin by tabulating the dimension of the objects which we have been using (we count mass dimension, i.e. [m] = 1 for a parameter with dimensions of mass):
[S]=0; S = [d 4 x£=> [£]=4.
The Lagrangian will be a sum of operators times coefficients: C — J^{ Ci<9t where the
sum of the dimensions of Ct and O\ must therefore be 4.
From the kinetic terms we can obtain the dimension of the fields:
Boson
Fermion

[cj>] = 1
M = 3/2

(check: [{d^)2} = 4)
(check: [Wi $V] = 4)

We can check this to see whether or not we obtain the correct answer for something
we already know, the electric coupling: [p = H'y^] = 3, and since the operator in the
Lagrangian is A M P with dimension 4,
[e] = 0;
the electromagnetic coupling constant is dimensionless, as it should be.
In fact we can classify any operator €> according to its dimension, 0]. To appear
in the Lagrangian, each operator must be multiplied by a coupling constant whose dimension is 4 — 0]; dimensional analysis will then help determine how this coupling
can appear in physical quantities. For example, if the coupling has a negative dimension, it will be inversely proportional to some scale, and will then be suppressed at
energies much smaller than this scale. Similarly a coupling of positive mass dimension
gives rise to effects which become large at energies much smaller than the scale of this
coupling. To summarize:
0] > 4
0] < 4
0] = 4

couplings ~ inverse powers of mass (irrelevant)
couplings ~ positive powers of mass (relevant)
couplings ~ dimensionless (marginal)
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For example:
4)2; \pi|> —) relevant {e.g. m)
—> irrelevant (e.g. GF)
—>
- marginal {e.g. e)
The effects of operators at scales below that which characterizes their coupling are
determined by their dimension. Most importantly irrelevant operators are weak at
low energies!
Example 1: Four fermion interaction.

By dimensional analysis we can compute a total cross section which this interaction
will produce: to lowest order in perturbation theory the amplitude will be proportional
to one power of the coupling 1 /A 2 , and hence the cross section will be proportional to
this quantity squared. The remaining dimensions will be made up by the kinematic
variables in the process, which we will generically label as E. Then dimensional analysis gives

For example we might consider elastic electron neutrino scattering e~ + ~ve —> e~ + ve.
At low energies this is described by the Fermi theory of weak interactions, which is
given by an operator in the Lagrangian which is similar to this term (similar in that it
has four fermion fields, and therefore a coefficient GF ~ I/A 2 ). The total center of mass
energy squared is s = E2, so we would guess that the total cross section is

n

The factor of n can't really be guessed; we have put it in place so that we have in fact
the correct expression for this process. But up to this factor of n we can obtain this
cross section with almost no effort! The important point to note is that the cross section
decreases like two powers of the low energy scale—it is indeed weak at low energies.
Example 2: Proton decay, p —* 7r°e+. This process violates baryon number and
lepton number by 1 unit, so an operator which can contribute must have corresponding
quantum numbers. In addition such an operator must conserve spin, electric charge,
and color; an example of such an operator is
d)AB = uude~ + h.c.
where u and d are the fields which annihilate the u and d quarks, respectively. There
is an implied sum over color indices so that the operator is a color singlet. Using our
previous analysis we can compute the dimension of this operator 0AB] = 6 SO the
coefficient in the Lagrangian must be 1/M2. By a similar argument to the one in the
previous problem we can compute the total decay width—it will be proportional to
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two powers of the coefficient of this operator, with the remaining dimensions made up
with powers of the characteristic energy, the proton mass m?:

By experiments which search for this decay we know that the lifetime of the proton in
this mode is greater than 1031 years, so
r

< 7 ^
1(T63GeV
6
W ' years
=»|~Mx>1016GeV

So this simple argument tells us that the scale of new physics which could induce such
an operator must be greater than 1016 GeV!
This leads us to the general question which is at the heart of effective field theory:
How do changes in physics at a high scale lead to changes in physics at lower scales?
Lets think about second order perturbation theory for a moment. Symbolically, the
contribution to a matrix element from a perturbation to the Hamiltonian 6H will be

(symboHc)
So any state n that has a nonzero matrix element with the Hamiltonian will contribute
to this sum. But this includes states of arbitrarily high momentum; since we can't do
experiments at arbitrarily high momentum, we do not really know much about these
states and how 6 A acts on them. But this is apparently a disaster:
How can we make any prediction?
The only possibility would seem to be that the contribution from these high momentum states is irrelevant, or somehow simplifies.
Recall our \i~ decay example; the computation we performed was second order
perturbation theory, and so should include all of these mysterious intermediate states;
in particular since the scale of this process is m^, one of these mysterious states is the
W itself; but we have already seen that the contribution to this decay amplitude from
these states is suppressed by M^,—the energy denominator in our perturbation theory
tells us that the contribution from the high energy states will decrease like the energy
squared, and this is what happened at tree level. As we have seen, this argument is just
dimensional analysis. The argument is of course not air-tight—the matrix elements in
the numerator may have some energy dependence which could compensate for the
large energy denominator. This didn't happen in our lowest order computation, but it
may receive important corrections at higher order or in other processes.
To recapitulate, we have seen that physics at a high scale can produce an operator
at low scales which is not very sensitive to the details of the high energy physics; it
is constrained by symmetries (as in the proton decay example) and is of the lowest
dimension possible. The contribution from higher scales sets the normalization of the
operator coefficients.
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5.2 Higher order corrections
So far we have used only lowest order perturbation theory; but what happens to our
arguments if we go to higher order? This will give corrections that are in principle
smaller by a coupling constant, so for weakly coupled theories we might guess that
these effects are unimportant. But we should examine this more carefully. Continuing
with our example of e+e~ scattering we can include the Feynman diagrams at order
one loop:

+ others

We will focus our attention on the first diagram only; the effects of the remaining diagrams can be included and do not qualitatively affect the results. The portion outside
the dotted box is the same as before, so lets do the part of the diagram inside the box
first. Conservation of momentum leaves an undetermined momentum k, which we
must integrate over.

The Feynman rules then give the expression for this diagram:

I

d4k

J

i)A

(Note that the photon lines are really internal in the full graph, so we have included
propagators for them). This is to be added to the leading diagram contribution, which
is just — i g ^ / q 2 (since we pulled off the electrons we are left just with the internal
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photon line). So the sum of these two terms can be written

where we have called the diagram without the photon propagators TTa(3. Since q is the
only vector in the problem (once we perform the integral over k), the most general
form for the tensor U is

By current conservation, the q a piece will give zero when we attach the external electron line so we may restrict our attention to TT(1'.
We can use dimensional analysis to constrain the answer. First lets assume that the
center of mass energy in the process is much larger than the electron mass q2 3> m2, so
we may ignore me. Then by dimensional analysis the answer must be proportional to
the only remaining dimensionfull parameter in the problem, q2. We would therefore
guess

for some constant C. To compute C we can just expand the integral about q = 0 and
pick out the coefficient of the q2ga(3 part. The result is

Unfortunately this equation as it stands is nonsense: the integral on the right hand side
is divergent, and so C is not defined!
Why did we get a divergence? Lets go back and think about our perturbation theory again. We are getting a contribution from intermediate states involving e+e~ pairs,
but the energy of these intermediate states is arbitrarily high\ Keeping this contribution
is manifestly silly: we have no idea what the interaction of photons with arbitrarily
high momentum electrons is, since we have never done an experiment which probes
arbitrarily short distances. Since we have arrived at a concrete integral expression involving this interaction we must have made an assumption about it somewhere along
the way. In fact we did, right at the beginning—we chose a "point-like" interaction. We
are responsible for this divergence: we made a silly assumption about the interaction
and we obtained a silly result!
We could have chosen something less singular for this interaction, something more
spread out, so that the integrand in our computation is multiplied by a function that
becomes small at large momenta. This would have the effect of cutting the integral off
in some way, which would make it finite. Lets call the scale of this cut-off A. For the
purposes of illustration we can make the cut-off sharp, although a more realistic function might go to zero smoothly at large momenta. (There is also an IR divergence which
arises from soft photons and our approximately massless electrons; we can avoid this
by keeping a small electron mass or a non-zero value for q2.)
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The result is that the apparently logarithmically divergent integral will now be finite, yielding
C = — In —j2
3>n
A

plus other terms which vanish as q 2 /A 2 —> 0.
This answer depends on the apparently unknown scale, A, which just reinforces
the question we asked earlier: How can we ever make predictions if our calculations
depend on the precise nature of the interaction at arbitrarily short distances?
If we just plow ahead for the moment, we would add this contribution to the tree
level piece we computed earlier:

This form has a number of illuminating features:
1) e+e~ scattering does not just behave like 1 /s (s = q2) for large s: it has (logarithmic) corrections.
2) We can no longer easily identify the electromagnetic coupling constant. Previously we could have simply said it was the coefficient above the 1/q2 in this
amplitude. This is no longer adequate.

5.3 Running couplings
This formula for the scattering amplitude does not yet constitute a prediction which
we can compare to experiment as it depends on two as yet undetermined things: the
parameter e and the parameter A. Before we embarked on this tour of higher order
corrections we could have identified the electromagnetic coupling constant, e2,, as the
coefficient of 1/s. But things are a little trickier now—what we call the coefficient of
1 /s depends on what we call the scale A in the logarithm! So a better procedure would
be to look at this scattering process at some center of mass energy p.] (which is not too
large—it makes sense to define the coupling at a scale where we can measure it) and
define the coupling as the coefficient of 1 /s (without the spinor factors) which would
be measured at this scale:

Note that according to this definition e2(A) = e2; the parameter e which appeared in
our Lagrangian is the value of the coupling we would observe in a scattering experiment at the scale A. But this is an experiment we cannot perform—although e2(u-i) is
measurable, e2( A) is not (at least, not until we get an accelerator capable of producing
electrons with momentum scale A).
Once we have obtained the electromagnetic coupling constant from experiment in
this way (that is, e2(|ii)), we can now ask what the prediction for the scattering at some
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other center of mass energy, \i2, will be. Our first thought is that we still do not have an
unambiguous prediction since the unknown parameter A is floating around, but this
thought is wrong:

+ — In -r^ +

T— In

Once we have re-expressed this scattering amplitude in terms of the corresponding
amplitude measured at our reference scale p-i dependence on A has disappeared!
What has really happened here? The physics at short distances (which we have
no detailed knowledge of) has affected the scattering at the fiducial scale |ii in a big
way, as is shown by the logarithmic dependence on the scale A. But the scattering
amplitude at this scale is just one number—if we change the physics at short distances
we change the numerical value of this number. We say that the short distance physics
renormalizes this number. But we never really ask about the relationship between
short distance physics and the precise value of this number since this is not something
we can measure (until we can build an accelerator to probe these short distance scales);
we only ask, given this numerical value (which subsumes all of the contributions from
short distances), what is the value of the scattering at another (low energy) scale \i2The effect of short distances no longer appears, since it is buried in the numerical value
of e(ni) which we just took from experiment anyway.
It is conventional to express all of this by defining a running coupling, a coupling
that depends on the scale at which we measure it. A particularly convenient way to
write this relation is to say how fast the coupling is changing at a given scale; that is,
to take the derivative with respect to scale of our e(u.) (or equivalently a = e2/(4n)):
9 , ,
\l-=~Oi{\l)
o\i

2ct2(u)
= —
in

or, integrating this simple differential equation

l-(2a(no)/37r)ln£
We typically use the measurement of e in a very low energy experiment, where the
energy is around me, as the definition of the electromagnetic coupling; the result is
well known: ]/a(fne) ~ 137. Our predictions than become relations involving other
measurable quantities in terms of this object. For example electromagnetic phenomena
at the energies of LEP, E ~ Mz, are characterized by a coupling that is different from
this low energy one:

Ui I

ct(me)

3
3n

ln

me

^ 1.019 oc(me) ~
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134

But we forgot all the other charged particles! If we include them we find
^

a(TTle)

me

1

~ 129'
We have reached the heart of the argument: States at high energies do influence
low energies; the coefficients of operators ("couplings") which we use in our effective
description of physics at low energies receive contributions from these high scales. We
say that these coefficients are "renormalized" by the high energy physics.
This isn't much different from what we were saying at the end of the fourth lecture—
physics at high energies reduces to local operator interactions at lower energies, with
the coefficients of these operators characterized by dimensional analysis. The high
energy physics set the normalization of these coefficients. But the higher order corrections considered here are not determined by the rules of dimensional analysis. The
problem is that these corrections have involved functions of the dimensionless ratio of
the low to high scales; in our explicit example this relationship was logarithmic. When
further higher order corrections are included this may become a power of this ratio,
rather than just a logarithm. But these corrections are still of the form of the local operators we considered last time, but the coefficients are slightly different—they have
been renormalized.
Since we have always considered weakly coupled theories, these higher order corrections are small, provided the coupling is small. This means that the arguments of
the previous section, based on dimensional analysis, are correct with small corrections.
The coefficient of an operator in the low energy effective theory scales with the high energy parameter according to dimensional analysis, plus a small anomalous scaling; if
this extra scaling is a power of the ratio of scales (usually with a tiny fractional power)
than this extra power is called the anomalous dimension of the operator. Most importantly, this means that in weak coupling irrelevant operators remain irrelevant even
when we include these small corrections (just because these corrections which are proportional to small coupling constants cannot overwhelm the integer power of the high
energy scale determined by dimensional analysis)!
This is a truly remarkable statement. It means that if we want to know what happens to physics at energies much lower than the intrinsic energy scale of some interaction, we can describe the physics by an effective Lagrangian that contains only relevant
and marginal operators. That is, the effective Lagrangian will contain only operators
of dimension 4 or less. Such Lagrangians are often called renormalizable.
For a long time it was thought that renormalizability was somehow a fundamental
property of nature, and that only theories of renormalizable type would make sense.
We can now see that this is not right; it has things backwards. The conclusions of the
preceding paragraph can be restated:
Field theories look renormalizable at energy scales small compared to their intrinsic scale.
In fact its quite likely that whatever the physics might be at very short distances,
even if it is not a quantum field theory (such as string theory which is a candidate
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for describing physics at energy scales near the Planck scale, 1019 GeV), the physics
at lower scales will be described to a good approximation by a renormalizable quantum field theory. We can always include non-renormalizable terms if we want greater
precision, but these will be small corrections if the scales are sufficiently different.
The set of differential equations which describe the effect of physics at high energies
on the coefficients of operators in the effective low energy Lagrangian are sometimes
called the renormalization group. We don't have time to describe more of the physics
(in elementary particles and many other areas) connected with these ideas, but there is
a vast literature at your disposal.
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Abstract
These lectures constitute a short course in 'Beyond the Standard
Model' for students of experimental particle physics. I discuss the
general ideas which guide the construction of models of physics
beyond the Standard Model. The central principle, the one which
most directly motivates the search for new physics, is the search for
the mechanism of the spontaneous symmetry breaking observed
in the theory of weak interactions. To illustrate models of weakinteraction symmetry breaking, I give a detailed discussion of the
idea of supersymmetry and that of new strong interactions at the
TeV energy scale. I discuss experiments that will probe the details
of these models at future pp and e + e~ colliders.

1.

Introduction

Every year, the wise people who organize the European School of Particle Physics
feel it necessary to subject young experimentalists to a course of lectures on 'Beyond the
Standard Model'. They treat this subject as if it were a discipline of science that one
could study and master. Of course, it is no such thing. If we knew what lies beyond the
Standard Model, we could teach it with some confidence. But the interest in this subject
is precisely that we do not know what is waiting for us there.
The confusion about 'Beyond the Standard Model' goes beyond students and summer school organizers to the senior scientists in our field. A theorist such as myself who
claims to be able to explain things about physics beyond the Standard Model is very often met with skepticism that such explanations are even possible. 'Do we really have any
idea', one is told, 'what we will find a higher energies?' 'Don't we just want the highest
possible energy and luminosity?' 'The Standard Model works very well, so why must there
be any new physics at all?'
And yet there are specific things that one can teach that should be relevant to
physics beyond the Standard Model. Though we do not know what physics to expect at
higher energies, the principles of physics that we have learned in the explication of the
Standard Model should still apply there. In addition, we hope that some of the questions
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not answered by the Standard Model should be answered there. This course will concentrate its attention on these two issues: What questions are likely to be addressed by new
physics beyond the Standard Model, and what general methods of analysis can we use to
create and analyze proposed answers to these questions?
A set of lectures on 'Beyond the Standard Model' should have one further goal as
well. It is possible that the first sign of physics beyond the Standard Model could be
discovered next year at LEP, or perhaps it is already waiting in the unanalyzed data from
the Fermilab collider. On the other hand, it is possible that this discovery will have to wait
for the great machines of the next generation. Many people feel dismay at the fact that the
pace of discovery in high-energy physics is very slow, with experiments operating on the
time scale of a decade familiar in planetary science rather than on the time scale of days
or weeks. Because of the cost and complexity of modern elementary particle experiments,
these long time scales are inevitable, and we have to adjust our expectations to them. But
the long time scales also require that we set for ourselves very clear goals that we can try
to realize a decade in the future. To do this, it is useful to have a concrete understanding
of what experiments will look like at the next generation of colliders and what physics
issues they address. Even if we cannot correctly predict what Nature will provide for us
at higher energy, it is essential to take some models as illustrative examples and work out
in complete detail how to analyze them experimentally. With luck, we can choose models
will have features relevant to the ultimate correct theory of the next scale in physics. But
even if we are not sufficiently lucky or insightful to predict what will appear, such a study
will leave us prepared to solve whatever puzzles Nature has set.
This, then, is what I would like to accomplish in these lectures. I will set out some
questions which I feel are the most important ones at the present stage of our understanding, and the ones which I feel are most likely to be addressed by the new phenomena
of the next energy scale. I will explain some theoretical ideas that have come from our
understanding of the Standard Model that I feel will play an important role at the next
level. Building on these ideas, I will describe illustrative models of physics beyond the
Standard Model. And, for each case, I will describe the program of experiments that will
clarify the nature of the new physics that the model implies.
When we design a program of future high-energy experiments, we are also calling for
the construction of new high-energy accelerators that would be needed to carry out this
program. I hope that students of high-energy physics will take an interest in this practical
or political aspect of our field of science. Those who think about this seriously know that
we cannot ask society to support such expensive machines unless we can promise that these
facilities will give back fundamental knowledge that is of the utmost importance and that
cannot be obtained in any other way. I hope that they will be interested to see how central
a role the CERN Large Hadron Collider (LHC) plays in each of the experimental programs
that I will describe. Another proposed facility will also play a major role in my discussion,
a high-energy e+e~ linear collider with center-of-mass energy about 1 TeV. I will argue in
these lectures that, with these facilities, the scientific justification changes qualitatively
from that of the present colliders at CERN and Fermilab. Whereas at current energies,
we search for new physics and try to place limits, at next step in energy we must find new
physics that addresses one of the major gaps in the Standard Model.
This last issue leads to us to ask another, and perhaps unfamiliar, question about
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the colliders of the next generation. Much ink has been wasted in comparing hadron and
lepton colliders on the basis of energy reach and asking which is preferable. The real issue
for these machines is a different one. We will see that illustrative models of new physics
based on simple ideas will out to have rich and complex phenomenological consequences.
Thus, it is a serious question whether we will be able to understand the model that Nature
has put forward for us from experimental observations. I will argue through my examples
that these two types of colliders, which focus on different and complementary aspects of
the high-energy phenomena, can bring back a complete picture of the new phenomena of
a clarity that neither, working alone, could achieve.
The outline of these lectures is as follows. In Section 2, I will introduce the question
of the mechanism of electroweak symmetric breaking and also two related questions that
influence the construction and analysis of models of new physics. In Sections 3 and 4, I
will give one illustrative set of answers to these questions through a detailed discussion
of models with supersymmetry at the weak-interaction scale. Section 3 will develop the
formalism of supersymmetry and derive its connection to the questions I have set out.
Section 4 will discuss more detailed properties of supersymmetric models which provide
interesting experimental probes. In Section 5, I will discuss models with new strong interactions at the TeV mass scale, models which give very different answers to our broad
questions about physics beyond the Standard Model. In Section 6, I will summarize the
lessons of our study of these two very different types of models and draw some general
conclusions.
2.

Three Basic Questions
To begin our study of physics beyond the Standard Model, I will review some
properties of the Standard Model and some insights that it provides. I will also discuss
some questions that the Standard Model does not answer, but which might reasonably
be answered at the next scale in fundamental physics.
2.1

Why not just the Standard Model?
To introduce the study of physics beyond the Standard Model, I must first explain
what is wrong with the Standard Model. To see this, we only have to compare the publicity
for the Standard Model, what we say about it to beginning students and to our colleagues
in other fields, with the explicit expression for the Standard Model Lagrangian.
When we want to advertise the virtues of the Standard Model, we say that it is a
model whose foundation is symmetry. We start from the principle of local gauge invariance,
which tells us that the interactions of vector bosons are associated with a global symmetry
group. The form of these interactions is uniquely specified by the group structure. Thus,
from the knowledge of the basic symmetry group, we can write down the Lagrangian or
the equations of motion. Specifying the group to be U(l), we derive electromagnetism.
To create a complete theory of Nature, we choose the group, in accord with observation,
to be SU(3) x 5(7(2) x U(l). This group is a product, and we are free to include a
different coupling constant for each factor. But in the ideal theory, these would be the
only parameters. Specify to which representations of the gauge group the matter particles
belong, fix the three coupling constants, and we have a complete theory of Nature.
This set of ideas is tantalizing because it is so close to being true. The couplings
of quarks and leptons to the strong, weak, and electromagnetic interactions are indeed
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fixed correctly in terms of three coupling constants. From the LEP and SLC experiments,
we have learned that the pattern of weak-interaction couplings of the quarks and leptons
follows the symmetry prediction to the accuracy of a few percent, and also that the
strong-interaction coupling is universal among quark flavors at a similar level of accuracy.
On the other hand, the Lagrangian of the Minimal Standard Model tells a rather
different story. Let me write it here for reference:
C = Hi

Q{ + Xfaf

• VL + h.c.) .

(1)

The first line of (1) is the pure gauge theory discussed in the previous paragraph.
This line of the Lagrangian contains only three parameters, the three Standard Model
gauge couplings gs, g, g', and it does correctly describe the couplings of all species of
quarks and leptons to the strong, weak, and electromagnetic gauge bosons.
The second line of (1) is associated with the Higgs boson field 0. The Minimal
Standard Model introduces one scalar field, a doublet of weak interaction SU(2), so that
its vacuum expectation value can give a mass to the W and Z bosons. The potential energy
of this field V(4>) contains at least two new parameters which play a role in determining
the W boson mass. At this moment, there is no experimental evidence for the existence
of the Higgs field cf) and very little evidence that constrains the form of its potential.
The third line of (1) similarly gives an origin for the masses of quarks and leptons.
In the Standard Model, the left- and right-handed quark fields belong to different representations of SU(2) x f/(l); a similar conclusion holds for the leptons. On the other
hand, a mass term for a fermion couples the left- and right-handed components. This is
impossible as long as the gauge symmetry is exact. In the Standard Model, one can write
a trilinear term linking a left- and right-handed pair of species to the Higgs field. When
the Higgs field acquires a vacuum expectation value, this coupling turns into a mass term.
Unfortunately, a generic fermion-fermion-boson coupling is restricted only rather weakly
by gauge symmetries. The Standard Model gauge symmetry allows three complex 3 x 3
matrices of couplings, the paramaters XlJ of (1). When (j> acquires a vacuum expectation
values, these matrices become the mass matrices of quarks and leptons. Thus, whereas
the gauge couplings of quarks and leptons were strongly restricted by symmetry, the mass
terms for these particles can be of general and, indeed, complex, structure.
If we consider (1) to be the fundamental Lagrangian of Nature, the situation is even
worse. The Higgs coupling matrices Atji are renormalizable couplings in this Lagrangian.
The property of renormalizability implies that, once these couplings are specified, the theory gives definite predictions. However, the specification of the renormalizable couplings is
part of the statement of the problem. Except in very special field theories, these couplings
cannot be determined from the internal consistency of the theory itself. The Standard
Model Lagrangian then leaves us with the three matrices AtJ, and the parameters of the
Higgs potential V(0), as conditions of the problem which cannot in principle be determined. In order to understand why the masses of the quarks, the leptons, and the W and
Z bosons have their observed values, we must find a deeper theory beyond the Standard
Model from which the Lagrangian (1), or some replacement for it, can be derived.
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Thus, it is a disappointing feature of the Minimal Standard Model that it has a
large number of parameter which are undetermined, and which cannot be determined.
This disappointment, though, has an interesting converse. Typically in physics, when we
meet a system with a large number of parameters, what stands behind it is a system with a
simple description which is realized with some complexity in its dynamics. The transport
coefficients of fluids or the properties of electrons in a semiconductor are described in
terms of a large number of parameters, but these parameters can be computed from
an underlying atomic picture. Through this analogy, we would conclude that the gauge
couplings of quarks and leptons are likely to reflect a fundamental structure, but that
the Higgs boson is unlikely to be simple, minimal, or elementary. The multiplicity of
undermined couplings of the Minimal Standard Model are precisely those of the Higgs
boson. If we could break through and discover the simple underlying picture behind the
Higgs boson, or behind the breaking of SU(2) x U(l) symmetry, we would then have the
correct deeper viewpoint from which to understand the undetermined parameters of the
Standard Model.

2.2

Three models of electroweak symmetry breaking

The argument given in the previous section leads us to the question: What is actually
the mechanism of electroweak symmetry breaking? In this section, I would like to present
three possible models for this phenomenon and to discuss their strengths and weaknesses.
The first of these is the model of electroweak symmetry breaking contained in the
Minimal Standard Model. We introduce a Higgs field
(2)
with 57/(2) x U{\) quantum numbers / = \, Y = \. I will use r a = aa/2 to denote
the generators of 57/(2), and I normalize the hypercharge so that the electric charge is
Q = /3 + y.
Take the Lagrangian for the field (j) to be the second line of (1), with

K(0 = - ^ V + WV) 2 .

(3)

This potential is minimized when $<$> = fj,2/2X. Thus, one particular vacuum state is
given by
/ n \
(4)
where v2 — ^x2/A.
The most general <j>fieldconfiguration can be written in the same notation as

In this expression, aa{x) parametrizes an 57/(2) gauge transformation. The field h(x) is
a gauge-invariant fluctation away from the vacuum state; this is the physical Higgs field.
The mass of this field is given by

m\ =

= 2\v2 .
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(6)

Notice that, in this model, h(x) is the only gauge-invariant degree of freedom in (j)(x), and
so the symmetry-breaking sector gives rise to only one new particle, the Higgs scalar.
If we insert (4) into the kinetic term for (ft, we obtain a mass term for W and Z; this
is the usual Higgs mechanism for producing these masses. If g and g' are the SU(2) x £7(1)
coupling constants, one finds the familiar result

The measured values of the masses and couplings then lead to
v = 246 GeV .

(8)

This is a very simple model of 5(7(2) x (7(1) symmetry breaking. Perhaps it is even
too simple. If we ask the question, why is SU{2) x (7(1) broken, this model gives the
answer 'because (—fx2) < 0.' This is a perfectly correct answer, but it teaches us nothing.
Normally, the grand qualitative phenomena of physics happen as the result of definite
physical mechanisms. But there is no physically understandable mechanism operating
here.
One often hears it said that if the minimal Higgs model is too simple, one can make
the model more complex by adding a second Higgs doublet. For our next case, then, let us
consider a model with two Higgs doublets cpi, cft2, both with I — ^,Y — ^. The Lagrangian
of the Higgs fields is
C = \D,i<j>1\2 + \Dll<j>1\2-V(<l>u(fo),

(9)

with
V = -{4>\

<&) M2 ( t )

+ ••• .

(10)

where M2 is a 2 x 2 matrix. It is not difficult to engineer a form for V such that, at the
minimum, the vacuum expectation values of (fti and </>2 are aligned:
(11)
The ratio of the two vacuum expectation values is conventionally parametrized by an
angle /?,
Vo

tan/? = — .

(12)

To reproduce the correct values of the W and Z mass,
v\

+ v2 = v2 = (246 GeV) 2 .

(13)

The field content of this model is considerably richer than that of the minimal
model. An infinitesimal gauge transformation of the vacuum configuration (11) leads to
a field configuration
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The fluctuations of the field configuration which are orthogonal to this lead to new physical
particles. These include the motions

aP-{hi+ih2)\
sinP-(ih3)

_ 1 (-cosp • {hi+ih2)\
"2\
-cosp-(th3)
) '

O(p2

j '

as well as the fluctuations Vi —> vt + Hi of the two vacuum expectation values. Thus we
find five new particles. The fields hi and h2 combine to form charged Higgs bosons H±.
The field h3 is a CP-odd neutral boson, usually called A0. The two fields Ht typically mix
to form mass eigenstates called h° and H°.
I have discussed this structure in some detail because we will later see it appear
in specific model contexts. But it does nothing as far as answering the physical question
that I posed a moment ago. Again, if one asks what is the mechanism of weak interaction
symmetry breaking, the answer this model gives is that the matrix (—M2) has a negative
eigenvalue.
The third model I would like to discuss is a model of a very different kind proposed in
1979 by Weinberg and Susskind [1, 2]. Imagine that the fundamental interactions include
a new gauge interaction which is almost an exact copy of QCD with two quark flavors.
The new interactions differ from QCD in only two respects: First, the quarks are massless;
second, the nonperturbative scales A and mp are much larger in the new subsection. The
two flavors of quarks should be coupled to SU(2) x U(l) just as (u, d) are, and I will call

them (U,D).
In QCD, the strong interactions between quarks and antiquarks leads to the generation of large effective masses for the u and d. This mass generation is associated with
spontaneous symmetry breaking. The strong interactions between very light quarks and
antiquarks make it energetically favorable for the vacuum of space to fill up with quarkantiquark pairs. This gives vacuum expectation values to operators built from quark and
antiquark fields.
The analogue of this phenomenon should occur in our theory of new interactions—
for just the same reason—and so we should find

(JJU) = (DD) = - A ^ 0 .

(16)

In terms of chiral components,

VUiUn

+ UkJL,

(17)

and similarly for DD. But, in the weak-interaction theory, the left-handed quark fields
transform under SU(2) while the right-handed fields do not. Thus, the vacuum expectation
value in (16) signals SU(2) symmetry breaking. In fact, under SU(2) x f/(l), the operator
QLUR has the same quantum numbers / = | , Y = - as the elementary Higgs boson that
we introduced in our earlier model. The vacuum expectation value of this operator then
has the same effect: It breaks SU(2) x U(l) to the f/(l) symmetry of electromagnetism
and gives mass to the three weak-interaction bosons.
I will explain in Section 5.1 that the pion decay constant F* of the new strong
interaction theory plays the role of v in (7) in determining the mass scale of mw and mzIf we were to set F^ to the value given in (8), we would need to scale up QCD by the
factor
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Then the hadrons of these new strong interactions would be at TeV energies.
For me, the Weinberg-Susskind model is much more appealing as a model of electroweak symmetry breaking than the Minimal Standard Model. The reason for this is that,
in the Weinberg-Susskind model, electroweak symmetry breaking happens naturally, for
a reason, rather than being included as the result of an arbitrary choice of parameters. I
would like to emphasize especially that the Weinberg-Susskind model is preferable even
though it is more complex. In fact, this complexity is an essential part of its foundation. In this model, something happens, and that physical action gives rise to a set of
consequences, of which electroweak symmetry breaking is one.
This notion that the consequences of physical theories flow from their complexity
is familiar from the theories in particle physics that we understand well. In QCD, quark
confinement, the spectrum of hadrons, and the parton description of high-energy reactions
all flow out of the idea of a strongly-coupled non-Abelian gauge interaction. In the weak
interactions, the V-A structure of weak couplings and all of its consequences for decays
and asymmetries follow from the underlying gauge structure.
Now we are faced with a new phenomenon, the symmetry breaking of SU{2) x U(l),
whose explanation lies outside the realm of the known gauge theories. Of course it is
possible that this phenomenon could be explained by the simplest, most minimal addition
to the laws of physics. But that is not how we have seen Nature work. In searching for an
explanation of electroweak symmetry breaking, we should not be searching for a simplistic
theory but rather for a simple idea from which deep and rich consequences might flow.
2.3

Questions for orientation
The argument of the previous section gives focus to the study of physics beyond the
Standard Model. We have a phenomenon necessary to the working of weak-interaction theory, the symmetry-breaking of SU(2) x U(l), which we must understand. This symmetrybreaking is characterized by a mass scale, v in (8), which is close to the energy scales now
being probed at accelerators. At the same time, it is a new qualitative phenomenon which
cannot originate from the known gauge interactions. Therefore, it calls for new physics,
and in an energy region where we can hope to discover it. For me, this is the number one
question of particle physics today:
* What is the mechanism of electroweak symmetry breaking?
Along with this question come two subsidiary ones. Both of these are connected to
the fact that electroweak symmetry breaking is necessary for the generation of masses for
the weak-interaction bosons, the quarks, and the leptons. Perhaps there are also other
particles which cannot obtain mass until SU{2) x f/(l) is broken. Then these particles
also must have masses at the scale of a few hundred GeV or below. The heaviest of these
particles must be especially strongly coupled to the fields that are the basic cause of the
symmetry-breaking. At the very least, the top quark belongs to this class of very heavy
particles, and other members of this class might well be found. Thus, we are also led to
ask,
* What is the spectrum of elementary particles at the 1 TeV energy scale?
* Is the mass of the top quark generated by weak couplings or by new strong
interactions?
In the remainder of this section, I will comment on these three questions. In the
following sections, when we consider explicit models of electroweak symmetry breaking, I
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will develop the models theoretically to propose answer these questions. At any stage in the
argument, though, you should have firmly in mind that these answers will ultimately come
from experiment, and, in particular, from direct observations of TeV-energy phenomena.
The goal of my theoretical arguments, then, will be to suggest particular phenomena
which could be observed experimentally to shed light on these questions. We will see in
Sections 4 and 5 that models which attempt to explain electroweak symmetry breaking
typically suggest a variety of new experimental probes, which may allow us to uncover a
whole new layer of the fundamental interactions.

2.4

General features of electroweak symmetry breaking

Since the question of electroweak symmetry breaking will be our main concern,
it is important to state at the beginning what we do know about this phenomenon.
Unfortunately, our knowledge is very limited. Basically it consists of only three items.
First, we know the general scale of electroweak symmetry breaking, which is set by
the scale of mw and mz,
w = 246GeV.
(19)
If there are new particles associated with the mechanism of electroweak symmetry breaking, their masses should be at the scale v. Of course, this is only an order-of-magnitude
estimate. The precise relation between v and the masses of new particles depends on
the specific model of electroweak symmetry breaking. In the course of these lectures, I
will discuss examples in which the most important new particles lie below v and other
examples in which they lie higher by a large factor.
Second, we know that the electroweak boson masses follow the pattern (7), that is,
= cos9w ,
m7 = 0 .
(20)
mz
In terms of the original SU(2) and U(l) gauge bosons A^, BM, this pattern tells us that
the mass matrix had the form
2

/ 92

v
2

92
\

92

-99'

-99'

9'2

(21)

J

3

acting on the vector (A^, A^, A ^,B^). Notice that the 3 x 3 block of this matrix acting
on the SU(2) bosons is diagonal. This would naturally be a consequence of an unbroken
SU{2) symmetry under which (A^A^Afy
form a triplet [3, 4]. This strongly suggests
that an unbroken SU(2) symmetry, called custodial SU(2), should be included in any
successful model of electroweak symmetry breaking.
The Minimal Standard Model actually contains such a symmetry accidentally, the
complex doublet <fi c a n be viewed as a set of four real-valued fields,

The Higgs potential (3) is invariant to 50(4) rotations of these fields. The vacuum expectation value (4) gives an expectation value to one of the four components and so breaks
57

SO(4) spontaneously to 50(3) = SU(2). In the Weinberg-Susskind model, there is also a
custodial SU(2) symmetry, the isospin symmetry of the new strong interactions. In this
case, the custodial symmetry is not an accident, but rather a component of the new idea.
Third, we know that the new interactions responsible for electroweak symmetry
breaking contribute very little to precision electroweak observables. I will discuss this
constraint in somewhat more detail in Section 5.2. For the moment, let me point out that,
if we take the value of the electromagnetic coupling a and the weak interaction parameters
GF and mz as input parameters, the value of the weak mixing angle s i n 2 ^ that governs
the forward-backward and polarization asymmetries of the Z° can be shifted by radiative
corrections involving particles associated with the symmetry breaking. In the Minimal
Standard Model, this shift is rather small,
c, • 2a \
6 sin' ew) =

a

l + 9sin26L

mh

—
r-jlog
.
23
cos^ 6W — sirr 6W
24TT
mz
The coefficient of the logarithm has the value 6 x 10"4. The accuracy of the LEP and
SLC experiments is such that the size of the logarithm cannot be much larger than 1, and
larger radiative corrections from additional sources are forbidden. In models of electroweak
symmetry breaking based on new strong interactions, this can be an important constraint.

2.5

The evolution of couplings

Now I would like to comment similarly on the two subsidiary questions that I put
forward in Section 2.3. I will begin with the first of these questions: What is the spectrum
of elementary particles at the 1 TeV energy scale? In the discussion above, I have already
argued for the importance of this question. Because mass generation in quantum field
theory is associated with symmetry breaking, and because one of the major symmetries
of Nature is broken at the scale v, we might expect a sizeable multiplet of particles to
have masses of the order of magnitude of i>, that is, in the range of hundreds of GeV. Well
above the scale of vt these particles are effectively massless species characterized by their
definite quantum numbers under SU(2) x U(l).
It is important to note that, at energies much higher than v, the basic species
are chiral. For example, the right- and left-handed components of the u quark have the
following quantum numbers in this high-energy world:

:/ = I , y = - I .

(24)

There are no relations between these two species; each half of the low-energy u quark has
a completely different fundamental assignment. And, each multiplet is prohibited from
acquiring mass by 5(7(2) x U{\) symmetry.
It is tempting to characterize the full set of elementary particles at 1 TeV—the
particles, that is, that we have a chance of observing at accelerators in the foreseeable
future—as precisely those which are forbidden to acquire mass until SU(2) x U(l) is
broken. This would explain why these particles are left over from the truly high-energy
dynamics of Nature, the dynamics which generates and perhaps unifies the gauge and
flavor interactions, to survive down to the much lower energy scales accessible to our
experiments.
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8303 A17

Figure 1: The simplest diagram which generates a Higgs boson mass term in the Minimal
Standard Model.
Before giving in to this temptation, however, I would like to point out that the
Minimal Standard Model contains a glaring counterexample to this point of view, the
Higgs boson itself. The mass term for the Higgs field
A C = -fJL2<f>*<f>

(25)

respects all of the symmetries of the Standard Model whatever the value of JJL. This model,
then, gives no reason why /J,2 is of order v rather than being, for example, twenty orders
of magnitude larger.
Further, if we arbitrarily set /J,2 = 0, the p? term would be generated by radiative
corrections. The first correction to the mass is shown in Figure 1. This simple diagram is
formally infinite, but we might cut off its integral at a scale A where the Minimal Standard
Model breaks down. With this prescription, the diagram contributes to the Higgs boson
mass m 2 = —/i2 in the amount
.

.. f d4k

2

—im

=

—i
X

-A2 •

167T 2

(26)

Thus, the contribution of radiative corrections to the Higgs boson mass is nonzero, divergent, and positive. The last of these properties is actually the worst. Since electroweak
symmetry breaking requires that m2 be negative, the contribution we have just calculated
must be cancelled by the Higgs boson bare mass term, and this cancellation must be made
more and more fine to achieve a negative m 2 of the order of — v2 in models where A is
very large. This problem is often called the 'gauge hierarchy problem'. I think of it as just
a special aspect of the fact that the Minimal Standard Model does not explain why — /r2
is negative or why electroweak symmetry is broken. Once we have left this fundamental
question to a mere choice of a parameter, it is not surprising that the radiative corrections
to this parameter might drive it in an unwanted direction.
To continue, however, I would like to set this issue aside and think more carefully
about the properties of the massless, chiral particle multiplets that we find at the TeV
energy scale and above. If these particles are described by a renormalizable field theory but
we can ignore any mass parameters, the interactions of these particles are governed by the
dimensionless couplings of their renormalizable interactions. The scattering amplitudes
generated by these couplings will reflect the maximal parity violation of the field content,
with forward-backward and polarization asymmetries in scattering processes typically of
order 1.
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Figure 2: Diagrams which renormalize the Higgs coupling constant in the Minimal Standard Model.
For massless fermions, there is an ambiguity in writing the quantum numbers in such
a chiral situation becuase a left-handed fermion has a right-handed antifermion, and vice
versa. For reasons that will be clearer in the next section, I will choose the convention of
writing all species of fermions in terms of their left-handed components, viewing all righthanded particles as antiparticles. Thus, I will now recast the right-handed u quark in (24)
as the antiparticle of a left-handed species u which belongs to the 3 representation of color
SU(3). The fermions of the Standard Model thus belong to the left-handed multiplets
r • T

l

v

l

n • r

e : 1 = 0, Y =1

1

Y -

TI : 7 = 0, Y

1

=-\

d : I = 0, Y = ^ .

(27)

Here L is the left-handed lepton doublet and Q is the left-handed quark doublet. Q is a
color 3, and u, d are color 3's. The right-handed electron is the antiparticle of e, and there
is no right-handed neutrino. This set of quantum numbers of repeated for each quark and
lepton generation.
If the dimensionless couplings of the theory at TeV energies are small, these coupling will run according to their renormalization group equations, but only at a logarithmic rate. Thus, above the TeV scale, the description of elementary particles would
change very slowly. In this circumstance, it is reasonable to extrapolate many orders of
magnitude above the TeV energy scale and to derive definite physical conclusions from
that extrapolation. I will now describe two consequences of this idea.
The first of these concerns the coupling constant of the minimal Higgs theory. For
this analysis, it is best to write the Higgs multiplet as four real-valued fields as in (22).
Then the Higgs Lagrangian (ignoring the mass term) takes the form
,

(28)

where i = 1 , . . . , 4. I have given the coupling a subscript b to remind us that this is the
bare coupling. The value of the first, tree-level, diagram shown in Figure 2 is
- 2i\b (blj8M + 8%k8^ + 6uVk)
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.

(29)

To compute the three one-loop diagrams in Figure 2, we need to contract two of these
structures together, using 5" = 4 where necessary. The easiest way to do this is to isolate
the terms in each diagram which are proportional to 6l^Ske. Since the set of three diagrams
is symmetric under crossing, the other two index contractions must appear also with equal
coefficients. The contributions to this term from the three loop diagrams shown in Figure
2 have the form

where I have ignored the external momentum, and the numbers in the bracket give the
contribution from each diagram. In a scattering process, this expression is a good approximation when k lies in the range from the momentum transfer Q up to the scale A at
which the Minimal Standard Model breaks down. Then the sum of the diagrams in Figure

The coefficient in this expression can be thought of as the effective value of the Higgs
coupling constant for scattering processes at the momentum transfer Q. Often, we trade
the bare coupling A& for the value of the effective coupling at a low-energy scale (for
example, v), which we call the renormalized coupling Ar. In terms of Ar, (31) takes the
form

( g£)[^<

]

(32)

Whichever description we choose, the effective coupling X(Q) has a logarithmically
slow variation with Q. The most convenient way to describe this variation is by writing a
differential equation, called the renormalization group equation [5]

£

A ' W )

(

3

3

)

If the coupling is not so weak, we should add further terms to the right-hand side which
arise from higher orders of perturbation theory.
The solution of (33) is

It is interesting that the effective coupling is predicted to become strong at high energy,
specifically, at the scale
[2TT21

Q. = uexp —

.

(35)

Either the minimal Higgs Lagrangian is a consequence of strong-interaction behavior at
the scale <5*, or, at some energy scale below Q* the simple Higgs theory must become a
part of some more complex set of interactions.
Making use of (6), we can relate this bound on the validity of the simple Higgs
theory to the value of the Higgs mass, be rewriting (35) as
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Figure 3: Region of validity of the minimal Higgs model in the (mh, mt) plane, including
two-loop quantum corrections to the Higgs potential, from [6].
This is a remarkable formula, because the mass of the Higgs boson sits in the denominator
of an exponential. Thus, for small rrih or a small value of A at v, the energy scale Qt up
to which the minimal Higgs theory can be valid is very high. On the other hand, as m^
increases above v, the value of (2* decreases catastrophically. Here is a table of the values
predicted by (36):
mh

150
200
300
500
700

GeV
GeV
GeV
GeV
GeV

6 x 1017
1 x 1011
2 x 106
6 x 103
1 x 103

GeV
GeV
GeV
GeV
GeV

(37)

Notice that, as the mass of the Higgs boson goes above 700 GeV, the scale Qt comes down
to mh. Larger values of the Higgs boson mass in the minimal model are self-contradictory.
A more accurate evaluation of the limit Q* in the Standard Model, including the full
field content of the model and terms in perturbation theory beyond the leading logarithms,
is shown in Figure 3 [6]. Note that, in this more sophisticated calculation, the limit Q*
depends on the value of the top quark mass when mt becomes large. The calculation I
have just described explains the top boundary of the regions indicated in the figure; I will
describe the physics that leads to the right-hand boundary in Section 2.6.
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Figure 4: A one-loop diagram contributing to the renormalization-group evolution of a
gauge coupling constant.
The same idea, that the basic coupling constants can evolve slowly on a logarithmic
scale in Q due to loop corrections from quantum field theory, can be applied to the
SU(3) x SU(2) x {/(I) gauge couplings. The renormalization group equation for the gauge
coupling gi which includes the effects of one-loop diagrams such as that shown in Figure 4
has the form

9

£~(k> > '

(38)

That is, the rate of change of gf with log Q is proportional to gf, as the diagram indicates.
The bi are constants which depend on the gauge group and on the matter multiplets to which the gauge bosons couple. For SU(N) gauge theories with matter in the
fundamental representation,
bN = ( y N - - n / - - n , ) ,

(39)

where nj is the number of chiral (left-handed) fermions and ns is the number of complex
scalars which couple to the gauge bosons. For a U(\) gauge theory in which the matter
particles have charges t, the corresponding formula is

I will not derive these formulae here; you can find their derivation in any textbook of
quantum field theory (for example, [5]). In the SU(N) case, when n/ and ns are sufficiently
small, 6yv is positive, leading to a decrease of the effective coupling as Q increases. This
is the remarkable phenomenon of asymptotic freedom.
It is especially interesting that the effect of asymptotic freedom is stronger for SU(3)
than for SU(2) while the SU(3) gauge coupling is larger at the energy of Z boson mass.
This suggests that, if we extrapolate to very high energy, the strong- and weak-interaction
coupling constants should become equal, and perhaps the three different interactions that
make up the Standard Model may become unified [7]. In the remainder of this section, I
will investigate this question quantitatively.
In order to discuss the unification of gauge couplings, there is one small technical
point that we must address first. For a non-Abelian group, we conventionally normalize
the generators ta so that, in the fundamental representation,
tv[tatb} = hab .
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(41)

Also, for any simple non-Abelian group, tr[t a ] = 0. For example, the matrices r a =
(Ta/2 which we used to represent the 57/(2) generators below (2) obey these conditions.
However, for a U(l) group there is no similar natural way to normalize the charges. In
principle, we could hypothesize that the 577(2) and 577(3) charges are unified with a
charge proportional to the hypercharge,
tY = c • Y

(42)

for any value of the scale factor c.
In building a theory of unified strong, weak, and electromagnetic interactions, we
might not want to assume that all fermion species necessarily belong to the fundamental
representation of some SU(N) group; thus, we would not wish to impose the condition
(41) on ty. But it is not so unreasonable to insist that there is a single large non-Abelian
group for which ty and the 57/(2) and 57/(3) charges are all generators, and that the
quarks and leptons of the Standard Model form a representation of this group. This leads
to the normalization condition for ty,
tv(tYy = tr(t)2 ,

(43)

where t is a generator of 577(2) or 57/(3). Any such generator gives the same constraint.
For convenience, I will choose to implement this condition using t = t 3 , the third component of weak-interaction isospin. The trace could be taken over three or over one Standard
Model generations. Before evaluating c, it is interesting to sum over the fermions with
quantum numbers in the table (27), to check that ty has zero trace. Indeed, including
each species in (27) with its 57/(2) and color multiplicity, we find
tv[tY]

= ctr[Y]

[-=

0

(44)

Then we can compute

and

•3+(^)2-3l==c2-T\ O/

^

O

Equating these expressions, we find c = y 3/5; that is,
(47)
or, writing the U(l) gauge coupling g'Y =
(48)
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Figure 5: Evolution of the 5(7(3) x SU(2) x (7(1) gauge couplings to high energy scales,
using the one-loop renormalization group equations of the Standard Model. The double
line for ct3 indicates the current experimental error in this quantity; the errors in ot\ and
a<i are too small to be visible.
These formulae give the normalization of the (7(1) coupling which unifies with 5(7(2) and
5/7(3) in the 5(7(5) and 5(9(10) grand unfied theories, and in many more complicated
schemes of unification.
In the Standard Model, the (7(1) coupling constant g\ and the 5(7(2) and 5(7(3)
couplings #2 arid g^ evolve with Q according to the renormalization group equation (38)
with

h =

11 —

22
b2

4
4

=

1

- gnh

4

h =

—

1
nh

(49)

~To

In this formula, ng is the number of quark and lepton generations and n^ is the number
of Higgs doublet fields. Note that a complete generation of quarks and leptons has the
same effect on all three gauge couplings, so that (at the level of one-loop corrections), the
validity of unification is independent of the number of generations. The solution to (38)
can be written, in terms of the measured coupling constants at Q = mz, as

gKQ) =

9i(mz)

(50)

Alternatively, if we let a* = gf

Q_
mz

(51)

The evolution of coupling constants predicted by (49) and (51), with nh = 1, is shown
in Figure 5. It is disappointing that, although the values of the coupling constants do
converge, they do not come to a common value at any scale.
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We can be a bit more definite about this test of the unification of couplings as follows:
I will work in the A1S scheme for defining coupling constants. The precisely known values
of a, mz, and GF imply a'l{mz) = 127.90 ± .09, sin2 6w(mz) = 0.2314 ± .003 [11];
combining this with the value of the strong interaction coupling as(mz) = 0.118 ± .003
[8], we find for the MS couplings at Q = m^:
ai"1 = 58.98 ±.08
a^1 = 29.60 ±.04
a j 1 = 8.47 ±.22

(52)

On the other hand, if we assume that the three couplings come to a common value at
a scale mu, we can put Q = mu into the three equations (51), eliminate the unknowns
a~l(mu) and log(mu/mz), and find one relation among the measured coupling constants
at mz. This relation is
Q31 = (l-t-B)c^ 1 - Ba^1 ,
(53)
where
From the data, we find
B = 0.719 ±.008 ±.03 ,

(55)

where the second error reflects the omission of higher order corrections, that is, finite
radiative corrections at the thresholds and two-loop corrections in the renormalization
group equations.
On the other hand, the Standard Model gives
\

^

.

(56)

This is inconsistent with the unification hypothesis by a large margin. But perhaps an
interesting scheme for physics beyond the Standard Model could fill this gap and allow a
unification of the known gauge couplings.
2.6

The special role of the top quark
In the previous section, we discussed the role of the quarks and leptons in the energy
region above 1 TeV. However, we ought to give additional consideration to the role of the
top quark. This quark is sufficiently heavy that its coupling to the Higgs boson is an
important perturbative coupling at very high energies. Thus, even in the simplest models,
the top quark plays an important special role in the renormalization group evolution of
couplings. It is possible that the top quark has an even more central role in electroweak
symmetry breaking, and, in fact, that electroweak symmetry breaking may be caused by
the strong interactions of the top quark. I will discuss this connection of the top quark to
electroweak symmetry breaking later, in the context of specific models. In this section, I
would like to prepare for that discussion by analyzing the effects of the large top quarkHiggs boson coupling which is already present in the Minimal Standard Model.
In the minimal Higgs model, the masses of quarks and leptons arise from the perturbative couplings to the Higgs boson written in the third line of (1). These couplings
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are most often called the 'Higgs Yukawa couplings'. The top quark mass comes from a
Yukawa coupling
A £ = - A J * 0 •<?/, +h.c. ,
(57)
where Qi — (ti,bi). When the Higgs field acquires a vacuum expectation value of the
form (4), this term becomes
AC = - ^

It,

(58)

and we can read off the relation mt = Xtv/y/2. The value of the top quark mass measured
at Fermilab is 176 ± 6 GeV for the on-shell mass [9], which corresponds to
(mjjjs

= 166 ± 6 GeV .

(59)

With the value of v in (8), this implies
At = l

or

A2
at = — = (U.Q±0.7)~1
4?r

.

(60)

In this simplest model, the top quark Yukawa coupling is weak at high energies but still
is large enough to compete with QCD.
The large value of At gives rise to two interesting effects. The first of these is an
essential modification of the renormalization group equation for the Higgs boson coupling
A given in (33). Let me now rewrite this equation including the one-loop corrections due
to At and also to the weak-interaction couplings [10]:
(61)
where I have abbreviated s 2 =
A remarkable property of the formula (61) is that the top quark Yukawa coupling
enters the renormalization group equation with a negative sign (which essentially comes
from the factor (-1) for the top quark fermion loop). This sign implies that, if the top
quark mass is sufficiently large that that A4 term dominates, the Higgs coupling A is driven
negative at large Q. This is a dangerous instability which would push the expectation value
v of the Higgs field to arbitrarily high values. The presence of this instability gives an
upper bound on the top quark mass for fixed rrih, or, equivalently, a lower bound on the
Higgs mass for fixed mt. If we replace A, At, and g in (61) with the masses of h, t, and
W, we find the condition

[?

