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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, the Standard Model, physics beyond the Standard
Model, Quantum Chromodynamics and CP violation, as well as reports on
the search for gravitational waves, stellar death and accounts of particle
physics at CERN and JINR. Two local subjects are also treated: Pompeii and
Mount Vesuvius.
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PREFACE
The 1994 European School of High-Energy was organized in Sorrento, Italy from 29 August to 11
September. The 1994 School was the second in the new series organized on a yearly basis in
collaboration between CERN and JINR, Dubna. It was attended by 112 students, 108 from CERN
and JINR Member States, and four from non-member states.
Our sincere thanks are due to the lecturers and discussion leaders for their active participation in the
School and for making the scientific programme so stimulating. Their personal contribution in
answering questions and explaining points of theoiy was undoubtedly appreciated by the students
who in turn manifested their good spirits during two intense weeks.
Italian physicists have always actively participated in the research programme at CERN, and several
Italian lecturers and discussion leaders bore witness to the high quality of Italian research.
The School was organized in conjunction with the National Institute of Nuclear Physics (INFN),
Italy. For the infrastructure we are indebted to the Local Organizing Committee with members from
the Department of Physics, University of Naples.
Substantial funds were made available by INFN and by the European Commission (INTAS). Local
sponsorship was provided by the University of Naples, Dipartimento di Scienze Fisiche, and by local
firms.
Our warmest thanks are extended to Prof. Paolo Strolin, who acted as Director of the School and
ensured the smooth running of the day-to-day organization, and to his efficient team of colleagues
and students from Naples assisting in all the practical tasks. Our special thanks go to Alberto Aloiso,
Salvatore Buontempo, Giuliana Fiorillo and Prof. Marco Napolitano for helping to solve all sorts of
daily problems, to Vittorio Palmieri for helping in the transport and to Imma Palumbo for the
problematic task of photocopying, and last, but not least to Tatyana Donskova and Susannah Tracy
for their untiring efforts in the lengthy preparations for and the day-to-day care of the School. The
media coverage for the School, including both national and local newspapers was very good due to
the initiatives of Paolo Strolin.
We are grateful to Professor P. Gasparini who gave a special and most interesting lecture on "Vesuvius
and its history"; and who acted as a guide together with Prof. R. Scandone on a visit to the Vesuvius
Observatory and an excursion to the crater. Similarly, our thanks go to Prof. A. de Simone for his
introduction and very exciting guided excursion to the archaeological sites of Ercolano.
A special word of thanks goes to the staff of the Cocumella Hotel for their warm hospitality and
efficiency, and in particular to the owners represented by Gaia del Papa and the Manager, Giovanna
Pontecorvo. Thanks also to the restaurant Manager, Ricardo Parisi, for providing excellent food and
service in the pleasant atmosphere of the hotel and its beautiful surrounding gardens. A boat trip,
including a visit to the island of Capri and to Positano, was greatly appreciated.
A closing banquet in the elegant dining hall, to the accompaniment of singing and music, provided a
fitting end to a full and interesting fortnight.

Egil Lillestol
on behalf of the Organizing Committee
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Torna a Surriento

Come back to Sorrento

Vide 'o mare quant' e bello,
Spira tantu sentimento,
Comme tu a chi tiene mente,
Ca scetato 'o faie sunna.
Guarda, gua', chistu ciardino;
Siente, sie', sti sciure arance:
Nu prufumo accussi fino
Dinto 'o core se ne va...

Look how beautiful is the sea
It inspires such grand feelings
As you set off musing
He who thinks of you.
Look, look at those gardens,
Smell, smell these gorgeous oranges
Whose fragrance so subtle invades
[the heart...

E tu dice: "I' parto, addio!"
T'alluntane da stu core...
Da sta terra de l'ammore...
Tiene 'o core 'e nun turna?
Ma num me lassa,
Num darme stu turmiento!
Torna a Surriento,
Famme campa!

And you say "I leave, farewell",
You walk away from this heart...
From this wondrous land of love...
You have a heart and won't return?
But do not leave me,
Do not torment me so!
Come back to Sorrento,
Call me to life!

Vide 'o mare de Surriento
Che tesoro tene nfunno;
Chi ha girato tutto 'o munno
Nun 1'ha visto comm'a cca.
Guarda attuorno sti Sserene,
Ca te guardano ncantate
E te vonno tantu bene...
Te vulessero vasa.

Look at the Sorrento sea,
What treasure is hidden below;
If you travel the world around
You won't ever see one like this.
Look at all these mermaids
Who look at you, bewitched
And love you so much...
They are yearning to kiss you.

E tu dice: ' T parto, addio!"... (ecc.)

And you say "I leave, farewell"... (etc.)

Versi e musica si G.B. de Curtis

After G.B. de Curtis
Joint effort o/G. Martinelli and M.S. Vascotto
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FIELD THEORY

A. Cohen
CERN, Geneva, Switzerland and Boston University, USA

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 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 question we may ask 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 » 100 MeV. In contrast to the Hydrogen experiment, lots of stuff comes
out (pions, e+e~ pairs, etc.) In particular the Mass of stuff > Mass of Proton! We do not
say "Proton is a bound state of stuff". (Note that of course Energy is still conserved.)

'Stuff1

Of course this isn't really a huge surprise—its just relativity: E = me2 =¥ 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, 7t°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 \i. We will frequently encounter the combination
y ic2 + u2 which we will notate as cu^.
We will adopt a basis for the Hilbert space of this system composed of the following
states:
|0)

the 'no particle' state

|k)

the 'single particle' states

|k], k2)

the 'two particle' states

|ki... kjsi) the 'N particle' states

The norm of this Hilbert space will be
') = (27r)353(k-k')2cuk
',,^) = (27t)62a)k,2cuk2 {s3(k, -k',)5 3 (k 2 -k 2 ) + 53(k, -k 2 )5 3 (k 2 - k ' , ) }
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 may be:
Momentum P l k , . . . ^ ) = L ^ k\|k,.. .kN> \
Energy A|k,...k N ) = L ^ , c o ^ ...kN> J

N Freeparticles
v

Note that ft ^ yr* + \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 would be a linear combination:
+

5

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/(27r)32a>k
is the number of particles in the (relativstically 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(l<):

How can we express this operator? In the quantum mechanics of the SHO we have
encountered an operator which 'counts' things, the operator fitfi (where Qf and 6 are
raising and lowering operators, respectively). Since we want a separate count for each
different 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 8:£ and 6k are 'creation' and 'annihilation' operators, respectively (ft(k) =
, ft*,] = (2n) 3 5 3 (k- k')2cuka|c
= 0 -» ftiJO) = 0 Vk ftk annihilates the vacuum
SJJO) = |k)
Sk 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 ft, 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 relativisric 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:

where RT 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 of spacelike separation must commute; but in order for this to be true we
must attatch 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 on all operators which correspond
to observables. We must replace localization of particles, which was adequate for nonrelativistic quantum mechanics, with Localization of Measurements. This is why we
speak of "quantum field theory".
We can now make an observable out of fi£ and fik =$• $(x). We will impose the following restrictions:
1. Hermiticity: $f(x) = $(x).
2. Poincare Covariance: eiP*-a» $(x)e~ip>l-Q'1 = $(x + a).
3. Commutation at spacelike separation: [$(x), $0y)] = 0

(x — u) 2 < 0.

4. Linearity: cb is a linear function of fi£ and 6^.
These conditions allow us to write (with a conventional choice of phase)
$(x) =
(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), d^fyd^fy, 4>4, etc.
Note that we can verify by explicit computation that $ statisfies a differential equation
u 2 )$(x)=0

with

0 =

(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 (from now on we will drop the
hats which signify operators—context should always make clear what is intended):
[<Mx, t), 4>(3, t)] = -i5 3 (x -y)

(if cj> = ye -»CCR)

(2)

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

(3)

cj) 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 can be obtained in a different way: from Canonical Quantization of a classical Klein-Gordon 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

L = I"
and the action as an integral over time of the Lagrangian
S= fdtL=

\d\C

The equations of motion are obtained by stationarizing the action with respect to variations of the field cj) which vanish at the endpoints of the time interval:

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 m o m e n t u m is

a n d the Euler-Lagrange equations give
locp
z = -M-24>,

75o^ r.(p
x = 9^
M

=*

3 ^ * + H2* = 0

(Klein-Gordon)

W h e n w e quantize this theory the (real) field $ becomes a (Hermitian) operator, satisfying the canonical commutation relations
CCR

[7i(x,t),<|>($,t)] = - i 5 3 ( x - - y )

These are the same results w e arrived at earlier, b y following our logic chain in the opposite direction.
So our problem becomes one of constructing Lagrangians from fields which will
eventually b e related to local observables. We need to know how to do this more generally. The things w e usually observe are local densities of various sorts:
energy deposited
momentum
charge
etc.
H o w do w e obtain these objects from our basic observables?
The answer is d u e to a remarkable theorem which allows us to connect Symmetries
w i t h Conservables, called Nother's Theorem. To derive this relationship, consider a
transformation of the field (&{x) —> cj>(x; A) parameterized b y the continuous variable A
with A = 0 corresponding t o ' n o transformation' cj>(x;A = 0) = 4>M (An example might
be space translation by a distance A along thex-axis (J)(x) —) c^x-l-Ax")). Most of the time
w e will only need the infinitesimal form of such a transformation, and so w e will define
the 'derivative' of the transformation
. _ 84>(x;A)
We can n o w say precisely w h a t w e mean b y a (continuous) symmetry: it is a transformation which leaves the equations of motion unchanged. Since the equations of m o tion are obtained by stationarizing an action, this condition tells us that u n d e r a symmetry transformation S -> S + const =£ £ -> C + d^ for some P 1 .
We are n o w in a position to derive Nother's theorem; its basically just some straightforward algebra. First w e 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"
ct
By integrating this equation over a spatial volume V bounded by a surface I we get
(letting Q v = J v d^J0)

(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) -»<$>{x+'\G) with
t = {t,^,^,£}.
The"n~
+evav<})

D£ = +evd^£ => P =

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

T^v is called the energy-momentum tensor. If we choose -v = 0 (time translations) and
consider the Klein-Gordon Lagrangian L = j(3^4>)2 — \ii2<&z we get a current

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

lci) +

Example 2: Two scalar fields 4M , <j>2 with a common mass jx.
£ =
It is convenient to combine these two real fields into a single complex field

with which we can write the Lagrangian
L = 9^*
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:

or combining these two into the field 4>

*

dPk
r)32a>]ell""tw
J (2TC)

where we have defined
0 k = (a k + ib k )/>/2

YH == (a k - i b k ) / \ / 2 .

It is easy to check that the as 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 cj), cf> —» e~u4>. The
derivative of this transformation is
= -icj)

Dcj>* = +i**

and
D £ = 0 =^> F^ = 0
The corresponding current is

and the total conserved charge, which is just the integral over all space of the time component of J^ is

= JcticJ0

This is just the number of (3 type mesons minus the number of y type mesons, so we
identify
Sk creates mesons with Q = +l

"1 _,.

, _. _

t
-u-i *.
• i.u /->
i r Charged Meson
y^ annihilates mesons with Q = — 1 J
°

Note that the Lagrangian we started with had two degrees of freedom (corresponding to the fields 4>i and §z), 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 'antipartides'. 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 cf>t.

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 4> 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. Particles with
different spin meant that the states for such a particles behaved in different ways under
rotations; that is, they formed different representations of the algebra formed by the
angular momentum generators (called SU(2)):

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

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 dv! in the x-direction, followed by a boost with velocity dv2 in
the y-direction, and subtract the boosts in the opposite order:
followed
by idv2

&>2 followed

by idv>!

t - -) t ' = t - X &>i

->t"=t'-y' dV2

x --> x ' = x — t &>i
y - ->y' = y
z - -> z' = z

=x - t d
-^ y" = y' - t' d>2 =y -td\ ;2+xd»i dv2
- ) z" = z'
=z
=t — xdv'i — y d>2
-^ t' = t' — x' (by
-> x" = x' - 1 '
=x - t d 'i -1- y d>i dv2
->y"=y'
=y -td\
- ) z" = z'
=z

t-

•^ t ' = t — y &>2

X -->

x' = x

y - -> y ' = y — t d^2

=t — xdv'i — y d>2

-> x" = x'

z --)Z'=Z
The 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
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directions):

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 ' " ^ + r^.
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 the opposite sign, so they 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 l \
1 0

/ 0 -i \

/ 1 0

So for (1/2,0) we have

and (0,11T) 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 J behaves like a vector, but
K behaves like a pseudo-vector: J —> J, 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 two-component
column of fields, ^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 tpj^R (remember that IJJR 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 -fidvK2 = 1 - d v y .
Then ipj^R will transform like
^R

= I ^ R M J R - dvi|>RM>R

By comparing with the transformation law of the space-time four vector
t->t' = (t-dvz)
z-»z' = (z-dvt)
this suggests that we identify the four vector as
5 i|)R) = 4&»hi)R
where we have defined the four-vector of matrices o^ = (1, cf).
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^:

(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 ipR (and ipR; really we want to vary with respect to the real and
imaginary parts of IJ>R, but this is equivalent to stationarizing with respect to aJ>R and ij^
independently):

= 0
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This is called the Weyl Equation. We can find plane wave solutions to this equation
by assuming a solution of the form IJ>R(X) = u Rk e~iyx where uRk is a two component
column vector. Substituting this form into the Weyl equation gives
(k°-cf-k)u Rk = 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? = cu(l, 0,0,1). Then the Weyl equation becomes
(1 - arz) u Rk = 0 => uR1< = I

0

The fact that we find only one solution for this k^1 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 J 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 IJ>R annihilates the particle described above. Since I|JR
is a complex field, it also has a creation part for an antipartide (just as our complex scalar
field did). This antipartide has the opposite helidty 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

X

/
\

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 u~ can change the u~ from right handed to left, and vice versa.
The amplitude for such a flip is proportional to the mass, so we would naively expect
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the rate, which is proportional to the amplitude squared, to be proportional to the mass
squared: F(7t~ —* u~ + "v^) oc m 2 . In particular we can look at the ratio of the decay
involving the muon to that involving the electron:

m^

(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,
IPR^L + h.c v and so we can write a Lagrangian
£ = ^ iS^3^R + t|>[ i o - ^ ^ L - mapiipL + h.c.
where we have introduced the 'gamma matrices'
0)

y

y

\0

-5

and \P = M/t-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
( i Y ^ - m]m s (i ? - m)¥ = 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 Y = Uice~ik'x then the Dirac equation becomes

Note that by acting with the matrix yfc + m o n this equation we get
( £ + m) (yfc - m)Uk = (k2 - m2)Uk = 0.
This will have non-trivial solutions only for four vectors k11 that satisfy k2 = m2. We
first look at the the positive frequency solutions, k° > 0, and we will work in the rest
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frame where kR = (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
(y° - 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 I|;R and i\>\_ 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^'U^' = 6rs2m:

/o\

\

1
0

0
0

These particular combinations have been chosen to be eigenstates of J3, which in this
basis is the matrix
a3 0
0 a3

For the negative frequency solutions, we will assume a form for the spinor W =
Vk e + i k x ; since we have explicitly changed the sign in the exponential, the vector k^1
is the same as before W1 = (m, 0). The Dirac equation in this case is

with solutions

/ON
yd)
6

0
0

o

2m

i

>/2m

So far we have constructed massless Weyl spinors, which have a single helicity for a
partide and the opposite helidty for the antipartide, and massive Dirac spinors which
have both helidties 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
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terms which have one IJJR and one \|JR/ which led only to a four vector. Since TJJR transforms according to the (1/2,0) representation, we should be able to take a product of
two \J)RS, which, by the rules of addition of angular momenta, will contain a Lorentz
scalar component.
In fact a term m i|>£ O ^ R + h.c. works. We can check that this is a rotational scalar,
by performing an infinitesimal rotation
icr • £

-r crT • £
T cf* • §
5i|>£ = a|>£ i — j - 9 = i|>5 x — ^ - 9
T

0^

and putting these pieces together S ^ C ^ I P 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 \pR —>
e ' ^ R , but this symmetry is broken by this kind of mass. The resulting particle has spin
1 /2 (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. M ^ 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 ^ " ^ L - 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 M/L —* e ^ ^ 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: AlthoughthistermcanbemadeinvariantunderelectroweakSU(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.

2.2 Quantization of the Dirac field
We can combine our plane wave solutions to construct the most general solution to the
Dirac equation:

—V [

~JL J

LU
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+ V

b

J

When we impose commutation relations we expect that the a^ will become annihilation operators (they annihilate particles with spin label i) and the b w £ 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:
H=

it

(27r

If we were to impose canonical commutation relations we could commute the b t
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:
{bJJ1, bgjt} = 5« (2TT)3 53(k - k')2cvk.
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 spin-statistics

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
£=

( E - B ) = p

H

where FH-v, the electromagnetic field strength is

In terms of the electric and magnetic fields we can write this as
E= B ^ - a ^ o
l

B=

e^Aic

=A-VAo

= (V x A)1

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 AR) 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,
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if we choose, eliminate this degree of freedom in terms of the other true canonical variables. Secondly, this Lagrangian posseses a well known Gauge Invariance: the transformation Ay. —» A^ + a^A 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, Ao, 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 Aj 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 A^. Although we could work just with Aii2, 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 S^A^ = 0. In this gauge the equations of motion become simply
DA^(x) = 0.
We can write the general solution to this as

The polarization vectors e w must satisfy (in this gauge) k • e w (k) = 0. We can choose
their normalization as we like, and the usual convention is e(i) • e(> > = - 5l>. 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.) canbe measured without worrying about
interactions.
The key to this picture is the separation in time and space:

Before

< mm

*

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 (to all orders, in principle) to understand the effects
of the interaction H'. This approach appears to preclude a discussion of two important
topics:
1. Strong interactions, (non-perturbalive 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,
io, and that of the free Hamiltonian, Jjo- We will implement this correspondence twice
(in 2 different ways). First, we let
N>> € So

W>)in € ft

such that
lim |ajj)in -* M).
t—>-oo

These 'in' states form a basis for the full Hilbert space, ft. 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 ft0.
We can also make the correspondence
Ix) e

ft0

lx)out € ft

such that
lim |x)out = Ix)
t—»+oo

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 ft) which looks like Wj {e.g. e~ + p) in the far past, during the preparation
phase of our experiment, overlaps with a state which looks like Ix) {e-g- n + -ve) in the
far future, during the examination phase. This matrix element is Out(xl^)m (a matrix
element in the full Hilbert space ft).
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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:
ddt) = eiHot Os e-iH°*
W»(t))i = eiHotKMt))s = eiHot e~iHt |^(0))
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
N>(t))s + e ^ (-1H) N>(t)>s
= -ie i H o t H' M>(t))s
= -ie i H o t H'e" iHot eiHot W> (t)) s
Let Ui(t, t') be the unitary operator which implements time translation from t' to t in
this picture:
Then
— UKt.t') = - i Hi(t) U t (t,t')

(withUi(t.t) = 1)

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

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:

Urft.t') = Texp{-i f dt"Hi(t")}
= 1 - i f dt"Hi(t") - I f dti f dt 2 TflHHt, )Hi(t2)}
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,
N>(t))s =

is then

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)W»(0))in = e - ^ M O ) )
t—>—oo

since N>(0)> € So

V

lim U(t,0)| X (0)) out =
t*4oo

so

The matrix elements that we are interested in, which involve the complicated states
|ip)iTl and lx)out/ are equal to matrix elements of a particular operator with the simpler
states |xp> and Ix)! 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 way 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{i[d4x£'}.
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 |X|J) 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 I|J and <$>, and will impose
a symmetry transformation IJJ —» e~^\J; cj) —> 4>.
An interaction term in the Lagrangian which preserves this symmetry is
£ =

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 c})\|; 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 = 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
(f|S-l|i)=iAi(27t) 4 5 4 (P f -P0.
The field cf) creates and annihilates 4> mesons, so in order for this matrix element to
be non-zero S — 1 must contain at least two <p fields, one to annihilate the incoming <j) (k)
and one to create the outgoing cj) (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 <§>{x\) and the creation of the outgoing meson from the field 4> (x2), or the other way around. For example,
the first of these two cases will give rise to the term

= J (27tfs2Lkl ( i ^
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This must be multiplied by the matrix element of the ip 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
' <0|T{i|)t(x,Mx2)}|0).
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 (OlT^^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
2n)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

U = (-ig) :

p-k'

(p + k) 2 - m2 + ie

(p - k')2 - m2 + ie

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

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 what appears in the matrix element, and what appears
in the density of states. The choices we have made here have the significant advantage
that both An and D are Lorentz invariant, so they maybe 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 V =
1
/(2E) Y. I«4I2D In the rest frame of the decaying particle this is 1 /(2m) Y. \AZ 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 (I^4|2/4E1E2) 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 |v"i — v2|/V) to give the differential cross section
1
d c r = 4EiE'-I
- . D .
2|v, - v 2 |
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In the center of mass frame Pi = —P2 =4> vi = vi/mr, V2 = — P1/TR2 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

For two body final states, we can find D2 in the particle data book:

D2 =

ffl

2

16V(PP)

dQ

where d£2 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:
da_
dQ

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
C\ = J^Ane where e is the electromagnetic coupling constant and JR 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:

with Lagrangian

Using our procedure we can construct the current:
= - W -> D£ = 0

and so our Lagrangian will be
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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' D^ = 3^ — ieAp..
Then we can write our Lagrangian as

\

i p - mya

In this form its easy to see that the following change of variables does not change the
form of the Lagrangian:
yy _> e i e A W M/

A^ -» A^ + d^A

for any function A(x). The covariant derivative has the nice property that under this
transformation D ^ —> e ^ ^ ' 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:

VWWV

=

P—*•

ji-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 (T) for electron "I m r
, .
wMr
•._
r e£'for photon
V(r) for positron J ^
^
Example 1: e+e~ —> \i+\T at large center of mass energy squared, (k + k')2.
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•(*)

e+(k>)
Using the Feynman rules we can compute the amplitude for this process
iA = (-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:

\ Y. I-42 = \ I I 7 u | W V(WU(k)U(k)yV(k') x (u ^ y pnk),
spins

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 trace is
TT k V KV* = 4(k'Hkv + 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, |p\| =i |pf |):
do-

-2e4 1 ( 1 + cos 2 9)
s
2
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where we have expressed t and u in terms of the center of mass scattering angle 0. The
total cross section is obtained by integrating over solid angle:

-J-

a= I^Kda = - — .
du.
3 s
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):

The (1 — Ys)/2 projects onto the left handed component of the neutrino.

k

VVW\A<C

f

where e[^(q) is the polarization vector of the decaying Z. Squaring we get

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 Utkjy^Vtk') is conserved (or equivalently that the
neutrino spinors satisfy the massless equation )&l(k) = 0 =/fc'V(k/))/ the terms of the
form U(k) ^V(k') vanish, and

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

30

=

-16k-k 1

=

-8M|

So finally we obtain the simple result
1

6cos 2 e w

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

i H 2 _ L | y l | 2

or
1

T(2 -»-vv) = —
v

Using the definition

GF/V2

;

Q2

^-— M z .

967t cos 2 9 W

= g 2 /(8 cos2 9w 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 pointlike 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

where the function f (y) vanishes for space-time distances larger than some very small
amount, say ~ 10~10 fm, and has total integral one J d4y f (y) = 1.
Clearly we expect that by making measurements on distances much larger than 10~1 °
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 £? (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 u~ —> 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 W propagator. The amplitude is (q = p — k):
-ie

1 i~i

/

i\

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

•w

Since kinematic constraints of this decay force q2 < M.2^ we may replace the denominator by — Myy. Using the previous relation between g, M.W/ and Gp this is
-Ys)Ve(k')
Note that this amplitude is exactly what we would have obtained if we had started
with an interaction Lagrangian C\:

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

'

' +,£+••..

In position space, this is a short distance expansion of the function
f d4q

e- iqx
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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 1 / (q2—
M2V). 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:
<-S>

GF r,T,

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 jus.t expanding a geometric series, 1/(1 — q2/M.^) whose radius of convergence is
|q 2 /M 2 v | = 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,, > Mw 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^.
For example we can return to e+e~ —> u.+u~ 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):
xA = V(k')y a

— 2sin 2 9w U(k)U(P)ya 1 - 7 5 - 2 s i n 2 0 w V(p')

s - M | I 2cos0w
or, making a similar expansion of the propagator 1 /(s — M|) « — 1 / M | for s < M|:
A = (spinors) x 2 - p I 1 + -r-jj +
v2V M
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Just as in the u 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 |J.+|J.~ 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 Lagrangianby 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 =
The Lagrangian will be a sum of operators times coefficients: £ = Y_{ c ^ t where the
sum of the dimensions of Ct and OK must therefore be 4.
From the kinetic terms we can obtain the dimension of the fields:
Boson
Fermion

[dp] = 1
(check: [(9^4>)2] =4)
[\fl = 3/2 (check: [?i £¥] = 4)

We can check this to see whether or not we obtain the correct answer for something
we already know, the electric coupling: [J*1 = M/y14^ = 3, and since the operator in the
Lagrangian is A ^ with dimension 4,
[e] = 0;

the electromagnetic coupling constant is dimensionless, as it should be.
In fact w e can classify any operator <3 according to its dimension, [0). To appear
in the Lagrangian, each operator must b e multiplied b y a coupling constant whose d i mension is 4 — [d]; dimensional analysis will then help determine h o w this coupling
can appear i n physical quantities. For example, if the coupling has a negative dimension, it will b e inversely proportional to some scale, a n d will then b e suppressed at energies m u c h smaller than this scale. Similarly a coupling of positive mass dimension
gives rise to effects which become large at energies m u c h smaller than the scale of this
coupling. To summarize:
0] > 4
[@] < 4
[d] = 4

couplings ~ inverse powers of mass (irrelevant)
couplings ~ positive powers of mass (relevant)
couplings ~ dimensionless (marginal)

For example:
cj)2; {ji\l> —> relevant [e.g. m )
(ijnj;)2 —> irrelevant [e.g. Gp)
{p
—> marginal [e.g. e)
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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 I/A2, 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/A2). The total center of mass energy
squared is s = E2, so we would guess that the total cross section is

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
$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 [&AB1 = 6 SO the coefficient in the Lagrangian must be 1 /M2.. By a siimilar argument to the one in the previous
problem we can compute the total decay width—it will be proportional to two powers
of the coefficient of this operator, with the remaining dimensions made up with powers
of the characteristic energy, the proton mass trip:
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By experiments which search for this decay we know that the lifetime of the proton in
this mode is greater than 1031 years, so

ryears
=HM x >10 16 GeV
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 does 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 5H will be

n

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 5A 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 u~ 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.

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
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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:
d4k

(2n)4 [kz-m2e + ie][(k+q)2-ml

\

\

+ ie] I <? J

(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 —ig^v/q 2 (since we pulled off the electrons we are left just with the internal photon
line). So tile sum of these two terms can be written

where we have called the diagram without the photon propagators n a(5 . Since q is the
only vector in the problem (once we perform the integral over k), the most general form
for the tensor TT is
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By current conservation, the qa 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 » m2,
so we may ignore trie. Then by dimensional analysis the answer must be proportional
to the only remaining dimensionful 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|J part. The result is
3

J (271)4 k 4 -

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 highl 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.)
The result is that the apparently logarithmically divergent integral will now be finite, yielding
rC

a
^
= — iI n —-r
37T
A2

plus other terms which vanish as q2/A2 —i 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:
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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 m 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 m (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{\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[\i\)), we can now ask what the prediction for the scattering at some
other center of mass energy, n2, 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:
A[qz =

M|)

= (

l

v

^

(

^

(UY'U)(UTU)4(l+f
37T

ln

4

A2

4

Once we have re-expressed this scattering amplitude in terms of the corresponding amplitude measured at our reference scale \i] dependence on A has disappeared!
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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 ui 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 u2. The effect
of short distances no longer appears, since it is buried in the numerical value of e(u-i)
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 ex = e2/(4n)):
2a2(u)
or, integrating this simple differential equation
l-(2oc(uo)/37T)ln£
We typically use the measurement of e in a very low energy experiment, where the
energy is around m e , as the definition of the electromagnetic coupling; the result is well
known: 1/a(me) ~ 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 ~ M z , are characterized by a coupling that is different from this
low energy one:

me
^ 1.019 a(meei) ~ 134
But we forgot all the other charged particles! If we include them we find
cc(Mz) =*
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.

41

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 dimenionless 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 energyparameter 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 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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1.

THE BASIC STRUCTURE OF THE THEORY

1.1

Preliminaries
After having recalled that the first laboratory manifestations of the weak
interactions go back to the end of the last century, with the works of Becquerel, Lord
Rutherford and the Curies on radioactivity, these preliminary considerations about
the theory of the weak interactions start with the work of Fermi, who introduced his
celebrated theory of /3 decay in 1934. This was three years after the invention by
Pauli of the neutrino to explain the apparent non conservation of energy in /3
transitions.
Today we write the Fermi interaction which accounts for the decay of the
neutron as

where G is a constant with dimension of inverse mass squared, &Q is the Cabibbo
angle and a is the ratio of the axial to vector couplings of the nucleon. This
interaction allows to calculate the neutron decay width as

r ^ A

2

(!+ 3a2)0.47

(1.2)

where A = l.29MeV is the neutron-proton mass difference and the last numerical
factor in the right-hand-side would be 1 for a massless electron. Using the
experimental values [1]
Tn = ~ = (887.0±2.0)a; a = -1.2573±0.0028

(1.3)

and, for the Cabibbo angle (to be defined more precisely later on), cos -&c « 0.97, we
obtain G~'2 = 250GeV, setting in this way the typical scale for the weak interaction
phenomena.
We now know that the interaction in Eq. (1.1) is mediated by the exchange of a
W boson. Indeed the exchange of a W boson, at negligible momenta with respect to
its mass My?, gives rise to a 4-fermion interaction of the form in Eq. (1.1), if WG
assume an interaction of the W itself
(1.4)
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R2

we identify

?

G

with -j=, and we neglect, for the time being, the Cabibbo angle. As

a matter of fact, in this way one does not only obtain the interaction in Eq. (1), but the
full current-current interaction, which contains also purely hadronic as well as
purely leptonic interactions. A major role in postulating the current-current form of
the weak interaction Lagrangian was played by Feynman and Gell-Mann in 1957-58.
Furthermore, by requiring that the dimensionless coupling g does not exceed, say, 1,
one gets an upper bound on the W mass of about 110 GeV.
1.2

Towards a Gauge theory
Once we know that the interaction in Eq. (1.4) has to be incorporated into a
gauge theory [2], the step that it takes to do so is not too long.
We recall that a gauge field theory is minimally defined by the gauge group
G and by the transformation properties under G of the matter multiplets, which
can either have spin j ^ or 0. For any generator of the gauge group Ta, there is an
associated vector boson V^. Furthermore, the transformation properties of the
matter multiplets under G define how the generators are represented, by the
matrices ta, when acting on them. Denoting by ¥ a column vector containing all the
spin j ^ matter fields, all taken with the same chirality, their interaction with the
vector bosons is
(1.5)
Coming back to the special case of the weak interactions, two generators will
have to be associated with the two charged W bosons: W± => J*. Our purpose is to
find a minimum set of generators that form a closed algebra. To this end, we try to
assume that no other fermion is involved in the weak interactions other than the ones
entering into the interaction Lagrangian (1.4). It is useful to rewrite the current in Eq.
(1.4) in the form
-LL/

(1.6)

where <T; are the usual Pauli matrices, a~ = —j={a\±iC2) , and we have organised
the left handed fermion fields in doublets
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By comparison of Eq. (1.5) with Eq. (1.6) we see that the generators T* are
represented by — . We are now in the position to calculate the commutator of T*
and T~ which gives

[7*7-] =

C7+

<T

='y^

(1.8)

2 2
We have obtained in this way a closed algebra of generators, the one of SU(2), which
includes other than the charged generators T* , also a diagonal generator, which is
therefore neutral . We do know in fact already another diagonal generator, the
electric charge Q itself, represented on the doublets Ni and L^ as Q = T$ + — and
Q = T3 — respectively. Q therefore does not commute with 7* , as T3 does not, but
it can rather be written as a linear combination of T3 itself and another neutral
generator, the hypercharge Y , Q=T-$ + Y', which commutes with all the 7}. On both
doublets, y is in fact proportional to the unit matrix, being YNL=—Ni and
YLL = — Li . The generators {7f,y} form the closed algebra that we are looking for.
The most important result is that, in this process, we have been led to the embedding
of electromagnetism into the overall scheme and, even more importantly, to the
unavoidable introduction of one more neutral current generator, Y.
To be precise, electromagnetism is fully included only once we tell how the
various generators also act on the right handed fermions. Phenomenologically, the
charged current in Eq. (1.4) does not involve the right-handed fermions, for which
we therefore require that they be annihilated by T~ and so also by r 3 .
Furthermore, since we wish to maintain Q= T$ + Y, the following hypercharges have
to be assigned to the various right handed fields:
nR = 0 , YeR = -eR , ^

= 0.