]

(62)

I should note that finite perturbative corrections shift this bound in a way that is important quantitatively. This effect accounts for the right-hand boundary of the regions shown
in Figure 3.
The implications of Figure 3 for the Higgs boson mass are quite interesting. For
the correct value of the top quark mass (59), the Minimal Standard Model description of
the Higgs boson can be valid only if the mass of the Higgs is larger than about 60 GeV.
But for values of the mh below 100 GeV or above 200 GeV, the Higgs coupling must be
sufficiently large that this coupling becomes strong well below the Planck scale. Curiously,
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the fit of current precision electroweak data to the Minimal Standard Model (for example,
to the more precise version of (23)) gives the value [11]
mh = 124+}f GeV ,

(63)

which actually lies in the region for which the Minimal Standard Model is good to extremely high energies. It is also important to point out that the regions of Figure 3 apply
only to the Minimal version of the Standard Model. In models with additional Higgs doublets, with the boundaries giving limits on the lightest Higgs boson, the upper boundary
remains qualitatively correct, but the boundary associated with the heavy top quark is
usually pushed far to the right.
The second perturbative effect of the top quark Yukawa coupling is its influence back
on its own renormalization group evolution. In the same simple one-loop approximation
as (61), the renormalization group equation for the top quark Yukawa coupling takes the
form
d

A

The signs in this equation are not hard to understand. A theory with Xt and no gauge
couplings cannot be asymptotically free, and so Xt must drive itself to zero at large
distances or small Q. On the other hand, the effect of the QCD coupling g-3 is to increase
quark masses and also Xt as Q becomes small.
The two effects of the At and QCD renormalization of A( balance at the point
Xt = ^asY'2

~ 1.5 ,

(65)

corresponding to mt ~ 250 GeV. This condition was referred to by Hill [12] as the 'quasiinfrared fixed point' for the top quark mass. This 'fixed point' is in fact a line in the
(Xt,as) plane. The renormalization group evolution from large Q to small Q carries a
general initial condition into this line, as shown in Figure 6; then the parameters flow
along the line, with as increasing in the familiar way as Q decreases, until we reach
Q ~ mt. The effect of this evolution is that theories with a wide range of values for Xt
at a very high unification scale all predict the physical value of mt to lie close to the
fixed-point value (65). This convergence is shown in Figure 7. The fixed point attracts
initial conditions corresponding to arbitrarily large values of Xt at high energy. However,
if the initial condition at high energy is sufficiently small, the value of At or mt might not
be able to go up to the fixed point before Q comes down to the value mt. Thus, there are
two possible cases, the first in which the physical value of mt is very close to the fixed
point value, the second in which the physical value of mt lies at an arbitrary point below
the fixed-point value.
In the Minimal Standard Model, the observed top quark mass (59) must correspond
to the second possibility. However, in models with two Higgs doublet fields, the quantity
which is constrainted to a fixed point is mtj cos /?, where /5 is the mixing angle defined in
(12). The fixed point location also depends on the full field content of the model. In the
supersymmetric models to be discussed in the next section, the fixed-point relation is
- ^ - ~ 190 GeV
cosp
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(66)

h = 4/3 g
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Figure 6: Renormalization-group evolution of the top quark Yukawa coupling Xt and the
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Figure 7: Convergence of predictions for the top quark mass in the Minimal Standard
Model, due to renormalization-group evolution, from [12].
for values of tan/? that are not too large. In such theories it is quite reasonable that
the physical value of the top quark mass could be determined by a fixed point of the
renormalization group equation for \t.
Now that we understand the implications of the large top quark mass in the simplest
Higgs models, we can return to the question of the implications of the large top quark
mass in more general models. We have seen that the observed value of mt can consistently
be generated solely by perturbative interactions. We have also seen that, in this case, the
coupling At can have important effects on the renormalization group evolution of couplings.
But this observation shows that the observed value of mt is not sufficiently large that it
must lead to nonperturbative effects or that it can by itself drive electroweak symmetry
breaking. In fact, we now see that mt or Xt can be the cause of electroweak symmetry
breaking only if we combine these parameters with additional new dynamics that lies
outside the Standard Model. I will discuss some ideas which follow this line in Section 5.
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2.7

Recapitulation

In this section, I have introduced the major questions for physics beyond the Standard Model by reviewing issues that arise when the Standard Model is extrapolated to
very high energy. I have highlighted the issue of electroweak symmetry breaking, which
poses an important question for the Standard Model which must be solved at energies
close to those of our current accelerators. There are many possibilities, however, for the
form of this solution. The new physics responsible for electroweak symmetry breaking
might be a new set of strong interactions which changes the laws of particle physics fundamentally at some nearby energy scale. But the analysis we have done tells us that the
solution might be constructed in a completely different way, in which the new interactions
are weakly coupled for many orders of magnitude above the weak interaction scale but
undergoes qualitative changes through the renormalization group evolution of couplings.
The questions we have asked in Section 2.4 and this dichotomy of strong-coupling
versus weak-coupling solutions to these questions provide a framework for examining
theories of physics beyond the Standard Model. In the next sections, I will consider some
explicit examples of such models, and we can see how they illustrate the different possible
answers.

3.

Supersymmetry: Formalism

The first class of models that I would like to discuss are supersymmetric extensions
of the Standard Model. Supersymmetry is defined to be a symmetry of Nature that links
bosons and fermions. As we will see later in this section, the introduction of supersymmetry into Nature requires a profound generalization of our fundamental theories, including
a revision of the theory of gravity and a rethinking of our basic notions of space-time.
For many theorists, the beauty of this new geometrical theory is enough to make it compelling. For myself, I think this is quite a reasonable attitude. However, I do not expect
you to share this attitude in order to appreciate my discussion.
For the skeptical experimenter, there are other reasons to study supersymmetry.
The most important is that supersymmetry is a concrete worked example of physics
beyond the Standard Model. One of the virtues of extending the Standard Model using
supersymmetry is that the phenomena that we hope to discover at the next energy scale—
the new spectrum of particles, and the mechanism of electroweak symmetry breaking—
occur in supersymmetric models at the level of perturbation theory, without the need
for any new strong interactions. Supersymmetry naturally predicts are large and complex
spectrum of new particles. These particles have signatures which are interesting, and
which test the capabilities of experiments. Because the theory has weak couplings, these
signatures can be worked out directly in a rather straightforward way. On the other
hand, supersymmetric models have a large number of undetermined parameters, so they
can exhibit an interesting variety of physical effects. Thus, the study of supersymmetric
models can give you very specific pictures of what it will be like to experiment on physics
beyond the Standard Model and, through this, should aid you in preparing for these
experiments. For this reason, I will devote a large segment of these lectures to a detailed
discussion of supersymmetry. However, as a necessary corrective, I will devote Section
5 of this article to a review of a model of electroweak symmetry breaking that runs by
strong-coupling effects.
This discussion immediately raises a question: Why is supersymmetry relevant to the
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major issue that we are focusing on in these lectures, that of the mechanism of electroweak
symmetry breaking? A quick answer to this question is that supersymmetry legitimizes
the introduction of Higgs scalar fields, because it connects spin-0 and spin-| fields and thus
puts the Higgs scalars and the quarks and leptons on the same epistemological footing. A
better answer to this question is that supersymmetry naturally gives rise to a mechanism
of electroweak symmetry breaking associated with the heavy top quark, and to many other
properties that are attractive features of the fundamental interactions. These consequences
of the theory arise from renormalization group evolution, by arguments similar to those
we used to explain the features of the Standard Model that we derived in Sections 2.5
and 2.6. The spectrum of new particles predicted by supersymmetry will also be shaped
strongly by renormalization-group effects.
In order to explain these effects, I must unfortunately subject you to a certain
amount of theoretical formalism. I will therefore devote this section to describing construction of supersymmetric Lagrangians and the analysis of their couplings. I will conclude
this discussion in Section 3.7 by explaining the supersymmetric mechanism of electroweak
symmetry breaking. This analysis will be lengthy, but it will give us the tools we need to
build a theory of the mass spectrum of supersymmetric particles. With this understanding,
we will be ready in Section 4 to discuss the experimental issues raised by supersymmetry,
and the specific experiments that should resolve them.

3.1

A little about fermions

In order to write Lagrangians which are symmetric between boson and fermion fields,
we must first understand the properties of these fields separately. Bosons are simple, one
component objects. But for fermions, I would like to emphasize a few features which are
not part of the standard presentation of the Dirac equation.
The Lagrangian of a massive Dirac field is
C = ipi jzfy; — mipip ,

(67)

where ip is a 4-component complex field, the Dirac spinor. I would like to write this
equation more explicitly by introducing a particular representation of the Dirac matrices

where the entries are 2 x 2 matrices with

We may then write ip as a pair of 2-component complex fields

The subscripts indicate left- and right-handed fermion components, and this is justified
because, in this representation,
()
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This is a handy representation for calculations involving high-energy fermions which include chiral interactions or polarization effects, even within the Standard Model [5].
In the notation of (68), (70), the Lagrangian (67) takes the form
C = ^{ia^d^L

+ ipRia»d^R - m ( 4 ^ L + ^

R

)

.

(72)

The kinetic energy terms do not couple ipi and ipR but rather treat them as distinct
species. The mass term is precisely the coupling between these components.
I pointed out above (27) that, since the antiparticle of a masssless left-handed
particle is a right-handed particle, there is an ambiguity in assigning quantum numbers
to ferrnions. I chose to resolve this ambiguity by considering all left-handed states as
particles and all right-handed states as antiparticles. With this philosophy, we would like
to trade I(JR for a left-handed field. To do this, define the 2 x 2 matrix

(!

o ) -
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>

and let
xl = C^R

XL = cip*R ,

(74)

Note that c" 1 = cT = - c , c* = c, so (74) implies
^R = -cxl

4 = XTLc •

,

(75)

Also note, by multiplying out the matrices, that
ca^c"1 = (<7")T ,

ca^c-1 = (a^f .

(76)

Using these relations, we can rewrite

(77)

The minus sign in the third line came from fermion interchange; it was eliminated in the
fourth line by an integration by parts. After this rewriting, the two pieces of the Dirac
kinetic energy term have precisely the same form, and we may consider tpL and XLa s two
species of the same type of particle.
If we replace ipR by XL, the mass term in (67) becomes

- m (*l>y>L + il>[il>R) = -m (XWL - rl>[cxl) •

(78)

Note that
XICIPL

= tficxL ,

(79)

with one minus sign from fermion interchange and a second from taking the transpose of
c. Thus, this mass term is symmetric between the two species. It is interesting to know
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that the most general possible mass term for spin-^ fermions can be written in terms of
left-handed fields t/>£ in the form

-^m a VfcV>£ + h.c. ,

(80)

where mab is a symmetric matrix. For example, this form for the mass term incorporates
all possible different forms of the neutrino mass matrix, both Dirac and Majorana.
From here on, through the end of Section 4, all of the fermions that appear in these
lectures will be 2-component left-handed fermion fields. For this reason, there will be no
ambiguity if I now drop the subscript L in my equations.
3.2

Super symmetry transformations
Now that we have a clearer understanding of fermion fields, I would like to explore
the possible symmetries that could connect fermions to bosons. To begin, let us try to
connect a free massless fermion field to a free massless boson field. Because the scalar
product (79) of two chiral fermion fields is complex, this connection will not work unless
we take the boson field to be complex-valued. Thus, we should look for symmetries of the
Lagrangian
^
(81)
which mix (p and ip.
To build this transformation, we must introduce a symmetry parameter with spin-|
to combine with the spinor index of ip. I will introduce a parameter £ which also transforms
as a left-handed chiral spinor. Then a reasonable transformation law for (p is
Stf = y/2ZTai> .

(82)

A fermion field has the dimensions of (mass) 3 / 2 , while a boson field has the dimensions of
(mass)1; thus, xi must carry the dimensions (mass)" 1 / 2 or (length)1^2. This means that,
in order to form a dimensionally correct transformation law for ip, we must include a
derivative. A sensible formula is
S^ip = y / 2 i a • d<j>c£* .

(83)

It is not difficult to show that the transformation (82), (83) is a symmetry of (81).
Inserting these transformations, we find
S^C = d^d^V^fcip)

+ (V2itTca • d<t>)ia • dip + (C) •

(84)

The term in the first set of parentheses is the right-hand side of (82). The term in the
second set of parentheses is the Hermitian conjugate of the right-hand side of (83). The
last term refers to terms proportional to £* arising from the variation of (p* and ip. To
manipulate (84), integrate both terms by parts and use the identity
a • da • 8 = d2

(85)

which can be verified directly from (69). This gives
S^C = -<f>*d2{V2(TciP) - V2i£Tc • id2iP + (C) •
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(86)

The two terms shown now cancel, and the £* terms cancel similarly. Thus, 8^C = 0 and
we have a symmetry.
The transformation (83) appears rather strange at first sight. However, this formula
takes on a bit more sense when we work out the algebra of supersymmetry transformations.
Consider the commutator

(**) V ^ 0 - fa ~ 0
-eVr|]^.

(87)

To obtain the fourth line, I have used (76); in the passage to the next line, a minus sign
appears due to fermion interchange. In general, supersymmetry transformations have the
commutation relation
(6^

- 8^)

A = 2 ? [ T ? V £ - £ V77] d^A

(88)

on every field A of the theory.
To clarify the significance of this commutation relation, let me rewrite the transformations <5f as the action of a set of operators, the supersymmetry charges Q. These
charges must also be spin-|. To generate the supersymmetry transformation, we contract
them with the spinor parameter £; thus
6? = fcQ

- Q^cC •

(89)

At the same time, we may replace (id^) in (88) by the operator which generates spatial translations, the energy-momentum four-vector P^. Then (88) becomes the operator
relation

{Ql, Qb} = (^UP,

(90)

which defines the supersymmetry algebra. This anticommutation relation has a two-fold
interpretation. First, it says that the square of the supersymmetry charge Q is the energymomentum. Second, it says that the square of a supersymmetry transformation is a spatial
translation. The idea of a square appears here in the same sense as we use when we say
that the Dirac equation is the square root of the Klein-Gordon equation.
We started this discussion by looking for symmetries of the trivial theory (81), but
at this stage we have encountered a structure with deep connections. So it is worth looking
back to see whether we were forced to come to high level or whether we could have taken
another route. It turns out that, given our premises, we could not have ended in any other
place [13]. We set out to look for an operator Q that was a symmetry of Nature which
carried spin-|. From this property, the quantity on the left-hand side of (90) is a Lorentz
four-vector which commutes with the Hamiltonian. In principle, we could have written a
more general formula

{Q
1

where R * is a conserved four-vector charge different from P^. But energy-momentum
conservation is already a very strong restriction on particle scattering processes, since
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it implies that the only degree of freedom in a two-particle reaction is the scattering
angle in the center-of-mass system. A second vector conservation law, to the extent that
it differs from energy-momentum conservation, places new requirements that contradict
these restrictions except at particular, discrete scattering angles. Thus, it is not possible
to have an interacting relativistic field theory with an additional conserved spin-1 charge,
or with any higher-spin charge, beyond standard momentum and angular momentum
conservation [14]. For this reason, (90) is actually the most general commutation relation
that can be obeyed by supersymmetry charges.
The implications of the supersymmetry algebra (90) are indeed profound. If the
square of a supersymmetry charge is the total energy-momentum of everything, then
supersymmetry must act on every particle and field in Nature. We can exhibit this action
explicitly by writing out the a = 1, b = 1 component of (90),

[Q\ , Q,} = P° + P 3 = P+ .

(92)

On states with P+ ^ 0 (which we can arrange for any particle state by a rotation), define
a = -j=

af = -j=

,

.

(93)

These operators obey the algebra
{af , a} = 1

(94)

of fermion raising and lowering operators. They raise and lower J 3 by | unit. Thus, in a
supersymmetric theory, every state of nonzero energy has a partner of opposite statistics
differing in angular momentum by AJ 3 = ± | .
On the other hand, for any operator Q, the quantity {QK Q} is a Hennitian matrix
with eigenvalues that are either positive or zero. This matrix has zero eigenvalues for those
states that satisfy
Q|0)=Qt|0)=0,
(95)
that is, for supersymmetric states. In particular, if supersymmetry is not spontaneously
broken, the vacuum state is supersymmetric and satisfies (95). Since the vacuum also has
zero three-momentum, we deduce
(Ql H IO\ — 0

(96)

as a consequence of supersymmetry. Typically in a quantum field theory, the value of the
vacuum energy density is given by a complicated sum of vacuum diagrams. In a supersymmetric theory, these diagrams must magically cancel [15]. This is the first of a number
of magical cancellations of radiative corrections that we will find in supersymmetric field
theories.

3.3

Supersymmetric Lagrangians

At this point, we have determined the general formal properties of supersymmetric field theories. Now it is time to be much more concrete about the form of the Lagrangians which respect supersymmetry. In this section, I will discuss the particle content
of supersymmetric theories and present the most general renormalizable supersymmetric
Lagrangians for spin-0 and spin-| fields.
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We argued from (92) that all supersymmetric states of nonzero energy are paired. In
particular, this applies to single-particle states, and it implies that supersymmetric models
contain boson and fermion fields which are paired in such a way that the particle degrees
of freedom are in one-to-one correspondence. In the simple example (81), I introduced a
complex scalar field and a left-handed fermion field. Each leads to two sets of single-particle
states, the particle and the antiparticle. I will refer to this set of states—a left-handed
fennion, its right-handed antiparticle, a complex boson, and its conjugate—as a chiral
supennultiplet.
Another possible pairing is a a massless vector field and a left-handed fermion,
which gives a vector supennultiplet—two transversely polarized vector boson states, plus
the left-handed fermion and its antiparticle. In conventional field theory, a vector boson
obtains mass from the Higgs mechanism by absorbing one degree of freedom from a scalar
field. In supersymmetry, the Higgs mechanism works by coupling a vector supermultiplet
to a chiral supermultiplet. This coupling results in a massive vector particle, with three
polarization states, plus an extra scalar. At the same time, the left-handed fermions in
the two multiplets combine through a mass term of the form (78) to give a massive Dirac
fermion, with two particle and two antiparticle states. All eight states are degenerate if
supersymmetry is unbroken.
More complicated pairings are possible. One of particular importance involves the
graviton. Like every other particle in the theory, the graviton must be paired by supersymmetry. Its natural partner is a spin-| field called the gravitino. In general relativity,
the graviton is the gauge field of local coordinate invariaiice. The gravitino field can also
be considered as a gauge field. Since it carries a vector index plus the spinor index carried
by £ or Q, it can have the transformation law
(97)
^ a " « l ) + '-which makes it the gauge field of local supersymmetry. This gives a natural relation
between supersymmetry and space-time geometry and emphasizes the profound character
of this generalization of field theory.
I will now present the most general Lagrangian for chiral supermultiplets. As a first
step, we might ask whether we can give a mass to the fields in (81) consistently with
supersymmetry. This is accomplished by the Lagrangian

1

tp c0) + h.c. .

(98)

In this expression, I have introduced a new complex field F. However, F has no kinetic
energy and does not lead to any new particles. Such an object is called an auxiliary held.
If we vary the Lagrangian (98) with respect to F, we find the field equations
F t = -m<j) ,

F = -m<f>* .

(99)

Thus F carries only the degrees of freedom that are already present in 4>. We can substitute
this solution back into (98) and find the Lagrangian
£ = d^d^

- m2(j)*(f> + i^io • di) - \m{xjjTcyil) - ip*al>*) ,
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(100)

which has equal, supersymmetric masses for the bosons and fermions.
It is not difficult to show that the Lagrangian (98) is invariant to the supersymmetry
transformation

d(f>cC
^

(101)

The two lines of (98) are invariant separately. For the first line, the proof of invariance is
a straightforward generalization of (86). For the second line, we need

a • dip - \/2iipTca • dcpcC
=

0.

(102)

The first and last terms in the second line cancel by the use of (79); the terms in the third
line cancel after an integration by parts and a rearrangement similar to that in (87) in the
second term. Thus, (101) is an invariance of (98). With some effort, one can show that
this transformation obeys the supersymmetry algebra, in the sense that the commutators
of transformations acting on (p, ip, and F follow precisely the relation (88).
The introduction of the auxiliary field F allows us to write a much more general
class of supersymmetric Lagrangians. Let (pj, ipj, Fj be the fields of a number of chiral
supermultiplets indexed by j . Assign each multiplet the supersymmetry transformation
laws (101). Then it can be shown by a simple generalization of the discussion just given
that the supersymmetry transformation leaves invariant Lagrangians of the general form

+

<H*^S

)+Iu!

-'

(103)

where W((p) is an analytic function of the complex fields (p3 which is called the superpotential. It is important to repeat that W((p) can have arbitrary dependence on the <fij, but
it must not depend on the (p*. The auxiliary fields Fj obey the equations

If W is a polynomial in the <pj, the elimination of the Fj by substituting (104) into (103)
produces polynomial interactions for the scalar fields.
The free massive Lagrangian (98) is a special case of (103) for one supermultiplet
with the superpotential
W = \m<p2 .

(105)

A more interesting model is obtained by setting
W = \\(P* .
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(106)

(a)

— 4;—

(b)
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Figure 8: (a) Yukawa and four-scalar couplings arising from the supersymmetric Lagrangian with superpotential (106); (b) Diagrams which give the leading radiative corrections to the scalar field mass term.
In this case, W leads directly to a Yukawa coupling proportional to A, while substituting
for F from (104) yields a four scalar coupling proportional to A2:
C = 3^*3^6

+ ipHa • dti - A 2 |0 2 | 2 - \[ij>rcy(p - <f>* rjJ op*] •

(107)

These two vertices are shown in Figure 8(a). Their sizes are such that the two leading
diagrams which contribute to the scalar field mass rcnormalization, shown in Figure 8(b),
are of the same order of magnitude. In fact, it is not difficult to compute these diagrams
for external momentum p = 0. The first diagram has the value
A

k

i

~ f dk

1
(108)

/

To compute the second diagram, note that the standard form of the fermion propagator is
(•(/•'•I/-'*/! and be careful to include all minus signs resulting from fermion reordering. Then
von will find
ia •k
£.2

, — i c r • k^T
v

A-

2,2
IX

tr[a • kW • k]

Using (85), the trace gives 2k2, and the two diagrams cancel precisely. Thus, the choice
(106) presents us with an interacting quantum field theory, but one with exceptional
cancellations in the scalar field mass term.
In this simple model, it is not difficult to see that the scalar field mass corrections
must vanish as a matter of principle. The theory with superpotential (106) is invariant
under the symmetry

0^e' 2 u V,

4)-^e~iai'.

(110)

This symmetry is inconsistent with the appearance of a fermion mass term rmprcil>, as
in (100). The symmetry does not prohibit the appearance of a scalar mass term, but if
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the theory is to remain supersymmetric, the scalar cannot have a different mass from the
fermion. However, the cancellation of radiative corrections in models of the form (103)
is actually much more profound. It can be shown that, in a general model of this type,
the only nonvanishing radiative corrections to the potential terms are field rescalings. If
a particular coupling—the mass term, a cubic interaction, or any other—is omitted from
the original superpotential, it cannot be generated by radiative corrections [16, 17].
For later reference, I will write the potent ial energy associated with the most general
system with a Lagrangian of the form (103). This is
V = -F]Fj-F~J--F

^ -

.

(Ill)

Substituting for Fj from (104), we find
(112,
This simple result is called the F-term potential. It is minimized by setting all of the Fj
equal to zero. If this is possible, we obtain a vacuum state with (H) = 0 which is also
invariant to supersymmetry, in accord with the discussion of (96). On the other hand,
supersymmetry is spontaneously broken if for some reason it is not possible to satisfy all
of the conditions Fj = 0 simultaneously. In that case, we obtain a vacuum state with

(H) > 0.
3.4

Coupling constant unification

At this point, we have not yet completed our discussion of the structure of supersymmetric Lagrangians. In particular, we have not yet written the supersymmetric
Lagrangians of vector fields, beyond simply noting that a vector field combines with a
chiral fermion to form a vector supermultiplet. Nevertheless, it is not too soon to try to
write a supersymmetric generalization of the Standard Model.
I will first list the ingredients needed for this generalization. For each of the SU(3) x
SU(2) x U{\) gauge bosons, we need a chiral fermion Aa to form a vector supermultiplet.
These new fermions are called gauginos. I will refer the specific partners of specific gauge
bosons with a tilde. For example, the fermionic partner of the gluon will be called g, the
gluino, and the fermionic partners of the W+ will be called iii+, the wino.
None of these fermions have the quantum numbers of quarks and leptons. So we need
to add a complex scalar for each chiral fermion species to put the quarks and leptons into
chiral supermultiplets. I will use the labels for left-handed fermion multiplets in (27) also
to denote the quark and lepton supermultiplets. Hopefully, it will be clear from context
whether I am talking about the supermultiplet or the fermion. The scalar partners of
quarks and leptons are called squarks and sleptons. I will denote these with a tilde. For
example, the partner of el = L~ is the selectron e~L or L~. The partner of e* = e"R
is a distinct selectron which I will call e#. The Higgs fields must also belong to chiral
supermultiplets. I will denote the scalar components as ht and the left-handed fermions
as Jii. We will see in a moment that at least two different Higgs multiplets are required.
Although we need a bit more formalism to write the supersymmetric generalization
of the Standard Model gauge couplings, it is already completely straightforward to write
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the supersymmetric generalization of the Yukawa couplings linking quarks and leptons
to the Higgs sector. The generalization of the third line of (1) is given by writing the
superpotential
W = XJulh2 • Qi + A ^ h i • Qj + A^e'/i! • U
(113)
Note that, where in (1) I wrote 4> and 4>*, I am forced here to introduce two different
Higgs fields h\ and h2- The hypercharge assignments of u and Q require for the first term
a Higgs field with Y = +~; for the next two terms, we need a Higgs field with Y — — | .
Since W must be an analytic function of supermultiplet fields, as I explained below (103),
replacing hi by (/12)* gives a Lagrangian which is not supersymmetric. There is another,
more subtle, argument for a second Higgs doublet. Just as in the Standard Model, triangle
loop diagrams involving the chiral fermions of the theory contain terms which potentially
violate gauge invariance. These anomalous terms cancel when one sums over the chiral
fermions of each quark and lepton generation. However, the chiral fermion h2 leads to a
new anomaly term which violates the conservation of hypercharge. This contribution is
naturally cancelled by the contribution from h\.
We still need several more ingredients to construct the full supersymmetric generalization of the Standard Model, but we have now made a good start. We have introduced
the minimum number of new particles (unfortunately, this is not a small number), and we
have generated new couplings for them without yet introducing new parameters beyond
those of the Standard Model.
In addition, we already have enough information to study the unification of forces
using the formalism of Section 2.5. To begin, we must extend the formulae (39), (40)
to supersymmetric models. For SU(N) gauge theories, the gauginos give a contribution
( —|AT) to the right-hand side of (39). In (40), there is no contribution either from the
gauge bosons or from their fermionic partners. We should also group together the contributions from matter fermions and scalars. Then we can write the renormalization group
coefficient b^ for SU(N) gauge theories with rif chiral supermultiplets in the fundamental
representation as
bN = 3N--nf.

(114)

Similarly, the renormalization group coefficient for U{\) gauge theories is now
&i = - £ ' / .
/

(115)

where the sum runs over chiral supermultiplets.
Evaluating these expressions for SU(3) x SU(2) x U(l) gauge theories with ng quark
and lepton generations and n^ Higgs fields, we find
b.

=

9 -2ng

b2 =

6 -2ng

1
~-2nh

b\ =

-2ng

3
j^

(116)

Now insert these expressions into (54); for n^ — 2, we find
5 = ^ = 0.714,
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Figure 9: Evolution of the SU(3) x SU(2) x [7(1) gauge couplings to high energy scales,
using the one-loop renormalization group equations of the supersymmetric generalization
of the Standard Model.
in excellent agreement with the experimental value (55). Apparently, supersymmetry repairs the difficulty that the Standard Model has in linking in a simple way to grand
unification. The running coupling constants extrapolated from the experimental values
(52) using the supersymmetric renormalization group equations are shown in Figure 9.
Of course it is not difficult to simply make up a model that agrees with any previously given value of B. I hope to have convinced you that the value (117) arises naturally
in grand unified theories based on supersymmetry. By comparing this agreement to the
error bars for B quoted in (55), you can decide for yourself whether this agreement is
fortuitous.

3.5

The rest of the supersymmetric Standard Model

I will now complete the Lagrangian of the supersymmetric generalization of the
Standard Model. First, I must write the Lagrangian for the vector supermultiplet and
then I must show how to couple that multiplet to matter fields. After this, I will discuss
some general properties of the resulting system.
The vector multiplet (A^, A") containing the gauge bosons of a Yang-Mills theory
and their partners has the supersymmetric Lagrangian

c--1-

(118)
4

where D^ = (dM — igA^t0-) is the gauge-covariant derivative, with ta the gauge group
generator. In order to write the interactions of this multiplet in the simplest form, I have
introduced a set of auxiliary real scalar fields, called Da. (The name is conventional; please
do not confuse them with the covariant derivatives.) The gauge interactions of a chiral
multiplet are then described by generalizing the first line of (103) to
£

=

(119)

-V2ig {(f>j
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Eliminating the auxiliary fields using their field equation
U

= —g y ^ <p t <p

(lzOj

3

gives a second contribution to the scalar potential, which should be added to the F-term
(112). This is the D-term

\2

,;> I

(121)
As with the F-term, the ground state of this potential is obtained by setting all of the D"
equal to zero, if it is possible. In that case, one obtains a supersymmetric vacuum state
with (H) = 0.
The full supersymmetric generalization of the Standard Model can be written in
the form
*" — •^-'gauge "T" ^ k i n

' ^-Yukawa

i L-^i •

\^^"^j

The first term is the kinetic energy term for the gauge multiplets of 577(3) x SU(2) x (7(1).
The second term is the kinetic energy term for quark, lepton, and Higgs chiral multiplets,
including gauge couplings of the form (119). The third term is the Yukawa and scalar
interactions given by the second line of (103) using the superpotential (113). The last
term is that following from an additional gauge-invariant term that we could add to the
superpotential,
AW = /i./ii • h,2 .

(123)

This term contributes a supersymmetric mass term to the Higgs fields and to their fermions
partners. This term is needed on phenomenological grounds, as I will discuss in Section
4.4. The parameter /i is the only new parameter that we have added so far to the Standard
Model.
This Lagrangian does not yet describe a realistic theory. It has exact supersymmetry.
Thus, it predicts charged scalars degenerate with the electron and rnassless fennionic partners for the photon and gluons. On the other hand, it has some very attrative properties.
For the reasons explained below (110), there is no quadratically divergent renormalization of the Higgs boson masses, or of any other mass in the theory. Thus, the radiative
correction (2G), which was such a problem for the Standard Model, is absent in this generalization. In fact, the only renormalizations in the theory are renormalizations of the
5(7(3) x 5(7(2) x (7(1) gauge couplings and rescalings of the various quark, lepton, and
Higgs fields. In the next section, I will show that we can modify (122) to maintain this
property while making the mass spectrum of the theory more realistic.
The Lagrangian (122) conserves the discrete quantum number
R = (-l)L+Q+2J

,

(124)

where L is the lepton number, Q = 3D is the quark number, and J is the spin. This quantity is called R-parifcy, and it is constructed precisely so that R — +1 for the conventional
gauge boson, quark, lepton, and Higgs states while R = — 1 for their supersymmetry partners. If R is exactly conserved, supersymmetric particles can only be produced in pairs,
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and the lightest supersymmetric partner must be absolutely stable. On the other hand, imparity can be violated only by adding terms to C which violate baryon- or lepton-number
conservation.
It is in fact straightforward to write a consistent .R-parity-violating supersymmetric
theory. The following terms which can be added to the superpotential are invariant under
SU(3) x SU(2) x f/(l) but violate baryon or lepton number:
AW = \fuldjdk

+ \fQi

• Udk + XfU

• Vek + \JLU • h2 .

(125)

A different phenomenology is produced if one adds the baryon-number violating couplings
XB, or if one adds the other couplings written in (125), which violate lepton number. If
one were to add both types of couplings at once, that would be a disaster, leading to rapid
proton decay.
For a full exploration of the phenomenology of supersymmetric theories, we should
investigate both models in which /^-parity is conserved, in which the lightest superpartner
is stable, and models in which i?-parity is violated, in which the lightest superpartner
decays through B- or L- violating interactions. In these lectures, since my plan is to
present illustrative examples rather than a systematic survey, I will restrict my attention
to models with conserved i?-parity.
3.6

How to describe supersymmetry breaking
Now we must address the question of how to modify the Lagrangian (122) to obtain
a model that could be realistic. Our problem is that the supersymmetry on which the
model is based is not manifest in the spectrum of particles we see in Nature. So now we
must add new particles or interactions which cause supersymmetry to be spontaneously
broken.
It would be very attractive if there were a simple model of supersymmetry breaking
that we could connect to the supersymmetric Standard Model. Unfortunately, models
of supersymmetry breaking are generally not simple. So most studies of supersymmetry
do not invoke the supersymmetry breaking mechanism directly but instead try to treat
its consequences phenomenologically. This can be done by adding to (122) terms which
violate supersymmetry but become unimportant at high energy. Some time ago, Grisaru
and Girardello [18] listed the terms that one can add to a supersymmetric Lagrangian
without disturbing the cancellation of quadratic divergences in the scalar mass terms.
These terms are
Aoft = - M ? |0, | 2 - ma\Tac\a

+ Buhi • h2 + AW{4>) ,

(126)

where W is the superpotential (113), plus other possible analytic terms cubic in the scalar
fields <j)j. These terms give mass to the squarks and sleptons and to the gauginos, moving
the unobserved superpartners to higher energy. Note that terms of the structure (f)*(p(j) and
the mass term i^ap do not appear in (126) because they can regenerate the divergences
of the nonsupersymmetric theory. All of the coefficients in (126) have the dimensions
of (mass) or (mass)2. These new terms in (126) are called soft supersymmetry-breaking
terms. We can build a phenomenological model of supersymmetry by adding to (122) the
various terms in £SOft with coefficients to be determined by experiment.
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It is not difficult to understand that it is the new, rather than the familiar, half of
the spectrum of the supersymmetric model that obtains mass from (126). In Section 2.5, I
argued that the particles we see in high-energy experiments are visible only because they
are protected from acquiring very large masses by some symmetry principle . In that discussion, I invoked only the Standard Model gauge symmetries. In supersymmetric models,
we have a more complex situation. In each supermultiplet, one particle is protected from
acquiring mass, as before, by SU(2) x f/(l). However, their superpartners—the squarks,
sleptons, and gauginos—are protected from obtaining mass only by the supersymmetry
relation to their partner. Thus, if supersymmetry is spontaneously broken, all that is necessary to generate masses for these partners is a coupling of the supersymmetry-breaking
expectation values to the Standard Model supermultiplets.
This idea suggests a general structure for a realistic supersymmetric model. All of
the phenomena of the model are driven by supersymmetry breaking. First, supersymmetry is broken spontaneously in some new sector of particles at high energy. Then, the
coupling between these particles and the quarks, leptons, and gauge bosons leads to soft
supersymmetry-breaking terms for those supermultiplets. It is very tempting to speculate
further that those terms might then give rise to the spontaneous breaking of SU(2) x U(l)
and so to the masses for the W and Z and for the quarks and leptons. I will explain in
the next section how this might happen.
The size of the mass terms in (126) depends on two factors. The first of these is the
mass scale at which supersymmetry is broken. Saying for definiteness that supersymmetry
breaking is due to the nonzero value of an F auxiliary field, we can denote this scale by
writing (F), which has the dimensions of (mass)2. The second factor is the mass of the
bosons or fermions which couple the high-energy sector to the particles of the Standard
Model and thus communicate the supersymmetry breaking. I will call this mass Ai, the
messenger scale. Then the mass parameters that appear in (126) should be of the order
of

(F)

y

(127)

If supersymmetry indeed gives the mechanism of electroweak symmetry breaking, then
nis should be of the order of 1 TeV. A case that is often discussed in the literature is that
in which the messenger is supergravity. In that case, M. is the Planck mass m pj, equal to
1()19 GeV, and (F) ~ 10 u (GeV)2. Alternatively, both (F) and M could be of the order
of a few TeV.
The detailed form of the soft supersymmetry-breaking terms depends on the underlying model that has generated them. If one allows these terms to have their most general
form (including arbitrary flavor- and CP-violating interactions, they contain about 120
new parameters. However, any particular model of supersymmetry breaking generates
a specific set of these soft terms with some observable regularities. One of our goals in
Section 4 of these lectures will be to understand how to determine the soft parameters
experimentally and thus uncover the patterns which govern their construction.
3.7

Electroweak symmetry breaking from supersymmetry
There is a subtlety in trying to determine the pattern of the soft parameters experimentally. Like all other coupling constants in a supersymmetric theory, these parameters
run under the influence of the renormalization group equations. Thus, the true underlying
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pattern might not be seen directly at the TeV energy scale. Rather, it might be necessary
to extrapolate the measured values of parameters to higher energy to look for regularities.
The situation here is very similar to that of the Standard Model coupling constants.
The underlying picture which leads to the values of the SU(3) x SU{2) x U{\) coupling
constants is not very obvious from the data (52), Only when these data are extrapolated
to very high energy using the renormalization group do we see evidence for their unification. Obviously, such evidence must be indirect. On the other hand, the discovery of
supersymmetric particles, and the discovery that these particles showed other unification relations—with the same unification mass scale—would give powerful support to this
picture.
I will discuss general systematics of the renormalization-group running of the softparameters in Section 4.2. But there is one set of renormalization group equations that
I would like to call your attention to right away. These are the equations for the soft
mass of the Higgs boson and the squarks which are most strongly coupled to it. We saw
in Section 2.6 that the top quark Yukawa coupling was sufficiently large that it could
have an important effect in renormalization group evolution. Let us consider, then, the
evolution equations for the three scalars that interact through this coupling, the Higgs
boson /i2, the scalar top Qt = ti, and the scalar top t^. The most important terms in
these equations are the following:

(128)
where #3 is the QCD coupling, m3 is the mass of the gluino, and the omitted terms are
of electroweak strength. The last two equations exhibit the competition between the top
quark Yukawa coupling and QCD renormalizations which we saw earlier in (61) and (64).
The supersymmetric QCD couplings cause the masses of the Qt and tR to increase at low
energies, while the effect of Xt causes all three masses to decrease.
Indeed, if the Qt and tR masses stay large, the equations (128) predict that M'l
should go down through zero and become negative [19]. Thus, if all scalar mass parameters
are initially positive at high energy scales, these equations imply that the Higgs boson
h2 will acquire a negative parameter and thus an instability to electroweak symmetry
breaking. An example of the solution to the full set of renormalization group equations,
exhibiting the instability in M^, is shown in Figure 10 [20].
At first sight, it might have been any of the scalar fields in the theory whose potential
would be unstable by renormalization group evolution. But the Higgs scalar hi has the
strongest instability if the top quark is heavy. In this way, the supersymmetric extension
of the Standard Model naturally contains the essential feature that we set out to find,
a physical mechanism for electroweak symmetry breaking. As a bonus, we find that this
mechanism is closely associated with the heaviness of the top quark.
If you have been patient through all of the formalism I have presented in this section,
you now see that your patience has paid off. It was not obvious when we started that
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Figure 10: Example of the evolution of the soft supersymmetry-breaking mass terms from
the grand unification scale to the weak interaction scale, from [20]. The initial conditions
for the evolution equations at the grand unification scale are taken to be the universal
among species, in a simple pattern presented in Section 4.2.
supersymmetry would give the essential ingredients of a theory of electroweak symmetry
breaking. But it turned out to be so. In the next section, I will present more details
of the physics of supersymmetric models and present a program for their experimental
exploration.

4.

Supersymmetry: Experiments

In the previous section, I have presented the basic formalism of supersymmetry.
I have also explained that supersymmetric models have several features that naturally
answer questions posed by the Standard Model. At the beginning of Section 3, I told
you that supersymmetry might be considered a worked example of physics beyond the
Standard Model. Though I doubt you are persuaded by now that physics beyond the
Standard Model must be supersymmetric, I hope you see these models as reasonable
alternatives that can be understood in very concrete terms.
Now I would like to analyze the next step along this line of reasoning. What if,
at LEP 2 or at some higher-energy machine, the superpartners appear? This discovery
would change the course of experimental high-energy physics and shape it along a certain
direction. We should then ask, what will be the important issues in high-energy physics,
and how will we resolve these issues experimentally? In this section, I will give a rather
detailed answer to this question.
I emphasize again that I am not asking you to become a believer in supersymmetry.
A different discovery about physics beyond the Standard Model would change the focus
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of high-energy physics in a different direction. But we will learn more by choosing a
particular direction and studying its far-reaching implications than by trying to reach
vague but general conclusions. I will strike off in a different direction in Section 5.
On the other hand, I hope you are not put off by the complexity of the supersymmetric Standard Model. It is true that this model has many ingredients and a very large
content of new undiscovered particles. On the other hand, the model develops naturally
from a single physical idea. I argued in Section 2.2 that this structure, a complex phenomenology built up around a definite principle of physics, is seen often in Nature. It
leads to a more attractive solution to the problems of the Standard Model than a model
whose only virtue is minimality.
It is true that, in models with complex consequences, it may not be easy to see the
underlying structure in the experimental data. This is the challenge that experimenters
will face. I will now discuss how we can meet this challenge for the particular case in
which the physics beyond the Standard Model is supersymmetric.

4.1

More about soft supersymmetry breaking

As we discussed in Section 3.6, a realistic supersymmetric theory has a Lagrangian
of the form
£ = £gauge + £kin + <£ Yukawa + £fi + £soft •

(129)

Of the various terms listed here, the first three contain only couplings that are already
present in the Lagrangian of the Standard Model. The fourth term contains one new
parameter (i. The last term, however, contains a very large number of new parameters.
I have already explained that one should not be afraid of seeing a large number of
undetermined parameters here. The same proliferation of parameters occurs in any theory
with a certain level of complexity when viewed from below. The low-energy scattering
amplitudes of QCD, for example, contain many parameters which turn out to be the
masses and decay constants of hadronic resonances. If it is possible to measure these
parameters, we will obtain a large amount of new information.
In thinking about the values of the soft supersymmetry-breaking parameters, there
are two features that we should take into account. The first is that the soft parameters
obey renormalization group equations. Thus, they potentially change significantly from
their underlying values at the messenger scale defined in (127) to their physical values
observable at the TeV scale. We have seen in Section 3.7 that these changes can have
important physical consequences. In the next section, I will describe the renormalization
group evolution of the supersymmetry-breaking mass terms in more detail, and we will
use our understanding of this evolution to work out some general predictions for the
superparticle spectrum.
The second feature is that there are strong constraints on the flavor structure of soft
supersymmetry breaking terms which come from constraints on flavor-changing neutral
current processes. In (126), I have written independent mass terms for each of the scalar
fields. In principle, I could also have written mass terms that mixed these fields. However,
if we write the scalars in the basis in which the quark masses are diagonalized, we must
not find substantial off-diagonal terms. A mixing
A£ = AMjtfd ,
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Figure 11: A potentially dangerous contribution of supersymmetric particles to flavor-changing neutral current processes.
for example, would induce an excessive contribution to the KL~KS mass difference through
the diagram shown in Figure 11 unless

Mj
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V300Gev

(131)

Similar constraints arise from D-D mixing, B-B mixing, n —• e^ [21].
The strength of the constraint (131) suggests that the physical mechanism that generates the soft supersymmetry breaking terms contains a natural feature that suppresses
such off-diagonal terms. One possibility is that equal soft masses are generated for all
scalars with the same SU(2) x U{\) quantum numbers. Then the scalar mass matrix is
proportional to the matrix 1 and so is diagonal in any basis [22, 23]. Another possibility is
that, by virtue of discrete flavor symmetries, the scalar mass matrices are approximately
diagonal in the same basis in which the quark mass matrix is diagonal [24]. These two
solutions to the potential problem of supersymmetric flavor violation are called, respectively, 'universality' and 'alignment'. A problem with the alignment scenario is that the
bases which diagonalize the u and d quark mass matrices differ by the weak mixing angles,
so it is not possible to completely suppress the mixing both for the u and d partners. This
scenario then leads to a prediction of D-D mixing near the current experimental bound.
4.2

The spectrum of superparticles—concepts
We are now ready to discuss the expectations for the mass spectrum of supersymmetric partners. Any theory of this spectrum must have two parts giving , first, the generation
of the underlying soft parameters at the messenger scale and , second, the modification
of these parameters through renormalization group evolution. In this section, I will make
the simplest assumptions about the underlying soft parameters and concentrate on the
question of how these parameters are modified by the renormalization group. In the next
section, we will confront the question of how these simple assumptions can be tested.
Let us begin by considering the fermionic partners of gauge bosons, the gauginos. If
the messenger scale lies above the scale of grand unification, the gauginos associated with
the SU(3) x SU(2) x U(l) gauge bosons will be organized into a single representation of
the grand unification group and thus will have a common soft mass term. This gives a
very simple initial condition for renormalization group evolution.
The renormalization group equation for a gaugino mass m,j is
dlogQ

(4TT) 2
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Figure 12: A simple radiative correction giving gaugino masses in the pattern of 'gaugino
unification'.
where i = 3, 2,1 for the gauginos of SU(3) x SU(2) x U(l) and bt is the coefficient in the
equation (38) for the coupling constant renormalization. Comparing these two equations,
we find that m^Q) and at(Q) have the same renormalization group evolution, and so
their ratio is constant as a function of Q. This relation is often written
_ m 1/2
where ay is the unification value of the coupling constant (a^1 = 24), and mi/ 2 is the
underlying soft mass parameter. As the a, flow from their unified value at very large scales
to their observed values at Q = rriz, the gaugino masses flow along with them. The resultis that the grand unification of gaugino masses implies the following relation among the
observable gaugino masses:
^ = ^ = ^ .
(134)
ai

Oi2

a3

I will refer to this relation as gaugino unification. It implies that, for the values at the
weak scale,
^ = 0.5,
^ = 3.5.
(135)
rri

?Ti

I caution you that these equations apply to a perturbative (for example, MS) definition
of the masses. For the gluino mass m.3, the physical, on-shell, mass may be larger than
the MS mass by 10-20%, due to a radiative correction which depends on the ratio of the
masses of the gluon and quark partners [25].
Though gaugino unification is a consequence of the grand unification of gaugino
masses, it does not follow uniquely from this source. On the contrary, this result can
also follow from models in which gaugino masses arise from radiative corrections at lower
energy. For example, in a model of Dine, Nelson, Nir, and Shirman [26], gaugino masses
are induced by the diagram shown in Figure 12, in which a supersymmetry-breaking
expectation value of F couples to some new supermultiplets of mass roughly 100 TeV,
and this influence is then tranferred to the gauginos through their Standard Model gauge
couplings. As long as the mass pattern of the heavy particles is sufficiently simple, we
obtain gaugino masses m* proportional to the corresponding ait which reproduces (134).
Now consider the masses of the squarks and sleptons, the scalar partners of quarks
and leptons. We saw in Section 3.4 that, since the left- and right-handed quarks belong
to different supermultiplets Q, u, d, each has its own scalar partners. The same situation
applies for the leptons. In this section, I will assume for maximum simplicity that the
underlying values of the squark and slepton mass parameters are completely universal,
with the value Mo. This is a stronger assumption than the prediction of grand unification,
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and one which does not necessarily have a fundamental justification. Nevertheless, there
are two effects that distort this universal mass prediction into a complex particle spectrum.
The first of these effects comes from the D-term potential (121). Consider the contributions to this potential from the Higgs fields hi, h2 and from a squark or slepton field
/ . Terms contributing to the / mass comes from the Da terms associated with the U{\)
and the neutral SU{2) gauge bosons,

v =
(136)
The factors in the first line are the hypercharges of the fields hi, h2. Now replace these
Higgs fields by their vacuum expectation values
0

/

and keep only the cross term in each square. This gives
V

=

2-

(--

=

-c2m2z(sin2 0 - cos2 0)f*

=

- m | ( s i n 2 0 - cos2 P)f*(I3 - s2Q)f .

(138)

Thus, this term gives a contribution to the scalar mass
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Figure 13: Renormalization of the soft scalar mass due to the gaugino mass.
The second effect is the renormalization group running of the scalar mass induced
by the gluino mass through the diagram shown in Figure 13. The renormalization group
equation for the scalar mass Mj is

^ ( ^ E W r f ™ ? ,

(HO)

where
C2(n) = { 0, |

singlets, doublets of SU{2) .
singlets, triplets of 51/(3)
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(141)

In writing this equation, I have ignored the Yukawa couplings of the flavor / . This is
a good approximation for light flavors, but we have already seen that it is not a good
approximation for the top squarks, and it may fail also for the b and r partners if tan /3 is
large. In those cases, one must add further terms to the renormalization group equations,
such as those given in (128).
To integrate the equation (140), we need to know the behavior of the gaugino masses
as a function of Q. Let me assume that this is given by gaugino unification according to
(133). Then
a

?M
4TT

KQ)m{M) _

~'

W

mi

3
iy

afM

~~ ~*'

ot\

where ctiM is the value of c^ at the messenger scale, and the quantities at the extreme
right are to be evaluated at the weak interaction scale. If we inserting this expression into
(140) and taking the evolution of Qfj(Q) to be given by (51), the right-hand side of (140)
is given as an explicit function of Q. To integrate the equation from messenger scale to
the weak scale, we only need to evaluate

=

/

<Hog<2M

rv 3

{bi/2n)aiM

\og{QIM))2

mz

(143)

Then, assembling the renormalization group and D-term contributions, the physical scalar
mass at the weak interaction scale is given by
M

f = Ml + E I c 2 { n ) °Z~fM
i

Oi

m2 + A M 2

(144)

a2

The term in (144) induced by the renormalization group effect is not simple, but it
is also not so difficult to understand. It is amusing that it is quite similar in form to the
formula one would find for a one-loop correction from a diagram of the general structure
shown in Figure 13. Indeed, in the model of Dine, Nelson, Nir, and Shirman referred
to above, for which the messenger scale is quite close to the weak interaction scale, the
computation of radiative corrections gives the simple result

M) = £ 2 ^ ) 4 ^ 2 + AMJ ,

(145)

where, in this formula, the quantity m2/a;2 is simply the mass scale of the messenger
particles. The formulae (144) and (145) do differ quantitatively, as we will see in the next
section.
The equations (133) and (144) give a characteristic evolution from the large scale
M. down to the weak interaction scale. The colored particles are carried upward in mass
by a large factor, while the masses of color-singlet sleptons and gauginos change by a
smaller amount. The effects of the top Yukawa coupling discussed in Section 3.7 add to
these mass shifts, lowering the masses of the top squarks and sending the (mass) 2 of the
Higgs field h2 down through zero. These observations explain all of the basic qualitative
features of the evolution which we saw illustrated in Figure 10.
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4.3

The spectrum of superparticles—diagnostics

Now that we understand the various effects that can contribute to the superpartner
masses, we can try to analyze the inverse problem: Given a set of masses observed experimentally, how can we read the pattern of the underlying mass parameters and determine
the value of the messenger scale? In this section, I will present some general methods for
addressing this question.
This question of the form of the underlying soft-supersymmetry breaking parameters requires careful thought. If supersymmetric particles are discovered at LEP 2 or
LHC, this will become the most important question in high-energy physics. It is therefore
important not to trivialize this question or to address it only in overly restrictive contexts.
In reading the literature on supersymmetry experiments at colliders, it is important to
keep in mind the broadest range of possibilities for the spectrum of superparticles. Be
especially vigilant for code-words such as 'the minimal SUGRA framework' [27] or 'the
Monte Carlo generator described in [93]' [28] which imply the restriction to the special
case in which M o is universal and M. is close to the Planck mass.
Nevertheless, in this section, I will make some simplifying assumptions. If the first
supersymmetric partners are not found a LEP 2, the D-term contribution (139) is a small
correction to the mass formula. In any event, I will ignore it from here on. Since this term
is model-independent, it can in principle be computed and subtracted if the value of tan/3
is known. (It is actually not so easy to measure tan/3; a collection of methods is given
in [29].) In addition, I will ignore the effects of weak-scale radiative corrections. These
are sometimes important and can distort the overall pattern unless they are subtracted
correctly [30].
I will also assume, in my description of the spectrum of scalars, that the spectrum
of gauginos is given in terms of 77j2 by gaugino unification. As I have explained in the
previous section, gaugino unification is a feature of the simplest schemes for generating the
soft supersymmetry-breaking masses both when M. is very large and when it is relatively
small. However, there are many more complicated possibilities. The assumption of gaugino
unification can be tested experimentally, as I will explain in Section 4.5. This is an essential
part of any experimental investigation of the superparticle spectrum. If the assumption
is not valid, that also affects the interpretation of the spectrum of scalar particles. In
particular, the renormalization effects included in the various curves shown in this section
must be recomputed using the correct mass relations among the three gauginos.
Once the gaugino masses are determined, we can ask about the relation between
the mass spectrum of gauginos and that of scalars. To analyze this relation, it is useful
to form the 'Dine-Nelson plot', that is, the plot of

M

-

2

against

C =

a.

H

(146)

suggested by (145). Some sample curves on this plot are shown in Figure 14. The quantity
C takes on only five distinct values, given by the SU(3) x SU(2) x U{\) quantum numbers
of e, L, d, u, and Q. These are indicated in the figure as vertical dashed lines. (The values
of C for d and u are almost identical. The dot-dash line is the prediction of (145). The
solid lines are the predictions of the renormalization group term in (144) for M = 100
TeV, 2 x 1016 GeV (the grand unification scale), and 1018 GeV (the superstring scale).
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Figure 14: The simplest predictions for the mass spectrum of squarks and sleptons, expressed on the Dine-Nelson plot (146). The dot-dashed curve is the prediction of (145);
the solid curves show the effect of renormalization-group evolution with (from bottom to
top) M = 105 GeV, 2 x 1016 GeV, 1018 GeV.

With this orientation, it is interesting to ask how a variety of models of supersymmetry breaking appear in this presentation. In Figure 15, I show the Dine-Nelson plot
for a collection of models from the literature discussed in [31]. The highest solid curve
from Figure 14 has been retained for reference. The model in the upper left-hand corner
is the 'minimal SUGRA' model with a universal Mo at the Planck scale. In this case,
the dashed curve lies a constant distance in m 2 above the solid curve. The model in the
upper right-hand corner is that of [26] with renormalization-group corrections properly
included. The model in the bottom right-hand corner gives an example of the alignment
scenario of [24]. The plot is drawn in such a way as to suggest that, the underlying soft
scalar masses tend to zero for the first generation of quarks and leptons. This behavior
could be discovered experimentally with the analysis I have suggested here.
It is interesting that the various models collected in Figure 15 look quite different
to the eye in this presentation. This fact gives me confidence that, if we could actually
measure the mass parameters needed for this analysis, those data would provide us with
incisive information on the physics of the very large scales of unification and supersymmetry breaking.
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Figure 15: Scalar spectrum predicted in a number of theoretical models of supersymmetry
breaking, as displayed on the Dine-Nelson plot, from [31].
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4.4

The superpartners of W and Higgs

Now that we have framed the problem of measuring the mass spectrum of superparticles, we must address the question of how this can be done. What are the signatures
of the presence of supersymmetric particles, and how can we translate from the characteristics of observable processes to the values of the parameters of which determine the
supersymmetry spectrum?
I will discuss the signatures and decay schemes for superparticles in the next section.
First, though, we must discuss a complication which needs to be taken into account in
this phenomenology.
After 57/(2) x (7(1) symmetry-breaking, any two particles with the same color,
charge, and spin can mix. Thus, the spin-| supersymmetric partners of the W bosons and
the charged Higgs bosons can mix with one another. Similarly, the partners of the 7, Z°,
/ij, and h° enter into a 4 x 4 mixing problem.
Consider first the mixing problem of the charged fermions. The mass terms for these
fermions arise from the gaugino-Higgs coupling in (119), the soft gaugino mass term in
(126), and the fermion mass term arising from the superpotential (123). The relevant
terms from the Lagrangian are

—m2W~ T cw + + /z/ifTch,2 •

(147)

If we replace h\ and h% by their vacuum expectation values in (137), these terms take the
form
•7+ I .
(148)
where m is the mass matrix
I

m

2

-

,

v 2mw sin 3 \
p.
)

,., ._*
(149)

The physical massive fermions are the eigenstates of this mass matrix. They are called
charginos, X\2\ where 1 labels the lighter state. More precisely, the charginos xt> X2
are the linear combinations that diagonalize the matrix m^ni, and x"\ •> X.2 a r e the linear
combinations that diagonalize the matrix mm*.
The diagonalization of the matrix (149) is especially simple in the limit in which
the supersymmetry parameters rri2 and fj, are large compared to mw In the region fj, >
rn2 ^> m W; X* i s approximately w+, with mass mi ~ 1712, while xt i s approximately
J12 , with mass m.2 ~ ^- For m.2 > /i ^> niw, the content of xt anc ^ X2 reverses. More
generally, we refer to the region of parameters in which xt IS mainly w+ as the gaugino
region, and that in which xt *s niainly h^ as the Higgsino region. If charginos are found
are LEP 2, it is quite likely that they may be mixtures of gaugino and Higgsino; however,
the region of parameters in which the charginos are substantially mixed decreases as the
mass increases. The contours of constant xt m ass in the (/z, 77^2) plane, for tan/3 = 4 are
shown in Figure 16.
An analysis similar to that leading to (149) gives the mass matrix of_the neutral
fermionic partners. This is a 4 x 4 matrix acting on the vector (b, w3, ih®, ih®), where b
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Figure 16: Contours of fixed chargino mass in the plane of the mass parameters (//, m.2),
computed for tan (3 — 4.
and w3 are the partners of the U(l) and the neutral SU{2) gauge boson. In this basis,
the mass matrix takes the form

m =

mi

0

0

777.2

— mzs cos 0
m ^ C COS/3

—mzs cos (3 mzccosp
V m^ssin/?
—m^csin/?

0
— JJL

—

sin/3 \
/3

(150)

0

The linear combinations which diagonalize this matrix are called neutralinos, x? through
xi from lowest to highest mass. The properties of these states are similar to those of the
charginos. For example, in the gaugino region, xi ls mainly b with mass mi, and X2 ls
mainly u)3, with mass m-iNote that, when /j, = 0, the neutralino mass matrix (150) has an eigenvector with
zero eigenvalue (0, 0, sin/3, cos/?). In addition, the vector (0, 0, cos/?, — sin/3) has a relatively small mass mx ~ m | / m 2 . This situation is excluded by the supersymmetry searches
at LEP 1, for example, [32]. Thus, we are required on phenomenological grounds to include
the superpotential (123) with a nonzero value of /x. It is also important to note that, with
the 'minimal SUGRA' assumptions used in many phenomenological studies, it is easiest
to arrange electroweak symmetry breaking through the renormalization group mechanism
discussed in Section 3.7 if /z is of order 771.3 ~ 3.5m2- Thus, this set of assumptions typically
leads to the gaugino region of the chargino-neutralino physics.

4.5

Decay schemes of superpartners

With this information about the mass eigenstates of the superpartners, we can work
out their decay schemes and, from this, their signatures. As I have explained at the end of
Section 3.5, I restrict this discussion to the situation in which i?-parity, given by (124), is
conserved and so the lightest supersymmetric partner is stable. In most of this discussion,
I will assume that this stable particle is the lightest neutralino xi- The neutralino is a
massive but weakly-interacting particle. It would not be observed directly in a detector
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Figure 17: Diagrams leading to the decay of the chargino xt to the 3-body final state
£ + i - The chargino can decay to udx® by similar processes.
at a high-energy collider but rather would appear as missing energy and unbalanced
momentum.
In this context, we can discuss the decays of specific superpartners. Clearly, the
lighter superpartners will have the simplest decays, while the heavier superpartners will
decay to the lighter ones. Since heavy squarks and sleptons often decay to charginos and
neutralinos, it is convenient to begin with these.
The decay pattern of the lighter chargino depends on its field content and, in particular, on whether its parameters lie in the gaugino region or the Higgsino region. In the
gaugino region, the lighter chargino is mainly w+, with mass m 2 . The second neutralino
is almost degenerate, but the first neutralino has mass mi = 0.5m2, assuming gaugino
unification. If m,2 > 2m\y, the decay xt —* W + Xi typically dominates. If m 2 is smaller,
the chargino decays to 3-body final states through the diagrams shown in Figure 17, and
through the analogous diagrams involving quarks. The last two diagrams involve virtual
sleptons. If the slepton mass is large, the branching ratio to quarks versus leptons is the
usual color factor of 3. However, if the sleptons are light, the branching ratio to leptons
may be enhanced.
In the Higgsino region, the chargino xi" and the two lightest neutralinos x l , x2 are
all roughly degenerate at the mass //. The first diagram in Figure 17 dominates in this
case, but leads to only a small visible energy in the i.+v or ud system.
The decay schemes of the second neutralino x° a r e similar to those of the chargino.
Since supersymmetry models typically have a light neutral Higgs boson h°, the decay
X° —> Xih° may be important. If neither this process nor the on-shell decay to Z° are
allowed, the most important decays are the 3-body processes such as x° ~* X^QQ- The
process X2 ~* Xi^+^~ ls particularly important at hadron colliders, as we will see in
Section 4.8.
Among the squarks and sleptons, we see from Figure 15 that the e^ of each generation is typically the lightest. This particle couples to U(l) but not SU(2) and so, in the
gaugino region, it decays through e^ —> ex°. On the other hand, the partners L of the
left-handed leptons prefer to decay to £x2 o r UX\ if these modes are open.
It is a typical situation that the squarks are heavier than the gluino. For example,
the renormalization group term in (144), with M. of the order of the unification scale,
already gives a contribution equal to 3m2. In that case, the squarks decay to the gluino,
q —> qg. If the gluinos are heavier, then, in the gaugino region, the superpartners of the
right-handed quarks decay dominantly to qx®, while the partners of the left-handed quarks
prefer to decay to 3X2 o r Qxt •
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Figure 18: Branching fractions for gluino decay in the various classes of final states possible
for m(g) < m(q), from [34]. The four graphs correspond to the gluino masses (a) 120 GeV,
(b) 300 GeV, (c) 700 GeV, (d) 1000 GeV. The branching fractions are given as a function
of JJ, with ni2 determined from the gluino mass by the gaugino unification relation (133).

If the squarks and gluinos are much heavier than the color-singlet superpartners,
their decays can be quite complex, including cascades through heavy charginos, neutralinos, and Higgs bosons [33, 34, 35]. Figure 18 shows the branching fractions of the gluino
as a function of fi, assuming gaugino unification and the condition that the squarks are
heavier than the gluino. The boundaries apparent in the figure correspond to the transition from the gaugino region (at large |/x|) to the Higgsino region. The more complex
decays indicated in the figure can be an advantage in hadron collider experiments, because they lead to characteristic signatures such as multi-leptons or direct Z° production
in association with missing transverse momentum. On the other hand, as the dominant
gluino decay patterns become more complex, the observed inclusive cross sections depend
more indirectly on the underlying supersymmetry parameters.
Up to now, I have been assuming that the lightest superpartner is the x°. However,
there is an alternative possibility that is quite interesting to consider. According to Goldstone's theorem, when a continuous symmetry is spontaneously broken, a massless particle
appears as a result. In the most familiar examples, the continuous symmetry transforms
the internal quantum numbers of fields, and the massless particle is a Goldstone boson.
If the spontaneously broken symmetry is coupled to a gauge boson, the Goldstone boson combines with the gauge boson to form a massive vector boson; this is the Higgs
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mechanism. Goldstone's theorem also applies to the spontaneous breaking of supersymmetry, but in this case the massless particle is a Goldstone fermion or Goldstino. Then it
would seem that the Goldstino should be the lightest superpartner into which all other
superparticles decay?
To analyze this question, we need to know two results from the theory of the Goldstino. Both have analogues in the usual theory of Goldstone bosons. I have already pointed
out in (97) that the gravitino, the spin-| supersymmetric partner of the graviton, acts as
the gauge field of local supersymmetry. This particle can participate in a supersymmetric
version of the Higgs mechanism. If supersymmetry is spontaneously broken by the expectation value of an F term, the gravitino and the Goldstino combine to form a massive
spin-1 particle with mass
(F)
(151)
V3rnLPI
where m PI is the Planck mass. Notice that, if the messenger scale M. is of the order of
m pi, this mass scale is of the order of the scale ms of soft supersymmetry-breaking mass
terms given in (127). In fact, in this case, the massive gravitino is typically heavier than
the X?' On the other hand, if M is of order 100 TeV, with (F) such that the superparticle
masses are at the weak interaction scale, m^ is of order 10~2 eV and so is much lighter
than any of the superpartners we have discussed above.
The second result bears on the probability for producing Goldstinos. The methods
used to analyze pion physics in QCD generalize to this case and predict that the Goldstino
G is produced through the effective Lagrangian

AC = j^ficPG

(152)

where (F) is the supersymmetry-breaking vacuum expectation value in (151) and j ^ is
the conserved current associated with supersymmetry. Integrating by parts, this gives a
coupling for the vertex / —• fG proportional to

(153)

where Am is the supersymmetry-breaking mass difference between / and / . If the Goldstino becomes incorporated into a massive spin-| field, this does not affect the production
amplitude, as long as the Goldstinos are emitted at energies large compared to their mass.
I will discuss this point for the more standard case of a Goldstone boson in Section 5.3.
This result tells us that, if the messenger scale M. is of order m p\ and (F) is connected
with M through (127), the rate for the decay of any superpartner to the Goldstino is so
slow that it is irrelevant in accelerator experiments. On the other hand, if M. is less than
100 TeV, decays to the Goldstino can become relevant.
For the case of the coupling of the b, the superpartner of the U(l) gauge boson, to
the photon and Z° fields, the effective Lagrangian (152) takes the more explicit form
A£ = ^Ltfa^icF^
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.

(154)

This interaction leads to the decay b —• 7G with lifetime [36]

CT

100 GeV^

z=z

5

It is difficult to estimate whether the value of CT resulting from (155) should be meters
or microns. But this argument does predict that, if the xi ls the lightest superpartner of
Standard Model particles, all decay chains should end with the decay of the xi to 7G.
If the lifetime (155) is short, each x? momentum vector, which we visualized above as
missing energy, should be realized instead as missing energy plus a direct photon.
It is also possible in this case of small (F) that the lightest sleptons e^ could be
lighter than the Xv If these particles are the lightest superparticles, they lead to an
unacceptable cosmological abundance of stable charged matter. This problem disappears,
however, if they can decay to the Goldstino. In that case, all supersymmetric decay chains
terminate with leptons and missing energy, for example,
X? -

-> f-~tG

MR

.

(156)

From here on, I will concentrate on the most straightforward case in which the
X? is the lightest superparticle and is stable over the time scales observable in collider
experiments. However, it is important to keep these alternative phenomenologies in mind
when you are actually looking for superparticle signatures in the data.

4.6

The mass scale of supersymmetry

At last, we have all the background we require to discuss the experiments which
will detect and study supersymmetric particles at colliders. In this section, I would like to
recapitulate the general ideas that we have formulated for this study. I will also note the
implication of the these idea for the mass range of supersymmetric particles. If the picture
of supersymmetry that I have constructed here is correct, the supersymmetric particles
should be discovered at planned, or even at the present, accelerators.
Although the mass scale of supersymmetry depends on many parameters and is in
principle adjustible over a large range, there is a good reason to expect to find supersymmetric particles relatively near at hand. As I have discussed in Section 3.7, supersymmetry
provides a mechanism for electroweak symmetry breaking. If we assume that this indeed
is the mechanism of supersymmetry breaking, the W and Z masses must be masses characteristic of the scale of soft supersymmetry-breaking parameters. Alternatively, m\V can
only be much less than ms in (127) by virtue of an unnatural cancellation or fine-tuning
of parameters. This possibility has been studied quantitatively in a number of theoretical
papers [37, 38, 39], with the conclusion that the relation between mw and ms is natural
(by the authors' definitions) only when
m 2 < 2>mw .

(157)

Of course, it is possible that the mechanism of electroweak symmetry breaking does not
involve supersymmetry. In that case, there might still be supersymmetry at a very high
scale (to satisfy aesthetic arguments or to aid in the quantization of gravity), but in this
case supersymmetry would not be relevant to experimental high-energy physics.
100

The schemes for the super symmetric mass spectrum discussed in Sections 4.2 and
4.3 give a definite expectation for the ordering of states. The gaugino unification relation
predicts that the gluino is the heaviest of the gauginos, with the on-shell gluino mass
satisfying
m(g) ~ 4m2 .
(158)
Our results were much less definitive about the mass relations of the squarks and sleptons.
Roughly, though,
m{q) ~ (2 - 6) • m{I) , and m(I) ~ m2 ,
(159)
in the models discussed in Section 4.3.
The relations (157)—(159) predict that we should find charginos below 250 GeV in
mass and gluinos below 1 TeV. This mass region is not very far away. The LEP 2 and
Tevatron experimental programs will cover almost half of this parameter space in the next
five years. The LHC can probe for supersymmetric particles up to masses about a factor
3 beyond the region predicted by the relations above, and an e+e~ linear collider with up
to 1.5 TeV in the center of mass would have a roughly equivalent reach.
Search strategies for supersymmetric particles depend on the detailed properties of
the model. But in general, assuming i?-parity conservation and the identification of xi as
the lightest superparticle, the basic signature of supersymmetry is new particle production
associated with missing energy. In collider experiments, we would typically be looking for
a multi-jet or multi-lepton final state, together with the characteristic missing transverse
momentum or acoplanarity.
Because I would like to continue in a somewhat different direction, I will not describe
in detail the techniques and strategies for the discovery of supersymmetry at these colliders. The search strategies for various supersymmetric particles at LEP 2 are described in
[40]. Experimental strategies for discovering supersymmetry at the Tevatron are reviewed
in [41], together with an estimation of the reach in the mass spectrum.
It is important to point out, though, that if the phenomenology of supersymmetry
follows the general lines I have laid out here, it will be discovered, at the latest, by the LHC.
The cross sections for LHC signatures of supersymmetry involving multiple leptons and
direct Z° production associated with missing transverse energy are shown in Figure 19 [35].
These cross sections are very large, of order 100 fb, for example, for the like-sign dilepton
signal, at a collider that is designed to produce an event sample of 100 fb"1 per year per
detector. Supersymmetry can also be seen by looking for events with large jet activity
and missing transverse momentum. A sample comparison of signal and background for
an observable that measures the jet activity is shown in Figure 20 [42]. The authors
of this analysis conclude that, at the LHC, the major backgrounds to supersymmetry
reactions do not come from Standard Model background processes but rather from other
supersymmetry reactions.
That prospect is enticing, but it is only the beginning of an experimental research
program on supersymmetry. We have seen that the theory of the supersymmetry spectrum
is complex and subtle. The investigation of supersymmetry should allow us to measure this
spectrum. That in turn will give us access to the soft supersymmetry-breaking parameters,
which are generated at very short distances and which therefore should hold information
about the very deep levels of fundamental physics. So it is important to investigate to
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Figure 19: Cross sections for various signatures of supersymmetric particle production at
the LHC, from from [35]. The observables studied are, from top to bottom, missing ET,
like-sign dileptons, multi-leptons, and Z+ leptons. The top graph plots the cross sections
as a function of m(g) for rn(q) — 2m(g), and /J, = —150 GeV, and m 2 given by gaugino
unification. The bottom graph, plotted for m(g) — 750 GeV as a function of /i, shows the
model-dependence of the cross sections.
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production.
what extent these experimental measurements are actually feasible using accelerators that
we can foresee.
In discussing this question, I will assume, pessimistically, that the scale of supersymmetry is relatively high, and so I will concentrate on experiments for the high-energy
colliders of the next generation, the LHC and the e+e~ linear collider discussed in the
introduction. As a byproduct, this approach will illustrate the deep analytic power that
both of these machines can bring to bear on new physical phenomena.

4.7

Superspectroscopy at e+e~ colliders

I will start this discussion of supersymmetry measurements from the side of e + e~
colliders. It is intuitively clear that, if we had an e+e~ collider operating in the energy
region appropriate to supersymmetric particle production, some precision measurements
could be made. But I have stressed that the soft supersymmetry-breaking Lagrangian
can contain a very large number of parameters which become intertwined in the mass
spectrum. Thus, it is important to ask, is there a set of measurements which extracts and
disentangles these parameters? I will explain now how to do that.
I do not wish to imply, with this approach, that precision supersymmetry measurements are possible only at e+e" colliders. In fact, the next section will be devoted to
precision information that can be obtained from hadron collider experiments. And, indeed,
to justify the construction of an e+e~ linear collider, it is necessary to show that the e + e"
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Figure 21: Schematic energy distribution in a slepton or squark decay, allowing a precision
supersymmetry mass measurement at an e+e~ collider.
machine adds significantly to the results that will be available from the LHC. Nevertheless, it has pedagogical virtue to begin from the e+e~ side, because the e+e~ experiments
allow a completely systematic approach to the issues of parameter determination. I will
return to the question of comparing e+e~ and pp colliders in Section 4.9.
To begin, let me review some of the parameters of future e + e~ colliders. Cross
sections for e+e~ annihilation decreases with the center-of-mass energy as l/E2CM. Thus,
to be effective, a future collider must provide a data sample of 20-50 fb~ 1 /y e a r at an
center of mass energy of 500 GeV, and a data sample increasing from this value as E2CM
at higher energies. The necessary luminosities are envisioned in the machine designs [43].
Though new sources of machine-related background appear, the experimental environment
is anticipated to be similar to that of LEP [44]. An important feature of the experimental
arrangement not available at LEP is an expected 80-90% polarization of the electron
beam. We will see in a moment that this polarization provides a powerful physics analysis
tool.
The simplest supersymmetry analyses at e+e~ colliders involve e+e~ annihilation to
slepton pairs. Let JIR denote the second-generation e^. This particle has a simple decay
P'R —> A*Xi) s o pair-production of JIR results in a final state with /i~V~ plus missing energy.
The production process is simple s-channel annihilation through a vitual 7 and Z°; thus,
the cross section and polarization asymmetry are characteristic of the standard model
quantum numbers of the JLR and are independent of the soft supersymmetry-breaking
parameters.
It is straightforward to measure the mass of the JIR, and the method of this analysis
can be applied to many other examples. Because the Jin is a scalar, it decays isotropically
to its two decay products. When we transform to the lab frame, the distribution of fi
energies is flat between the kinematic endpoints, as indicated in Figure 21. The endpoints
occur at
(160)
with p = (1 - Am(Ji)2/E2CM)x/2,

7 = E CM/2m(j5), and
c _

2m(jl2)

(161)

Given the measured values of E±, one can solve algebraically for the mass of the parent
Jin and the mass of the missing particle x?- Since many particles have two-body decays to
the X?, this mass can be determined redundantly. For heavy supersymmetric particles, the
lower endpoint may sometimes be obscured by background from cascade decays through
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Figure 22: Simulation of the fi,R mass measurement at an e + e linear collider, from [45].
The left-hand graph gives the event distribution in the decay muon energy. The right-hand
graph shows the x 2 contours as a function of the masses of the parent Jxn and the daughter

heavier charginos and neutralinos. So it is also interesting to note that, once the mass of
the x? is known, the mass of the parent particle can be determined from the measurement
of the higher endpoint only.
A simulation of the JXR mass measurement done by the JLC group [45] is shown in
Figure 22. The simulation assumes 95% right-handed electron polarization, which essentially eliminates the dominant background e+e~ —> W+W7", but even with 80% polarization the endpoint discontinuities are clearly visible. The measurement gives the masses of
/2R and X? to about 1% accuracy. As another example of this technique, Figure 23 shows
a simulation by the NLC group [44] of the mass measurement of the V in v —> e~xt •
To go beyond the simple mass determinations, we can look at processes in which
the production reactions are more complex. Consider, for example, the pair-production of
the first-generation e^. The production goes through two Feynman diagrams, which are
shown in Figure 24. Because the x? is typically light compared to other superparticles, it is
the second diagram that is dominant, especially at small angles. By measuring the forward
peak in the cross section, we obtain an additional measurement of the lightest neutralino
mass, and a measurement of its coupling to the electron. We have seen in (119) that the
coupling of 6 to e + e^ is proportional to the standard model U{\) coupling g'. Thus, this
information can be used to determine one of the neutralino mixing angles. Alternatively, if
we have other diagnostics that indicate that the neutralino parameters are in the gaugino
region, this experiment can check the supersymmmetry relation of couplings. For a 200
GeV e^, with a 100 fb" 1 data sample at 500 GeV, the ratio of couplings can be determined
to 1% accuracy [46].
Notice that the neutralino exchange diagram in Figure 24 is present only for e~Re\ —>
e^e^, since e~~R is the superpartner of the right-handed electron. On the other hand, with
the initial state e^ej, we have the analogous diagram producing the superpartner of
the left-handed electron L~ An the gaugino region, the process eleR —> L'L+ has large
contributions both from x? (p) exchange and from x° (^ 3 ) exchange. The reaction e~Lel —>
L~e^ is also mediated by neutralino exchange and contains additional useful information.
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Figure 23: Simulation of the v mass measurement at an e + e linear collider, from [44].
The bottom graph gives the event distribution in the decay electron energy. The top graph
shows the x2 contours as a function of the masses of the parent v and the daughter xt •
Along with the sleptons, the chargino xt *s expected to be a relatively light particle
which is available for precision measurements at an e + e~ collider. The dominant decays of
1-> leading to events with quark jets, leptons,
the chargino are xt
xt
i an d xt
xt
and missing energy. In mixed hadron-lepton events, one chargino decay can be analyzed
as a two-body decay into the observed qq system plus the unseen neutral particle x1\ then
the mass measurement technique of Figure 21 can be applied. The simulation of a sample
measurement, using jet pairs restricted to an interval around 30 GeV in mass, is shown
in Figure 25 [44]. The full data sample (50 fb" 1 at 500 GeV) gives the xt mass to an
accuracy of 1% [47].
The diagrams for chargino pair production are shown in Figure 26. The cross section
depends strongly on the initial-state polarization. If the v is very heavy, it is permissible
to ignore the second diagram; then the first diagram leads to a cross section roughly ten
times larger for el than for e#. If the V is light, this diagram interferes destructively to
lower the cross section.
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Figure 24: Feynman diagrams for the process of selectron pair production.
For a right-handed electron beam, the second diagram vanishes. Then there is an
interesting connection between the chargino production amplitude and the values of the
chargino mixing angles [45]. Consider first the limit of very high energy, E2CM » ra|. In
this limit, we can ignore the Z° mass and consider the virtual gauge bosons in the first
diagram to be the U(l) and the neutral SU(2) bosons. But the e^ does not couple to the
SU(2) gauge bosons. On the other hand, the W+ and w+ have zero hypercharge and so
do not couple to the U{1) boson. Thus, at high energy, the amplitude for e^e+ —• XiXi ls
nonzero only if the charginos have a Higgsino component and is, in fact, proportional to the
chargino mixing angles. Even if we do not go to asymptotic energies, this polarized cross
section is large in the Higgsino region and small in the gaugino region, as shown in Figure 27. This information can be combined with the measurement of the forward-backward
asymmetry to determine both of the chargino mixing angles in a manner independent of
the other supersymmetry parameters [48].
If the study with e^ indicates that the chargino parameters are in the gaugino
region, measurement of the differential cross section for ej/e+ —*• xlxT c a n be used to
determine the magnitude of the second diagram in Figure 26. The value of this diagram
can be used to estimate the v mass or to test another of the coupling constant relations
predicted by supersymmetry. With a 100 fb"1 data sample, the ratio between the w+ue2
coupling and the W+veJj coupling can be determined to 25% accuracy if m(p) must also
be determined by the fit, and to 5% if m{u) is known from another measurement.
These examples demonstrate how the e+e~ collider experiments can determine superpartner masses and the mixing angle of the charginos and neutralinos. The experimental program is systematic and does not depend on assumptions about the values of
other supersymmetry parameters. It only demands the basic requirement that the colorsinglet superpartners are available for study at the energy at which the collider can run. If
squarks can be pair-produced at these energies, they can also be studied in this systematic
way. Not only can their masses be measured, but polarization observables can be used to
measure the small mass differences predicted by (144) and (145) [49].
4.8

Superspectroscopy at hadron colliders
At the end of Section 4.6, I explained that it should be relatively straightforward to
identify the signatures of supersymmetry at the LHC. However, it is a challenging problem
there to extract precision information about the underlying supersymmetry parameters.
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Figure 25: Simulation of the xt mass measurement at an e + e linear collider, from [44].
The bottom graph gives the event distribution in the energy of the qq pair emitted in a
X\ hadronic decay. The hadronic system is restricted to a bin in mass around 30 GeV.
The bottom graph shows the x2 contours as a function of the masses of the parent xt
and the daughter x°For a long time, it was thought that this information would have to come from cross
sections for specific signatures whose origin is complex and model-dependent. However,
it has been realized more recently that the LHC can, in certain situations, offer ways to
determine supersymmetry mass parameters kinematically.
Let me briefly describe the parameters of the LHC [50]. This is a pp collider with
14 TeV in the center of mass. The design luminosity corresponds to a data sample, per
experiment, of 100 fb" 1 per year. A simpler experimental environment, without multiplet
hadronic collisions per proton bunch crossing, is obtained by running at a lower luminosity
of 10 fb" 1 per year, and this is probably what will be done initially. If the supersymmetric
partners of Standard Model particles indeed lie in the region defined by our estimates
(157)—(159), this low luminosity should already be sufficient to begin detailed exploration
of the supersymmetry mass spectrum.
Before we discuss methods for direct mass measurement, I should point out that the
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Figure 26: Feynman diagrams for the process of chargino pair production.
many signatures available at the LHC which do not give explicit kinematic reconstructions
do offer a significant amount of information. For example, the ATLAS collaboration [28,
51] has suggested comparing the cross-sections for like-sign dilepton events with £+£+
versus £~£~. The excess of events with two positive leptons comes from the process in which
two u quarks exchange a gluino and convert to u, making use of the fact that the proton
contains more u than d quarks. The contribution of this process peaks when the squarks
and gluinos have roughly equal masses, as shown in Figure 28. Thus, this measurement
allows one to estimate the ration of the squark and gluino masses. Presumably, if the
values of /x, rrii, and rri2 were known from the e+e~ collider experiments, it should be
possible to make a precise theory of multi-lepton production and to use the rates of these
processes to determine m(g) and m(q).
In some circumstances, however, the LHC provides direct information on the superparticle spectrum. Consider, for example, decay chains which end with the decay
X.2 -^ ^ + ^ X i discussed in Section 4.5. The dilepton mass distribution has a discontinuity at the kinematic endpoint where

m(l+n=m(x2])-m(x°1).

(162)

The sharpness of this kinematic edge is shown in Figure 29, taken from a study of the
process qq —>• xtx^ [52]. Under the assumptions of gaugino unification plus the gaugino
region of parameter space, the mass difference in (162) equals 0.5m2. Thus, if we have
some independent evidence for these assumptions, the position of this edge can be used
to give the overall scale of superparticle masses. Also, if the gluino mass can be measured,
the ratio of that mass to the mass difference (162) provides a test of these assumptions.
At a point in parameter space studied for the ATLAS Collaboration in [42], it is
possible to go much further. We need not discuss why this particular point in the 'minimal
SUGRA' parameter space was chosen for special study, but it turned out to have a number
of advantageous properties. The value of the gluino mass was taken to be 300 GeV, leading
to a very large gluino production cross section, equal to 1 nb, at the LHC. The effect of
Yukawa couplings discussed in Section 3.7 lowers the masses of the superpartners of t^
and &£,, in particular, making bi the lightest squark. Then a major decay chain for the g
would be
9^hb^bbx°2,
(163)
which could be followed by the dilepton decay of the x*2109
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Figure 27: Contours of constant cross section, in fb, for the reaction eRe+
XiXi at
E CM = 500 GeV, from [48]. The plot shows how the value of this cross section maps to
the position in the (fi, m 2 ) plane. The boundaries of the indicated regions are the curves
on which the xl mass equals 50 GeV and 250 GeV.
Since the number of events expected at this point is very large, we can select events
in which the £+£~ pair falls close to its kinematic endpoint. For these events, the dilepton
pair and the daughter x° a r e both at rest with respect to the parent x°- Then, if we are
also given the mass of the x?, the energy-momentum 4-vector of the x° is determined. This
mass might be obtained from the assumptions listed below (162), from a more general
fit of the LHC supersymmetry data to a model of the supersymmetry mass spectrum, or
from a direct measurement at an e+e~ collider. In any event, once the momentum vector
of the x-2 ls determined, there is no more missing momentum in the decay chain. It is now
possible to successively add b jets to reconstruct the b\ and then the g. The mass peaks
for these states obtained from the simulation results of [42] are shown in Figure 30. For a
fixed m(xi), the masses of b\ and g are determined to 1% accuracy.
It may seem that this example uses many special features of the particular point in
parameter space which was chosen for the analysis. At another point, the spectrum might
be different in a way that would compromise parts of this analysis. For example, the x°
might be allowed to decay to an on-shell Z°, or the gluino might lie below the %L. On
the other hand, the method just described can be extended to any superpartner with a
three-body becay involving one unobserved neutral. In [42], other examples are discussed
which apply these ideas to decay chains that end with q —* x?^°9 a n d i —> x°\W+b.
To properly evaluate the capability of the LHC to perform precision supersymmetry
measurements, we must remember that Nature has chosen (at most) one point in the
supersymmetry parameter space, and that every point in parameter space is special in its
own way. It is not likely that we will know, in advance, which particular trick that will be
most effective. However, we have now only begun the study of strategies to determine the
superparticle spectrum from the kinematics of LHC reactions. There are certainly many
more tricks to be discovered.
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Recapitulation

If physics beyond the Standard Model is supersymmetric, I am optimistic about
the future prospects for experimental particle physics. At the LHC, if not before, we will
discover the superparticle spectrum. This spectrum encodes information about physics at
the energy scale of supersymmetry breaking, which might be as high as the grand unification or even the superstring scale. If we can measure the basic parameters that determine
this spectrum, we can uncover the patterns that will let us decode this information and
see much more deeply into fundamental physics.
It is not clear how much of this program can already be done at the LHC and how
much must be left to the experimental program of an e+e~ linear collider. For adherents of
the linear collider, the worst case would be that Nature has chosen a minimal parameter
set and also some special mass relations that allow the relevant three or four parameters to
be determined at the LHC. Even in this case, the linear collider would have a profoundly
interesting experimental program. In this simple scenario, the LHC experimenters will be
able to fit their data to a small number of parameters, but the hadron collider experiments
cannot verify that this is the whole story. To give one example, it is not known how, at a
hadron collider, to measure the mass of the x?, the particle that provides the basic quantum of missing energy-momentum used to build up the supersymmetry mass spectrum.
The LHC experiments may give indirect determinations of m(x?)- The linear collider can
provide a direct precision measurement of this particle mass. If the predicted value were
found, that would be an intellectual triumph comparable to the direct discovery of the
W boson in pp collisions.
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Figure 29: Distribution of the dilepton mass in the process pp —> Xi~X2 + ^> with the X2
decaying to £+£~Xv from [52].
I must also emphasize that there is an important difference between the study of the
supersymmetry spectrum and that of the spectrum of weak vector bosons. In the latter
case, the spectrum was predicted by a coherent theoretical model, the SU(2) x U{\) gauge
theory. In the case of supersymmetry, as I have emphasized in Section 4.3, the minimal
parametrization is just a guess—and one guess among many. Thus, it is a more likely
outcome that a simple parainetrization of the supersymmetry spectrum would omit crucial
details. To discover these features, one would need the model-independent approach to
supersymmetry parameter measurements that the e + e~ experiments can provide.
In this more general arena for the construction and testing of supersymmetry model,
the most striking feature of the comparison of colliders is how much each facility adds
to the results obtainable at the other. From the e+e~~ side, we will obtain a precision
understanding of the color-singlet portion of the supersymmetry spectrum. We will measure parameters which determine what decay chains the colored super particles will follow.
From the pp side, we will observe some of these decay chains directly and obtain precise
inclusive cross sections for the decay products. This should allow us to analyze these decay chains back to their origin and to measure the superspectrum parameters of heavy
colored superparticles. Thus, if the problem that Nature poses for us is supersymmetry,
these two colliders together can solve that problem experimentally.

5.

Technicolor

In the previous two sections, I have given a lengthy discussion of the theoretical
structure of models of new physics based on supersymmetry. I have explained how supersymmetry leads to a solution to the problem of electroweak symmetry breaking. I have
explained that the ramifications of supersymmetry are quite complex and lead to a rich
variety of phenomena that can be studied experimentally at colliders.
This discussion illustrated one of the major points that I made at the beginning
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Figure 30: Reconstruction of the mass of the b and the g at the LHC, at a point in
supersymmetry parameter space studied in [42]. In the plot on the left, the peak near
300 GeV shows the reconstructed b. The plot on the right shows the event distribution in
the variable m(g) — m(b). The dashed distribution shows the values for the events lying
between 230 GeV and 330 GeV in the left-hand figure.
of these lectures. In seeking an explanation for electroweak symmetry breaking, we could
just write down the minimal Lagrangian available. However, for me, it is much more
attractive to look for a theory in which electroweak symmetry breaking emerges from a
definite physical idea. If the idea is a profound one, it will naturally lead to new phenomena
that we can discover in experiments.
Supersymmetry is an idea that illustrates this picture, but it might not be the right
idea. You might worry that this example was a very special one. Therefore, if I am to
provide an overview of ideas on physics beyond the Standard Model, I should give at least
one more example of a physical idea that leads to electroweak symmetry breaking, and
one assumptions of a very different kind. Therefore, in this section, I will discuss models of
electroweak symmetry breaking based on the postulate of new strong interactions at the
electroweak scale. We will see that this idea leads to a different set of physical predictions
but nevertheless implies a rich and intriguing experimental program.

5.1

The structure of technicolor models

The basic structure of a model of electroweak symmetry breaking by new strong
interactions is that of the Weinberg-Susskind model discussed at the end of Section 2.2.
This model was based on a strong-interaction model that was essentially a scaled up
version of QCD. From here on, I will refer to the new strong interaction gauge symmetry
as 'technicolor'. In this section, I will discuss more details of this model, and also add
features that are necessary to provide for quark and lepton mass generation.
In Section 2.2, I pointed out that the Weinberg-Susskind model leads to a vacuum
expectation value which breaks SU(2) x U{\). To understand this model better, we should
first try to compute the W and Z boson mass matrix that comes from this symmetry
breaking.
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Figure 31: Contributions to the vacuum polarization of the W boson from technicolor
states.
QCD with two massless flavors has the global symmetry SU(2)xSU(2); independent
SU(2) symmetries can rotate the doublets qi = {ui.di) and qn = (uft,dn). When the
operator qq obtains vacuum expectation values as in (16), the two SU(2) groups are locked
together by the pairing of quarks with antiquarks in the vacuum. Then the overall SU{2)
is unbroken; this is the manifest isospin symmetry of QCD. The second SU(2) is that
associated with the axial vector currents

This symmetry is spontaneously broken. By Goldstone's theorem, the symmetry breaking leads to a massless boson for each spontaneously broken symmetry, one created or
annihilated by each broken symmetry current. These three particles are identified with
the pions of QCD. The matrix element between the axial SU{2) currents and the pions
can be parametrized as
( 0 | ^ 5 V ( p ) ) = z/ 7r ^<5 a6 .
(165)
ba
By recognizing that J^ is a part of the weak interaction current, we can identify fn
as the pion decay constant, /„• = 93 MeV. The assumption of Weinberg and Susskind is
that the same story is repeated in technicolor. However, since the technicolor quarks are
assumed to be massless, the pions remain precisely massless at this stage of the argument.
If the system with spontaneously broken symmetry and massless pions is coupled
to gauge fields, the gauge boson should obtain mass through the Higgs mechanism. To
compute the mass term, consider the gauge boson vacuum polarization diagram shown in
Figure 31.
Let us assume first that we couple only the weak interaction SU{2) bosons to the
techniquarks. The coupling is
AC^gA^J^.
(166)
Then the matrix element (165) allows a pion to be annihilated and a gauge boson created,
with the amplitude

the second factor comes from J£M = \{J£ — J£5)- Using this amplitude, we can evaluate the
amplitude for a process in which a gauge boson converts to a Goldstone boson and then
converts back. This corresponds to the diagram contributing to the vacuum polarization
shown as the second term on the right-hand side of Figure 31. The value of this diagram
is

The full vacuum polarization amplitude iU.a^v(p) consists of this term plus more complicated terms with massive particles or multiple particles exchanged. These are indicated as
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the shaded blob in Figure 31. If there are no massless particles in the symmetry-breaking
sector other than the pions, (168) is the only term with a \/p2 singularity near p = 0.
Now recognize that the gauge current J£ is conserved, and so the vacuum polarization
must satisfy
p"IlJ(p) = 0 .
(169)
These two requirements are compatible only if the vacuum polarization behaves near p = 0
as

This is a mass term for the vector boson, giving
w i t h

^

v =

f* •

This is the result that I promised above (18).
Now add to this structure the f/(l) gauge boson B^ coupling to hypercharge. Repeating the same arguments, we find the mass matrix
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<172)

W Y)
acting on {A1, A^, A3^, B^). This has just the form of (21). The eigenvalues of this matrix
give the vector boson masses (7), with v = 246 GeV = /„•. This is the result promised
above (18). More generally, in a model with NQ technicolor doublets, we require,

v2 = NDfl .

(173)

Thus, a larger technicolor sector lies lower in energy and is closer to the scale of present
experiments.
In my discussion of (21), I pointed out that this equation calls for the presence of an
unbroken 5/7(2) global symmetry of the new strong interactions, called custodial SU(2),
in addition to the spontaneously broken weak interaction 577(2) symmetry. This global
SU(2) symmetry requires that the first three diagonal entries in (172) are equal, giving
the mass relation mw/mz = cos#w. Custodial SU(2) symmetry also acts on the heavier
states of the new strong interaction theory and will play an important role in our analysis
of the experimental probes of this sector.
The model I have just described gives mass the the W and Z bosons, but it does
not yet give mass to quarks and leptons. In order to accomplish this, we must couple the
quarks and leptons to the techniquarks. This is done by introducing further gauge bosons
called Extended Technicolor (ETC) bosons [53, 54]. If we imagine that the ETC bosons
connect light fermions to techniquarks, and that they are very heavy, a typical coupling
induced by these bosons would have the form
iAC

=

(

Y

U

HLfjR^R
mE
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^

U

(174)

T

Figure 32: ETC generation of quark and lepton masses.
Now replace U^UR by its vacuum expectation value due to dynamical techniquark mass
generation:

= 'A >

(175)

where mE and gE are the ETC mass and coupling, A is as in (16) and the unit matrix is
in the space of Dirac indices. Inserting (175) into (174), we find a fermion mass term
9%
rnu = ^f-A
.

(176)

The origin of this term is shown diagrammatically in Figure 32. In principle, masses could
be generated in this way for all of the quarks and leptons.
From (176), we can infer the mass scale required for the ETC interactions. Estimating with g& ~ 1, and A ~ An fl (which gives (uu) = (300 MeV)3 in QCD), we
find

using the 5 and t quark masses as reference points in the fermion mass spectrum.
The detailed structure of the ETC exchanges must be paired with a suitable structure of the techiquark sector. We might call 'minimal technicolor' the theory with precisely
one weak interaction SU(2) doublet of techniquarks. In this case, all of the flavor structure
must appear in the ETC group. In particular, some ETC bosons must be color triplets
to give mass to the quarks through the mechanism of Figure 32. Another possibility is
that the technicolor sector could contain techniquarks with the SU(3) x SU(2) x f/(l)
quantum numbers of a generation of quarks and leptons [55]. Then the ETC bosons could
all be color singlets, though they would still carry generation quantum numbers. In this
case also, (173) would apply with JVp = 4, putting /„. = 123 GeV. More complex cases
in which ETC bosons can be doublets of SU{2) have also been discussed in the literature
[56].

5.2

Experimental constraints on technicolor

The model that I have just described makes a number of characteristic physical
predictions that can be checked in experiments at energies currently available. Unfortunately, none of these predictions checks experimentally. Many theorists view this as a
repudiation of the technicolor program. However, others point to the fact that we have
built up the technicolor model assuming that the dynamics of the technicolor interactions
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exactly copies that of QCD. By modifying the pattern or the explicit energy scale of chiral
symmetry breaking, it is possible to evade these difficulties. Nevertheless, it is important
to be aware of what the problems are. In this section, I will review the three major experimental problems with technicolor models and then briefly examine how they may be
avoided through specific assumptions about the strong interaction dynamics.
The first two problems are not specifically associated with technicolor but rather
with the ETC interactions that couple techniquarks to the Standard Model quarks and
leptons. If two matrices of the ETC group link quarks with techniquarks, the commutator
of these matrices should link quarks with quarks. This implies that there should be ETC
bosons which create new four-quark interactions with coefficients of order g\/m\. In the
Standard Model, there are no flavor-changing neutral current couplings at the tree level.
Such couplings are generated by weak interaction box diagrams and other loop effects,
but the flavor-changing part of these interactions is suppressed to the level observed
experimentally by the GIM cancellation among intermediate flavors [57]. This cancellation
follows from the fact that the couplings of the various flavors of quarks and leptons to
the W and Z depend only on their SU(2) x U(l) quantum numbers. For ETC, however,
either the couplings or the boson masses must depend strongly on flavor in order to
generate the observed pattern of quark and lepton masses. Thus, generically, one expects
large flavor-changing neutral current effects. It is possible to suppress these couplings to a
level at which they do not contribute excessively to the KL-Ks mass difference, but only
by raising the ETC mass scale to m^ > 1000 TeV. In a similar way, ETC interactions
generically give excessive contributions to K° —> // + e~ and to ji —> e^ unless mg > 100
TeV [58, 59]. These estimates contradict the value of the ETC boson masses required in
(177). There are schemes for natural flavor conservation in technicolor theories, but they
require a very large amount of new structure just above 1 TeV [60, 61, 62].
The second problem comes in the value of the top quark mass. If ETC is weakly
coupled, the value of any quark mass should be bounded by approximately
m, < | | A X / 2 ,

(178)

where A is the techniquark bilinear expectation value. Estimating as above, this bounds
the quark masses at about 70 GeV [63]. To see this problem from another point of view,
look back at the mass of the ETC boson associated with the top quark, as given in (177).
This is comparable to the mass of the technicolor p meson, which we would estimate from
(18) to have a value of about 2 TeV. So apparently the top quark's ETC boson must be a
particle with technicolor strong interactions. This means that the model described above
is not self-consistent. Since this new strongly-interacting particle generates mass for the
t but not the b, it has the potential to give large contributions to other relations that
violate weak-interact ion isospin. In particular, it can give an unwanted large correction
to the relation mw = mzcos9w in (20).
The third problem relates directly to the technicolor sector itself. This issue arises
from the precision electroweak measurments. In principle, the agreement of precision
electroweak measurements with the Standard Model is a strong constraint on any type of
new physics. The constraint turns out to be especially powerful for technicolor. To explain
this point, I would like to present some general formalism and then specialize it to the
case of technicolor.
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At first sight, new physics can affect the observables of precision electroweak physics
through radiative corrections to the SU(2) x U{\) boson propagators, to the gauge boson
vertices, and to 4-fermion box diagrams. Typically, though, the largest effects are those
from vacuum polarization diagrams. To see this, recall that almost all precision electroweak observables involve 4-fermion reactions with light fermions only. (An exception
is the Z —> bb vertex, whose discussion I will postpone to Section 5.7.) In this case, the
vertex and box diagrams involve only those new particles that couple directly to the light
generations. If the new particles are somehow connected to the mechanism of SU(2) x U(l)
breaking and fermion mass generation, these couplings are necessarily small. The vacuum
polarization diagrams, on the other hand, can involve all new particles which couple to
SU(2) x f/(l), and can even be enhanced by color or flavor sums over these particles.
The vacuum polarization corrections also can be accounted in a very simple way.
It is useful, first, to write the W and Z vacuum polarization amplitudes in terms of
current-current expectation values for the SU{2) and electromagnetic currents. Use the
relation
Jz = Jz-s2JQ)
(179)
where JQ is the electromagnetic current, and s 2 = s i n 2 ^ , c2 = cos2 6W. Write the weak
coupling constants explicitly in terms of e, s2 and c2. Then the vacuum polarization
amplitudes of 7, W, and Z and the jZ mixing amplitude take the form

e2

e2

= —(n 3 Q - s2uQQ).

(180)

cs
The current-current amplitudes IT^ are functions of {q2 /M2), where M is the mass of the
new particles whose loops contribute to the vacuum polarizations.
If these new particles are too heavy to be found at the Z° or in the early stages
of LEP 2, the ratio q2/M2 is bounded for q2 = m | . Then it is reasonable to expand
the current-current expectation values a power series. In making this expansion, it is
important to take into account that any amplitude involving an electromagnetic current
will vanish at q2 = 0 by the standard QED Ward identity. Thus, to order q2, we have six
coefficients,

n3Q

=

g2n'3Q(o)
2

+ •• •

n 3 3 = n 3 3 ( o ) + g n 3 3 ( o ) + --To specify the coupling constants g, g' and the scale v of the electroweak theory, we must
measure three parameters. The most accurate reference values come from a, Gp, and mzThree of the coefficients in (181) are absorbed into these parameters. This leaves three
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Figure 33: Schematic determination of 5 and T from precision electroweak measurements.
For each observable, the width of the band corresponds to the experimental error in its
determination.
independent coefficients which can in principle be extracted from experimental measurements. These are conventionally defined [64] as

s = i67r[n33(o) - 1 4

U = lfor(n^(0)-n' n (0)]

(182)

I include in these parameters only the contributions from new physics. From the definitions, you can see that S measures the overall magnitude of q2fM2 effects, and T measures
the magnitude of effects that violate the custodial SU(2) symmetry of the new particles.
The third parameter U requires both <?2-dependence and SU(2) violation and typically is
small in explicit models.
By inserting the new physics contributions to the intermediate boson propagators
in weak interaction diagrams, we generate shifts from the Standard Model predictions
which are linear in 5, T, and U. For example, the effective value of sin2 8W governing
the forward-backward and polarization asymmetries at the Z° is shifted from its value
(s2) SM> in the Minimal Standard Model, by
( s 2 ) eff -

a
SM

(183)

All of the standard observables except for mw and I V are independent of U, and since
U is in any event expected to be small, I will ignore it from here on. In that case, any
precision weak interaction measurement restricts us to the vicinity of the line in the 5T plane. The constraints that come from the measurements of (s2)ef[> ™•w^ and Tz are
sketched in Figure 33. If these lines meet, they indicate particular values of S and T which
fit the deviations from the Standard Model in the whole corpus of weak interaction data.
Figure 34 shows such an S-T fit to the data available in the summer of 1996 [11]. The
various curves show fits to a, GF, mz plus a specific subset of the other observables; the
varying slopes of these constraints illustrate the behavior shown in Figure 33.
119

CO

all, M H = 300
Mz, M w
M Z ,Q W
M z , vN
M z , asymmetries
M H = 60
M u = 1000
1000

CM

Q

w

CM

8/96

CO

10

Figure 34: Current determination of S and T by a fit to the corpus of precision electroweak
data, from [11]. The various ellipses show fits to a subset of the data, including the values
of a, Gf, and mz plus those of one or several additional observables.
There is one important subtlety in the interpretation of the final values of S and T.
In determining the Minimal Standard Model reference values for the fit, it is necessary
to specify the value of the top quark mass and also a value for the mass of the Minimal
Standard Model Higgs boson. Raising mt gives the same physical effect as increasing
T; raising run increases S while slightly decreasing T. Though mt is known from direct
measurements, m// is not. The analysis of Figure 34 assumed mt = 175 GeV, mH —
300 GeV. In comparing S and T to the predictions of technicolor models, it is most
straightforward to compute the difference between the technicolor contribution to the
vacuum polarization and that of a 1 TeV Higgs boson. Shifting to this reference value, we
have the experimental constraint
S= -0.26 ±0.16

(184)

The negative sign indicates that there should be a smaller contribution to the W and Z
vacuum polarizations than that predicted by a 1 TeV Standard Model Higgs boson. This
is in accord with the fact that a lower value of the Higgs boson mass gives the best fit to
the Minimal Standard Model, as I have indicated in (63).
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In many models of new physics, the contributions to 5" become small as the mass
scale M increases, with the behavior S ~ m | / M 2 . This is the case, for example, in
supersymmetry. For example, charginos of mass about 60 GeV can contribute to 5 at
the level of of a few tenths of a unit, but heavier charginos have a negligible effect on
this parameter. In technicolor models, however, there is a new strong interaction sector
with resonances that can appear directly in the W and Z vacuum polarizations. There
is a concrete formula which describes these effects. Consider a technicolor theory with
577(2) isospin global symmetry. In such a theory, we can think about producing hadronic
resonances through e+e~ annihilation. In the standard parametrization, the cross section
for e+e~ annihilation to hadrons through a virtual photon is given by the point cross
section for e+e~~ —> /J>+IJ>~ times a factor R(s)) equal asymptotically to the sum of the
squares of the quark charges. Let Ry(s) be the analogous factor for a photon which
couples to the isospin current J^ 3 and so creates / = 1 vector resonances only, and let
RA(S) be the factor for a photon which couples to the axial isospin current J^53. Then
S=toJ0

- lRv(s) - RA(S) - H(s)} ,

(185)

where H(s) ~ | 0 ( s — m\) is the contribution of the Standard Model Higgs boson used
to compute the reference value in (183). In practice, this H(s) gives a small correction.
If one evaluates Ry and RA using the spectrum of QCD, scaled up appropriately by the
factor (18), one finds [64]
^

(186)

where Np is the number of weak doublets and NTc is the number of technicolors. Even
for No = 1 and NTc = 3, this is a substantial positive value, one inconsistent with (184)
at the 3 a level. Models with several technicolor weak doublets are in much more serious
conflict with the data.
These phenomenological problems of technicolor are challenging for the theory, but
they do not necessarily rule it out. Holdom [65] has suggested a specific dynamical scheme
which solves the first of these three problems. In estimating the scale of ETC interactions,
we assumed that the techniquark condensate falls off rapidly at high momentum, as the
quark condensate does in QCD. If the techniquark mass term fell only slowly at high
momentum, ETC would have a larger influence at larger values of mE. Then the flavorchanging direct effect of ETC on light quark physics would be reduced. It is possible
that such a difference between technicolor and QCD would also ameliorate the other two
problems I have discussed [66]. In particular, if the J = 1 spectrum of technicolor models
is not dominated by the low-lying p and a,\ mesons, as is the case in QCD, there is a
chance that the vector and axial vector contributions to (185) would cancel to a greater
extent.
It is disappointing that theorists are unclear about the precise predictions of technicolor models, but it is not surprising. Technicolor relies on the presence of a new stronglycoupled gauge theory. Though the properties of QCD at strong coupling now seem to be
well understood through numerical lattice gauge theory computations, our understanding of strongly coupled field theories is quite incomplete. There is room for quantiatively
and even qualitatively different behavior, especially in theories with a large number of
fermion flavors. What the arguments in this section show is that technicolor cannot be
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Figure 35: The Goldstone Boson Equivalence Theorem.
simply a scaled-up version of QCD. It is a challenge to theorists, though, to find the
strong-interaction theory whose different dynamical behavior fixes the problems that extrapolation from QCD would lead us to expect.