(1.9)

The picture is completed if we now replace the nucleons with the quarks,
which is the correct description of hadrons at a more fundamental level. The left
handed doublet NL is replaced by the left handed quark doublet
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of hypercharge YQL=-QL , and the right handed nucleons by the right handed
6
quarks, uR and dR , of hypercharge ^ and — l^ respectively.
The Gauge Lagrangian 68^
We have fully specified in this way the gauge Lagrangian of the unified weak
and electromagnetic interactions. We are in fact in the position to write it down
explicitly, which we are going to do in a compact but useful form.
The gauge group G is SU(2)XU(1), with the SU(2) factor generated by the 7}
and the phase factor U(l) by the hypercharge Y. The crossed product in SU(2)XU(1)
is there to recall that 7} and Y commute among each other. Let us call W^ and B^
the corresponding gauge bosons. Let us also organise the chiral fermions as a column
vector mT = {Q[,UC,dc,lIL,ec\ , with T standing for transposed and uc,dc,ec for the
1.3

charge-conjugated of the right handed fields. In this way, all the fermions in ^are
taken to be left handed, since the charge conjugation operation anticommutes with
7 5 . One should, however, be careful in not confusing uc,dc,ec with the left handed
uL,di,ei- The latter have charged current weak interactions whereas the former do
not, as we have seen. Notice also that we have not introduced, among the
components of ¥ , the right-handed neutrino, since it has both zero weak isospin and
zero hypercharge. If we had introduced it, it would have had no gauge interactions
but only a kinetic term.
The full minimal gauge Lagrangian for the SU(2)XU(1) gauge group can be
written as
(1.11)

where W^ = WjX , WjUV = <?/lWv-^vW;z -/gfw^Wv] , B^^d^By-d^

and

H H
j 1 - ig'YBp. As mentioned before, tl are the matrices representing the
SU(2) generators Tl on the fermion matter multiplet ¥ . The high reducibility under
the gauge group G of *F makes the tl block diagonal. Notice that the factorized
nature of the gauge group allows the introduction of two independent coupling
constants, g and g', one for each factor of the gauge group itself.
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The following is a customary and self-explanatory notation to indicate the
transformation properties of the matter fermions under SU(2)XU(1):

One may have to recall that charge-conjugation changes the sign of all charges or,
more generally, it sends a generator ta acting on a representation R into -ta* when
acting on the charge-conjugated representation.
1.4

Problems: Anomalies, Charge Quantization,...
Before going further in the description of the theory, we want to pause for a
while and comment on some aspects of it which are of great importance per se and
may also very well indicate that what we have described so far is only a fragment of
a more complete theory.
Up to now we have only been talking of a classical Lagrangian. It is clear
however that we are interested in turning it into a quantum theory. The point now is
that quantum field theories are in general plagued by "anomalies" [3], which may
occur since the quantum field theory itself can be defined only as the limit of a theory
with an ultraviolet cut-off, usually called A. If the regularised theory violates some
symmetry present at the classical level, the symmetry itself may not be recovered
when the cut-off is removed and even be completely lost in the full quantum theory.
In turn, this would simply not be tolerable for the gauge symmetry itself, since it
would undermine the very consistency of the theory. For a general gauge theory, on
the other hand, it turns out that there is a simple criterion to assess the presence of an
anomaly. In terms of the matrices ta representing the generators of the gauge group
as acting on the matter fermions, all taken to be left handed as we did in the previous
section for the weak interaction gauge group, the anomaly is completely controlled
by the three-index symmetric tensor
(1.12)
with the trace going over all fermions. The absence of anomalies requires the
vanishing of the tensor Dabc.
This consistaiuy criterion has to be met, as a particular case, also by the
Lagrangian of the eieeiroweak interactions that we have described in the previous
section. In principle, taking into account that there are 4 generators and the
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symmetry under permutations of the indices, one would have to compute 10
quantities. In practice it is simple to verify that, for a generic SU(2)XU(1) theory with
fermions occurring only in left-handed doublets or singlets, all anomalies are absent
if and only if the sum of the electric charges of the doublet fermions, D= Tr^^Q),
vanishes. Remarkably enough, as first noticed by Bouchiat, Iliopoulos and Meyer [4],
one has, for the lepton and quark doublets respectively

Dlept=-l and V « * = 3(}-£) = +l

(L13)

with the factor of 3 in the quark term coming from colour. The cancellation of the
overall anomaly is the only existing bridge, in the Standard Model (SM), between
quarks and leptons.
Another problem which may or may not be related to the anomaly
cancellation just discussed is that of charge quantization. We refer to the
phenomenological observation that the charge of the electron and the charge of the
proton coincide with a relative precision, from tests at cosmological scales, at a
relative level of about 10 [1]. This is in sharp contrast with the fact that, in the
Lagrangian of the previous section, the electric charges of the various fermions are
fixed by hand. Let us recall that Q = T-$ + Y, namely the sum of a quantized (T3) and
a non-quantized generator (Y). T$ is quantized since it belongs to a non-abelian
algebra of generators, whereas the abelian charge Y is not. As one can explicitly
check, the factorized U(l) invariance of the Lagrangian (1.11) would not be disturbed
if we had taken even relatively irrational hypercharges of the various representations
for the fermions.
There may be a connection between the anomaly cancellation condition and
the charge quantization condition that we have discussed. It is a fact that both
conditions are naturally and automatically fulfilled by embedding the theory that we
have outlined into a proper Grand Unified Theory [5] as, e.g., the one based on the
SO(10) gauge group [6].
1.5

Global ("accidental") symmetries of

The Lagrangian D&' written down in section 1.3 is far from being realistic.
One thing for sure is that it has too many unwanted symmetries. These symmetries,
other than the gauge symmetry itself, arise automatically in the minimal gauge
Lagrangian. For this reason they have been generally called by Weinberg
"accidental". This is an important point which deserves an explanation.
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No other term could have been written in D8' which is both gauge invariant
and renormalizable. Technically, once gauge invariance is ensured, a term in a
Lagrangian is renormalizable if it does have dimension in mass less than or equal to
four. Other gauge invariant terms could have been added to the Lagrangian (1.11)
but they would have necessarily been of dimension higher than four, namely nonrenormalizable, and, as such, scaled by inverse powers of a characteristic mass, to be
called M. The important point is that, although the Lagrangian of the electroweak
interactions need not be renormalizable, all effects induced by the nonrenormalizable operators would be suppressed, at energies E lower than M, by
powers of —. This would in particular also apply to the possible breaking
phenomena of an "accidental" symmetry, since, by definition, an "accidental"
symmetry is respected by all possible renormalizable terms, but it is not if nonrenormalizable interactions are allowed in the Lagrangian. The bigger is M, the more
are the chances that an "accidental" symmetry appears phenomenologically
respected, even if it is violated in the Lagrangian.
After this digression, let us ask which are, if any, the "accidental" symmetries
of D8K To this end, let us first consider the free kinetic term of the matter fermions
organised in vF,L^-ra = /vF<?xF. *F consists of 15 left-handed Weil spinors, counting
also the different colours for the quarks. As such, L ^ has a overall U(l5) symmetry,
since all these spinors can be unitarily transformed into each other without affecting
the kinetic Lagrangian itself. What happens of this continuous symmetry after the
gauging of the SU(2)XU(1) group? Recalling that ¥ breaks down under SU(2)XU(1)
into 5 different irreducible representations, the gauged Lagrangian of the fermion
fields has the form
j i Z f a D a r a ,
a

(1.14)

where ra denotes any of the five irreducible representations and D^ is the covariant
(a)

derivative acting on ra. It follows that J->fgrmion is invariant, a part from the same
gauge transformations, under five independent phase transformations acting
separately on the ra. Actually, since a factor of the gauge group is itself a U(l) phase
transformation, generated by the hypercharge, only four independent U(l) factors
remain as ungauged global, as opposed to local or gauged, symmetries. They can be
defined in such a way that the corresponding charges, according to Noether's
theorem, are
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3B = N{q)-N(qc)J = 3 (baryonnumber), BA = N{q)+N(qc)
L = N{l)-N(lc)) = leptonnumber , LA=N(l)+N{lc),

•

where N(q) ( Mqc) ) and N(l) ( NUC\) are the numbers of quarks (antiquarks) and
of leptons (antileptons) respectively. It is easy to see that it would be possible to
write down gauge invariant non-renormalizable 4-fermion operators that would
break any of these global symmetries. As such, they are accidental symmetries of
The conservation of B and L, or their possible breaking only by nonrenormalizable interactions weighted by a high mass scale, is a welcome result. The
same cannot be said, however, for BA and LA, since they are for example
inconsistent with any mass term for quarks and leptons. Something has to be done to
j\8) ^ cure this problem.
Before addressing this question, let us complete the description of the
fermionic degrees of freedom by introducing the two other replicas of the first
generation of fermions. Since these replicas have the same gauge interactions as the
first one, to the best of our present knowledge, this is simply done formally by
introducing an index / = 1,2,3 to ¥ , which then becomes a triplet of column vectors,
*Fj, one per generation. In turn, the fermion Lagrangian becomes

As a net result, the accidental symmetry has become much larger than before, since
now we can also allow for independent unitary transformations on the index
i = 1,2,3, in the so-called "generation space", of any of the 5 irreducible
representations of the gauge group. Physically this corresponds to the fact that the
different generations are not distinct by the gauge interactions.
1.6

From D8' to a realistic Lagrangian

Before D8' can be called a realistic Lagrangian, two problems, at least, have to
be solved: the breaking of the gauge symmetry and that of the accidental
symmetries. Not to undermine the overall consistency of the theory, the gauge
symmetry mast be broken spontaneously [7]. On the contrary, the spontaneous
breaking of the large global symmetry that we have discussed would be
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phenomenologically problematic, because of the unwanted Goldstone bosons that
would be introduced in this way.
The simplest solution of both these problems offered by the Standard Model is
based on the introduction of a scalar particle, the Higgs doublet

(1.16)
•=(::)

of hypercharge Y^fy,

transforming therefore under the gauge group as <p - {l,

in the notation of section 1.3. As in the case of fermions, having assigned the
transformation properties of <p under the gauge group fixes completely the form of
its minimal gauge interactions
(1.17)

<P

There is, however, now an importance difference. The introduction of (p allows
several more interaction terms to be written down, which are both gauge invariant
and renormalizable. Taking precisely gauge invariance as the guiding principle, the
Lagrangian of the SM is constructed by allowing all of them to be present. Putting
together Eqs. (1.11) and (1.17) and adding the other allowed interactions, one gets the
full Lagrangian [2]

^(pf-V{(p) + LY

(1.18)

where V(<p) is a potential term in the cp field

(1.19)
and Ly is a sum of Yukawa interactions of all the fermions with cp

Both in Eq. (1.19) and, even more so, in Eq. (1.20) we have left understood the
contractions over the SU(2)XU(1) and Lorentz indices. The reader is invited to
reconstruct explicitly these contractions, especially in order to appreciate that indeed
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Eqs. (1.19) and (1.20) are all the extra terms that can be added to the Lagrangian. Of
course we are neglecting all possible non-renormalizable interactions, but we have
explained why in the previous section. On the other hand, we have made explicit in
the Yukawa couplings the generation indices. The Yukawa couplings themselves
depend on three arbitrary matrices in generation space, A", A ,X€.
1.7

On global symmetries again
Is the introduction of (p effective in curing the problems that have been
alluded to at the beginning of the previous section? Let us first look again at the
global symmetries of the full Lagrangian in Eqs. (1.18-20).
At first sight, it would seem that the Yukawa interactions in Eq. (1.20), for
arbitrary matrices Xu,Xd,Xf, are there to break explicitly all of the accidental
symmetries of L(s) except baryon and lepton number. This conclusion is, however,
not quite correct. To see this explicitly, let us consider the diagonalization of the
matrices A , Ae by two independent bi-unitary transformations
A

= Lf

AJJLJ

dnQ

A

= C

AJJ& ,

\±,A.±)

where A^A/) are real diagonal matrices and D,DC,E,EC are four independent
unitary matrices. Remember that all these are matrices in flavour space. It is now
possible to perform a set of unitary transformations defined on the matter multiplets
as follows
Dcdc-*d'c,

DQL->Q'L,

Ecec-*e'c,

ELL->L'L.

(1.22)

These transformations are symmetries of L(s). As such, they leave it untouched. On
the other hand, they send the Yukawa Lagrangian into
q>* , X' = D A".

(1.23)

The transformations in Eqs. (1.22) are canonical transformations which do not change
the physics. They allow however a more transparent view of the global symmetries.
Since leptons only occur in a diagonal sum over generations, not only the overall
lepton number is conserved, but also the individual ones, Le,L^,Lx . On the
contrary, the fact that we are left with an arbitrary matrix in the first term on the
right hand side of Eq. (1.23) is the source of flavour non-conservation in the quark
sector. The origin of the asymmetry between quarks and leptons is also clear: it can

53

be traced back to the fact that we did not have to introduce the right-handed
neutrinos to describe the phenomenological weak interactions.
In conclusion we have discovered that the the gauge theory based on the
SU(2)XU(1) gauge group, with scalar and fermion matter fields transforming as
specified above, has four accidentally conserved charges: overall baryon number and
the individual lepton numbers. This is a very significant result, that agrees with
observations. To the best of the present experimental knowledge, these are all
absolute conservation laws. As to baryon number, the main implication is the
stability of the proton, with a mode-dependent lower limit on its lifetime of about
1031 years [1]. On the individual lepton numbers, one can quote several limits.
Probably the most significant among them are the following:
-l<r n [8]
)
)

(1.23a)

12[9]

(L23b)

BR(r-> fiy) < 4.2• 10"6 [10].

(1.23c)

Finally, insisting on not introducing the right-handed neutrino, the upper bounds on
the neutrino masses are also limits on the violation of lepton number, because any
mass term, necessarily of the form vLivLj, carries two units of overall lepton number
L = Le + L,l + Lr for any i,j. Notice that the reactions in Eqs. (1.23), if detected, would
signal violations of individual lepton numbers, but not of L .
In conclusion, the discussion of the last two sections should have made clear
that the current view of the electroweak interactions does not imply the absolute
conservation of baryon and individual lepton numbers. The fact that they are
absolutely conserved by the renormalizable Lagrangian of the SM simply furnishes
an elegant rationale for the phenomenological suppression of any possible violation
of them.
1.8

Breaking the gauge symmetry
'
Let us turn now to the breaking of the gauge symmetry. The key role is played
in this case by the Higgs potential in Eq. (1.19). Taking // 2 positive gives to V(<p) the
Mexican-hat form which induces a non vanishing expectation value (vev) on (p.
Being invariant under the gauge transformations, V((p) depends only on |<p| . The
minimum of the potential occurs at
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(1.24)

with no preferred direction inside the doublet. The physics cannot actually depend
on such direction. The only general consequence of Eq. (1.24) is that the gauge group
is broken down to a U(l) subgroup of phase transformations, which can always be
interpreted as the electromagnetic gauge invariance.
To see this, let us choose the vev of (p as

(1.25)

1

Notice that not only the direction but also the phase of (q>) can be fixed without any
loss of generality, using the U(l) invariance of the original Lagrangian. We now ask:
out of the gauge transformations, which are those that leave invariant the vev (1.25)
and are therefore still invariances of the Lagrangian even after the replacement of (p
by {(p)t Only the transformations generated by r 3 + F are, since this is the only
combination of the four generators that annihilates ((p), being (73 + 7)(<j!>) = 0.
<2 = T$ + Y is the residual unbroken gauge charge.
The main consequence of the breaking of gauge invariance is the appearance
of a mass for the vector bosons corresponding to the broken generators and for all
fermions except the neutrinos. The mass terms occur after we insert (<p) in the
Lagrangian (1.18). For the vector bosons we have

= V

m

(1.26)

= v2

where v = J ^ - and wj = -j= (wj ± iW$).
9

PV

This is a mass term both for the charged W boson, il% =
, and for the neutral
bosons. Actually, the 2X2 mass matrix of the neutral bosons has only one non-zero
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eingenvalue, M% =

— / as readily seen by making the rotation in the space

of the neutral bosons
fsintf

where
tan # = •£-.
(1.28)
g
Being mass eigenstates, A^ and Z^ , unlike Wj^ and B^ , are the physical neutral
bosons, of mass 0 and M%, respectively. The presence of a massless eigenvalue is a
direct consequence of the residual U(l) gauge invariance.
The physical meaning of the various vector boson mass eigenstates is given by
their interactions with the fermions, which acquire the form, using Eqs. (1.27,28),

k = -Wyll(8Wiflr+g'YBll)v =
(1.29)

Lj contains, other than the charged current interactions, the electromagnetic
interaction, requiring the identification of gsin # with the electron charge e, and the
neutral current interaction mediated by the Z-boson.
The masses of the fermions come from the Yukawa interaction Lagrangian in
Eq. (1.23)

(1.30)

j

Li*i>iefv

where we have suppressed the irrelevant primed indices. Notice that, with an
appropriate definitions of the fermion fields, Eqs.(1.22), we have made diagonal both
the mass terms for the down-type quarks and for the charged leptons but not yet for
the up-type quarks. We shall come back to this problem in the next Chapter.
1.9

On the p parameter.
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We have noticed in the previous section that the mass matrix of the neutral
vector bosons has a vanishing eigenvalue due to electromagnetic gauge invariance.
Furthermore, the non zero eigenvalue is related to the mass of the charged boson by
M ^ = COS2JW|

(1.31)

where $ is the same angle, defined in Eq. (1.28), which enters into the interaction
Lagrangian (1.29). It is customary to define a dimensionless parameter, p , such that,
at the tree level,
(1.32)

Up to radiative correction effects, the SM predicts therefore that p = l[ll]. The
interesting aspect of this relation, or equivalently of Eq. (1.31), is that it is not, unlike
the vanishing of one eigenvalue of the neutral boson mass matrix, a general
consequence of gauge invariance and its partial breaking. To see this, the reader is
invited to consider the spontaneous breaking of SU(2)XU(1) induced, e.g., by a triplet
Higgs field, rather than by a doublet as in Eq. (1.25). On the other hand, p = 1 is
phenomenologically a very successful relation, as we shall see when we discuss the
radiative correction effects. As such, it deserves a special comment.
The origin of p = 1 in the SM can be traced back to a symmetry of the Higgs
potential (1.19) which is larger than the gauge symmetry itself [12]. To see this
explicitly, let us construct, out of the q> field, a 2X2 matrix
' o*
+~

(L33)

o'

whose columns are the vectors i&2<P*

an

d (p itself. Since Try<!>+<J>J = 2|p| , the

potential (1.19) is a function of Tn<I>+<I>] and it has the full invariances of this trace,
which are

3> - > ULQ>UR

(1.34)

with Ui and £/# arbitrary and independent unitary 2X2 matrices. This means that,
apart from the hypercharge phase invariance, the potential is actually symmetric
under two independent SU(2) transformations. Only the one acting on the left is the
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gauged SU(2) invariance, since also i^V transforms as a doublet if (p does. This
larger invariance of the potential has everything to do with the fact that \cp\ =J4(pf,
i

the sum being extended over the four real components of 9, so that the modulus of
(p is actually invariant under a generic rotation of all the four components among
each other. These rotations make the group SO(4), which is locally isomorphic to
SU(2)XSU(2). The important point about this symmetry group is that, after symmetry
breaking, namely after cp has got a non vanishing vev, SU(2)XSU(2) gets broken
down to the so called diagonal SU(2), with Ui and UR being this time identical. This
follows from the fact that the vev of the matrix O , is proportional to unity, (<E>) = vl.
What does all of this have to do with the masses of the vector bosons?
Consider the covariant kinetic term of the Higgs field, which is the source of the
boson masses, with the g' coupling constant switched off
2

(1.35)

—>

The point is that this term too has the full SU(2)XSU(2) invariance, with the W'
transforming as a triplet under SU(2)L and as singlets under SU(2)R. This means
that, after symmetry breaking, the W mass term must be invariant under the residual
diagonal SU(2), which again acts on the Wl as a triplet, or

This explains the relation in Eq. (1.26) between the charged W-mass and the 11 entry
of the neutral boson mass matrix, which is responsible for p = 1.
We conclude this section with two considerations.
The phenomenological success of p = 1 might be a consequence of an enlarged
symmetry property of the gauge symmetry breaking sector of the electroweak
interaction Lagrangian, more general than the form that it takes with the explicit
Higgs doublet realization characteristic of the SM [12]. This larger symmetry is often
called "custodial" in the literature.
The fact that the SU(2)XSU(2) symmetry is actually not a symmetry of the full
SM Lagrangian calls for deviations of p from 1 when the radiative corrections are
included. This will be discussed in Chapter 3. Sources of breaking of the extra SU(2)
symmetry are the g' coupling of the hypercharge U(l) as well as the fermion
Yukawa couplings, in so far as they distinguish the up from the down component of
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the SU(2) doublets. In fact, e.g., the top-bottom Yukawa couplings, the largest and
therefore the most important ones, can be written as

(1.37)
where the singlets under SU{2)L are organised in a doublet under SU(2)R/ so that

The transformation (1.38) would indeed be a symmetry of ZJy 'if it were Xt = A^,
which is of course badly violated.
1.10

Neutral currents
As shown in section 1.2, with regard to the interactionof fermions with the
vector bosons (VB), the main phenomenological implication of extending the Fermi
theory to a full gauge theory is the existence of neutral currents, mediated by the
exchange of the Z boson. The observation of the neutral currents by Gargamelle in
1973 was indeed the first experimental verification of the SM [13]. Subsequently,
parity violation phenomena in atoms and in deep inelastic scattering off nuclei of
polarised electrons played a crucial role. More recently, experiments in e+ - e~ at the
Z-pole can be viewed as a triumph of the theory of neutral currents.
Muon neutrino scattering off electrons deserves some special comments: in
many respects it is the simplest and best defined manifestation of neutral currents
and has also been the first process to be identified in Gargamelle.
In terms of the Z-coupling to the electron, as obtained from Eq. (1.29),
g V e =-±+2sin 2 #, &4fi = ~ ,
the total cross section for v^-e scattering is given by
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(1.39)

The cross section for v^-e scattering is obtained from the substitutions:

°-V;,-*o-v_ : glR-*g%L.

(1.42)

On the other hand, the electron neutrino or antineutrino cross-sections, always off
electrons, receive an additional contribution from a charged W-boson exchange in
the crossed channel, a crucial difference for the theory of neutrino oscillations in
matter. This fact is accounted for in the cross sections by replacing gi with gL +1.
The combination of the four experimental cross sections for v^-e,
v^-e,
ve-e

and ve-e define two possible determinations of gL and gR, due to the

symmetry of all cross sections under the substitution: gL-$ gL and gR-^-gR.
unique solution is obtained by requiring gAe~~>

as

A

implied by the forward

backward asymmetry in e+ -e~ —)f±+ ~n~ at low energy. There has in fact been a
remarkable progress in the last twenty years in the measurements of the neutrino
electron cross sections. What these cross sections actually measure are the
combinations gy*A = 2gvgVeAe, where gv is the coupling of the (left handed)
neutrino to the Z. Z-decays, on the other hand, give directly gye,Ae- Comparing the
.v 1
two sets of results, we may test the SM prediction g =—.
Combining data on Z-decays and neutrino cross-section data from CHARM II
[14], one obtains 2gv" = 1.006±0.036. LEP results alone measure the same quantity
from the determination of the Z-width into invisible channels (neutrinos in the SM).
Assuming lepton universality, one obtains 2gv' =1.006±0.006 [15], which gives a
clear idea of the relative sensitivities.
1.11

Lepton universality (in charged currents)
In the previous section we have discussed the main phenomenological
consequence of extending the Fermi theory of the weak interactions to a full gauge
theory as far as the fermion interactions are concerned: the existence of neutral
currents is the main prediction of the tree level Lagrangian of the SM. On the other
hand, the great progress represented by the SM is of course that it allows a consistent
treatment of the electroweak interaction phenomena to all orders in perturbation
theory [16]. To achieve this purpose has in fact been a basic guiding line at all in the
construction of the SM. The phenomenological impact of this aspect of the theory
will be discussed at length in Section 3, where we introduce the subject of the
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radiative corrections and we illustrate the precision tests of the SM. It is important to
realise, however, that there are some observables in electroweak physics which can
be predicted with a high level of accuracy without resorting to the full machinery of
the electroweak radiative corrections. Lepton universality in charged currents is an
example of this type of predictions. We have in mind the comparison of the T and p.
leptonic decays as well as of the charge pion decays into electrons and muons.
Let us start from T and pi leptonic decays. Calling L=r,pi and l = ji,e the
charged leptons in the initial and final state of mass m^ and m/ respectively, one has,
at the tree level from W exchange,

(1.43)

where the last factor in the right hand side accounts for the phase space dependence
on the final lepton mass, normalised to 1 at m/=0. How about the radiative
corrections to this formula, due to virtual photon, W and Z exchanges? The
important point about them is that one can talk of the pure electromagnetic
corrections (photon exchanges) in isolation from the weak ones (W and Z
exchanges). This comes about as follows.
In the Fermi approximation, with the W propagator contracted to a point, the
effective Hamiltonian responsible for the decay can be written as

(1.44)

To get the last form of Hgjf, we have performed a Fierz rearrangement between the
initial L and the final V/. The advantage of this, so called, "charge retention" form, is
that it makes clear that the photon-exchange corrections can be viewed as a
renormalization of the vector and axial L-» / transition currents Iy^{\ + y^)L. By a
well known theorem [17], that the reader is invited to check explicitly on the one
loop diagrams, vector and axial currents suffer at most finite, i.e. cut-off
independent, corrections. There is no divergent piece in the pure electromagnetic
corrections, which introduce a correction factor to Eq. (1.43), [18]
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readily computable without any knowledge of the full SM Lagrangian. Of course
there are also pure weak corrections to Eq. (1.45), due to W and Z exchanges, but,
being also finite, they are of universal nature and can be lumped in the Fermi
constant G, (see Chapter 3), apart from negligible terms vanishing as —U-.
Mw
The upshot of all this is that Eq. (1.45) is a very accurate formula, which can be
compared with experiments. Using the muon lifetime to determine G[l], one
predicts

(1.46b)

with the T mass and lifetime normalised to their 1994 PDG values [1]. The present
experimental determinations of the same quantities are [1]
5/?(T->evTve(7))|exx =(18.01+0.18)%
and BR[T->fiv^^
( )

[f^^

=(17.88±0.24)%.

A partially similar situation is encountered in discussing the ratio of the
electronic to muonic decays of the pion, which is given by [19]

j

L + 3_a r^

= L235.10-4.

(L47)

In this case, it is in taking the ratio that one gets rid of a logarithmic divergence in the
electromagnetic corrections, (which remain finite and calculable, including the O( a)
term, not written down explicitly for brevity) as well as of uncertainties due to the
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strong interactions. Also in this case, Eq. (1.47) compares favourably with the present
experimental results:
=

j (1.2265 ± 0.0034 ± 0.0044) • 10"4 [TRIUMF]
[ (1.2346±0.0035±0.0036)-10"4[PS7]
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2.

FLAVOUR PHYSICS

2.1

Flavour changing interactions.
We have already seen in section 1.5 that the electro weak interactions do not
conserve the individual quark-flavour numbers. We have also seen that in the
original SM Lagrangian, working in the basis defined by Eqs. (1.22), flavour violation
is confined to the arbitrary matrix of the Yukawa couplings for the up-type quarks,
A". For a more transparent physical definition of the flavour changing interactions,
one has to work, however, in the mass eigenstate basis for the quarks, which allows
the very concept of flavour distinction to make sense at all. Remember that the
fermion mass terms in Eq. (1.30) were already diagonal for the Q = — quarks and for
2
the leptons, but not yet for the quarks of charge Q = —. This is easily remedied by an
appropriate redefinition of the up-type quark fields. Defining, in analogy with Eqs.
(1.21), A" = UTXUDUC, this diagonalization is achieved by the field redefinitions
UuL-*u'L , Ucuc->u'c.

(2.1)

The question is, at this point: Where is the flavour violation gone, now that even the
up-quark mass matrix has been diagonalized and, thereby, all quark fields are
physical mass-eigenstates? It must be present in the interactions, which we now
discuss.
All the fermion interactions in the SM are those with the VB and with the
physical Higgs field H, proportional to the mass terms. Before performing the
unitary transformations (2.1), they were respectively given by

^ Z

J

(

l

)

f

(2.2)

}

and
L1} = H(uLiX"ijuCj + dLildDidf + eL(keDie\) .

(2.3)

If we now go to the physical up-type quark basis, via (2.1), the Higgs interactions
become flavour diagonal. Likewise, the photon- and the Z-couplings, being
proportional to neutral diagonal generators, Q and/or T$, are not affected by the
unitary transformations (2.1) and remain perfectly flavour diagonal, as the fermion
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kinetic terms do. On the contrary, the charged current interacting with the W, which
connects quarks of different charge, becomes non-diagonal in flavour:
.

(2.4)

where U is one of the unitary matrices in (2.1) and we have again suppressed the
irrelevant primed indices. This is a main physical result, characteristic of the SM: In
the quark physical basis, it is only in the charged current interaction (2.4) that all the flavour

changing interactions reside [20]. The unitary 3X3 matrix LT^ia (2.4) is the CabibboKobaiashi-Maskawa (CKM) matrix, usually denoted by V^KMThe CKM matrix plays a crucial role in the physics of flavour. A selfexplanatory notation for it is
Vus
V

CKM~

(2.5)

vcs vcb
Vts

Vtb)

More important is to fix a parametrization for VCKM m terms of a minimum number
of physical real parameters. Let us discuss such parametrization, having in mind the
possibility of n generations, rather than 3. A nxn unitary matrix (an element of the
group U(n)) has n arbitrary real parameters, whereas a n x n orthogonal matrix (an
element of SO(n)) has —72(72-1) real parameters. Since a real unitary matrix is an
orthogonal

matrix,

it

follows

that

a

nxn

unitary

matrix

has

-72(72 +1) = \n2—72(72-1) phases. Not all of these phases, however, have physical
meaning, since some of them can be removed by a canonical field redefinition. To
count the uneliminable, or physical, phases is essential, since any such phase in a
parameter entering the Lagrangian of a local quantum field theory is a necessary
and sufficient condition for CP violation. In the SM, it is in the physical phases of the
CKM matrix that the source of CP violation can reside.
To this purpose, we have to remember that the CKM matrix enters into the
charged current, J^ = uii{yCKM)vy^dij, which involves 2n independent fields. Their
phase redefinitions allows to multiply the elements (VCKM)C ^°Y ( 2 " - 1 ) independent
phases, which do not show up anywhere else in the Lagrangian. They would
actually do in the fermion masses or in the Higgs interactions (2.3), but they can be
compensated by a redefinition of the fields uf,df, which do not appear in the
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charged

current

interactions.

—(}i-l)(n-2) = \—?i(n + l)-(2n-l)

We

are

therefore

left

with

physical phases. With 3 generations, this gives

one physical phase, which is just enough to describe CP violation [21].
The parametrization of the CKM matrix chosen by the PDG in terms of four
real physical parameters is
C

/

CKM

12 C 13

5

s

\3e

(2-6)

=

id

2.2

12 C 13
„. _.

_j

C23C13

Quark-leptonuniversality. Vuj,Vus

The universality of the couplings of quarks and leptons is a classic subject in
weak interactions, which has played a key role in the construction of the theory since
the beginning. In its modern version, the problem is the one of controlling how the
unique gauge coupling g appearing in front of the charged weak interaction
Lagrangian, reflects itself in a correlation of the strength of processes involving
quarks with processes involving leptons. The description of this subject goes through
several logical steps which are common to the discussion of many problems in weak
interaction physics and that will be often encountered in the rest of this Chapter.
DThe Effective Weak Kamiltonian. The masses and momenta relevant to the
processes of interest in this problem, (generically called p.), are low compared to the
characteristic scale of the weak interactions. Looking for the leading term in an
expansion in inverse powers of this scale, we consider the lowest order relevant
diagrams mediated by W or Z exchanges and we contract their propagators to a
point, a' la Fermi. In this way we obtain the bare effective Hamiltonian for weak
interactions as
(2.7)

where 0(- are 4-fermion local operators. In Chapter 1 we have considered examples of
# U , when discussing the /J-decay of the neutron
(2.8)
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(with cos &c replaced by the now more appropriate Vud) or lepton universality
(2.9)
The various 0t- are in particular characterised by different selection rules in flavour.
ii)Renormalization Group rescaling of the Effective Hamiltonian [22].
Radiative corrections to the tree level W and Z exchanges that give rise to the bare
effective Hamiltonian have to be considered. Of special importance are those
involving the photons and the gluons, since they can be infrared divergent when the
external masses and momenta are neglected. In such a case, in fact, the expansion

[

2 "N

—l=r

—l=r rather than a or as.
This problem is dealt with by considering the four-fermion point-interactions
corresponding to the O{ and by dressing them with all possible one gluon or one
photon exchanges. The diagrams so obtained have to be computed with an
ultraviolet cut-off A . If we choose for the 0,- a basis of operators which are
multiplicatively renormalized, the result of such calculation has the form (we discuss
only electromagnetic corrections for concreteness)
O[en = (l+ay/lnA 2 )of are .

(2.10)

We have in fact shown in section 1.11 that no such divergences are present in the
case of the operator in Eq. (2.9). For completely analogous reasons there are no
divergent strong corrections to the operator in Eq. (2.8), (no divergent
renormalization of the vector or axial quark currents). There exist, on the contrary,
divergent electromagnetic corrections to the /3-decay operator. The scale of the
ultraviolet cut-off corresponds to the W mass, which has been taken to infinity in the
bare Hamiltonian.
The Renormalization Group (RG) now states that the effective weak
Hamiltonian at a scale / / « Mjy is expressed in the following way
(2.11)

e#

where the coefficients c/(/x) satisfy the RG Equations
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and 0/(/i) are the four-fermion operators renormalized at the scale ji to free field
operators. In the RGE, /3{a) and r,-(a) are the coupling constant^ ^-function,
P(a) = PQ(X +..., and the anomalous dimension of the operators 0,-, F,(a) = a- 7;+...,
with the 7,- defined in (2.10). The solution of Eq. (2.12) for the coefficients q ^ ) has
the form
(2.13)
0

In the case of interest for the p -decay operator, the effective Hamiltonian in
(2.8) gets therefore renormalized to

J

ub

1

a(Mw) hlrr

r 5 ) v e ).

(2.14)

fi?

with 7 = — , bn =7L-J- (the sum being extended over the charges of all fermions
with a mass between {I and A%). In this way, Eq. (2.14) resums all powers of
cdnMjy in the electromagnetic corrections to the bare Hamiltonian. With respect to
the bare Hamiltonian (2.8), we have found a correction factor, which, taking
aand
n d a(M
a ( wM)~±,
w ) ~ ,

(2.15)

is numerically 1.026. A more precise treatment, involving the rescaling in several
steps corresponding to the thresholds of the various charged-particle masses, gives a
slightly lower value for the correction factor. (For a discussion on the running of the
electromagnetic coupling, see Chapter 3). To achieve this, it is important to realise
that we did not have to make any reference to the full Lagrangian of the SM, since
we have simply resummed the leading-logarithmic electromagnetic corrections. We
would have needed the SM Lagrangian to make precise the identification of the
ultraviolet cut-off, which was taken at Mw, but could have been any finite factor
times Mw itself.
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iiiiHadronic matrix elements. The final step necessary to get a complete
prediction for the /J-decay processes, requires taking the matrix element of the
effective Hamiltonian (2.14), valid at low energies, between the desired initial and
final states. In the case of the j3-decay, this is trivial for the leptonic piece, but not so
much for the hadronic part. To be precise, for the decay of a nucleus N (e.g. the
neutron) to a nucleus N' (e.g. the proton), what we need is the matrix element of the
quark charged weak-current
(2.16)
This is a special hadronic matrix element indeed, that makes it much more
controllable than the typical matrix elements encountered in weak interaction
problems and which are plagued by the well known and obvious strong interaction
uncertainties. What makes (2.16) special, is the similarity of the matrix element of the
vector piece of the weak current, the one with the y^ term, with the matrix element
of the electromagnetic current: both currents are conserved by the strong
interactions, exactly or to a good approximation. This is because, in Quantum Cromo
Dynamics, uy^d is proportional to the current related to the I~ component of
isospin. Therefore, much in the same way as the normalisation of the matrix element
of the electromagnetic current between hadronic states is controlled, at low
momentum transfer, by the charge of the hadron
^

(2.17)

)

(2.18)

we have for the vector weak current

In those cases where a selection rules forbids any contribution to (2.16) from the axial
current, e.g. in Fermi super-allowed Jp = 0 + -» 0 + nuclear transitions, Eq. (2.18)
allows a precise control of the matrix element of interest.
An analogous discussion can be made for the matrix elements of the current
uy^s involving a change of strangeness and relevant, for example, in hyperon /3decays or in K^ transitions. In this case, however, one has to rely on the
approximate conservation, by strong interactions, of the SU(3) symmetry rather than
the SU(2) of isospin. Or rather, more precisely, one has to correct the naive result
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analogous to Eq. (2.18) by taking into account the small but non negligible SU(3)breaking effects.
ivi Collection of physical results. We are finally in the position to make contact
with experiment. The comparison of a hadron semi-leptonic weak decay, controlled
by the Hamiltonian (2.14) or by its |AS| = 1 (or |AB| = 1) counterpart, with n -decay,
controlled by (2.9), allows a determination of the relevant elements of the CKM
matrix. This is a necessary step in order to check quark-lepton universality in
charged weak currents. In the SM, quark-lepton universality in charged weak
current is in fact nothing but the statement that VQKM rs unitary.
From "super-allowed" Jp = 0 + -» 0 + nuclear transitions in a series of nuclei,
from
O to 54 Co, the full theoretical machinery described so far, actually
supplemented by several more refinements, gives [1]

The error in Eq. (2.19) is theoretically dominated and is, however, too small to be
fully believable.
The neutron life-time too is a source of information for V^/. In this case, also
the matrix element of the axial weak current contributes to the decay, which cannot
be normalised theoretically as effectively as the vector current. From the angular
distribution of the electron in the decay of a polarised neutron, however, trie relative
strength of the axial to vector nucleon form factors, — , can be directly measured.
8v
(See Eq. (1.3)). A combination of theory [23] and experiment [1] gives

with an error this time dominated by the experimental uncertainty on — . Notice in
8v
any case that the errors quoted in Eqs. (2.19,20) are clearly smaller than the size of the
electromagnetic radiative-correction effect discussed above.
As mentioned, the sources of information for Vus are the J3 -decays of the
hyperons and the K^ decays, /T f -»;r o e + v and Ki->nre+v. The comparison of
theory with experiment gives in this case [1]
=0.2205±0.0018.

(2.21)
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We are finally in the position to check the unitarity of the CKM matrix at the
level of the first row, which is what one calls nowadays the test of quark-lepton
universality. Note that the third element of interest, Vub, is too small to be relevant.
(See next section). We have, from Eqs. (2.19-21)
(fromO+ -> O+nucl.trans.)

(22 .+,„v \,2 . ,„ ,2
Iv
\vud\\ +\v
\ us\

0.9981 + 0.0020(AVud)±0.0008(AV,IU)
(from neutron decay)
1.011 + 0.0042(Ay^)±0.0008(AV,w)

(2.22)

As mentioned, the estimate of the theoretical error on VU(j as obtained from nuclear
J3-transitions is likely to be too optimistic. In any case, Eq. (2.22) constitutes a
significant quantitative test of the theory of weak interactions.
2.3

b-quark decays.

V^V^

The decays of the heavy b quark are intensively studied as they provide the
source of information for V^ and V^. At the time of writing these notes, the
assessment of the theoretical uncertainties present in these studies is still
controversial. We will therefore only outline the general subject.
The inclusive semi-leptonic width of a hadron H/, containing c. b-quark into
any charmed final state Xccan be written as

(2.23)

where mb and mc are the bottom and charm quark masses and A is the QCD scale.
One should notice the similarity of this expression with the one, given in Eq. (1.43),
for the leptonic decay width of a heavy lepton. Indeed, if one neglects the factor in
squared parentheses, Eq. (2.23) gives the decay width in the free quark model; in
particular this result has no reference at all to the initial hadron, which can for
example be a meson or a baryon.
The rationale for this so-called "spectator quark model", a part from physical
intuition, goes through the observation that the inclusive semi-leptonic decay of a
heavy quark (of mass m » A) can be treated in a fashion similar to deep-inelastic
scattering (with a momentum transfer q » A) [24]. In essence, up to terms vanishing
with — , the effects of gluons connecting the charmed quark in the final state with
mb
the light spectator quark(s) in Hb are negligible. Furthermore, as in deep-inelastic
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scattering, the effects vanishing as powers of — , can be cast into matrix elements,
mb
between the initial state, of local operators, which can be obtained from other
phenomenological sources [25]. As a consequence, and more precisely, the terms
indicated as O[a^) in the right-hand-side of Eq. (2.23) can be computed in the parton
model, much in the same way as one gets the QED correction factor in the heavy
lepton decay formula, Eq. (1.45). These corrections are therefore also independent
from the particular initial state which decays. Furthermore, the terms indicated as
—j in the right-hand-side of Eq. (2.23) can be estimated by resorting to other

mi)
phenomenological observations in the heavy quark physics.
One problem underlies the previous discussion. For an accurate use of Eq.
(2.23), as desirable to get from it Vcb, a very accurate independent knowledge of mb
is required. For that, another physical observable must be used. For example, in
terms of the same mb, the Y mass is also given as
My = 2mb

(2.24)

mb

Notice in particular that both perturbative and non-perturbative corrections in the
squared parentheses of Eqs. (2.23,24) do depend on the precise definition of mb itself.
Along these lines, the presently quoted value for Vcb is [26]
= 0.041±0.004(ffc)±0.001(exp).

(2.25)

As said at the beginning of this section, much of the issue is in the assessment of the
theoretical error of this determination: the one given in Eq. (2.25) is considered to be
a conservative estimate.
Analogous considerations to the ones developed so far can be made in the
case of the decays into a final state containing an up-quark instead of a charmed
quark, which are controlled by Vub instead of Vcb. In this case, however, the
experiment has only access to the differential decay probability in the high region of
the squared invariant mass of the leptons, which is where the decay into a light
quark can be kinematically distinguished from the far more abundant decay into a
heavier charm quark. In turn, the prediction of the differential decay spectrum is a
delicate one, more than for the total decay probability. In any way, from the study of
Hb -» Xtt/V/, one currently quotes [26]
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vub

V,cb

2.4

= 0.008 + 0.002.

(2.26)

Flavour Changing Neutral Currents. V^, Vts

We have seen in section 2.1, as a main property of the SM, that the neutral
current, very much as the electromagnetic one, conserves flavour. On the other hand,
one often talks of Flavour Changing Neutral Currents (FCNC). The related
phenomenology is another subject that has always been at the centre of the
construction of the theory of the weak interactions. For example, it has motivated the
introduction of charm in 1970 [20].
To start with, it is useful to give a non ambiguous definition of a FCNC
process. By that we mean here a process with a change of quark flavour, which is not
predominantly mediated, at short distances, by one W-exchange. That Wexchange(s) be ultimately involved in any flavour changing process, follows again
from section 2.1, where we have shown that all flavour violations in the SM reside in
the charged current weak interaction Hamiltonian. However, let us think of
describing such a process according to the logical steps used in section 2.2 for a
typical flavour conserving process like the /3-decay of the neutron: first dealing with
the bare effective Hamiltonian at short distances, of the order of the Compton wavelength of the W, and then dressing it, at distances of order of 1 GeV or less, with
gluons or photons before computing the final matrix element. In the case of a FCNC
process, such a calculation, with the bare effective Hamiltonian obtained by one Wexchange, does not give the dominant contribution. The interest of FCNC processes
resides in the fact that the short distance Hamiltonian which accounts for the
dominant contribution is an electroweak loop diagram, as opposed to a tree level
exchange, with relevant internal momenta significantly larger than 1 GeV, say from
mfr to My/ or, in some cases, n^. In view of this, it goes without saying that the
typical rates of FCNC processes are significantly smaller than for normal weak
interaction processes.
If we strictly stick to the definition that we have just given, the observed
FCNC processes are very few. A complete list includes CP-violation in K-decays (not
discussed in these lectures), the mass differences between B^ - B^ and Bs - Bs and
the radiative b-^sy decay. We discuss them in the following, including also some
consideration of K-decays.
2.4.1) Mixings among the neutral B-mesons
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At short distances, the effective Hamiltonian for A& = 2, B-B mixing arises
from a box diagram with two W's and two up-type quark internal propagators. (See
Fig. 2.1)

Figure 2.1: Box diagram contributing to

^

'

At any of the four vertices, a CKM matrix element appears connecting the external
1
2
Q = — quark with the internal Q = — quark. With the inclusion of these matrix
elements, for any of the internal quark lines in the diagram there is a factor (for an
external d-quark)
(2.27)
l=U,C,t

where 5(mf) is the quark propagator. Upon use of the unitarity of the CKM matrix,
this factor can be rewritten as
V*

) ~ S(mu)) + VcbVc/(S(mc) -

(2.28)

Notice that pairs of degenerate quarks do not contribute in this factor, as required by
the fact that a mixing angle in this case cannot even be defined. This is the so called
"GIM cancellation" [20]. In the case under consideration, the balance between the
mixing angles and the different quark masses is such that the first term, involving
the top quark wins over the second one. The loop integral, dominated by momenta
of the order of Mw * nh, easily leads to the effective Hamiltonian

(2.29)
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Similarly to what was done in section 2.2, the rescaling of this Hamiltonian
from the My/ -^ '«f scale down to mb as an effect of gluon corrections introduces an
overall factor

:(mb) =

6_
23

(2.30)

(To separate the two scales My/ and IT^ would require a RG rescaling between the
two, analogous to the one that we make to pass from Mw to low energies. This has
been done in Ref. [27] and is numerically not irrelevant). Finally the matrix element
of the four-quark operator between B-meson states is required, which is
conventionally parametrized as

where mB and / # are the mass and the decay constant of the B-meson respectively
and BE is a numerical fudge factor, estimated by various means to be close to unity.
Putting everything together, one finds for the ratio between the mass difference of
the two physical B-mesons mBAM = 2(Bd\H^=2\Bd) and their decay width — = T
T

B

(2.32)

From the comparison with the experimental result, xd = 0.71 + 0.06 [1], obtained by
combining several experiments, taking into account the uncertainties in BBf\ and a
rather safe r-*nge of values for mt = ll0+200GeV, one gets a first direct
determination oi Vtd [26]
0.005 <\Vtd\< 0.016

(2.33)

consistent with the unitarity bound \Vtd\ < 0.018.
Completely analogous considerations can be made for the case of the Bsmeson. Quite clearly, with an obvious meaning of the notation, one has
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V,ts
V,id

m

B,

(2.34)

Bsf\

In view of the unitarity constraint on Vts, Eq. (2.34) leads to the expectation of a large
value for the mixing parameter xs, between 7 and about 50.
2.4.2) Radiative b - decays
In complete analogy with the case of the mixing between neutral B-mesons,
the calculation starts from the short distance loop diagram which accounts for the
b-^sy single quark transition. (See Fig. 2.2).

Figure 2.2: Penguin diagrams contributing to H£^

'

As in the previous case, the integral is dominated by momenta of order A% -s- m(.
The effective Hamiltonian this time is an off-diagonal magnetic moment operator

(2.35)

\j2l6n?

where F^ is the electromagnetic field strength and g(x)is a known function. With
respect to the case treated in the previous sub-section, or in section 2.2, a main
difference arises because, in dealing with the QCD rescaling of the Hamiltonian
(2.35) to lower energies, the magnetic moment operator is not multiplicatively
renormalized: in other words, it does not simply involve a rescaling of the short
distance piece of the Hamiltonian, but also the inclusion of several other operators
able to mediate the b-* s transition [28]. The mixing with these other operators is
induced by two loop diagrams.
As a result of this complication, the prediction for the radiative b-decay is
affected by a non negligible uncertainty. One typically obtains, for the inclusive
radiative decay [26]
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(2.36)
with about 30% of the uncertainty accounting for the effect of the top mass variation
between 100 and 200 GeV. Notice, on the other hand, that the BR in Eq. (2.36)
. .. 2

depends on a combination of CKM matrix elements,

, which is pretty well
Vcb
know, by a combination of experiment and unitarity constraints. Eq. (2.36) is in good
agreement with the recent experimental result [29]
BR(B -» ^ r ) | e x p = (2.32 ± 0.67) • 10,-4

(2.37)

2.4.3) K-decays
Of the several rare K-decays observed at present, none deserves the name of
FCNC in the sense defined above. For example, K+ —>7rV~e~is likely to have
comparable contributions from short distance and long distance physics. Even the
,

ft

very rare Ki~*[i [i~, with a measured rate below 10 , is dominated by a long
distance intermediate state with two photons.
On the other hand, there is one K-decay, K* ->7C+vv, which, on one side, is a
genuine FCNC process and, on the other side, has a rate that might be measurable in
a not too distant future. The short distance one loop diagrams that give rise to the
bare effective Hamiltonian relevant to this decay are shown in Fig. 2.3.
W

VWWVWV1

W
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v

Figure 2.3: Box and penguin diagrams contributing to Hevv
jf

They include both box and "penguin-type" vertex diagrams. Along similar lines to
those developed in the previous subsections, the explicit calculation gives

where
2+ x
1-x

3x-6
(l-x)2

To obtain Eq. (2.38), the expression (2.28) for the internal up-type quark line has been
used, (with b replaced by s), and both terms are kept, since the values of the relevant
mixing angles are such that the charm contribution is not completely negligible with
respect to the top one. In both cases we have set mu = 0. Let us discuss the probably
dominant top contribution, which is also simpler to deal with, because the relevant
momentum in the short distance loop is of the order Mw -s- mt.
To proceed further, at least this contribution to the decay amplitude has two
advantages with respect to the previous cases. For reasons that have been discussed
in sections 1.11 and 2.2, it does not get any logarithmic corrections either from gluons
or from photon exchanges. Furthermore, the relevant hadronic matrix element is
related, via an isospin rotation, to the matrix element occurring in the decay
K+ -»7t°e + v. As a consequence, from the top term in Eq. (2.38) one easily gets

•A+v).
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(2.39)

Numerically, summing over the 3 neutrino flavours, using Eq. (2.21), sin # = 0.23
and [1]
K°e+ v) = 4.82• 10~2,

(2.40)

one obtains (the approximate result being for mt = 170 GeV)

= 2.8 •

td

0.04-0.01

0.04-0.01

(2.41)

This result has no significant uncertainty, apart from the values of the CKM matrix
elements themselves. As mentioned above, however, the charm contribution to the
amplitude is probably not negligible. Even for this contribution, of course, it is
formally true that there is no large QCD log for going to lower energies, starting
from the relevant scale of the short distance lowest order contribution given in
Eq.(2.28). The point, however, is that the relevant momentum in the charm
contribution goes from il% to mc, so that, in the same short distance contribution
itself, there are corrections of order oft log—— that need to be resummed. This has
mc
been done [30], with the general result that the addition of the charm contribution
increases the rate (2.41) by a relative amount that can go up to about 70%, depending
in particular on the relative phase of Vcs*Vcd with respect to Vts*Vtd.
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3.

QUANTUM CORRECTIONS (PRECISION TESTS)

3.1

Definition of the tree level theory
The observed FCNC phenomena discussed in the previous Chapter show
evidence for quantum electroweak loops. Both the mass difference in neutral Bmesons and radiative b-decays have their origin in a genuine electroweak radiative
correction, not of pure electromagnetic nature. In fact, due to the importance in both
cases of the virtual top contribution, they constitute evidence for the existence of the
top quark at all. Through a logarithmic sensitivity to /n,, they also clearly indicate a
heavy top, with a preferred mass between 100 and 200 GeV. However, due to the
presence of light quarks in the external states, the FCNC processes have no
sensitivity to the Higgs at all, at least in the SM. Their dependence on poorly or not at
all known elements of the CKM matrix is a further limitation of the FCNC processes
in unravelling the structure ot the theory at the quantum level.
In this Chapter a global discussion is given of all the physical observables in
electroweak physics which have been measured with significant precision, mostly in
e+ - e~ experiments at the Z resonance, and whose theoretical prediction does not
involve any of the CKM matrix elements. Attention is payed to describe the structure
of the radiative corrections in a way that allows a comparison of experiment with
theory, not restricted to the SM only.

We consider a generic theory that fulfils the following requirements:
i) The gauge group is SU(2)XU(1);
ii) The spectrum includes the standard three generations of fermions with the usual
SU(2)XU(1) assignments;
iii) At the tree level, the vector boson masses are related to the gauge couplings and
to the order parameter v by the relations

(3.1)
By the first requirement, one discards the possibility that, at the tree level, the
W and the Z bosons be mixed with the gauge bosons of a possibly larger gauge
group (e.g., with an extra U(l) factor). As discussed in section (1.9), the third
condition is dictated by the experimental observation that the p-parameter equals
one within few per mille. In this way one certainly includes the SM itself [2], a
generic multi-Higgs doublet model, the Minimal Supersymmetric Standard Model
(MSSM) [31] and QCD-like TechniColour (TC) models [32], all of which give the
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same tree level predictions for the precision observables that we shall consider. In an
SU(2)xU(l) gauge theory with any number of Higgs doublets Hi, like the MSSM
itself where i =1,2, it is always possible to define the normalized linear combination

<#?> = v,

(3.2)

which gets a vacuum expectation value
(3.3)
and plays the same role as the SM Higgs boson in giving rise to the W and Z masses
(3.1). In the case of a technicolour theory, with dynamical symmetry breaking
generated by a condensation of a fermion bi-linear, as in QCD, the role of the larger
symmetry of the SM Higgs potential in guarantying the relations (3.1), (See section
1.9), is played by the chiral global symmetry of the QCD-like Lagrangian.
3.2

"Basic observables"
In this way one is led to consider a theory described by a Lagrangian
L(g,g',v\...), which predicts, at the tree level, in terms of g, g' and v only, a series of
"precision observables". The dots in L(g,g',v;...) stand for the many other possible
parameters, e.g. the top or the Higgs masses. The "precision observables", by
definition, can be influenced by these extra parameters only via radiative corrections.
Given this framework, even sticking only to the tree level predictions, three
measurements are needed to determine the basic parameters, whereas any extra
measurement can be used to test the theory (or determine, via radiative corrections,
the remaining parameters). The basic observables that are used to determine the
theory must be precisely measured, on one side, and theoretically calculable in a
clean way on the other side. Three quantities neatly emerge:
i) The electromagnetic fine structure constant, a, as measured by the Josephson
effect or the electron g - 2 [1]
a= 137.0359895 (61).

(3.4)

ii) The Fermi constant G [1]
G= 1.16637(2)10-5 GeV-2

(3-5)
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as determined from the muon lifetime %„ and the theoretical formula (a special case
ofEqs. (1.43,45)) [18]
2^

G2m
PL 1-8-

mE e

2
m

(3-6)

*k*

iii) The Z-mass [33]
= 91.1888±0.0044GeV

(3.7)

The relative uncertainty on Mg, which is the less precisely known among the basic
observables, is far smaller (by more than one order of magnitude at least) than the
relative uncertainty in any of the other observables that we shall consider.
At the tree level, the basic observables are expressed in terms of the
parameters g,g',v as (See Chapter 1)
(3.8)

where(fl)
(3.9)

and

3.3

Derived observables. Tree level values
Eqs. (3.8,9) can be solved in favour of g, g' and v as functions of <XQ, GQ, M^Q-

In this way, at the tree level, the precision observables that are used to test the theory
can all be expressed in terms of «Q, GQ, M^Q- TO this end, one needs:
i) the W-mass

(3.10)

1+

( fl ) The reader should be aware of the fact that, although keeping the same symbol, the precise meaning of
S will change as we progress.
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ii) the photon coupling to the fermion f of charge Qf

iii) the Z coupling to the fermion f of weak isospin T3 f and charge

y2

(3.12)

(3.13)
iv) the W-coupling to the fermion doublet (f, f)

Of special interest are the Z widths into a pair of fermions T(Z -> / / ) , the
forward-backward asymmetries at the Z pole

(3.15)

(0

and the T-polarization asymmetry

(3.18)

7

UR)
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It is a simple matter to obtain, from these definitions, the following tree-level
expressions^2)

(3.19)
where Nc= 1,3 for leptons and quarks respectively, and
(3.20)

where
0

V

o2

+

SVf

0

(3.21)

2

Sf

If one neglects radiative corrections, it is already possible to obtain the
predictions for some of the "derived observables", starting from the input values of
the basic observables given in Eqs. (3.4-7). They are compared in Table 1, column A,
with the present experimental results.
Table 1: Comparison of theory (in different approximations) with experiment
A

B

C

"Bare"

e.m.

Experiment

relations

corrections

e.m. +
large m,

r(z-»zz)

84.99 Mev

83.56 Mev

86.36 Mev

83.96+0.18

A-FB

0.0637

0.0168

0.0351

0.0170+0.0016

"•Pol

0.296

0.150

0.216

0.143 ±0.010

A-FB

0.210

0.105

0.152

0.0967 ±0.0038

Mw/Mz

0.8876

0.8768

0.8935

0.8798 ±0.0028

Observable

3.4

[33]

Electromagnetic corrections

The bulk fo the radiative corrections is of pure electromagnetic origin. On the
other hand, at the level of precision that is of interest here, it is not possible to doubt
W) For simplicity Eq. (3.19) does not contain the trivial fermion mass corrections, which are however not
completely negligible for the T and the b quark.
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of the effectiveness of QED in describing the radiative corrections from photon
exchanges. It is therefore important to consider the pure QED corrections in isolation
from the full electroweak corrections, a distinction which is possible always having
in mind the required precision.
For e+ - e~ observables at the Z-pole or for the W mass, the largest effect, by
far, from pure QED radiative corrections is the change in the electric charge when
going from q = 0, where the fine structure constant defined in Eq. (3.4) is measured,
to q = Mg, which is the relevant momentum scale for the observables in question.
This change from a = cc(O) to CCIM^) is related to the photon vacuum polarization
function
terms

(3.22)

via

<3-23>

In FYY we only include the contributions from the lepton and the light quark loops:
Aa = Aaz + Aaq

(3.24)

i.e. we will conventionally include in the remainder of the corrections both the top
quark and the W-boson loops. The lepton loops give Acc^ =-0.0314, whereas, for the
quark contribution, a perturbative calculation is not possible, because of strong
interaction effects at low q2. The way out consists [34] in relating Aaq to the
measured, and properly normalized, hadronic cross-section
R[s) = — ^ y a[e+e~ -» y -» hadrons; s)
Ana v
'

(3.25)

via a dispersive representation
a

A,2

too
4

'%

dsR(s)
2

s(s-M^\
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This gives Aaq =-0.0282(9), with the error dominated by the uncertainties in the
measured cross-section between the charm and the beauty threshold. Putting
together the lepton and the quark contributions, one obtains
a(Mz)~l =128.87 + 0.12

(3.27)

which replaces Eq. (3.4) as the reference value of the fine structure constant. The
uncertainty of this new value is not such that one can obviously neglect it in the
following. There is in fact at present a debate in the literature on the best value of
a(Mz) that can be extracted from the data on e+-e+ into hadrons and on the
corresponding uncertainty [35]. We shall come back in section 3.10 on how to deal
with values of a(Mz) possibly different from (3.27).
The other relevant electromagnetic corrections for the e+ - e~ observables at
the Z-pole arise from initial and final-state photon radiation and from the one photon
exchange contribution to the scattering amplitudes. Bremmstrahlung from the initial
particles is in fact the largest source of corrections to the Breit-Wigner shape of the Z
resonance. It can be accounted by folding the cross .section with a "structure function"
F(x,s) that describes the probability that the initial electron or positron emit a
photon which carries away a fraction x of the initial momentum:
l s s

~ o/

e{s)=

fdxF(x,s)(J0(s(l-xj),
0

(3.28)

where s0 is a threshold energy below which the final state does not exist or is not
detected and c 0 is an "uncorrected" cross section that we now define, taking into
account of the relativistic phase space and of the one photon exchange amplitude.
One has
)

%j

yj

%yj)

(3.29)

where

A -yj2^//
z ff

-

*i

(3.30)

*M ( i ) V ! / i
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and a

Ms), o® Ms) are respectively the pure photon and the Z-photon

interference contributions to the cross section, as computed in the SM. Eq. (3.30) is in
fact the very definition of the Z mass and of the Z widths. At the needed level of
accuracy, the Z mass so defined coincides with the real part of the pole of the Z
propagator.
Finally, photon radiation from the final state / / is accounted for by the factor
(l + 3 a/4 xQf) multiplying the QED uncorrected width.
The importance of the QED corrections is manifest from column B of Tablel.
There and hereafter, all the e+ - e~ observables are defined after the deconvolution of
the initial state radiation. As such, their radiative correction effects are largely
9

2

2

dominated by the charge renormalization from q =0 to q =Mg. The entries in
column B are obtained in the same way as in column A, except for the use of (3.27)
instead of (3.4) and the introduction of the final state radiation factor in the Z
leptonic width.
3.5

Renormalization
To deal with the full electroweak corrections, one has to go through the
renormalization procedure. In principle, this opens the way to many possible
different renormalization schemes. In a weak coupling theory, however, as the one
that we are dealing with, one procedure emerges above all, which avoids useless
intermediate steps and speeds up the necessary calculations in a significant way.
Technically, it is itself a renormalization scheme, called "on-shell scheme".
First, we focus on the basic observables
(3.31)
and we compute the radiative corrections to them,, in the regularized theory,
(3.32)
In this way we obtain the renormalized basic observables a'(a'o) as power series in
h, which can be formally inverted to
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In the same way we have to consider the loop corrections to the derived observables,
or rather to the S-matrix elements that allow to compute the derived observables. As
an effect of these corrections, any tree level S-matrix element 5*0(4) goes into the
renormalized one

5s a

{ o) e

(3-34)

again as a formal power series in h.
One gets the desired connection between the renormalized S-matrix elements,
needed to compute the derived observables, and the renormalized basic observables
a', by considering the expansion in fi of s(ao(a')) both in S(a0) and in the a'^a')
themselves. It is only at this last step that the coefficients of the series are finite in the
limit of infinite cut-off. For example, at one loop, one will have

(3.35)

which shows explicitly that the finite one-loop shift AS(1)(a') gets both a direct
contribution 8wS(a') and an indirect one, -^(dS0/da')8wa', from the shifts of the
I

basic parameters, both separately divergent for infinite cut-off. This procedure is
followed consistently throughout the following sections.
The fact that the basic observables (3.31) are enough to determine all tree level
quantities is what makes it sufficient to renormalize them in order to obtain finite
one loop results. To make convergent a two loop calculation requires renormalizing
also all the other parameters that intervene at the one loop level. In the case of the
SM and for the observables under examination, they are the top mass and the Higgs
mass.
3.6

Radiative corrections in the "gauge-less" limit. Large mt effects
After having examined the electromagnetic effects, with the purpose of
dealing with the other corrections in order of importance, we now consider the
radiative corrections to the various precision observables that grow like powers of
the top-quark mass. From the early work of Veltman [36], it is well known that such
effects do arise from top/bottom loop corrections to the W and Z vacuum
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polarization amplitudes, making the p-parameter deviate from one. This was
anticipated in section 1.9. More recently, an analogous effect has been pointed out
[37], which leads to the presence of a contribution to the Z—>bb vertex, also
growing like a power of m(. Following Ref. [38], one can deal with these effects by
means of a Lagrangian that knows nothing about the gauge couplings. The point is
that, for a heavy top, the leading corrections both to the p-parameter and to
the Z^bb vertex can be viewed as power series in the "top fine structure constant"
at = gf/4n, where gt is the top Yukawa coupling. These corrections have clearly
nothing to do with the gauge couplings.
With this in mind, let us consider the SM Lagrangian for the third generation
of quarks, with the vector bosons treated as external classical currents without
kinetic terms, and the bottom Yukawa coupling neglected:
—

{8tQL^R + h.c.)

-

(3.36)

L = iQLDQL + itRDtR + ibRDbR
w h e r e QL = (t, b)L. Shifting t h e Higgs field a r o u n d the m i n i m u m of V(cp), w e set
r

• .+

N

Up

(3.37)

cp =

where % and <p+are the Goldstone bosons, eaten by the Z and the W to become
massive. In this way we obtain

L=
(3.38)

. c.) + ibi$b + ...

The dots in (3.38) stand for all the interactions among the Goldstone bosons, the
physical Higgs fields H, and the t,b quarks, dependent upon the top Yukawa
coupling gt and the quartic Higgs coupling X.
Suppose now that we perform loop corrections with this Lagrangian. We can
compactly describe their results in terms of the following effective Lagrangian
2

V2

7X

2
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iZ

2RfRStR +iZ2LbLdbL

+ ib db

R R + (sr v 2 m f z/i? + k c )

which contains several (divergent) constants 7^ = Z^%V A). The important points
about Eq. (3.39) are:
i) the presence of the %bb coupling, which must be of derivative type in the x
field, because the b-quark is massless (the bR does not interact);
ii) the fact that the derivative terms in the Goldstone boson fields keep the
covariant form in terms of the classical fields W^ and Z^, as it can explicitly be
shown by means of the Ward identities of the SU(2)XU(1) global invariance [38]
possessed by the Lagrangian (3.36).
In terms of the constants Z,'s appearing in Eq. (3.39) we can now express the
renormalized observables. The gauge couplings do not get any correction, so that, in
particular
a = *-=-.

(3.40)

Ait

The Z and the W masses, from (3.39), become

The ji -decay, or the Fermi constant, is only affected through the corrections to the W
mass, namely

-

^

=^

.

(3.42)

One may also be interested in the neutral-current Fermi constant GNC, defined
in an analogous way to G, for example, from the elastic electron-neutrino amplitude
at q2 = 0
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Finally, for the Z->bb vertex, always from Eq. (3.39) and taking into account
the renormalization of the bL field, one has
(3.44)

The super-script GIM in v£IM(Z-*bb)

is there to recall that the top

corrections to the vertex are only present in the bb case and not for any of the other
down-type quarks. As such, this contribution to the Z-*bb vertex is called "GIM
violating".
According to the procedure outlined in section 3.3, we have to express all the
derived observables in terms of a, G and M%. We have therefore, from Eqs. (3.4043)

(3.45)

{3A6)

(3.47)

Knowing p = Zl\Z\ and x = Zx\Z\ only, we can in fact express all the radiative
effects related to the large top Yukawa coupling. Since, from Eqs. (3.41,42),

2
1c

(3.48)

|

for the Z widths into any pair of fermions other than bb one has

r(Z -» ff * bb) = NcP^{glf

+ 82Af)

(3.49)

where gvf, gAf have their tree level value with s2 given by Eq. (3.46).
On the other hand, for the Z-*bb width, taking into account of the GIMviolating contribution (3.44), one has
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(3.50)

(3.51)
Finally, for the asymmetries at the Z-pole, again the tree level expressions hold with
s2 given by Eq. (3.46). (The inclusion of T in Apjg according to Eq. (3.51) gives a
numerically irrelevant correction due to the smallness of gye).
After having seen how the large m, effects spread out, via p and T, in all the
precision observables, we can compute p and T themselves in the SM, using the
Lagrangian (3.36). At one-loop level, the only diagrams that contribute to p and T,
are shown in Fig.3.1.

Figure 3.1: Relevant one-loop diagrams contributing to p and T .

From them it is immediate to get the well-known leading-order contributions [36,37]
p-1-3*,

(3.52)

T = -2

where we have set

x=

Gm

(3.53)
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which, in leading order, coincides with at/8K.
Quite a few more diagrams contribute at the two-loop level. Nevertheless, the
simplification achieved by working with the Goldstone Lagrangian rather than the
gauge Lagrangian itself makes even the two-loop calculation quite manageable [38].
At this order, also the Higgs quartic coupling A comes in, which can be traded for
the Higgs mass mH by means of the lowest-order relation m2H = 4Av2. Expanding in
x, the second-order coefficients of both p and T are functions of ntfifntf. For
trifl/mf «1, they are(f4)
p - 1 » 3 / 1 + ^(22-2 w 2 )!

f

(3.54)

f 9-7^/3 V)

(3.55)

whereas, for r = mf/nitf « 1 /
2 >

) )

(3.56)

T = -2;cfl+—(311 + 247T2 +2821gr+90ig2 n)

(3.57)

As explained in section 3.3, we have obtained finite second-order coefficients because
we have expressed at in favour of the renormalized G and mf. It is
f??
An

Gm}
J
K-Jl

(7t

(3.58)

2

where the various renormalization constants have the usual meaning, as in Eq. (3.39),
except that they are computed at the pole of the top propagator, since mt is defined
as the position of the pole itself.
The numerical computation of the asymptotic expressions (3.54-58) as well as
of the exact results [38] show that the expansion up to second order is well
convergent for all mt <300 GeV, mjj < 2 TeV. This gives confidence in the use of the
perturbative calculation to get an upper bound on mt from the comparison with the
Eq. (3.54) confirms a previous result obtained in Ref. [40].
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experimental data, since the bound that one obtains is well inside this region. If we
use, e.g., ;?zf=300 GeV (and any m#< 2 TeV), where p and r give the largely
dominating corrections, and plug their values in the expressions for any at the
observables given above, we obtain in all cases striking deviations from the data (see
Table 1, column C). To get an accurate determination of the bound on mt, one
actually needs to take into account all the other electroweak corrections that do not
grow like powers of mt.
3.7

General one loop expressions
It is time that we discuss the full electroweak radiative correction effects [4143]. To this purpose, in the following the general expressions are given of the derived
observables in terms of the one-loop corrected Green functions, in such a way that
one will no longer have to worry about the renormalization procedure. In doing this,
the scheme outlined in section 3.3 is closely followed.
The relevant quantities, or the needed ingredients, are:
i) the vacuum polarization amplitudes for the W, Z and y
terms

(3.59)

where i,j = W,. y, Z or possibly i,j = 3,0 for the W3 or the B-boson respectively;
ii) the contributions to the vector and the axial form factors at q2 = Ml in. the Z —»/ /
vertex from proper vertex diagrams and fermion self energies only
(3-60)

iii) all the one-loop corrections except the vacuum polarization (boxes, vertices and
fermion self-energies) to the (i -decay amplitude at zero external momenta
(3.61)
Some comments are in order .In the expression (3.60) for the Z—»// vertex,
also a magnetic form factor might be introduced. We assume that the chiral
symmetries associated with the various fermions, in the theory under consideration,
are controlled by their masses (or their Yukawa couplings). This assumption makes
the magnetic form factors negligible to the present purposes. The various functions
defined in Eqs. (3.59-61) have in general some imaginary parts. In view of the present
phenomenological constraints, we assume that possible further contributions to the
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imaginary parts from new relatively light particles give negligible effects. Finally,
there is the obvious comment that any of the individual form factors defined in Eqs.
(3.59-61) is in general neither finite nor gauge-invariant. It is only when their
different contributions are grouped together in the derived observables that
finiteness and gauge-invariance will be restored.
In terms of the quantities defined in Eqs. (3.59-61), we can first express the
shifts of the basic observables (or the input parameters) as defined in section 3.3 [43].
They are:

(3.62)

a
(3.63)
SG_AWW(O)
M

W

+•

5GyB

(3.64)

G

The derived observables of interest to us are: the Z width into a pair of fermions,
Z->ff, the asymmetries at the Z pole and the W mass. At one loop, these
observables receive direct contributions from the amplitudes (3.59-61) as well as
corrections due to the shifts (3.62-64) of the input parameters. For the W mass one
immediately obtains
2 2

L =M

7C

8a

28G
j

a

2
C

(3.65)

G

where
(3.66)
and
(3.67)

= -AW(O) -

To obtain the Z widths and the asymmetries, one first has to write down the
e e~ -* f f amplitude close to the Z pole
+
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(3.68)

~

2sc

QfFzr[ M

7

from which, using the shifts (3.59-61), one gets

(3.69)

(37Q)

where
2

-2s
= T
-2sQf,
3f3f

(3.71)

(3.72)

(3.73)

Both in the amplitude (3.68) and in the forward-backward asymmetry (3.70) we have
neglected possible box diagram contributions, which is legitimate for observables at
the Z pole. Analogous expressions hold for Apoi and Apg, with the lepton couplings
8VI>8AI replaced by gvl + Agvl and gAI + AgAl as in (3.70). We have already mentioned
that the forward-backward b-asymmetry is practically insensitive to (reasonable)
corrections to the Z-bb couplings. For them one can then simply take the tree level
expressions with s1 given in Eq. (3.66).
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It is customary, and useful for later purposes, to define three auxiliary
dimensionless parameters Arw, Ap, Ak' which are in direct correspondence with
three derived observables Mw, T[Z - » / T ) and A'FB via [44,45]

4l4-rsr—f
M
M
M l Ar

z ) z ^ z( ~ w)
(3 75)

-

(3-76)

where
()

(3.77)

gA
and 52 given in Eq. (3.66). Notice that gv and gA defined in (3.75,76) have only an
auxiliary role, being related to Ap, M' through (3.77). By looking at Eqs. (3.49) and
(3.75-77), notice also the relation between Ap and the p parameter defined in
section 3.6, p = l + Ap. In r ( Z - » / T ) we have inserted the final state radiation
factor. From these definitions one obtains [46]

M\

a

(3.79)

(3.80)

This is as much as one can do in general, without specifying the actual theory that
one wants to deal with: the SM or something else.
3.8

Radiative corrections for infinite Higgs mass in the SM
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The infinite Higg mass limit of the SM is a particularly interesting one [47]. In
the radiative corrections, it results in the appearance of divergences, cut-off by the
Higgs mass itself, affecting the physical observables. At one and two loops, it is
possible to characterise and calculate all the leading divergences in a simple way.
Other than those controlled by the Yukawa coupling of the top quark, appearing
only at two loops and calculated in section 3.6, they are all contained in the vacuum
polarization amplitudes of the vector bosons. In particular, simple power counting
arguments show that they can only affect the masses and the kinetic terms of the
vector bosons and not the higher derivatives of the vector-boson vacuumpolarization amplitudes. As shown below, this means that the leading divergent
terms in the large Higgs mass limit affect any observable via three combinations, at
most, of the vacuum polarization amplitudes.
To this purpose, let us consider the vector boson mass terms in the effective
Lagrangian given in Eq. (3.39) and let us add to them the general kinetic terms
consistent with electric charge conservation

(3.81)

where A,B,C,D are renormalization constants, as Z% and Z$, all related to the VB
vacuum polarization amplitudes defined in the previous section. Not all of these
constant have physical meaning, however. By the rescalings
B

the fermion couplings to the VB are left unchanged, whereas the above Lagrangian
goes into

(3.83)
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with Af| defined in Eq. (3.41) and s,c still keeping the usual relation with the gauge
couplings in the fermionic weak currents. This shows that physical obervables are
determined, other than by g,g' and M | , by only three combinations of the various
renormalization constants

(3.84)

which are related, at one loop, to the VB vacuum polarization amplitudes defined in
Eqs. (3.59) by
A 3 3 (O)-A W (O)

~

771
771
M
w
(l)

(3.86)

Notice that, to deviate from zero, both ex and e2 require a breaking of the SU(2)
symmetry that is responsible, at the tree level, for p = 1. (See section 1.9). Therefore,
apart from terms proportional to the Yukawa coupling of the top quark, already
computed in section 3.6, a non vanishing contribution to them must involve the
exchange of a B-boson, since only the hypercharge coupling breaks the "custodial"
symmetry. Furthermore, whereas e2 is the ratio of two VB wave-function
renormalization constants, e, can be viewed as the ratio of the wave-function
renormalization constants of the charged and neutral Goldstone bosons, as shown
again in section 3.6. When considering loops not involving the third generation
fermions, all this means that e, starts at order g , whereas e2 is only non vanishing
at two loop order with a g2g'2 term. (Remember that the B-boson has no direct
coupling to the W-bosons).
The one loop diagrams that contribute with a divergence to e, and e^ for an
infinitely heavy Higgs, namely when the Higgs is never excited, are shown in Fig 3.2.
In terms of an ultraviolet and infrared cut-off, A and ji respectively, the diagrams of
Figs. 3.2, both computed at q 2 = 0, immediately give [48]
ex = _ J £ - l g A = _i.2 x 10~3 l g 8TTC2

M

(3.88a)

PL
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3

3
5g - « 0.5 x 10" l g PL
ft
247TS 2
PL

(3.88b)

The result for tfj is actually obtained by taking the B-boson propagator in the Landau
gauge. This is the gauge that has to be used if one wants to compute e, in terms of
Goldstone boson properties only; the corresponding gauge-fixing term, although
breaking the local symmetry, respects in fact the global symmetry that is responsible
for the existence of the massless Goldstone bosons in the first place. In the complete
theory, diagrams with internal Higgs boson lines make the pure Goldstone
diagrams of Fig. 3.2 ultraviolet-convergent and replace the ultraviolet cut-off by the
Higgs mass [49]. Furthermore, the infrared cut-off in a complete calculation is
replaced by the gauge-boson masses.
Similar considerations along these lines allow to compute in a simple way, in
terms of a few two loop diagrams, also the leading contribution growing like the
Higgs mass squared to all the physical observables [50]. As the one loop logarithmic
divergences, they only occur in ex and e3.
B
\

B

<t>
Figure 3.2: One-loop contributions to e, and e3 in the SM without Higgs boson internal lines in the
approximation discussed in the text. The B-boson propagator is in the Landau gauge.