5.3

Direct probes of new strong interactions

If the model-dependent constraints on technicolor have led us into a murky theoretical situation, we should look for experiments that have a directly, model-independent
interpretation. The guiding principle of technicolor is that SU(2) x U{\) symmetry breaking is caused by new strong interactions. We should be able to test this idea by directly
observing elementary particle reactions involving these new interactions. In the next few
sections, I will explain how these experiments can be done.
In order to design experiments on new strong interactions, there are two problems
that we must discuss. First, the natural energy scale for technicolor, and also for alternative theories with new strong interactions, is of the order of 1 TeV. Thus, to feel these
interactions, we will need to set up parton colllisions with energies of order 1 TeV in
the center of mass. This energy range is well beyond the capabilities of LEP 2 and the
Tevatron, but it should be available at the LHC and the e+e~ linear collider. Even for
these facilities, the experiments are challenging. For the LHC, we will see that it requires
the full design luminosity. For the linear collider, it requires a center-of-mass energy of
1.5 TeV, at the top of the energy range now under consideration.
Second, we need to understand which parton collisions we should study. Among the
particles that interact in high-energy collisions, do any carry the new strong interactions?
At first it seems that all of the elementary particles of collider physics are weakly coupled. But remember that, in the models we are discussing, the W and Z bosons acquire
their mass through their coupling to the new strong interactions. As a part of the Higgs
mechanism, these bosons, which are massless and transversely polarized before symmetry breaking, pick up longitudinal polarization states by combining with the Goldstone
bosons of the symmetry-breaking sector. It is suggestive, then, that at very high energy,
the longitudinal polarization states of the W and Z bosons should show their origin and
interact like the pions of the strong interaction theory. In fact, this correspondence can
be proved; it is called the Goldstone Boson Equivalence Theorem [67, 68, 69, 70]. The
statement of the theorem is shown in Figure 35.
It is complicated to give a completely general proof of this theorem, but it is not
difficult to demonstate the simplest case. Consider a process in which one W boson is
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Figure 36: Ward identity used in the proof of the Goldstone Boson Equivalence Theorem.
emitted. Since the W couples to a conserved gauge current, the emission amplitude obeys
a Ward identity, shown in Figure 36. We can analyze this Ward identity as we did the
analogous diagrammatic identity in Figure 31. The current which creates the W destroys
a state of the strong interaction theory; this is either a massive state or a massless state
consisting of one pion. Call the vertex from which the W is created directly Tw, and call
the vertex for the creation of a pion iFn. Then the Ward identity shown in Figure 36 reads

q^w(q) + q, (il^j

^(q)

=0.

(187)

Using (171), this simplifies to
q ^

= mwTv.

(188)

To apply this equation, look at the explicit polarization vector representing a vector boson of longitudinal polarization. For a W boson moving in the 3 direction, q^ =
(E, 0, 0, q) with E2 — q2 = mw, the longitudinal polarization vector is
e/*=

(_JL)0|0,—) .

(189)

my//

\mw

This vector satisfies e • q = 0. At the same time, it becomes increasingly close to q^
as E —> oo. Because of this, the contraction of eM with the first term in the vertex shown
in Figure 36 is well approximated by {q^/mw^w m this limit, while at the same time the
contraction of eM with the pion diagram gives zero. Thus, Tw is the complete amplitude
for emission of a physical W boson. According to (188), it satisfies
e^tv

= I\r

(190)

for E 3> mw- This is the precise statement of Goldstone boson equivalence.
The Goldstone boson equivalence theorem tells us that the longitudinal polarization
states of W+, W~, and Z°, studied in very high energy reactions, are precisely the pions of
the new strong interactions. In the simplest technicolor models, these particles would have
the scattering amplitudes of QCD pions. However, we can also broaden our description
to include more general models. To do this, we simply write the most general theory of
pion interactions at energies low compared to the new strong-interaction scale, and then
reinterpret the initial and final particles are longitudinally polarized weak bosons.
This analysis is dramatically simplified by the observation we made below (21) that
the new strong interactions should contain a global SU(2) symmetry which remains exact
when the weak interaction 517(2) is spontaneously broken. I explained there that this
symmetry is required to obtain the relation mw — mz cos 9W, which is a regularity of the
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weak boson mass spectrum. This unbroken symmetry shows up in technicolor models as
the manifest SU{2) isospin symmetry of the techniquarks.
Prom here on, I will treat the pions of the new strong interactions as massless
particles with an exact isospin SU(2) symmetry. The pions form a triplet with 7 = 1.
Then a two-pion state has isospin 0, 1, or 2. Using Bose statistics, we see that the three
scattering channels of lowest angular momentum are
7= 0
7= i
7 —2

J = 0
J = 1
J

(191)

From here on, I will refer to these channels by their isospin value. Using the analogy to
the conventional strong interactions, it is conventional to call a resonance in the 7 = 0
channel a a and a resonance in the 7 = 1 channel a p or techni-p.
Now we can describe the pion interactions by old-fashioned pion scattering phenomenology [71]. As long we are at energies sufficiently low that the process TTTT —> 47r is
not yet important, unitarity requires the scattering amplitude in the channel 7 to have
the form
J =
MI = 327velS'sin6I-{1
° ,
(192)
I 3 cos 9 J — 1
where <5; is the phase shift in the channel 7. Since the pions are massless. these can be
expanded at low energy as

i ( ) '

(193)

where At is the relativistic generalization of the scattering length and Mj similarly represents the effective range. The parameter Mj is given this name because it estimates the
position of the leading resonance in the channel I. The limit Mj —• oo is called the Low
Energy Theorem (LET) model.
Because the pions are Goldstone bosons, it turns our that their scattering lengths
can be predicted in terms of the amplitude (165) [72]. Thus,
f 16TT/2 = (1.7 TeV)2 7 = 0
A, = I Wixfl = (4.3 TeV)2 7 = 1 .
(194)
1 -327T/2
7= 2
Experiments which involve WW scattering at very high energy should give us the chance
to observe these values of A} and to measure the corresponding values of M/.
The values of At given in (194) represent the basic assumptions about manifest and
spontaneously broken symmetry which are built into our analysis. The values of Mj, on
the other hand, depend on the details of the particular set of new strong interactions that
Nature has provided. For example, in a technicolor model, the quark model of techicolor
interactions predicts that the strongest low-lying resonance should be a p (I = 1), as we
see in QCD. In a model with strongly coupled spin-0 particles, the strongest resonance
would probably be a a, an 7 = 0 scalar bound state. More generally, if we can learn which
channels have low-lying resonances and what the masses of these resonances are, we will
have a direct experimental window into the nature of the new interactions which break
SU(2) x U(l).
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Figure 37: Kinematics for the radiation of a longitudinal W parton.
5.4

New strong interactions in WW scattering
How, then, can we create collisions of longitudinal W bosons at TeV center-of-mass
energies? The most straightforward method to create high-energy W bosons is to radiate
them from incident colliding particles, either quarks at the LHC or electrons and positrons
at the linear collider.
The flux of W bosons associated with a proton or electron beam can be computed
by methods similar to those used to discuss parton evolution in QCD [5, 73]. We imagine
that the W bosons are emitted from the incident fermion lines and come together in a
collision process with momentum transfer Q. The kinematics of the emission process is
shown in Figure 37. The emitted bosons are produced with a spectrum in longitudinal
momentum, parametrized by the quantity x, the longitudinal fraction. They also have a
spectrum in transverse momentum p±. The emitted W boson is off-shell, but this can be
ignored to a first approximation if Q is much larger than (m^ + p\)1^2 • In this limit, the
distribution of the emitted W bosons is described by relatively simple formulae. Note that
an incident di or e^ can radiate a W~, while an incident ui or e\ can radiate a W+.
The distribution of transversely polarized W~ bosons emitted from an incident di
or e^ is given by

/ •fa /.;-„.- (»• 0) - I" ^
o

J

V /

P i + rriw J x

where, as before, s2 = sin 8W. The integral over transverse momenta gives an enhancement
factor of log Q2/mlv, analogous to the factor log s/me which appears in the formula for
radiation of photons in electron scattering processes. The distribution of longitudinally
polarized W~ bosons has a somewhat different structure,
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This formula does not show the logarithmic distribution in p^ seen in (195); instead, it
produces longitudinally polarized W bosons at a characteristic p± value of order rrtw.
When both beams radiate longitudinally polarized W bosons, we can study bosonboson scattering through the reactions shown in Figure 38. In pp reactions one can in
principle study all modes of WW scattering, though the most complete simulations have
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Figure 38: Collider processes which involve WW scattering.
been done for the especially clean 7 = 2 channel, W+W4" —> VK + jy + . In e+e~ collisions,
one is restricted to the channels VK+IV" -> W+W~ and W+W~ -* Z°Z°. The diagrams
in which a longitudinal Z° appears in the initial state are suppressed by the small Z°
coupling to the electron
g\eZ

-+ ejZ°)

The 7 = 2 process W~W~ —> W~W~ could be studied in a dedicated e~e~ collision
experiment.
I will now briefly discuss the experimental strategies for observing these reactions
in the LHC and linear collider environments and present some simulation results. In the
pp reactions, the most important background processes come from the important high
transverse momentum QCD processes which, with some probability, give final states that
mimic W boson pairs. For example, in the process gg —> gg with a momentum transfer of
1 TeV, each final gluon typically radiates gluons and quarks before final hadronization, to
produce a system of hadrons with of order 100 GeV. When the mass of this system happens
to be close to the mass of the W, the process has the characteristics of WW scattering.
Because of the overwhelming rate for gg —* gg, all studies of WW scattering at hadron
colliders have restricted themselves to detection of one or both weak bosons in leptonic
decay modes. Even with this restriction, the process gg —> it provides a background of
isolated lepton pairs at high transverse momentum. This background and a similar one
from qq —> W+ jets, with jets faking leptons, are controlled by requiring some further
evidence that the initial W bosons are color-singlet systems radiated from quark lines. To
achieve this, one could require a forward jet associated with the quark from which the W
was radiated, or a low hadronic activity in the central rapidity region, characteristic of
the collision of color-singlet species.
Figure 39 shows a simulation by the ATLAS collaboration of a search for new strong
interactions in W + W + scattering [28]. In this study, both W bosons were assumed to be
observed in their leptonic decays to e or //, and a forward jet tag was required. The signal
corresponds to a model with a 1 TeV Higgs boson, or, in our more general terminology,
a 1 TeV 7 = 0 resonance. The size of the signal is a few tens of events in a year of
running at the LHC at high luminosity. Note that the experiment admits a substantial
background from various sources of tranversely polarized weak bosons. Though there is a
significant excess above the Standard Model expectation, the signal is not distinguished
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Figure 39: Expected numbers of i y + W + —> (£u)(£v) events due to signal and background
processes, after all cuts, for a 100 fb"1 event sample at the LHC, from [28]. The signal
corresponds to a Higgs boson of mass 1 TeV.
by a resonance peak, and so it will be important to find experimental checks that the backgrounds are correctly estimated. An illuminating study of the other important reaction
pp -> Z°Z° + X is given in [74].
The WW scattering experiment is also difficult at an e+e~ linear collider. A center
of mass energy well above 1 TeV must be used, and again the event rate is a few tens
per year at high luminosity. The systematic problems of the measurement are different,
however, so that the e+e~ results might provide important new evidence even if a small
effect is first seen at the LHC. In the e+e~ environment, it is possible to identify the weak
bosons in their hadronic decay modes, and in fact this is necessary to provide sufficient
rate. Since the hadronic decay captures the full energy-momentum of the weak boson,
the total momentum vector of the boson pair can be measured. This, again, is fortunate,
because the dominant backgrounds to WW scattering through new strong interactions
come from the photon-induced processes 77 —> W+W~ and 7e —> ZWv. The first of these
backgrounds can be dramatically reduced by insisting that the final two-boson system
has a transverse momentum between 50 and 300 GeV, corresponding to the phenomenon
we noted in (196) that longitudinally polarized weak bosons are typically emitted with a
transverse momentum of order mw- This cut should be accompanied by a forward electron
and positron veto to remove processes with an initial photon which has been radiated from
one of the fermion lines.
The expected signal and background after cuts, in e + e —»• vi>W+W~ and e + e
uuZ°Z°, at a center-of-mass energy of 1.5 TeV, are shown in Figure 40 [75]. The signal
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Figure 40: Expected numbers of W^W7 and ZZ —• 4 jet events due to signal and background processes, after all cuts, for a 200 fb"1 event sample at an e+e~ linear collider
at 1.5 TeV in the center of mass, from [75]. Three different models for the signal are
compared to the Standard Model background.
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Figure 41: Collider processes which involve vector boson pair-production.
is shown for a number of different models and is compared to the Standard Model expectation for transversely polarized boson pair production. In the most favorable cases of
1 TeV resonances in the J = 0 or / = 1 channel, resonance structure is apparent in the
signal, but in models with higher resonance masses one must again rely on observing an
enhancement over the predicted Standard Model backgrounds. At an e+e~ collider, one
has the small advantage that these backgrounds come from electroweak processes and can
therefore be precisely estimated.
Recently, it has been shown that the process WW —• it can be observed at an e+e~
linear collider at 1.5 TeV [76]. This reaction probes the involvement of the top quark
in the new strong interactions. If the W and top quark masses have a common origin,
the same resonances which appear in WW scattering should also appear in this reaction.
However, some models, for example, Hill's topcolor [77], attribute the top quark mass
to interactions specific to the third generation which lead to top pair condensation. The
study of WW —> it can directly address this issue experimentally.

5.5

New strong interactions in W pair-production

In addition to providing direct WW scattering processes, new strong interactions
can affect collider processes by creating a resonant enhancement of fermion pair annihilation in to weak bosons. The most important reactions for studying this effect are shown
in Figure 41. As with the processes studied in Section 5.4, these occur both in the pp and
e+e~ collider environment.
The effect is easy to understand by a comparison to the familiar strong interactions.
In the same way that the boson-boson scattering processes described in the previous section were analogous to pion-pion scattering, the strong interaction enhancement of W pair
production is analogous to the behavior of the pion form factor. We might parametrize
the enhancement of the amplitude for fermion pair annihilation into longitudinally polarized W bosons by a form factor Fn(q2). In QCD, the pion form factor receives a large
enhancement from the p resonance. Similarly, if the new strong interactions contain a
strong / = 1 resonance, the amplitude for longitudinally polarized W pair production
should be multiplied by the factor

where M\ and Fy are the mass and width of the resonance. If there is no strong resonance,
the new strong interactions still have an effect on this channel, but it may be subtle and
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Figure 42: Reconstructed masses at the LHC for new strong interaction resonances decaying into gauge boson pairs, from [28]: (a) a 1 TeV techni-p resonance decaying into
WZ and observed in the 3-lepton final state; (b) a 1.46 TeV techni-u; decaying into 7Z
and observed in the ^y£+£~ final state.
difficult to detect. A benchmark is that the phase of the new pion form factor is related
to the pion-pion scattering phase shift in the 7 = 1 channel,
argi^(s) =

(199)

this result is true for any strong-interaction model as long as KIT —* An processes are not
important at the given value of s [78].
At the LHC, an I — 1 resonance in the new strong interactions can be observed
as an enhancement in pp —• WZ + X, with both W and Z decaying to leptons, as long
as the resonance is sufficiently low in mass that its peak occurs before the qq luminosity
spectrum cuts off. The ATLAS collaboration has demonstrated a sensitivity up to masses
of 1.6 TeV [79]. The signal for a 1 TeV resonance is quite dramatic, as demonstrated in
Figure 42.
Also shown in this figure is an estimate of a related effect that appears in some
but not all models, the production of an 7 = 0, J = 1 resonance analogous to the u in
QCD, which then decays to 3 new pions or to 7r7. Though the first of these modes is not
easily detected at the LHC, the latter corresponds to the final state Z0/y, which can be
completely reconstructed if the Z° decays to
At an e+e~ collider, the study of the new pion form factor can be carried a bit
is the most important single process in high-energy
farther. The process e++e~
e
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Figure 43: Technirho resonance effect on the differential cross section for e+e —* W+W
at cos 6 — —0.5. The figure shows the effect on the various W polarization states.
e+e" annihilation, with a cross section greater than that for all annihilation processes to
quark pairs. If one observes this reaction in the topology in which one W decays hadronically and the other leptonically, the complete event can be reconstructed including the
signs of the W bosons. The W decay angles contain information on the boson polarizations. So it is possible to measure the pair production cross section to an accuracy
of a few percent, and also to extract the contribution from W bosons with longitudinal
polarization. The experimental techniques for this analysis have been reviewed in [80].
Because an / = 1 resonance appears specifically in the pair-production of longitudinally polarized W bosons, the resonance peak in the cross section has associated with it
an effect in the W polarizations which is significant even well below the peak. This effect
is seen in Figure 43, which shows the differential cross section for W pair production at
a fixed angle as a function of center-of-mass energy, in a minimal technicolor model with
the 7 = 1 technirho resonance at 1.8 TeV. By measuring the amplitude for longitudinal
W pair production accurately, then, it is possible to look for / = 1 resonances which are
well above threshold. In addition, measurement of the interference between the transverse
and longitudinal W pair production amplitudes allows one to determine the phase of the
new pion form factor [80]. This effect is present even in models with no resonant behavior,
simply by virtue of the relation (199) and the model-independent leading term in (193).
Figure 44 shows the behavior of the new pion form factor as an amplitude in the complex
plane as a function of the center-of-mass energy in the nonresonant and resonant cases.
The expectations for the measurement of the new pion form factor at a 1.5 TeV linear
collider, from simulation results of Barklow [80], are show in Figure 45. The estimated
sensitivity of the measurement is compared to the expectations from a model incorporating
the physics I have just described [81]. A nonresonant model with scattering in the 7 = 1
channel given only by the scattering length term in (193) is already distinguished from a
model with no new strong interactions at the 4.6 a level, mainly by the measurement of
the imaginary part of Fn. In addition, the measurement of the resonance effect (198) in
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Figure 44: Dependence of F7T(s) on energy, in models without and with a new strong
interaction resonance in the / = J = 1 channel.
the real part of F^ can distinguish the positions of / = 1 resonances more than a factor
two above the collider center-of-mass energy.
5.6

Overview of WW scattering experiments
It is interesting to collect together and summarize the various probes for resonances
in the new strong interactions that I have described in the previous two sections. I have
described both direct studies of WW scattering processes and indirect searches for resonances through their effect on fermion annihilation to boson pairs. With the LHC and the
e+e~ linear collider, these reactions would be studied in a number of channels spanning
all of the cases listed in (191). Of course, with fixed energy and luminosity, we can only
probe so far into each channel. It is useful to express this reach quantitatively and to ask
whether it should give a sufficient picture of the resonance structure that might be found.
There is a well-defined way to estimate how far one must reach to have interesting
sensitivity to new resonances. The model-independent lowest order expressions for the nir
scattering amplitudes
A4/ = 327reJ*' —

3 cos 0 J =\

(200)

violate unitarity when s becomes sufficiently large, and this gives a criterion for the value of
s by which new resonances must appear [69]. The unitarity violation begins for s = At/2;
with the values of the Ai given in (194), we find the bounds
v/s<l-3TeV,

1 =1

y/s < 3.0 TeV .

(201)

For comparison, if we scale up the QCD resonance masses by the factor (18), we find a
techni-p mass of 2.0 TeV, well below the the / = 1 unitarity bound given in (201). It
is interesting to compare these goals to the reach expected for the experiments we have
described.
One of the working groups at the recent Snowmass summer study addressed the
question of estimating he sensitivity to new strong interaction resonances in each of
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Figure 45: Determination of the new pion form factor an an e + e~ linear collider at 1.5
TeV with an unpolarized data sample of 200 fb" 1 , from [80]. The simulation results
are compared to model with a high-mass 7 = 1 resonance and the model-independent
contribution to pion-pion scattering. The contour about the light Higgs point (with no
new strong interactions) is a 95% confidence contour; that about the point M — 4 TeV
is a 68% confidence contour.
the boson-boson scattering channels that will be probed by the high-energy colliders [82].
Their results are reproduced in Table 1. Results are given for experiments at the LHC and
at a 1.5 TeV e+e~ linear collider, with luminosity samples of 100 fb""1 per experiment.
The method of the study was to use simulation data from the literature to estimate
the sensitivity to the parameters Mj in (193), allowing just this one degree of freedom
per channel. Situations with multiple resonances with coherent or cancelling effects were
not considered. Nevertheless, the determination of these basic parameters should give a
general qualitative picture of the new strong interactions. The estimates of the sensitivity
to these parameters go well beyond the goals set in (201).
If new strong interactions are found, further experiments at higher energy will be
necessary to characterize them precisely. Eventually, we will need to work out the detailed
hadron spectroscopy of these new interactions, as was done a generation ago for QCD.
Some techniques for measuring this spectrum seem straightforward if the high energy
accelerators will be available. For example, one could measure the spectrum of J = 1
resonances from the cross section for e + e~ or fi+(JL~ annihilation to multiple longitudinal
W and Z bosons. I presume that there are also elegant spectroscopy experiments that
can be done in high-energy pp collisions, though these have not yet been worked out. It
may be interesting to think about this question. If the colliders of the next generation
do discover these new strong interactions, the new spectroscopy will be a central issue of
particle physics twenty years from now.

5.7

Observable effects of extended technicolor

Beyond these general methods for observing new strong interactions, which apply
to any model in which electroweak symmetry breaking has a strong-coupling origin, each
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Table 1: LHC and linear collider ('NLC') sensitivity to resonances in the new strong interactions, from [82]. 'Reach' gives the value of the resonance mass corresponding to an
enhancement of the cross section for boson-boson scattering at the 95% confidence level
obtained in Section VIB2. 'Sample' gives a representative set of errors for the determination of a resonance mass from this enhancement. 'Eff. £ Reach' gives the estimate of
the resonance mass for a 95% confidence level enhancement. All of these estimates are
based on simple parametrizations in which a single resonance dominates the scattering
cross section.
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specific model leads to its own model-dependent predictions. Typically, these predictions
can be tested at energies below the TeV scale, so they provide phenomena that can
be explored before the colliders of the next generation reach their ultimate energy and
luminosity. On the other hand, these predictions are specific to their context. Excluding
one such phenomenon rules out a particular model but not necessarily the whole class of
strong-coupled theories. We have seen an example of this already in Section 5.2, where the
strong constraints on technicolor models from precision electroweak physics force viable
models to have particular dynamical behavior but do not exclude these models completely.
In this section, I would like to highlight three such predictions specifically associated
with technicolor theories. These three phenomena illustrate the range of possible effects
that might be found. A systematic survey of the model-dependent predictions of models
of strongly-coupled electroweak symmetry breaking is given in [82].
All three of these predictions are associated with the extended technicolor mechanism of quark and lepton mass generation described at the end of Section 5.1 and in
Figure 32. To see the first prediction, note from the figure that the Standard Model quantum numbers of the external fermion must be carried either by the techniquark or by
the ETC gauge boson. The simplest possibility is to assign the techniquarks the quantum numbers of a generation of quarks and leptons [55]. Call these fermions ((/, D, N, E).
The pions of the technicolor theory, the Goldstone bosons of spontaneously broken chiral
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5(7(2), have the quantum numbers
TT+ ~ U-ysD + JV 7 5 £ , 7T° ~ U-y5U - D75Z) + ]V757V - £ 7 5 £ .

(202)

But the theory contains many more pseudoscalar mesons. In fact, in the absence of the
coupling to SU(3) x SU{2) x 1/(1), the model has the global symmetry 5(7(8) x SU(8)
(counting each techniquark as three species), which would be spontaneously broken to a
vector SU(8) symmetry by dynamical techniquark mass generation. This would produce
an 5(7(8) representation of Goldstone bosons, 63 in all. Of these, three are the Goldstone
bosons eaten by the W± and Z° in the Higgs mechanism. The others comprise four color
singlet bosons, for example,
p

-Jj-yhD - 7V 7 5 £ ,

(203)

P 3 ~ Z7 7 5 £ ,

(204)

p+ ~ U<yHaD ,

(205)

four color triplets, for example,
and four color octets, for example,

where ta is a 3 x 3 5(7(3) generator. These additional particles are known as pseudoGoldstone bosons or, more simply, technipions.
Phenomenologically, the technipions resemble Higgs bosons with the same Standard
Model quantum numbers. They are produced in e+e~ annihilation at the same rate as
for pointlike charged bosons. The idea of Higgs bosons with nontrivial color is usually
dismissed in studies of the Higgs sector because this structure is not 'minimal'; however,
we see that these objects appear naturally from the idea of technicolor. The colored objects
are readily pair-produced at proton colliders, and the neutral isosinglet color-octet state
can also be singly produced through gluon-gluon fusion [83].
The masses of the technipions arise from Standard Model radiative corrections and
from ETC interactions; these are expected to be of the order of a few hundred GeV.
Technipions decay by a process in which the techniquarks exchange an ETC boson and
convert to ordinary quarks and leptons. This decay process favors decays to heavy flavors,
for example, P8+ —> tb. In this respect, too, the technipions resemble Higgs bosons of a
highly nonminimal Higgs sector resulting from an underlying composite structure.
If ETC bosons are needed to generate mass in technicolor models, it is interesting to
ask whether these bosons can be observed directly. In (177), I showed that the ETC boson
associated with the top quark should have a mass of about 1 TeV, putting it within the
mass range accessible to the LHC. Arnold and Wendt considered a particular signature
of ETC boson pair production at hadron colliders [84]. They assumed (in contrast to the
assumptions of the previous few paragraphs) that the ETC bosons carry color; this allows
these bosons to be pair-produced in gluon-gluon collisions. Because ETC bosons carry
technicolor, they will not be produced as free particles; rather, the ETC boson pair will
form a technihadron EE. These hadrons will decay when the ETC boson emits a top
quark and turns into a techniquark, E —> Tt. When both ETC bosons have decayed, we
are left with a technicolor pion, which is observed as a longitudinally polarized Z°. The
full reaction is
gg -> ~EE -+'ET + t^Z0
+ t + t,
(206)
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Figure 46: Cross section for the production of ETC boson pair states in pp collisions, from
[84]. The EE states are observed as tiZ° systems of definite invariant mass. The two sets
of curves correspond to signal and Standard Model background (with the requirement
> 50 GeV) for pp center-of-mass energies of 10 and 20 TeV.
in which the tZ° system and the Z°tt systems both form definite mass combinations
corresponding to technihadrons. The cross section for this reaction is shown in Figure 46.
Note that the multiple peaks in the signal show contributions from both the J = 0 and
the J — 2 bound states of ETC bosons.
A second manifestation of ETC dynamics is less direct, but it is visible at lower
eneriges. To understand this effect, go back to the elementary ETC gauge boson coupling
that produces the top quark mass,
AC =

(207)

where QL = (£, b)i and TL = (U, D)L. If we put this interaction together with a corresponding coupling to the right-handed quarks, we obtain the term (174) which leads to
the fermion masses. On the other hand, we could contract the vertex (207) with its own
Hermitian conjugate. This gives the vertex
zA£ -

—I

—ml

(208)

By a Fierz transformation [5], this expression can be rearranged into
(209)
where r a are the weak isospin matrices. The last factor gives just the technicolor currents
which couple to the weak interaction vector bosons. Thus, we can replace this factor by
(210)
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Figure 47: Modification of the Z°bb and Z°£i vertices by ETC interactions.
Then this term has the interpretation of a technicolor modification of the Z —• bb and
Z ->tt vertices [85].
It is not difficult to estimate the size of this effect. Writing the new contribution to
the Z° vertex together with the Standard Model contributions, we have

A£ =

CS

ZQ

r3 -

(211)

For the left-handed b, r 3 = — | , and so the quantity in brackets is
ab

-

- - 4- - s 2 4-

SM

X

^f2

2 4*/-

(212)

where in the last line I have used (177) to estimate QE^E- The value of the correction,
when squared, is about 6% and would tend to decrease the branching ratio for Z° —• bb.
The effect that we have estimated is that of the first diagram in Figure 47. In more
complicated models of ETC [56, 86, 87], effects corresponding to both of the diagrams
shown in the figure contribute, and can also have either sign. Typically, the two types
of diagrams cancel in the Z°bb coupling and add in the Z°ti coupling [88]. Thus, it
is interesting to study this effect experimentally in e+e~ experiments both at the Z°
resonance and at the it threshold.

5.8

Recapitulation

In this section, I have discussed the future experimental program of particle physics
for the case in which electroweak symmetry breaking has its origin in new strong interactions. We have discussed model-independent probes of the new strong interaction sector
and experiments which probe specific aspects of technicolor models. In this case, as opposed to the case of supersymmetry, some of the most important experiments can only
be done at very high energies and luminosities, corresponding to the highest values being
considered for the next generation of colliders. Nevertheless, I have argued that, if plans
now proposed can be realized, these experiments form a rich program which provides a
broad experimental view of the new interactions.
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Two sets of contrasting viewpoints appeared in our analysis. The first was the contrast between experiments that test model-dependent as opposed to model-independent
conclusions. The search for technipions, for corrections to the Zii vertex, and for other
specific manifestations of technicolor theories can be carried out at energies well below
the 1 TeV scale. In fact, the precision electroweak experiments and the current precision
determination of the Z° —> bb branching ratio already strongly constrain technicolor theories. However, such constraints can be evaded by clever model-building. If an anomaly
predicted by technicolor is found, it will be important and remarkable. But in either case,
we will need to carry out the TeV-energy experiments to see the new interactions directly
and to clearly establish their properties.
The second set of contrasts, which we saw also in our study of supersymmetry,
comes from the different viewpoints offered by pp and e+e~ colliders. In the search for
anomalies, the use of both types of experiments clearly offers a broader field for discovery.
But these two types of facilities also bring different information to the more systematic
program of study of the new strong interactions summarized in Table 1. The table makes
quantitative the powerful capabilities of the LHC to explore the new strong interaction
sector. But it also shows that an e+e~ linear collider adds to the LHC an exceptional
sensitivity in the 1 = 1 channel, reaching well past the unitarity bound, and sensitivity to
the process W+W~ —> it, which tests the connection between the new strong interactions
and the top quark mass generation. Again in this example, we see how the LHC and the
linear collider, taken together, provide the information for a broad and coherent picture
of physics beyond the standard model.
6.

Conclusions
This concludes our grand tour of theoretical ideas about what physics waits for us at
this and the next generation of high-energy colliders. I have structured my presentation
around two specific concrete models of new physics—supersymmetry and technicolor.
These models contrast greatly in their details and call for completely different experimental programs. Nevertheless, they have some common features that I would like to
emphasize.
First of all, these models give examples of solutions to the problem I have argued is
the highest-priority problem in elementary particle physics, the mechanism of electroweak
symmetry breaking. Much work has been devoted to 'minimal1 solutions to this problem,
in which the future experimental program should be devoted to finding a few, or even just
one, Higgs scalar bosons. It is possible that Nature works in this way. But, for myself, I
do not believe it. Through these examples, I have tried to explain a very different view
of electroweak symmetry breaking, that this phenomenon arises from a new principle of
physics, and that its essential simplicity is found not by counting the number of particles
in the model but by understanding that the model is built around a coherent physical
mechanism. New principles have deep implications, and we have seen in our two examples
that these can lead to a broad and fascinating experimental program.
If my viewpoint is right, these new phenomena are waiting for us, perhaps already at
the LEP 2 and Tevatron experiments of the next few years, and at the latest at the LHC
and the e+e~ linear collider. If the new physical principle that we are seeking explains the
origin of Z and W masses, it cannot be too far away. In each of the models that I have
discussed, I have given a quantitative estimate of the energy reach required. At the next
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generation of colliders, we will be there.
For those of you who are now students of elementary particle physics, this conclusion
comes with both discouraging and encouraging messages. The discouragement comes from
the long time scale required to construct new accelerator facilities and to carry out the
large-scale experiments that are now required on the frontier. Some of your teachers can
remember a time when a high-energy physics experiment could be done in one year.
Today, the time scale is of order ten years, or longer if the whole process of designing and
constructing the accelerator is considered.
The experiments that I have described put a premium not only on high energy
but also high luminosity. This means that not only the experiments but also the accelerator designs required for these studies will require careful thinking and brilliant new
ideas. During the school, Alain Blondel was fond of repeating, 'Inverse picobarns must be
earned!' The price of inverse femtobarns is even higher. Thus, I strongly encourage you to
become involved in the problems of accelerator design and the interaction of accelerators
with experiments, to search for solutions to the challenging problems that must be solve
to carry out experiments at 1 TeV and above.
The other side of the message is filled with promise. If we can have the patience
to wait over the long time intervals that our experiments require, and to solve the technical problems that they pose, we will eventually arrive at the physics responsible for
electroweak symmetry breaking. If the conception that I have argued for in these lectures is correct, this will be genuinely a new fundamental scale in physics, with new
interactions and a rich phenomenological structure. Though the experimental discovery
and clarification of this structure will be complex, the accelerators planned for the next
generation—the LHC and the e+e~ linear collider—will provide the powerful tools and
analysis methods that we will require. This is the next frontier in elementary particle
physics, and it is waiting for you. Enjoy it when it arrives!
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P-1096 Lisboa Codex, Portugal

Abstract
These lectures give an overview on some of the important issues in flavour physics, including fermion masses and mixings,
CP violation, and flavour changing neutral currents. We review
the Kobayashi Maskawa mechanism of CP violation and present a
survey of models with new sources of CP violation, including those
where CP is a spontaneously broken symmetry of the Lagrangian.
The role of CP asymmetries in neutral B meson decays as a probe
of new physics is emphasized.

1.

Yukawa Interactions

The Standard Model (SM) [1] provides an elegant description of the electromagnetic, weak and strong interactions, in the framework of the gauge group U(\) x SU(2) x
SU{3).
In spite of its enormous success when confronted with experiment, the SM has some
shortcomings and leaves unanswered many fundamental questions. In particular, it does
not provide an explanation for the replication of fermion families or for the pattern of
quark masses and mixings which appear as free parameters. The arbitrariness of quark
masses and mixings in the SM results from the fact that gauge invariance does not
constrain in any way the flavour structure of Yukawa interactions, which can be written
as:

t,j

v

L ^

J

The three 3 x 3 matrices F d , Yu, Ye are arbitrary complex matrices in flavour space.

1.1

(1)

Generation of Fermion Masses

Upon spontaneous symmetry breaking of the SU(2) x U(l) gauge symmetry, one
obtains the mass terms:
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U°M
L , luW °

h.c.

u R

d

u

(2)

e

with Md = Y -^; Mu = Y -^; Me = Y ^, where we have suppressed the flavour indices,
and -7= is the vacuum expectation value of the neutral component of the Higgs doublet.
The charged and neutral gauge interactions are given by:
(3)

£•7,

=

9

hc

(4)

Since Yd, Yu are complex 3 x 3 arbitrary matrices, they contain (2 x 18) free parameters. However, there is a large redundancy in these Yukawa matrices, which results
from the freedom one has to make weak-basis transformations (WB) of the type:
d°L
dR

uR =

(5)

where W^,WR: WR are unitary matrices acting in flavour space. The transformations of
Eq. (5) leave all terms of the Lagrangian invariant, except the mass terms. In the SM, the
WB transformations form the group: U(3)L X Ud(3)n x UU(3)R. The quark mass matrices
are diagonalized by the bi-unitary transformations:
d°L = UddL
d°R = UdRdR

u

uR = U RuR

(6)

where u, d denote the mass eigenstates:

Dl
it

with Du = diag(m u , mc,mt), Dd = diag(md,ms, mb), and Hu = MuMj, Hd = MdM\.
terms of the quark mass eigenstates, the charged current (c.c) interactions are:

h.c.

cc = g[uct]LVCKM

where

VCKM

=

'. Using standard notation,

VCKM

c a n De

(7)

In

(8)

written as:

vud vus vub
Vr*

Vcs
Vu

Vcj,

(9)

Vtb

The appearance of a non-trivial Cabibbo-Kobayashi-Maskawa (CKM) matrix [2] in
the charged currents has thus a natural explanation in the SM, since it just reflects the
fact that the hermitian quark mass matrices Hu, Hd are diagonalized by different unitary
144

matrices. As a result of the GIM mechanism, the neutral currents maintain the form of
Eq. (4) and there are no flavour-changing neutral currents (FCNC) at tree level.
For n fermion families, the CKM matrix is an n-dimensional unitary matrix. However, not all parameters contained in V are physical. This has to do with the fact that
after the quark mass matrices have been diagonalized, one still has the freedom to make
phase transformations of the type:
i4;
Under these phase redefinitions,

VCKM

di = exp(iipf)d't

(10)

transforms as:

Vjk = exp [-i(<p» - <pD] V;k

(11)

where we have dropped the subscript CKM. By making rephasing transformations of
Eq. (10), one can eliminate (2n — 1) phases from V. Taking into account that in a ndimensional unitary matrix there are in general n2 parameters, of which ^n(n — 1) are
"angles" which characterize the 0(n) rotation, one concludes that the number of physical
phases contained in V is given by
NSM

=

n2

_ ln(n _

1}

_

(2n

_

1} =

1( n _

1)(n

_

2)

The total number of physical parameters entering in V is:

Therefore, in the three generation SM there is a physical phase in the mixing matrix which
is responsible for CP violation, as first pointed out by, Kobayashi and Maskawa (KM).
At this point, it is worth noting that in the SM, Np equals the number of independent
moduli N^M entering in V:
N*M = N™

(14)

This is a very special feature of the SM which in general does not hold in other models.
As an example, consider the left-right symmetric (LRS) model [3] which is based on the
gauge group SU(2)L x SU{2)R X U(l). It can be readily seen that due to the presence
of both left-handed (£h) and right-handed (rh) charged currents, the total number of
physical phases entering in the charged currents is:
N];RS = n2-(n-l)

(15)

Therefore, in the LRS model the total number of physical parameters in the Ih and rh
charged currents is:
N^RS = N%RS + n(n - 1) = 2rc2 - 2n + 1
Since the number of independent moduli in the Ih and rh CKM matrices is N^RS
2(n — I) 2 , the following relation holds:
+ (2n - 1)
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(16)
=

(17)

v;bvcd
Figure 1: Unitarity triangle
1.2

Rephasing Invariance
Physical quantities have to be invariant under the rephasing transformations of
Eq. (10). Therefore only functions of V which are rephasing invariant can have physical
meaning. The simplest invariants are the moduli |Kj| and the quartets defined by:
Qm

= V^eV^

(18)

It can be readily seen that the invariants of higher order can be written as a product of
quartets divided by some moduli. For example:
VijVklVmnV^V^V^

= QlMQk]mnl\Vk]\2

(19)

For three generations, unitarity of V implies that the imaginary parts of all quartets
have the same absolute value [4]. Consider, for example the orthogonality relation for the
first two rows of V:
VnV2* + V12V2*2 + VUV^ = 0

(20)

Multiplying Eq. (20) by V*2V22 and taking imaginary parts, one obtains:
lm(VnV22V*2V2\)

= lm(VnV23V*3V*2)

(21)

Analogous arguments can be applied to other quartets, showing that |Im<2i| are
all equal. The quantities ImQi have a simple geometrical interpretation. Consider the
orthogonality relation involving the first and third column of V:

vudv:b + vcdv;b + vtdv;b = o

(22)

which can be represented in the complex plane by the triangle of Fig.l. The area of the
triangle is given by:
h

(23)

with
h z^z 11/ J I 1/ LI
I r net 11 v uo 11

QI n

riT" ni
- *-*'' y \

tjA tA

1/ J 1/ 11/ TX 11
iid " ct? v ^^ " cd/ I

v

i Q4 i
V /

One thus obtains:
= 7^™{VudVcbVubVcd)\
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(25)

Analogous considerations apply to the other orthogonality relations and the corresponding triangles. The equality of the various |ImQi| implies that all unitarity triangles
have the same area. Most of the unitarity triangles have one of the sides much smaller
than the other two. For example, in the triangle arising from the orthogonality of the
first two columns of V, the sides have lengths 1 ^ 1 1 ^ 1 ~ 0.215, |V^||l4s| ~ 0.214 and
|Vtd||Vts| ~ 3.6 x 10~4, where we have taken the central experimental values [5] of |V^j-j.
Experimentally, Cabibbo universality [6] is almost exact since one has:
\Vud\2 + \VUS\2 = 1 - \Vub\2 = 1 - 9 x 10" 6

(26)

where we have put IVJ^I = 3 x 10~3. This fact was crucial in enabling Cabibbo to propose
the idea of universality of weak interactions. On the other hand, the fact that the third
generation almost decouples from the other two, implies that in the SM the strength of
CP violation, measured by |ImQ| is small:

|ImQ|

= IVUIVyiKftHVysinp
~

(27)

5

2.4 x 10~ sin</?

where we have taken |V^6| ~ 4 x 10~2, \Vub\ ~ 3 x 10~3.
We have previously emphasized that the SM has the peculiar feature that the number of free parameters in V equals the number of independent moduli, as indicated in
Eq. (14). An interesting consequence of this property of the SM is the fact that it is possible to express |ImQ| entirely in terms of moduli of V. One may choose four independent
moduli which provide a rephasing invariant parametrization [7] of V. A convenient choice
for independent moduli is:

1^21 = 1^,1 ; \Vcb\ = \V23\ ; \Vtd\ = \V3l\ ; \Vub\ = \Vl3\

(28)

Next we will show that |ImQ| can be obtained from the knowledge of the four
independent moduli of Eq. (28). From orthogonality of the first two lines, one obtains:

= _y v* - y v*

(29)

= -[UnU2l
z

(30)

Squaring Eq. (29), one gets:
Re\Vi2V23V*2V^}

- Ui2U22 - U13U23]

where Ut] = |Vij|2. On the other hand, unitarity also implies:
U22 = 1 - Un - U23 ;

U2l = Ul2 - C731 + Ul3

(31)

From Eqs. (30) and (31) one finally obtains [7]:
|ImQ|2

=

(C/12C/23C/13XI - t/12 + C/31 - C/13 - C/23) -

-

^[C/i 3 - C/31 H- C/ 12 C/ 23 - C/ 12 C/ 13 - C/ 13 C/ 23 + C/ 13 C/ 31 - C/ 2 3 ] 2
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(32)

2.

CP Violation

Although CP violation can be introduced in the SM through the KM mechanism,
there is no deep understanding of the origin of CP violation [8]. Experimentally, our
understanding of CP breaking is also rather limited, since CP violation has only been
observed in the K° — K sector. On the other hand, it has been established [9] that the
amount of CP violation present in the SM through the KM mechanism is not sufficient to
generate the observed baryon asymmetry of the universe. This suggests the existence of
other sources of CP violation and provides motivation to consider extensions of the SM
with additional contributions to CP breaking.
In general, CP violation can be introduced in gauge theories in two different ways:
(i) At the Lagrangian level:
In this case, the Lagrangian violates CP, even before spontaneous gauge symmetry
breaking.
(ii) Spontaneously:
By definition, CP is spontaneously [10] violated if CP is a good symmetry of the
Lagrangian, but the vacuum is not invariant under CP. We will describe minimal models
belonging to each one of the above classes.

2.1

CP Violation at the Lagrangian Level

The simplest way of studying the CP properties of a Lagrangian is by examining
whether it is possible to construct a CP transformation which leaves C invariant. The
terms of the SM Lagrangian which are relevant to the study of the CP properties, are
£ m a s s and £gauge> given by Eqs. (2) and (3), respectively. The most general CP transformation which leaves £gauge invariant is [11]:

;

dR->WdRCdR*

where C = ij2^0 and WL, WR, WR are n-dimensional unitary matrices acting in flavour
space.
Note that the existence of £h charged current interactions constrains UL, dL to transform in the same way under CP, while the absence of rh charged currents in the SM allows
uR, dR to transform differently under CP. It can be readily verified from Eqs. (2) and (33)
that in order for £mass to be invariant under CP, the matrices M u , Md should satisfy the
relations [11]:

W]LMdWdR

= M*d

from which it follows:

W\HUWL =H:
=HI
w\HdWL =H*d =HJ
The existence of unitary matrices WL satisfying Eqs. (35) is a necessary and sufficient condition for CSM to be CP invariant. However, written in this form, these conditions
are of little practical use. One would like to have non-trivial CP constraints on Hu, Hd,
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written in terms of WB invariants. In order to achieve this, we note that from Eqs. (35)
one has:

v

'LndIJuv'L

— rld

1

u

Subtracting these two equations, one obtains:
w\ [Hu, Hd] WL = — [Hu, Hd)T

(37)

If one evaluates the traces of both sides of Eq. (37), one finds that they vanish identically
and no constraint is obtained. In order to obtain a non-trivial constraint, we multiply
Eq. (37) by itself an odd number of times, to obtain:

wt [Hu, Hd]r WL = ~ {[Hu, Hd\r}T

(r odd)

(38)

Taking traces, one finally obtains [11]:
tr [Hu, Hd]r = 0 (r odd)

(39)

Eq. (39) gives CP constraints on Hu, Hd, valid for an arbitrary number of generations.
For n = 1 and n = 2, the constraints of Eq. (39) are automatically satisfied for arbitrary
hermitian matrices Hu, Hd. Of course, this is to be expected from the counting of physical
phases in the CKM matrix, given by Eq. (13). For n > 3, Eq. (39) provides non-trivial
CP constraints on Hu, Hd. For n = 3, it can be readily shown [11] that the condition
tr[Hu,Hd}3

=0

(40)

is a necessary and sufficient condition for CP invariance in the SM. It is useful to express
the invariant of Eq. (40) in terms of physically measurable quantities. One obtains:
tr [Hu, Hd}3 = 6A 21 A 31 A 32 ImQ

(41)

where:
A 21 = (m2-m2)(m2-ml);A3l

= (m2-m2)(m2-ml);

A 32 = {m2 -m2s)(m2

-m2c)

(42)

From Eqs. (41) and (42), it follows that in the SM, CP violation vanishes in the limit
where any two quarks of the same charge become degenerate. But it does not necessarily
vanish in the limit where one quark is massless (e.g., mu = 0) or even in the chiral limit
(mu = md = 0).
At this stage, it is worth examining the significance of our analysis. We have started
by considering the most general CP transformation which leaves the SM gauge interations
invariant. We have then derived the restrictions which the hermitian mass matrices Hu, Hd
should satisfy in order for £mass to be invariant. The fact that for n > 3 one obtains nontrivial CP restrictions on Hu, Hd) implies, of course, that in the SM with three generations,
CP can be violated. In the SM, CP violation arises as a clash between the CP properties
of the gauge interactions and the mass terms.
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We have chosen to present our analysis in terms of £gauge and £mass- Alternatively,
one can consider £gauge a n d £y. One can then study the CP properties of CSM even
before spontaneous gauge symmetry breaking and therefore before fermion mass terms
are generated. In this case, the non-trivial CP restrictions would be written in terms
of the Yukawa coupling matrices Yd, Yu, with Yd(Yd)^, YU(YU)^ substituting Hu,Hd in
Eq. (39). Therefore, for three generations, the necessary and sufficient condition for the
Lagrangian of the SM to conserve CP is:

tr [y d (F d )t,r u (r u )tl

=

o

(43)

Conversely, a non-vanishing value of the invariant of Eq. (43) is a sure indication
that CSM violates CP.
We have presented a general method to analyse the CP properties of CSM. It is
clear that the method can be readily extended to theories beyond the SM [12]. The
only difference is that in the presence of other interactions, beyond those already present
in the SM, the allowed CP transformations of Eq. (33) are modified. For example, in
the LRS model, due to the presence of rh charged-current interactions, the fields UE,dR
must transform in the same way under CP, i.e., W% = WR in Eq. (33). These new CP
transformation properties lead to new CP constraints [13] and, as a result, CP can be
violated in the LRS model even for one or two generations.

2.2

Spontaneous CP and T Violation

The idea of having CP and T as good symmetries of the Lagrangian, only broken
by the vacuum, has been suggested by T. D. Lee a long time ago [10]. The scenario
of spontaneous CP and T violation has the appeal of putting the breakdown of these
discrete symmetries on the same footing as the breaking of the gauge symmetry, which is
also spontaneous in order to preserve renormalizability.
Next, we will derive simple criteria to verify whether CP and T in a given model are
spontaneously broken or not. For simplicity, we will assume an SU(2) x (/(I) gauge model
with an arbitrary number of Higgs doublets. We will further assume that the Lagrangian
is T and CP invariant. Under T, the fields $., transform as:
TQjT-1 = Ujk$k

(44)

In order to keep our discussion general, we assume that U is an unitary matrix which
may mix the scalar fields. If no extra symmetries beyond SU(2) x U(l) are present in the
Lagrangian, U reduces to a diagonal matrix of phases. Let us assume that the vacuum is
T invariant, i.e.,
T|0 > = |0 >

(45)

From Eqs. (44) and (45) and using the fact that T is an anti-unitary operator, one
obtains:
< 0|$j|0 > = < 0\T-lT<S>3T-lT\Q >=< OlT-'Uj^kTlO
and finally [14]:
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>

(46)

(47)

0>*

We have thus derived simple criteria [14] to verify whether a set of vacuua lead
to spontaneous T, CP violation. One has simply to check if there is a matrix U which
satisfies both Eqs. (44) and (47). If no such matrix exists, the vacuum is not T-invariant,
i.e.,
T\0 >i- |0 >

•

(48)

and there is spontaneous T and CP violation.
In what follows, we will describe the minimal extensions of the SM which can lead to
spontaneous T and CP violation. It will be seen that the required minimal Higgs structure
depends on whether one imposes natural flavour conservation (NFC) in the Higgs sector
and/or one introduces non-standard quarks.
2.2.1 Only Standard Quarks and no NFC
Let us consider the SU(2) x U{\) gauge theory, with an arbitrary number of standard
fermion families. If one does not impose NFC, in the Higgs sector, the minimal Higgs
structure capable of generating spontaneous CP violation consists of two Higgs doublets.
The most general Higgs potential consistent with gauge invariance and renormalizability,
can be written:

= V0+ k($I$ 2 )($f $2) + A2($?$2)($f $0 + A3($2t$2)($f $2) + h.c] (49)
where Vo stands for the terms of the scalar potential like $ J $ , , ($J$i)(<&J <£,), $ J $ j $ J $ j
which do not depend on the relative phase of $i and $2- Since we want to obtain spontaneous CP violation, the Lagrangian will be assumed to be CP, T invariant. In this case,
one may choose, without loss of generality, all the coupling constants real. It has been
shown [9] that there is a region of the parameter space of the Higgs potential where the
absolute minimum is at:
6 = arccos — ^

-^1

(50)

where 8 = (82 — #1), with fy,^ defined by:

In general, the vacuum of Eq. (51) leads to spontaneous T, CP violation. This can
be seen using the general criteria which we have previously derived. Due to the fact that in
the Higgs potential of Eq. (49), the parameters Aj are arbitrary, the scalar fields transform
under T as:
-1 = eia^j

(52)

The terms with coefficients A2, A3 further lead to the constraint a^ = a^ = a. It
can then be readily verified that for the vacuum of Eq. (51), one cannot find an a such
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that Eq. (47) is obeyed both by $1 and $ 2 - This completes the proof that the vacuum of
Eq. (51) in general violates T and CP.
In order to see how CP violation arises in this model, we need to examine the
Yukawa interactions in the quark sector:
2

(53)
fc=i

where Q°L stand for the quark doublets. Upon spontaneous symmetry breaking, the quark
mass matrices are given by:
i01 Y

*
(54)

Mu

=

One obtains for the hermitian quark mass matrices:

Hd = MdMJ = 1 [^yi-y/"- + v2YdYf + vMYfYf
iVlv2(YdYdT

- YdYdT) si

v22Y2uY2uT

Hu =

+ YfYf) cos9(55)

cos9+
(56)

Although there is only one physical phase, namely 6 = (92 — #i), it is clear from
Eqs. (55) and (56) that due to the arbitrariness of Y^, Vfcu, the matrices Hu, Hd are arbitrary hermitian matrices. As a result, there will be in general a non-trivial CP violating
phase in the CKM matrix. For any specific choice of Yd, Y£ this can be explicitly verified by computing the invariant tr[Hu, Hd]3, which we have previously described. In this
model, the origin of CP violation is a non-trivial vacuum phase 9 and not complex Yukawa
couplings, as is the case in the SM. However, in both models the KM mechanism exists
in the charged weak currents. From a phenomenological point of view, the distinctive
feature of the two Higgs doublet model without NFC, is the existence of other contributions to CP violation arising from tree-level FCNC mediated by neutral physical scalars.
Of course, these FCNC interactions result from the fact that since NFC has not been
imposed, quarks of a given charge receive contributions to their masses from Yukawa couplings to two different Higgs multiplets. In order to derive the quark interactions with the
physical neutral Higgs, it is useful to make the following expansion:
•

(57)

j

Mvj + Pj + iVj)

The pseudo-Goldstone bosons G+,G° are obtained through the transformations:
G+
H+

= 0

' G° '
/

Pi
Pi
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(58)

Figure 2: Higgs contribution to the AS = 2 amplitude
where
-vi

v2

(59)

J

with v = (v2 + v\)xt2 = (y/2GFyl/2 ~ 246 Gev. There are three physical neutral
fields which are orthogonal combinations of H°, Rand I. The Yukawa interactions of
//°, i?and/ with the quark mass eigenstates can be written as [14]:
1 _
V

1 r_
idiN^fi + NJ1L ICt "i
V
L
\

V

[d(Nd7R

i

\fl

,

— /

,

T\T

ti( iV 'YJ?