3.9

Model independent analysis: the e - parameters
In this section, a general strategy is defined for the analysis of the electroweak
precision tests with the purpose of isolating the interesting effects in the radiative
corrections [51]. The aim is to compare the theory with the full set of experimental
results given in Table 2. The analysis is not restricted to the SM, but rather it treats
the SM as a particularly relevant example. It is based on four dimensionless
parameters, ^,£2, £3 and e^ , which represent an efficient parametrization of the
small deviations from what is solidly established. Indeed the epsilons are defined in
such a way that they are exactly zero in the limit of neglecting all pure weak loopcorrections to a few especially relevant observables (i.e. when only the predictions
from the tree level SM plus pure QED and pure QCD corrections are taken into
account). This very simple version of improved Born approximation - hereafter
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simply called Born approximation - is a good first approximation [52], according to
the data. Furthermore, the epsilons are define in such a way as to be in one to one
correspondence, in a sense to be made precise, with the quantities Ci,e2,e3 and x
defined in Eqs. (3.83-87) and (3.44) respectively.
Table 2. Experimental results considered in the text

Mz(GeV)
TT(MeV)
R = Th/Tl

91.1888 ±0.0044
2497.4 + 3.8
20.795 ±0.040
41.49±0.12

^
T[(MeV)
Tk(MeV)
Tb(MeV)
Rbh=TbIVh
Al

'

AT

Ae
AbB

8v 18A ial1 asymm ~LEP)
ALR(SLD)
8v'8A ial1 asymm-LEP+SLD)
Mw/Mz(UA2+CDF+D0)

83.96 ±0.18
1745.9 ±4.0
382.7+3.1
0.2192 + 0.0018
0.0170±0.0016
0.143 + 0.010
0.135+0.011
0.0967 + 0.0038
0.0716 + 0.0020
0.1637±0.0075
0.0738 + 0.0018
0.8798±0.0020
0.118 + 0.007

The definition of the epsilons is as follows. For e,, e2 and e3, we introduce the
following linear combinations of Ap,Ak' and Arw> defined in the previous section
[45,53]:
sl = Ap , g2 = c2Ap + ? f r \

-2s2Ak' , e3 = c2Ap + ic2-s2)Ak'

(3.89)

We further define £^ from F^, the inclusive partial width for Z-^bb, according to
the relation [51]
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where /? = <Jl-4ml/ml, with mb=4.8 GeV, RQCD is the QCD correction factor given
by

(for as(Mz) = 0.118, RQCD= 1.0428) and gVb, gAb are specified as follows

(3.92)
J-4/3{l

2

+ Ak')s + £h
1+ £

SAb

b

The physical meaning of the £,• can be understood by looking at their explicit
expressions in terms of the amplitudes defined in section 3.7. After linearization, one
obtains
SGy D

^-4SSAl

(3.93a)
*2. - Sgvl - 3dgAl

9
9
C ~S

(3.93b)

9
1 + 2^

5
1

5
5
i-T^ W + ^gAd+TM'T
$SW~T
-S+r-3 5 ) <%AM
^l\
3
J
3\
3
J
3\
J
s

(3.93d)

3
As anticipated, notice the correspondence of the epsilons with ei,e2,e3 and T. In
£,, £2 and £3 we have introduced the quantities [46]
(3-94)
which depend, unlike e\,e2,e^, on higher derivatives of the VB vacuum polarization
amplitudes.
The quantities e1,e2,£3 and eb are defined in terms of the physical
observables ——,r[z-^l + r),A l FB

and Tb. The relations between the basic

observables and the epsilons can be linearised, leading to the formulae
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M

W_MW

M.7

Mi

1.43e1 -1.00e 2 -0.86e 3 )

(3.95a)

B

(3.95b)
(3.95c)
(3.95d)

B

The Born approximations, as defined above, of the corresponding quantities on the
right hand side of Eqs. (3.95) depend on as(Mz) and also on a(Mz). Defining
(3.96)
we have
™2
m

W

= 0.76883[l-0.405a]

(3.97a)

Z B
Tt\B = 83.56[1 - 0.198a]MeV

(3.97b)

m

4BB = 0.01683(1-345a)
r

(3.97c)

4=

(3.97d)
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It is an important property of the epsilons that, in the SM, for all observables
at the Z pole, the whole dependence on mt (and mn) arising from one-loop diagrams
only enters through the epsilons. The same is actually true, at the relevant level of
precision, for all higher order mt-dependent corrections, which enter through the
vacuum polarization and the Z->bb vertex. Actually,, the only residual m t
dependence of the various observables not included in the epsilons is in the terms of
order a | in the pure QCD correction factors to the hadronic widths [54]. But this one
is quantitatively irrelevant, especially in view of the errors connected to the
uncertainty on the value of as itself. The theoretical values of the epsilons in the SM
are given in Table 3 and shown in Fig. 3.3. It is important to remark that the
theoretical values of the epsilons in the SM, as defined in Eqs. (3.89-93) or,
equivalently, in Eqs. (3.95-97) are not affected, at the percent level or more, by
reasonable variations of ccs(Mz) and/or oc(Mz) around their central values. By our
definitions, in fact, no term of order 0:5" or a In —— , with m a light fermion mass,
\ mJ
contributes to the epsilons.
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Table 3: Values of the epsilons in the Standard Model as functions of mt and mH as obtained from
recent versions of ZHTTER [55] and TOPAZO [56].

£2

ei
lilt

t

£3

£b

mH=

300

1000

65

300

1000

65

300

1000

Allrr

1.51
2.19
2.93
3.72
4.56
5.47
6.43
7.44
8.53
9.67
10.9
12.2

0.888
1.54
2.25
3.00
3.81
4.68
5.60
6.57
7.6
8.69
9.83
11.0

-0.23
0.413
1.10
1.84
2.63
3.47
4.36
5.29
6.27
7.30
8.37
9.49

-5.72
-6.10
-6.46
-6.80
-7.13
-7.48
-7.84
-8.23
-8.64
9.08
9.55
-10.0

-5.40
-5.74
-6.07
-6.38
-6.70
-7.03
-7.36
-7.71
-8.08
-8.47
-8.9
-9.36

-5.25
-5.56
-5.86
-6.15
-6.45
-6.76
-7.07
-7.39
-7.72
-8.08
-8.45
-8.85

5.04
4.96
4.88
4.81
4.74
4.68
4.63
4.58
4.54
4.51
4.49
4.49

6.4
6.3
6.21
6.12
6.03
5.95
5.88
5.81
5.76
5.72
5.69
5.67

7.07
6.96
6.85
6.75
6.65
6.57
6.49
6.41
6.35
6.29
6.23
6.18

-2.29
-2.98
-3.71
-4.48
-5.30
-6.15
-7.05
-7.99
-8.98
-10.0
-11.1
-12.2

65GeV

120
130
140
150
160
170
180
190
200
210
220
230

In terms of the epsilons, the following expressions hold, within the SM, for the
various precision observables
(3.98a)
R = R°(l + 0.286! - 0.

(3.98b)

oh = c$(l - 0.03£! + 0.04£3 -

(3.98c)
(3.98d)

Rbh =

(3.98e)

+0.07£3

where x = — as obtained from A^B. The quantities in Eqs. (3.95) and (3.98) are
8A

clearly not independent and the redundant information is reported for convenience.
By comparison with the code of Ref. [55] ( the results are also checked with the
programme of Ref. [56]) one obtains
(3.99a)

= 2488.9(1 + 0J38as - 0.356a) MeV

(3.99b)

+ 1.05<5a5-0.28<5a)
ojj =41.422(1 -0Al5as
x° = 0.07531-1.325a
% =0.21823

(3.99c)

+ 0.03da)nb

(3.99d)
(3.99e)

105

Note that the quantities in Eqs. (3.99) should not be confused, at least in principle,
with the corresponding Born approximations, due to small "non universal"
electroweak corrections. In practice, at the relevant level of approximation, the
difference between the two corresponding quantities is in any case significantly
smaller than the present experimental error, from a factor of 2 in the case of T^ up to
a factor of 6 in R^.
The properties of the epsilons, as precisely defined from Eqs. (3.95-97), make
them suitable for a model independent analysis of the electroweak precision tests. In
particular, the fact that, for all observables at the Z pole, the whole relevant
dependence on nij (and m#) only enters through the epsilons, is true for any
extension of the SM with the property that all possible deviations only occur
through vacuum polarisation diagrams and/or the Z->bB vertex. In any such model,
of course, the actual values of the epsilons will differ in general from the SM ones.
For this kind of models, however, one can compare the theoretical predictions with
the experimental determination of the epsilons as obtained from the whole set of
e+ - e~ high energy data. If a particular model does not satisfy this requirement, then
the comparison is to be made with the epsilons determined from the defining
variables only, Eqs. (3.95-97), or with some more limited enlargement of the same set
of data, depending on the particular case. For example, if lepton universality is
maintained, then the data on ^ B can be replaced by the combined result on gv/gA
from all lepton asymmetries.
In principle, any four observables could have been picked up as defining
variables. In practice we choose those that have a more clear physical significance
and are more effective in the determination of the epsilons. In fact, since Tj, is
actually measured by Rbh (which is nearly insensitive to o^), it is preferable to use
directly Rbh itself as defining variable, as we shall do hereafter. In practice, since
, Eq. (3.99e), is numerically indistinguishable from the Born approximation of
, this determines no change in any of the equations given above, but simply
requires the replacement of Eqs. (3.95d,97d) with Eqs. (3.98e,99e) among the defining
relations of the epsilons. In this way, the equations that have completely general
validity are (3.95a,b,c and 3.98e), togheter with (3.97a,b,c) and (3.99e), whereas the
remaining observables and the corresponding equations, among which (3.95d,
3.97d), can be included in the analysis only according to the progression of
hypotheses that we shall discuss.
3.10

Comparison with experiment
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By combining the value of —— - ^ j ^ m e LEP results on the charged lepton
Mz
partial width and the forward-backward asymmetry, all given in Table 2, one obtains
from Eqs. (3.95a,b,c) and (3.97a,b,c):
e1 = (4.7 + 2.2)10~3
£2 = (-3.2 + 5.0)l(r 3 +0.23Sa
£3 = (3.4±3.0)10~3-0.775a

(3.100)

Finally, by adding the value of Rbh and using Eqs. (3.98e,99e) one finds :
£;, = (2.5±4.6)10~3

(3.101)

The central values of the epsilons, as determined experimentally, depend on the
chosen value of a(Mz), since the Born approximation of the defining variables does.
As before, we have taken a{Mz) =1/128.87 [34] but, in Eqs. (3.100,101), we have
given the variation induced on the epsilons by corresponding shifts of a{Mz)- As
mentioned in section 3.4, there is a lively debate in the literature on the best value of
a(Mz) that can be extracted from the data on e+e~ ->hadrons and on the
corresponding uncertainty [35]. By using Eqs. (3.100,101) the reader can easily adapt
the results to his/her preferred values.

107

i

i

i

i

i i

i

i

i

i

i

i

i

i i

i

i

i i

i

i

S.M.

64_

Defining Variables
WZ2-

0-

-2-

"BoriTi

i

-D

i

i

i

0

Nl

.10

10

Figure 3.4: The lo~ ellipse in the plane £i — £3 obtained from the data on the defining variables F/
and APD compared with the SM.
In Fig. 3.4 the experimental la ellipse in the £j-£3 plane

is shown and

compared, as a particularly relevant example, with the SM predictions for different
mt and mn values. We recall that £1 and £3 are completely determined by F/ and
AFB. Unlike £\ and £3/ £2 and % do not show yet any deviation from zero. In the
case of £2, there is consistency with the SM prediction at all practical values of mt.
(See Fig. 3.3). Note that £2 also depends on —— and better measurements of this
Mz
quantity are needed in order to make this test more stringent. On the contrary, e^
would prefer relatively small values of mt. (See Fig. 3.3) This result is a simple and
direct consequence of the fact that the measured value of Rbh is a bit high ( for mt
-170 GeV, Tb is about 2cr larger than the SM prediction).
To proceed further, and include other measured observables in the analysis
we need to make some dynamical assumptions. The minimum amount of model
dependence is introduced by including other purely leptonic quantities at the Z pole

108

such as ApO[, A e (measured [33] from the angular dependence of the T polarisation)
and ALR (measured by SLD [57]). At this stage, one is simply relying on lepton
universality. With essentially the same assumptions one can also include the data on
the b-quark forward backward asymmetry AFB. In fact it turns out that ApB is almost
unaffected by the Z->bB vertex correction.
As a result, we can combine the values of x= gv/gA from the whole set of
asymmetries measured at LEP (obtaining the value given in Table 2) and we can
include, in the fit of the epsilons, Eqs. (3.98d,99d), valid in a more general theory
fulfilling the stated assumptions. At this stage, with the SLD result also taken into
account, the best values of 6\ ,£2 and £3 are modified according to
£!=(5.1±2.2)10~3
£2 = (-4.1±4.8)10"3
£3 = (5.1 + 2.0)10~3

(3.102)

with a similar dependence on cc(Mz) as in Eqs. (3.100,101). In Fig. 3.5 we report the
two ellipses in the £j - £3 plane that correspond to the data with and without
from SLD.
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Figure 3.5: The 1<T ellipse in the plane £j - £3 obtained from the data on F ; and —— derived from
all asymmetries (Table 2), with and without SLD.

All observables measured on the Z peak at LEP can be included in the analysis
provided that we assume that all deviations from the SM are only contained in
vacuum polarisation diagrams (without demanding a truncation of the q 2
dependence of the corresponding functions) and/or the Z->bB vertex. For a global
fit of all high energy data we consider —&-,Tz->Rh->ah->Rbh a n d x =gv/gA given in
M
Table 2.The relations between these quantities and the epsilons, valid in any model
of the assumed type, are given in eqs. (3.95a,97a,98,99). For LEP data, we have taken
the correlation matrix for Tz,Rh,ah given by the LEP experiments [33], while we
have considered the additional information on Rbh and x as independent. We obtain
(SLD is also included):
el =(4.2±1.8)10~ 3 -0.27<5a s
e2 = (-4.9 + 4.8)10~3 - 0.24<5as +0.235a

(3.103)
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e3 = (4.5±1.8)10~3-0.175a5-0.775a
Eb = (-0.2±4.1)10~3-1.235aiS
At this stage, the epsilons have acquired also a dependence on as(Mz). We have
taken a$(Mz) = 0.118 [58] and we have given the variation induced on the epsilons
by a correponding shift of ccs{Mz)r as defined in Eq. (3.96). The comparison of
theory (the SM) and experiment in the planes £j - £•$ is shown in Fig. 3.6. We see that
the inclusion of all LEP quantities does not change the epsilons very much. The
effect of a 10.007 uncertainty on (Xs(Mz) is included in the quoted error for f^.
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G^Rfo, Rfofo and —— derived from all asymmetries (Table 2), with and without SLD.

To include in our analysis lower energy observables as well, a stronger
hypothesis needs to be made: vacuum polarization diagrams are allowed to vary
from the SM only in their constant and first derivative terms in a q2-expansion. In
such a case, one can, for example, add to the analysis the ratio Rv of neutral to
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charged current processes in deep inelastic neutrino scattering on nuclei [59], the
"weak charge" Qw measured in atomic parity violation experiments on Cs [60] and
the measurement of gv/gA from v^e scattering [61] (the final result of CHARM-II
_2

corresponds to s w =0.2324+0.0086). The expressions of these quantities in terms of
the epsilons is given in ref. [51]. In this way one obtains the global fit (also including
SLD):
= (-5.3±4.7)10~3

(3.104)

= (0.2±4.0)10~3
with the same dependence on as(Mz) and cc(Mz) as in Eqs. (3.103).With the
progress of LEP, the low energy data, while important as a check that no deviations
from the expected q2 dependence arise, play a lesser role in the global fit. The £j - £3
plot for all data is shown in Fig. 3.7. We observe no drastic change in the epsilons
and we take this fact as evidence that no exotic q2 dependence is visible.
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Figure 3.7: The 1(7 ellipse in the plane £j — £3 obtained from all data.
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Note that the present ambiguity on the value of a(Mz) = (128.87± 0.12) -1 [34]
corresponds to an uncertainty on £3 (the other epsilons are not much affected) given
by Afi3 = ±0.7-10~3. Thus the theoretical error is still confortably less than the
experimental error but the two will become close at the end of the LEP1 phase.
The following final comments can be made.
As is clearly indicated in Fig. 3.7 there is by now a solid evidence for
departures from the "improved Born approximation", defined as including the
predictions from the tree level SM plus pure QED and pure QCD corrections only,
where all the epsilons vanish. Such evidence comes from E\ and e3, both measured
with an absolute error below 2 10"3 and shown to be different from zero at more than
the 2 a level for each of them. In this way one has obtained a strong evidence for
pure weak radiative corrections, thus fulfilling one of the explicit goals of the
precision electro weak tests. LEP and SLC are now measuring the different
components of the radiative corrections.
Of great significance is also the fact that both £j and £3 are reproduced in the
SM with an appropriate choice of mt and mn- This can be interpreted as an indirect
but nevertheless significant evidence for the description of the electroweak
symmetry breaking sector of the theory in terms of fundamental Higgs(es), as in the
Standard Model or its supersymmetric extension. This is true in spite of the fact that
the dependence of £j and £3 on the Higgs mass is rather weak. One should consider
in fact that, in most examples of Higgs-less theories that can be found in the
literature, £j and £3, when they can be computed, show relatively large deviations
from the predictions of the SM. In this respect a further reduction of the errors on £j
and £3, together with an improved direct determination of mt at the Tevatron, are
extremely important. Similarly, it would also be interesting to have a clear evidence
for a deviation from zero of the remaining parameters, £2 and e^. These important
goals of the electroweak precision tests are indeed possible in a near future.
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1.

INTRODUCTION
The attempts to go beyond the Standard Model have largely concentrated on the
solutions to the 'hierarchy problem', the difficulty in field theory in keeping the observed
states light in the presence of new physics at a very large mass scale (such as the Grand
Unification scale, Mx, or the Planck scale, MpianCk, where gravity becomes strongly interacting). There are just two possible solutions to this problem, compositeness where the
protection from the large mass scale occurs because some or all of the observed states
are composite with soft form factors when coupling to the states beyond the Standard
Model, or supersymmetry where the light states are prevented from getting a mass by a
new symmetry, supersymmetry (SUSY). In these lectures, I will start with a review of
the structure of effective field theories, in which there is a new scale of physics at a high
scale, as the most direct introduction to the hierarchy problem and its solutions. I shall
then present an overview of the two competing solutions, SUSY and compositeness. The
remainder of the lectures is devoted to some of the detailed predictions of supersymmetry
and a stage of (SUSY) unification beyond the Standard Model. The latter is certainly
worth some study as these ideas offer the only quantitative prediction for the parameters
of the Standard Model which come from physics beyond the Standard Model.
1.1

Motivation: effective field theories
It is very natural, given the success of the Standard Model, to ask why Nature
should choose such a structure and what, if anything, lies beyond? Attempts at unification
broadly divide into schemes in which one or more of the states of the Standard Model
are composite and schemes in which the symmetry of the Standard Model is extended to
enlarge the gauge group, and/or add supersymmetry and, most ambitiously, to include
gravity in the unification. In this lecture I shall try to motivate extensions of the Standard
Model via a 'bottom-up' approach in which the detailed structure of the low-energy theory
is used to limit the possible forms of unification, rather than the 'top-down' approach
which starts with a specific model for unification.
I find it quite remarkable that much of the Standard Model can be constructed
starting from the assumption that it is an effective field theory descending from a fundamental theory at some high scale, M [1]. This follows because the effective Lagrangian
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describing the light fields, flight, obtained on integrating out the heavy fields [with mass
of O(M)] may be written in a Taylor series ordered in inverse powers of M

"> C*"flight) = SnOnO*" ( ^ O ^ 4 ,

(l)

where O£" is a local combination of light fields labelled by its engineering dimension. The
best-known example of this is the Fermi theory of weak interactions generated by a term
such as GF(!p7nv)(Fllle) which applies at energy scales much less than the W-boson mass
and comes from integrating out the heavy W boson.
It may be seen from Eq. (1) that low-dimension terms dominate for energies < < M.
This means the dominant terms of the effective theory describing scalar and fermion fields
define a renormalizable theory.
Ceff ~ (f>\ ~$ip<j>, M2(f,

MW

.

(2)

If this effective Lagrangian has any light fields the large mass terms of Eq. (2) must
be absent. The implications of this condition for the possible types of field are
•

Light fermions If L has a chiral symmetry, light fermions are possible:

ipL -* eiaipL, TpR -> ipR forbids Mify = M^^R+^^L)

,

(3)

where the subscripts L and R refer to the helicity components.
•

Light vector bosons If L has a local gauge symmetry, light bosons are possible:
4* -> A* + ^ A forbids M2AfiAfl .

(4)

In th's case the leading dimension terms have dn = 4 and define a renormalizable,
local, gauge field theory of the gauge bosons interacting with scalars or fermions. One
can even say more about the nature of the gauge boson coupling to fermions. The
general coupling has the form A^iatpi^^L + 6 ^ 7 ^ / 0 - We have just argued that
a light fermion should have no mass term Mipip in this effective theory. Thus, if the
fermion is massive, it must get its mass from spontaneous symmetry-breaking from
a term ipLipR^> where $ is a scalar field which acquires a vacuum expectation value
(vev), v. If the gauge symmetry is unbroken by this vev and the corresponding gauge
boson is massless, then, necessarily, the transformation properties of ipi and ipR under
this gauge symmetry must be the same to allow the mass term. This implies a = b in
the coupling of the massless gauge boson to the massive fermion, i.e. massless gauge
bosons couple in a vectorlike manner. On the other hand, if the gauge symmetry is
spontaneously broken by the vev of $, then there is no requirement that a = b and
hence massive gauge bosons may have parity-violating couplings1^.
•

Light Scalars If L has a spontaneously-broken global symmetry there are light
Goldstone bosons:
0 -+ <f> + a forbids M2<f>2 ,
(5)
but cj) cannot carry gauge quantum numbers, otherwise a M'2<j>2 term is allowed with
M' ~ gM where g is the gauge coupling.

1) This is likely but not inevitable — there are left-right symmetric models in which the
massive boson couples in a parity-conserving way.
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1.2

Supersymmetry
The only possible symmetry capable of keeping a Higgs boson light (as is needed in
the Standard Model ) is supersymmetry (plus a chiral symmetry). As discussed below,
a supersymmetry transformation transforms a scalar state into its fermion partner and
thus relates their masses:
4> (J = 0) —»tp (J = - ) requires m$ = m^ .

(6)

Thus, if the fermion mass m^ is forbidden by a chiral symmetry as discussed above,
the scalar mass will also vanish.
The conclusion of all this is that an effective field theory describing scalar, fermion,
and vector fields, light on a scale M associated with an underlying fundamental theory,
must be a renormalizable gauge field theory — just the structure of the Standard Model
— in which the massless gauge bosons have vectorlike couplings (as do the gluons and the
photon) while the massive gauge bosons may have parity-violating couplings. However,
to accommodate the light scalars needed for spontaneous symmetry-breaking, a stage of
supersymmetric unification beyond the Standard Model is necessary and the breaking
of this supersymmetry must not be much larger than the electroweak breaking scale
(otherwise the scalar mass will be too large).
1.3

Do we really need supersymmetry?
Our arguments seem to imply that all scalars should be heavy... but what about
the observed scalar mesons the IT, K, 77, etc? These are not present in the original QCD
Lagrangian but appear as bound states of quarks. The arguments presented above for the
absence of light scalar states apply to elementary scalars present in the original Lagrangian
which have pointlike interactions. The distinction becomes clear only when calculating
radiative corrections, for example to the scalar mass. The graph of Fig. 1 gives

16TT

2

7

dk2

where A is a cut-off imposed to render the integral finite. In effective field theories
it has a physical meaning, namely the scale at which new physics occurs. Clearly if
A 2 w Mx,Mplanck
then the scalar $ will be very heavy and not appear in the low-energy
Lagrangian. This is the 'hierarchy problem'. For composite scalars such as the 77 t h e calculation changes, since now at each vertex there should be included form factors describing
the overlap of the composite scalar with t h e elementary fermions from which they are
made. Taking this form factor to have the physically reasonable form exp(—k 2 fk 2 q CD ) we
have
oo —

/

e '

Joo
v2
AQCD-
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2*2

(8)

Figure 1: Graph generating scalar mass through a fermion loop.
1.4

Composite Higgs
But can the Higgs scalars of the Standard Model be composite? The answer is 'yes'
and to demonstrate this forcibly note that with no Higgs scalar the W and Z bosons would
still be massive! We know that the chiral symmetry of QCD is broken spontaneously with
the pions and the pseudo Goldstone bosons associated with this breaking
SU(2)L®SU{2)R

< uu >=< Id >= O(hzQCD)
-*
Tr'Goldstones

SU(2)L+R.
(9)

The pions, being made of quarks, will couple to the W and Z boson. Indeed using
PCAC we know there is a coupling fafn/tyW^d^. Using this to evaluate the graphs of
Fig. 2 gives

which is the propagator of a massive state with mass
.

(11)

Here /w « 100 MeV is related to AQCD- Inserting the numerical values for the couplings in
this equation gives Mw w 100 MeV, far too small, and in any case the TT'S exist and have
not been 'eaten' by the W and Z. However, this result does suggest that the mechanism
could work if there is a new composite scale.

w
"\S\S\. *

Figure 2: Graphs generating W mass when chiral symmetry is spontaneously broken. The
line labeled £ is the pion Goldstone mode.

1.5

Technicolour
We suppose there is a new strong 'technicolour' interaction with gauge group SU(NTC)We also suppose there is a pair of techniquarks U, D which transform in the same way
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under SU(2) ® U(l) as the it, d quarks. If technicolour is spontaneously broken in a
manner analogous to QCD

SU(2)L®SU(2)R

< UU >=< DD > =
Goldstones

SU(2)L+R
(12)

the W and Z will acquire mass
Mw =
Now, provided Aye and /n-.rc are scaled up appropriately (fw,TC, Arc «* 250 GeV), ^
will be correct and the techni-interaction will be strong at a scale of 0(1 TeV). This is the
idea behind technicolour. An immediate implication is that there will be technihadrons
at 0(1 TeV) and pseudo Goldstone techni-7r's etc. from 2 GeV upwards. I shall return to
a discussion of techni-phenomenology shortly.
1.6

Top-quark condensate
One can even realize the composite Higgs idea without introducing any new fermions
at all. The basic idea is that a strong binding force between top quarks (due to new physics
at a high scale, Ac) may cause a dynamical breakdown of the electroweak symmetry
through the formation of a top-quark condensate, without the need for an elementary
Higgs scalar. In these theories there is still a massive scalar field left after symmetry
breaking but it is a composite state, a top-quark-top-antiquark bound state [2].
1.7

Introduction to supersymmetry
There are several reasons why supersymmetry hap been widely suggested as a likely
extension of the Standard Model. In the first place supersymmetry provides the only possible (finite) symmetry beyond those based on Lie groups. It is also a necessary ingredient
in string theories which many people think the best candidate for a 'Theory of Everything'
unifying all the fundamental forces including gravity. While these points may suggest we
consider supersymmetry as an underlying symmetry of Nature, the only reason we have
for expecting a low-energy realization of the symmetry is the 'hierarchy problem', the difficulty discussed above of keeping the electroweak scale small compared to the unification
scale without having the interactions become strong.
In these lectures I shall try to explain how supersymmetry explains the 'hierarchy
problem' and determine the constraints the solution places on the supersymmetric spectrum. I shall also discuss what the phenomenology of the new supersymmetric states is
likely to be and the prospects for finding experimental evidence for supersymmetry. First,
however, I turn to a very brief introduction to supersymmetry.
The simplest possible supersymmetry algebra is given by the anticommutation relations involving spinorial generators Qa, two-dimensional Weyl spinors [3].

(14)
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where a* are the 2 x 2 Pauli matrices and a0 is the unit matrix. The appearance of
the momentum operator shows that the full supersymmetry algebra should include the
generators of the Poincare group giving a super-Poincare algebra.
The (massless) representations of supersymmetry are easily obtained from Eq. (14)
and consist of just two states of helicity A and A + 1 / 2 . This immediately follows from the
fact that, from Eq. (14), only one product of generators is non-vanishing. When building
supersymmetric (SUSY) models the only multiplets that lead to consistent theories are
left-handed 'chiral' supermultiplets with helicity (0,1/2) pairs, vector supermultiplets with
helicity (1/2,1) pairs, and the gravitino supermultiplet with helicity (3/2,2) together with
the conjugate fields.
It may now be seen how the hierarchy problem is solved in supersymmetric theories.
Supersymmetric mass terms relate scalar and fermions within a supermultiplet as in
Eq. (6). If the fermion mass is forbidden by a chiral symmetry (i.e. if the left- and righthanded states have different gauge quantum numbers), supersymmetry ensures that the
scalar mass will also vanish. Radiative corrections may induce a scalar mass, but only
at O(MSUSY) where MSUSY is the scale of supersymmetry breaking. Thus if MSUSY =
0(1 TeV) « McuTyMpianck the hierarchy problem is solved. However, this implies that
the zoo of SUSY states cannot be heavier than this scale, i.e. they are certainly in the
range accessible to the next generation of accelerators.
The supersymmetry algebra of Eq. (14) may be extended by introducing more than
one SUSY generator, Q°=1'"iAr. These iV-extended algebras are not used to construct lowenergy supersymmetric theories because they have only non-chiral representations and
thus lead to 'mirror' families of quarks and leptons, with the identical gauge couplings,
but opposite helicity to their Standard Model partners. For example, because there are
now two non-zero products of generators, the N = 2 algebra has the representation with
helicities (-1/2,0,1/2). Since there is no evidence for such mirror states, essentially all
work on low-energy SUSY has concentrated on the N = 1 supersymmetry case. In the
next section I shall discuss how a J V = l SUSY version of the Standard Model is built.
1.7.1 The supersymmetric spectrum
If the Standard Model is to be incorporated in a field theory with N = 1 supersymmetry, it is first necessary to assign the states of the Standard Model to TV = 1
supersymmetric representations. Let us start with the SU(S) x SU(2) x U(l) vector bosons.
The only super-multiplet available that contains vectors is the vector supermultiplet containing states of helicity 1 and 1/2. Thus we must assign the vector bosons to sector
multiplets transforming in the same way as the vectors under SU(3) x £77(2) x U(l); this
is shown in Table 1. It is clear that this means we have to introduce gauginos, spin-1/2
fermionic partners of the gauge bosons, which transform under the gauge group in exactly
the same way as their vector partners.
Turning now to the assignment of the quarks and leptons to supermultiplets, it
appears that there is the option of assigning them to vector supermultiplets, with vector
partners, or to chiral supermultiplets, with scalar partners. However, the former possibility
is not available, unless we increase the size of the gauge group, for the transformation
properties of the quarks and leptons is different from the gauge bosons of the Standard
Model (cf. Table 1). Thus we cannot identify any of the gauginos of Table 1 with the
quarks or leptons and we have to assign the latter to chiral supermultiplets with the
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transformation properties of the quarks and leptons. These introduce scalar partners to
the quarks and leptons transforming in the same way as their fermionic partners as shown
in Table 1.
SUSY
Spin
1/2
9
W+~ 1/2
1/2
z
0
q
0
l+V
0
1/2
H

Table 1
states in the
Name
gluino
Wino
Zino
squark
slepton
sneutrino
Higgsino

MSSM
SM partner
gluon
W boson
Z boson
quark
lepton
neutrino
Higgs boson

Finally, we must assign the Higgs bosons of the Standard Model to a supermultiplet.
Having spin 0, they can only be assigned to a chiral supermultiplet and thus they must
have fermionic partners called Higgsinos. However, the introduction of an 5(7(2) doublet of
fermions of definite helicity introduces an anomaly to the SU{2) x £7(1) gauge theory. This
is unacceptable, and to avoid it we are forced to introduce two Higgs chiral supermultiplets
with opposite hypercharge (so that the Higgsinos have cancelling contributions to the
anomaly) as shown in Table 1. It turns out that both Higgs multiplets are needed in
supersymmetry to give quarks and leptons a mass, so this is indeed the minimal choice
(i.e. attempts to identify the H2 supermultiplet with a lepton supermultiplet without
introducing an Hi would have failed).
To summarize, the supersymmetric version of the Standard Model requires more
than twice the number of particles: gauginos, partners for each of the gauge bosons, and
squarks and sleptons, scalar partners for each of the quarks and leptons, and two Higgs
doublets with fermionic 'Higgsino' partners.
1.7.2 Couplings in the supersymmetric model
Since the gauge multiplet structure of the new supersymmetric states is the same as
that of their Standard Model partners, the interaction of gauge bosons with these states
is fixed. Supersymmetry relates these gauge couplings to new couplings involving two
superpartners in place of the original states (for example a quark-quark-gluon vertex is
related to a squark-quark-gluino vertex). Thus the gauge-related interactions are fixed,
given the multiplet structure of Table 1, and may be found, for example, in Ref. [3].
The remaining coupling that must be specified to complete the definition of the
supersymmetric model corresponds to the Yukawa couplings and those couplings related
to them by supersymmetry. These are most conveniently given by the 'F' term of the
superpotential which is a polynomial in the chiral field (j> (and does not involve their
complex conjugates).
In terms of P the associated Yukawa interactions are given by S i j f ^ f ^ \B VY0J,
where the subscript B means the chiral fields $i are to be replaced by their scalar components 0i, and & are the corresponding fermionic components. There are scalar couplings
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related to these Yukawa couplings which are given by Si | ^ \%. The couplings needed
to give quarks and leptons a mass are contained in the superpotential given by
(15)
where I and e (q and ud) are the left-handed components of lepton-doublet and antileptonsinglet (quark-doublet and antiquark-singlet) chiral superfields, respectively, and /i1>2 are
Higgs superfields.
The model with the minimal-multiplet content of Table 1, with only these terms in
the superpotential, is known as the minimal supersymmetric standard model (MSSM).
(As we shall see there are additional trilinear terms allowed by the gauge symmetry which
give rise to non-standard supersymmetric versions of the Standard Model.) Note that each
term in Eq. (15) gives three separate Yukawa couplings. For example the first term gives
Lyukawa = Iifl2j^k + khzj&k + Uh2j&k) ,

(16)

where we denote by a supertwiddle the scalar partners to the quarks and leptons, namely
the squarks and sleptons. The first term is the usual term in the Standard Model needed
to give charged leptons a mass. The new couplings associated with the supersymmetric
states, related to the first term by the operation of the supersymmetry generator, are
given by the second and third terms.
Note that the last two terms involving the new supersymmetric states involve them
in pairs. This is a general feature of the MSSM which preserves an .R-parity [4], R =
(—1)B+L+S, under which the new supersymmetric states are all odd, while the Standard
Model states are even. This has a profound effect on the phenomenology of the MSSM,
for the new SUSY states may only be produced in pairs and the lightest supersymmetric
state (the LSP) is stable.
There is one further coupling needed to complete the couplings of the minimal supersymmetric version of the Standard Model. In order to generate a mass for the Higgsinos
associated with the Higgs doublets, Hip, it is necessary to add a term to the superpotential
given by
P1 = nHiH2 .

(17)

In addition to giving a mass \i to the Higgsinos, this term plays an important role in
determining the Higgs scalar potential and the pattern of electroweak symmetry-breaking.
As we shall discuss in more detail in Section 3.3.5, the scalar term following from Eq. (17)
aligns the vacuum expectation values (vevs) of the two Higgs fields so that the photon is
left massless, obviously a crucial ingredient for a viable theory.
Before concluding this section let me just comment on the possible alternatives
to the MSSM. In particular the couplings of Eq. (16) are not the only ones allowed by
SU(3) ® SU(2) ® U(l). The following terms are also allowed in the superpotential [5, 6]
KjkhQjdk + >%ik%<ijdk]F .

(18)

As before, each of these terms gives three Yukawa couplings; for example the first
term gives
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>*jk(!iljek + Ulfik + iilfik) •
(19)
It may be seen that these involve a single SUSY state and thus break the .R-parity
of the Standard Model. If any of the couplings are present, they have a significant effect
on the phenomenology of SUSY for they allow for the production of a single SUSY state,
and also the LSP is no longer stable. As a result, the normal SUSY signal, namely, missing
energy and momentum from the escape of the neutral LSP, is no longer the case. Why
then are these terms excluded in the construction of the MSSM?
The first point to note is that if the terms proportional to A and A' are simultaneously
present, the nucleon is unstable because these terms violate lepton and baryon number,
respectively. Since the Born amplitude is proportional to (\X')/m^, and the squark mass
is at most in the TeV range, the decay rate is quite unacceptably fast. The cure is to
forbid these new terms by a discrete symmetry, known as matter parity, under which the
quark and lepton superfields appearing in the superpotential change sign while the Higgs
superfields are left invariant. Thus the last three terms of Eq. (18) change sign under this
symmetry and are forbidden while the terms of Eq. (15) are invariant and allowed [7, 8].
Clearly this forbids all the terms of Eq. (18) and leaves just the couplings of the MSSM.
Thus the matter parity leads to the .R-parity of the MSSM.
However, there are more possibilities to stabilize the proton than to forbid all the
terms of Eq. (18) [5]. Provided the terms proportional to A and A' are not simultaneously
present, the Born term generating nucleon decay will be absent. It is possible to eliminate
one or other of these operators by symmetries other than matter parity, provided one
allows for the possibility that quarks and leptons transform differently [9]. Although this
is not possible if the theory is embedded in SU(5), in which the quarks and leptons
transform under discrete symmetries in the same way, it is possible in other GUTs and
also in string unification, which need not be embedded in a GUT. Indeed a study of all
ZN symmetries (N < 5) shows that it is easy to obtain any of the following, all of which
inhibit nucleon decay [10]
•
•
•

Matter 'parity'
Lepton 'parity'
Baryon 'parity'

A = A' = A~" = 0; A £ = AL = 0
A' = A" = 0; AB ^ 0, AL = 0
A = 0; AB = 0, AL ^ 0 .

I shall not pursue these models further here, but wish to stress that such models should
be considered when determining general tests for supersymmetry.

2.

SUSY VERSUS COMPOSITE THEORIES: AN OVERVIEW

In this section I shall briefly review the implications of the extensions of the Standard Model for the precision tests of the theory that have been extensively performed
using the recent high-precision data from LEP and SLAC. I shall also discuss the constraints on the Standard Model parameters, the masses and mixing angles, that may
come from these extensions.

2.1

Top-quark condensate

As mentioned above, if the top quark is strongly bound, a top-quark condensate
may form breaking the electroweak symmetry just as happens for technicolour. The topquark condensate represents the extreme example of dynamical symmetry-breaking with
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minimal new physics. In the following discussion we parametrize the effect, at low energies,
of the new strong interaction binding the top quark by a four-fermion interaction with
coupling proportional to A~2.
•

Precision tests In the limit where the scale, Ac, of the new physics becomes much
larger than the electroweak breaking ccale it is found [2] that the low-energy theory
contains just the states of the Standard Model including a (composite) Higgs scalar
field which appears elementary at energy scales much less than Ac. The couplings of
this effective Higgs field are identical to those of the Standard Model Higgs and the effective low-energy theory is indistinguishable from the Standard Model [11]. Thus the
expectation is that, for a large unification scale, there should be negligible deviation
from the Standard Model predictions in agreement with current measurements.

•

mt The top-quark condensate generates W and Z masses via Fig. (3b). Evaluating
this graph gives
m2 ln(—5-)

*

1

\T

N. /

1

*
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Figure 3: Quark and W, Z masses from a top-quark condensate.
This form will give an acceptable W mass for mt < 200 GeV, (consistent with present
LEP bounds) only for a very large cut-off scale A > O(1010 GeV)! The top mass is
generated by the graph of Fig. (3a). Equivalently, it is determined by the effective
top-quark coupling, gt(fj)ti,tR<j>0, describing the interaction, below the scale AC) of the
bound-state scalar doublet <fr which contains the Goldstone mode and massive scalar
state discussed above. This is an effective coupling which, at low scales, replaces the
four-fermion coupling and generates the top-quark mass when 0 develops a vev. Since
this coupling is generated by the new strong interaction, it is large at the scale Ac.
However, this is corrected at low scales due to large radiative corrections proportional
to \og(A2/m2). These corrections may be calculated via the renormalization group
(RG) for the effective top-quark coupling which is identical to the renormalization
group for the top-quark coupling in the Standard Model [12]. The RG equations for
the running coupling gt(fx) and the QCD running coupling gz(ii) are
• riln(gt) _ 9^ 2
at
L
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2

16/1

= -j9t ~ 03

dt

(21)

The last term of Eq. (21) vanishes for g\ = \g\ corresponding to an infra-red, stable
fixed point at which mt « 100 GeV. How close to this fixed point the couplings get
depends on the initial conditions and the 'distance' (A/n) over which the couplings
run. For initial conditions gf » |pf there is an effective, low-energy fixed point
with a larger value of gt corresponding to the value mt = 230 GeV. For gf < |#f the
effective fixed-point structure is ineffective as one cannot cross the real fixed point
corresponding to m* = 100 GeV. However, as we have discussed, in the top-quark
condensate model a large initial Yukawa coupling is necessary, so the effective fixed
point governs the top-quark mass. The focusing effect of the RG equation is shown
in Fig. 2.1, where it may be seen that, for widely varying initial values, the top mass
at low energy scales is very close to the effective fixed point.
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Figure 4: The running top-quark mass as a function of the scale (JL. (A) A = 1015 GeV.
(B) A = 1019 GeV.
Similarly one may analyse, using the RG, the running of the coefficient A of the
effective four-scalar interaction A | 4> | 4 , and hence determine the radiatively corrected
scalar mass. The RG flow is shown in Fig. 5 and using it yields the predictions

mt
mp

= 230 ± 3 0 GeV
= 270±30 GeV.

(22)

Light fermion masses and mixing angles The light-quark and lepton masses
and mixing angles can be accommodated in this scheme through the introduction
of four-fermion interactions coupling the top quark and top antiquark to the light
quarks as in Fig. (3a). These interactions are postulated to come from new physics
at the scale Ac and, with suitable choice for their coefficients, they can generate the
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observed structure. However, this is only a reparametrization of the theory and offers
no understanding of this sector of the theory.

0

1 2

3

4

5

X
Figure 5: Full RG trajectories showing the joint evolution of the top-quark coupling gt
and the quartic scalar coupling A.
Is the top-quark condensate scheme a reasonable alternative to the Standard Model?
Obviously the top mass of Eq. (22) is too large in comparison with the recent LEP bounds,
but it is possible to reduce it in versions which implement the mechanism in slightly
different models, for example with a fourth generation, or with two Higgs doublets, or
with supersymmetry... . However, in my opinion, there is a fatal flow with the scheme as
implemented above, for it has a fine-tuning problem. The problem is that the expectation
for the scale of electroweak breaking (and the associated top-quark mass) in a composite
model of the Higgs is naturally of order of the composite scale A; in order to make it
much less than Ac it is necessary to fine-tune the parameters of the theory. Recent work
on top-quark condensation has been directed towards reducing the fine-tuning problem by
reducing Ac. However, now the predictive power is lost, for the RG corrections discussed
above become irrelevant. In this case the top mass and Higgs mass are determined by the
(uncalculable) strong interaction dynamics.
2.2

Technicolour
In technicolour theories electroweak breaking is generated by a condensate of new
quarks, 'techniquarks %\ which are bound by a new 'technicolour interaction' and form a
condensate [13]. As the techniquarks transform as electroweak doublets, this condensate
breaks the electroweak symmetry in a manner analogous to the top-quark condensate.
However, the technicolour models have the advantage that they avoid the need for finetuning.
Any attempt to study a composite structure is hindered by the inherently nonperturbative nature of the problem. Initial work on technicolour models attacked this
problem by using QCD as a model theory and just scaling the results of QCD up in
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energy. However, much of the recent work on technicolour models has concentrated on
elucidating possible differences between them and QCD in the hope that they will cure
the problems encountered when trying to build realistic technicolour theories [14]. I have
no time to review the details of technicolour models here, but shall concentrate on the
expectation of these models for low-energy physics.
•

Precision tests Unlike the top-quark condensate case technicolour models do not
reduce to the Standard Model owing to the new 'technifermion' states. These states
contribute to radiative corrections and so change the predictions of the Standard
Model for precision measurements. In the case that technicolour behaves like QCD,
present measurements rule out even one technifamily. However, this conclusion is
sensitive to non-QCD-like effects and to new (light) states which may be associated
with the new physics such as Majorana neutrinos, Z bosons, etc. so it may be possible
to accommodate a technicolour scheme, but not in its simplest guise. In particular
it has been argued [15] that all precision measurements are satisfied by a SU(2)
technicolour model with a light technineutrino (with mass 50-100 GeV) end a light
technilepton (with mass 150 GeV).

•

rrtt Quark masses in technicolour theories result from a coupling of the Standard
Model quark to the techniquark via a new 'Extended technicolour' (ETC) interaction. Thus chiral symmetry-breaking, initiated in the techniquark sector via the techniquark condensate, is communicated to the quark and lepton sector via radiative
corrections involving ETC boson exchange as in Fig. 2.2.

Figure 6: Light-quark mass generation in ETC theories via the coupling of the light
quark, / , to the technicolour state, F, via an ETC boson, VfF.
If (in analogy with QCD) one calculates this diagram assuming the absence of large
corrections due to the strong technicolour interaction, one finds that the quark masses
are given by
A
TC
, „ ,
(23)
A%TC>i
where A?c and AETC are the scales at which the technicolour and extended technicolour interactions become strong. Since AETC > Arc the prediction is that the
quarks (and leptons) should be much lighter than the W boson. Thus a heavy top
quark does not fit easily into this picture. To accommodate it requires some new
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ingredient such as a combination of tt and TT condensates or non-QCD-like strong
technicolour interactions which change the estimate of the radiative corrections generating the quark masses following from Fig. 2.2.
•

Light fermion masses and mixing angles Apart from the top quark the remaining
quark and lepton masses can be well described by Eq. (23). Mixing angles can be
generated by ETC exchange graphs too, but the flavour-changing neutral currents
generated by Born graphs involving ETC boson exchange turn out to be unacceptably
large if the mass of the ETC bosons are chosen to give the correct light fermion masses
in Eq. (23) [16]. To avoid this conflict, non-standard technicolour behaviour is needed
changing the structure of Eq. (23) [15].

In summary, while technicolour theories are not dead, their saviour requires postulating non-QCD-like behaviour for the new technicolour interaction. As a result it is
difficult, if not impossible, to extract reliable predictions from a theory due to the uncertainty in the strong-interaction effects. When compared to the predictive succes of
supersymmetric models discussed below, it is difficult to avoid the conclusion that technicolour model-builders are swimming against the tide!
2.3

Supersymmetry
The alternative to a non-perturbative extension of the Standard Model involves a
new symmetry, supersymmetry, to protect the Higgs scalar from large radiative corrections
[3, 17]. As discussed above, the Minimal version of the Supersymmetric Standard Model
(the MSSM) assigns the states of the Standard Model to supermultiplets which carry
their SU(B) <8> SU(2) ® U(l) gauge quantum numbers. As a result, the spectrum of states
is extended to include supersymmetric partners of the gauge bosons, the quarks and the
leptons, namely the (fermion) gauginos, the (scalar) squarks and sleptons, respectively,
together with two Higgsino (fermion) superpartners of the two Higgs scalar electroweak
doublets needed in SUSY.
The solution to the hierarchy problem requires that these new states be light
[< 0(1 TeV)]. However, this implies that the zoo of SUSY states cannot be heavier
than this scale, i.e. they are certainly in the range accessible to the next generation of
accelerators.
•

Precision tests A feature of the MSSM is '.'jet in the limit MSUSY ~* oo, the
MSSM -> Standard Model with a light Higgs Doson, m°p < 146 GeV [18]. In this
limit the predictions for the precision tests become those of the Standard Model,
in agreement with current experiment within current errors. As the supersymmetric
states become lighter, the predictions change in a way that depends on the details of
the supersymmetric spectrum. For example, it is possible to maintain the excellent
agreement with the S and T parameters while changing the prediction for Z —» bb to
bring it into exact agreement with the current mean value by a careful choice of the
ino masses [19].

•

nit By itself the MSSM does not determine the top mass. However, low-energy supersymmetry really only makes sense in the context of a unified theory (a GUT or
a compactified string theory) and in this case there are large radiative corrections
involving powers of log(Mx/Mw) where Mx is the GUT or compactification scale.
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These favour a value for m,t close to the quasi-infra-red fixed-point (IRFP) given by
nit « 200 sin(3 where tan/3 = Vi/v2 and ui,2 are the vevs of the two Higgs fields. At
present we do not know /? so the fixed-point result is still viable.
•

Light fermion masses and mixing angles These are not determined in the MSSM
(radiative corrections are small as the initial values are far from the IRFP) but, just
as in the Standard Model, the Yukawa couplings of the theory may be chosen to
give the observed masses and mixing angles. If one is to make predictions for these
quantities, it is necessary to extend the symmetries of the model.

2.4

Phenomenology of t h e MSSM
As we have seen, the spectrum of supersymmetric states is constrained by the hierarchy problem to be quite low and accessible to experimental detection. The effects of
supersymmetry may be detected either by their virtual effects on processes involving just
the Standard Model states, or by direct production of the new states. We start with a
discussion of the most important virtual effects of SUSY that have been identified.
2.4.1 New flavour-changing gauge interactions
The discussion of gauge-related interactions given in Section 1.7.2 applied to the
current eigenstates. Owing to the non-degeneracy of quarks, we know that the charged,
weak, gauge interactions can change flavour when expressed in terms of quark-mass eigenstates. There is an equivalent source of flavour-changing interactions in the new squark
and slepton sector which we shall now discuss [3].
The connection between the current quark (or lepton) basis and the mass eigenstate
quark (or lepton) basis is given by unitary transformations, V ^ . In terms of these the
Cabibbo-Kobayashi-Matskawa mixing matrix is \JCKM = V£*V£. In general we have to
define different unitary rotations V£' B diagonalizing the squarks. Thus the interaction of
the W bosons with squarks will be described by a new matrix VCKM — V^Vjf. Perhaps
more significant is the immediate implication that SUSY theories have flavour-changing
neutral currents (FCNC). For example, the gluino-squark-quark vertex has interactions
given by \jgKM = Vg H V£ t R and U%\M = V£| B V£ iH for the down and the up sectors,
respectively. If SUSY were exact, V§KM = V^KM and the FCNC would vanish. However, SUSY is not exact and this equality is broken at some level. The expectation for
the resulting mixing matrices depends sensitively on the structure of the model at high
scales, up to the Grand Unified or Planck mass. In the minimal-unification scheme the
expectation is quite simple, namely V £ R = V £ R ) V H = V£ and V£ = V£ [20]. The
reason for this asymmetrical result is that, owing to the large top Yukawa coupling, there
are significant radiative corrections to the down-squark mass matrix proportional to the
up-quark mass matrix. These dominate over the original (non-radiative) supersymmetric
contribution which is just given by the down-quark mass matrix. The radiative contribution is diagonalized by the same rotation that diagonalizes the up-quark mass matrix and
hence Vf = V£. Using this gives ^CKM = 1 an<^ U'CKM — ^CKM- Non-minimal models
may give both matrices non-vanishing, but the expectation is still [21] that they have the
same order of magnitude as UCKMAlthough these effects introduce new sources of FCNC, it turns out that for SUSY
masses in the range expected these do not lead to unacceptably large effects. For example,
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the box diagram of Fig. 7 gives a contribution to the KL — Ks mass difference due to
wino FCNC. There is an equivalent graph involving gluinos, and since the gluino has QCD
strength couplings it may be expected that this is the dominant contribution. However,
in the minimal unification scheme discussed in Section 3.3.5, the gluinos and squarks are
the heaviest states due to their QCD interactions, and their large mass suppresses this
contribution. Using XJ^KM = VCKM, the limit from the observed KL—KS mass difference
is [22], for the dominant contribution coming from the first two generations,
m?
m| - m
1O
2
(Max(m?,m?)) ~ JW& '

(24)

Since the d, s mass difference comes from the quark-mass difference in the first
two generations, this bound is satisfied for squark, gluino masses of more than 30 GeV
and agrees with the expectation for squark masses following from the unification analysis
discussed below. Similar conclusions follow for the Wino contribution of Fig. 7.
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Figure 7: Graphs generating flavour-changing processes in supersymmetry.
Finally, in the slepton sector there are new lepton-number-violating processes coming from the fact that the sneutrinos, unlike the neutrinos, are massive and need to be
diagonalized when determining the structure of the charged currents. The graph of Fig. 7
generates the process /x —> ej and, imposing the experimental limits found for this process,
gives the bounds [22] (assuming mixing angles of the same order as the CKM angles)

This gives a similar bound to that found for the gluino but, given the minimal model
expectation for the mass spectrum, is a more severe limit. However, the choice of mixing
angle used in this bound is quite arbitrary, so the only reasonable message to be drawn
from the calculation is that lepton-number violation in the MSSM may easily be within
the experimental bounds.
2.4.2 New sources of CP violation in SUSY
In the Standard Model the source of CP violation is the complex nature of the CKM
matrix giving the CKM phase 6 = Avgdet(UcKM)- (The effect of T reversal on a constant,
C, is TCT-i — C* so complex couplings act as a source of T or CP violation.)
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In the MSSM there are additional complex couplings which may give rise to CPviolation [23]. With the minimal unification scheme of Section 3.3.5 there are two further
complex couplings giving rise to CP-vioIating phases, namely <j>^ = Arg(^4mj/2) and
4>B = krg{Bm\i2) [23]. Finally there is the effective theta parameter 8 specifying the
strong CP violation. In this case it is given by 9 = 9 — Arg(detAuAd) — 3Arg(m!/2) where
the A's are the matrices of Yukawa couplings. These new sources of CP violation contribute
to CP violation in various processes, the neutron and electron dipole electric moments,
rare Kaon decays, rare B decays etc. The most sensitive of these to the SUSY CP-violation
effects turns out to be the dipole electric moments.
The analysis of these moments starts with the AS = 0 CP-violating Hamiltonian,
written in terms of the elementary quark and gluon degrees of freedom as
HCPv = ZiCI(g,ix)Oi(ii)

,

(26)

where the Oi are the quark/gluon operators and C^Tj, /z) the coefficients expresses in
terms of the running strong coupling, which takes account of large radiative corrections,
and the renormalization scale, /z. It was pointed out by Weinberg [24] that a significant
contribution comes from the gluonic operator
Og = fabcGaGbGc

,

(27)

where G£" is the gluon field strength, G%& = e ^ ^ G a , ^ and the Lorentz indices have been
suppressed in Eq. (27). Subsequently, two further operators were indentified as significant
[25], the colour dipole operator
(28)
and the electric dipole operator
(29)

In SUSY these operators are all generated. For example, the coefficient Cg of the
colour dipole operator is

^SL
*|sin(0) '

(30)

where (f> gets contributions from both <f>A and <PB- The net contribution is estimated to
be [25, 26] d^01 « 10~22 sin($)ecm which, when compared to the experimental bound
| dn |< lCT25ecra requires sin(^) < 10~3. This is a strong constraint on the magnitude of
Arg(j4mi/2) an<^ Arg^m*^) a n d the question arises how natural is such a value in the
context of a SUSY model? The expectation for many supergravity/string models is that
these phases are very small, for A and B vanish at the Planck scale (if both A and B
were related to trilinear terms in the superpotential they would vanish in the so-called
no-scale models). Although radiative corrections will still generate a non-zero value for
hxg{Am*1,^) at low scales, an estimate of these effects shows it is very small of O(10~ n ) [26]
and gives a neglible contribution to dn. A similar result has been found in the case of the
electron dipole electric moment [27]. The conclusion is that these dipole moments are
quite sensitive to the new sources of CP violation in SUSY models.
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2.4.3 Superparticle searches in the MSSM
The spin-1/2 sector has gluinos with mass Mg = mi/2 at the unification scale
radiatively corrected as in Fig. 11. The charginos W*, H* mix via the 2 x 2 mass matrix
M2

y/2Mwsm/3\

and the neutralinos (B, W3, H°, H°) mix via the 4 x 4 matrix
Mi
0
— M.zcos/?sin0w Mz
Mzsin/?sin#iy
sinPsin9w ^
0
Mi
Mz cos (3 cos 9w — Mz sin p cos 9w
—Mz cos (3 sin 6\y Mz cos /? cos 9w
—fj,
Mz sin j3 sin 9w — Mz sin ft cos 9w
—M
0

(32)

where 9w is the weak angle, Mi,2 (= TO1/2 at the unification scale) are the triplet and
singlet neutralino supersymmetry-breaking masses and tan/? = v2/v\, the ratio of the
Higgs vevs.
In the MSSM the LSP, A, is stable and its character determines much of the phenomenology of supersymmetry. A stable LSP should be neutral, otherwise, given the
expected initial abundance from cosmological origins, it should have been found in nuclear matter. Thus we expect the LSP to be either a neutralino or a sneutrino, and, given
the favoured spectrum discussed in Section 3.3.5, it is more likely to be a neutralino. It
is often assumed that the LSP following from diagonalizing the matrix of Eq. (32) is the
photino, 7, but this need not be the case. In the limit M\,Mz —»• 0 (i.e. m^/rriQ « 1)
the photino is indeed the LSP but in the limit ft —» 0 the LSP is the Higgsino. More
generally one should allow for general mixing, denoting the mass eigenstates as Xi2.4.4 Bounds on SUSY states
The vast bulk of supersymmetric (SUSY) phenomenology assumes the 'Minimal
Supersymmetric Standard Model' (MSSM) which conserves what is known as -R-parity
[4]. In this model all the new states, the superpartners of the Standard Model states, are
i?-parity-odd while all the Standard Model states are i?-parity-even. As a result, the new
supersymmetric states can only be produced in pairs and a supersymmetric state cannot
decay only to conventional states. This has a. profound effect on the phenomenology of
such states; in particular all experimental searches for the new supersymmetric states rely
on pair production and most searches involve missing transverse momentum (fir) as a
signal for the production of the 'LSP' the lightest supersymmetric state which must be
stable and neutral (for cosmological reasons).
•

For weakly interacting sparticles the bounds are dominated by LEP following from
the decay of the Z into a pair of sparticles. Thus My > Mz/2 for y = l,H, i>, q, q, W.
For neutralinos one may still have lighter sparticles provided they couple less strongly
to the Z.

•

For strongly interacting sparticles, g and q, the bounds are dominated by the hadronic
colliders and, imply nig > 150 GeV, for m 5 > rriq or m,g > 100 GeV, both at the 90%
confidence level. To illustrate how these bounds are established and the prospects for
finding strongly interacting sparticles at the SSC and the LHC, I shall discuss a case
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study done for the LHC of gluino pair production and decay [28]. The basic process
is
PP

-*• 99

njet.

(33)

However, if, as is expected from the radiatively corrected mass spectrum, the gluinos
are heavier than several other superparticles, cascade decays become relatively important
compared to the direct decay to the LSP, shown in Eq. (33). Such decays soften the
{Er)Missing which is the characteristic signal of this process.
Particularly at higher gluino mass, the cascade decays are very important. Using
these various decay patterns, the cross-section has been determined via Monte Carlo
simulations. It was found that the Standard Model background, coming principally from it
decays, is substantial. However, cuts, which rely on the different dependence on azimuthal
angle of jets or on transverse energy distribution, are able to distinguish the signal from
the background for gluinos with mass up to 1 TeV. The cascade decays also open up the
possibility of signals which do not rely on (Er)Missing- For example the process
gg->Z + Z + X-+ 2(1+1') + X

(34)

was studied [28]. Although the rates are quite small [some 30 events for a 750 GeV gluino
after imposing an (Er)Missmg cut which eliminates the background] they provide a very
clear signal, which would be a good second-generation experiment if the (Er)Missing search
provides evidence for gluinos. The results of the Monte Carlo study of this process may
be found in the LHC study [28].
2.4.5 SUSY Higgs
Perhaps the most immediate test of SUSY will be in the Higgs sector, for any
SUSY model requires a light Higgs (m < 146 GeV). In fact SUSY models require a rich
structure of Higgs scalars, although many are expected to be much heavier, of the order
of the SUSY-breaking scale, owing to the fact that SUSY requires two Higgs doublets,
#1,2- After the Higgs mechanism eliminates three components we are left with five Higgs
states, four CP-even states H°, h°, H+, H~ and one CP-odd state A0. In terms of the
original Higgs fields these are given by

1 _

( vi +

~ V

iJ+cos/3
s i n a + h°cosa + iA°cos/3 + iG°sin
where G+>~'° are the Goldstone fields which are 'eaten' by the Higgs mechanism. The
scalar potential involving the neutral Higgs components driving the vacuum expectation
values f 1,2 has the form.
-irfTjO

rrO\ _

V{HX,H2)

—

9 *T 9

[\ rjQ |2

I r/0 |2N2 ,

^ , 2 I rrO |2 ,

g—(I # 1 I - I n2 \ ) + ml | Hl | +

|2

ml{H°Hl + h.c.
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(36)

Note that the quartic couplings are determined in terms of the SU(2) <g> U(l) couplings in
contrast with the Standard Model where the quartic coupling is unknown. It is this fact
that results in an upper bound for the Higgs mass. Following from this potential (and the
one describing the charged fields) we find

mA = m\ + l

fe — mA +

- Am\Mz cos* 20)

tan2a = -m\-m\ + ^ f tan2/3 .

(37)

We see from this that

mh < Mz cos 2(3 < MH .
(38)
However, the latter inequality applies at tree level using Eq. (36). The inclusion of radiative
correction involving a top-quark loop gives a correction proportional to h%rof where ht is
the top Yukawa coupling of the Higgs to the top. The latter is also proportional to mt
so this radiative correction is proportional to mf and is large if the top quark is large.
Including this term, the Higgs, h, can evade the bound of Eq. (38) but only by a finite
amount, the final result being nth < 146 GeV. To summarize, the Higgs sector in the
MSSM is very rich and discovery of the Higgs states would be indirect evidence for the
MSSM. More significantly there is a strong upper bound on the lightest Higgs which must
apply in any SUSY model irrespective of the Higgs content2^.
3.

UNIFICATION HINTS
We have discussed the prospects for physics beyond the Standard Model which
can be inferred from the structure of the theory at low energies without assuming any
particular structure for the theory at high scales. Here we wish to discuss the implications
for physics at low scales which follow from the assumption of a unifed theory at high
scales. As we shall see, this generates a remarkably successful quantitative prediction for
some of the parameters of the Standard Model. Indeed this is the only such prediction
that has been reliably obtained and it is for this reason that I consider it worth while to
devote some time to a discussion of the ideas involved.
3.1

Grand Unification
The original suggestion that there might be an underlying Grand Unified gauge field
theory beyond the Standard Model was triggered by the observation of Georgi, Quinn
and Weinberg [29] that, although the strong electromagnetic and weak interactions are
quite different at low energies, the couplings, if continued to high energies, approach
each other. This could be explained if there was an underlying simple gauge group with
a single coupling constant from which the Standard Model emerged after symmetrybreaking Grand Unification [30].
2) Provided, of course, the model is not extended to include significant new interactions
involving the Higgs which could alter the radiative corrections.
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3.1.1 517(5)
The prototype Grand Unified Theory is based on the group SU(5) a rank-5 group
with just enough neutral generators to accommodate those of the rank-5 Standard Model
[31]. In SU(b) the states of a single family are accommodated in just two representations 5 and 10. Thus the representation content of the Standard Model is simplified. The
assignments to B" and 10 are shown in Eq. (39)
SU(b)

D 517(3) ® 517(2) ® 17(1)

dt
dl
e
•

x
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where c denotes the charge conjugate and the numerical indices are SU(Z) indices. It may
be seen that the quarks and leptons belong to the same multiplet. Of course SU(5) must
be broken and it is important to consider the pattern of the symmetry-breaking leading
to the Standard Model. In the case of SU(5), this is shown in Eq. (40).

SU{3) ® SU(2) ® 17(1)

SU(5)
J

5(7(3) ® U(l)
<H5>

24

(40)

where one can see that the single 24-dimensional adjoint representation, S, leads to the
breaking of 5*7(5) to the Standard Model, 5*7(3) ® SU{2) ® (7(1), and subsequently
the electroweak breaking is triggered by a doublet contained in a 5-dimensional Higgs
representation, H5. The most interesting prediction following from SU(5) is for the weak
mixing angle relating the two coupling constants associated with SU(2) <g> U(l). The
prediction is3)

= 3/8

(41)

%(Q2)
but this applies at the unification scale, Mx- As we shall discuss, including radiative
corrections to the couplings to run them down to low scales, one finds that the 3/8 initial
value leads to quite acceptable values at laboratory energies for the weak mixing angle,
but only in a supersymmetric GUT.
The Yukawa couplings of the theory are also restricted by SU(5) in a way that gives
predictions for fermion masses. This may be seen from the equation
Ly = hip5RxPtqilHl =>• me = rrid = h < hl>

.