— 77[ A/" '"Vn>

~T

A T I

\

iV *Yr )ti

R

A/" 1 ^ r

I

)?/

(60)

where we have defined 7 ^ = |(1 ±75) and Du, Dd are the diagonal quark mass matrices
and Nd, Nu are given by:
vi

Nd =

ie

71

Nu =

"71

ie

d

2

jd

'R

JJU
U
R

(61)

It is clear from Eqs. (59) and (60) that the couplings of H° conserve flavour while
those of i?and/ do violate flavour. Therefore in this model new contributions to CP
violation in the kaon sector arise from AS = 2 transitions generated at tree-level through
diagrams like those of Fig. 2, where Rand I are exchanged. Obviously, in this model there
are analogous tree-level contributions to AC = 2 and AB = 2 transitions which may have
an impact on D° — D and B° — B mixing, respectively.
One of the disadvantages of multi-Higgs models without NFC is the following: due
to the smallness of the K° — K and B° — B mass differences as well as the CP violating
parameter e of the neutral kaon system, if one does not assume any special suppression
of FCNC couplings, neutral scalars must be very heavy, with masses of order of at least a
few Tev. Over the past years, it has been suggested by various authors [16] that there may
be flavour-dependent suppression factors in the neutral couplings which could allow for
lighter Higgs. More recently [17] a class of two Higgs doublet models has been proposed
in which the flavour changing couplings of the neutral scalars are related in an exact way
to elements of the CKM matrix. In some of these models, the mass of the Higgs particles
could be of order 100 — 200 GeV, in spite of the existence of FCNC couplings.
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2.2.2 Models with NFC and only Standard Quarks
The simplest way to recover NFC in the Higgs sector is to impose a discrete Z 2
symmetry [18] under which

djR

-* -djR

(62)

while all other fields remain unchanged. In this case, NFC in the Higgs sector is guaranteed
by the fact that the symmetry of Eq. (62) implies Yf = F2" = 0 and as a result the down
quarks only receive mass from < (fy > while the mass of up quarks arises only from
< 4>\ >. The symmetry of Eq. (62) has to be imposed on the full Lagrangian, which
implies that the terms in A2, A3 are forbidden. As a result, the only minimum of the Higgs
potential, with a non-vanishing phase corresponds to:
< (fP1>=Vl

;

< 0° > = v2exp{iTr/2)

(63)

It can be readily shown [19] that in spite of the appearance of a relative phase of
TT/2, the vacuum of Eq. (63) is T and CP invariant. This is due to the fact that the Z2
symmetry of the Lagrangian allows the scalar fields to transform under T as:
1

= -$2

(64)

thus implying
(65)

The matrix U does satisfy Eq. (47), which implies that the vacuum of Eq. (63) is
T, CP invariant. In conclusion, the same symmetry which guarantees NFC in the Yukawa
interactions, also prevents the vacuum from breaking T or CP. It has been pointed out [20]
that if one allows for terms like $ ] $ 2 which softly break the Z2 symmetry, one can obtain
spontaneous CP violation. On the other hand, the simplest way of achieving spontaneous
CP violation, while maintaing NFC through an exact symmetry of the Lagrangian, consists of introducing a third Higgs doublet $3 which does not couple to quarks. This is
achieved in a natural way by introducing an extra symmetry Z'2 under which $3 is odd,
while all other fields are even. In this case, the Higgs potential is of the form:

V = V0 + c12($f $2)($f $2) + ci3($f $ 3 )(4$3) + c23($!$3)($!$3) + h.c.

(66)

It is clear from Eq. (66) that there are three terms which have phase dependence and it
has been shown [19] that there is a region of parameters where the minimum of the Higgs
potential does lead to spontaneous T, CP violation. In this model CP violation arises
exclusively from charged Higgs, since the charged current interactions conserve CP, i. e.,
the CKM matrix can be made real by an appropriate choice of the phases of quark fields
[21].
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2.2.3 Models with Isosinglet Quarks
We have seen that if only standard quarks are introduced, the minimal Higgs structure that can generate spontaneous CP violation, consists of two or three Higgs doublets,
depending on whether NFC is imposed in the Higgs sector or not. In models with isosinglet quarks, i.e. quarks whose £h and rh components are both singlets under weak
isospin, it is possible to generate spontaneous CP violation with a rather simple Higgs
structure, namely the standard Higgs doublet and a complex SU(2) x U(l) scalar singlet.
The minimal quark field content of a model of this type is
djR,

d,

DR,

DL

(67)

where j is a family index and D is a charge —1/3 isosinglet quark. Models with isosinglet
quarks have been suggested within the framework of grand-unified theories such as E 6
and they have also been proposed in models which provide a possible solution [22] to
the strong CP problem [23]. Here we will consider a minimal model [24] of this class,
with the quark field content of Eq. (67) and a Higgs system with the standard doublet $
and a complex isosinglet scalar S. We will introduce a Z2 symmetry under which all new
fields DL, Dft, S are odd, while all other fields are even. This symmetry is not necessary
to achieve spontaneous CP breaking but it is essential to obtain a simple solution to
the strong CP problem. The most general, renormalizable SU(2) x U(l) x Z2 invariant
potential is given by:
V = V* + Vs + V^s

(68)

where V* is the SM Higgs potential and

( 69 )
Although the Higgs sector contains only a doublet and a singlet, the Higgs potential has
various terms which exhibit a non-trivial phase dependence. As a result, there is a region
of parameter space where the minimum of the potential is at:

This minimum violates both T and CP. In order to see how the phase a will introduce
CP violation relevant to the quark sector, we have to analyse the Yukawa couplings which
are constrained by the SU(2) x U(\) x Z2 symmetry to have the form:
Ly = LY

+ MULDft

+ [jib + j t b jDidfti

+ h.c.

(71)

where CYM stands for the Yukawa couplings of the SM. We have included a mass term for
the isosinglet quark, since it is gauge and also Z2 invariant. Upon spontaneous symmetry
breaking, the 4 x 4 mass matrix of the Q = —1/3 quarks is given by:

MH= \ md ° 1

(72)

[MD M \

'

d
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[

where md is a 3 x 3 mass matrix involving only standard quarks and
V
{MD)i = -T= [/iexp(iar) + //exp(-ia)]

(73)

The diagonalization of Md is through the bi-unitary transformation:

m o
o M

(74)

where m = diag(ra<i, ms,mb) and M is the mass of the heavy Q — —1/3 quark. It is useful
to write the unitary matrix UL in block form:

UL= K

[S

T]

W

Multiplying Eq. (74) by its hermitian conjugate and using Eq. (75), one obtains:
{mdm\)K + mdM^S = Km2

(76)

+ mdM^DT = RM1

(77)

(mdm\)R

MDm\K
\ + (MDMI + MAft)5 = Sm2

(78)
(79)

So far, we have not done any approximations. Recalling that V is the vacuum
expectation value of an SU(2) x f/(l) singlet, it is natural to assume that V ^> v. One
then obtains from Eq. (78):
c

MDm\K
d

-

(80)

Finally, using Eqs. (76) and (80), one obtains:
K'lm\K ~m2

(81)

where
+
9
m20 = mdm\

TUdMnMoTnl
d
°
(82)
M
It is clear that the phase a originated from < S >, enters in ml unsuppressed by the
ratio v/V and, as a result, there will be a non-trivial KM phase in the 3 x 3 mixing matrix
K which connects the standard quarks. It is important to emphasize the role played by
the isosinglet quark D. It is through the mixings of D with standard quarks that CP
violation generated at a high energy scale by < S > can appear unsuppressed at low
energies in the standard quark mixings. Another interesting feature of this model is the
appearance of FCNC as well as deviations from unitarity in the 3 x 3 CKM matrix. These
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two phenomena are closely related and they are both suppressed by the ratio v/V. This
can be seen by noting that unitarity of the 4 x 4 matrix UL defined by Eq. (74) implies:
(83)
It follows from Eq. (83) that deviations from unitarity of the UL block connecting standard
quarks ( K ) are of order 5 ' S ~ v2/V2. On the other hand, the neutral currents in this
model are given by
£

j

I—

n,

^7Q,

LL J

J

*

2 /)

flX

I

^7

i

I»

/ O A^

with,
7^

_ x

(U*) (U )

f85)

where a,/3 denote the four Q = —1/3 quarks, with d^ = D standing for the new heavy
quark. Of special importance are the couplings involving the standard quarks which are
given by:
Zf. = Sij - S*S3
(86)
Using Eqs. (83) and (86) one obtains:

v;dvcs + v;dvts = zdds
v;dvcb + v;dvtb = zddb
zdsb

(87)

Eqs. (87) show the important connection between deviations of 3 x 3 unitarity and FCNC.
Although this relation was derived within the context of a minimal extension of the SM
with an isosinglet quark, it is clear that it is valid in a larger class of models. The Z mediated FCNC can give significant contributions to Bd — Bd and Bs — Bs mixings which
in turn can produce important departures from the SM predictions for CP asymmetries
in B° decays.

3.

CP Asymmetries and New Physics

The decays of neutral B mesons provide one of the most promising ways to measure
the phases a, P, 7 of the unitarity triangle. These measurements will provide an important
test of the SM and its mechanism of CP violation. This is due to the fact that these
measurements will lead to an over determination of VQKM and the resulting unitarity
triangle. It is useful to parametrize the CKM matrix through the standard parametrization
[5] which can be very well approximated by:
1

1.2
2
l-hs 2°12

V =
•S12-523 ~ Sl3e

t<il3

—523

°23
1

(88)

with Sij = sinOij and where we take into account the smallness of sl3. Another very useful
parametrization is the one proposed by Wolfenstein [25]:
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V =

1 — |A2
-X
3
AX (l -pi-q)

A
1 - \X2
-AX2

AX3{p-ir])
AX2
1

(89)

The moduli of Vi3 are obtained from strange particle decays (|14S|) from B-decays
i iKiil) and from Bd — Bd mixing (|J4/|)- These measurements lead to [5], [26]
sn ~
s23~
sis-

\VUS\
I Kb I
iKfel
\Vtd\

=0.220 ±0.002
=0.039 ±0.003
=0.0031 ±0.0009
=0.009 ±0.003

[

'

It is clear from Eq. (32) that a precise knowledge of the four moduli of Eq. (90), would
enable one to derive the value of the angles of the unitarity triangle. Unfortunately at
this stage it is not possible to extract the value of the angles with precision due to the
experimental errors and theoretical uncertainties in the evaluation of the moduli. Note
that to a very good approximation one has <5i3 = 7. In the SM the only evidence for a
non-zero 7 comes from the observed CP violation in the kaon sector. The allowed range
for 7 is [26]:
35° < 7 < 145°

(91)

Using unitarity together with the bounds of Eq. (90), one obtains [26]:
20° <a
10° < p

<120°
< 35°

K

}

It is clear that within the SM, only the range of (3 is at present significantly restricted.
However one should keep in mind that not all values in the ranges of Eqs. (91) and
(92) are simultaneously allowed. Within the SM there is in fact a strong correlation in
the sin 2a — sin 2/3 space allowed by the data [27]. This implies that an independent
determination of the angles a, (3,7 through the measurement of CP asymmetries will
provide an important test of the SM with potential for discovering new physics.
Let us consider the decays of neutral B mesons into final states / which are common
to B° and B . Due to B° — B mixing, CP violation arises through the interference of the
two amplitudes B° —• / and B° —• B —> / . In order to allow for physics beyond the SM
we will write the off-diagonal element of Bq — Bq as [28]:
M12 = Mg ) A, 6

(q = d,s)

(93)

where Mj" denotes the box diagram contribution. Therefore Aqb 7^ 1 indicates new contributions to Bq — Bq mixing. Assuming that / is a CP eigenstate and that all amplitudes
contributing to the decay have the same CKM phase, the time dependent asymmetry is
given by:
s

T(B° -» /) - T(B° -> /)
r(J9° - /) + r(B° -> /)

where £ is the CP eigenvalue of / and:
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=

s.n 0

Table 1: The predicted values for the angles
states. Thus 4>id — —2/9 = —4>^KSQuark
Final
Initial
state subprocess state
*
Bd

b —> ccs
b —• ccd
6 —• uud

D+D~
4>3d

The values shown are for CP even final
Standard
model

Beyond standard
model

-2(3
-2(3
2a

2a + arg A M

LV — A*
= arg

)

(0)

(95)

The index (0) denotes the contributions arising within the three generation SM,
while A(f), A(f) stand for the decay amplitudes from the initial state \B° >, \B > to
a CP eigenstate \f >. From Eq. (95) it follows that there are two possible sources which
may lead to departures from the SM predictions for the CP asymmetries:
(i) The presence of the phase of A&9 which determines the deviation from the box
diagram contribution <j)^°\
(ii) One may have a situation where the expression for (f)^ is the one given by the
SM, but the actual numerical value of (f>^ differs from the SM prediction. This is due to
the fact that models beyond the SM allow in general for a different range of the CKM
matrix elements. In Table 1 we give explicitly the value of 0 for various final states, in
the SM and in models beyond the SM with arg Abq ^ 0.
So far our analysis has been to a great extent model independent. Let us now
consider the special case where the new contribution to the AB = 2 effective Lagrangian
arises from Z exchange. We have seen that these Z mediated FCNC naturally arise in
models with isosinglet quarks. One obtains in this case [28]:

(96)

where v = a/A-n sin2 6W , xt = {mt/rnw)2 and E(xt) is an Inami-Lim function for the top
quark box diagram. It has been shown [28] that even for a relatively small contribution
from the Z exchange diagram (i.e. r^ < 1) can produce drastic deviations from the SM
prediction. For example, for rd « 0.2, it is possible for a range of 6bd to obtain the asymmetry a(ipKs) with a sign opposite to the SM prediction [28]. The asymmetry a(ipKs)
is specially important since it is the only one whose sign is predicted with certainty by
the SM. It is clear that a similar analysis can be done for other new physics contributions
to Bd — Bd mixing like for example those arising from flavour violating neutral Higgs
couplings. It should be emphasized that the drastic deviations from the SM predictions
for the CP asymmetries we have described, do not result from having very different values
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for the angles a, 0,7 but are due to the fact that the various CP asymmetries no longer
measure the angles a,/?,7 [29].

4.

Conclusions

The question of flavour is clearly one of the fundamental open questions in particle
physics. Due essentially to the arbitrariness of Yukawa couplings, the SM is able to accommodate the spectrum of quark masses and mixings, as well as the observed CP violation
through the KM mechanism. However, the SM does not provide a deep insight into any
of these phenomena. It is thus clear that a better understanding of the question of flavour
will involve new physics which could manifest itself through new contributions to FCNC
processes and/or new contributions to CP violation. The search for CP violation in B decays together with the study of rare decay processes is thus of utmost importance. These
searches will subject the SM to a very stringent test and have the potential of discovering
new physics [30]. Fortunately, the experimental prospects in this area are excellent, in
view of the planned B-factories at KEK and SLAC, as well as Hera-B and LHC-B.
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Abstract
Flavors, masses and mixing of neutrinos are introduced. We consider properties of propagation of mixed neutrinos in vacuum and
matter. We describe status and solutions of the solar and atmospheric neutrino problems and also discuss some other hints to
non zero neutrino mass. Possible patterns of neutrino masses and
mixing are presented.

1.

INTRODUCTION
The lectures are devoted to the problem of neutrino masses and lepton mixing. After
the top quark discovery the neutrinos are the only known fermions with unknown masses.
Massive neutrinos may have a number of crucial implications to astrophysics and cosmology (evolution of the Universe, structure formation, nucleosynthesis, star evolution).
Knowledge of neutrino masses and mixing may shed some light on fermion mass problem,
quark-lepton symmetry, B- and L- number non-conservation, existence and properties of
new mass scales.

2.

FLAVORS, MASSES, MIXING
To set notations we recall on basic notions concerning neutrino flavors, masses and
mixing.
2.1

Neutrino flavors
The electron, ve, muon, v^, and tau, vT, neutrinos are denned as the states which
form charge currents with electron, muon, and tau lepton correspondingly:
J" =

Pry(l_75)/,

l = e,ti,T.

(1)

Equivalently, one can say that i/t form the SU(2)-doublets of the Standard Model (SM),
with lepton /. The states ve, u^ and vT, are called the flavor states (in contrast with quark
sector, where flavors are identified with states having definite masses).
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Phenomenologically, ve is defined as the state produced together with positron, u^ as the state interacting with muon, etc. In general, these two definitions do not coincide.
Moreover, the phenomenological definition is process-dependent. Plausible situation is
when light (or massless) neutrinos, i>(, are mixed with heavy leptonic states, TV; in the
charged current, so that
vt = y/l-eft+
dNl.
(2)
If the mass of heavy lepton is bigger than the energy release in a given process than
phenomenological neutrino will be identified with £/, and obviously, ut ^ Vi. Moreover,
the phenomenological electron neutrino may not be orthogonal to phenomenological muon
(or tau) neutrino:
{f>eW = - ^ ( W e l t y , ) .

(3)

The nonorthogonality (3) is a manifestation of the lepton number violation. In fact, such a
situation can be realized in the sea - saw mechanism [2, 3], where iV; are the right handed
Majorana neutrinos and e/ ~ vnDjM^. Here mo is the Dirac mass of neutrino. In the most
appealing scenario masses of heavy leptons are at the intermediate scale, m^ = 1010 —1012
GeV, or even at the Grand Unification (GU) scale. And the admixture parameter is
typically of the order e ~ VEW/ITT-N, i-e- too small to be detected in experiment.
For the so called electroweak see - saw characterized by m^ ~ G~F , a violation of
the universality could be observable. There is another example. Suppose that v3 has tau
flavor and its mass is in MeV region. Then it can not be produced in beta decay, therefore
vj, will play the role of Nt.
2.2

Number of neutrino flavors
Neutrino channel, Z —> vv, contributes to the invisible width of Z-decay: Tinv =
Ttot — T( — F/,, where Ffot,F/,Fft are the total, (charge) lepton and hadron widths. The
effective number of neutrino species is defined as Nv — ^"S where F,, is the neutrino
width in the Standard Model. The LEP data give [1] (fit of the Z - line shape)
Nv = 2.987 ± 0.012

(4)

in agreement with expected 3. In the analysis it was assumed that three neutrino-antineutrino pairs ve De , u^ v^ , vT DT are produced independently and their widths sum in
the total (invisible) width. This is correct if lepton numbers, Le, L^, LT, are conserved.
However, if lepton numbers are broken and neutrinos mix it is more natural to consider
a production of pairs with definite masses: ^Pj, 0 = 1, 2, 3) in Z—decay. As follows from
the Lagrangian of the SM, the state which appears in Z-decay is [4]

K) = -L [i^)^) + 1^))^) + |p3)|^}].

(5)

This state gives the same invisible width of Z as three independent flavor pairs:
.

(6)

The physical difference of the state (5) and independent pairs is that vz is the coherent
state and one can observe oscillations in this state provided both neutrino and antineutrino
components are detected [4].
Another source of information on the number of neutrino species is the Primordial
nucleosynthesis [10].
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2.3

Dirac and Majorana neutrinos
In the Standard Model: mv = 0. This follows from the content of the model, namely,
from the fact that in the model there is
— no right handed neutrino components,
— no Higgs triplets which can give the Majorana mass for the left handed neutrinos.
The absence of the VR gives an explanation of strong upper bounds on the neutrino
masses. However, it looks rather unnatural. In particular, this implies that the left-right
symmetry does not appear at any level.
Moreover, both above items can be questioned by gravity.
If there are the right handed neutrinos, UR, one can introduce the Dirac mass term
(~

-j- ~

^

(i\

which has the weak isospin 1/2 and can be generated by Yukawa coupling with Higgs
doublet.
To construct a mass term one can use the charge conjugated state of v^: {VL)C =
2
C{VL)T (where C = ?7 7°) instead of UR\
m

' —

-

\

(8)

The term (8) can be rewritten as
i

where vM = uL ±

{VL)C-

— \VMVM) i

(9)

The state uM = vL ± (vL)c has the property
uM = ±{vM)c,

(10)

i.e. turns out to be true neutral (Majorana) neutrino. The Majorana mass term (8) carry
the lepton number |AL| = 2, and consequently, leads to the processes with lepton number
violation by two units. The sign in (10) (related to the sigh of the mass in (9)) determines
the CP-parity of the neutrino state.
The Majorana mass term has the weak isospin I — \ and can be generated by the
effective operator
^LLHH,

(11)

where L is the lepton doublet and H is the Higgs doublet. Mass parameter M characterizes
the scale at which the operator (11) is formed.
The operator (11) can be generated by renormalizable interaction with exchange
of particle having mass M as it happens in the see-saw mechanism. It can be produced
radiatively which implies some physics beyond the SM. However, it may appear in the
SM immediately due to gravitational effects, so that M — Mp, where Mp is the Planck
mass.
An alternative possibility is that a theory contains Higgs triplet A (I = 1) and there
is the interaction LLA, so that the VEV of A generates the mass term (8).
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2.4

Mixing

If neutrinos are massive they (most probably ) mix. This statement is based on
analogy with quark sector. It is difficult to explain an absence of mixing of massive
neutrinos. Thus, flavor states vj = {ye , v^ , ur ) do not coincide with mass states um =
(^1,^2,^3)- Mass states are mixtures (combinations) of the flavor states and vice versa.
Flavor states are related to the mass states by the unitary (mixing) matrix U:
v{ = Uvm.

(12)

In the two neutrino case:
ve = cosQv\ + sinQvi , v^ =

COS6>IA>

— sin^i,

(13)

where 9 is the mixing angle.

2.5

Bounds on neutrino masses from direct searches and the 0/3Ol/ — decay
The bounds on neutrino masses are summarized in Fig. 1. Several comments are in

order.
1. Electron neutrino
The measurement of the electron energy spectrum (Curie plot) in the decay 3H —>3
He + e~ + ue near the end point is the most sensitive to the neutrino mass. The best
bound have been obtained in INR RAS (Moscow) experiment with integral electrostatic
spectrometer [6]. "Conditionary" bound is
m{ue ) < 3.5 eV

95% C.L. .

It should be noted however, that the results of the experiment have some unexplained
features: in particular, there is a flat excess in the integral energy spectrum which starts
very close to the end point. It is this feature leads to the negative value of the m 2 in usual
fit. The excess corresponds to the peak in the differential spectrum, and the result (2.5)
has been obtained by subtraction of the peak.
It turns out that a position of the peak depends on conditions of the experiment. In
the run of experiment in 1994 the peak was at Q — Ee « 7 eV , whereas in the run 1996
the peak is at Q — Ee ~ 11 eV. There were some changes of the experiment in the run
1996, in particular, the strength of the magnetic field was higher. The shift of the peak
indicates that it has an instrumental origin, rather then origin in neutrino properties (the
tachionic nature of neutrinos, or the existence of dense degenerate neutrino sea). In fact,
this justifies the subtraction of the excess.
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Fig. 1. Bounds on neutrino mass from direct searches and neutrino less double
beta decay. Also shown are the bound on the mass of long-lived neutrino from
primordial nucleosynthesis (NS) and the range of the hot dark matter neutrino
masses (HDM).
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Similar experiment in Mainz has given the bound [7]: m < 7.2 eV at 95% C.L. .
There is another feature in the spectrum: the excess of events at lower energies of
the electrons: Q — Ee > 200 eV. Similar excess was also observed by Mainz group. One
possible explanation of this anomaly is an existence of neutrino with mass m ~ 200 eV
whose admixture in the electron neutrino state is characterized by probability P ~ 1 — 2
% . This is precisely in the range implied by pulsar velocities (see sect. 4.3).
2. Measurements of the momentum of muon from the pion decay at rest in PSI (Switzerland) [8] and the mass of pion give kinematical bound on the mass of muon neutrino
m ( ^ ) < 0.16 MeV,

90% C.L. .

3. For tau neutrino the best bound follows from studies of decays of r-leptons:
r ->• 57r(7r°)^T .

(14)

ALEPH collaboration (LEP, CERN e+e~ - collisions, Z —> r~ +T+. -decay) has measured
the hadron energy and the invariant mass of pions. This gives the two dimensional distribution of events. The existence of the events with the energy and the invariant mass near
the end point leads to the limit [9]
m{uT ) < 23 MeV ,

95% C.L. .

(15)

The limit could be relaxed if one admits mixing of the tau neutrino with muon neutrino,
so that in vT there is some small admixture of the light state.
Strong bound follows from the primordial nucleosynthesis (see [10] for review).
4. Double beta decay. Majorana mass of the electron neutrino is restricted by the neutrinoless double beta decay Z —* [Z + 2) + 2e~. For m <§C \/TN ~ V ~ 30 MeV, where p is
typical momentum of particle within the nuclei, the amplitude of the decay is proportional
to:

Here {...}N is the nuclear matrix element. A distinctive property of the decay is that the
sum of energies of two electrons is fixed by mass difference of initial and final nuclei, i.e.
the spectrum is monochromatic.
The best limit has been obtained by Heidelberg-Moscow collaboration for the decay
76
Ge —>76 Se + 2e~. The experiment is performed with enriched 76Ge isotope in the
Laboratory Gran-Sasso. Lower bound for the half life time corresponds to the upper
bound on the electron neutrino mass [11]
m < 0.68 eV ,

90% C.L. ,

(17)

for matrix element calculated in [12]). The uncertainties in the nuclear matrix element
could be estimated by factor 2, and more conservative bound is m < 1 eV.
Vacuum neutrino mixing may influence the double beta decay. The neutrinoless
double beta decay is determined by mee element of neutrino mass matrix (if all neutrino
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masses m* <C 30 MeV). In terms of mass eigenstates the effective mass of the electron
neutrino, mee, can be written as

mee = XX 2 i-™"

(18)

i

where Uei is the element of the mixing matrix S. In this connection two points should be
stressed.
Neutrino masses can be both positive and negative which corresponds to different CPparities (8). Therefore for different signs one may have partial or complete cancellation
in (18). In this case the restriction (17) does not exclude masses up to kinematical
bound 3.5 eV. (A complete compensation takes place for a system of two Majorana
neutrinos with m\ = —m2 and Ue\ — £/e2. The system evidently has a symmetry
which is the symmetry of lepton number. In fact, these two Majorana components
form Dirac neutrino.
If there is no cancellation and one of neutrino components dominates in the sum (18),
the double beta decay bound (17) restricts admixture of this dominant component
in the electron neutrino:

\U«\ < \l^-

(19)

For m 3 ~ 20 MeV we get |f/e3| < 1.6 • 10~4 which is at least one order of magnitude
smaller than corresponding mixing in quark sector (Kd)- For "^2 = 160 kev Eq. (19)
gives |/7 e2 | < 1.8 • 10~3 which is much smaller than Cabibbo angle. These restrictions
are important for the electroweak see-saw. Note that the bound (17) is stronger than
the mass needed to explain HDM in the Universe.
5. Lower bound on neutrino mass? For M = MP, we get from (11)
- 10
10~5 eV ,,

4T

(20)

Mp

where rj ~ 1 is the renormalization group factor. The value (20) can be considered as the
lower bound on neutrino mass. Indeed, MP is the largest mass scale we have in the theory.
If some new interactions exist below this scale at M < Mp, they can generate neutrino
mass, rj(H)2/M, larger than mup. Inverting the point, one can say that observation of
mass mv > mvp will testify for new physics below the Planck scale:

M~—?— .

(21)

Physical scale (the scale of new particle masses, or condensates) can be even much smaller
than the one estimated from (21). In particular, M can be a combination of other mass
parameters M', m 3 / 2 etc. (where m 3 / 2 is the gravitino mass) which are much smaller than
M itself: e.g. M = (M') 2 /m 3 / 2 .
A phenomenological lower bound on mv has been suggested recently [13]. The exchange of massless neutrinos leads to the long range neutrino forces. In particular, two
body potential due to the exchange of the vv - pair gives [14] :
< 22 >
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where a is known coefficient. Many body (four, six ... k ...) potentials contain additional
factors (G/r/r 2 ) 2 ' 0 which are extremely small for macroscopic r However in compact stellar objects like neutron stars and white dwarfs, the contributions of these many body
interactions to energy of the star are greatly enhanced due to combinatorial factor.
The contribution of k-body interactions, Wk, to the total energy is proportional
to number of combinations of A;-neutrons from total number of neutrons in a star. The
combinatorial factor leads to the series parameter Wk+2/Wh ~ (GfnIinS)2 ~ (10 13 ) 2 ,
where n is the number density of neutrons and Rns is the radius of neutron star. So
that, the six body contribution to the energy dominates over the four body contribution
etc. [13]. It turns out that the energy due to the eight body interactions overcomes the
mass of a star. According to [13] the only way to resolve this paradox is to assume that
all neutrinos have nonzero masses: mu > 0.4 eV. Neutrino mass cuts off the forces at

r > \/mv.
There is, however, another resolution of the paradox and the mass of neutrino still
can be zero.
The series over k are divergent but they are alternative. It was shown that another
procedure of resummation of series over the A;-body interactions leads to very small total
energy [15].
Stars form unusual systems in which n-body forces dominate over n - 1 body forces.
There is, however, physical reason which can make the series to be convergent.
Indeed, a star can be considered as a potential well with the depth V ~ Gf-n , where
V is due to neutrino interactions with particles of medium, Gp is the Fermi constant, n
is the number density of the particles. The potential has different signs for neutrinos and
antineutrinos. Therefore, neutrinos are trapped, whereas antineutrinos are expelled from
the star. In such a way strongly degenerate sea is formed [16].
The degenerate sea in stars leads to Pauli blocking of the long range forces [17]. As
the result the many body forces do not dominate in self energy of star. This can resolve
the energy paradox suggested in [13] even for massless neutrinos [17].

3.

NEUTRINO PROPAGATION IN VACUUM AND MATTER

There are two different effects of the propagation of mixed neutrinos (see reviews
[18], [19]):
1). Oscillations which take place (in pure form) in vacuum or in uniform medium.
2). Resonance conversion which may occur in medium with monotonously changing
density.
Although both oscillation and conversion require mixing and are consequences of
mixing these are two different effects. Resonance conversion is not the enhanced oscillations. In fact, in the non-uniform medium one expects an interplay of both processes:
oscillations and resonance conversion.

3.1

Oscillations

Surprisingly enough, there is a number of recent papers on theory of neutrino oscillations [20]. Basic motivation is to find the limits of application of the so called standard
oscillation formula. In what follows we will reproduce the oscillation formula in a way
which allows to resolve some paradoxes of the neutrino oscillations.
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The oscillation effect is related to phases which the neutrino mass eigenstates acquire
during propagation.
Suppose ve is produced in vacuum: f(0) = ve = cosOfi -\-s'm6i>2. (In fact as we
stressed in sect. 2.1, the neutrino state is process dependent and one should calculate At
- the amplitudes of probabilities of production of ^ , (i = 1,2). The amplitudes coincide
with cos 9 and sin 9 only if neutrino masses are much smaller than the energy release and
there is no chirality suppression effect like a suppression in the pion decay. Mass states
V\ and v2 are the eigenstates of the Hamiltonian in vacuum. This means that ux and u2
propagate independently and there is no v\ <-> v2 transitions. The only what happens is
that vx and v2 acquire phases:
Vi -> ViJ*\

(23)

fa = Eit - Pix ,

(24)

where
and moreover, 4>\ ^ 4>2 due to mass difference. As the result in an arbitrary moment a
neutrino state can be written as
i/(i) = cos 0vx + sin 9v2eiA<PW,

(25)

A0 = 02 - 0!

(26)

where
(the common factor exp(i(j>i) is omitted since it has no physical sense).
Let us find Acp. The states ^ have no fixed momenta and energy: they are described
by wave packets with some spread of momenta. Therefore in general we should consider
an interference of waves with different momenta and energies. Prom (24) we have
A0 = AEt - Apx.

(27)

In the case of macroscopic distance between the source and detector neutrinos can be
considered as being on the mass shell, so that E = y/p2 + m2. Then the energy difference
equals

AE

=f

Ap+ Am2

v Ap+ Am2>

H

=° h

(28)

2

where vg = dE/dp is the group velocity and Am = ml — ml is the neutrino mass squared
difference. Substituting the expression (28) into (27) we get
Am.2

A0 = Ap{vgt -x) + -^-t.

(29)

The first term in (29) vanishes in the center of wave packet. Moreover, if spatial size of
the wave packet is sufficiently small:

i

(30)

the first term in (29) can be neglected for any point of the packet (Ap(v g t — x)< Apax <C
1). In this case we get usual expression for the phase difference
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It is this monotonous increase of the phase difference with time that results in oscillations.
Indeed, according to (25) maximal deviation from the initial state is when A0 = n: v(n) =
cos8i^i — sm9i/2- The probability to find ue in this state is Pn = \{ue |^(TT))| 2 = cos2 29.
Therefore a depth of oscillations equals
AP = 1 - Pn = sin 2 29.

(32)

A neutrino state returns to the initial (flavor) state when A0 = 2?r. Substituting A<f> = 2n
in (31) we get the distance
4nE
which is called the oscillation length. Now we can immediately write the "standard oscillation formula" - the expression for the oscillation transition probability:
„

AP

(

2i\x\

Ptr = —2 (lV

O

„

o nx

2
2
cos - —
/„ / = sin 29 sin —
I .

(34)

Let us come back to the condition (30). If Ap ~ - ^ - = 2ir/lV) then it can be written
as
ax <

IU/2TT .

(35)

Since ax < AL, where AL is the size of neutrino source or detector, the above inequality
is nothing but the condition of non averaging the oscillations.
Let us describe physics of oscillations in other terms. Formulas (13) can be inverted
as
v\ = cos 9ue — sin 9vil , u2 = cos 9u^ + sin 9ve .

(36)

These equations determine the flavors, or more precisely, flavor compositions of the neutrino eigenstates 1^1,^2 (the eigenstates of the Hamiltonian). According to (36) flavors
of the eigenstates are determined by mixing angle. Mixing angle is fixed in vacuum and
therefore the flavors of the eigenstates are fixed.
Summarizing we can say:
(i)The oscillations are the effect of phase difference increase between the eigenstates of
the Hamiltonian.
(ii) The admixture of the eigenstates i/\, v2 in a given neutrino state are fixed (by 9).
(iii) Flavors (flavor composition) of the eigenstates are also fixed (by 9).

3.2

Evolution Equation

Let us find the evolution equation which describes a propagation of mixed neutrinos
in vacuum [18].
1). For ultra relativistic neutrinos up to corrections of the order mu/E one can
neglect the spin effects and therefore omit the spin structure of the wave functions. Then
for a state with definite mass, m, we can write

du

2

(

Um \

{^ 172

(37)

2). For two ultra relativistic states with definite masses v = (^1,^2) the evolution
equation is
du
\
1—& p. I-\
v ,
(38)
2E
where (M dta ») 2 = diag{m\,ml).
3). Substituting in (38) the expression u = S+Vf, where

s

<39)

"' U)we get the equation for the flavor states

i*£=L.I + ¥L\Vf.

(40)

Here
M = S{9)Mdia9S{9)]

(41)

is the mass matrix in flavor basis, and in presence of mixing this matrix is non diagonal.
The first term in the RH side of (40) as well all other contributions proportional to
the unit matrix, / , can be omitted. Finally we get the Schrodinger like equation:

where HQ is the effective Hamiltonian. According to (41), it can be written explicitly in
terms of masses and mixing angle as
_ Am 2 / - c o s 2 9
° ~ T E T 1 , sin 29

sm29 \
cos 20 J

'

The solution of equation (42) leads to the standard oscillation formula (34).

3.3

Matter effect

At low neutrino energies a medium is transparent for neutrinos. Neutrinos undergo
just elastic forward scattering. A state of medium is not changed. In this case the effect
of medium is reduced to the appearance of the potential V:
V=(V\Hint\V),

(44)

where ^ is the wave function which describes the system of neutrino and medium, and
Hint is the Hamiltonian of interaction. According to the standard model there is no flavor
changing interactions in the lowest order and the matrix of the potentials in the flavor
basis, Vf, is diagonal: Vj = diag(Ve, V^). Again only difference of the diagonal elements is
important and Vj can be written as Vj = diaglVe — V^, 0). The difference of the interactions
of the electron and muon neutrinos in usual medium is due to scattering of the electron
neutrinos on electrons via charged currents. The corresponding Hamiltonian is
GF _
Hint = —7=v^{\ - 7 5 )fe7 M (l - 75)e
V2
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(45)

and the explicit calculations for unpolarized medium at rest give Ve — V^ = \/2GFNe,
where GF is the Fermi constant and Ne is the concentration of the electrons.
Total effective Hamiltonian which describes neutrino evolution is H — Ho + V with
Ho given in (43). Thus we get the evolution equation for mixed neutrinos in matter:

^

£

V,.

(46)

and
Vj = diag[V2GFne,

3.4

0].

(47)

Propagation in Matter

In matter the mixing matrix and the eigenstates are determined by the diagonalization condition for the complete Hamiltonian
= Hdia9 = dtag(Hl,

S(9myHS(9m)

H2).

(48)

Here H%, (i = 1, 2) are the eigenvalues of H and S(0m) is the mixing matrix in matter
which relates neutrino flavor states and the eigenstates in matter UH'uj = S{em)uH.

(49)

Since H (46) is a function of 9, E/Am2, and iVe, the mixing angle in matter also
depends on these parameters. One can find explicitly:
sin 29
7=
.
m
co292V2GNE/Am2
Mixing becomes maximal at the so called the resonance density:

, ^
(50)

tan2# m =

R

K }

Am2 cos2fl

N

The equation (49) can be "inverted":
\

(52)

According to (50) 9m determines the flavor composition of the neutrino eigenstates. Since
9m depends on Ne, the flavors of the neutrino eigenstates in matter depend on density
too.
Let us find the evolution equation for the eigenstates. Substituting (49) into (46),
we get after trivial transformations:

' £ = («*"-"'£)•*'•

<«>

where the relation (48) was used. Explicitly the equation (53) can be written as
_
dt
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Here 9

licit: p m

=

—

^

Let us consider now the neutrino propagation in matter with different density distributions.
Propagation in matter with constant density (this corresponds to the propagation
of neutrinos inside the Earth: the density profile can be described as several layers with
approximately constant densities). In this case: Ne = const, so that 9m = const, 9m = 0
and as in the vacuum case the flavors of the eigenstates are fixed. Moreover, the equations
for the eigenstates v\m and V2m a r e splitted, i.e. the v\m, vim propagate independently. A
propagation has a character of oscillations. The only difference is that now the parameters
of oscillations (depth, length) are determined by the matter mixing angle 9m and by the
difference of the eigenvalues in matter, H2 — H\\
Ap = sm229m,

lm —

n2 — Hi

These values depend on the density and the neutrino energy and differ from the vacuum
values.
Note that at certain energy (resonance energy) which depends on density and mass
difference, the depth of oscillation becomes maximal and one may have a complete transformation of neutrino flavor, although the vacuum mixing angle can be small. This phenomenon is called the resonance enhancement of oscillations.
Propagation in matter with varying density {e.g., propagation of neutrinos inside
the Sun). The mixing angle 9m changes along the neutrino trajectory, and this change
has two crucial consequences: (i). As 0m determines the flavor composition of the neutrino eigenstates according to (52), the change of 9m means the change of flavors of the
eigenstates. (ii). 9m is non zero; the equations for the eigenstates are not splitted, there
are the transitions between the eigenstates: vim <-> u2m.
If 7Ve changes slowly enough, so that
\9m\ < \H2-Hl|,

(55)

then in the first approximation one can neglect 9m in the evolution equation (54). The
condition (55) is called the adiabaticity condition. In the adiabatic approximation the
transitions u\m *-> V2m are neglected, and as in the cases of vacuum and uniform matter
the eigenstates propagate independently. In contrast with vacuum and uniform matter
cases, now flavor compositions of the eigenstates change according to density change.
For fixed neutrino energy mixing angle depends on density in the following way (see
(50)). At small densities: 9m ~ 9. With increase of density the angle 9m increases and
at resonance density, NR, equals 9m — IT/'4, so that the mixing becomes maximal. Then
9m increases further and approaches 9m = 7r/2 at TV > NR. It is this change of flavor is
the origin of flavor conversion. Flavor of neutrino state (averaged over the oscillations)
becomes unique function of density, and if the density is changed from TV ^> NR to
TV <C NR, the flavor of the state can be changed almost completely.
If the adiabaticity condition is broken in some region, then the transitions V\m <-*
v2m become essential. The probability of transition is determined by the adiabaticity
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parameter in the resonance:
KR

#2 — Hi
= —

(56)

fro

(see eq. (55)). The adiabaticity condition in terms of the adiabaticity parameter is K# ^> 1.
Using results of general quantum mechanical consideration of the transition between two
levels (Landau - Zener formula) one finds:
P12 = e I-f ««1.

(57)

Adiabaticity violation usually weakens the flavor conversion so that for very strong
violation the flavor is not changed.
If Pi2 ~ 1, there no conversion effect: there is the "double change": (i) flavor composition is changed completely (ii) there is a complete conversion of the eigenstates: ^ i m — ^ m .
As a result, a flavor state is not changed.
Let us consider the energy dependence of the effect. Suppose neutrinos cross the
layer of matter with monotonously decreasing density from some maximal value Nmax to
zero, (such a situation is realized, e.g., for neutrinos inside the Sun or for neutrinos in the
supernovas.)
1). At low energies matter effect can be neglected and the survival probability equals the
averaged vacuum oscillations probability. P = 1 — 1/2 sin2 29. With increase of energy the
matter effect increases enhancing the transition probability.
2). At energy E = ER(Nmax) determined via the resonance condition by maximal density
the resonance appears in the layer. And then with increase of energy it shifts to smaller
densities. If the adiabaticity condition is fulfilled, then crossing of the resonance will
induce strong neutrino transformations. For energies E for which NR(E) <C ]\[max the
initial state coincides practically with the eigenstate i/(0) = ue ~ i/2m, as the result of the
adiabatic level crossing final neutrino state (at zero density) will be u ~ ^m — v2. The
probability to find electron neutrino in this state is evidently
P = sin2 9.

(58)

3). Explicit expression for the adiabaticity parameter (56) is
Am 2 sin2 29 N
9N-

(59j

If N/N ~ constant (which is true for wide region inside the Sun) then KR OC \/E, that is
with increase of the energy the adiabaticity starts to violate and the survival probability
increases. The nonadiabatic edge of the "suppression pit" is described rather reasonably
for small mixing angle by Landau-Zener formula (57): P « Pi 2 .
Summary:
1). The oscillations are the effect of phase difference increase between the eigenstates
of the Hamiltonian. The admixtures of the eigenstates Vi in a given neutrino state are
fixed (by 9). Flavors (flavor composition) of the eigenstates are also fixed (by 9).
2). Resonance conversion occurs in medium with monotonously changing density.
The resonance conversion is related to change of flavors of the neutrino eigenstates according to density change.
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4.

HINTS

Studies of the solar neutrinos, atmospheric neutrinos, large scale structure of the
Universe give the hints to nonzero neutrino masses and lepton mixing. The results from
the laboratory experiment LSND may also have an interpretation in terms of neutrino
oscillations.

4.1

Solar neutrinos

Solar neutrino data give, probably, the strongest hint to non zero masses and mixing
(see for review [21]- [23]). Central part (R < 0.2RQ) of the Sun is the source of the electron
neutrinos. Different nuclear reactions produce different components of spectrum: boron, beryllium- , pp- neutrinos etc.. The spectrum is calculated in the Standard Solar Model
(SSM), and the SSM is confirmed by the helioseismology.
According to the SSM main contribution to the energy release comes from the
proton-proton cycle and the largest flux is that of pp-neutrinos (the end point of spectrum
is 0.42 MeV). The Beryllium neutrino flux (line with energy 0.86 MeV) is the "Next to
leading". And the highest energies are the energies of the boron neutrinos with end point
about 14 MeV. (We don't consider small flux of hep- neutrinos).
Solar neutrinos cross the matter of the Sun, then the space between the Sun and
the Earth and then the matter of the Earth (appreciable amount during the night) and
finally are detected by underground installations. At present five installations measure
signals of the solar neutrinos.
Homestake experiment (based on the reaction ue -f37 Cl —>37 Ar + e) has energy
threshold of the reaction Eth — 0.81 MeV;
Kamiokande experiment (detection of the recoil electrons from v + e —• v + e) has
the experimental threshold E = 7.5 MeV.
Superkamiokande (super version of Kamiokande) will have threshold about 5 MeV.
Two gallium experiments, the SAGE and GALLEX with basic reaction
71
Ga + ve —>71 Ge + e are sensitive to neutrinos with E > Eth = 0.233 MeV.
The detectors have different thresholds and therefore are sensitive to different parts
of the neutrino spectrum. Therefore already with existing data one can perform the spectroscopy of solar neutrinos.
Let us summarize main results. The ratios of signals observed by the Chlorine [24],
ve scattering [25] and Gallium [26], [27] experiments to those predicted by the SSM [22],
R = (observed)/(predicted), are respectively:
RAr ~ 0.27 ± 0.04, Rue ~ 0.42 ± 0.08 RGe ~ 0.53 ± 0.08 .

(60)

Kamiokande does not see the effects of distortion of the boron neutrino spectrum. This
real time experiment does not see also time variations of signals: day/night, seasonal
correlated to the solar activity. Best description of the GALLEX data corresponds to
practically constant neutrino flux.
Immediate observation from (60) is that
All experiments have registered a deficit of the neutrino flux. The exception could be
the Kamiokande /Superkamiokande result which could be consistent with low flux
models predictions.
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The deficit is different in different experiments. The suppression in K/SK and Gallium
experiments Rce ~ Rve ~ 0.5, the Homestake signal is suppressed stronger.
Deeper insight into the problem follows from two observation:
(i) The Ar-production rate by boron neutrino flux, as measured by Kamiokande and
SK, is bigger than total Homestake signal:

(ii) The observed Ge- production rate is at the level of Ge-production rate by ppneutrino flux which follow from solar luminosity:
QG!

< QZ •

(62)

Both facts testify for a strong suppression of the Beryllium neutrino flux. This suppression
can not be explained just by variations of solar models.
Real understanding of the problem follows from solar neutrino spectroscopy which
does not refer to any specific solar model [28] - [45].
Fluxes of the electron neutrinos in the Earth detectors, Fi(E), (i = pp, Be, pep, N,
O, B), can be written as

Fi[E) = P(E).fi.F?(E),

(63)

where Ft° are the fluxes in the reference standard solar model (RSSM).
Factors P(E) are the electron neutrino survival probabilities: ve —> ve . They describe possible effects of neutrino transformations and can be called the neutrino factors.
These factors depend on neutrino parameters: Am2, 9, E as well as on characteristics of
the Sun - density, magnetic fields etc., and satisfy the restriction 0 < P(E,9, Am2) < 1.
On the contrary, fi are the solar model factors which describe deviation of true
original neutrino fluxes from those predicted by the reference SSM. The product /, • Ff
is the original flux of i-component, so that / t can be considered as the flux in the units of
the reference model flux.
The problem is to find separately fi and P(E) from the solar neutrino data. If the
Sun is "standard", then /* = 1. For "standard" neutrinos (massless, unmixed) we take
P=l.
Main results of the spectroscopy can be summarized in the following way [45]:
K/SK give immediately an information about energy spectrum of the boron neutrinos. Due to strong smoothing in the recoil electron spectrum, even strong distortion
of the neutrino spectrum leads to approximately linear energy dependence of the ratio of
the observed and the detected events (recoil electrons with a given energy):
Re(E) « Re(E0)[l + se • {E~Eo))

.

(64)

•C'O

Re = N°bs/Nth. Thus, a distortion can be characterized by the slope parameter, se, which
equals s e = [(dRe/dE)/EoRe]E
• We fix the slope in the middle of the detected interval
at Eo = 10 MeV - for definiteness. The x2 n t o r Kamiokande spectrum by (64) gives
s e = 0.4±0.5 ,
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(la) .

(65)

The best fit point corresponds to x2 — 9 for 6 d.o.f.. Although the best fit corresponds to
non zero slope, the data agree well with an absence of any distortion. In the same time
the data do not exclude rather strong distortion.
The analysis of data can be performed in three steps.
1. Using Kamiokande/SK data one fixes to the boron neutrino flux ( / s P s ) .
2. Subtracting from Homestake signal the effect of boron neutrinos as measured by K/SK,
one gets information about fluxes of the intermediate energies (first of all about 7Be
neutrinos).
3. Subtracting from Gallium data, the effects of high energy and intermediate energy
neutrinos as measured by Homestake and K/SK one finds the pp-neutrino flux. Such an
analysis leads to suppression profiles shown in fig. 2 - 5 . The profiles depend on whether
other neutrinos apart from electron neutrino are present in the solar flux or not (for more
detail see [45]).
In the case of zero (small) non electron neutrino flux (fig. 2) typical suppression
profile has moderate suppression at high energies E > 7.5 MeV, strong suppression at the
intermediate energies and weak (or absence of) suppression at low energies.
If one admits an existence of the "non electron" neutrino fluxes, the spectroscopy
can lead to quite different picture of suppression (fig. 3 - 5). In particular, the Beryllium
neutrino flux may not be suppressed for sufficiently large contribution of non- electron
neutrinos to K/SK signal.
These results should be confronted with predictions from different solutions of the
problem.
The astrophysical solutions - most of them are based on diminishing of the central
temperature of the Sun. The astrophysical solution gives typical suppression profile with
intermediate energies being suppressed weaker then the high energies. There is no nonelectron neutrinos in this case, so that the profile should be compared with that in fig.2.
Obvious difference between profiles is a basis of the conclusion that the astrophysical
solutions are very strongly disfavored.
There are some attempt to diminish flux of the 7 Be-neutrinos. However the helioseismological data leave smaller and smaller room for changes of the conditions (even in
the center of the Sun) which lead to appreciable changes of neutrino fluxes. Any suggested
modifications of physical conditions which do not contradict helioseismological data give
too small changes of the neutrino fluxes.
Still one should remember that interpretation of some experimental results may be
incorrect. In fact, some experimental features are not explained and may not be just statistical effect.
Let us consider solutions based on assumption of non zero masses and mixing.
Vacuum oscillations solution.
The oscillations of neutrinos between the Sun and the Earth with oscillation length
comparable with distance between the Sun and the Earth [46] (for recent analysis see [47]
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- [50]) may give reasonable approximation to the desired profiles of fig. 4, 5 even for SSM.
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Main region of the oscillation parameters (Am 2 ~ 3 • 10~u — 1010 eV2) corresponds
to half oscillation length

hv(EB ~ lOMeV) > RE ,

(66)

where EB ~ 10 MeV is the typical energy of the high energy part of the boron neutrino
spectrum, RE is the radius of Earth orbit. From the condition (66) we get Am 2 < 1010
eV2. For small values of fs also a region of very small Am 2 ~ 5 • 10" 12 eV2 is allowed [48].
Mixing angle should be large. The bound follows from the Kamiokande/Homestake
data: For RSSM one gets sin2 26 > 0.7. However, such a large mixing is disfavored by
the data from SN1987A [51]. For large mixing the transitions v^ *-» De (£/T) result in
modification of the i>e-enevgy spectrum. In particular, the appearance of high energy tail
is expected, since the original 9^ (uT) energy spectrum has a larger average energy than
the spectrum of ue. The events with E > 40 - 50 MeV are predicted in contrast with
observations. The excluded region covers the region of "just-so" solution.
Depending on neutrino parameters and / # , /^ e ... one can get variety of distortions
of the boron neutrino energy spectrum [48].
Resonance flavor conversion.
Small mixing solution. The dependence of the suppression factor on energy [52]
perfectly fits the configuration (Fig. 3,4). The best fit point corresponds to x2 ~ 0-3 — 0.4
for 2 d.o.f.. Note that additional contribution to Kamiokande A / # ~ 0.09, follows from
scattering of the converted v^ (vT) on electrons due to the neutral currents.
A consistent description of the data has been found for [40]
fB ~ 0.4 - 2.0.
The mass squared difference
Am 2 = (6 + |) • 10~6eV2

(67)

is restricted essentially by Gallium results.
For fB ~ 0.5, and sin2 29 ~ 10~3, all effects of conversion in the high energy part
of the boron neutrino spectrum (E > 5 — 6 MeV) become very weak. In particular,
a distortion of the energy spectrum disappears, and ratio charged-to-neutral currents
(CC/NC)exp/(CC/NC)th
approaches 1. Thus studying just this part of spectrum it will
be difficult to identify the solution (e.g., to distinguish the conversion and the astrophysical effects).
Large mixing MSW solution also gives reasonable fit of the data. Typical energy
dependence fits well the configuration shown in fig. 5. Relevant neutrino parameters range
is
Am 2 = (6 • 10~6 - 10~4) eV2, sin2 26 = 0.65 - 0.85.
(68)
The problem can be solved also by the conversion into sterile neutrino (the state
which has no usual weak interactions): ve —»• 5.
The regions of neutrino parameters are approximately the same as in flavor case if
one restricts the original boron neutrino flux by /# < 2.
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The analysis of data in terms of two neutrino mixing is quite realistic, since in the
most interesting cases (simultaneous solution of the solar and hot dark matter problems,
or solar and atmospheric neutrino problems) third neutrino has large mass so that its
Am 2 is beyond the resonance region and its mixing to the electron neutrino is rather
small. This reduces the three neutrino task to the case of two neutrino mixing. However,
there is one interesting example where third neutrino could influence the solutions of the
solar neutrino problem. It was considered previously [53, 54, 55] and reanalyzed recently
in [56, 57]: The third neutrino is in the region of the solution of the atmospheric neutrino
problem (see sect. 7.4): m 3 ~ 0.1 eV and it has an appreciable admixture to the electron
neutrino state.
In this case additional regions of the neutrino parameters Am 2 = (10~5 — 10~6) eV2
and sin2 29 = 3- 10" 4 - 3 • 1(T3 are allowed for cos4 0 ~ 0.5 - 0.7.
4.2

Atmospheric Neutrinos
Atmospheric neutrinos (see reviews [58], [59]) are produced mainly by the decays
of pions and muons which in turn appear in interactions of cosmic rays with nuclei of
atmosphere. Depending on energies, these neutrinos induce events of different types in
the underground installations. In particular, at sufficiently low energies (E < 10 GeV)
neutrino interactions (leading to the production of muons and electrons) manifest itself
as contained (inside the detectors) or partially contained muon-like and the electron-like
events.
The atmospheric neutrino problem is the deficit of the muon-like events in comparison with the electron-like events. The ratio (/z — like)/(e — like) is predicted (Monte-Carlo
simulations) with rather good accuracy: uncertainties are estimated to be less than 5%.
The observed ratio (Kamiokande, 1MB) is about 60% of the expected one, so that the
double ratio equals:

(fj

like)/(e — like) MC

This deficit can be explained by oscillations of the muon neutrinos into electron, or tau
or sterile neutrino. The relevant region of neutrino parameters is
Am 2 = 10" 3 - 10" 1 eV2,

sin2 29 > 0.5.