(42)

The mass of the electron is equal to the mass of the down quark at the unification scale.
The same is true for the heavier generations. As we shall discuss in the last lecture these
3) I leave it to the reader to derive this form!
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predictions are not realistic apart from that of the third generation, so some modification
is needed. It is possible to generate such a modification for example through the coupling
L'Y = h'^H^XsgL =*> mq = 3me ,
(43)
where H45 is a 45-dimensional representation of Higgs fields. The Yukawa coupling generates a relation between quark masses, which says that the electron would be 1/3 of the
down-quark mass, a much more acceptable relation.
3.2

Unification and low-energy models
In this section I shall discuss features of low-energy models that descend from a
stage of unification be it Grand Unification or string unification, paying particular regard
to the question whether we can determine the parameters of the Standard Model. I start
with a quick comparison of string versus Grand Unification expectations.
3.2.1 String versus Grand Unification
Perhaps the most compelling argument for physics beyond the Standard Model is
just that, while hinting at an underlying unity of the fundamental forces, the Standard
Model stops short of achieving this unity. The three forces derive from local gauge theories
with gauge groups SU(Z), 5(7(2), and (7(1) but no explanation is given for the origin of
these different gauge factors nor for the choice of fermion and scalar representations. In
addition, even without neutrino masses, there are twenty parameters needed to specify
the model, (not a convincing ingredient for a 'Theory of Everything').
Grand Unified Theories (GUTs) seek to improve the situation by embedding the
Standard Model gauge group in a larger gauge group with a single gauge-coupling constant. While the enlarged symmetry may relate several of the couplings of the Standard
Model, it usually does so at the cost of introducing even more parameters, most of which
are associated with the extended scalar sector needed to give the spontaneous symmetrybreaking necessary to break the GUT to the Standard Model. By contrast, unification
based on (compactified) string theories offers the possibility of relating all couplings to a
single parameter which is usually taken to be the Planck mass. However, this approach
is hindered by the large number of candidate string vacua and at present it must be admitted that there is no understanding of how to select between such vacua. Given this
ambiguity, it is probably premature to discuss any particular compactification scheme.
Nonetheless, the effort that has gone into building specific models has not been wasted
for it has shown how some of the prejudices for unification based on GUTs may not be
true. I have attempted to summarize the situation in Table 2.
One of the most important differences in superstring unification is that, even if
the gauge group is not Grand Unified below the compactification scale, the gauge couplings are related and there is a definite multiplet structure. Thus the good features of
Grand Unification may be obtained without enlarging the gauge group and hence without encountering the problems associated with the need for spontaneous breaking of that
group. A particular example of this is the need in 5(7(5) for a 5 cS Higgs which contains
colour-triplet Higgs, partners of the usual Higgs doublet needed for electroweak symmetrybreaking. The colour triplets mediate proton decay and hence must be made heavy, of the
order of the GUT scale, while the doublets must remain light. The difficulty in explaining this multiplet splitting is completely eliminated in 4D string theories without Grand
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Unification, for in them there is no GUT requiring colour-triplet partners of the Standard
Model Higgs doublets.
Table 2
Comparison of GUT and 4D superstring structures
GUTs

4D STRINGS

• GAUGE GROUP
e.g.SU(5) D 517(3) ® SU(2) ® U(l)

G'Hidden! ® G''VisiUe'

G = E% or subgroup
G' = E6 ... SU(3) <g> SU(2) ® 17(1)

Unification of gauge couplings
even without a GUT
• MATTER
Definite multiplet structure
even without a GUT
e.g. (level-l': only non-exotic
517(3) ® 517(2) reps allowed

SC/(5):5 + 10-*l family
50(10): 16= (1 + 5 + 10)

• FAMILIES
Larger gauge structure?
...not very convincing
• MASS HIERARCHY

3 generation examples known

=*• SUSY GUTS

=• (N = 1) SUSY can persist
from superstring
(No need for coloured Higgs)

• LOW-ENERGY STRUCTURE
(JV = 1) SUSY
B# ? L# ?
=*• Discrete symmetry needed
• PARAMETERS

{N = 1) SUSY
B# ? L# ?
=*> Discrete symmetry predicted

9i —>

In principle all predicted
in terms of single parameter

9GU

TTlb = 7 7 Z T ) . . .

Higgs sector?
...many undetermined parameters.

Mp = Mpianck

It is stated in Table 2 that the solution to the mass hierarchy problem in both
GUTs and 4D string theories requires a stage of low-energy supersymmetry. The reason
for this is that radiative corrections to scalar masses drive the electroweak breaking scale
associated with the mass of the Higgs doublet of scalars to the largest scale in the theory.
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Thus in GUTs the expectation is that the W and Z masses should be at least of the
order of the GUT scale, quite unacceptably large. Even in the Standard Model, without
the new interactions introduced by Grand Unification, one may argue that gravitational
radiative corrections, estimated with a cut-off of the order of the Planck scale, will drive
the electroweak breaking scale towards the Planck scale. Although the calculation of these
radiative corrections requires renormalization and the finite part could in principle be
cancelled by the finite piece of the counter term, this requires an arbitrary and unnatural
fine-tuning. In a theory such as the string in which the calculation of these mass corrections
is finite, this problem is even more severe for there is no arbitrary parameter available for
such fine-tuning.
3.3

Evidence of supersymmetry: unification hints
Much of the motivation for our low-energy effective field theory descending from a
Theory of Everything (the superstring?) relied on the existence of low-energy supersymmetry to solve the hierarchy problem. Thus tests of the idea of an underlying unification
must first test for the presence of supersymmetry without which the whole programme
breaks down. To date no SUSY state has been found. However, this is not unexpected,
for all the new states are expected to have a mass of the order of the supersymmetry
breaking scale, and if this is large the new states will be beyond current experimental
thresholds for production. However, the supersymmetry breaking scale cannot be taken
to be too large without re-introducing the hierarchy problem so the new SUSY states
should be accessible by the next generation of accelerators. Making the SUSY states too
heavy to produce directly is not enough to avoid experimental detection, for even before
the new SUSY states are produced in the laboratory they may manifest themselves as
virtual corrections through radiative processes. In particular, one may worry that the
precision tests of the Standard Model, which are in agreement with the the Standard
Model predictions, already rule out a stage of low-energy supersymmetry. Remarkably,
this is not the case because the effects of the new SUSY states tend to be very small and
easily in agreement with the current experimental measurements. This happens even for
a SUSY breaking scale, considerably less than the 1 TeV which is a rule-of-thumb limit
coming from the requirement that the hierarchy problem be solved. This result may be
seen as a consequence of a decoupling theorem that states that the MSSM becomes the
Standard Model in the limit of large SUSY breaking.
I do not have time in these lectures to review these precision tests and their constraints on the SUSY spectrum. However, there is another very important effect of virtual
SUSY states which I cannot pass over for it does have experimental support and is perhaps the main reason that supersymmetric models have been taken so seriously. This is
the effect of SUSY states on Unification predictions. If one adds some assumptions about
Grand Unification to the MSSM, the scale of supersymmetry breaking and the associated
superpartner masses is constrained [32]. Since supersymmetry was introduced to allow for
such unification, it seems reasonable to treat seriously such predictions for the mass scale
of supersymmetry.
The prediction follows from the Grand Unified prediction for the gauge couplings
such as occurs in SU(5) together with the form of the running strong, weak, and electromagnetic couplings. In the Standard Model this was analysed by Georgi, Quinn, and
Weinberg [29] using the RG equations for ai = g1/{^),i = 2,3 and a x = f5t?/(47r), where
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gi are the SU(3),SU{2),U(1)

couplings

a f 1(q2) = ocjl{fj?) + 0oiln(q2/fj?) + . . ,

(44)

where the one-loop ft function is simply evaluated knowing the light matter content

-Ac2 j

vf c 2 /

vo

and Nf, iV# denote the number of families and Higgs doublets, respectively. In SU(5) C2 =
1 and ai(Mx) = aa', the same applies to many of the phenomenologically viable GUTs
and superstring unification schemes as I shall shortly discuss. Given these equations, the
low-energy couplings should evolve in energy to meet at the unification value a c . However,
the recent precision measurements of sin 8w are inconsistent with these predictions; the
couplings fail to meet by more than six standard deviations [32].
The situation is quite different in the MSSM due to the effects of the new supersymmetric states on the evolution of the couplings. Including this gives [33]

+ NHi | ) .

(46)

In Fig. 8 the evolution of the couplings (including two-loop effects) is shown and
it may be seen that the couplings do meet in a point. This happens if the mass of the
new supersymmetric states (assumed degenerate here) are low, MSUSY ^ 102"5±1. On
the basis of these results it is tempting to argue that there is evidence both for new
forms of (relatively) light supersymmetric matter and an underlying unified theory4^.
This conclusion is so dramatic that it needs to be evaluated with considerable caution.
The most obvious reservation is that it relies on the extrapolation of the Standard Model,
albeit extended to its supersymmetric version, some twelve orders of magnitude beyond
the energy scale at which it has been tested. No theory has proved to be so robust
in the past so it is understandable if one views this extrapolation with some caution.
Even given the framework of Grand Unification there is considerable uncertainty, for the
relative values of the couplings may differ in different unification schemes. Within the
(large) class of theories which give the SU(5) predictions there are corrections coming
4) It is perhaps appropriate to comment about the meaning of this fit, for the three gauge
couplings are described in terms of three effective parameters Mx, ax and the effective
supersymmetry mass scale, meaning there will always be a fit and apparently no test
of unification! However, this is not quite fair for the resulting values of the parameters
must be reasonable if the scheme is to make sense. Thus Mx should be less than the
Planck scale but large enough to inhibit proton decay in Grand Unified theories. Also
we would like a* to be within the perturbative domain although it may be sensible to
contemplate non-perturbative unification. Finally, the supersymmetry mass scale must
be large enough to explain why no supersymmetric states have been found and small
enough to avoid the hierarchy problem (as we shall see the latter gives a very strong
constraint). As we shall discuss, these conditions are indeed satisfied.
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from virtual states with mass > O(Mx) which have not been included in the analysis and
which can affect the predictions substantially. These predictions are even more sensitive
to additional light states beyond those needed for the minimal supersymmetric Standard
Model. (Indeed it is possible to bring the predictions of non-supersymmetric SU(5) into
agreement with experiment if additional light Higgs doublets are added.) Furthermore,
if the GUT should not break immediately to the Standard Model, there will be several
intermediate scales of breaking and again the results will change substantially.
Susy 2nd order
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Figure 8: Evolution of running couplings. The break at low scales corresponds to the
transition from non-supersymmetric to supersymmetric /? functions.
Despite these caveats it is remarkable that the simplest possible extension of the
Standard Model to include supersymmetry, coupled with the simplest assumption about
Grand Unification, yields predictions in detailed agreement with experiment, provided
the new supersymmetric states are very light. The main objection to the analysis of the
likely mass of the new supersymmetric states is that, owing to large radiative corrections,
the most reasonable supersymmetric spectrum is not degenerate. To discuss the likely
effects of non-degenerate SUSY states I shall use the spectrum motivated by most realistic
supergravity/superstring models of supersymmetry breaking discussed in Section 3.3.4.
3.3.1 Unification of gauge couplings
What are the implications of unification for the supergravity-inspired SUSY spectrum discussed in Section 3.3.4? Using this spectrum to determine when to change from
the non-supersymmetric to the supersymmetric /?-functions, we may repeat the analysis of
the unification predictions [34]-[36]. In Figs. 9 and 10 we show the contours of constant a^
which lead to unification. It may be seen that, allowing for the range a^(Mz) = 0.102-0.12,
values for the supersymmetry mass scale Msusv in the range (102-105) GeV are allowed
[I deHr.e MSUSY to be Mm(mo,mi,/i)]. Thus the effect of the non-degenerate spectrum
is h> i'.;rease the anticipated mass of the SUSY states (the bounds given above were for
ab = 0.108 ± 0.005). The value obtained for the unification scale is Mx « 3.1016 GeV.
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String Unification scale How does this unification value fit in with the string
expectation? The naive string unification scale Msu is the Planck mass and hence
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is too large. However, the threshold effects coming from including heavy states with
mass of order of the compactification scale could reduce this scale; but a survey
[37, 38] of all orbifold models shows that typically Mx is increased by the string
threshold corrections A{ from the string unification scale Msu- Only for very special
assignments of the matter fields to (twisted) multiplets can the unification scale be
reduced. What then are the implications of coupling unification for string theories?
The first possibility is that the threshold corrections do conspire to lower Mx- At
least the existence of an orbifold example shows this is possible [37] and to date
the threshold effects in more general compactifications have not been completely
worked out. A second possibility is that the string gives a gauge group larger than the
Standard Model which preserves the ratios of gauge couplings and which subsequently
breaks at an intermediate scale Mx « 1016 GeV to the Standard Model. This group
need not be Grand Unified. My favourite example is the group SU(3)3 which is
known to occur in some promising compactification schemes. Provided there are
equal numbers of quark and lepton multiplets, the couplings renormalize in the same
way between Msu and Mx as required. Another possibility is to give up the minimal
unification assumption and to add states beyond the minimal set. For example, in
flipped SU(5) it is necessary to evolve the SU(5) ®U(l) couplings from MSu to
Mx before using the SU(3) ® SU(2) <g> U(l) evolution. Unfortunately this spoils the
agreement with the low-energy couplings in the original version of the theory, but in
non-minimal versions the effect of states with masses of order 3.1013 GeV can lead to
acceptable results [39]. This example nicely illustrates both the additional predictive
power of the string theory and the uncertainties introduced once non-minimal theories
are introduced.
To summarize, the success of minimal unification predictions with Mx « 3.1016 GeV
can be understood within the framework of specific string models. However, since
these models do not correspond to minimal string unification, some of the aesthetic
appeal of simplicity is lost.
3.3.2 Supersymmetry breaking
So far the discussion of supersymmetric unification has relied only on the global
supersymmetry aspects of the theory which involve the supermultiplet structure and the
renormalizable couplings. However, most workers in the field assume that it is the locally
supersymmetric version that is realized [40]. There are several reasons for this. In the first
place the local version of the supersymmetric algebra necessarily includes the local version
of the Poincare group and hence includes a theory of gravity. The hope is that the ultimate
Theory of Everything will involve a unification of all the fundamental forces including
gravity, and so the local version seems desirable. Moreover, the superstring theories which
offer the best hope of such a Theory of Everything naturally lead at low energies to local
supersymmetric theories. In addition the local version offers a very plausible explanation
for the origin of the scale of supersymmetry breaking consistent with the requirements of
a solution to the hierarchy problem.
3.3.3 The hidden sector
In SUSY models it is normally assumed that supersymmetry is broken in a sector
of the theory, the so-called 'hidden' sector, which has only gravitational interactions with
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the states of the Standard Model. Such a structure emerges quite naturally in superstring
theories. For example, the original heterotic string generates an ES®EQ structure in which
the Eg plays the role of the 'hidden sector'. In general 4D string models the E$ group is
broken at the compactification scale to some subgroup which plays the role of the hidden
sector. Apart from triggering supersymmetry breaking, the hidden sector plays no role
in low-energy phenomenology, for the states of this sector are confined with mass of the
order of the gaugino condensate scale ( « 1013 GeV, see below).
The most plausible origin for supersymmetry breaking in the hidden sector follows
because the gauge interactions of the hidden sector are likely to be asymptotically free
and become strong at the condensation scale Ac, below the compactification scale. Then,
in analogy with what happens in QCD, it is likely that a fermion condensate, < AA >,
forms, the fermions, A, being the gauginos of the hidden sector [41, 42]. In local supersymmetry (but not in global supersymmetry) such a condensate breaks supersymmetry.
The characteristic measure of this breaking is the mass, 7713/2, that it generates for the
(spin- 3/2) gravitino, supersymmetric partner of the graviton and is given by ma oc ^jjr-Since the scale determining the gaugino condensate is given by the scale, Ac, at which the
gaugino binding becomes non-perturbative, we have ms oc ^5- = Mp exp(—^p-), where
bo is the coefficient of the one-loop /3-function and the last equality follows from using the
running of the gauge coupling from its value, g, at the Planck scale [43]-[45]. Thus the
condensation scale can be much less than the Planck scale and hence the gravitino mass
may easily be hierarchically smaller than the Planck scale.
This is the best explanation in supersymmetric models for the magnitude of the
hierarchy. As we shall see, the presence of supersymmetry then guarantees that the
supersymmetry-breaking effects in the visible sector are also small, of the order of the
gravitino mass. It may be seen that the supersymmetric solution to the hierarchy problem
has copied the essential feature of technicolour theories, namely symmetry breaking via a
condensate. However, as we shall also discuss, in contrast with the extended technicolour
theories, the existence of elementary scalar states in supersymmetry subsequently allows
for a straightforward pattern of symmetry breaking in the visible sector and generation
of quark and lepton masses.
3.3.4 The visible sector
Since supersymmetry breaking occurs in the hidden sector it can only be communicated to the visible sector via gravitational, flavour-blind interactions suggesting that
there will be generated a common mass, mi/2, for the gauginos of the Standard Model
and another common mass, TUQ, for the scalars (the expectation is that these are both of
order mz/2)5^. In addition there must be a new term 11H1H2 in the superpotential giving a common Higgsino, Higgs mass at the unification scale. It is also found in specific
supergravity models [48] that there are additional supersymmetry-breaking terms given
by {A0P3 + B0P2) where AQ and BQ are masses of order 7713/2, and P3 and P2 are the
5) Recently it has been observed that in string theories this universality of masses may
be broken if the fields have different modular weights. Although possible, the necessity
to avoid large flavour-changing neutral currents strongly constrains the amount of
such non-universality and suggests that, in a viable model, flavour-blind masses at the
unification scale is a good approximation [38].
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trilinear and quadratic terms of the superpotential with the supermultiplets replaced by
their scalar components. The expectation for AQ and Bo depends on the metric; in the
case of the no-scale theories which descend from the string, Ao vanishes at the unification
scale. The gauge bosons and fermions of the Standard Model do not acquire mass at this
stage owing to residual unbroken gauge and chiral symmetries.
The flavour independence of the supersymmetry-breaking terms is broken by radiative corrections involving the gauge and Yukawa couplings of the Standard Model.
These corrections may be calculated explicitly and are most conveniently included via the
renormalization group equations for the masses [47] and the A and B parameters using
for initial values at Mx the common gaugino and scalar masses mi/2 and 7 ^ and the
common Ao and BQ parameters.
The degeneracy of the gauginos and scalars is broken by radiative corrections involving the gauge and Yukawa couplings of the Standard Model, and these may be calculated
via the renormalization group equations for the masses [48] using for initial values at Mx
the common gaugino and scalar masses m\/2 and m®. The only Yukawa coupling large
enough to give a significant contribution to this evolution in the Standard Model is likely
to be the one responsible for the top-quark mass and this is the only one kept in the subsequent analysis. In Fig. 11 the resultant spectrum for the superparticle masses is shown
for a representative choice of the supersymmetry-breaking parameters [34]. It may be seen
that those states with the larger gauge coupling are systematically heavier; the gluinos
are heavier than the Winos and Bino, and the squarks are heavier than the sleptons.

1

1

1

1

1 1

|

|

1 1 1 1
GAUGINOS

11

SQUARKS
SLEPTONS

—
-

l»
-

~.T.~-.-^

IR*

_——

_ — • • . — ^ — • — •

W'

_

—
.

.

§•

"

1
10 4

1

1
I
1
10',6
108
Q(GoV)

1

1 1
10,10

till

| |

10,15

Figure 11: Running masses in the MSSM.
3.3.5 Unification of masses
We have shown that supersymmetry together with unification relations between
gauge couplings gives a simple and entirely consistent picture. However, this is not all
that can be said about supersymmetric unification. One of the main arguments for a lowenergy supersymmetry was the need to explain the hierarchy of masses and in particular
the difference between the Planck scale and the electroweak breaking scale. It is therefore
reasonable to ask how the supersymmetric unification we have constructed explains this
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difference. Remarkably the theory contains a mechanism for symmetry breaking which
automatically selects the correct breaking pattern, namely 5(7(3) <g> 517(2) ® 17(1) ->
SU(3) <8> (7(1). To see how this comes about we note that the potential describing the
Higgs fields is largely determined by supersymmetry having the form [48]

V(HUH2) = m\\H°1 |2 +m2 \ H° |2 +MBfl?fl§ + M _ p l ( | fl? |2 - | H°2 | 2 ) 2 . (47)
Note that the coefficient of the quaxtic term is given in terms of gauge couplings by
supersymmetry, whereas it is an unknown parameter in the Standard Model. The masses
of the two Higgs fields are given by
o

9

.

9

ml = m2Hl+fx2
ml = m2H2 + / r

(48)

m?Hl(Mx) = m2H2(Mx) = m* .

(49)

with

Using this we see that the Higgs mass terms are given via the RG equations in terms of
the same mass parameters discussed above. The masses fx,mi,m2 evolve differently; for
mi we have [49]
,2

1

9

h 3h 8i2(jni + mjc + tn^ + A ))

(50)

where the Mi are the gaugino masses and the tilde denotes the supersymmetric state. Thus
the difference between mi, 7B2 is due to the term involving the top Yukawa coupling, h.
This term will drive m 2 negative if it is large enough, triggering electroweak breaking.
Now we can see why it is 5(7(2) and not 5(7(3) that is broken by this radiative
breaking mechanism for, although the RG equations for both the Higgs scalars and the
top (and bottom) squarks have destabilizing terms due to the top Yukawa coupling, only
the squarks have large stabilizing terms due to QCD interactions [47]. Thus it is the Higgs
(mass)2 that is driven negative, and it is 5(7(2) that is broken by the resultant Higgs vev.
From Eqs. (50) and (47) we see that the initial value of h may be chosen to give the
correct value of Mz- Thus to each point of the solution plane of Fig. 10 it is possible to
assign a definite h (or equivalently mt) needed to give the correct electroweak breaking
scale. Using this the results of the analysis of electroweak breaking may be conveniently
summarized by drawing contour plots of constant mt in the mo, mi/2 [34]. These are shown
by the dashed lines in Fig. 10 from which it may be seen that part of the previously allowed
region is excluded by the requirement of acceptable radiative electroweak breaking coupled
with the LEP bounds on the top mass. In Fig. 10 the origin of the variation with respect
to mo is obvious, for larger mo requires larger h to drive m 2 negative at the correct scale.
The same applies to increasing the value of \i. It may be seen from Fig. 10 that a heavy
top quark leads to a very satisfactory explanation of both the existence of electroweak
breaking and its magnitude for a wide range of supersymmetry breaking parameters.

149

This very pleasing self-consistency check of the MSSM shows how the electroweak
breaking scale is generated from the unification scale, realizing the original aim in introducing supersymmetry. It also allows us to investigate the hierarchy problem for, from
Eq. (50), one may see the Higgs mass squared, and hence the electroweak breaking scale is
generated largely by the squark mass and has its natural value proportional to this mass.
In this analysis this effect is manifested by the need to fine-tune, for large squark masses,
the top quark Yukawa coupling to make the constant of proportionality small enough to
get the correct electroweak breaking scale.
3.3.6 The hierarchy problem and the SUSY spectrum
The naturalness constraints may be made more precise by writing the relation between the W mass and the squark mass in a direct form. The renormalization group
equations are just a convenient method for summing the large logarithms oc \og(Mx/Mw)
that occur in calculating the radiative corrections to the Higgs mass. However, these
radiative corrections relate on-shell masses and so it is clear that the solution to the
renormalization group equations leads to relations relating on-shell quantities to on-shell
quantities and free of uncertainties related to the definition of 'running' masses. The result of calculating these radiative corrections to the Higgs mass and finally expressing the
result in terms of the associated W mass is given in the equation [34]
8TT 2

(51)

No symmetry makes the term in square brackets small for, as may be seen, it involves
supersymmetry-breaking masses. Thus the expectation is that it is of order 1 and taking it
to be much smaller corresponds to a fine-tuning. To quantify this we may rewrite Eq. (51)
in the form
8TT2

= c 1-

(52)

where
(53)

In Ref. [50] 'reasonable' scales for the supersymmetry thresholds were estimated by
demanding that the sensitivity of the electroweak breaking scale to any of the parameters
of the Standard Model should be less than some value. In Eq. (52) the sensitivity of Mw
to the dominant supersymmetry breaking mass, the top squark mass, is determined by
the quantity c and the equivalent statement is that 1/c should be less than some value.
No fine-tuning would correspond to c « 1 but, more conservatively, one might
use the value of c = 10 that was chosen by Barbieri and Giudice [50] as a measure of
a reasonable theory. The requirement that the electroweak breaking scale be generated
from the unification scale introduces more sensitivity to the top Yukawa coupling than is
found in the MSSM without unification, as may be seen from the appearance of the large
logarithm in Eq. (51). As a result, constraining c < 10 dramatically reduces the allowed
region of parameter space. Note that the fine-tuning constraint is largely independent of
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the details of the unification at Mx and may be expected to give similar limits on the
SUSY spectrum in any unification scheme having a very large
3.3.7
We have seen how the simplest scheme of supersymmetric unification gives excellent
agreement with the measured gauge couplings and, for a top mass within the experimentally allowed range, with the W mass. It is natural to ask what are the supersymmetric
unification expectations for fermion masses?
In specific GUTs there are relations between fermion masses, the best-known being
the SU(5) relationro&= mT [51]. As with the relation amongst gauge couplings, this relation applies at the unification scale and must be radiatively corrected. These corrections
offer a further tantalizing piece of circumstantial evidence in favour of supersymmetric
unification for, starting with the relation rrib(Mx) = ra^-Mx), they can bring the prediction for mb/mT into agreement with experiment using the same value for Mx found in the
analysis of gauge couplings. This cannot be done in the non-supersymmetric case without
adding new interactions [52]. Agreement in the supersymmetric case is possible only for a
restricted range of parameters, further tying down the range of supersymmetric masses.
In particular a running b quark mass, mb(mb) = 4.2, can only result if the top Yukawa
coupling is large, ht « 1.25. For ht > hb the top quark is heavy, rat = 170 ± 10 GeV, and
the pi parameter is also large, fj, « 2T77O- The situation is shown in Fig. 10.
3.3.8 Dark matter
In the MSSM the interactions respect an .R-parity under which the new SUSY states
are odd while the states of the Standard Model are even. As a result the SUSY states may
only be pair-produced and the lightest supersymmetric state (LSP) is stable. The existence
of the LSP is a prediction of the MSSM and, since its couplings are determined, the relic
abundance of the LSP is also a prediction. The nature of the LSP and its abundance
is determined in terms of the SUSY-breaking parameters introduced above and as we
have seen there is only a small region allowed in this parameter space. Thus the range
of possible relic abundance is strongly constrained and it is clearly of interest to see
how this compares to the cosmological bounds on dark matter. This is shown in Fig. 10,
where the contours of fixed relic abundance are drawn on the mo, mi/2 plane [53, 36].
We see that almost all of the allowed range has relic abundance less than the closure
density and is therefore not ruled out. Perhaps more interestingly, over a substantial part
of the allowed region, the LSP abundance is large enough to be the candidate for dark
matter! The sceptic may view this as a coincidence but, to me, the remarkable overlap
between these abundances provides further circumstantial evidence in favour of the need
for super symmetry.
3.4

String unification
In string theories the constraints of Unification are much more severe than in GUTs.
A given four-dimensional string theory has a definite multiplet structure and, moreover,
the unification scale, Msu, is known in terms of the Planck scale. The one-loop running
gauge coupling is given by [54],[39],[37]
M

aT1 = hash + PoiM^f) + Ai •
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(54)

Here ki are the Kac-Moody levels of the U(V), SU(2) and SU(3) factors and A{ are
threshold corrections from loops involving massive (Kaluza-Klein) modes with mass of
the order of the compactification scale. The tree-level gauge couplings are related by
gjki = g\k2 = g\h = -^GNewton

= gsu

(55)

and a' is the inverse of the string tension squared. The values fa = fa = (3/5) k\ give
the standard SU(5)-like predictions for the couplings [C = 1 in Eqs. (45) and (46)]. They
arise in many 4D string models, both with Grand Unified gauge groups and in models
which do not have a stage of Grand Unification. The string unification scale in the MS
scheme is given by Msu — 0.7 gsu 1018 GeV. The simplest realization of minimal string
unification is for the gauge group after compactification to be just 517(3) <g> SU(2)®U(l)
with the minimal particle content, i.e. there is no need for any additional heavy states.
While no example of such a string theory has yet been constructed, it seems likely that
something quite close to it can be found. However, the result found in the Section 3.3.1,
Mx « 3.1016 GeV, is difficult to satisfy, for a survey [37, 38] of all orbifold models shows
that typically Mx is increased by the string threshold corrections Aj from the string
unification scale Msu- Only for very special assignments of the matter fields to (twisted)
multiplets can the unification scale be reduced.
What then are the implications of coupling unification for string theories? The first
possibility is that the threshold corrections do conspire to lower Mx. At least the existence
of an orbifold example shows this is possible [37]. A second possibility is that the string
gives a gauge group larger than the Standard Model which preserves the ratios of gauge
couplings and which subsequently breaks at an intermediate scale Mx « 1016 GeV to the
Standard Model. This group need not be Grand Unified. My favourite example is the group
SU{Z)3 which is known to occur in some promising compactification schemes. Provided
there are equal numbers of quark and lepton multiplets the couplings renormalize in the
same way between Msu and Mx as required. Another possibility is to give up the minimal
unification assumption and to add states beyond the minimal set. For example in flipped
SU(5) it is necessary to evolve the SU(5) <g> [/(I) couplings from MSu to Mx before using
the SU(3) ® SU(2) <g> U(l) evolution. Unfortunately this spoils the agreement with the
low-energy couplings in the original version of the theory, but in non-minimal versions
the effect of states with masses of order 3.1013 GeV can lead to acceptable results [39].
This example nicely illustrates both the additional predictive power of the string theory
and the uncertainties introduced once non-minimal theories are introduced.
To summarize, the success of minimal unification predictions with Mx « 3.1016 GeV
can be understood within the framework of specific string models. However, since these
models do not correspond to minimal string unification some of the aesthetic appeal of
simplicity is lost.
4.

SUMMARY
Recent attempts to go beyond the Standard Model have concentrated on solving the hierarchy problem. Composite models offer the prospect of solution but specific
examples fail to provide a convincing picture. Extending the symmetry of the Standard
Model to include supersymmetry has been shown capable of protecting the hierarchy of
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masses. Substantial circumstantial support for this picture comes from the successful predictions of the gauge couplings at low scales, given that they are unified at high scales.
Furthermore, the pattern and magnitude of electroweak breaking is predicted if there is
some unification of the SUSY-breaking masses. Also the quark and lepton masses, and
the relic abundance of the lightest supersymmetric state are in good agreement with the
idea of SUSY unification. Although this is only circumstantial evidence, it does require a
very low mass scale for the new SUSY states, less than a TeV, which means that these
states should be accessible at LHC or SSC energies.
The phenomenology of the new SUSY states is largely dictated by their gauge couplings, which are uniquely specified. However, there is an ambiguity in defining the Yukawa
and related scalar couplings and this gives rise to two classes of SUSY phenomenology.
The first class has an i?-symmetry which means the lightest SUSY state (the LSP) must
be stable. The characteristic signal for SUSY relies on the missing energy signals for SUSY
decay to the LSP. The second i?-parity violating class has no stable LSP and so the signals of SUSY may change. Luckily, even in this case, the new SUSY states should be
visible at the SSC or the LHC for masses in the range needed to solve the mass hierarchy
problem. Thus these accelerators provide a means to directly check the tantalizing but
circumstantial evidence for SUSY which has emerged from a study of supersymmetric
unification.
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Abstract
These lectures provide an overview of Quantum Chromodynamics
(QCD), the SU(Z)c gauge theory of the strong interactions. After briefly reviewing the empirical considerations which lead to the
introduction of colour, the QCD Lagrangian is discussed. The running of the strong coupling and the associated property of Asymptotic Freedom are analyzed. Some selected experimental tests and
the present knowledge of a, are summarized. A short description
of the QCD flavour symmetries and the dynamical breaking of
chiral symmetry is also given. A more detailed discussion can be
found in standard textbooks [1-4] and recent reviews [5-9].

1.

QUARKS AND COLOUR

A fast look into the Particle Data Tables [10] reveals the richness and variety of
the hadronic spectrum. The large number of known mesonic and baryonic states clearly
signals the existence of a deeper level of elementary constituents of matter: quarks [11].
In fact, the messy hadronic world can be easily understood in terms of a few constituent
spin-1 quark flavours:

Q =H

u

c

t

d

s

b

Assuming that mesons are M = qq states, while baryons have three quark constituents,
B = qqq, one can nicely classify the entire hadronic spectrum:
7T+ = ud,

K+ = us,

K° = ds,

7T° = (uu - dd)/\/2

D+ = cd,

D° == CU,
B° == db,

D+ = cs
B° = s6,
S+ = uus,

•• •

B+ = ub,
n — udd,
V- uud,
s c + = udc, c = uuc, s+ = use,
sec
'-'cc = ucc,
"-"cc = dec,
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= c6
S° = uds
c = dsc

Bt

•

•

•

...

There is a one-to-one correspondence between the observed hadrons and the states
predicted by this simple classification; thus, the Quark Model appears to be a very useful
Periodic Table of Hadrons. However, the quark picture faces a problem concerning the
Fermi-Dirac statistics of the constituents. Since the fundamental state of a composite
system is expected to have L = 0, the A + + baryon (J = f) corresponds to u]u]u^, with
the three quark-spins aligned into the same direction (53 = + | ) and all relative angular
momenta equal to zero. The wave function is symmetric and, therefore, the A + + state
obeys the wrong statistics.
The problem can be solved assuming [12] the existence of a new quantum number,
colour, such that each species of quark may have Nc = 3 different colours: qa, a — 1,2,3
(red, yellow, violet). Then one can reinterpret the A + + as the antisymmetric state

_L.

(1.1)

(notice that at least 3 colours are needed for making an antisymmetric state). In this
picture, baryons and mesons are described by the colour-singlet combinations
(1.2)
In order to avoid the existence of non-observed extra states with non-zero colour, one needs
to further postulate that all asymptotic states are colourless, i.e. singlets under rotations in
colour space. This assumption is known as the confinement hypothesis, because it implies
the non-observability of free quarks: since quarks carry colour they are confined within
colour-singlet bound states.
The quark picture is not only a nice mathematical scheme to classify the hadronic
world. We have strong experimental evidence of the existence of quarks. Fig. 1 shows a
typical Z —» hadrons event, obtained at LEP. Although there are many hadrons in the
final state, they appear to be collimated in 2 jets of particles, as expected from a two-body
decay Z —> qq, where the qq pair has later hadronized.

Figure 1: Two-jet event from the hadronic decay of a Z boson (DELPHI).
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Y.Z

Figure 2: Feynman diagram for e+e~ —» hadrons.