(70)

Main question is whether the result is really due to the oscillations or due to some
methodics, backgrounds etc.. Let us summarize the important points of discussion.
— Frejus negative result. The Prejus detector has not found the anomaly: R^/e — 0.87 ±
0.21 . Although the error bars are large and positive results are just two sigma below.
NUSEX collaboration has given 1 for the double ratio but positive signal is only 1
sigma below.
Upward going muons. No deficit of muon neutrinos has been found in the detection
of the high energy muon neutrinos. Observed numbers of the so called upward going muons produced by these neutrinos in the rock surrounding detectors (Baksan,
Kamiokande) are in agreement with expected numbers. The expected numbers, however, are determined by the absolute value of the flux. And the absolute value has
quite large (up to 30 - 40 %) uncertainties. But even for conservative values of fluxes
the bounds exclude practically all parameter region (70).
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However, it should be noted that preliminary results from MACRO detector (GranSasso) show some (about 2 a) deficit of the flux.
Stopping-to-through going muons. With certain probability muons produced by neutrinos stop in the detector and decay ("stopping muons"). Typical energy of neutrinos
responsible for these muons ( 2 - 2 0 GeV) is lower than the average energy of neutrinos generating through-going muons which just cross the detectors (10 — 103 GeV).
Due to this energy dependence, the ratio of stopping to through going muons is sensitive to oscillations. On the other hand the ratio does not depend on the absolute
values of the fluxes which makes the results more reliable. The 1MB collaboration
has not found a deviation of the measured ratio from calculated one. This allows one
to exclude some region of the positive results (70).
The conclusion, however, depends on the neutrino cross-sections and on the energy
spectrum. It is argued that the latter is not well known at large energies, to make
firm conclusion.
Multi-GeV events: angular dependence. Analyzing the contained and partially contained events with energies above 1.3 GeV the Kamiokande collaboration [60] has
found a dependence of the double ratio R^/e on the zenith angle Qz- The ratio increases
with cos6z- The dependence can be explained by oscillations with almost maximal
mixing and oscillation length about 300 - 1000 km. At low energies (sub-GeV events)
the angular dependence disappears because the oscillation length is small and the
oscillations are averaged out for all angles. Being confirmed the ^-dependence will
be the proof of the oscillation interpretation. However, at the moment the statement
about existence of the angular dependence is not compelling. It is bases essentially
on the excess the [i like events in one angular bin in which the muon arrive from the
above. There is also an appreciable excess of the e-like events in the direction from
the center of the Earth. For the oscillation length under discussion, however, one does
not expect the observed strong dependence for upward going electrons.
No misidentification. The calibration experiment at KEK has shown that e-like and
/u-like events are identified in water Cherenkov detector correctly: There is no room
to explain the effect by the misidentification.
Methodics and SOUDAN result. The deficit has been observed in the water Cherenkov
detectors in the same time no deficit has been found in the iron track calorimeters
(Frejus, Nusex). (Although the error bars in these experiments are large and they
are only 2a above the Kamiokande/IMB result.) Does this mean that the origin
of the deficit is the methodics of the experiment? In this connection the SOUDAN
experiment result (calorimeter experiment with larger volume improved methodics
and larger statistics) is very important. The latest results [61]:
^ / e = 0.72 ±0.19+°$

(71)

still can not be considered as decisive.
Dependence on the depth? The tendency was marked that the deeper the installation
the weaker "anomaly". The smallest uR^/e" is from 1MB detector (the depth 1800
m.v.e. -meters of water equivalent) and there is no anomaly in Frejus (4500 m.v.e.).
The deeper the installation the smaller background [62]. Conclusion: atmospheric
anomaly is the background effect?
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Neutron background. Neutrons are produced in interactions of muons with nuclei
in the rock surrounding the installations. Neutrons diffuse inside the detector and
interacting with nuclei produce (in particular) neutral pions. Two gamma quanta
from pion decay generate the EM shower which imitate the e-like event. It is claimed
[62] that this can solve the problem. Clearly, neutron events should be concentrated
near the walls of the detectors. Kamiokande collaboration argues that the effect is
negligibly small. Recent studies of the vertex distributions in the detector have given
that the neutron contamination the sub-GeV e-like sample is smaller than 1.2% (90%
C.L.) [63].
Also the neutron signal has not been observed by SOUDAN experiment.
Double ratio or two ratios? Consistency. Some information can be hidden in the
double ratio. It was pointed out [64] that although there is an agreement in Rfl/e
two separate ratios H/HMC a n d e/enic a r e different, e.g., for the sub- and multi-GeV
events in Kamiokande. Moreover the disagreement can not be removed completely
by oscillations.
Reactors bound. No oscillations ue —> anything has been observed in the reactor
experiments BUGEY-3 [65] and Krasnoyarsk [66]. The excluded region of the neutrino
parameters covers practically all region of solutions (sub + multi GeV data) in the
case of v^ — ue oscillations.
Let us compare situations with atmospheric and solar neutrinos. In the case of
solar neutrinos there are solutions which give excellent fit of data. Moreover there are
several solutions which give a good fit. As far as concerning the atmospheric neutrinos,
the oscillations seem to be the only viable explanation, but even this explanation does
not give good description of all data.
The problem can be resolved by SuperKamiokande, CHOOZ and forthcoming long
base line accelerator experiments.

4.3

Neutrino mass and the peculiar velocities of pulsars

There is the long standing problem of explanation of the high peculiar velocities
of pulsars (v ~ 500 km/s). Non-symmetric collapse, effects in binary systems etc., give
typically smaller velocities. It looks quite reasonable to relate these velocities with neutrino
burst [67]. The momenta of pulsars are 10~3 — 10~2 of the integral momentum carried
out by neutrinos. Therefore, 10~~3 — 10"2 asymmetry (anisotropy) in neutrino emission is
enough to solve the problem [67].
The anisotropy of neutrino properties can be related to the magnetic field. It was
suggested that very strong magnetic field (1015 —1016 Gauss) can influence weak processes
immediately: the probabilities of emission of neutrinos along the field and against the field
are different.
According to mechanism suggested in [68] the magnetic field influences the resonance
flavor conversion of neutrinos thus leading to angular asymmetry of the conversion with
respect to the magnetic field. The latter results in asymmetry of the neutrino properties.
Let us give some details. Polarization of medium modifies the potentials. Instead of
(47), we get

V[

],

(72)

where k = p/p, and p is the momentum of neutrino, (s) is the averaged vector of spin of
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electrons in medium. Electrons are polarized by the magnetic field. The polarization is determined by concentration of electrons in the lowest Landau level. For strongly degenerate
gas and in the limit of small field one finds:
eB

(6ne\

2ne V 7T
This leads to the result
V =

y/2GFne 1 -

e(k- B) /3n,

U*

(74)

It is assumed that the resonance layer for the conversion ve — vT lies between the
ve -neutrinoshpere and vT -neutrinoshpere (the latter is deeper than the former due to
weaker interactions of vT ). Thus the vT which appear in the resonance layer will propagate freely and ve 's are immediately absorbed. The resonance layer becomes the "neutrinosphere" for vr . (In fact, in presence of the magnetic field the neutrinosphere becomes
"neutrinoellipsoid" and this is crucial for the mechanism).
It is assumed that inside the protoneutron star there is a strong magnetic field
of the dipole type. Then in one hemisphere the field is directed outside the star, so
that for neutrinos leaving the star (k • B) > 0, whereas in another hemisphere the field
points towards the center of star and (k • B) < 0 . The magnetic field modifies the
resonance condition differently in these two hemispheres. In hemisphere with (k • B) > 0,
the resonance condition is satisfied at larger densities and larger temperatures; vT emitted
from this hemisphere will have bigger energies. In opposite hemisphere with [k • B) < 0
the resonance is at lower densities and lower temperatures and neutrinos have smaller
energies. Thus presence of the magnetic field leads to difference in energies of uT emitted
in different directions and therefore neutrino burst knocks the star. The observed velocities
imply the polarization effect 10" 3 — 10~2, or according to (74)
i

3

~ 10" 3 - 10" 2 .

In the ue -neutrinosphere: ne ~ 10 u cm 3 which gives B ~ 1013 Gauss. From the condition
that the resonance should be below the ue - neutrinosphere one gets
Amz > 104 eVi , or m 3 > 100 eV .

(75)

The mixing angle can be rather small: from the adiabatic condition it follows that sin2 29 >

io- 8 .
Thus explanation of the peculiar velocities of pulsars based on the resonance flavor
conversion implies the mass of the heaviest (~ vT ) neutrino bigger than 100 eV. To avoid
the cosmological bound on mass, the neutrino must decay (e.g. with Majoron emission).
In connection with Kusenko-Segre proposal [68] it is interesting to recall recent
tritium experiment results [6] which may be explained by admixture of the 200 eV neutrino
in ve .
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4.4

Hot Dark Matter

There is a number of studies of the structure formation for value of the Hubble
constant h = 0.5 and Q, = 1 [69] A good fit of the data can be obtained in the so called
mixed scenario with dominating contribution of the cold dark matter U, = 0.7 — 0.8 and
the rest contribution QHDM ~ 0.2 from the hot dark matter [70], [71] [72]. The natural
candidate for the hot dark matter is the relic neutrinos with mass 5 - 7 eV. Even better
fit can be achieved for two types of neutrinos with masses 2 - 3 eV, so that total QHDM
is the same but the epoch when this neutrinos become nonrelativistic is later and scale
\jmu is bigger.
It should be noted that scenario with HDM is not the only possibility. Good fit can be
achieved by, e.g., modification of the spectrum of original density perturbations (deviation
from Zeldovich - Harrison spectrum). Also the possibilities with nonzero cosmological
constant exist.
Independently on whether neutrinos as HDM exist or not, the Large scale structure
formation of the Universe can be used to put upper bound on the neutrino mass. Indeed,
pure hot dark matter scenario (light neutrinos) certainly does not explain the structure.
Dominating component should be the cold one [70], [71] [72]. Good fit of the cosmological
data can be obtained if the hot component contributes less than 30%. For Slv < 0.3 one
finds the "structure formation bound":
< 15 eV.

4.5

(76)

LSND

KARMEN [73] and LSND [74] collaborations are looking for the oscillations of
neutrinos from pion decay: n+ —• /i+fM, £*+ —> e+j?flue. The best sensitivity is for the
mode u^ — ue, where the background from the primary beam is rather small and there
is a good experimental signature: ue interacts as ve + p —* n + e + and both products
of the reaction - neutron and positron - are detected. The correlation of signals from
the positron and neutron is the main criteria for selection. No signal of the neutrino
oscillations has been found by KARMEN. At certain experimental cut off conditions 22
events have been observed by LSND in the energy interval 36 - 60 MeV, whereas 4.6 ±0.6
are expected from known sources.
The observed excess does not exclude the interpretation in terms of neutrino oscillations with probability

P tr = (0.31 talJ ± 0.05) %.
In the range of small masses: Am 2 < 3 eV2 the allowed region can be approximated by

J

1 0

^

sin 2 20~1.5-lO- 3 -4-KT 2 .

(77)

There is a number of questions concerning LSND result [75] and one needs more data to
make any conclusion. In any case it is interesting to look at the region of parameters (77)
which may be related to both the cosmological neutrino masses and atmospheric neutrino
problem.
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5.
5.1

IMPLICATIONS
Neutrino anomalies
Existing neutrino anomalies imply strongly different scales of Am 2 . For the solar
neutrinos, atmospheric neutrinos and LSND we have correspondingly:

A m L ~ (0.3 - 3) • 10- 2 eV2 ,
Am

lsND

2

~ (°-2 - 2) eV .

(79)
(80)

That is
&mlsND » &mltm » &™2OThe mass scale which gives the HDM component of the Universe, run DM'™HDM ~ (1 - 50) eV2

(81)

(82)

can cover the LSND range.
In the case of three neutrinos there is an obvious relation:
Am2,! + Am 2 2 = Am\x ,

(83)

and inequality (81) can not be satisfied. That is, with three neutrinos it is impossible to
reconcile all the anomalies. Furthermore, additional larger scale is needed for explanation
of pulsar velocities (75).
Three different possibilities are discussed in this connection. One can
suggest (stretching the data) that
Also the possibility Arrig = Am 2 t m was discussed.
— "sacrifice" at least one anomaly, e.g. the LSND result, or atmospheric neutrinos;
— introduce additional neutrino states.
In what follows we will consider the most appealing possibilities.
Note that typically TRHDM > Tnee, where mee is the effective mass of the electron
neutrino.
5.2
-

"Standard" scenario
The mass spectrum and mixing pattern are shown in fig. 6.
Second mass, 7712, is in the range
m 2 = (2 - 3) • 10~3 eV,

(85)

so that the resonance flavor conversion ue —• v^ solves the solar neutrino problem.
The desired mixing angle is consistent with expression
9efl = &

- e»0vt

(86)

where me and mM are the masses of the electron and muon, 0 is a phase and 9U is the
angle which comes from diagonalization of the neutrino mass matrix. The relation
between the angles and the masses (86) is similar to the relation in quark sector and
follows naturally from the Fritzsch ansatz for mass matrices. Such a possibility can
be realized in terms of the see-saw mechanism of mass generation.
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The third neutrino has the mass about 5 eV and composes the desired hot component
of the dark matter.
Neutrino masses are generated by the see-saw mechanism. For mf = mc at GU scale
where mc is the mass of charm quark the light mass (85) leads via the see-saw formula
to the Majorana mass of the RH neutrino:
M2 ~ (2 - 4) • 1010 GeV .

(87)

(Here the renormalization of mass relation in the Minimal supersymmetric standard
model has been taken into account). For m f ~ mt the mass of v3 leads via the
see-saw mechanism to the Majorana mass of the RH neutrino
M 3 ~ (4 - 8) • 1012 GeV .

(88)

Thus both solar neutrinos and HDM testify for an existence of the intermediate mass
scale: M, ~ 1013 GeV so that mw <C Mj <C MP.
Note that the values of masses are in agreement with "linear" hierarchy: M2/M3 RJ
mc/mt [76].
The decays of the RH neutrinos with mass 1010 — 1012 GeV can produce the lepton
asymmetry of the Universe which can be transformed by sphalerons in to the baryon
asymmetry [77].
Simplest schemes with quark - lepton symmetry lead to mixing angle for the e—
and r— generations: 6eT ~ (0.3 — 3)14*. This value is close to the bound from the
nucleosynthesis of heavy elements (r-processes) in the inner parts of the supernovas:
sin 2 20 er < 1(T5 (m 3 > 2 eV) [78].
(vi) For fi—r mixing one expects [79] #MT ~ kVcbT], where k — 1/3 — 3 and rj ~ 0.6 — 0.7
is the renormalization factor. If 7713 > 3 eV some part of expected region of mixing
angles is already excluded by FNAL 531. A large part of the region can be studied by
CHORUS and NOMAD. The rest (especially m 3 < 2 eV) could be covered by E803.
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Fig. 6. Qualitative pattern of neutrino masses and mixing. Boxes correspond to different mass eigenstates. The sizes of different regions in the
boxes determine flavors (|J/t/|) of given eigenstates. Weakly hatched regions correspond to the electron flavor, strongly hatched regions depict
the muon flavor and black regions present the tau flavor. Arrow connects
the eigenstates involved in the conversion which solves the solar neutrino
problem. "Standard scenario".

Fig. 7. The same as in fig. 6 for scenario with strongly degenerate neutrino spectrum. Arrow "ATM" connects the eigenstates involved in the
oscillations which solves the atmospheric neutrino problem.

Fig. 8. The same as in fig. 6 for scenario Solar -I- Atmospheric neutrinos.
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The depth of fM — ue oscillations with Am 2 RS m 2 equals 4[t/3M|2jC/ae 12 ~ 4|# er | 2 |# Kr | 2 .
The existing experimental bounds on 6eT and 9^T give the upper bound on this depth:
< 10" 3 [80] which is too small to explain the LSND result.

5.3

Degenerate neutrinos
The standard scenario does not solve the atmospheric neutrino problem. Solar,
atmospheric and HDM problem can be solved simultaneously, if neutrinos have strongly
degenerate mass spectrum m\ ~ m 2 ~ m 3 ~ 1 — 2 eV [81, 82, 55], with Am 2 2 = Am^ =
6 • 10- 6 eV2 and Am 2 3 = Am 2 t m = 10~2 eV2 (fig.7).
The corresponding mass matrix may have the form [82]
m = mol + 6m,

(89)

where / is the unit matrix, 6m <C m0 ~ 1 — 2 eV. Moreover (89) can be realized in
unique see-saw mechanism with non zero direct Majorana masses of the left components.
Main contribution, m 0 , originates from interaction with Higgs triplets which respects some
horizontal symmetry like SU(2), S4 or permutation symmetry. It looks quite interesting
that the desired mass splitting 6m can be generated by the standard see-saw contribution
with MR ~ 1013 GeV [82].
The effective Majorana mass mee ~ mo is at the level of upper bound from the
PPOu - decay .

The mass mee can be suppressed [83] if the electron flavor has large admixture in
v\ and U2 , so that the solar neutrino problem is solved by the large mixing MSW solution.
Now the effective Majorana mass equals mee ~ m o (l — sin2 26), and for sin2 26 = 0.7 one
gets suppression factor 0.3. However simple formula (89) does not work [83].
No observable signals are expected in CHORUS/NOMAD and LSND/KARMEN.

5.4

"Solar + Atmospheric neutrinos"
Another possibility (fig.8) is to sacrifice the HDM assuming (if needed) that some
other particles (e.g. sterile neutrinos, axino etc..) are responsible for structure formation
in the Universe. In this case m 3 ~ 0.1 eV and v^ — uT oscillations explain the atmospheric
neutrino deficit. Strong v^ - vT mixing, could be related to relatively small mass splitting
between m 2 and m 3 which implies an enhancement of the mixing in the neutrino Dirac
mass matrix [84]. It could be related to the see-saw enhancement mechanism [85, 86]
endowed by renormalization group enhancement [86] or with strong mixing in charge
lepton sector [87].
5.5

More neutrino states?
The safe way to accommodate all the anomalies is to introduce new neutrino state
(see e.g. [88], [89], [90]). As follows from LEP bound on the number of neutrino species
(4) this state should be sterile (singlet of SM symmetry group).
Nucleosynthesis bound is satisfied, if S has the parameters needed for a solution of
the solar neutrino problem. In this case one can write the following "scenario" [81] — [98]
(fig. 9).
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Fig. 9. The same as in fig. 6 for the scenario with sterile neutrino for the solar
neutrino problem. The admixture of the sterile neutrino is shown by white regions
in boxes.

Fig. 10. The same as in fig. 9 for the scenario with sterile neutrino for the
atmospheric neutrino problem.
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5.6

Sterile neutrino has the mass ms ~ (2 — 3) • 10 3 eV and mixes with ve, so that the
resonance conversion ue — us solves the solar neutrino problem.
Masses of u^ and vT are in the range 2 - 3 eV, they supply the hot component of the
DM.
1/^ and uT form the pseudo Dirac neutrino with large (maximal) mixing and the
oscillations v^ — vT explain the atmospheric neutrino problem.
ve is very light: m\ < 2 • 10~3 eV. The u^ — Pe mixing can be strong enough to explain
the LSND result.
No effect is expected for u^ - uT oscillations in CHORUS/NOMAD as well as in future
searches of the flflov — decay .
Production of heavy elements in supernova via "r-processes" is problematic for this
scenario.

Rescue the standard scenario

The atmospheric neutrino deficit is the problem for the standard scenario. To solve
the atmospheric neutrino problem one can assume that an additional light singlet fermion
exists with the mass m ~ 0.1 eV. This singlet mixes mainly with muon neutrino, so that
Vn — vs oscillations explain the data [91]. In this case one arrives at the scheme (fig.
10). Production of vs singlets in the Early Universe can be suppressed (if needed) by
generation of the lepton asymmetry [92] in the vT — vs and DT — 9S oscillations [93].
The presence of large admixture of the sterile component in 1/2 influences resonance
conversion of solar ve , and also can modify the v^ - vT oscillations.
There is a number of different mechanisms of neutrino mass generation. All of them
contain new free parameters and typically by fitting these parameters one can reproduce
the same pattern of the neutrino masses and mixing. Therefore, as much as possible
complete information about the pattern of neutrino masses and mixing and also additional
information from other sectors of the theory may help in identification of origin of the
neutrino mass.
6.
CONCLUSIONS
1. A number of experimental results indicate that neutrino oscillations or/and resonance
flavor conversion really exist. The oscillations and conversion imply (in the simplest version) non-zero neutrino masses and lepton mixing.
2. The most strong indication comes probably from studies of the solar neutrino fluxes.
The astrophysical solutions of the solar neutrino problem are strongly disfavored, whereas
solutions based on nonzero neutrino mass and mixing give very good fit of the experimental results.
3. New and forthcoming experiments (SuperKamiokande, SNO, accelerator experiments
CHORUS and NOMAD, reactor experiments CHOOZ etc.) have a good chance to establish an existence of non-zero neutrino mass and mixing.
4. Different patterns of neutrino masses and mixing have been elaborated which agree
with existing constraints and allow one to describe simultaneously some (or even all) neu194

trino anomalies.
5. The patterns will be seriously checked in new and forthcoming experiments. Establishing of the true pattern may shed some light on the origin of neutrino mass.
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COLLIDER PHYSICS
Dorothee Schaile
Ludwig-Maximilians-Universitat Miinchen, Germany

Abstract
The lecture gives a guided tour through a selection of recent experimental results at our present high energy colliders: Tevatron,
SLC, LEP and HERA. The topics covered include electroweak
precision tests at the Z° resonance, the study of W production,
the determination of the strong coupling constant and the observation of the top quark. The variety of these measurements represents a stringent consistency test of our present understanding
of the theoretical foundations of particle physics. Their combination imposes important constraints on the parameter space of the
Standard Model and possible extensions.

1.
1.1

Introduction
Outline of lectures

Colliders are powerful tools in experimental particle physics covering a rich spectrum of outstanding questions. This lecture will focus on a selection of recent results
in collider physics which probe the building principle of the the Standard Model: local
gauge invariance. After a short overview on colliders, this introductory section provides a
summary of the observable consequences of the gauge character of the Standard Model.
In Section 2. we discuss properties and couplings of the Z° boson. The e+e~-collider
LEP has just completed the data taking phase at the Z-pole. The LEP statistics provides
important measurements of the Z° boson properties and the coupling of the Z° to fermion
pairs. These results are complemented by the e+e~-collider SLC, which has achieved a
significant electron beam polarization.
Until recently the investigation of W boson properties and the self-coupling of electroweak gauge bosons which are discussed in Section 3. have been the exclusive domain
of pp colliders. LEP has just started data taking in a new exciting energy domain which
also allows precise tests of the Standard Model with W boson pairs.
An important aspect in testing the Standard Model which is discussed in Section 4.
is the determination of the strong coupling constant, as, and its energy dependence. At
momentum transfers where strong interactions can be described perturbatively, QCD
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should become completely predictive with one single measurement of as- Colliders offer a
wealth of complementary experimental methods at different energy scales.
Section 5. is devoted to the discovery of the top quark and a precise measurement
of its mass at the pp-collider Tevatron. It will be shown in Section 6. that this success
is a very important ingredient when we want to derive conclusions from the combination
of all our experimental information concerning the Standard Model. The only parameter
that enters our calculations and is not predicted by the Standard Model, nor accessible
to a direct measurement yet, is the mass of the Higgs boson. The effect of its mass on
measurable quantities is extremely tiny. The proof of its existence, however, is the key
to our understanding, why the Standard Model works so well, and will be a milestone of
future collider physics.

1.2

Collider and fixed target experiments

In order to understand the break-through of colliders in particle physics I would like
to discuss two basic aspects of accelerator design: energy and luminosity.
The kinematics of the collision of two particles can be conveniently expressed by
their four-vectors p\ = (Ei, p[) andp 2 = (E2, P2), where E, m and p*denote energy, mass
and momentum of particle one and two, respectively. For the centre-of-mass-energy, Ecm,
we get:
Ecm

= :^i

(1)
(2)
(3)

At colliders the masses of the particles can be neglected, i.e. mi, m 2 <<£'i, E2:
(4)
Furthermore if both particle beams have the same energy, i.e. E\ — E2 = Ebeam(5)
In fixed target experiments, we have for the target particle E2 — rri2, and using again for
the projectile ?7ii<<Ei = £(, eam , we get:

2yJm2Ebea

(6)

In conclusion colliders make efficient use of the highest energy that can be achieved,
whereas in fixed target mode the effort invested in increasing the beam energy only pays
off proportional to \/Ei,eam for the centre-of-mass-energy which is available for particle
excitation and creation.
Another important parameter for the planning of an accelerator experiment is the
luminosity C It is related to the event rate n for a process with cross-section a by the
relation:
n- - La
(7)
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For a collider the luminosity can be expressed in terms of the number of particle bunches
UB, the revolution frequency of one particle bunch / , the number of particles per bunch
in each beam N\ and N2 and the area of the collision point, A, as:

fnBNxN2
C

(8)

For fixed target operation the luminosity can be expressed as:
C = $p,

(9)

where $ stands for the number of particles per second of the incoming beam and p for
the target area density. In fixed target operation it is easy to obtain high luminosities
(>10 37 s^cm" 2 ) as Avogadro's number enters the target density. The luminosity record
for existing high energy colliders belongs to LEP with £ ~ 2 • 1031s"1cm~2; luminosities
in the range 1033 or 1034 s^cm" 2 are the challenge of future machines. In conclusion, if
luminosity rather than energy is the important parameter for your research project, you
should plan a fixed target experiment.

1.3 Our Colliders at the energy frontier
1.3.1 LEP
The LEP e + e~ storage ring started operation in 1989 with four general purpose
collider detectors: ALEPH [1], DELPHI [2], L3 [3] and OPAL [4]. In a first phase, LEP 1,
the centre-of-mass energy, was kept in an interval of ± 3 GeV around the mass of the Z°,
raz, allowing the experiments to collect w 2 • 107 Z° decays. In a second phase, LEP 2,
which started in summer 1996, E^ was raised above the W pair production threshold
by the installation of superconducting RF cavities. A first successful run at intermediate
energies of 130 — 140 GeV in November 1995 allowed each of the experiments to collect
~ 5 pb" 1 . In June 1996 £ m was increased to 161 GeV. The approved research program
of CERN foresees a step-wise increase of Ecm to 192 GeV in 1998.
LEP will be our last high energy e + e~ storage ring. The reason is due to synchrotron
radiation which increases with the fourth power of the beam energy but only inversely
proportional to the effective bending radius of the ring. At LEP for yfs = m-i the energy
radiated by a single electron each turn amounts to 125 MeV [5].
1.3.2 SLC
The next generation e + e~ collider will be a linear collider. SLC can be viewed as a
first e + e~ linear collider prototype. Electrons and positrons are accelerated simultaneously
in an extension of the previously existing SLAC linear collider and then transferred into
two separate arcs which guide them to the head-on collision point in the final focus. The
interactions are recorded by a single experiment, initially by the MARK II detector [6]
and then by the SLD detector [7].
Also SLC started operation in 1989 at Ecm — m-i, but its operation is very complementary to LEP 1: They have low statistics, ~ 140 • 103 Z° decays up to now, but a
striking success with the electron beam polarization which has reached a record value of
80%.
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1.3.3

TEVATRON
The pp collider Tevatron started operation in 1987 and takes data at E^n = 1.8 TeV,
now at a peak luminosity of « 1031 cm" 2 s~ 1 . Data taking has paused in February 1996
when the machine had delivered an integrated luminosity of « 150 pb" 1 . At present a
major machine upgrade is performed which will allow the two experiments, CDF [8] and
D 0 [9], to restart operation at a substantially increased luminosity in 1999.
The Tevatron will definitively not be the last high energy hadron storage ring. In
2005 LHC is expected to take up operation in the LEP tunnel with 7 TeV protons colliding
on 7 TeV protons.
1.3.4 HERA
HERA at DESY, our first and unique ep collider, started operation in 1990. Electrons or positrons at a beam energy of 30 GeV are brought into collision with protons
at an energy of 820 GeV. The maximum centre-of-mass energy which can be achieved in
collisions of e* with one of the constituents of the protons amounts to Ecm = 314 GeV.
The e* ring and the proton ring are located in a common tunnel with a circumference of
6.3 km. There are two large general purpose collider experiments, HI [10] and ZEUS [11],
and two specialized experiments: the HERMES experiment is recording collisions of the
polarized e* beam on a polarized gas-jet target and the planned HERA-B experiment will
investigate the collisions of the proton beam halo on a wire target with the aim to detect
CP violation in the b quark sector.
1.4

The Standard Model and the role of colliders
The present Standard Model of particle physics is a theory based on the principle
of local gauge invariance. The underlying experimental consequences are:
— The existence of the gauge bosons: 7, W + , W~, Z° and 8 gluons. The heavy intermediate vector bosons have been discovered in 1982 at the CERN SppS [12] and
striking evidence for the existence of gluons was provided in 1979 by the observation
of 3-jet events at PETRA [13].
— The existence of an elementary scalar particle, the Higgs boson. The Standard Model
predicts the existence but not the mass of this particle. At LEP 1 this particle could
be systematically excluded in the mass range 0-66 GeV. An upper experimental
bound on its mass of a few hundred GeV can be obtained from the combination
of electroweak precision tests with the direct determination of the top quark mass
(c.f. Section 6.). LEP 2 extends the discovery limit for the Standard Model Higgs
boson to masses up to 95 GeV and has a promising potential for finding one of the
two light Higgs bosons predicted by the minimal supersymmetric extension of the
Standard Model. The detailed understanding of the Higgs mechanism constitutes a
major motivation of future accelerators.
— The theory allows to calculate predictions to all orders of perturbation theory with
only a finite number of parameters. As there are only few parameters in the Standard
Model which matter at high energies we obtain powerful tests of the theory by probing
the relation of observables. Colliders make an important contribution in the following
areas:
•
The verification of the predicted multiplet structure of particles
•
The study of the properties of gauge bosons
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•

The determination of strong and electroweak couplings of gauge bosons to
fermions
•
The determination of gauge boson self couplings
A very important feature of gauge theories is that higher order corrections to observables
can be calculated. Today, this may appear as something self-understood to students in
high energy physics. We should keep in mind, however, that the Fermi theory of weak
interactions was used as a successful description of experimental data for several decades
though it had not this property. Measuring the size of higher order radiative corrections is
an important goal of precision tests at LEP and SLC. A milestone whether the theory can
be confirmed at quantum level is the comparison of the value of rat derived from precision
tests (c.f. discussion on radiative corrections in section 2.1.3) and its direct determination
at the Tevatron and future colliders.
Last but not least, colliders play a fundamental role in direct searches for particles
which are not predicted by the multiplet structure of the Standard Model. For reasons of
time, and as these particles exist only in theory yet, I will not cover these searches in my
lectures.
2.
2.1

Z° properties and couplings
Scan of the Z° resonance curve at LEP
Important parameters of the Z°, especially its mass, mz, and its total decay width,
Fz, are obtained from a scan of the Z° resonance curve. The results are based on the
measurement of the energy dependence of total and differential cross sections as function
of centre-of-mass energy for the processes e+e~ —> hadrons and e+e~ —> £+£~.
2.1.1 Total cross sections
Total cross sections are determined from experiments via the relation:
tp
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where iVse/ and N^g refer to the number of events passing the selection cuts and the number
of background events in the selected sample. / Cdt denotes the integrated luminosity and
the correction factor e accounts for the trigger efficiency, the geometrical acceptance and
the efficiency of the selection cuts.
The design of the LEP detectors allows a trigger on hadrons and leptons with high
redundancy, accepting 100% of the events, with an uncertainty of less than 0.1%, within
the solid angle considered in the analysis.
The selection of hadrons and lepton pairs at LEP is conceptually easy, as they can
be discriminated by a few simple cuts like cluster or track multiplicities, deposited energy
and energy balance, against backgrounds which are of 0(0.1%) for hadrons and e+e~
pairs, of 0(1%) for fJ,+/i~ andr + r~ pairs. The challenge of the analysis is motivated by
the aim to match the systematic error of the efficiency and acceptance corrections and the
statistical error. In order to reach this goal the efficiency calculation has to be based on
elaborate detector simulations as well as algorithms which use the data themselves. These
algorithms provide not only a cross-check that the simulation is reliable but can also be
used to eliminate model dependent uncertainties like the dependence of the efficiency for
the selection on hadronic events of fragmentation parameters.
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The luminosity is obtained from the ratio of the number of events measured in
small-angle Bhabha scattering and the theoretical prediction for the cross section of this
process within the acceptance of the luminosity monitor. The acceptance in polar angle
of the forward detectors typically ranges from 25—120 mrad. At small polar angles the
cross section for Bhabha scattering is given by :
da ^ 32TR*2 1

~d§~

s

¥'

A very important task of the luminosity determination is therefore the precise monitoring
of the edge of the acceptance at the inner radius. If one aims at a systematic error in the
permille region this requires more than a precise knowledge of the geometrical acceptance:
shifts and tilts of the beam have to be considered and cuts on the energy of the scattered
electrons have to be very well understood, as the energy distribution is closely linked to
the acollinearity distribution. This is because Bhabha events with a photon in the initial
state are boosted. Therefore the contribution of radiative corrections to the theoretical
Bhabha cross section is intimately linked to the performance of the detector and the
selection criteria. All experiments have upgraded their luminosity monitors after the initial
successful running of LEP. They use e.g. silicon tungsten calorimeters which allow a very
precise measurement of both the trajectory and the energy of the scattered electrons.
At present the experimental accuracy for the luminosity determination is better than
0.1% [14, 15, 16, 17] (to be compared with 2-5% at LEP start !). To exploit this result, a
substantial effort has been invested for the calculation of higher order corrections to the
theoretical Bhabha cross section. The present theoretical error amounts to 0.11% [18] and
is still hoped to improve for the final LEP 1 results.
Last but not least, the precision of the centre-of-mass energy determination plays a
central role for an accurate measurement of the Z° properties. The energy of the electrons
and positrons circulating in the LEP ring is uniquely related to the magnetic field they
traverse. The main contribution to the magnetic fields traversed by the beam originates
from the dipole bending magnets. Electrons and positrons being highly relativistic, the
length of their orbit is fixed by the radio frequency of the accelerating voltage. Changes in
magnet positions cause the particles to leave their central orbits, thus receiving additional
deflections in the quadrupole magnets, used for focusing. To obtain a high precision measurement of the particle energies one therefore has to consider orbit dependent corrections
to the dipole field measurement.
Since 1991 LEP measures the beam energy by the resonant depolarization method,
which is independent of magnetic field measurements [5]. It relies on the fact that under
favourable conditions in e + e" storage rings transverse polarization can build up due to
the interaction of the electrons or positrons with the magnetic guide field, a phenomenon
referred to as the Sokolov-Ternov effect [19]. The number of spin precessions per turn, u,
is then related to the average energy, E, of the particles by:

ra'g-2\

E
440.65 MeV

Here g refers to the gyromagnetic constant and -y = E/me. Depolarization can be achieved
by a weak oscillating transverse magnetic field and occurs if the frequency of the magnetic
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field matches the precession frequency of the electron spins around the magnetic bending
field. The intrinsic accuracy of the method is about 0.2 MeV.
The resonant depolarization technique provides an instantaneous measurement of
the average energy of the particles in the ring with high accuracy which is independent of any magnetic field measurement. Orbit variations, however, constantly change the
LEP energy (typically by 0(1 MeV/h)). As polarization calibrations take time (typically
2 hours) and are not possible during data taking, additional measurements (like dipole
field strengths, ring temperatures and beam orbit positions) are needed and a model
which relates them to energy changes. This model has been developed in 1993-94 and
published [5].
For the subsequent scan in 1995 it was possible to calibrate some fills twice: once
before and once after the proper data taking period. Also, the magnetic field measurement
in a reference magnet was complemented by two NMR probes which were installed in
two dipoles in the tunnel. These extra measurements and extra instrumentation lead to
a puzzling observation: the beam energy was rising during a fill. Further observations
include the following: The NMR probes showed significant noise and jumps, which were
anticorrelated between the two probes at opposite sides of the ring; the rise is steepest at
the beginning of a fill and the saturating; a current on the beam pipe has been measured
which has a time periodicity that is correlated with the NMR probes. The resolution of
this (substantially shortened) detective story was that the LEP energy calibration is also
sensitive to trains (especially the French high speed TGV trains) which circulate in the
Geneva area. These trains are the origin of vagabonding currents which also creep along
the LEP beam pipe and modulate the magnet currents. At the beginning of a fill the
magnets are still not completely in the saturation of their hysteresis curve and therefore
this cycling of the magnets still contributes to a rise of the magnetic field which eventually
saturates during a fill. As a result the energy determination for the 1993 and 1994 data
has been revised, although studies are still in progress and the results remain preliminary.
Propagating the present preliminary errors of the energy calibration to mi and Fz
on obtains:
Am z (LEP energy) =
AF Z (LEP energy) =

1.5 MeV
1.7 MeV.

In the history of colliders, the precise measurement of m-i and Fz has put the most
stringent requirements on the centre-of-mass energy calibration up to now. The feasibility
of the resonant depolarization technique, however, was vital for the precision of several
other observables at LEP.
2.1.2 Forward-backward asymmetries
Besides the total cross section one also measures the differential cross section w.r.t.
the production angle. The production angle, 0, of final state fermion pair is defined as the
angle between the incoming e + direction and the outgoing antifermion f direction (Fig. 1).
Theory predicts the angular distribution for the process e+e~ —» ff to be:
°
rf(cos 6)

2

l

9
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(11)

for f ^ e. A more complicated expression results for f = e due to the presence of the
^-channel process (see e.g. [20] for a parametrization of the differential cross section).
Having verified that the data follow the theoretical prediction, the information content of
the angular distribution can be summarized in a single number, the 'forward-backward
asymmetry', ^4FB> given by:
NF-N
B

Here the number of 'forward' events (NF) is defined to be the number of events for which
9 <\. Similarly, NB is the number of events for which | < 9 < ir.

Figure 1: Definition of the scattering angle in e + e collisions.
2.1.3 Parametrization of results
Before presenting the results, a word has to be said on the parametrization of
cross sections and asymmetries. In the Minimal Standard Model with one isospin doublet of complex Higgs fields the lowest order predictions for the process e+e~ —• ff can
be described, neglecting fermion masses, with only 3 free parameters, which have to be
determined from measurements. These 3 free parameters are usually expressed in terms
quantities which are measured with the highest accuracy. The parameters most commonly
used are:
a, Gp and mz ,
(13)
where a is the electromagnetic coupling constant and Gp the Fermi constant.
For the process e+e~ —> ff with f ^ e the total cross section in the vicinity of y/s = mz
is dominated by Z° exchange. At Born level the cross section can therefore be written as:
.» r 2 + 7Z° 4- 7

(s — mi

(14)

where o®- represents the cross section for the process e + e —> ff at i/s = m z due to Z°
exchange, '7' and '7Z 0 ' represent small (9(1%) contributions from photon exchange and
the 7Z°-interference. The pole cross section, a^, can be written in terms of the Z° partial
decay widths into e+e~ and ff final states, Fee and Fff:

n

reerff
ra
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In the Standard Model the partial widths of the Z° are not free parameters but can be
written in terms of vector and axial vector coupling constants of the Z°, gvi and

At the tree level the couplings can be expressed as:
9Af = y/plf
9vi = v W 3 + 2<2/sin2<?w)

(17)
(18)

sin 2 0 w cos 2 0 w = „

( 19 )

with:
rK , M 2 •

Here #w represents the electroweak mixing angle, Qf and If the charge and the weak
isospin of the fermion f, respectively. The value of the p parameter, which measures the
relative strength of neutral and charged currents, is determined by the Higgs structure
of the theory. In the Minimal Standard Model, which we assume when referring to the
Standard Model in the following, p = 1 at the tree level.
Also forward-backward asymmetries can be expressed in terms of vector and axial
vector couplings of the Z°. Neglecting contributions from photon exchange and the 7Z 0 interference, a very simple expression is obtained for s = ra|:

A(FB(s = ml) « A^l = | A A

(20)

with:

As precision measurements of the electroweak interactions aim at a test of the
theory at the level of quantum corrections, the discussion of the parametrization would
be incomplete without a word on radiative corrections. Here I just can point out the
salient features, those interested in a more thorough introduction I would like to refer
to e.g. [21], a detailed report on the state of the art can be found in [22]. Radiative
corrections modify the relations introduced above. By a convention, which is rigorous
only to O{a) but sufficient to understand the basic concepts, they are separated into 3
classes, as indicated in Fig. 2:
a) Photonic corrections:
The term photonic corrections refers to all diagrams with real or virtual photons added
to the Born diagram. These corrections are large (0(30%)) and depend on experimental
cuts. The dominant contribution arises from diagrams where a photon is radiated off the
initial state, thus modifying the effective centre-of-mass energy, which has a substantial
effect on cross sections close to a resonance. Photonic corrections are taken into account
by convoluting the cross section of the hard scattering process (c.f. eqn. (14)) by a radiator
function, which can be calculated within the framework of QED.
b) Non-photonic corrections:
Non-photonic corrections denote the electroweak complement to photonic corrections.
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Figure 2: Radiative corrections for e + e

—+ ff.

A familiar example of non-photonic diagrams is the vacuum-polarization of the photon,
which leads to an s-dependent correction of the electromagnetic coupling constant:
a
a —> a(s) =1 - Aa(s)
In the electroweak theory we have to take into account besides the photon vacuum
polarization similar corrections related to Z°-exchange and additional diagrams involving
heavy gauge bosons. In pure QED a precise measurement of radiative corrections would
never give us any hint of particles which have a mass far above the energy scale of the
process under consideration. This is a consequence of exact charge conservation, as the
associated symmetry results in a suppression of heavy physics appearing in internal loops.
The electroweak symmetry is broken, however, and therefore radiative corrections involving heavy particles may have observable consequences. This is one of the most interesting
aspects of electroweak radiative corrections and electroweak precision tests: They potentially probe the complete particle spectrum and not only the part which is accessible at
a given energy scale.
A convenient way to take into account non-photonic radiative corrections at Z°
energies is the improved Born approximation [23]: It requires besides the substitution
a —> a(mz) the introduction of effective vector and axial vector couplings. These effective
couplings exhibit an s-dependence, which is, however, negligible in the vicinity of the Z°
peak. They can still be calculated using the relations (17)—(19), but then p and sin2#w
have to be replaced by effective parameters:
+ A^
Pi =

Ptept + # .
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(22)
(23)

The calculation of sin 2 ^ ff depends not only on the Born parameters, a, GF and raz (as
implied by eqn. (19)), but also on m H and m t . Also due to radiative corrections, p{ will
slightly differ from 1. The fermion dependence of sin 2 ^ ff and pi is due to vertex corrections,
which are non-universal. The difference to leptonic vertex corrections is denoted as A(v
and 8[ for sin 2 ^ ff and pf, respectively. For all fermions except for b quarks, A[ and S!v
are small and essentially independent of m t - Lepton asymmetries measure the ratio of
couplings gvil9AI and can be expressed by a single parameter:

s i n ^ f = I (1 - gve/gM) .

(24)

As Ae is much smaller than Aq the quark forward-backward asymmetries also determine
sin2#eftH with very little dependence on electroweak corrections particular to the qq vertex.

c) QCD Corrections:
QCD corrections to the process e + e~ —*• ff account for gluon radiation off real and virtual
quarks. Their dominant effect is to modify the qq final state, thus affecting the Z° partial
widths for decays into qq-pairs, Fqq, and the forward-backward asymmetry, ^4p^, of the
reaction e + e~ —> qq. The experimental precision achieved, however, also requires to take
into account QCD corrections to internal quark loops.
2.1.4 Results
For the parametrization of the Z° line shape and lepton forward-backward asymmetries the LEP experiments use a standard parameter set [24]:
The mass of the Z°, mz, and the total width, F z , where the definition is based on
the Breit Wigner denominator (s — m\ + isYzjmz).
The hadronic pole cross section, <r° (cf. eqn. (15))
— The ratios:
Re — Thad/Tee

Rp = Thad/T^

RT = Fhad/Trr •

Here F w and FTT are the partial widths of the Z° for the decays Z —• n+p,~ and
Z^r+r".
— The pole asymmetries, A^, AF'£ and Ap^ for the processes e + e~ —->• e + e", e + e~ —>
/J.+H~ and e + e" —>• T+T" (cf. eqn. (20)).
As discussed above the mass of the Z° is an important parameter to make the Standard Model predictive. Fig. 3 displays the preliminary results of the four LEP experiments
and the average, which has been computed as described in [25]. Once mz is obtained any
further measurement can be calculated, modulo uncertainties in parameters which enter
via radiative corrections. This is illustrated in Fig. 4 which shows the preliminary results
for the total width of the Z° in comparison to the Standard Model prediction as function
of m t . The width of the Standard Model band represents the uncertainties due to the
error in the determination of as(m\) and the ignorance of m H .
Figure 5 shows the 68% confidence level contours in the A^-Ri plane. The data
are consistent with lepton universality. This assumption can be used to combine the set
of 9 parameters into a set of 5 parameters:

m z , F z , al Re, A°Fi .
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(25)

Here Re — T^^/T^, where Fa is defined as the partial Z° width for the decay into a
pair of massless charged leptons. The LEP average of the parameter set (25) is given in
Table 1.

Zmass
l

VIJPH

>II 87.4 ±3.0 MeV

DELPHI

91185.9 ±2.8 MeV

L3

91188.3 ± 2.9 MeV

OPAL

91182.2 ±3.9 MeV

LEP

91186.3 ±2.0 MeV
common 1.5 MeV
not com 1.3 MeV
X2/dof = 2.1/3

91175

91180

91185

91190

m z [MeV]

Figure 3: LEP results for

Parameter
m z (GeV)

Tz (GeV)
<(nb)
Re

Average Value
91.1863±0.0020
2.4946±0.0027
41.508±0.056
20.778±0.029
0.0174±0.0010

Table 1: Average line shape and asymmetry parameters from the preliminary results of
the four LEP experiments, assuming lepton universality [25].
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Total width

ALKPH

2494.8 - 4.7 VleV

DELPHI

2489.6 ± 4.2 MeV

L3

2499.6 ± 4.3 MeV

—A—

OPAL

2495.5 ± 5.3 MeV

LEP

2494.6 ± 2.7 MeV
common 1.7 MeV
not com 2.1 MeV
%2/dof= 3.3/3

250

200

m7 = 91 186 ± 2 MeV

ID

o
mH = 60 -1000 GeV

150

a =0.123 + 0.006
100

2480

2490

2500

T z [MeV]

Figure 4: LEP results for F z . Also shown is the Standard Model prediction as function of
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Figure 5: Contours of 68% probability in the Re-Ap£ plane. The Standard Model prediction for mz = 91.1863 GeV, mt = 175 GeV, m H = 300 GeV, and as(ml) = 0.118 is also
shown. The lines with arrows correspond to the variation of the Standard Model prediction
when m t , mu or as{m\) are varied in the intervals mt = 175±6 GeV, rnn = 300^240 GeV,
and a s ( m | ) = 0.118 ± 0.003, respectively. The arrows point in the direction of increasing
values of m t , m H and as.
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2.2

Polarization asymmetries

The Standard Model predicts parity violation, not only for charged currents but also
for neutral currents. Parity violation in neutral currents was first observed in the scattering
of polarized electrons on deuterium at SLAC [26]. Parity violation in neutral currents also
allows the verification of tiny effects of the 7Z°-interference in atomic transitions [27].
Today parity violation in neutral currents is well established. For the process e + e~ —+ ff
it manifests itself by:
A final state fermion polarization.
An asymmetry of the production cross section with respect to left-handed and righthanded polarization of the incoming electron (positron) beam.
The measurement of polarization asymmetries in e + e~ collisions at the Z°-pole serves as
a precision test of the lepton couplings.
For unpolarized e + e~ beams the polarization Vf of the final state fermions is defined
as:

V{ = 4l

(OR ~

-y lOt

\

^

(26)

<rl)

V

^ )

'

+

where a^ and a{ refer to the production cross section of the process e e~ —> ff for positive
and negative helicity fermions, respectively, and a\ot denotes the total fermion production
cross section. A negative value for Vi means that fermions produced in neutral current
reactions are preferentially left-handed, as observed in charged current reactions. From
an analysis of the angular distribution of the final state fermion polarization a forwardbackward asymmetry AFB can be defined:
(27)

Up to now the polarization of the final state fermions has only been measured
for r leptons. The r lepton plays an exceptional role in the investigation of final state
fermion polarizations in e+e~-collisions because fermion and antifermion can easily be
discriminated, the r has a short lifetime and parity is violated in its weak decays. Assuming
the V — A structure of the weak charged current the decay products can therefore be
used as spin analyzers. The tau decays used for this analysis are the semileptonic decays
T —• TT(K)I>, r —» pv and r —• a,\v and the leptonic decays r —> euV and r —> [ivV.
For polarized beams the left-right asymmetry >1LR is defined as:
4 f

- = 4 * ("(.-<*)

where afL (afR)
(right-handed)
distribution of
can be derived

(28)

denotes the total production cross section e + e~ —> ff for a left-handed
polarization of the incoming electrons. From an analysis of the angular
the final state fermions a polarized forward-backward asymmetry, j4pB'f,
as:

A™ = - 4 (U - o*R)

- U -al)

).

(29)

A precision measurement of 4 L R has been performed at the SLAC Linear Collider
with the SLD detector [28]. The source of polarized electrons is a strained GaAs photocathode which is illuminated with circularly polarized laser light. The laser polarization
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is reversed randomly on a pulse by pulse basis. An elaborate spin transport system is necessary to preserve the electron polarization on their way through the damping rings, the
linac and the SLC arcs to the interaction point (IP). The polarization at the IP is measured with a Compton polarimeter. The experimental determination of TILR essentially
relies on the counting of Z° events, irrespective of their final state. Only events from the
process e + e~ —* e + e~ have to be discarded due to the large zero asymmetry contribution
from ^-channel photon exchange.
The general formalism of how to include fermion helicities into the description of
the differential cross section for the process e + e~ —> ff can be found in [29]. The formulae
simplify considerably if only Z°-exchange is considered. Neglecting photonic corrections,
the asymmetries defined above then have a simple relation to the vector and axial vector
couplings of the Z° for s — mz:
Vf(s = m2z) -

-A

(30)

=

—A*

(31)

=

Ae

(32)

=

-AA.

(33)

The partial widths of the Z° into leptons and the lepton forward-backward asymmetries,
the r polarization asymmetries and ALR all determine the vector and axial vector couplings
for e, fi and r. The asymmetries determine the ratio gve/dAe while the leptonic partial
widths determine essentially the axial vector coupling squared. Figure 6 shows the 68%
probability contours in the gAi-Qvt plane. The separate contours for electrons muons and
taus are in good agreement with lepton universality and can therefore be combined.

2.3

Electroweak couplings of quarks

The determination of the effective quark couplings requires event samples with
different compositions of the primary quark flavours. Up to now an exclusive separation
of primary quark flavours with good purity has only been achieved for b and c quarks.
For unpolarized beams the electroweak observables which are derived from the tagging of
heavy flavours and the analysis of angular distributions are:

Rh = r b 6 / r h a d , Rc = r c £ /r h a d , A*B and AfB ,

(34)

where Th^ (F ce ) refers to the partial width of the Z° for the decay into bb (cc) final states
and A?B (AfB) to the forward-backward asymmetry of b (c) quarks. At SLC results are
available for the polarized forward-backward asymmetry AFB' (see eqn. (29)) for b and c
quarks [30] which determine .4b and Ac (c.f. eqn. (33)).
A meaningful comparison of heavy flavour results with the predictions of the Standard Model requires a detailed understanding of correlations and common systematics
amongst the measurements. This work is also the basis for averaging the results and
follows procedures [31, 25] developed by the LEP Electroweak Working Group in collaboration with representatives from the SLD Heavy Flavour Group.
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Figure 6: Contours of 68% probability in the gve-QAt plane from LEP measurements. The
solid contour results from a fit assuming lepton universality. Also shown is the one standard deviation band resulting from the >1LR measurement of SLD. The shaded region corresponds to the Standard Model prediction for m t — 175 ± 6 GeV and mn = 300^240 GeV.
The arrows point in the direction of increasing values of m t and
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Primary b quarks exhibit several distinct signatures: As b-flavoured hadrons are
heavy, their decay products have a large pT with respect to the primary B-hadron direction. Also the fragmentation of light quarks is much softer as they lose a larger fraction
of their energy by gluon radiation, whereas the hadrons containing the primary b quark
carry away on average about 70% of the beam energy. Furthermore B hadrons have long
lifetimes, typically about 1.5 ps, resulting in decay vertices which are displaced from the
main vertex by about 2 mm. These signatures lead to three b-tagging techniques: lepton
tagging [32, 33, 34, 35], event shape tagging [36] and lifetime tagging [37, 38, 39, 40, 41].
The latter is today the most powerful technique, which dominates the results.
Several methods to tag events originating from primary cc quarks have been used:
One method is to extend the inclusive lepton analysis in the region of low p and pr [32,
42, 33] where a sizable fraction of the events can be traced to primary c quarks. A
complementary method to enrich a sample with cc events is based on the reconstruction
of fast charmed mesons [42, 43, 44]. The prototype analysis makes use of the chain:
c -> D*X -> D%X

-* ( K

Other decay modes and tagging mesons are used.
An important analysis method for the section of b and c quarks is the doubletagging technique. For such analyses the event is divided into two hemispheres by a
plane orthogonal to the thrust axis. Then the number of tagged hemispheres, Nt, and the
number of events with both hemispheres tagged, Ntt, are counted. For their ratio to the
total number of hadronic events, N^ad, one obtains:
2iV h a d

£ft

+ £ R + £ ( l — Rb — RC),

•< v had

Here e^, ec and euds are the tagging efficiencies per hemisphere for b, c and light-quark
events, and Cq ^ 1 accounts for the fact that the tagging efficiencies between the hemispheres may be correlated.
In the case of methods designed to determine i?b one has £b ^> £c 3> euds> Cb ~ 1The correlations for the other flavours can be neglected. These equations can be solved
to give i?b and e^. Neglecting the c and uds backgrounds and the correlations they are
approximately given by:

eh «
Rh

«

2Ntt/Nu
iV t 2 /(4^iV h a d ).