1.1

Evidence of colour
A direct test of the colour quantum number can be obtained from the ratio
_ cr(e+e —» hadrons)
~~ <r(e+e~ —»/x+/z~)

(1.3)

+
hadrons. Since quarks
The hadronic production occurs through e +e
are assumed to be confined, the probability to hadronize is just one; therefore, the sum
over all possible quarks in the final state will give the total inclusive cross-section into
hadrons. At energies well below the Z peak, the cross-section is dominated by the 7exchange amplitude; the ratio Re+e- *s then given by the sum of the quark electric charges
squared:

(Nf = 3 : u,d,s)
= 4 : u,d,s,c)
= 5 : u,d,s,c,b)
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Figure 3: Measurements of i?e+e- [10]. The two continuous curves are QCD fits.
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Figure 4: r-decay diagram.
The measured ratio is shown in Fig. 3. Although the simple formula (1.4) cannot
explain the complicated structure around the different quark thresholds, it gives the right
average value of the cross-section (away from the thresholds), provided that Nc is taken
to be three. The agreement is better at larger energies. Notice that strong interactions
have not been taken into account; only the confinement hypothesis has been used.
The hadronic decay of the r lepton provides additional evidence for Nc = 3. The
decay proceeds through the W-emission diagram shown in Fig. 4. Since the W coupling
to the charged current is of universal strength, there are (2 + Nc) equal contributions (if
final masses and strong interactions are neglected) to the r-decay width. Two of them
correspond to the leptonic decay modes r~ —> vTe~ve and r~ —> vTpTv^ while the other
Nc are associated with the possible colours of the quark-antiquark pair in the r~ —> vrdgu
decay mode (dg = cos Ocd+sia 9cs). Hence, the branching ratios for the different channels
are expected to be approximately:
^

\

(1.5)

r(r--.»+]»&».)
T(T- -» vre-ve)
which should be compared with the experimental averages [10]:
BT^e = (18.01 ± 0.18)%,

BT_*M = (17.65 ± 0.24)%,
e = 3.56 ± 0.04 .

(1.7)
(1.8)

The agreement is fairly good. Taking Nc = 3, the naive predictions only deviate from the
measured values by about 20%. Many other observables, such as the partial widths of the
Z and W^ bosons, can be analyzed in a similar way to conclude that Nc — 3.
A particularly strong test is obtained from the TT0 —» 77 decay, which occurs through
the triangular quark loops in Fig. 5. The crossed vertex denotes the axial current A^ =
s d). One gets:

where the TT° coupling to A^, /„. = 92.4 MeV, is known from the TV~ —» pru^ decay rate
(assuming isospin symmetry). The agreement with the measured value, V — 7.7 ± 0.6
eV [10], is remarkable. With JV"c = 1, the prediction would have failed by a factor of 9.
The nice thing about this decay is that it is associated with an anomaly: a global flavour
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K°

Figure 5: Triangular quark loops generating the decay TT° —> 77.
symmetry which is broken by quantum effects (the triangular loops). One can then proof
that the decay amplitude (1.9) does not get corrected by strong interactions [13].
Anomalies provide another compelling theoretical reason to adopt Nc = 3. The
gauge symmetries of the Standard Model of electroweak interactions have also anomalies
associated with triangular fermion loops (diagrams of the type shown in Fig. 5, but with
arbitrary gauge bosons - W ± , . Z , 7 - in the external legs and Standard Model fermions in
the internal lines). These gauge anomalies are deathly because they destroy the renormalizability of the theory. Fortunately, the sum of all possible triangular loops cancels
if Nc = 3. Thus, with three colours, anomalies are absent and the Standard Model is
well-defined.
1.2

Asymptotic Freedom
The structure of the proton can be probed through the scattering e~p —*• e~p. The
cross-section is given by
da

Tra2 cos 2 !

{\GE(Q2)\2-

J2L

where E and E' are the energies of the incident and scattered electrons, respectively, in
the proton rest-frame, 9 the scattering angle, Mp the proton mass and

with q1* = (ke — k'c)1* the momentum transfer through the intermediate photon propagator.
GE and GM are the electric and magnetic form factors, respectively, describing the
proton electromagnetic structure; they would be equal to one for a pointlike spin-| target.
Experimentally they are known to be very well approximated by the dipole form
GE(Q2) «

(1.12)

where fip = 2.79 is the proton magnetic moment (in proton Bohr magneton units). Thus,
the proton is actually an extended object with a size of the order of 1 fm. At very low
energies (Q2 « lGeV 2 ), the photon probe is unable to get information on the proton
structure, GM,E(Q2) ~ GM,E(0) = 1, and the proton behaves as a pointlike particle. At
higher energies, the photon is sensitive to shorter distances; the proton finite size gives
then rise to form factors, which suppress the elastic cross-section at large Q 2 , i.e. at large
angles.
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p

Figure 6: Inelastic e~p —* e~X scattering.
One can try to further resolve the proton structure, by increasing the incident
energy. The inelastic scattering e~p —> e~X becomes then the dominant process. Making
an inclusive sum over all hadrons produced, one has an additional kmematical variable
corresponding to the final hadronic mass, W2 = P j . The scattering is usually described
in terms of Q2 and

where P*1 is the proton cuadrimomentum; v is the energy transfer in the proton rest-frame.
In the one-photon approximation, the unpolarized differential cross-section is given by

The proton structure is then characterized by two measurable structure functions. For a
pointlike proton, the elastic scattering (1.10) corresponds to

At low Q2, the experimental data reveals prominent resonances; but this resonance
structure quickly dies out as Q2 increases. A much softer but sizeable continuum contribution persists at large Q 2 , suggesting the existence of pointlike objects inside the proton.
To get an idea of the possible behaviour of the structure functions, one can make
a very rough model of the proton, assuming that it consist of some number of pointlike
spin-1 constituents (the so-called partons), each one carrying a given fraction & of the
proton momenta, i.e. p,M = £,-P'x. That means that we are neglecting1) the transverse
parton momenta, and m; = £MP. The interaction of the photon-probe with the parton i
generates a contribution to the structure functions given by:

(1.17)
1) These approximations can be made more precise going to the infinite momentum frame of
the proton, where the transverse motion is negligible compared with the large longitudinal
boost of the partons.
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where e,- is the parton electric charge and
Q7

(1.18)

Thus, the parton structure functions only depend on the ratio x, which, moreover, fixes
the momentum fractions £,-. We can go further, and assume that in the limit Q2 —» co,
v —» oo, but keeping x fixed, the proton structure functions can be estimated from an
incoherent sum of the parton ones (neglecting any strong interactions among the partons).
Denoting fi{£i) the probability that the parton i has momentum fraction £,-, one then has:
(1-19)
p i

u) = £ t dii /«(6) W?
•

JO

This simple parton description implies then the so-called Bjorken scaling [14]: the proton
structure functions only depend on the kinematical variable x. Moreover, one gets the
Callan-Gross relation [15]
F2(x) = 2xF1(x),
(1.21)
which is a consequence of our assumption of spin-| partons. It is easy to check that spin-0
partons would have lead to Fi(x) = 0.
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Figure 7: Experimental data on vWi as
function of x, for different values of Q2 [16]
(taken from Ref. [1]).

Figure 8: The ratio 2xFi/F2 versus x, for
different Q2 values (1.5 GeV2 < Q2 < 16
GeV2) [17] (taken from Ref. [1]).

The measured values of vWz{Q2, v) are shown in Fig. 7 as function of a:, for many
different values of Q2 between 2 and 18 GeV2; the concentration of data points along a
curve indicates that Bjorken scaling is correct, to a quite good approximation. Fig. 8 shows
that the Callan-Gross relation is also reasonably well satisfied by the data, supporting
the spin-| assignment for the partons.
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The surprising thing of this successful predictions is that we have assumed the
existence of free independent pointlike partons inside the proton, in spite of the fact that
quarks are supossed to be confined by very strong colour forces. Bjorken scaling suggests
that the strong interactions must have the property of asymptotic freedom: they should
become weaker at short distances, so that quarks behave as free particles for Q2 -» oo.
This also agrees with the empirical observation in Fig. 3, that the free-quark description
of the ratio Re+e- works better at higher energies.
Thus, the interaction between a qq pair looks like some kind of rubber band. If we
try to separate the quark form the antiquark the force joining them increases. At some
point, the energy on the elastic band is bigger than 2mqi, so that it becomes energetically
favourable to create an additional q'q' pair; then the band breaks down into two mesonic
systems, qq' and q'q, each one with its corresponding half-band joining the quark pair.
Increasing more and more the energy, we can only produce more and more mesons, but
quarks remain always confined within colour-singlet bound states. Conversely, if one tries
to approximate two quark constituents into a very short-distance region, the elastic band
loses the energy and becomes very soft; quarks behave then as free particles.
1.3

W h y SU(3)?
Flavour-changing transitions have a much weaker strength than processes mediated
by the strong force. The quark-flavour quantum number is associated with the electroweak
interactions, while strong forces appear to be flavour-conserving and flavour-independent.
On the other side, the carriers of the electroweak interaction (7, Z, W^) do not couple
to the quark colour. Thus, it seems natural to take colour as the charge associated with
the strong forces and try to build a quantum field theory based on it [18]. The empirical
evidence described so far puts a series of requirements that the fundamental theory of
colour interactions should satisfy:
1. Colour is an exact symmetry Gc (hadrons do not show colour multiplicity).
2. Nc = 3. Thus, quarks belong to the triplet representation 3 of Gc3. Quarks and antiquarks are different states. Therefore, 3_* ^ 3_, i.e. the triplet representation has to be complex.
4. Confinement hypothesis: hadronic states are colour singlets.
5. Asymptotic freedom.
Among all compact simple Lie groups there are only four having 3-dimensional
irreducible representations; moreover, three of them are isomorphic to each other. Thus, we
have only two choices: 517(3) or 50(3) ~ 517(2) ~ 5p(l). Since the triplet representation
of 50(3) is real, only the symmetry group 517(3) survives the conditions 1, 2 and 3. The
well-known SU(Z) decomposition of the products of 3_ and 3" representations,
qq:
qqq:
qq:
qqqq:

3®3* = 1 © 8 ,
3®3®3 = l©8®8©10,
3 <g> 3 = 3 ' © 6 ,
3 <g> 3® 3® 3 = 3 © 3 0 3 © 6* ©15 ©15 ©15 ©15!.,

(1.22)

guarantees that there are colour-singlet configurations corresponding to meson (qq) and
baryon (qqq) states, as required by the confinement hypothesis. Other exotic combinations
such as diquarks (qq, qq) or four-quark states (qqqq, qqqq) do not satisfy this requirement.
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Clearly, the theory of colour interactions should be based on the SU(3)c group. It
remains to be seen whether such a theory is able to explain confinement and asymptotic
freedom as natural dynamical consequences of the colour forces.
2.

GAUGE SYMMETRY: QED
Let us consider the Lagrangian describing a free Diiac fermion:
£ 0 = i^ix^d^ix)

- m^(s)*(as).

(2.1)

£ 0 is invariant under global U(l) transformations
V(x) ^

*'(z) = exp {iQ8} * ( s ) ,

(2.2)

where Q9 is an arbitrary real constant. The phase of $(s) is then a pure conventiondependent quantity without physical meaning. However, the free Lagrangian is no-longer
invariant if one allows the phase transformation to depend on the space-time coordinate,
i.e. under local phase redefinitions 6 = 0(a:), because
exp {iQ9} (0M + iQdJ) $(z).

(2.3)

Thus, once an observer situated at the point Xo has adopted a given phase-convention,
the same convention must be taken at all space-time points. This looks very unnatural.
The "Gauge Principle" is the requirement that the U(l) phase invariance should
hold locally. This is only possible if one adds some additional piece to the Lagrangian,
transforming in such a way as to cancel the 8^9 term in Eq. (2.3). The needed modification
is completely fixed by the transformation (2.3): one introduces a new spin-1 (since 8^9
has a Lorentz index) field AM(x), transforming as
Mx)

3$ A^x)

s A,(x)

+ i dj,

(2.4)

and defines the covariant derivative
D^(x)

= [dp - ieQA^x)] *(»),

(2.5)

which has the required property of transforming like the field itself:
ZV»(s) -^V (X7M$)' (x) = exp {iQ9} D^(x).

(2.6)

C = iVixWD^ix) - m*(x)y(x) = £0 +eQA^x^ix^^ix)

(2.7)

The Lagrangian

is then invariant under local U(l) transformations.
The gauge principle has generated an interaction between the Dirac spinor and
the gauge field A^ which is nothing else than the familiar QED vertex. Note that the
corresponding electromagnetic charge eQ is completely arbitrary. If one wants AM to be
a true propagating field, one needs to add a gauge-invariant kinetic term
£Kin ^ - ^ V " ,
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(2.8)

where F^ = d^Aj, — dvA^ is the usual electromagnetic field strength. A possible mass
term for the gauge field, ^rn^A^A^ is forbidden because it would violate gauge invariance;
therefore, the photon field is predicted to be massless. The total Lagrangian in (2.7) and
(2.8) gives rise to the well-known Maxwell equations.
From a simple gauge-symmetry requirement, we have deduced the right QED Lagrangian, which leads to a very successful quantum field theory. Remember that QED
predictions have been tested to a very high accuracj7, as exemplified by the electron and
muon anomalous magnetic moments [ai = (gi — 2)/2, where fii = gi (eh/2mi)] [19]:
(115 965214.0 ±2.8) x 10~ u
(Theory)
u
(115965219.3 ± 1.0) x 10~ (Experiment) '
(1165 919.2 ±1.9) xlO~ 9
(Theory)
9
(1165 923.0 ±8.4) x 10~ (Experiment)"

^ "^
^

3.

T H E QCD LAGRANGIAN
Let us denote q° a quark field of colour a and flavour / . To simplify the equations, let us adopt a vector notation in colour space: qf = column(5y,5y,g|) . The free
Lagrangian
A) = X) qf {vfdp - mf) q}
(3.1)
is invariant under arbitrary global SU{Z)c transformations in colour space,
If —> (9/)' = Ua0 <f{ ,

Urf = VXU = 1,

det U = 1.

(3.2)

The SU(3)c matrices can be written in the form

Er = exp|-iflr.y0 a J,

(3.3)

where A" (a = 1,2,..., 8) denote the generators of the fundamental representation of
the SU(Z)c algebra, and 9a are arbitrary parameters. The matrices Aa are traceless and
satisfy the commutation relations

[\a,Xb]=2ifabcX%

(3.4)

with fabc the SU(Z)c structure constants, which are real and totally antisymmetric. Some
useful properties of SU(3) matrices are collected in Appendix A.
As in the QED case, we can now require the Lagrangian to be also invariant under
local SU(Z)c transformations, 6a = 9a(x). To satisfy this requirement, we need to change
the quark derivatives by covariant objects. Since we have now 8 independent gauge parameters, 8 different gauge bosons G£(z), the so-called gluons, are needed:
qf = [&>-ig.GHx)]qf.
Notice that we have introduced the compact matrix notation
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(3.5)

We want D^qf to transform in exactly the same way as the colour-vector qf, this fixes
the transformation properties of the gauge fields:
T\U
U

, / r»uV
> lU I

=

TT n f r r t .
U L) U J

/"'M
LT

. f/~ii*V
> I Cr )

==

TT rip rrt
iQVTT\ TT\
U (_x t / — — I o U i t / .

/O T\
Io ./ I

Under an infinitesimal SU(Z)c transformation,

<K —» (GZy = GZ-d»(86a)+gJabc69bGZ.

(3.8)

The gauge transformation of the gluon fields is more complicated that the one obtained
in QED for the photon. The non-commutativity of the SU(3)c matrices gives rise to an
additional term involving the gluon fields themselves. For constant £0O, the transformation rule for the gauge fields is expressed in terms of the structure constants f0^ only;
thus, the gluon fields belong to the adjoint representation of the colour group (see Appendix A). Note also that there is a unique SU(Z)c coupling ga. In QED it was possible to
assign arbitrary electromagnetic charges to the different fermions. Since the commutation
relation (3.4) is non-linear, this freedom does not exist for SU(Z)cTo build a gauge-invariant kinetic term for the gluon fields, we introduce the corresponding field strengths:
G F (X)

=

G^(x)

= d»GZ - dvG"a 4- gJ^G^.

— [JJ ,JL> j = (TGr
ga

— O Lr" — iga [Or , Cr j =

— Gr£ [X) ,
*

(3.9)

Under a gauge transformation,
GT —4 (G^)' = U G»v U*,

(3.10)

and the colour trace T^G^G^) = \G^vGlv remains invariant.
Taking the proper normalization for the gluon kinetic term, we finally have the
SU(Z)c invariant QCD Lagrangian:
£QCD

= - j GTG£, + E If iyfD* ~ "»/) 9/ -

(3.11)

It is worth while to decompose the Lagrangian into its different pieces:

(d«G» d'GMdGl - duGD + ^ 9 / tyfd* - m,) #
Y)

fl?

(3-12)

The first line contains the correct kinetic terms for the different fields, which give rise to
the corresponding propagators. The colour interaction between quarks and gluons is given
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by the second line; it involves the SU(3)c matrices A°. Finally, owing to the non-abelian
character of the colour group, the G^G" term generates the cubic and quartic gluon
self-interactions shown in the last line; the strength of these interactions is given by the
same coupling g, which appears in the fermionic piece of the Lagrangian.
In spite of the rich physics contained in it, the Lagrangian (3.11) looks very simple,
because of its colour-symmetry properties. All interactions are given in terms of a single
universal coupling ga, which is called the strong coupling constant. The existence of selfinteractions among the gauge fields is a new feature that was not present in the QED
case; it seems then reasonable to expect that these gauge self-interactions could explain
properties like asymptotic freedom and confinement, which do not appear in QED.

Figure 9: Three-jet event from the hadronic decay of a Z boson (DELPHI).
Without any detailed calculation, one can already extract qualitative physical consequences from £QCD • Quarks can emit gluons. At lowest-order in gs, the dominant process
will be the emission of a single gauge boson. Thus, the hadronic decay of the Z should
result in some Z —> qqG events, in addition to the dominant Z —> qq decays discussed
in Section 1. Fig. 9 clearly shows that 3-jet events, with the required kinematics, indeed
appear in the LEP data. Similar events show up in e+e~ annihilation into hadrons, away
from the Z peak.
In order to properly quantize the QCD Lagrangian, one needs to add to CQCV the
so-called Gauge-fixing and Faddeev-Popov terms. Since this is a rather technical issue, its
discussion is relegated to Appendix B.

4.

QUANTUM LOOPS

The QCD Lagrangian is rather economic in the sense that it involves a single
coupling g,. Thus, all strong-interacting phenomena should be described in terms of just
one parameter. At lowest order in g, (tree-level), it is straightforward to compute all
kind of scattering amplitudes involving quarks and gluons: qq —+ GG, qq —* qq, Gq —•>
Gq, ... Unfortunately, this exercise by itself does not help very much to understand the
physical hadronic world. First, we see hadrons instead of quarks and gluons. Second,
we have learnt from experiment that the strength of the strong forces changes with the
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energy scale: the interaction is very strong (confining) at low energies, but quarks behave
as nearly free particles at high energies. Obviously, we cannot understand both energy
regimes with a single constant gt, which is the same everywhere. Moreover, if we neglect
the quark masses, the QCD Lagrangian does not contain any energy scale; thus, there is
no way to decide when the energy of a given process is large or small, because we do not
have any reference scale to compare with.
If QCD is the right theory of the strong interactions, it should provide some dynamical scale through quantum effects.
4.1

Regularization of loop integrals
The computation of perturbative corrections to the tree-level results involves divergent loop integrals. It is then necessary to find a way of getting finite results with physical
meaning from a priori meaningless divergent quantities.

Figure 10: Gluon self-energy diagram.
Let us consider the self-energy gluon loop in Fig. 10. The corresponding contribution in momentum space can be easily obtained, using standard Feynman rules techniques:

(27r)4

The result is proportional to g2a, because there are two qq~G vertices, and there is a trivial
SU(2)c factor, TF = | , coming from the colour trace |Tr(A°Ai>) = SabTF.
The problem appears in the momentum integration, which is clearly divergent [~
4
/ <£&( 1/fc2) = oo]. We can define the momentum integral in many different (and arbitrary)
ways. For instance, we could introduce a cut-off M, such that only momentum scales
smaller than M are integrated; obviously, the resulting integral would be an increasing
function of M. Instead, it has become conventional to define the loop integrals through
dimensional regularization: the calculation is performed in D = 4 + 2e dimensions. For
e ^ 0 the resulting integral is well-defined:

The ultraviolet divergence of the loop appears at e = 0, through the pole of the Gamma
function,
r(-e) = -\-fE
where ^E = 0.577215... is the Euler constant.
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+ O(e2),

(4.3)

Although the integral (4.2) looks somewhat funny, dimensional regularization has
many advantages because does not spoil the gauge symmetry of QCD and, therefore,
simplifies a lot the calculations. One could argue that a cut-off procedure would be more
physical, since the parameter M could be related to some unknown additional physics at
very short distances. However, within the QCD framework, both prescriptions are equally
meaningless. One just introduces a regularizing parameter, such that the integral is welldefined and the divergence is recovered in some limit (M —> oo or e —> 0).
Since the momentum-transfer q2 has dimensions, it turns out to be convenient to
introduce and arbitrary energy scale fi and write

(4.4)
Obviously, this expression does not depend on /A; but written in this form one has a
dimensionless quantity (~q2/fj,2) inside the logarithm.
The contribution of the loop diagram in Fig. 10 can finally be written as

Kl = M - g y v + 9V)n(g2),

(^)2{i

\

Vf

} (4.5)

Owing to the ultraviolet divergence, Eq. (4.5) does not determine the wanted selfenergy contribution. Nevertheless, it does show how this effect changes with the energy
scale. If one could fix the value of H(g2) at some reference momentum transfer q%, the
result would be known at any other scale:
r

, ^ J In(g 2 / g 2 ).

(4.6)

We can split the self-energy contribution into a meaningless divergent piece and a
finite term, which includes the q2 dependence,
This separation is of course ambiguous, because the finite (^-independent contributions
can be splitted in many different ways. A given choice defines a scheme:

' ~ ft &** [J + 7* - H**) - |]
-iffi/* 2 ^
2£

(MS-scheme),

q2/fi2)
In (—q2ffi2) + 7 s - ln(47r) — | |
ln(—g2//.2) — |1

(/.-scheme),
(MS-scheme),
(MS-scheme).

- f£ &fi [j + IE ~ 1H(4TT)]

4TT

(/.-scheme),
(MS-scheme),

(4.8)

(4.9)

In the /.-scheme, one uses the value of II(—/t2) to define the divergent part. MS and
MS stand for minimal subtraction [20] and modified minimal subtraction schemes [21];
in the MS case, one subtracts only the divergent 1/e term, while the MS scheme puts
also the annoying ~/E — ln(4?r) factor into the divergent part. Notice that the logaiithmic
g2-dependence is always the same.

170

Figure 11: Photos, self-energy contribution to e e~ scattering.
4.2

Renormalization: QED
A Quantum Field Theory is called renormalizable if all ultraviolet divergences can
be reabsorbed through a redefinition of the original fields and couplings.
Let us consider the electromagnetic interaction between two electrons. At one loop,
the QED photon self-energy contribution is just given by Eq. 4.5, with the changes TF —• 1
and g3 —> e. The corresponding scattering amplitude takes the form

}

(4.10)

where J^ denotes the electromagnetic fermion current.
At lowest order, T{q2) ~ a/q2 with a = e2/(47r). The divergent correction generated by quantum loops can be reabsorbed into a redefinition of the coupling:

^ {i - An£(M2) - W / M 8 ) } = ^ p - {i - ifefoV)},
= a0 {l + ^fi2t [\ + (7scheme] + . . . } ,

a0 s | | ,

(4.n)
(4.12)

where eo denotes the bare coupling appearing in the QED Lagrangian; this bare quantity is,
however, not directly observable. Making the redefinition (4.11), the scattering amplitude
is finite and gives rise to a definite prediction for the cross-section, which can be compared
with experiment; thus, one actually measures the renormalized coupling CKR.
The redefinition (4.11) is meaningful, provided that it can be done in a selfconsistent way: all ultraviolet divergent contributions to all possible scattering processes
should be eliminated through the same redefinition of the coupling (and the fields). The
nice thing of gauge theories, such as QED or QCD, is that the underlying gauge symmetry
guarantees the renormalizability of the quantum field theory.
The renormalized coupling OR(/Z 2 ) depends on the arbitrary scale fi and on the
chosen renormalization scheme [the constant £7schCme denotes the different finite terms
in Eq. (4.8)]. Quantum loops have introduced a scale dependence in a quite subtle way.
Both <XR(H2) and the renormalized self-energy correction TLR(q2/fi2) depend on /i, but the
physical scattering amplitude T(q2) is of course /i-independent: (Q2 = — q2)

"P

m

\1-~

o^
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^scheme ~

('
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The quantity a(Q2) = CCR(Q2) is called the QED running coupling. The ordinary
fine structure constant a = 1/137 is defined through the classical Thomson formula;
therefore, it corresponds to a very low scale Q2 = —m*. Clearly, the value of a relevant
for LEP experiments is not the same [a(M|)Mg = 1/129]. The scale dependence of a(Q2)
is regulated by the so-called /3-function:

7T

7T

(4.14)

At the one-loop level, the /3-function reduces to the first coefficient, which is fixed by
Eq. (4.12):

= f•

(4.15)

The first-order differential equation (4.14) can then be easily solved, with the result:
(4.16)

l-

Since 0i > 0, the QED running coupling increases with the energy scale: a(Q2) > cx(Ql)
if Q2 > QQ] i.e. the electromagnetic charge decreases at large distances. This can be
intuitively understood as the screening effect due to the virtual e + e~ pairs generated,
through quantum effects, around the electron charge. The physical QED vacuum behaves
as a polarized dielectric medium.

Figure 12: Electromagnetic charge screening in a dipolar medium.
Notice that taking fi2 = Q2 in Eq. (4.13) we have eliminated all dependences on
ln(Q2/fi2) to all orders in a. The running coupling (4.16) makes a resummation of all
leading logarithmic corrections, i.e
(4.17)
This higher-order logarithms correspond to the contributions from an arbitrary number
of one-loop self-energy insertions along the intermediate photon propagator in Fig. 11
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Figure 13: Feynman diagrams contributing to the renormalization of the strong coupling.
The dashed loop indicates the ghost correction discussed in Appendix B.

4.3

The QCD running coupling

The renormalization of the QCD coupling proceeds in a similar way. Owing to the
non-abelian character of SU(Z)c, there are additional contributions involving gluon selfinteractions. From the calculation of the relevant one-loop diagrams, shown in Fig. 13,
one gets the value of the first /3-function coefficient [22,23]:

2

11

_ 2N,-^.V

Pi = -2>iV/ — — LA =

2

•

I4-1-8)

do
o
The positive contribution proportional to Nf is generated by the q-q loops and corresponds
to the QED result (except for the TF factor). The gluonic self-interactions introduce the
additional negative contribution proportional to Nc- This second term is responsible for
the completely different behaviour of QCD: p\ < 0 if Nf < 16. The corresponding QCD
running coupling,
a

0ia.{Q2)

>(Q ) =

'

(4- 1 9 )

decreases at short distances, i.e.
Urn a,{Q2) = 0.

(4.20)

Q2—>oo

Thus, for Nf < 16, QCD has indeed the required property of asymptotic freedom. The
gauge self-interactions of the gluons spread out the QCD charge, generating an antiscreening effect. This could not happen in QED, because photons do not carry electric charge.
Only non-abelian gauge theories, where the intermediate gauge bosons are self-interacting
particles, have this antiscreening property [24].
Although quantum effects have introduced a dependence with the energy, we still
need a reference scale to decide when a given Q2 can be considered large or small. An
obvious possibility is to choose the scale at which a, enters into a strong-coupling regime
(i.e. a, ~ 1), where perturbation theory is no longer valid. A more precise definition can
be obtained from the solution of the /3-function differential equation (4.14). At one loop,
one gets

where hi A is just an integration constant. Thus,
(4 22)

-
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In this way, "we have traded the dimensionless parameter g, by the dimensionful scale A.
The number of QCD free parameters is the same (1 for massless quarks), but quantum
effects have generated an energy scale. Although, Eq. (4.19) gives the impression that the
scale-dependence of a3(fJ>2) involves two parameters, p\ and aa(fil), only the combination
(4.21) is actually relevant, as explicitly shown in (4.22).
When fi »
A, a»(/i2) —> 0, so that we recover asymptotic freedom. At lower
energies the running coupling gets bigger; for \i —* A, a,{fi2) —> oo and perturbation
theory breaks down. The scale A indicates when the strong coupling blows up. Eq. (4.22)
suggests that confinement at low energies is quite plausible in QCD; however, it does not
provide a proof because perturbation theory is no longer valid when ft —> A.
4.4

Higher orders
Higher orders in perturbation theory are much more important in QCD than in
QED, because the coupling is much bigger (at ordinary energies). Unfortunately, the
calculations are also technically more involved. Nevertheless, many quantities have been
already computed at O{a2t) or even O{o?s). The ^-function is known to three loops; in the
MS scheme, the computed higher-order coefficients take the values [25]:

A - £ + £*,;

A-i[-M,7 + ^ /

-H«j].

(4.23)

If Nf < 8, f32 < 0 (/33 < 0 for Nf < 5) which further reinforces the asymptotic freedom
behaviour.
The scale dependence of the running coupling at higher-orders is given by:

{ f ^ ( ) §( ^ ) ( )

p (4.24)

or, in terms of A,

When comparing different QCD fits to the data, it is worth while to have in mind
that any given value of a, refers to a particular selection of scale and renormalization
scheme. Moreover, the resulting numerical values can be different if one works at leading (LO), next-to-leading (NLO) or next-to-next-to-leading (NNLO) order. Although the
parameter A does not depend on the scale, it is a scheme-dependent quantity. For instance:

A2MS = T ~ A l i s -

( 4 - 26 )

Moreover, ALO 7^ ANLO ^ ANNLO- In fact, slightly different definitions of A can be given
at NLO, depending on the way the integration constant is chosen when solving the /3function differential equation. Moreover, since in the MS and MS schemes the ^-function
coefficients depend on Nf, A takes different values when the number of flavours is changed.
At NLO, the relation between the A scales for 3 and 4 flavours is given by:
(4.27)
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Hadrons

Figure 14: e + e~ —» 7", Z

5.

hadrons.

PERTURBATIVE QCD PHENOMENOLOGY

e + e ~ —>• hadrons
The inclusive production of hadrons in e + e~ annihilation is a good process for
testing perturbative QCD predictions. The hadronic production occurs through the basic
mechanism e+e~ —> "f*,Z~ —> qq, where the final q-q pair interacts through the QCD
forces; thus, the quarks exchange and emit gluons (and q'-q' pairs) in all possible ways.
At high energies, where a, is small, we can use perturbative techniques to predict
the different subprocesses: e + e~ —> qq,qq~G,qq~GG,... However, we still do not have a
good understanding of the way quarks and gluons hadronize. Qualitatively, quarks and
gluons are created by the q-q current at very short distances, x ~ 1/^/s. Afterwards,
they continue radiating additional soft gluons with smaller energies. At larger distances,
x ~ I/A, the interaction becomes very strong and the hadronization process occurs.
Since we are lacking a rigorous description of the confinement mechanism, we are unable
to provide precise predictions of the different exclusive processes, such as e+e~ —> 16TC.
However, we can make a quite accurate prediction for the total inclusive production of
hadrons:
5.1

<x(e+e-

hadrons) = <x(e+e —» qq + qq~G + qqGG + . . . ) .

(5.1)

The details of the final hadronization are irrelevant for the inclusive sum, because the
probability to hadronize is just one owing to our confinement assumption.

Figure 15: Diagrammatic relation between the total hadronic-production cross-section and
the two-point function IP"^?). The qq blob contains all possible QCD corrections. The
dashed vertical line indicates that the blob is cut in all possible ways, so that the left
and right sides correspond to the production amplitude T and its complex-conjugate T^,
respectively, for a given intermediate state.
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Well below the Z peak, the hadronic production is dominated by the 7-exchange
contribution. Thus, we can compute the cross-sections of all subprocesses e+e~ —» 7" —»•
qq, qq~G,... (at a given order in a,), and make the sum. Technically, it is much easier to
compute the QCD T-product of two electromagnetic currents [J£m =

= iJ

(0|T (J^(x) J^(O)t) |0} = (- 5 ^g 2 + tff) U^tf).

(5.2)

As shown in Fig. 15, the absorptive part of this object (i.e. the imaginary part, which
results from cutting -putting on shell- the propagators of the intermediate exchanged
quarks and gluons in all possible ways) just corresponds to the sum of the squared moduli
of the different production amplitudes. The exact relation with the total cross-section is:
_

ff(e+e~

—> hadrons)

Neglecting the small (away from thresholds) corrections generated by the non-zero
quark masses, the ratio i?e+e- is given by a perturbative series in powers of a,(s):

The second expression, shows explicitly how the running coupling a3(s) sums an infinite
number of higher-order logarithmic terms.
So far, the calculation has been performed to order a£, with the result (in the MS
scheme) [26,27]:

F2 = 1.986 - 0.115JV/,

(5.5)

F3 = -6.637 - 1.200JV/ - 0.005iV! - 1.240 \ _1 *>2 .
Note the different charge-dependence on the last term, which is due to the contribution
from three intermediate gluons (with a separate quark trace attached to each electromagnetic current in Fig. 15).
For 5 flavours, one has:

+ 1.411 {^f

- 12.80 {^.J + OtaJ)} . (5.6)

The perturbative uncertainty of this prediction is of order a^, since the coefficient F4 is unknown. This uncertainty also includes the ambiguities related to the choice
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of renormalization scale and scheme. Although, the total sum of the perturbative series is of course independent of our renormalization conventions, different choices of
scale and/or scheme lead to slightly different numerical predictions for the truncated
series. For instance, the perturbative series truncated at a finite order iV, R^l_(s) =
( E / Qfj Nc {l + ELi Fn ( ^ ) n } , has an explicit scale dependence of order af +1 :

The numerical values of as and the Fn (n > 2) coefficients depend on our choice of
scheme (also j3n for n > 3). For instance, at second order2), the relation between the MS
and MS schemes is:

| pn (4.) - 7E] ±- + • • . j ,
- J\ ^ [In (4T) - fE} = 7.359 - 0.441 JV, .

(5.8)
(5.9)

The difference between both schemes is obviously a higher-order effect. With Nf = 5, the
MS scheme leads to a second-order coefficient F™s = 5.156, which is a factor 3.6 bigger
than JP2MS. Thus, the perturbative series looks more convergent with the MS choice.
The theoretical prediction for Re+e-(s) above the b-b threshold is compared [10] in
Fig. 3 with the measured data, taking into account mass-corrections and electroweak {Zexchange) contributions. The two curves correspond to A^|~ = 60 MeV (lower curve)
and 250 MeV (upper curve). The rising at large energies is due to the tail of the Z peak.
A global fit to all data between 20 and 65 GeV yields [28]
a,(34 GeV) = 0.146 db 0.030.

(5.10)

The hadronic width of the Z boson can be analyzed in the same way:
_ T(Z -» hadrons)
Rz

EW

= T(Z - e+e") "

Rz

The global factor
V

e

contains the underlying electroweak Z —» Y,f 9/9/ decay amplitude. Since both vector and
axial-vector couplings are present, the QCD-correction coefficients Fn are slightly different
from Fn for n > 2. For instance, the Z axial coupling generates the two-loop contribution
Z —* tt —> GG —» qq (through triangular quark diagrams), which is absent in the vector
case; this leads to an additional 0(a2sm\IM%) correction.
In order to determine a, from Rz, one needs to perform a global analysis of the
LEP/SLC data, taking properly into account the higher-order electroweak corrections
[29,30]. The latest a, value reported by the LEP Electroweak Working Group [31] is
o.(M|) = 0.125 ± 0.005 ± 0.002.