The double-tagging method has the advantage that the b tagging efficiency is derived directly from the data, reducing the systematic error of the measurement. The
residual background of other flavours in the sample, and the evaluation of the correlation
between the tagging efficiencies in the two hemispheres of the event are the main sources
of systematic uncertainty in such an analysis.
Double tagging techniques have also been applied for the selection of primary c
quarks, but here the loss in statistics is more severe, as c tagging techniques are far less
efficient.
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For the determination of quark forward-backward asymmetries the important task
is to discriminate the jet containing the primary quark against the jet with the primary
antiquark. The traditional method for A^ and A^B is restricted to the inclusive lepton
sample, where the quark charge can be inferred from the lepton charge. In a similar way
the charge of reconstructed D* mesons can be used. To profit from the statistics of bb
events selected by lifetime tagging techniques not only for R\, but also for A?%, jet charge
algorithms are applied. The idea behind these algorithms is that the primary quark charge
manifests itself in the fast hadrons. Therefore the primary quark charge is derived from a
momentum weighted average of hadron charges in the jet.
Figure 7 shows the confidence level contours for the combined LEP results of Rb and
Rc. Also shown is the Standard Model prediction, which is in agreement with the data.
Since summer 1995 the results for the heavy quark production rates Rh and Rc have moved
towards the Standard Model prediction (see [25] for a summary of results), but the changes
are understood. They can be traced to new data being analysed, new analysis techniques
and the replacement of the product branching ratio P(c —• D*+) x BR(D*+ —> TT + D°) from
low energy data by a consistent but more accurate (and in view of a possible energy
dependence more appropriate) measurement from the LEP experiments themselves [25].
A summary of electroweak heavy flavour results from LEP and SLC can be found in
Table 2.
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Figure 7: Contours in the Rb-Rc plane derived from LEP data, corresponding to 68%
and 95% confidence levels assuming Gaussian systematic errors. The Standard Model
prediction for m t = 175 ± 6 GeV is also shown. The arrow points in the direction of
increasing values of m t .
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i?b
^FB
.0,c
^FB

A
A

0.2178±0 0011
0.1715±0 0056
0.0979±0.0023
0.0735±0 0048
0.863±0 049
0.625±0 084

Table 2: Average electroweak heavy flavour results from LEP and SLC

3.
3.1

W properties and couplings
First observation of W+W~ production in e+e~ collisions

In June 1996 LEP 2 started operation at 161 GeV. The LEP experiments collected
each ~ 10 pb" 1 at this energy and later in November again ~ 10 pb" 1 at 172 GeV. One
of the important goals of LEP 2 is precision physics with W pairs.
Fig. 8 shows the Born level diagrams contributing to the process e + e~ —> W + W~.
In contrast to LEP 1 the statistics at LEP 2 is tiny. As an illustration, Table 3 lists the
cross section of the process e + e~ —> W + W~ for a few centre-of-mass energies and the
number of expected events for an integrated luminosity of 500 pb" 1 which is expected
during the lifetime of LEP 2.

'

Ve

w-/

VWWVV-.A

V\AAAAAA/\

wVWWW'A

Figure 8: Born diagrams contributing to W boson pair production.

Ecu [GeV]
161
175
192

CTW+W-

3.6

13.8
17.1

[pb]

A^/SOOpb"1
1800
6900
8600

Table 3: W + W cross sections and event rates
The event signatures for W boson pair production can be classified according to the
decay mode of the individual W-bosons and are summarized in Table 4. Decay branching
fractions are related by a formula based on the universality of charged current couplings:
Br(W -> qiqj) = Nc5QCD<5massBr(W -

iu),

(35)

where Nc = 3 stands for the colour factor, SQCD and 8maS3 are small correction factors
for gluon radiation and quark masses. Neglecting these corrections, the different W pair
decay topologies can be calculated as a mere counting exercise based on the number of
218

possible final states (c.f. column 2 of Table 4). A typical hadronic 4-jet event from W
boson pair production is shown in Fig. 9.
topology

jjjj
Ivlv

Br
Br
with CC
with
universality
corrections
(
6/9x 6/9'
45.6%
43.8%
'2x 6/9x 3/9'
10.6%
'3/9 x 3/9'

Table 4: W + W event signatures and branching fractions

• >qq

ot tciesn i« {

3S.973S. -29.5931,

qq

et-jet

1 , mass

= 78.5

+ / - 1 . 4 GeV

i e l- j e t

2 , mass

= 75.3

+ / - 3 . 0 GeV

O.00D0)

Figure 9: A typical candidate event for the process e + e

3.2

—> W + W

—> qqqq.

Determination of the mass of the W
From existing precision tests at the Z°-pole the mass of the W can be predicted
based on Standard Model relations with a precision of Amw ~ 40 MeV. Compared to
the measurements at the Z°-pole a different class of radiative corrections contributes to
mw a n d therefore a precision measurement of mw constitutes an important test of the
Standard Model. An overview of existing measurements is shown in Fig. 10.
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Figure 10: Status of W-mass measurements in pp collisions, uN scattering and at LEP 2.

3.2.1 m w at pp colliders
Until summer 1996 the measurement of mw was an exclusive domain of pp colliders.
Here W boson candidates are selected using the leptonic decays W —> £v, where £ stands
for either muon or electron. Due to the spectator remnants of p and p which escape
along the beam pipe only the transverse components of kinematic variables can be used
to constrain the event kinematics at hadron colliders. W boson candidate events are
required to have a lepton with high transverse momentum, pet, and a high transverse
missing energy, E™lss. Also required is a high reconstructed transverse mass of the W,
M t w , which is determined from the reconstructed transverse momenta, p\ and p\, of the
charged lepton and the neutrino:
M ( w = y/2plrt(l

- cos <f>(£, u))

with cos (p(£, v) being the azimuthal angle between the charged lepton and the neutrino
directions. In addition there are fiducial and isolation cuts.
Important experimental aspects are the calibration of the lepton energy scale, the
evaluation of backgrounds and the modeling of the transverse momentum of the hadronic
recoil jet. The value of mw is determined from a fit of the transverse mass spectrum of
the reconstructed W bosons. Fig. 11 shows the transverse mass spectrum obtained by the
D 0 collaboration for a sample of « 27000 W candidates in run lb.
The preliminary world average from direct measurements at pp colliders is [45]:
m w = 80.356 ±0.125 GeV ,
based on a common error of 85 MeV due to uncertainties in the proton structure functions.
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Figure 11: The transverse mass distribution for the W candidates of the D0 experiment [45, 46].
3.2.2 m w at LEP 2
In e+e~ collisions there are two complementary methods for the determination of
mw: the measurement of the production cross section and the direct reconstruction.
First results exist already for the method based on a measurement of the W production cross section. Fig. 12 shows the theoretical cross section e+e~ —> W+W~ as function of
centre-of-mass energy for different values of m w • It can be seen that the difference among
these cross section curves depends on centre-of-mass energy. An optimization study [47]
shows that the error of mw for fixed integrated luminosity has a relatively broad minimum
at
y/s = 2m w + 0.5 GeV .
The preliminary LEP result for mw based on this method with the data taken at 161 GeV
is displayed in Fig. 13. The error on mw is dominated by the statistical component.
The second method in e+e~ collisions is based on the direct reconstruction of m w
Here the observed event topology is subject to a constrained kinematic fit. Table 5
from [47] shows the expected errors of mw for an integrated luminosity of 500 pb" 1 .
The systematic error is dominated by components which are common to all experiments:
The error in the LEP beam energy and theoretical errors. These are due to the understanding of initial state radiation, the evaluation of backgrounds and the fragmentation
process. For the fully hadronic channel there is also an uncertainty referred to as 'colour
interconnection'. It is due to soft gluons which connect the two hadronic systems of the
decaying W bosons and therefore have an impact on the mass which is reconstructed
from the observed jets. As this effect cannot be calculated perturbatively it is at present
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Figure 12: T h e cross section for the process e + e~ —> W + W ~ as function of centre-of-mass
energy for different values of
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Figure 13: The cross section for the process e + e —> W + W at a centre-of-mass energy
of 161.33 GeV as function of raW- Also indicated is the LEP average result for this cross
section [48].
222

difficult to estimate, and we still don't know whether the fully hadronic channel can be
used at all. It is hoped, however, that the data themselves will provide an estimate of the
size of this effect (similarly to LEP 1, where the data imposed considerable constraints
on fragmentation models).
Source
W+W" -> qqqq W+W- -> q q ^ Combined
Statistical
36
36
25
Common systematic
25
23
23
Uncorr. systematic
9
9
6
45

Total

44

34

Table 5: Expected accuracy of mw in MeV for the direct reconstruction method based
on an integrated luminosity of 500 pb" 1 delivered by LEP 2. The numbers refer to an
average of the four experiments; the yet uncertain effect of colour interconnection for the
W + W~ —> qqqq channel is not included in the common systematics quoted.
The sensitivity of the direct reconstruction method is comparable to the threshold
cross section measurement and not very sensitive to a variation in energy above 170 GeV.
Depending on the question whether the 4-jet channel can be used an error of the LEP
average Amw = 30 — 40 MeV is expected for an integrated luminosity of 500 pb' 1 .
3.3

Anomalous W couplings
The only allowed trilinear gauge coupling in the Standard Model are the 7WW
and ZWW vertices. Other couplings may occur in extensions of the Standard Model.
In the Standard Model strong gauge cancellations, e.g. among the amplitudes in Fig. 8
ensure unitarity for production cross-sections. For anomalous couplings unitarity has to
be restored by introducing new physics at some higher energy scale, parametrized by the
introduction of generalized dipole form factors.
A signature of anomalous couplings at the Tevatron is an excess of diboson production. The Tevatron analysis is in agreement with the Standard Model expectation, a
discussion of recent bounds on anomalous couplings can be found in [49].
At LEP 2 anomalous couplings [50] can be detected in the distribution of the W
pair production angle. By analysing the angular distributions of the W decay products
it will also be possible to include the W helicities in the analysis, strengthening the tests
for anomalous couplings. LEP 2 is expected to improve existing limits by a factor 5—10.
4.

Measurement of as
A tremendous amount of contributions to our understanding of QCD originate from
colliders, covering both perturbative and non-perturbative aspects. In these lectures I will
discuss only the determination of the strong coupling constant as, as QCD is a theory
which can be made predictive with a single measurement.
An important aspect of the theory is that as has a dependence on the momentum
transfer, Q, which to first order is given by:
as(Q2) =

(1 + ...)
MS
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(36)

Here AJJJ represents a scale parameter with the dimension of an energy. The strength
of the Q2 dependence is given to first order by (3Q = (11 — |A^F)/(4TT) which depends
on the number of quark flavours iVF with masses less than momentum transfer Q. The
value of as decreases with energy, an important feature of QCD referred to as asymptotic
freedom. At high energies the value of as becomes sufficiently small to allow perturbative
calculations of experimental observables.
For the determination of as a great variety of observables can be used which are
sensitive to hard gluon radiation. As a QCD prediction is needed for the derivation of as
from the measurement, the observables chosen have to be infrared and collinear stable,
i.e. must not change abruptly if a soft parton is added to the event configuration or if a
parton is split into two collinear ones.
It is beyond the scope of these lectures to cover the full span of as measurements
at colliders which include:
Re — Fhad/r^
RT = Br(e+e~ -» hadrons)/Br(e + e- -> £+e~)
jet rates
event topologies
scaling violations
bound states of heavy quarks
photoproduction
and I would like to refer the interested reader to review articles in the literature [51, 52].
Instead I will discuss one measurement as an example: jet rates in ep collisions.
This rather recent result belongs to the interesting class of as measurements which simultaneously probe the value and the energy dependence of the strong coupling constant.
Here one considers the rate of events in ep collisions with 1 jet and 1 spectator jet from
the proton remnant ('1+1', Fig. 14a)) as compared to the rate of events with 2 jets and
1 spectator jet('2+l', Fig. 14b)). The momentum transfer of these events Q2 can be evaluated from the kinematics of the scattered electron. Fig. 15 shows the measured jet rates
for the ZEUS experiment for different intervals of Q2 [53], a similar result is available from
the HI experiment [54]. At present the significance of the Q2 dependence of as is still limited by statistics. Combining the measurements at all Q2 values, the dominant systematic
error is due to missing higher order calculations (which leads to an uncertainty referred
to as 'scale uncertainty' in QCD studies).
Fig. 16 shows a world summary for all available measurements of as as function of
2
Q . Using relation (36) extended to third order and accounting for heavy flavour thresholds
modifying iVF, the as measurements at different Q2 values can be translated to as(Q2 =
m2,) as shown in Fig. 17. The agreement of results within the error bars quoted is striking
(the x2fd.o.f. of a simple weighted average is significantly better than one), but this
is no surprise as the error of most of these measurements is dominated by theoretical
uncertainties and some of them are known to be correlated.
As not all correlations can be evaluated precisely and theoretical errors are in general
non-Gaussian, the averaging of as measurements is a problem. There are recipes but no
principles how to deal with this situation. Whatever recipe is used, however, to perform
an average the mean value is extremely stable [55]: a s ( m | ) = 0.118. The error of the
mean value depends of course on the procedure used and covers the range A a s ( m | ) =
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0.002 - 0.006. The shaded band in Fig. 17 refers to a a ( m | ) = 0.118 ± 0.006. The error
chosen in [55] is based on counting the relative number of measurements with central
values within ± A a s ( r a | ) around the mean value. The interval containing 90% of the
measurements is advocated as a pragmatic and safe error estimate in view of known and
unknown correlations and probability density functions.

Figure 14: Diagrams contributing to a) the '1+1' and b) the '2+1' jet rate in ep collisions.
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Figure 15: Jet production rates Rj as a function of the jet resolution parameter ycut
(from [53]) for Q2 in the range (a) 120 < Q2 < 240 GeV2, (b) 240 < Q2 < 720 GeV2,
(c) 720 < Q2 < 3600 GeV2, and (d) 120 < Q2 < 3600 GeV2. Only statistical errors are
shown. The comparison with two QCD calculations (next to leading order; DISJET and
PROJET) is also shown.
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Figure 17: The value of a s (m|) derived from a summary of measurements at different
momentum transfers. Filled symbols refer to results obtained with an O(al) calculation
(from [55]).
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5.

Observation of the top quark

Since the discovery of the b quark in 1977 [56] the search for its isospin partner,
the top quark, had a tremendous impact on the research program of colliders. Already
in 1984, the UA1 collaboration reported on the 'Associated production of an isolated
large transverse momentum lepton (electron or muon), and two jets at the CERN pp
collider' which they stated to be inconsistent with known processes including 5 quark
flavours but could well be explained by the hypothesis that they originate from the decay
W —* tb [57]. A top quark in the inferred mass range would have been observed at LEP 1.
In the years 1984—1994, however, this interpretation was superceeded by exclusion limits
for mt which were climbing well beyond the reach of LEP 2. In 1994 the CDF collaboration
finally claimed 'Evidence for Top Quark Production in pp collisions at y/s = 1.8 TeV [58].
The inferred mass of m t = 174 ± lOt\l GeV was in good agreement with the value of
m t predicted from electroweak precision tests [24]. Nonetheless the lack of statistics at
that time prevented them from formally claiming the discovery of top. This changed after
a further year of successful running of the Tevatron when both, the CDF and the D 0
collaboration, published on 'the Observation of Top' [59, 60].
The dominant mechanisms leading to the production of top quarks in the observed
mass range are shown in Fig. 18. The qq annihilation into a gluon which subsequently
splits into a tt pair accounts for ~ 90% of the production cross-section. Assuming the
Standard Model and current limits on the CKM matrix the top quark decays to nearly
100% by the decay into an on-shell W boson and a b quark.

WKT
g -AA/WWW
Figure 18: The dominant production mechanisms for high mass top quarks in pp collisions.
For the analysis one discriminates three event classes:
— The dilepton channel.
The analysis is sensitive to events with both top quarks decaying via t —> Wb —+ tv\>.
It requires two isolated leptons (e or /x) with opposite charge and large transverse
momentum which should have an invariant mass distinct from mz, large transverse
missing energy and > 2 jets.
— The lepton+jets channel.
The analysis is sensitive to events with one top quark decaying via t —• Wb —• £vb
and the other via t —* Wb —> qjCfjb. It requires one isolated lepton (e or fj.) with
high transverse momentum, missing transverse energy and > 4 jets. This signature
is, however, not yet strong enough to discriminate against the dominant background
arising from the reaction pp —* W + jets (s. Fig. 19). To improve the signal to
background ratio one requires that either one of the jets is explicitly tagged as b-jet
via a lepton or a lifetime tag or one imposes a set of kinematical cuts involving e.g.
aplanarity and the HT variable defined as the sum of the transverse energy of the
jets.
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The all hadronic channel.
This channel is particularly difficult because of the overwhelming QCD multijet background. The criteria involve both kinematical cuts and b quark tagging.

Figure 19: The dominant background in the tt candidate sample in the 'lepton-f-jets'
channel before b-tagging.
With this selection both experiments obtain cross sections which are in agreement
with the theoretical expectation. For the determination of mt a kinematic fitting method
is used. The most accurate mass determination is obtained for the lepton+jets channel.
The present preliminary average [61, 62, 63] of all channels used is based on an integrated
luminosity of 110 pb" 1 and 115 pb" 1 for the CDF and the D0 experiment, respectively:
rat = 175 ± 6 GeV.
6.

Global experimental picture of the Standard Model
In this section we would like to combine the data material discussed in the previous
sections and show our present constraints on the Standard Model. The relevant input
data are summarized in Table 6.
As explained in sections 1.4 and 2.1.3 the Standard Model allows us to predict all
measurements, X meas , with a few parameters:
Xmeas = f {a{m2z), GF, m z , m t , mH, a s (m|))
Amongst these parameters raz and mt are measured directly at colliders, G? is known
precisely from muon decay [69]. Though the value of the fine structure constant at s = ml
is most accurately measured, the value of a(m|) has a non-negligible error which arises
from the contribution of light quarks to the photon vacuum polarization and is significant for the interpretation of these measurements (the uncertainty of a(m\) introduces
e.g. an error of 0.00023 on the Standard Model prediction of sin26>^pt). The result for
a(m|) is obtained by applying a dispersion relation to the data available for the process e+e~ —> hadrons at different centre-of-mass energies. There have been several recent
reevaluations [70, 71, 68, 72]. As stated in section 4. the strong coupling constant has
been precisely measured in many processes. It is not included as input to any fit discussed below, as the data in Table 6 allow a precise determination of this parameter
by themselves. So at present the only truly unknown parameter is m,\\. The contribution of rriH in radiative corrections to precision observables is small and highly correlated
with contributions of the top quark. Therefore, before the direct determination of mt
at the Tevatron, electroweak precision measurements were used to determine the mass of
the top quark with run fixed arbitrarily to 300 GeV. The variation of results when varying
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Measurement with
Total Error
Z° boson mass and
Z° fermion couplings at LEP 1
line-shape and
lepton asymmetries:
m z [GeV]
T z [GeV]
al [nb]

Re
-^FB

Systematic
Error

Standard
Model

Pull

0.0015
( 0.0017
0.055
0.024
0.007

91.1861
2.4960
41.465
20.757
0.0159

0.1

0.1401 ±0.0067
0.1382 ±0.0076

0.0045
0.0021

0.1458
0.1458

-0.9
-1.0

0.2179 ±0.0012
0.1715 ±0.0056
0.0979 ± 0.0023
0.0733 ± 0.0049

0.0009
0.0042
0.0010
0.0026

0.2158
0.1723
0.1022
0.0730

1.8

0.2320 ±0.0010

0.0008

0.23167

0.3

0.23061 ± 0.00047
0.2149 ±0.0038
0.863 ± 0.049
0.625 ± 0.084

0.00014
0.0021
0.032
0.041

0.23167
0.2158
0.935
0.667

-2.2
-0.2
-1.4
-0.5

80.356 ±0.125
0.2244 ±0.0042

0.110
0.0036

91.1863 ±0.0020
2.4946 ± 0.0027
41.508 ±0.056
20.778 ± 0.029
0.0174 ±0.0010

(a)

a)

-0.5
0.8
0.7
1.4

+ correlation matrix
r polarization:
Ar

Ae
b and c quark results:
Rb^
{b)

Rc

^FB
^FB

-0.1
-1.8
0.1

4- correlation matrix Table
qq charge asymmetry:

sin^f «OFB»
Z°-fermion couplings at SLD
sin^S* (^ L R[28])
Rb[41]M

A[64]
A [64]
W-boson mass

mw [GeV] (pp[45])
1 - mlf/ml (i/N[65, 66, 67])
direct measurement of mt
m t [GeV] (pp[61, 62, 63])
electromagnetic coupling constant

cKml)"1^]

175 ± 6
128.896 ± 0.090

80.353
0.2235

4.5

172

0.083

128.907

0.0
0.2
0.5

-0.1

Table 6: Summary of measurements included in the combined analysis of Standard Model
parameters [25]. The total errors in column 2 include the systematic errors listed in column
3. The determination of the systematic part of each error is approximate. The Standard
Model results in column 4 and the pulls (difference between measurement and fit in units
of the total measurement error) in column 5 are derived from the Standard Model fit
including all data (Table 7) with the Higgs mass treated as a free parameter.
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mH over the interval 60 < mH [GeV] < 1000 was given as second error. The lower bound
in this interval approximately corresponds to the limits obtained in direct searches, if the
Higgs would be heavier than 1 TeV, electroweak interactions at high energies could no
longer be treated perturbatively (of course, this is not an argument against WH>1 TeV,
but then we could not trust our calculations any more).
Applying such a fit to all measurements except the direct mt determination in
Table 6 one obtains:
mt =

aa(m\)

177 ±7+}!j GeV
= 0.121 ±0.003 ±0.002

2

at a x /d.o.f. of 20/14. If we were to find the Higgs, electroweak precision tests constrain
mt to ±7 GeV, a precision comparable to the direct measurement. Until then the ignorance
of mH weakens this very strong test of our understanding of the quantum structure of the
Standard Model by an additional uncertainty in mt of approximately ±20 GeV.
As the indirect and the direct determination of mt are compatible they can also be
combined. The result of a global fit is given in Table 7. Now the value of mt is determined
essentially by the direct measurement and the precision of the indirect measurements
serves to determine ran- The error for mu is still large and is asymmetric because radiative
corrections are proportional to logmn. Fig. 20 shows the value of Ax2 = X2 ~~ xLin a s
a function of logmn- The curve is obtained by varying mn and minimizing all other
parameters simultaneously. Also shown as a shaded band is the impact of theoretical
errors due to missing higher orders. From this curve you can easily read off confidence
intervals (c.f. e.g. [73, 74]). The upper bound on ran at 95% confidence level (corresponding
to Ax2 = 2.7) amounts to mH < 550 GeV.
From the electroweak precision measurements we also obtain a value of a s (m|)
which is in good agreement with other QCD studies but complementary in all aspects
of theoretical and experimental uncertainties and of comparable precision as the world
average.
The lower part of Table 7 lists results which can be derived from the fitted parameters. The value of sin 2 ^^ 1 can also be obtained in a slightly less model dependent way,
considering asymmetry measurements only: s i n 2 ^ 1 = 0.23165 ± 0.00024.
172 ± 6
149l^ 8

m t [GeV]
m H [GeV]
log(mH)

as{ml)

9 -i 7+0.30
*-x 1-0.35

0.120 ±0.003
19/14

x7d.o.f.
sin^f
0.23167 ±0.00023
1 - ml,/ml 0.2235 ±0.0006
mw (GeV)

80.352 ± 0.033

Table 7: Results of a fit to all data in Table 6 As the sensitivity to mn is logarithmic,
both mn as well as log(mH) are quoted. The bottom part of the table lists derived results
for sin2 6^, 1 — m w / m | and
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Summer 1996, preliminary
theory uncertaint

10

m H [GeV]
Figure 20: Ax 2 — X2 ~ Xmin vs - m H curve. The line is the result of the fit using all data
(Table 7); the band represents an estimate of the theoretical error due to missing higher
order corrections.
7.

S u m m a r y and outlook
Colliders provide excellent facilities to pin down the Standard Model as a very solid
null hypothesis.
Strange enough, we have no experimental hint why the Standard Model works so
well: Stringent tests of radiative corrections make it appear to us as if it were a gauge
theory. For the moment only your text books tell you how a gauge theory can be compatible with the observation of massive gauge bosons and fermions. And if the mechanism
described there is true you should soon witness the discovery of a Higgs boson.
Also, as discussed in other lectures at this school, the Standard Model has many
open questions and we are convinced today, that it will break down at high energies. But
up to now we have no experimental hint for a theory embedding the Standard Model.
It will be up to you to explore these questions and colliders will be an important
tool with a promising near-future program:
Final LEP 1 and Tevatron analyses of run I with many interesting results which will
also contribute significantly to our understanding of the heavy quark sector (c, b, t).
More statistics from SLC and HERA.
After the successful start of LEP 2 there is hope for an integrated luminosity of
500 pb" 1 which will definitively give us a detailed understanding of the physics with
W-bosons but there are also good chances for discoveries (Higgs ?, SUSY ?, ...).
In 1999 after the upgrade, Tevatron will restart with significantly increased luminosity
and improved detectors.
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In 2005 we expect first collisions of 7 TeV protons on 7 TeV protons at LHC.
New interesting collider projects are under discussion. Especially for a linear e + e~
collider there exist already detailed studies of its physics potential and its technical
feasibility accompanied by R&D work at several laboratories.
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Abstract
Experimental particle astrophysics is now a field of growing interest which is well established. These lectures discuss this field,
apart from solar neutrinos. They address the issue of the dark matter problem. The high energy cosmic rays are also reviewed. The
main experimental results obtained up to now are summarized.
Prospects and new ideas are presented.

1.

Introduction
In these lectures we discuss the field of experimental particle astrophysics, apart
from solar neutrinos. The dark matter problem and high energy cosmic rays are reviewed.
It The main experimental results obtained up to now are outlined. Prospects and new
ideas are presented.
2.

Introduction to dark matter
The estimate of the value of f2, 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), £lium,
- from the dynamical behavior of stars in spiral galaxies (galactic halos), tthaio,
- from primordial nucleosynthesis (baryons), QbarWe know from observations that the contributions from dust or gas to Cl are negligible. The estimates for the values of £lium, Qhaio a n d fl^,,. are shown in figure 1 and
compared to the magic value $1 = 1 which is the preferred value for aesthetic and theoretical reasons (to avoid fine tuning in initial conditions, and to agree with inflation theories).
From all these values, one can draw two main conclusions:
1) All these estimates are below 1. However, the value 0, = 1 is not excluded, but in
order to reach it, it seems unavoidable to invoke intergalactic non baryonic dark matter,
such as WIMPs (Weakly Interacting Massive Particles: heavy neutrinos vH, or lightest
supersymmetric particle LSP...), or light neutrinos such as 10 to 100 eV ue or v^ or vT.
2) The comparison of the allowed range for f^um, flhaio and Qbar suggests that bary239

Figure 1: Ho — Q plot, indicating allowed (shaded in gray) and excluded regions. The
fraction of visible matter in the Universe, Qvis is shown, along with the fraction of
baryonic matter flB resulting from nucleosynthesis, and the value fl — 1, theoretically
preferred. The two current values for the Hubble constant: Ho = 50 km s" 1 Mpc" 1 and
Ho = 80 km s" 1 Mpc" 1 are plotted in dotted lines. Two more limits are indicated: the
lower bound Ho > 35 km s" 1 Mpc" 1 obtained from white dwarf stars and supernovae, and
the lower bound on the age of the Universe t0 > 10 Gyr obtained essentially from the age
of globular clusters.

onic dark matter is needed, and 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 dwarves, planet like objects), or star remnants (white
dwarves, neutron stars, black holes) [1].

3.

Search for MACHO's with the gravitational microlensing technique

Very few possibilities remain for baryonic dark matter [2]. Cold fractal clouds of
helium and molecular hydrogen have been suggested [3]. 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 o < M < 0.08M 0 [4, 5].
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 line of sight.
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3.1

The microlensing effect

The use of the microlensing effect to detect dark matter was first proposed in 1986
by Paczyriski [6]. Figure 2 describes the phenomenon: a halo object D passes very close
to the line of sight between the observer O and a distant star S - typically within a
thousandth of an arc second.
s,

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 S\
and 52, usually non separable in the case of microlensing.
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:

£(!_*)

(!)

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:

+4
where u is the "reduced impact parameter", d(OS, D)/RE.
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 v±, and its trajectory has a minimum impact
parameter u0, then at any given time, we have:
-to)Y

(3)

and the phenomenon is time-dependent. It is convenient to define r as RE/V±, the characteristic duration of the phenomenon. For stars in the Large Magellanic Cloud, the average
duration is < r > = 70 daysJM/ M Q . Figure 3 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
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STANDARD M1CROJLENSING LIGHT CURVE
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Figure 3: 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 0.5, 0.7, 1.0 and 1.5 respectively.
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 [5].
The probability of the microlensing phenomenon is computed by Paczyriski [6] for
stars in the Large Magellanic Cloud, and more generally in reference [7]. 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 independent of the mass of the objects. But since 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. Effects like binary
deflectors can change the shape of an event, but the magnitude before and after the event
must be the same.
• The effect is achromatic, since all photons follow the same geodesic. As most
variable stars display color variations, this is a very powerful criterium, although effects
like blending can render an event chromatic.
• 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 independent 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 color-magnitude diagram.

3.2

The three experiments

3.2.1 EROS
EROS (Experience de Recherche d'Objets Sombres) is a French collaboration of
astrophysicists and particle physicists. The first phase consisted in fact of two experiments.
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The first one was targeting high mass objects, and monitoring a few millions stars on a
time scale of 30 mn, whereas the second experiment, aimed at low mass objects, was using
CCDs to monitor fewer stars on a time scale of 30 mn.
The plate experiment was using 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 were taken each night, one with a blue filter, the other with a red filter. The
exposure time was one hour.
The plates were then digitized by the MAMA at the Observatoire de Paris [8], and
each yields 8 x 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 CCD experiment was using 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 were 576 x 405 pixel
Thomson chips. The exposure times were 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 have been monitored
in the bar of the LMC.
In the second phase of the experiment, which just started in July 1996, the setup
has been replaced by a dedicated lm telescope, with a dual camera system and a dichroic
beam splitter. Each camera is 4kx8k pixels. Targets are the LMC and SMC, in order to
increase statistics on long period events, and the Galactic bulge.
For all those programs, 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 accommodate the huge volume of data. A reference image is first made by adding
good images in each color. A catalog of stars is then produced, and the two colors are
associated with a pattern matching algorithm. Then, for each image, 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. Each photometric measurement is
then added to the light curves of the stars for further analysis.
More details on the EROS experiment can be found in references [9, 10].
3.2.2 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 reference [11].
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 experimenthas started in 1992.
The photometric program, SoDoPhot, is based on DoPhot. As the EROS photometric algorithm does, it uses a template - the best image - to impose the position of
stars.
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Table 1: Characteristics of LMC events. For each event are given the unamplified magnitudes, the maximum amplification, and the duration in days.
Event
Magnitude
"max t (days)
7.2
17.4
MACHO 1 R=19.0 V=19.6
MACHO 4 R=19.8 V=20.0 3.00
23
41
58
MACHO 5 R=20.3 V=20.7
44
MACHO 6 R=19.3 V=19.6 2.14
67
MACHO 7 R=20.3 V=20.7 6.16
MACHO 8 R=19.8 V=20.1 2.24
31
73
MACHO 9 R=19.0 V=19.3 1.86
R=19.2
21
MACHO 10
V=19.4 2.36
2.5
26
EROS 1
R=18.7 B=19.3
R=19.2 B=19.3
3.3
30
EROS 2
3.2.3 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 slightly modified DoPhot program [12].
3.3

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 0 . No events have been found [10, 13], while
about 30 are expected if the halo is made of objects of such a 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 [14, 9, 15],
and the MACHO collaboration has reported 6 events [16, 17]. Table 1 summarizes the
characteristics of these events.
The efficiency of the experiments has been determined, and the results are compared
to the expectations. This is shown on figure 4 as an exclusion diagram for EROS and as
a likelihood contour for MACHO [17]. One can see that the question of the amount of
MACHO in our galactic halo can range from 20 to 100 per cent. It is above the expectations
from known sources. The halo would contain stars just at the ignition threshold [18, 19]
or even above like white dwarves [17].
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 authors are
aware of 12 events in the OGLE collaboration [20] and of more than 80 in the MACHO
collaboration. The bulge rate is at least twice what would be expected for a "minimal
disk" [7]. It could be compatible according to the MACHO collaboration with a "maximal
disk" accounting for most of the velocity at the Sun radius [21]. On the other hand, the
OGLE collaboration claims that its rate cannot be accounted for by any reasonable disk
model, but that "a good case can be made for the lenses to be in the galactic bar, i.e.
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Figure 4: Exclusion diagram at 95 % CL for the reference model with all EROS data, assuming all deflectors to have the same mass. For the CCD program, we show the influence
of blending and finite size effects (the dotted line on the left is the limit without those
effects). Limits are shown for 0 (dashed line), 1 (mixed line) or 2 (full line) candidates
assumed to be actual microlensing. The cross is centered on the area allowed at 95 % CL
by the MACHO program assuming 6 microlensing events.
highly non-axially symmetric galactic bulge" [22]. More quantitative results should be
available soon as the statistics increases.

3.4

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.
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 occurred: compared
to what is expected from having all the galactic dark matter in a spherical halo, the event
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 has replaced its setup with a i m dedicated
telescope, a dichroic 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 have started now :
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- DUO (photographic plates) directed towards the galactic bulge [23];
- AGAPE [24] and VATT which monitor pixels of M31.
4.

WIMPs: lightest supersymmetric particle (LSP)
- Big Bang cosmology implies that if the contribution of cold dark matter particles
to ft , i. e. , Q > 0.1, these particles have interactions of the order of the weak scale, i.e.
they are WIMPs, and supersymmetry through the lightest supersymmetric particle (\)
offers a natural candidate. Indeed one finds that the contribution of WIMPs to Q depends
only on their annihilation cross-section a A
'•
_
3 x 10- 27 cm 3 se<r 1
ft =

4

<7 A V

where v is the velocity at the time of decoupling and is roughly 1/4.
The annihilation cross section can be dimensionally written as a2/m\, where a is the
fine structure constant. It follows that for Q. around unity mx — 100 GeV, the electroweak
scale. There is a deep connection between critical cosmological density and the weak scale.
The natural range of masses is expected to be
tens of GeV < mx < several TeV
- The natural scale of supersymmetry is below a 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 a few TeV.

4.1

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 Er received by a
nucleus of mass Mn (in units of GeV) in an elastic collision with a dark matter particle
of mass Mx is :
ET = 2 keV x MnM2J{Mx + Mn)2

(5)

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.
Since the annihilation cross section is fixed in standard cosmology (around
36
10~ cm2, the elastic cross section on a nucleon is expected to be of the order of the
annihilation cross section times the ratio of the phase space, namely the mass of the nucleon to the square (the reduced mass to the square) divided by the WIMP mass to the
square. For a coherent interaction on a heavy nucleus target of mass A one expects an
enhancement by A4 if the neutralino is much heavier than the nucleus (coherence plus
reduced mass effects).
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 [25, 26], CaF 2 [27] and Nal [28]
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have been published. These limits are shown in figures 5 and 6, translated in terms of
single nucleon effective cross section 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.
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Figure 5: Effective elastic cross-section for coherent coupling. The expectations (dashed
line) come from a naive estimate based on the annihilation cross section needed for Q =
1. They should be considered as giving the order of magnitude of the expectations.
To compare the sensitivity of the present experiments to the expectations, one
can see that one approaches the required quality to detect with S/N > 1 the WIMP
interactions if they interact coherently on the target (vector coupling) and have masses in
the range of 100 GeV, but one has at least 3 to 4 orders of magnitude too high backgrounds
to detect WIMPs with only axial coupling (spin dependent interactions).
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 [29], 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 [32].
WIMPs can also be seen indirectly by observing their annihilation products [30].
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 [31]. 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
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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 [33] and Baksan [34]. 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 5 and 6). These can be then compared with the limits from direct
searches.
Indirect detection experiments start to explore the highest part, in terms of cross
section, of the neutralino domain, specially through coherent interactions (with Fe in
Earth or Oxygen in the Sun). A new generation of neutrino telescopes of the size of
106 m2 would be perfectly adequate to reach the needed sensitivity for masses from 100
GeV to few TeV, for both coherent and spin dependent type of interactions. This relatively
weak dependence on the WIMP mass is because the more massive are the WIMPs the
more energetic are the neutrinos, the longer is the range of upwards going muons and the
better is the angular resolution towards the sun). The threshold however might limit the
sensitivity to low mass WIMPs.
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. Their are now projects
of 1 km 3 deep underwater or underice detectors which would be perfectly adequate for the
indirect detection of WIMPs with masses greater than 100 GeV.
We conclude like J. Rich and C. Tao [35], Kamionkowski et al. [36] and Halzen [37]
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that the direct method might be superior if the WIMPs interact coherently and their
masses are lower to 100 GeV. In all other cases, i.e. for relatively heavy WIMPs and for
WIMPs with spin dependent interactions (or incoherent interactions), the indirect method
is competitive or superior. The progress expected with indirect detection depends on the
successful deployment of high energy neutrino telescopes of an effective area from 104 to
106 m2 with appropriate low threshold. The energy resolution of the neutrino telescope
may be exploited to measure the WIMP mass and suppress the background. A kilometersize telescope probes WIMP masses to the TeV range, beyond which they are excluded
by cosmological considerations.
5.

The case for light neutrinos
Although they are not favored 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 [38].
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 (figure 7). The detection of such a narrow line would be a proof of the neutrino
halo. Its position would provide for the neutrino mass: 2MyEu — M\o. For a neutrino
mass of 30 eV, the line would be around 1020eV.
The ve is now excluded due to the severe upper limit on the mass (4.35 eV). However
the Vfj, and vT are perfectly viable candidates. Obviously the direct (laboratory or far
supernova detection) or indirect (oscillations) measurements of the v^ and vT 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 u^ is much heavier than the
ue. In that sense the deficit of solar neutrinos could be a hint for neutrino fe-^ oscillations
and then for neutrino masses. The search for v^-vT oscillations in the range of Am2 of
eV2 to few hundred eV2 (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 u^, with
a much lower mass for the ve and a much higher one for the uT (30 eV). Neutrino masses
could then both solve the dark matter and solar neutrino problems. Note also that the
detection of the neutrino burst of a distant supernova through neutrino electron elastic
scattering would be sensitive to the measurement of the vT with the required sensitivity
provided that there are more than a few thousand neutrino interactions detected.
6.

The cosmic ray frontier
High energy cosmic rays - gamma-rays and charged particles - have always been a
subject of common interest for astrophysicists and particle physicists. Indeed, the founding generation had their training in cosmic-rays physics. Various questions maintain this
common interest :
- Where are the sites of acceleration ?
- What are the acceleration mechanisms ?
- What is the chemical composition (gamma, proton, or heavy nuclei) ?
- What are the energy spectra, are there cut-off energies, and why ?
- Do we understand the interactions of the highest energy particles ?
249

Attitude (km)
1OaeV

Scintillation light
f o r E > 1 0 " eV

Underground detector

Hadron flux:

1 particle/m'/s

TeV

1 0 " eV

1 particie/m2/day

PeV

10 15 eV

1 particleykm2/day

EeV

1 0 " eV

J

1 partlcle/Vm /century
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- Are there particles in the cosmic rays which have not been found at the present
accelerators ?
The study of cosmic rays - their energy spectrum, composition, and searches for
point sources or preferred sites of acceleration - uses a wide variety of techniques (see
figure 7) and attracts a large community (several hundred physicists) of relatively small
groups throughout the world. The physics goals are promising and achievable.
Presently, a wide variety of experiments can be classified as taking place in the high,
very high, ultra high and extreme energy regimes, each of which has an applicable detection technique. Experiments, below 20 GeV fall in the domain of satellite experiments.
The range of experiments considered in this report are those above.
6.1 G a m m a ray a s t r o n o m y
a) Below 20 GeV (satellite experiments).
Below 20 GeV, the rate of particles impinging on the Earth's atmosphere is high
enough to be detected by satellite experiments. For instance, the Compton Gamma Ray
Observatory satellite, with its four instruments covering the 30 keV - 30 GeV energy range,
has already provided many results, including some on gamma-ray bursts. A total of six
pulsars (galactic sources) have been identified, and more than 40 active galactic nuclei
(extra galactic sources) have been observed to be gamma-ray emitters. The statistics
collected by the small sensitive area of satellites limit their energy domain at an upper
value of 10-20 GeV.
b) From 20 GeV to 200 GeV gamma-ray astronomy (Cerenkov technique).
At this time, this is a region where no observations are possible up to the present
200-400 GeV threshold of ground-based atmospheric Cerenkov telescopes, which use the
atmosphere as a giant calorimeter by observing the Cerenkov light radiated by the showers in the atmosphere. To fill the gap between 20 and 200 GeV, it has been proposed
to collect the Cerenkov light from low energy gamma showers by many individual mirrors (e.g. the heliostats of solar power plants) focused onto a single light detector [40].
More sophisticated satellite experiments (like the GAMS or AMS project) can also and
presumably better achieve this goal in a somewhat more distant future.
c) From 200 GeV to 10 TeV gamma-ray astronomy (Cerenkov technique).
Figure 8 summarizes the current state-of-knowledge of the gamma ray sky with two
maps. On the left are shown sources with 0.1 j E j 20 GeV, detected by EGRET on CGRO.
The figure on the right display sources with 0.3 j E j 15 TeV detected on the ground.
Above 200 GeV, reaching into the TeV region, is the domain of very high energy
astronomy, which has been explored for many years by relatively simple detectors. One
galactic source, the Crab Nebula, has been identified (by the Whipple [41] collaboration
in the United States, by ASGAT, and by the Themistocle collaboration in the French
Pyrenees). A pulsar also has been observed in the Southern Hemisphere (PSR 1706-44)
by a Japanese group. Detailed studies of the energy spectra of such sources should shed
light on the acceleration mechanisms of cosmic rays in neutron stars.
Whipple's observation, few years ago, of the extragalactic source Mrk 421 in the
TeV region [42] has opened the possibility of studying the acceleration mechanisms in
active galactic nuclei and of probing the absorption due to gamma-gamma interactions
with the diffuse infrared background radiation.
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Figure 8: Sky maps of gamma ray point sources, in Galactic coordinates (from reference [40]).
The spectrum of gamma rays from the Crab nebula, from 100 keV to 100 TeV
is shown in figure 9, along with a one-parameter fit to a model covering most of that
range. The data comes from the GRIS balloon experiment, from the COMPTEL and
EGRET instrument aboard CGRO, from six different Cerenkov experiments operating
over a range of energies, while upper limits from scintillator array experiments are also
shown. Generally, non-pulsed gamma ray fluxes are assumed to come from the nebula,
as opposed to the pulsar. The model used by deJager and Harding [39] is based on the
acceleration of electrons in the shock wave formed where the particle wind from the
pulsar is stalled by the nebula. The inverse Compton scattering of the soft synchrotron
photons radiated in the nebular magnetic field by the same parent electrons produces
a characteristic spectrum in the GeV-TeV range. The cut-off energy of the Crab pulsar
spectrum may have been measured by HEGRA recently around 10 TeV. It has been
reported at this conference.
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Figure 9: Energy spectrum of gammas from the Crab Nebula (from [39]).
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Whipple's observation, few years ago, of the extragalactic source Mrk 421 in the
TeV region has opened the possibility of studying the acceleration mechanisms in active
galactic nuclei (AGN) and of probing the absorption due to gamma-gamma interactions
with the diffuse infrared background radiation.
A single model (see the CELESTE proposal [40]) unifying the great diversity of
AGNs has been developing over the last decade or more. In its simplest form, those few
percent of galaxies with an active nucleus would consist of a supermassive black hole (106
to 109 solar masses) surrounded by a disk of gas. The gravitational potential energy of the
disk is converted to radiation energy as the matter accretes. The different types of AGNs
- quasars, Seyferts, and so on - arise from variations of two quantities. One is the angle
of the disk relative to an earthbound observer. The disk masks energetic phenomena
occurring near the black hole (figure 10), so that AGNs viewed on-edge have thermal
spectra peaking at longer wavelengths, while AGNs viewed along the disk axis give the
observer a view to the heart of the engine. Secondly, a fraction of AGNs are observed to
have a relativistic jet (presumably) aligned along the disk axis, in which plasma emitted
from the core of the AGN travels nearly rectilinearly at bulk Lorentz factors of up to
10, terminating in radio lobes at distances of up to hundreds of kiloparsecs from the
AGN core. Due to the large Lorentz factors of the photo-emitting plasma within the jets,
those AGNs whose jets are pointing within several degrees of our line-of-sight will have
have their apparent luminosities and observed time variabilities kinematically enhanced
by orders of magnitude. This is believed to be geometry responsible for the blazar subclass
of AGN, which exhibit rapid flux variability in essentially all measured frequency bands,
from radio to gamma rays.
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Figure 10: Schematics of an Active Galactic Nucleus (AGN) (from F. Halzen [46]).
A paradox seems to show up in figure 8. Yet, the EGRET AGN which has been
detected from the ground, Mrk 421 is amongst the dimmest for EGRET. The other AGN
detected from the ground is even fainter and EGRET has been unable to see it. The fact
that Mrk 421 is the closest EGRET AGN, and that Mrk 501 is as close (redshift z near
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0.03 for both), is needed to explain the apparent contradiction : gamma ray absorption via
e + e~ pair production on the extragalactic infrared photon background. Here, we clarify
this important point with figure 11, which shows the optical depth and so the cut-off in
energy as a function of the redshift. Mrk 421 and 501 are not the brightness ones seen
by EGRET but the closest ones. Finally, figure 12 illustrates the good flux sensitivity of
Cerenkov detectors. It is the light curve of a gamma ray flare of Mrk 421, and the eightfold increase in intensity over a few hours confirms the highly variable nature of blazars.
This variability is presumably due to supermassive coalescence which could be the source
low frequency gravitational waves and could be detected by the space interferometer LISA
planned for 2015. This is reminiscent of the low energy gamma ray bursts (MeV range, j
1 s duration) which might be associated with neutron stars coalescence with emission of
high frequency gravitational waves which could be detected with ground based antennas
like VIRGO and LIGO.

a.

•3
a.
O

Figure 11: Number of interaction lengths for pair production as a function of the redshift
An important goal, which could also be reached in this energy range, is the discovery
of the annihilation products of dark matter coming either from the halo or from the center
of our Galaxy. In one scenario, the lightest supersymmetric (SUSY) particle dominates
the dark matter of the galactic halo. Future detectors may be sensitive to the annihilation
of SUSY particles into two gammas near the galactic center. The signature would be a
monoenergetic gamma-ray line around the mass of the lightest supersymmetric particle.
An enhancement of radiation could be observed towards the center of our Galaxy. Calculations show that a detector of 45 000 m 2 is required to get a significant signal-to-noise
ratio.

6.2

Ultra and extreme high energy cosmic rays

a) From 50 TeV to 100 PeV astronomy (scintillation arrays).
At higher energies (ultra high energy, from around 100 TeV, 1 PeV,
1 PeV = 1015 eV), where charged particle showers can penetrate the atmosphere and
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Figure 12: Mrk 421 burst as seen by Whipple [45].

reach the ground, it is possible to measure directly the direction (by timing) and the
energy (by pulse height) of air showers with arrays of particle detectors, usually scintillators. Due to the higher energy threshold of the detectors, these devices have to deal with
smaller fluxes but compensate by enlarging the surface of the array. Very large arrays
have been recently put into operation. A vast quantity of statistics has been accumulated
by HEGRA in the Canary Islands and by Cygnus I and Casa Mia in the United States.
These three large arrays have now been joined by a fourth in Tibet which compensates for
its smaller size by its very high altitude. These telescopes are all dense arrays of charged
particles detectors.
The energy spectrum of the primary cosmic rays shows a knee around 10 PeV (figure 13). These cosmic rays are primarily charged particles (protons or nuclei). They have
been bent by our galactic magnetic field and we cannot infer from their arrival direction,
the direction of their site of acceleration. The dN/dE is proportional to E~2 7 below 1016
eV but proportional to E~3 for E above it. The reason for the knee is unknown. It might
be associated with a change of the cosmic ray composition from primarily hydrogen (H) to
an enrichment in heavy nuclei (Fe). For a given energy primary, H has a higher magnetic
rigidity and can therefore leak out of the galactic magnetic field more easily than a heavy
primary.
It is generally believed that below the knee, cosmic rays have a galactic origin,
presumably supernovae remnants.
b) Above 10 PeV.
Beyond 1016 eV (the extreme energy range), two detection techniques are used : air
scintillation (the Fly's Eye technique) and giant arrays of sparse detectors, as at Akeno in
Japan, Yakutsk in Russia, Sydney in Australia, and Hqverah Park in the United Kingdom.
No clear gamma-rays signal has bee observed by the Fly's Eye collaboration in the
United States.
Important results on charged hadrons (primary cosmic rays) have been reported. A
flattening of the energy spectrum around 1018-1019 eV (the Ankle) has been observed by
Fly's Eye.
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Figure 13: Energy spectrum of the primary cosmic rays.
It is probably associated with a change from a predominantly heavy to a predominantly light composition.
The remaining questions are : is there a galactic disk excess, are there point sources,
and what is the exact energy cut-off ? A cut-off is expected because of the interactions
of extreme energy protons or heavy nuclei with the photons of the primordial microwave
background (pion photoproduction). Beyond 50 Mpc all protons have energies j few 1020
eV whatever their initial energy [44] (figure 14). This seems to be corroborated by the few
observations above 1020 eV which show a non uniform distribution indicating a possible
local supergalactic plane origin and non cosmological distances origin. At the extreme
energies, neutrons can reach the Earth from everywhere in the local group without decaying : a neutron withlO20 eV energy has a mean decay length of 1 Mpc. This opens
up the possibility of a new astronomy. To get sufficient statistics to sort out the different
scenarios, detectors with an area of 10000 km2 are needed, like the Auger project [47].

6.3 Neutrino astronomy.
The open question of whether electromagnetic or hadronic processes dominate
gamma-ray production mechanisms links gamma ray astronomy to the generation of neutrino telescopes now under design (Lake Baikal, Amanda, Nestor, Antares).
It is very possible that high energy cosmic ray above the ankle (10 17 eV) are powered by AGN. The idea is very compelling because AGN are also the sources of the
extragalactic highest energy photons detected with air Cherenkov telescopes. A relatively
model-independent estimate of the required telescope area can be made by computing
the expected neutrino rate from the assumption that the observed EeV cosmic rays are
produced by AGN [46]. It is very natural to assume in the scenario where this neutrinos
are produced by high energy protons in the AGN jets interacting with the UV photon
target, that roughly one neutrino is produced per every accelerated proton in the beam
(figure 15).
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Figure 14: Degradation of the primary energy of a cosmic ray as a function of the distance,
due to the interaction with the 2.7 K radiation.
The expected flux on Earth assuming an E~2 neutrino spectrum, assuming that
the cosmic rays above 1017 eV (above the ankle) are coming from AGN, and assuming an
equal luminosity in neutrinos and in charged cosmic rays above that energy, one expects
a flux of neutrinos from AGN above 1 TeV of:
1-9

(6)
The probability to detect a TeV neutrino is roughly:

= Rf\ =

(7)

where R is the range of the muon and A is the interaction length. Combining the two
equations we obtain that neutrino detectors with 106 m2 are required for observing 100
upwards going muons per year and detect sources with few muons (10 from a nearby
source). The background of atmospheric neutrinos should be small (see figure 16). This
type of detector is very similar to the one required for the indirect detection of cold dark
matter WIMPs.
In summary, there is a natural possibility that AGN are the sources of the highest
energy cosmic rays and could be detected both with high energy gamma detectors and
neutrino detectors. Deep insights could then come simultaneously from giant air shower
array (like Auger), from deep underwater or underice neutrino detectors and from gammaray astronomy.
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Figure 15: Neutrino production by AGN

6.4

Antimatter

Search for antimatter in space, which could sign the existence of antistars through
the detection of He and C is being undertaken vigorously. This is the AMS space shuttle
and then space station experiment [43]. It will use a magnetic spectrometer with particle
identification.

7.

Conclusion

The field of experimental particle astrophysics is growing rapidly. The main challenges are solar neutrinos, dark matter, high energy cosmic rays, antimatter in space,
gravitational waves. This builds a bridge between particle physicists and astrophysicists
and complements particle physics with accelerators. We have to be opened to the idea
that fundamental physics can be learnt from space and also in space.
It is a pleasure to thank the CELESTE collaboration, J. Ellis, F. Halzen, M. Jacob,
R. Plaga, J. Rich and D. Vignaud for fruitful discussions, comments and the use of some
of their documents. We thank N. Palanque for the figures.
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Abstract
A collision of two lead nuclei at ultrarelativistic energies will produce a tiny droplet of quark-gluon plasma, which expands, cools,
converts via a phase transition to a hadron gas, which decouples
and sends hadrons to detectors. Theoretical and experimental expectations concerning these quite novel phenomena are reviewed.

1.

INTRODUCTION

Particle physics has usually progressed along the energy axis: higher energies cross
thresholds and reveal new phenomena. At present the most important issue is to cross
the possible production thresholds of the Higgs or of supersymmetric particles. There
is another axis one can also think of: the radius of the colliding object. As we in the
nature only have nuclei with atomic numbers A varying between 1 and 238, this is a very
short axis, only from the proton radius of about 1 fm to the Uranium radius of about 7
fm. However, moving along it may nevertheless reveal qualitatively new phenomena: one
moves from particle physics to condensed elementary particle matter physics. Concretely,
since the colliding objects are nuclei, the type of matter one can hope to produce is QCD
matter in its different phases: hadron matter or quark-gluon plasma.
This lecture will briefly review concepts and activities in this field concentrating on
the following topics:
Perspective: Physics with p+p (e+p, e+e) vs. A+A collisions or Elementary Particle
Physics vs. Condensed Elementary Particle Matter Physics
Numbers, scales, ways of thinking about A+A (Pb+Pb)
An average event, signals of quark-gluon plasma
One solid result computable from the action of QCD: the equation of state
Simulating cosmology in the laboratory?
A good reference to the topic is the series of the Proceedings of Quark Matter
meetings [1].
The basis of the entire field is its experimental program, which essentially is as
summarised in Table 1.
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Accelerator
AGS/Brookhaven
SPS/CERN Pb+Pb (proposed)
SPS/CERN Pb+Pb
RHIC/Brookhaven, April 1999LHC-ALICE/CERN, 2005(?)-

Plab

10 GeV/c
40 GeV/c
160 GeV/c

V's
5 GeV
9 GeV
17 GeV
200 GeV
5500 GeV

Ay
3
4.5
6
11
17

Table 1: Existing and forthcoming A+A facilities, Ay = ybeam — VtargetThe size of the population of physicists actively engaged in this field is > 1000 the attendance of the 1995 Quark Matter meeting was 550. One might also estimate that
about 50% of both personnel and materials resources are "nuclear physics" resources.

2.

COMPARING PHYSICS IN p+p AND A + A COLLISIONS

The goal of particle physics is to determine the laws of particle physics (= fields,
symmetries, form of action, values of parameters) using accelerator experiments. In experiments at p+p colliders, the protons in p+p are sources of constituents {q,q,g) the
interactions of which one wants to study:

Figure 1: A p+p collision with Higgs production.
Here two gluons from colliding protons collide and produce a Higgs via a top quark
loop - if there is sufficient energy. Due to the large Higgs mass, the process is extremely
local, both in space and in time, via the uncertainty principle. Similarly, the cross section
is extremely small. The produced Higgs particle does not care of the fragments of the
protons and gets out of the interaction region unmodified. Or more precisely: further
interactions correspond to perturbative corrections of higher order.
In a heavy ion collision the nucleons in A+A are also sources of constituents the
coherent, collective interactions one wants to study. Since the goal is to create a collectively
interacting system, one wants to produce as many quanta as possible, no very large scale
is involved, and the cross section is large (Fig. 2).

B

Figure 2: An A+A collision with quark-gluon plasma formation.
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Symbolically, we here have two colliding nuclei, pictured at extremely high energies
(LHC or TeV energies) as two clouds of quarks and gluons. When the clouds pass each
other, some of the pointlike constituents interact with each other. Due to the size of the
system there are many interactions, many quarks and gluons are formed. This system
formed is nothing but quark-gluon plasma. It is first unthermalised, but - possibly thermalises due to reinteractions of the produced quarks and gluons. It expands, cools,
converts to hadron gas via a phase transition, expands further as hadron gas which finally
decouples to free hadrons, which then fly to the detectors. We shall presently put numbers
into this scenario. It is the standard expectation, and the whole point of the heavy ion
program is to convert it from a scenario to a description of facts of nature.
There is another way of putting the distinction between p+p and A + A physics: it
is the distinction of particle physics vs. condensed particle matter physics.
The laws of particle physics: Lagrangian, fields, symmetries, parameters, are determined with p+p (e+p, e+e) collisions. We have known theories, QCD:

or the MSM (Minimal Standard Model with its 20 parameters out of which >1 are still
unknown (Higgs mass, precise values of some mixings). The main problem is to search
for new theories. A prototype candidate is the Minimal Supersymmetric Standard Model
with its 125 parameters. At large energy scales these theories are weak coupling ones and
precise predictions for a given set of parameters can be computed.
In condensed particle matter physics one takes a known Lagrangian, and applies it to an extended system. For LQCD these systems are
A + A collision, size 1CT14 m,
Universe at ct ~ 104 m,
Quark star, size 104 m, A=10 57 .
The relevant energy scales are 10 MeV ... few GeV and this is thus dominantly nonperturbative physics, no precise predictions for Pb+Pb can be made, no definite single signal
for quark-gluon plasma can be formulated. One needs phenomenology, effective theories,
physical thinking - or intensive number crunching for the equation of state!
There is one crucial difference between usual condensed matter physics and condensed particle matter physics. In the former one has a minimum distance scale a, the
size of atoms, built in the problem and thus only the thermodynamic limit V —> oo is
needed. In the latter also the continuum limit a —> 0 has to be taken and this brings with
it qualitatively new phenomena in quantum theory - like anomalies.
One typical example of a phenomenological suggestion [2] which is plausible but
which nobody at the moment can verify from first principles, is the existence of strangelets
(stable uds systems, which would appear as hadrons of anomalously small charge/mass,
Z/A <C 1/2). As this caused some discussion during the school, I will sketch the argument
here. It is somewhat akin to the fact that an nnnn state is more unstable than an nnpp
state, in spite of the Coulomb repulsion between protons, because only two neutrons
can be put to the lowest / = 0 state. Neglect quark masses, assume they form an ideal
T — 0 Fermi gas, impose electrical neutrality (a very large system has to be « neutral)
and compute the energy per quark for udd- and uds-systems at the same pressure. The
263

distribution function of an ideal T — 0 Fermi gas is (/x = chemical potential = Fermi
energy)
^ p ) ,
(1)
so that
3
n
4
where for one quark flavour g = 2 • 3 = 6. For a udd-system electrical neutrality or
nd = 2n u implies that /xd = 2 1 / 3 /i u = 2 1 / 3 //. Here one has the effect of the Fermi principle:
since there are more d quarks they have to go to higher momentum states. Averaging over
u and d quarks then gives
(3)
For a uds-system all quarks have the same chemical potential jl and
^ ( u d s ) = - ( 1 + 1 + 1)/L

(4)

We want to compare the systems in equilibrium, at the same pressure:
p(udd) = - ^ ( 1 + 2 4/3 ) = p(uds) = - ^ 3

(5)

so that
9.

£,(udd)

(6)

A quark in a uds system thus seems to be more strongly bound than in usual nuclear
matter, which is a udd-system, i.e., the ground state of nuclear matter would actually
have the uds-quark content. A large literature and several experiments have evolved on
the basis of this simple and suggestive idea. The point here is that, although we know
£QCD, we are totally unable to carry out the first-principle computations required to state
whether it is true or not; phenomenological analyses and experiments are required.
Experiments are only possible for LQCD, theories relevant for higher energies can be
tested with cosmological observations. One of the most striking cosmological applications
here is the derivation of (B — B)/S = net baryon number/entropy of the universe from
LMSM or from beyond-the-standard model theories.

3.

NUMBERS, WAYS OF THINKING ABOUT A + A

Let us now try to put some numbers to the scenario initiated by Fig.2. What are
the sizes, lifetimes, temperatures expected?
First, for a spherical nucleus (some are cigar-shaped!) the density is

Jd3xnA(r) = A,
where the nuclear radius is RA = 1.18.41/3 - 0.45 fm = 6.5 fm for Pb (A=208 = 82+126)
^> d = 0.54 fm. The interior density thus is fairly constant and from normalisation to A
equal to n 0 — 0.17/fm3 = nuclear matter density. The crucial variable here is the nuclear
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radius RA; we would hope it to be 3> 1/AQCD ~ 1 fin, but unfortunately » here is at
best a factor six.
To treat nuclear geometry in reactions, one usually defines the thickness function:

dznA(Vbr+^)

TA[b)= r
J — oo

and the overlap function:
TAB(b) = I d\d%S2(b

-b1-

b2)TA(b1)TB(b2),

normalised as
Jd2bTAB{b) = AB,

A2
nR2A 10 mb'
In practice: if a is the cross section of a process on the pp level, the number of those
processes in an A+A collision at impact parameter b is
TAA{0)

aTAA{b).

In the laboratory frame, in which the nucleus is moving with the gamma factor
7 = energy/mass = EA/MA — AEfAm^ — •E'beam/^A' the nucleus appears as Lorentz
contracted:
7 = 10
= 100
— 2750

SPS,
RHIC,
LHC.

(7)

Note, however, that the nucleus has to be pictured as also having slowly moving components and for those the 7 factor is correspondingly less.
3.1

The system at t = 0.1 fm after the collision at LHC
Initially one thus has the two nuclei contracted into thin pancakes approaching
each other along the z axis. The nuclei are collections of gluons and quarks with, in first
approximation (g^ is inferred from [3]),
gA(x,Q2) = AgN(x,Q2).

(8)

Since one knows the parton-parton cross sections, one can compute [4, 5, 6] how many
gluons, quarks and antiquarks are produced in an average collision in a certain rapidity
interval, —0.5 < y < 0.5, say. Futhermore, to be able to do the computation in perturbation theory and to meaningfully count the number one must involve a large energy scale
by demanding that the produced partons have large transverse momentum, pr > Po — 2
GeV, say. This magnitude is actually determined by a requirement of "saturation" [4, 6].
One finds at LHC energies, y/s = 2750 + 2750 GeV, that there in an average central
Pb+Pb collision appear
4350 gluons

+

200 quarks
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-I-

190 antiquarks,

(9)

which carry a transverse energy of
12950 GeV for gluons

+

620 GeV for quarks

+

590 GeV for antiquarks.

(10)

This is Fig.2 in quantitative form. Although definite numbers are given here, they should
rather be taken as an illustrative scenario.
How do we picture the above result in space-time? Here one simply uses the uncertainly principle: the above quanta are formed at a time 1/po = 0.1 fm/c after the collision.
Thus they are in the volume
RPh = 6.54 fm,

irR2Ph = 134 fm2 => Vx = 7ri?2Pb/p0 = 13.4 fm3,

(11)

and the corresponding number and energy densities are
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fm3

14.9
fm3

14.2
_ fm3
^

3.2

(13)

Thermalisation, expansion, cooling

Now we - in this scenario - have a collection of a large number of gluons and quarks
in a limited volume of space-time. This is nothing but quark-gluon plasma, although so far
no statement has been made about thermalisation. Actually, at LHC energies the gluonic
part of the system is very close to thermalisation already at formation [6]. To the extent
that
mean free path <C RA
(14)
further collisions will thermalise the system. It then expands and cools. The expansion
has two components, longitudinal and transverse. The interior expands first only longitudinally, while from the sides the system leaks outwards tranversally. The information
of this outward leak is communicated to the interior at the velocity of sound and the
maximal duration of longitudinal expansion thus is
RA/Vsound ~ V3RA

~ 10 fm.

(15)

Beyond that time the expansion becomes 3-dimensional and has to be treated numerically.
At some stage the system has cooled to Tc and begins to convert into the hadron phase via
a phase transition. After the phase transition the system may still expand in the hadron
gas phase, until it ultimately decouples and the hadrons fly to the detectors. During the
previous hotter stages the system has also emitted various weakly interacting particles
which also will be seen in the detectors.
To represent this scenario one often draws the diagram in Fig. 3. In this one has built
in the additional important assumption that the evolution only depends on the proper
time T = \ft2 — z2, z = longitudinal coordinate. Then, at some fixed and late time t, the
system at z = 0 may already be cooled down while the fast forward or backward moving
parts are still, due to time dilatation, very hot.
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Figure 3: A space-time picture of an A+A collision
One should again warn that this is a scenario, hypothesis. It is fully developed only
at LHC energies. At present SPS energies it seems that one has just passed Tc in part
of the system. The whole point of the experimental heavy ion program is to convert any
scenario to a series of physical facts and at the same time uncover totally new phenomena
in particle physics.
To make the thermal aspects of the scenario somewhat more quantitative, let us
take a massless boson-fermion gas with
p = p(T) = aT\

s = entropy density = p'(T) = 4aT\

e = energy density — Ts — p = 3aT 4 ,

(16)
(17)

or

n = number density = -

GeV7 fm3'

15

(18)

3
4

and assume that the system corresponding to the gluonic energy density (gs = 16) in
eq.(13) is thermalised. One finds consistently with eq.(18) that T{ — 1.10 GeV. This is a
huge temperature.
If the system is thermalised, its further evolution is described by adiabatic or entropy
conserving equations. This implies that the total entropy S = sV and net baryon number
B — B in a comoving volume V are constant. To define the comoving volume include only
longitudinal expansion and take the simplest possible flow, the Bjorken similarity flow,
with
s(t,z) = S(T) = 4aT3(r),
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v{t, z) = - = tanhfl,

(19)

for which the comoving V = -KR2ATA9, i.e., depends on the 9 interval considered. Identifying average particle motion with the flow, this is just the rapidity interval of observed
particles. Since for massless bosons s — 3.60n, then from eq.(9) the initial entropy (for
—0.5 < y < 0.5) is about 15000. The power of adiabatic equations is that this is constant.
If no entropy is generated until the end, this is also the final entropy. If the final hadron
gas is massless, as is almost the case for pions, the final pion (7r±>0) multiplicity would
then be approximately the same as that of the initial gluons, i.e., about 4000. Entropy
generation during the expansion can only increase this number. Analoguous statements
hold for the other conserved quantity, the net baryon number B — B. Initially from eq.(9)
it is about 3, thus also the final observed baryon-to-entropy ratio would be about 3/15000.
There are many factors which might change in the scenario outlined above. Shadowing (violations of eq.(8)) and higher order corrections might change the initial numbers,
entropy generation and 3d expansion effects might be significant, the kinetics of the phase
transition are unknown. But this large number of uncertainties just means that the stage
is set for new discoveries.
In this context it is also important to keep in mind why precisely one can expect
the discovery potential to rapidly increase from SPS to RHIC to LHC. The reason is that
at higher energies events can be expected to be more perturbative, "jetty", because
— of the small x increase of structure functions, observed to be unexpectedly rapid by
HERA at DESY [3]
at fixed jet scale (take pr = 2 GeV, which is marginally perturbative) smaller x-values
are reached at larger y/s
The relevant x values are, for p0 — 2 GeV,
x ~ ~

=0.2
002

SPS,
RHIC

'

L H a

4.

AVERAGE EVENT, SIGNALS
As discussed earlier, the study of quark matter in heavy ion collisions is dominantly
large cross section physics, though also some hard signals with somewhat suppressed cross
sections are important. It is thus important to have an idea of an average central (head-on,
zero impact parameter) collision. A typical measurement result at energies available at
present is shown in Fig.4. Extrapolating and estimating, Table 2 gives a rough composition
of the debris from which the existence, space-time history and properties of quark-gluon
plasma are to be inferred.
The goal thus is to measure in each event the type and momentum of each particle
(the total number is ~ 10000 at LHC). This number is so large that much physics can
actually be done on an event-by-event basis.
The main types of signals are as follows:
Hadronic signals test final stages of the expanding system, since the hadrons decouple from the hadron gas at some rdecoupiing < Tc. One complicating factor always is
the effect of resonances: pions dominantly come from decays of the rather heavy p, which
on the other hand was formed as the "last collision" of the expanding hadron gas. The
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obvious questions to be answered are now whether the hadron relative abundances are
in agreement with thermal equilibrium in hadron gas and whether there is evidence for
flow. How does the possible flow depend on y/s and on A? Are there any anomalous
enhancements in strange particle ratios?
Pb + Pb, NA49 Preliminary
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Figure 4: The rapidity distribution of negative particles in Pb+Pb measured (for y > 3)
by the NA49 experiment at the CERN SPS at ^s=17 GeV.
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phenomenon
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Thermal emission
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Spectral lines
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Backgrounds to
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Jets in matter
Exotica: Z/A <C 1

Table 2: Rough estimates (and some measurements in boldface) of the number of particles
with —0.5 < y < 0.5 in an average central Pb+Pb collision and associated phenomena.
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As an example of effects one can observe [8], Fig. 5 shows the transverse momentum slope parameter T obtained from measured pr-distributions by the fit dN/dp\ ~
exp(—yjp^ + m2/T) for m — va^,vnK,mv and for various initial states. If there is flow
with velocity Vf\ow, particles of all masses are carried by it and they all obtain a momentum p = rnvf\ov/ which increases with increasing mass. This is precisely what one observes:
the flow develops in large systems and slope parameter T grows rapidly with mass while
no flow effect is observed in p+p.
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Figure 5: The slope parameter T of dN/dp"^ measured by the NA44 collaboration at the
CERN SPS at y/s=17 GeV.

"Baryon stopping" or the fate of the incident baryon number B = 2 • 208 is also an
interesting problem. What is the amount of net baryon number at y = 0 or how far beyond
the nuclear matter density n0 = 0.17/fm3 can one compress the matter? Some people are
namely interested in studying the effects of net baryon density rather than temperature
and it may well be that the maximal values of this are reached at intermediate energies.
Two very well studied signals have an astronomical analogy:
Stellar sizes can in astronomy be measured with HBT (Hanbury-Brown-Twiss) interferometry: photons emitted incoherently from various portions of the star can interfere
constructively if they are sufficiently close in momentum space. When applied to a heavy
ion reaction one look at TTTr-correlations and there momentum dependence. Since the sizes
one expects to see are of the order of 10 fm, the relevant momentum differences are of
the order of 1/10 fm = 20 MeV. Great accuracy is thus needed, but the main problem is
that while a star is stationary, one now is studying an extremely transient relativistically
moving system. The analysis thus is essentially more complicated, but one has now learnt
to do this [7].
During the previous century astronomers noticed how the spectra of stars depended
on their colour. For blue stars certain spectral lines disappeared. One now knows this
is due to the fact that when the star is very hot (blue) atoms are ionised and are not
there to cause the spectral line. In heavy ion physics the analogy is J/ift suppression: this
resonance (or its excited states) should not appear in quark-gluon plasma phase. A great
boost to the image of heavy ion particle physics has been given by the recent observation
[9] of this effect, shown in Fig. 6.
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Figure 6: The 3/ip production cross section in A + B collisions divided by AB and plotted
versus AB. The last point for Pb+Pb is the remarkable one!
Another suggestive and promising idea is based on the fact that the widths of the
l
1
1
1
e e decays of p, (F~ = (149-MeV)- = 1.3 fm), u, (F' = 23 fm) and <f> ( I ^ = 45 fm)
are such that p decays inside and the others outside. Maybe the hot medium affects p,co,<p
so that their effective masses change? One can now study this by observing the decays
—v e+e~, fi+\JT , which get out of the interior. A shift or change of shape of the p peak is
now evidence of medium effects. Again, interesting hints of this has been observed [10].
+

5.

ONE RESULT FROM FIRST PRINCIPLES: EQUATION OF STATE

In the above the rather limited predictability of heavy ion phenomena has been
repeatedly emphasised. However, there is one very important quantity which, in principle
and also almost in practice can be computed from first principles: the equation of state.
This assumes that the system is infinitely large and lives infinitely long, which is certainly
not the case with the objects one is experimentally studying. In statistical mechanics all
the thermodynamics follows from computing the partition function
y
states

In field theory this can be symbolically be written in the form

where 0 symbolises all the fields in the problem (the gluons A^, quarks ipi, etc.) in imaginary time T = it and the action is

S=j

l

dr J d3xC((f>{T,K)).
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Note that T only appears in the upper limit of the r integration in S.
The problem has now been reformulated as an evaluation of a functional integral,
which can be carried out by latticising the problem and feeding it into a computer. Much
work has been devoted to this problem since about 1982, but the answer for QCD with
physical quark masses is still unknown. For unphysical infinite quark masses a first order
transition is obtained. However, one has the feeling that the final answer for QCD is within
controllable reach, one knows what one needs in computing power and expects this to be
available in a year or two. For the electroweak case the problem is essentially solved.
6.

EARLY UNIVERSE A N D HEAVY ION EXPERIMENTS
LEP and LHC have been and are often motivated by saying that "they reveal the
conditions in the early universe".
This is a half truth, like saying that "one can study superconductivity observing
single atoms". The basic laws (like those which one is studying with LEP and LHC) are
quantum mechanics and electromagnetism and follow from experiments on single atoms,
but for the phenomenon itself it is essential that the system is an extended one with
interactions with the ionic lattice.
Atomic physics is necessary but not sufficient: the essence of the phenomenon is in
collective interactions of the constituents of the system.
The only experiments which even remotely can be said to "reveal the conditions in
the early universe" are actually the Pb+Pb collision experiments.
Even here scales differ by a huge factor, by MP[/TC « 1019. The reason is that a
new scale, the gravitational constant G = l / M ^ , has entered. Thus at T = 150 MeV the
relevant distance scale is the horizon distance ~ 10 km and the corresponding time ~
10/zs. Similarly, the expansion rate dT/(Tdt) is ~ 1019 slower than in Pb+Pb.
7.
-

-

-

-

CONCLUSIONS
Particle physics with heavy ion beams aims at studying condensed QCD matter in
its two phases, the high T quark-gluon plasma phase and the low T hadron gas phase
and the phase transition in between.
The physics is dominantly nonperturbative and the predictive power of theory is
very limited. Precise predictions can be made only for the equation of state. Many
different experimental observables have to be studied and correlated.
Very promising results have in 1995-6 been obtained from measurements of Pb+Pb
at 158 GeV/c, there are unmistakable hints of collective behaviour and of the quarkgluon plasma phase.
The discovery potential will be further greatly increased when going from SPS (•v/s=20)
to RHIC (v/s=200) and finally to LHC-ALICE (^5=5500 GeV).
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Abstract

The Large Hadron Collider (LHC), approved by the CERN
Council in December 1994, will be the premiere research tool
at the energy frontier of particle physics. It will provide
proton-proton collisions with a centre-of-mass energy of 14
TeV and an unprecedented luminosity of 1034 cm"2 s'1. The
most critical technologies of the LHC are the superconducting magnet system, with a dipole field above 8 Tesla, and the
huge cryogenic system operating at below 2 K needed to
achieve such high fields. A brief overview of the project is
presented and the main technological challenges are
discussed.

1.

INTRODUCTION

The LHC will be a unique facility for basic research, providing the world's
highest energies to probe the mysteries of matter and the forces that control it.
The machine will be located in the existing 27 km circumference tunnel that
presently houses the Large Electron Positron collider (LEP). It will provide
proton-proton collisions with a centre of mass energy of 14 TeV and an
unprecedented luminosity of 1034 cm"2 s"1. It will also be capable of providing
heavy ion (Pb-Pb) collisions with a luminosity of 10 27 cm' 2 s' 1 using the existing
CERN heavy ion source. The main parameters and performance goals for
proton-proton operation are shown in Table 1.
In view of the fact that the machine will be installed in the existing tunnel,
a very high bending field (8.4 Tesla) is needed to achieve the nominal energy. In
order to achieve this goal at acceptable cost, the design is based on
superconductors consisting of well developed mass produced Nb-Ti alloy
operating in pressurised superfluid helium below 2 K. Space constraints as well
as cost considerations dictate a novel two-in-one design of the main magnetic
elements, where the two beam channels are incorporated into a single magnetic
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structure with the two apertures separated by only 194 mm. The main technical
challenge of the project is the exploitation of applied superconductivity and large
capacity helium cryogenics on an unprecedented scale, to develop them well
behind the present state of the art and to integrate them in a reliable way into an
accelerator environment.
Table 1

LHC parameters
Energy
Dipole field
Coil aperture
Distance between apertures
Luminosity
Beam-beam parameter
Injection energy
Circulating current/beam
Bunch spacing
Particles per bunch
Stored beam energy
Normalized transverse emittance
R.m.s. bunch length
Beta values at I.P.
Full crossing angle
Beam lifetime
Luminosity lifetime
Energy loss per turn
Critical photon energy
Total radiated power per beam

2.

(TeV)
(T)
(mm)
(mm)
(cm" 2 s"1)
(GeV)
(A)
(ns)
(MJ)
(Urn)
(m)
(m)
(Jirad)
(h)
(h)
(keV)
(eV)
(kW)

7.0
8.4
56
194
1O34
0.0032
450
0.53
25
lxlO 1 1
332
3.75
0.075
0.5
200
22
10
6.9
45.6
3.7

MACHINE LAYOUT

The basic layout [1] of the LHC mirrors that of LEP, with eight long straight
sections each approximately 500 metres in length available for experimental
insertions or utilities (Fig. 1). Two high luminosity proton-proton experiments
are located at diametrically opposite straight sections, Point 1 (ATLAS) and Point
5 (CMS). Two more experimental insertions are foreseen at Point 2 (ALICE Pbions) and Point 8 (B-physics). These insertions also contain the two injection
systems. The beams cross from one ring to another at these four locations.
The remaining four long-straight sections do not have beam crossings.
Points 3 and 7 are identical and are used for "beam cleaning". The role of the
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cleaning insertions is to allow for the collimation of the beam halo in order to
minimise the background in the experimental detectors as well as beam loss in
the cryogenic parts of the machine. These insertions contain only classical warm
magnets robust against the inevitable beam loss on the primary collimators. The
use of warm magnets also permits a low-current design so that their power
supplies can be located in surface buildings instead of in specially constructed
underground caverns as is the case for high current superconducting magnets.
CMS

Dump

Cleaning

Cleaning

LHC-B

ALICE

ATLAS
Figure 1: Global layout of the LHC

Point 4 contains the Radio-Frequency acceleration systems. In an earlier
version of the machine design the RF system was based on common cavities for
the two beams. A more flexible design has now been adopted with separate
cavities for each of the two beams, alleviating the problem of transient beam
loading and damping of injection oscillations. This requires the beams to be
separated from the 194 mm in the arcs to 420 mm in order to provide the
transverse space needed.
Finally, Point 6 contains the beam abort insertion. The purpose of this
insertion is to dump the beams in a safe and reliable way at the end of physics
runs or in case of hardware failure. The principle of the beam dump system is
the use of a combination of horizontally deflecting fast-pulsed kicker magnets
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and vertically deflecting steel septum magnets to extract the beams vertically
from the machine. They are then transported along 700 metre long transfer
tunnels and dumped into two massive absorbers.
Between long straight sections the arcs contain 23 regular lattice periods
with a dispersion suppressor at each end. A lattice half-period, 53.5 m long,
contains 3 dipoles and a short straight section incorporating a quadrupole,
correction elements, a beam pick-up monitor and a cryogenic connection unit.
3.

MAGNETS
The magnet system contains many innovative features in order to reduce
cost and to fit the two beams into the constrained geometry of the tunnel. The
basic structure of both dipoles and quadrupoles is the two-in-one design, where
the two beam channels are incorporated into a single iron yoke and cryostat
(Fig. 2), operating in pressurised superfluid helium. In order to retain the large
bursting force of more than 500 tonnes per metre the coils must be firmly
clamped in a rigid mechanical structure. For the dipoles, combined aluminium
collars have been chosen in order to minimize the pre-stress at room
temperature and to ensure the best possible parallelism between the dipole fields
in the two channels.

SC BUS BBftS
HEW EXCHflNGER PIPE
IRON YOKE ICOLD MISS. 19K)
SUPERCONDUCTING COILS
SHRINKING CrilNPER ' HE II-VESSEL

THERMRt SHIELD 155 l o 75K1

Figure 2: Dipole magnet cross section

The main characteristics of the dipole are shown in Table 2. The principle
differences compared with the earlier machine design are an increase in coil
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aperture from 50 to 56 mm, an increase in length from 10 to 14.2 m and increased
intra-beam separation from 180 to 194 mm. The machine will contain 1232 main
dipoles.
Table 2
Main dipole parameters
Operational field
Coil aperture
Magnetic length
Operating current
Operating temperature
Coil turns per beam channel:
inner shell
outer shell
Distance between aperture axes
Outer diameter of cold mass
Overall length of cold mass
Outer diameter of cryostat
Overall mass of cryomagnet
Stored energy for both channels
Self-inductance for both channels
Quantity

(T)
(mm)
(m)
(A)
(K)

(mm)
(mm)
(mm)
(mm)
(t)
(MJ)

(mH)

8.36
56

14.2
11500
1.9
30
52
194
570

15140
980
31
7.4
119

1232

The dipole coil is of a two-layer graded cable design in order to optimize the
use of super-conductor. The main parameters of the cable for inner and outer
layers are shown in Table 3. The filament size of 7 |im for the inner strand and 6
jim for the outer strand allows fabrication by a single stacking process whilst
keeping persistent current sextupole and decapole components small enough to
be corrected by small corrector magnets in the dipole ends. More than 25 tons of
cable of the required quality has now been made by four European
manufacturers.
The cables are insulated by two half-overlapping wraps of 25 micron thick
polyimide tape and a third wrap of adhesive-coated polyimide tape wound in
"barber pole" fashion with a 2 mm space between windings in order to leave
channels for helium penetration. A perforated glass-epoxy spacer is placed
between inner and outer coil shells to provide further channels for superfluid
helium. The insulation to ground is composed of superposed polyimide films
including quench protection heater strips. Quench protection is assured by cold
diodes connected to each dipole cold mass.
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Table 3

Strand and cable parameters
Inner layer

Strand
(mm)
Diameter
Copper to superconductor ratio
(\im)
Filament size
Number of filaments
RRR
(mm)
Twist pitch (after cabling)
(A)
Critical current
Cable
Number of strands
Cable dimension
thin edge
thick edge
width
Critical current Ic

Outer layer

1.065
1.6
7
8900
>70
25
>115 (10 T, 1.9 K)

0.825
1.9
6
6500
>70
25
>380

28
(mm)
(mm)
(mm)
(A)

(9 T, 1.9 K)

36

1.72
1.34
2.06
1.60
15.0
15.0
>13750 (10 T, 1.9 K) >12950

(9 T, 1.9 K)

The main lattice quadrupole design uses the same cable as the dipole outer
layer. The detailed design, being carried out at CEA-Saclay is similar to that of the
dipole but since the electromagnetic forces are considerably smaller, it is possible
to contain the forces by the collar structure alone as long as they are made from
austenitic steel laminations. The main parameters of the arc quadrupole are
given in Table 4.
Table 4

Arc quadrupole parameters
(T/m)
(mm)
(m)
(A)
(K)

Operational gradient
Coil aperture
Magnetic length
Operating current
Operating temperature
Coil turns per aperture
Outer yoke diameter
Stored energy for both channels
Self inductance for both channels
Quantity

(mm)
(kj)
(mH)
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223
56
3.1
11750
1.9
96
456
784
11
376

The magnet cryostats must be of an advanced design in order to minimize
the heat in-leak at the 1.9 K level. Two intermediate heat intercept levels at 5-20
K and at 50-75 K limit the steady-state operational heat loads to 6.4 W/m at 50-75
K, 1.5 W/m at 5-20 K and 0.43 W/m at 1.9 K.
4.

CRYOGENICS

Although the general principles of the LHC cryogenic system have not
changed since the early design, the detailed layout has considerably evolved as
more information becomes available through prototype work and model testing.
4.1

General architecture
An important principle of the LHC design is to make the maximum possible
use of the technical infrastructure of the LEP machine including the cryogenic
system. LEP uses four cryogenic plants, each of 12 kW at 4.5 K capacity, located at
the four even points. Consequently the even points are much more developed
than the odd points, equipped with cooling towers and heavy electrical
infrastructure. For the LHC, the four existing plants will need to be upgraded to
18 kW and supplemented by a further four 18 kW plants. These new plants will
also be located at the even points with a consequence that the refrigeration power
must be transported over a full octant of 3.3 km length.
The general architecture of the LHC cryogenics scheme is shown in Fig. 3.
The large plants are concentrated in pairs at the even points, with two split cold
box refrigerators of the LEP type. The upper cold box (UCB) located on the surface
cools helium gas to 20 K and the lower cold box (LCB) located some 80 m
underground, to 4.5 K. The close proximity of the plants allows some
redundancy to be built in by means of the cryoplant interconnection box (CIB).
Refrigeration at 1.8 K is provided by two cold compressor boxes (CCB), consisting
of multi-stage axial centrifugal compressors, installed underground and fed from
the 4.5 K refrigerators through the CIB. No infrastructure or utilities are needed
at the odd points apart from 1000 m 3 storage at 2 MPa for recovery of gaseous
helium after a full sector quench.
The magnets operate in a static bath of pressurized superfluid helium,
cooled through a linear heat exchanger in which the heat is absorbed quasiisothermally by gradual vapourisation of flowing two-phase saturated superfluid
helium (Fig. 4). The linear heat exchanger extends over each half cell, 53.5 m in
length, cont ining three dipoles and a short straight section.
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Even Point
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Elect.
Supply

Cooling
tower

0

Figure 3: General architecture of the LHC cryogenic scheme

Sub-cooled helium from the sector refrigerator distributed through line A
(Fig. 4) is expanded to saturation through valve TCV1 and fed to the far end of
the heat exchanger tube , gradually vapourizing as it flows back. The low
saturation pressure (16 mbar) is maintained on the flowing two-phase helium by
pumping the cold gas through line B. Lines C and F provide cooling of the
cryostat thermal shields at two temperature levels. In case of a quench the
resulting pressure rise is contained below the 2 MPa design level by opening the
quench discharge valve SRV and discharging into line D at the level of the short
straight section.
The decision to concentrate the refrigerators at the even points has had a
profound effect on the design of the cryogenic distribution. In particular, the
diameter of the cold pumping line B (267 mm) needed to attain the required
pressure over a full sector makes it no longer possible to integrate all piping into
the magnet cryostat. Instead, a separate cryogenics distribution line (CDL) carries
most of the piping, connecting to the short straight section cryostat every 53.5 m
(Figs. 5 and 6). The extra cost of the CDL is offset by the savings in infrastructure

282

cost at the odd points and better decouples the problems of the magnets from
those of the cryogenic system.
HALF-CELL COOLING LOOP (53.5 m)
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Figure 4: Cryogenic flow scheme of an LHC half-cell

Figure 5: Transverse cross-section of the LHC at a short-straight section
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Figure 6: Perspective view of the LHC with separate cryogenic distribution line

5.

VACUUM
The LHC beam vacuum poses particular problems. Due to the synchrotron
radiation emitted by the protons (~ 4 kW per ring at 7 TeV) and the heating due
to the image currents in the wall of the vacuum chamber, the magnet cold bore at
1.9 K must be shielded from the beam, otherwise the required cryogenic power
would become excessive. An inner liner cooled to around 20 K through tubes
carrying high pressure gas will therefore be installed inside the cold bore.
Synchrotron radiation impinging on this liner will cause gas to be desorbed
from the bulk material which would in turn be cryopumped to the surface of the
liner. This is particularly undesirable especially for hydrogen. Once a surface
layer of this gas builds up the pressure will rise to that of the vapour pressure of
hydrogen at the temperature of the liner, more than two orders of magnitude
higher than required for an adequate beam lifetime. In order to avoid this, slots
must be cut in the liner so that hydrogen can be cryopumped by the cold bore
surface at 1.9 K.
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6.

HARDWARE STATUS

A considerable amount of development work on the dipole and quadrupole
have already been done. More than a dozen short models have been constructed
and tested. All have exceeded 9 Tesla with the best reaching 10.5 Tesla. The main
purpose of the short model programme is to optimize the coil end design and the
difficult "layer jump" region, where the two different cables of the inner and
outer coils are spliced together.
Seven long dipoles of the first generation (10 m long, 50 mm aperture) have
been constructed in industry and five of these have been tested at CERN. All
have exceeded 9 Tesla with some training. The measured field harmonics are as
expected. In addition, two full size quadrupoles have been constructed under a
CERN/CEA collaboration agreement. Both magnets have reached their design
gradients with very few training quenches.
A number of other prototypes have been constructed and tested including a
combined dipole/sextupole, an octupole and the sextupole-and-decapole spool
pieces for the correction of persistent current effects in the main dipole. Recently,
a short model of a large aperture insertion quadrupole (70 mm aperture, 235
T/m) of a novel four-layer coil design has been successfully tested.
Six dipoles with the final aperture are under construction, two with the full
14.2 m magnetic length and four of 10 m length, restricted by the length of the
heavy presses available at the time. All CERN-owned tooling is now being
extended to the final length in preparation for pre-series production.
Three of the 10 m dipoles together with a short straight section containing
one of the quadrupoles have been assembled into a "string test facility", a
simulated half-cell of the real machine (Fig. 7). This facility has been operational
for more than a year and has yielded extremely valuable information feeding
back into the optimization of the machine design. In particular it has validated
the superfluid helium cooling scheme as well as the principle of discharging
helium gas in case of a quench only at the ends of a half cell and not at each
individual dipole as originally foreseen. The string is now being prepared for a
long life test, where it will be continuously cycled up to operational field.
Considerable progress has been made in the definition and validation of the
cryogenic cooling system. One of the key developments has been the successful
demonstration of an axial-centrifugal cold compressor operating with a nominal
flow rate of 18g/s at 1 kPa inlet pressure and a compression ratio of 3:1, a
prototype of the first stage of the multi-stage cold compressor box (CCB) .
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Figure 7: Overall view of the LHC string test facility

7.

CONCLUSIONS

The considerable amount of R&D accomplished over the last years has
validated the main technical choices for the construction of the LHC. In the key
technologies of superconductivity and cryogenics progress has been such that the
detailed engineering design and procurement may now commence.
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HIGH-ENERGY PHYSICS AT JINR/RUSSIA
V.G. Kadyshevsky
Abstract
The current status of JINR HEP performance in cooperation with Russia
is presented. The form of presentation was chosen in such a way as to
have the lecture serve as reference material.

1.

HEP ACTIVITY AT JINR
The subject of my lecture is traditional for a school like the present one. At previous schools,
HEP research carried out in JINR/Russia was described by Professor Alexei Sissakian, ViceDirector of our Institute.
Many things Alexei spoke about have not yet become obsolete. Therefore, I shall talk about
recent activities of the last year or two. If anyone wishes to learn more about HEP activity in
JINR/Russia over a longer period of time, I recommend the lectures by A. Sissakian.
What is high-energy physics? It is ridiculous to put this question to students of the European
School on HEP almost at the end of it. However, perhaps not all of you know Leon Lederman's
definition of HEP. "High-energy physics rests on three 'pillars': experimental physicists,
theoretical physicists and accelerator physicists. These three specializations make a remarkable
combination. Experts in accelerators construct accelerators. Experimentalists use them to obtain
experimental data. Theorists look at these data and exclaim: 'Oh God, we need new accelerators!'
And a new cycle starts ..."
Professor Abdus Salam, considering the same theme, pointed out that at the beginning HEP
was driven by a troika which consisted of 1) theory, 2) experiment, and 3) accelerator and
detection-devices technology. Later, two more horses were added to this troika: 4) an early
cosmology describing the Universe starting from 10"43 s after its origin till the end of the first three
minutes and 5) pure mathematics.
I am sure that all 'Salam horses', except perhaps pure mathematics, have already been
demonstrated at schools in this hall. I know very well that investigations on HEP, carried out in
JINR/Russia, are represented by the whole pentadriga (this time, a horse like mathematics cannot
be ignored because both in JINR and Russia mathematically minded theorists form rather a large
community and their authority in the world is great).
In this connection, I cannot neglect the opportunity to mention a herd of real horses, bred in
Dubna by Tito Pontecorvo (the son of Prof. Bruno Pontecorvo). The herd has 200 pure-bred
Akhaltekin horses. This is one of the brilliant sights of Dubna.
Before I start to characterize the activity of JINR in HEP during the last couple of years I
would like to show briefly the main facilities of our Institute.
1.1

Reactors and accelerators
The main fields of investigation in the Institute are theoretical physics, elementary particle
physics, relativistic nuclear physics, physics of low and intermediate energies, heavy-ion physics,
radiobiology and radiative medicine, experimental instruments and methods.
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The major facilities of the Institute for experimental research are the synchrophasotron,
phasotron, U-200, U-400 and U-400M cyclotrons, IBR-30 and IBR-2 neutron reactors (see
Figs. 1-5).

Figure 1: Pulsed reactor
neutron flux 10'6 n/cm2s

IBR-2

with

Figure 2: Heavy-ion cyclotron U-400M

Figure 3: Superconducting synchrotron —
nuclotron — for nuclei and heavy ions up
to 6 GeV/n

Figure 4: 680 MeV proton accelerator

Figure 5: Synchrophasotron — 10 GeV proton and light nuclei accelerator
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Facility under construction
IREN
Project
C-tau factory

1.2

Intense resonance neutron source optimized to carry out
investigations with resonance neutrons.
Accelerator complex to comprise an electron-positron collider
with a multi-purpose detector.

Educational programme

1994 marked the opening of the International University 'Dubna'. Its integral part is the
JINR Training Centre which offers educational programmes in the following fields: high-energy
physics, nuclear physics, nuclear methods in condensed-matter physics, applied physics, and
radiobiology.
2.

RECENT ADVANCES IN THE JINR PARTICIPATION
IMPLEMENTATION OF THE RESEARCH PROGRAMME

IN THE LHC:

For JINR it is of highest priority to participate in the long-term research programme at
CERN where we contribute to ATLAS, CMS, ALICE and collider construction activities. As to
the physics aspects of the LHC programme and the main features of the above-mentioned
excellent detectors, they are widely reported and commonly accepted as scientific goals of principal
significance. Therefore I shall highlight the main results recently achieved by JINR together with
Russian research centres.
2.1

The ATLAS experiment
A rather large Dubna group is now actively involved in ATLAS at JINR with
N. Russakovich as contactman. Russian group work for ATLAS is conducted with A. Zaitsev
(IHEP, Protvino) as a spokesperson.
The most significant Dubna result was undoubtedly the successful assembly in Dubna of the
very first (of 64) full-sized (6 metre, 20 ton) Hadron Barrel Tile Calorimeter Module.
The Module components ('submodules'), auxiliary tooling, and high-precision measurement
devices were manufactured by CERN, Dubna, Barcelona, Prague, Pisa, Bucharest, ANL,
Protvino, Bratislava and sent to JINR for final assembly. The laser cutting of absorber steel plates
was performed by Universalmash (St Petersburg) in cooperation with the JINR Shatura Laser
Centre with the help of Minsk laser experts (Belarus).
The unique module was delivered to CERN and now is passing the beam test. It was
evidently a bright manifestation of successful cooperation between the international scientific
community and industry.
Also to be mentioned:
-

JINR (with the participation of the Lebedev Moscow Physics Institute) has designed and
assembled the first prototype (= 1.5 ton) liquid argon calorimeter. The parameters achieved are
better than those for similar detectors assembled by other groups.

And finally:
-

JINR has started the preparation of very large workshop areas for a massive drift tube
production in efficient cooperation with IHEP (Protvino) and industry.
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Needless to say, JINR physicists are active in the ATLAS physics programme development
simulation and have started active participation in the ATLAS detector prototype test-beam data
analysis.
A new phenomenon in the Dubna research programme is the participation of JINR Nuclear
Reactor groups in HEP detector and materials radiation-hardness studies.
Figure 6 shows the very first full-sized ATLAS Tile Calorimeter module assembled on the
7 m (in diameter) rotating table of the boring-shop machine. The photograph was taken a few days
before the module was sent to CERN.

Figure 6: ATLAS Tile Calorimeter module, assembled in Dubna
2.2

Russia and Dubna Member States (RDMS) CMS Collaboration

The Russia and Dubna Member States (RDMS) CMS Collaboration (V. Matveev as
chairman and I. Golutvin as spokesperson) has decided to concentrate most of its efforts on the
design, optimization, building, commissioning and operation of substantial parts of the CMS
detector in the following areas:
- Full responsibility:
End-cap hadron calorimeters
Forward muon station MF1.
-

Responsibility shared with non RDMS institutions:
Electromagnetic calorimeter based on PbWO4 crystals
Preshower of electromagnetic calorimeter
Very forward calorimeters
MSGCs for central tracker
First-level trigger and data acquisition.

290

-

Common projects:
Superconducting magnet
Software and simulation.

This contribution relies very much on the extended involvement of Russia and Dubna
Member States' industries.
2.2.1 Hadron calorimetry
- In collaboration with other RDMS institutions the MARK-1 'hanging file' hadron calorimeter
prototype was built and tested at CERN with different configurations in a 3 Tesla magnetic
field with high-energy muons and pions.
- Monte Carlo simulation of the hadron calorimeter is now well understood.
- Experimental results are in good agreement with simulation and meet CMS requirements.
- A preproduction hadron calorimeter prototype is under design and must be constructed and
tested by the end of 1997.
- Mass production should start in 1998.
2.2.2 Muon detection
-

The small saggita of a high-momentum muon event in a strong solenoidal magnetic field
requires a very precise position measurement at the level of 75 |j,m by large-area muon
detectors.
A very high particle background rate at high LHC luminosity requires a very fast muon
detector with high timing resolution at the level of a few nanoseconds.

The high performance of the MF1 Detector has been achieved for the first time. New
technology for high-energy muon detection was developed in Dubna.
Figure 7 shows an example of a result from a large R&D programme with Cathode Strip
gaseous Chambers (CSC).

I"

FUildual. [mm]

Figure 7: Precise muon detection with spatial resolution of 50 |j.m per layer (bunch crossing
capability with time resolution of 2 ns per station)
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2.2.3 Integrated test
The most important result of the R&D effort is the implementation of the JINR proposal for
the end-cap integrated test.
A combined integrated test of end-cap prototype detectors, constructed by the RDMS
Collaboration, was performed in the CMS end-cap configuration with a magnetic field in a realistic
experimental environment.
Detectors:
- Electromagnetic calorimeter
13 crystals of PbWO 4 (28 Xo, 1 X).
- Preshower of electromagnetic calorimeter
2 planes (X and Y) of Si strip detectors, size 6 x 6 cm2, strip = 2 mm (1st after 2 X o , 2nd
after 3 X o ).
- Hadron calorimeter
Hanging file copper/scintillator prototype with 3 x 3 towers and 22 x 22 cm 2 scintillator
plates (11 X).
- Muon forward station based on cathode strip chambers
Cathode strips are radial (strip = 2.4 mrad); anode wires are inclined to cathode strips with
Lorentz angle (24.8°).
The integrated test gave a rich experimental data for detector performance in a strong
magnetic field, for studies of detector correlation responses and further trigger simulation, radiation
environment, detector optimization, end-cap integration, etc.
I must also mention the significant achievement of our IHEP (Protvino) colleagues: in
cooperation with Russian industry they have manufactured quite new heavy crystals for highprecision energy measurements at large fluxes.
2.3

The ALICE experiment
The general structure of the ALICE Collaboration is presented in Fig. 8.
665 Physicists & Engineers
26 Countries
67 Institutions

(56% from CERN MS)

USA
Mexico
Israel
Croatia

China
Other FSU
Ukraine

UK

Poland

Slovak Rep.
:zech Rep.
Norway

Holland
Hungary

Figure 8: ALICE Collaboration
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2.3.1 JINR in ALICE
JINR participation (with A. Vodopianov as spokesperson) covers different areas in design,
simulation, and construction.
Contribution:
- Particle Identification Detector (PID):
Time-of-flight System => Pestov Spark Counters
Complicated design and operation
Excellent time resolution (a = 35 ps) reached in the 1995 CERN Pb-beam tests of
prototypes
1.5 m2 array will be built in 1997 (partly at Dubna) for the NA49 experiment at CERN to
gain operating experience
Tests for an optimization of the counter design.
-

Very large superconducting dipole magnet for dimuon arm spectrometer:
Central field: B = 0.75 Tesla
Inner bore diameter is 4 m
Length is 5 m; weight is 8001.

-

Simulation of six-layer silicon inner tracking system
Neural network track reconstruction software in the high-multiplicity environment
Physics studies:
<|) —» e+e", K+K" production
Study of structure functions via Dilepton pairs
Strangeness production.

2.3.2 Russia in ALICE
Contribution:
Russian contribution (with V. Man'ko as contact person) to relativistic nuclear physics is
concentrated on the following directions:
- Photon Spectrometer (PHOS) covers 18 m2:
36 608 lead tungstate scintillating crystals (PbWO4) of size 2.2 x 2.2 x 20 cm3
Readout by photodiodes
Very good energy resolution expected:
a E /E = 3%VE 0 3%/E 0 1 %
-

-

-

Inner Tracking System (ITS) equipped with six layers of silicon detectors:
Ultra-light carbon fibre space frame
Water and freon cooling system of Si detectors
Particle Identification Detector (PID):
Time-of-flight System => Pestov Spark Counters
Electronics
Glass electrodes
Time-of-flight System => Parallel Plate Chambers as the fallback solution because:
Time resolution: c~ 190 ps
Forward Multiplicity Detector (FMD)
Micro channel plate detectors
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The results which will be obtained from the high-energy heavy-ion experiments such as
ALICE are of major significance for the understanding of fundamental questions about:
the early Universe
neutron star formation and
the quark-gluon plasma (see Fig. 9).
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Figure 9: Phase diagram of matter
-

Cosmology
f « 10'5 s, T« 200 MeV
=* density fluctuations during QCD phase transition nucleosynthesis/dark matter/large
scale structure.

-

Astrophysics
=> compressibility of matter neutron stars/supernovae.

-

Nuclear physics
=» equation of state of matter
=> collective phenomena (hydrodynamics)
=> in medium effects.

-

High-energy physics
=> symmetry breaking mechanisms
=> origin of (constituent) masses.

2.4

DIRAC (Dimension Relativistic Atomic Complexes)

Experiment PS212, approved 8 February 1996
Status: Preparation, beam T8
Beginning of measurements: 1998
Spokesman: L. Nemenov
Contactman: M. Ferro-Luzzi
The proposed experiment aims to measure the lifetime of n+n~ atoms in the ground state
with 10% precision, using the 24 GeV/c proton beam of the CERN Proton Synchrotron. As the
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predicted value of the above lifetime x = (3.7 ± 0.3) x 10~15 s is dictated by a strong interaction at
low energy, the precise measurement of this quantity enables one to determine a combination of Swave 7C7C scattering lengths to 5%. These scattering lengths have been calculated in the framework
of chiral perturbation theory and values predicted at the same level of accuracy have, up to now,
never been confronted with accurate experimental data.
Such a measurement would submit the understanding of chiral symmetry breaking of QCD
to a crucial test.
3.
JINR AND THE FNAL TEVATRON
- Over the next ten years the FNAL Tevatron will represent a unique source of new physics
information of primary significance for further development of the fundamentals of theory.
This is the first reason for the JINR scientific community's participation in the Tevatron
programme with RUN-2 starting in early 1999.
-

The second reason is a possibility for JINR scientists and engineers to accumulate — prior to
the start of LHC operation — practical knowledge in hadron TeV physics (detector design and
construction, beam test, physics analysis).

-

This is why the JINR Directorate and JINR physicists have had for the last few years quite
intense contacts with FNAL colleagues to formulate the common fields of interest in the
forthcoming Tevatron RUN-2 CDF, DO and MINOS research programmes. The general
leadership of JINR-FNAL cooperation belongs — in JINR — to A. Sissakian and
N. Russakovich.

-

Therefore a 'Tevatron-to-LHC philosophy is a quite natural strategy to use to proceed to XXIs'
century HEP.

3.1

CDF
The approved E-830 (CDF Upgrade) is planning to start RUN-2 with greater than
1032 cm~2s~' luminosity and bunch spacing as small as 132 ns (400 ns currently).
The Upgraded CDF physics possibilities are quite rich:
Top-quark physics
Electroweak physics
QCD measurements

B-physics
Exotic physics
Unexpected/Unknowns

Probably the shortest definition of the new luminosity level UPGRADED CDF programme
would be: 'from top search to top physics'.
-

The JINR contribution (J. Budagov as contact person) to the CDF Upgrade and research
programme is:
Intermediate silicon layer tracker including extension of current Dubna-Pisa radiation
resistance studies to silicon detectors.
New muon scintillator trigger counters in cooperation with Pisa and ANL.
Help to integrate new systems into full detector at FNAL.
The physics analysis of accumulated statistics (search for more top events) and preparation
for newly expected high-statistics data analysis.
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3.2 JINR participation in the upgrade project of the DO experiment
Institutes of USA - FNAL
Status:
FNAL-JINR Memorandum of Understanding was signed on 26 May 1995.
FNAL-JINR Agreement specifying budget and responsibilities of both parties was signed on
19 June 1996 (G. Alexeev — contact person).
JINR participation:
Upgrade of forward/backward muon system.
Design and mass production of Iarocci tubes: 6000 units (based on DELPHI experience:
25 000 tubes).
Design and mass production of front-end electronics: 48 000 channels (amplifier-discriminator).
Joint study of physics at 1.8 TeV.
Main results in 1995-1996:
The prototype detector was installed in the DO collision hall and tested.
The neutron and gamma detectors were installed in the DO collision hall and data of low-energy
Tevatron background were taken.
Technology for mass production of the detector's components has been developed for many of
them, preproduction has started.
Preproduction of front-end electronics has started.
Full-scale detector prototype is under construction in JINR.
Expected results in 1997:
Beam test of full-scale prototype.
Comparison of background measurements with Monte Carlo calculations.
Finalization of mass production technology.
Finalization of front-end electronics ASIC chips design.
Start of mass production.
Definition of physics tasks for Dubna team.
3.3

MINOS
The name of this experiment is an abbreviation of 'Main Injector Neutrino Oscillation
Search'.
The main goal of the MINOS experiment is a search for oscillations between different
neutrino species. The neutrino oscillation phenomena is certainly one of the most interesting and
intriguing ideas in high-energy physics. It is deeply connected with the question of neutrino mass.

Collaboration: many centres from the USA, UK, China, Russia and (since 1995) JINR
(G. Mitselmakher and A. Olshevsky — contact persons).
MINOS data-taking scheduled for 2001.
At present: R&D stage — choosing and optimizing detector technology.
Dubna is strongly involved in the Streamer Tubes and Scintillators R&D.
Future plans are to contribute to the construction of this large-scale neutrino detector which will
probe new physics.
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Figure 10: Search for neutrino oscillations. Shooting a v-beam from Fermilab to Minnesota
4.
RHIC (BNL, USA) AGREEMENT: BNL-JINR
STAR
The STAR detector for use with the collider of heavy ions and polarized protons (RHIC) is under
construction.
JINR is participating in the research of the spin structure of nucleons and nuclei —» checking
QCD.
JINR —> R&D + construction of end-cap electromagnetic calorimeter; research with
electromagnetic calorimeter.
Main results in 1995-1996:
Test work at Nuclotron-SPH.
Design of 30°-module of end-cap + model of this module.
Construction of compact light receiver for maximum shower detector.
5.

COOPERATION AGREEMENT BETWEEN DESY (GERMANY) AND JINR

HERMES
JINR is taking part in the research programme on spin structure of nucleons.
JINR has developed a new method of reconstruction of structure functions from raw data.
Main results in 1995-1996:
He3
F, (x, Q2) has been obtained (with statistics -100 000 events).
HERA-B
Wide B-physics programme.
JINR is taking part in the detector construction (I. Golutvin's group).
TESLA
A concept of a yy-collider on the linear collider was proposed for the yy-option for TESLA 50.
CONCLUDING REMARK
In my final remark I would like to mention once more that this short review presents only
some general information on the HEP experiments of JINR in efficient cooperation with Russian
research centres and with JINR member states' industry.
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