(5.13)

2) Actually, at second order a scheme is completely specified by a single parameter. Thus, scale
and scheme dependence is just the same at this order. The relations in Eqs. (5.8) and (5.9)
are equivalent to a change of scale: /ij^g = (47r/e7J!)/J—.
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5.2

r~ —+ vT + hadrons
The calculation of QCD corrections to the inclusive decay of the r lepton [32-36]
looks quite similar from a diagrammatic point of view. One just puts all possible gluon
(and qq) corrections to the basic decay diagram in Fig. 4, and computes the sum
T[T~

- > VT + h a d r o n s ) = T(T~ - ^ U T + qq) + Y(T~ - > vT + qqG) + V(T~ -+UT + qqGG) + •••
(5.14)
As in the e + e case, the calculation is more efficiently performed through the two-pointfunction
=

t

(Q\T

(5.15)
which involves the T-ordered product of two left-handed currents, ZM = U7M(1 — yy5)dg.
This object can be easily visualized through a diagram analogous to Fig. 15, where the
photon is replaced by a W~ line and one has a TVT pair in the external fermionic lines
instead of the e + e~ pair. The precise relation with the ratio
is:
" —* vT -+• hadrons)

The three-body character of the basic decay mechanism, r~ —> vrudg, shows here a
crucial difference with e+e~ annihilation. One needs to integrate over all possible neutrino
energies or, equivalently, over all possible values of the total hadronic invariant-mass s.
The spectral functions ImE^' \s) contain the dynamical information on the invariantmass distribution of the final hadrons. The lower integration limit corresponds to the
threshold for hadronic production, i.e. mw (equal to zero for massless quarks). Clearly,
this lies deep into the non-perturbative region where confinement is crucial. Thus, it is
very difficult to make a reliable prediction for the integrand in (5.16).

Re(s)

Figure 16: Integration contour in the complex s-plane used to obtain Eq. (5.17).
Fortunately, we have precious exact (i.e. non-perturbative) information on the
dynamical functions YLL' (s), which allows us to accurately predict the total integral
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(5.16): HL' (s) are analytic functions in the complex s-plane except for a cut in the
positive real axis. The physics we are interested in lies of course in the singular region,
where hadrons are produced. We need to know the integral along the physical cut of
Imlli°i:l)(s) = - j l n f ' 1 ^ + ie) - l4 Oll) (s - te)]. However, we can use Cauchy's theorem
(close integrals of analytic functions are zero if there are no singularities within the integration contour), to express R,. as a contour integral in the complex s-plane running
counter-clockwise around the circle |s| = m* [32-34]:

\

±$\\

(5.17)

The advantage of this expression is that it requires dynamical information only for complex
s of order m£, which is significantly larger than the scale associated with non-perturbative
effects in QCD. A perturbative calculation of R? is then possible.
Using the so-called Operator Product Expansion techniques it is possible to show
[33,34,36] that non-perturbative contributions are very suppressed [~ (A/m T ) 6 ]. Thus,
Rr is a perfect observable for determining the strong coupling. In fact, r decay is probably the lowest energy process from which the running coupling constant can be extracted cleanly, without hopeless complications from non-perturbative effects. The r mass,
mT = 1.777ll2'ooo5 GeV [10], lies fortuitously in a compromise region where the coupling
constant a, is large enough that R,- is very sensitive to its value, yet still small enough
that the perturbative expansion still converges well.
The explicit calculation gives [34,36]:

= 3 (|K«*|2 + \Vui\2) S E W {l + ^Ew + *(0) + *NP} ,

(5.18)

where SEW = 1-0194 and £'EW = 0.0010 are the leading and next-to-leading electroweak
corrections, and 6^ contains the dominant perturbative-QCD contribution:

(5.20)
The remaining factor £NP ~ —0.016 ± 0.005 includes the estimated [34,36] small masscorrections and non-perturbative contributions.
Owing to its high sensitivity to a3 [33,34] the ratio Rr has been a subject of intensive
study in recent years. Many different sources of possible perturbative and non-perturbative
contributions have been analyzed in detail. Higher-order logarithmic corrections have been
resummed [35], leading to very small renormalization-scheme dependences. The size of the
non-perturbative contributions has been experimentally analyzed, through a study of the
invariant-mass distribution of the final hadrons [37]; the present data implies [38] £NP =
(0.3 ±0.5)% confirming the predicted [34] suppression of non-perturbative corrections. An
exhaustive summary of the Rr analysis can be found in Ref. [36].

179

Using the Particle Data Group values for the r lifetime and leptonic branching
ratios [10], the theoretical analysis of Rr results in a fitted value of a, [36],
aa(m2T) = 0.33 ± 0 . 0 3 ,

(5.21)

which is significantly larger than (5.13). After evolution up to the scale Mz, the strong
coupling constant in Eq. (5.21) decreases to a , ( M | ) = 0.120±2;{J{jf, in excellent agreement
with the i/-width determination and with a smaller error bar. This comparison provides
a beautiful test of the predicted running of a,.
5.3

e + e ~ —»• j e t s

Figure 17: Gluon bremsstrahlung corrections to e + e" —* qq.
At lowest-order in the strong coupling, the hadronic production in e+e~ collisions
proceeds through e + e~ —• qq. Thus, at high-energies, the final hadronic states are predicted to have mainly a two-jet structure, which agrees -with the empirical observations.
At O(aa), the emission of a hard gluon from a quark leg generates the e + e~ —+ qqG transition, leading to 3-jet configurations. For massless quarks, the differential distribution of
the 3-body final state is given by:
d2<T

(To dxidx2

x

i + xl
3?r (1 — Si)(l — x2)

=

( 5 22)

where
^

(5-23)

is the lowest-order e + e~ —> 7* —> qq cross-section. The kinematics is defined through the
invariants s = q2 and Sij = (pi + pj)z = (q - pk)2 = s(l - xk) {i,j,k = 1,2,3), where p 1}
P2 and pz are the quark, antiquark and gluon momenta, respectively, and q is the total
e+e~ momentum. For given s, there are only two independent kinematical variables since
x1+x2 + x3 = 2.

(5.24)

1

In the centie-of-mass system [3* = (-,/s, 0)], X{ = Ei/Ee = 2Ei/,Js.
Eq. (5.22) diverges as Xi or x2 tend to 1. This is a very different infinity fr ;m
the ultraviolet ones encountered before in the loop integrals. In the present case, the : se
amplitude itself is becoming singular in the phase-space boundary. The problem originates
in the infrared behaviour of the intermediate quark propagators:
>0;
>0 .
There are two distinct kinematical configurations leading to infrared divergences:
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'

}

1.

Collinear gluon: The 4-momentum of the gluon is parallel to that of either the
quark or the antiquark. This is also called a mass singularity, since the divergence
would be absent if either the gluon or the quark had a mass (P3HP2 implies $23 = 0 if

v\ = v\ = o).
2.

Soft gluon: p 3 —> 0.

In either case, the observed final hadrons will be detected as a 2-jet configuration,
because the qG or qG system cannot be resolved. Owing to the finite resolution of any
detector, it is not possible (not even in principle) to separate those 2-jet events generated
by the basic e+e~ —> qq process, from e+e~ —+ qqG events with a collinear or soft gluon.
In order to resolve a 3-jet event, the gluon should have an energy and opening angle (with
respect to the quark or antiquark) bigger than the detector resolution. The observable
3-jet cross-section will never include the problematic region xitZ —> 1; thus, it will be finite,
although its value will depend on the detector resolution and/or the precise definition of
jet (i.e. a depends on the chosen integration limits).
On the other side, the 2-jet configurations will include both e+e~ —» qq and
+
e e~ —> qqG with an unobserved gluon. The important question is then the infrared
behaviour of the sum of both amplitudes. The exchange of virtual gluons among the
quarks generate an O(aa) correction to the e + e~ —> qq amplitude:
T[e+e- -> qq] = To + Tx + • • •

(5.26)

where To is the lowest-order (tree-level) contribution, 2\ the O(at) correction, and so
on. The interference of To and Tx gives riss to an O(as) contribution to the e + e~ —> qq
cross-section.

Figure 18: 1-loop gluonic corrections to e + e —> qq.
We know already that loop diagrams have ultraviolet divergences which must be
renormalized. In addition, they also have infrared divergences associated with collinear
and soft configurations of the virtual gluon. One can explicitly check that the O(a,)
infrared divergence of <r(e+e~ —> qq) exactly cancels the one in <r(e+e~ —> qqG), so that
the sum is well-defined:
<7(e+e~ -> qq) + <j(e+e- -> qqG) + • • • = <r0 (1 + — + • • •) .

(5.27)

This is precisely the inclusive result discussed in Sect. 5.1. This remarkable cancellation of
infrared divergences is actually a general result (Bloch-Nordsieck [39] and Kinoshita-LeeNauenberg [40] theorems): for inclusive enough cross-sections both the soft and collinear
infrared divergences cancel.
While the total hadronic cross-section is unambiguously defined, we need a precise
definition of jet in order to classify a given event as a 2-, 3-, . . . , or n-jet configuration.
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Figure 19: 2-jet configuration.
Such a definition should be free of infrared singularities, and insensitive to the details of
the non-perturbative fragmentation into hadrons. A popular example of jet definition is
the so-called JADE algorithm [41], which makes use of an invariant-mass cut y:
3 jet

«=»

« y = (pi + p5f > ys

(Vt, j = 1,2,3) .

(5.28)

Clearly, both the theoretical predictions and the experimental measurements depend on the adopted jet definition. With the JADE algorithm, the fraction of 3-jet events
is predicted to be:

where
Li2(z) = - f -—-r ln£ .

(5.30)

The corresponding fraction of 2-jet events is given by j?2 = 1 — #3- The fraction of 2- or
3-jet events obviously depends on the chosen cut y. The infrared singularities are manifest
in the divergent behaviour of R3 for y —* 0.
At higher-orders in aa one needs to define the different multi-jet fractions. For
instance, one can easily generalize the JADE algorithm an classify a {pi,p2> • • • ,pn} event
as a n-jet configuration provided that Sij > ys for all i,j = 1,...,». If a pair of momenta
does not satisfy this constraint, they are combined into a single momentum and the event
is considered as a (n — 1) jet configuration (if the constraint is satisfied by all other
combinations of momenta). The general expression for the fraction of n-jet events takes
the form:

with En Rn — 1A few remarks are in order here:
— The jet fractions have a high sensitivity to a, [Rn ~ o£~ 2 ]. Although the sensitivity
increases with n, the number of events decreases with the jet multiplicity.
— Higher-order a 4 (/z 2 ) J ln fe (s//i 2 ) terms have been summed into a,(s). However, the coefficients Cj(y) still contain lnfc(y) terms. At low values of y, the infrared divergence
(y —> 0) reappears and the perturbative series becomes unreliable. For large y, the
jet fractions Rn with n > 3 are small.
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— Experiments measure hadrons rather than partons. Therefore, since these observables
are not fully inclusive, there is an unavoidable dependence on the non-perturbative
fragmentation into hadrons. This is usually modelled through Monte Carlo analyses,
and introduces theoretical uncertainties which need to be estimated.
Many different jet algorithms and jet variables (jet rates, event shapes, energy
correlations, . . . ) have been introduced to optimize the perturbative analysis. In some
cases, a resummation of aa(s)nlm!"\y) contributions with m > n has been performed to
improve the predictions at low y values [42].
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Figure 20: Energy dependence of 3-jet event production rates R3(y = 0.8), compared
with predictions of analytic C(a^) QCD calculations, with the hypothesis of an energy
independent a, and with the abelian vector theory in O{a2A) (taken from Ref. [43]).
Fig. 20 [43] shows the energy dependence of the measured 3-jet production fraction
#3 {y = 0.08), compared with QCD predictions. The data is in good agreement with QCD
and fits very well the predicted energy-dependence of the running coupling. A constant
value of a, cannot describe the observed production rates. The figure shows also the
predictions obtained with an abelian vector theory at O(a2A), which are clearly excluded.
Several measurements of a,, using different jet variables, have been performed.
All measurements are in good agreement, providing a good consistency test of the QCD
predictions. Combining the results from al,l experiments at LEP and SLC, one gets the
average value [7]:
0.119 ± 0.006
0.123 ±0.006

(resummed calculations)

(5.32)

The two numbers correspond to different theoretical approximations used in the fits to
extract a,.
3-jet events can also be used to test the gluon spin. For a spin-0 gluon, the differential distribution is still given by Eq. (5.22), but changing the xl + x\ factor in the
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numerator to x|/4. In general, one cannot readily be sure which hadronic jet emerges via
fragmentation from a quark (or antiquark), and which from a gluon. Therefore, one adopts
instead a jet ordering, Xi > s 2 > £3, where Xi refers to the most energetic jet, 2 to the
next and 3 to the least energetic one, which most likely would correspond to the gluon.
When x2 —* 1 (si —» 1) the vector-gluon distribution is singular, but the corresponding
scalax-gluon distribution is not because at that point x 3 = (1 — Xi) + (1 — x2) —» 0. The
measured distribution agrees very well with the QCD predictions with a spin-1 gluon; a
scalar gluon is clearly excluded.
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Figure 21: 68% and 95% CL contours
in the Tp/Cp versus CA/CF plane, from
OPAL data [44]. Expectations from various gauge models are also shown.

Figure 22: Summary of colour-factor measurements [8]. The results refer to 5 active
flavours with TR = NfTF = 5Z>-

The predictions for jet distributions and event shapes are functions of the colourgroup factors TF = 1/2, GF = (N%-1)/(2NC) and GA = Nc. These quantities, denned in
Eq. (A.5), result from the colour algebra associated with the different interaction vertices,
and characterize the colour-symmetry group. If the strong interactions were based on a
different gauge group, the resulting predictions would differ in the values of these three
factors. Since the vertices contribute in a different way to different observables, these
colour factors can be measured by performing a combined fit to the data. Fig. 21 compares
a recent OPAL determination [44] of CA/CF and Tp/Cp with the values of these two ratios
for different colour groups. The data is in excellent agreement with the SU{Z) values, and
rules out the Abelian model and many classical Lie groups. Notice that those groups shown
by the open squares and circles are already excluded because they do not contain three
colour degrees of freedom for quarks. Similar results have been presented by the other LEP
experiments (the hadronic production of jets at pp colliders has also been analyzed in a
similar way). A summary of the colour-factor ratios obtained by the different experiments
is given in Fig. 22.
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6.

DEEP INELASTIC SCATTERING
We saw in Section 1.2 how the deep inelastic scattering (DIS) e~p —* e~X can be
used to learn about the proton structure. Since this involves a bound hadronic state -the
proton-, non-perturbative phenomena such as confinement plays here a crucial role. At
the same time, the data obeys Bjorken scaling which manifests the asymptotic freedom
property of the strong interactions. Thus, DIS appears to be an interesting place where
to investigate both perturbative and non-perturbative aspects of QCD.
DIS can be visualized as a two-step process. First, the hard intermediate photon,
which is far off its mass-shell, scatters off a quark or gluon with a large momentum transfer;
this scattering can be adequately described by perturbation theory. Second, the outgoing
partons recombine into hadrons in a time of 0(1/A). Although this recombination is not
calculable in perturbation theory, the details of the non-perturbative hadronization can
be avoided, by considering fully inclusive rates, so that perturbative QCD can be applied.
However, the hadronic bound-structure of the initial proton state, stili introduces a nonperturbative ingredient: the proton structure functions.
6.1

Free parton model
Let us ignore any QCD interactions and let us assume that the nucleon (either
proton or neutron) constituents are free spin-| partons. Within the quark model, the
nucleons have three point-like constituents (jp = uvuvdv, n = uvdvdv), which we will call
valence quarks. Gluons are of course there; however, they do not interact directly with
the photon probe. The photon-gluon interaction only occurs through the virtual q-q pairs
coupled to the gluon constituents. Thus, instead of gluons, the photon feels a sea of q-q
partons within the nucleon.
Let us denote u(x), u(x), d(x), d(x), s(x), s(x), ... the probability distributions
for ti, u, d, d, 5, s , . . . quarks with momentum fraction x in the proton. We have seen in
Section 1.2 that, within the parton model, the proton structure functions have a simple
form in terms of parton distributions:

F?{x)/x = 2F?(x) = I [«(*) + u(x)) + i [d(x) + d(x)} + I [s(x) + s(x)} + • • • (6.1)
The same parton distributions occur in other DIS processes such as up —* l~X or up —>
1+X. However, since the quark couplings of the intermediate bosonic probe (a W* in that
case) are not the same, different combinations of these functions are measured:
F?(x)/x

= 2F?(x)
F^(x)

= 2 [d(x) + s(x) + u(x) + c{x) + • • • ] ,
= 2 [d{x) + s(x) - u(x) - c{x) + • • • ] ,
(6.2)
) = 2 [u{x) + c(x) + d(x) + s(x) + • • • ] ,
= 2 \u{x) + c(x) - d(x) - a{x) + • • • ] •

Using iscspin symmetry, we can further relate the up- and down-quark distributions in a
neutron to the ones in a proton:
un(x) = tP(x) = d(x) ;

cP(aj) = up(x) = u(x) ;
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(6.3)

the remaining parton distributions being obviously the same. Thus, combining data from
different DIS processes, it is possible to obtain separate information on the individual
parton distribution functions.
The quark distributions must satisfy some constraints. Since both the proton and
the neutron have zero strangeness,

L

dx [s(x) - s(x)} = 0 .

(6.4)

Similar relations foEow for the heavier flavours (c, . . . ) . The proton and neutron electric
charges imply two additional sum rules,

f dx [u(x) - u(x)] = 2 ,

f dx [d(x) - d(x)] = 1 ,

(6.5)

Jo
Jo
which just give the excess of u and d quarks over antiquarks.
The quark-model concept of valence quarks gives further insight into the nucleon
structure. We can decompose the u and d distribution functions into the sum of valence
and sea contributions, and take the remaining parton distributions to be pure sea. Since
gluons are flavour singlet, one expects the sea to be flavour independent. In this way, the
number of independent distributions is reduced to three:
u(x) = uv(x) + q,(x) ,
d(x) = dv(x) + q,(x) ,
u{x) = d(x) = s(x) = s(x) = . . . = qa(x) .

(6.6)

Within this model, the strangeness sum rule (6.4) is automatically satisfied, while (6.5)
imply constraints on the valence-quark distributions alone.
In the analogous situation of quasi-elastic electron-deuterium scattering, the observed structure function shows a narrow peak around x = | . This is to be expected,
since the deuteron has two nucleon constituents with Mjv « \Md which share the total
momentum in equal terms. A simple three-quark model for the nucleon would suggest
the existence of a similar peak at x = | in the proton and neutron structure functions.
However, the distribution shown in Fig. 7 does not show such behaviour. The difference
can be easily understood as originating from the parton-sea contributions. Taking the
difference between the proton and neutron structure functions, where the contribution
from the sea cancels, the data exhibits indeed a broad peak around z = | .
Our isospin symmetric parton model implies the so-called Gottfried sum rule [45]:

~ [F?(z) - Fp{*)] = \jold*

M*) " dv(x)} = i ,

(6.7)

which is weE satisfied by the data. Another interesting quantity is the ratio

JT(») _ uv{x) dv(x) + S s

(6.8)

where S s e a is the total sea contribution. Since all probability distributions must be
positive-definite, this ratio should satisfy the bounds | < F^i^jF^lx)
< 4, which are
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consistent with the data. The measured ratio appears to tend to 1 at small x, indicating
that the sea contributions dominate in that region.
The conservation of the total proton momentum implies an important sum rule:

I dxx [u(x) + u(x) + d(x) -(- d(x) -f s(x) + s(x) + • • •] = 1 - e ,

(6.9)

where e is the fraction of momentum that is not carried by quarks. One finds experimentally that e « | (at Q2 ~ 10-40 GeV 2 ), suggesting that about half of the momentum is
carried by gluons. This shows the important role of gluons in the proton structure. Although the naive quark model works very well in many cases, it is a too gross simplification
as a model of hadrons, at least al large Q2.

6.2

QCD-improved parton model

At lowest order the DIS process occurs through the hard scattering between the
virtual photon (W, or Z) and one constituent parton. The obvious first QCD corrections
will be due to real gluon emission by either the initial or final quark. To get rid of infrared
divergences, the one-loop virtual gluon contribution should also be taken into account.

Small Q2

>-

Large Q2

Figure 23: Resolution of the photon probe as function of Q2.
One can easily understand the main qualitative features of gluon emission, with
a few kinematical considerations. At very low values of momentum transfer, the proton
behaves as a single object, either point-like (at Q2 w 0), or with a finite size. At higher
energies, the photon is sensitive to shorter distances and scatters with the constituent
partons. Increasing further the momentum transfer, the photon probe has a greater sensitivity to smaller distances, and it is able to resolve the scattered quark into a quark and
a gluon. Thus, a parton with momentum fraction x can be resolved into a parton and a
gluon of smaller momentum fractions, x' < x and x — x', respectively. In a similar way, a
gluon with momentum fraction x can be resolved into a quark and an antiquark.
This simple picture implies that increasing the Q2, the photon will notice some
qualitative changes in the parton distributions:
Gluon bremsstrahlung will shift the valence and sea distributions to smaller x values.
The splitting of a gluon into a quark-antiquark pair will increase the amount of sea
(mostly at small x).
Thus, without any detailed calculation, one can expect to find a definite Q2 dependence
in the parton distributions; i.e. violations of Bjorken scaling due to the underlying QCD
interactions.

187

yP

Figure 24: Leading gluonic correction to the basic DIS parton process.
Let us consider a quark with momentum fraction y. At lowest order, its contribution
to the proton structure function can be written as

2Flq)(x) = e\ f1 dy q(y) S(x - y) .

(6.10)

Jo

If the quark emits a gluon before being struck by the photon, its momentum fraction
will be degraded to yz (0 < z < 1). Assuming that the quark remains approximately
on-shell, (q + yzPf w m\ « 0, implying that yz = Q2/2(P • q) = x. Therefore, FJ*\x)
gets contributions from quarks with initial momentum fractions y > x.
The explicit calculation of the diagrams in Fig. 24 gives the result:

^j

j[ dzS(yz-x) {Pq+q(z)HQ2 f^m) + C{z)},

(6.11)

where

Pqq(z) = CF 0 ± £ j

(6.12)

is called the quark splitting function.
The important feature in Eq. (6.11) is the appearance of a scaling violation through
the logarithmic a, correction. A careful analysis of the different Feynman diagrams shows
that ultraviolet divergences are absent in the total contribution. Therefore, this logarithm has a completely different origin than the ultraviolet ones found in Section 4. The
logarithmic behaviour is now generated by infrared singularities of the type discussed
in Section 5.3. More precisely, there is a collineax singularity associated with the gluon
emission process, which has been regulated with the infrared cut-off VJR.
The general theorems on the cancellation of infrared divergences do not protect the
structure function F^ \x), because this quantity is not inclusive enough. The divergence
shows up when one tries to resolve the original quark with momentum fraction y into
a quark with momentum fraction yz and a gluon. Pqq(z) is just the coefficient of the
logarithmic divergence associated with the splitting process q —> qG. Physical observables
should not depend on any cut-off, however, our definition of a parton distribution obviously
depends on the power resolution of our photon probe. While at low Q2 the photon was
testing a single parton with momentum fraction y = s, now it feels the splitting of a
quark with y > x into a quark and a gluon with separate paiton distributions.
The divergence should then be reabsorbed into the observable parton distribution
function:

g(», Q2) = q(x, i 4 ) + 2i ln(Q740 jf ± q(y) P+ (*/„) .
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(6.13)

Both, the bare distribution 3 ( 2 , ^ ) and the a, correction depend on the infrared cutoff, but this dependence cancels out and does not show up in the physical distribution
function3^ g(x, Q2). Instead, the parton distribution is now a Q2-dependent quantity, which
fits with our intuitive picture that the photon probe increases its resolution power with
the scale. In terms of g(x,Q 2 ), the contribution of the quark q to the proton structure
function is given by:

2JPf«>(«) = e] |g(«, Q2) + g £ dj- q(y) G (*/y)J .

(6.14)

The individual diagrams in Fig. 24 have also a soft-gluon singularity, which manifests in the divergent behaviour of Pqq{z) at z = 1. This singularity cancels exactly in the
total sum of the gluon-emission and virtual-gluon-exchange contributions. The net result
is a slight modification in the definition of the splitting function:
P+(z) 8{yz -x)

= Pqq(z) [S(yz - x) - S(y - x)] .

(6.15)

Eq. (6.13) shows an important thing: although perturbative QCD is not able to
predict the actual value of the distribution function, it does predict how this distribution
evolves in ln((Q2). Thus, given its value at some reference point Q\, one can compute
the quark distribution at any other value of Q2 (high-enough for perturbation theory
to be valid). Including the leading higher-order logarithmic corrections into the running
coupling, the Q2-evolution of the parton distribution is given by [46,47]:

Q2 Ax Q2)

w'

=

d q{y Q

^ 2 ? I! i >

Thus, the change in the distribution for a quark with momentum fraction a;, which interacts with the virtual photon, is given by the integral over y of the corresponding
distribution for a quark with momentum fraction y > x which, having radiated a gluon, is
left with a fraction x/y of its original momentum. The splitting function has then a very
intuitive physical interpretation: (as/2'K)P^(x/y) is the probability associated with the
splitting process q(y) —» q(x)G. This probability is high for large momentum fractions;
i.e. high-momentum quarks lose momentum by radiating gluons. Therefore, increasing
Q2, the quark distribution function will decrease at large x and will increase at small x.

(x-x')P

(x-x')P

Figure 25: Basic parton-splitting processes.
3) Notice, however, that the precise definition of q(x,Q2) is factorization-scheme dependent,
since we could always include some arbitrary non-logarithmic a, correction into q(x, Q2), by
simply shifting the C (x/y) correction factor in (6.14).
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The evolution equation (6.16) is only correct for non-singlet distributions such as
qi(x) — qj(x), where the (flavour-singlet) gluon contribution cancels out. In general, one
needs also to consider the effects coming from the splitting of a gluon into a quark and
an antiquark, which interact with the photon probe. The obvious generalization is [47]:
>J_
q(x,Q2) \ __ aa{Q2)
dQ2 \ G(x,Q2) I
2TT J= y

q(y,Q2)
, Q2)

P£{*/v)
PGq(x/y)

PGG(x/y)

, (6.17)

where PGq(z) = -Fgg(l ~ z) determines the probability that a quark radiates a gluon with
a fraction z of the original quark momentum, while
PqG(z) = TF [z2 + (1 - zf] ,
PGG(z) = 2CA

Z

\

l(I~z)+

+

(6.18)

- z)\J +6h

—

z

- z) , (6.19)

are the gluon splitting functions into qq and GG, respectively. The subindex "+" in the
1/(1 — z)+ factor indicates that the z = 1 divergence disappears through

dzf(z)[g(z)}+ = £dz[f(z)-f(l)]g(z)

.

(6.20)

6.3

Moments of the structure functions
The previous discussion has been based on rather qualitative arguments. Nevertheless, the predicted evolution equation can be derived on a more rigorous basis using
the formal framework of the operator product expansion [48], which allows to make a full
QCD analysis of the moments
M«N(Q2) = f dx x"-1 q(x, Q2) ;

M°{Q2) = F dx xN~' G(x, Q2) .

Jo

(6.21)
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Taking moments on both sides of Eq. (6.17), one finds
(
2

dQ { M°(Q2)

^

1& iSG \ Mgm

;'

(6.22)

where
(6.23)

are the so-called anomalous dimensions. Performing the trivial integrals, one gets:
j\r

2

T$* = TF

JV(iV + 1 )

2+N + N2
(6.24)

N(N* - 1) '
N

12 x N(N - 1)

T
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(JV + 1)(JV + 2)

j ^ 2 JbJ '

For a non-singlet structure function, where the gluon component is absent, the
evolution differential equation leads to the solution

4,
4, S rf/A -

^

The first moment has dx = 0; therefore, the Gottfried sum rule (6.7) does not get any
QCD correction at this leading order. For N > 2, djv > 0 so that Mjj^iQ2) decreases as
Q2 increases, indicating a degradation of momentum in the non-singlet quark distribution.
Let us now consider the flavour-singlet structure function S(a;) = £w [ftC35) ~t" 9t(^)]The N = 2 moments Mf(Q2) and Mf(Q2) give the average total fraction of momentum
carried by quarks and gluons, respectively. The corresponding coupled evolution equations
can be easily solved. The sum of both moments does not depend on Q2, since the total
momentum is conserved:

M?(Q2) + M?(Q2) = 1 .

(6.26)

The evolution of the N = 2 singlet distribution then takes the simple form

with eg = 2(4CF + JV»/(33 - 2JV». If JV> < 16, df > 0 and the right-hand side will
decrease for increasing Q2. Thus, one gets a prediction for the asymptotic values of the
average total momentum carried by quarks and gluons:

fim M?(Q2) = - ^ L - ;

Hm M?(Q2) = — £ — .

(6.28)

For Nf = 4, this gives | and | , in good agreement with the empirical observation that
for Q2 in the range 10-40 GeV2 each fraction is very close to | .
A very interesting issue is the behaviour of the parton distributions at the endpoints x = 0 and x = 1. The large N moments probe the x —* 1 region, while the
low x behaviour is controlled by the N —» 1 limit. As iV increases, 7^3 and 7 ^ tend
to zero, so that the evolution equations (6.22) decouple; i.e. the large a; behaviour of the
quarks is independent of the gluon evolution. When x —> 1 the gluon distribution function
approach zero more rapidly than the quark ones. For large values of x the quark content
of the nucleon is the relevant one. Notice that x = 1 means W2 = M2, i.e. it actually
corresponds to the elastic photon-nucleon scattering.
At low a:, x/y —* 0 and the splitting functions PGG(X/V) and Paq{x[y) diverge. The
gluon distribution function becomes then dominant. The low x behaviour is controlled by
the singular N —> 1 limit of the gluon anomalous dimension 7 ^ ~ 2GAJ{N — 1). Making
a saddle-point approximation, the N —> 1 moment can be inverted; one finds in this way
that for low x the gluon distribution function behaves as
G(x) ~ - e x p JC(<? 2 ) I n - ,
(6.29)
a;
V
x
with C(Q2) a calculable function. Obviously, this behaviour cannot be true for arbitrarily
small x\ something must stop the growing of the gluon distribution before running into
unitarity problems.
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Figure 26: Recent measurements of ^ ( s . Q 2 ) [49-52]. The F?{x,Q2) values are plotted
with all but normalization errors in a linear scale adding a term c(x) = Q.6(ix — 0.4) to
F2, where ix is the bin number starting at ix = 1 for x = 0.13. The curves represent a
phenomenological fit to the data. (Taken from Ref. [49]).
Kinematically, low x means the high-energy (high W2) limit for the virtual photonnucleon scattering. The e-p HERA collider is ideally suited for studying this region. The
HERA experiments extend the previously accessible kinematic range up to very large
squared momentum transfers, Q2 > 5 x 104 GeV2, and to very small values of x < 10~4.
The measurements reported so far [49,50] observe indeed a significant rise of the structure
function jF^a^Q 2 ) with decreasing x, at fixed Q2. Around x ~ 10~3 the decrease of x
by an order of magnitude amounts to a rise of F%p(x,Q2) of about a factor of two. The
observed Q2 behaviour is consistent with the expected scaling violations, i.e. a weak rise
of F^p(x, Q2) with increasing Q2 for x < 0.1. The most recent data [49-52] on the proton
structure function F^fa Q2) are shown in Figs. 26 and 27.

6.4

QCD fits to DIS data

There is a twofold motivation for making careful analyses of DIS data. First, the
experimental measurement of the parton distributions provides very valuable informa-
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Figure 27: x dependence of the measured structure function F^p(x, Q2), for different Q2
values [49,51,52]. The curves represent a phenomenological fit to the data. (Taken from
Ref. [49]).
tion on the non-perturbative regime of the strong interactions (in addition, these parton
distributions are needed for making predictions of hard-scattering processes in hadronic
collisions). Second, the measured Q2 evolution (the slopes of the distributions) can be
compared with perturbative QCD predictions.
Usually, one adopts some motivated parametrization of the quark and gluon distributions at a fixed momentum-transfer Ql- The evolution equations are then used to get
the proton (or neutron) structure functions at arbitrary values of Q 2 , and a global fit to
the data is performed.
In the actual analysis one needs to worry about the unavoidable presence of additional non-perturbative contributions. The perturbative evolution equations can only
predict the leading logarithmic dependence of the distribution functions with Q2. These
distributions have in addition uncalculable non-perturbative corrections suppressed by
inverse powers of Q2, the so-called higher-twist contributions:

1 + •••

(6.30)

The leading-twist term (LT) is the one predicted by perturbative QOT). Since the ad-
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ditional l/(Q 2 ) n dependences have to be fitted from the data, they increase the final
uncertainties. These corrections are numerically important for Q2 < 0(10 GeV2) and for
x close to 1. Obviously, the perturbative QCD predictions can be better tested at large
Q 2 , where the higher-twist effects are smaller^
Since the singlet structure functions are sensitive to the gluon distribution, which is
badly known, they suffer from rather large errors. Good data at low values of x is needed
in order to perform an accurate determination. The HERA experiments are making an
important improvement in the knowledge of these distributions. The latest fits [53], including the most recent HERA data, obtain gluon and sea-quark distributions at small
x which are significantly different from those in previous standard sets of parton distributions. The new gluon distribution is larger for x < 0.01 and smaller for x ~ 0.1. The
reduction of the gluon distribution in the interval x ~ 0.1 — 0.2 is compensated by an
increase in the fitted value of a, [53], bringing the DIS determina.tion [53,54]
a,(Mf) = 0.114 ± 0.005

(6.31)

in better agreement with the world average values, which we discuss in the next section.

7.

DETERMINATION OF THE STRONG COUPLING

In the massless quark limit, QCD has only one free parameter: the strong coupling
a,. Thus, all strong interaction phenomena should bt. described in terms of this single
input. The measurements of a, at different processes and at different mass scales provide
then a crucial test of QCD: if QCD is the right theory of the strong interactions, all
measured observables should lead to the same coupling.
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Figure 28: Compilation of a, measurements as function of the energy scale [7,8].
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Figure 29: Summary [8] of a, measurements, evolved to the scale Mz- Starred items
include preliminary results.
Obviously, the test should be restricted to those processes where perturbative techniques are reliable. Moreover, the same definition of a, should be taken everywhere; the
MS scheme is usually adopted as the standard convention. Since the running coupling is
a function of energy, one can either compare the different determinations at the different
scales where they are measured, checking in this way the predicted Q2 dependence of the
coupling, or use this prediction to bring all measurements to a common reference scale
where they are compared. Nowadays, the Z-xnass scale is conventionally chosen for such
a comparison.
In order to assess the significance of the test, it is very important to have a good
understanding of the uncertainties associated with the different measurements. This is
not an easy question, because small non-perturbative effects can be present in many observables. In addition, some quantities have been computed to a very good perturbative
accuracy (next-to-next-to-leading order), while others are only known at the leading or
next-to-leading order; the resulting values of a, refer then to different perturbative approximations. The estimate of theoretical uncertainties is also affected by the plausible
asymptotic (i.e. not convergent) behaviour of the perturbative series in powers of a,. Although this is a common problem of Quantum Field Theories, it is probably more severe
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in QCD because the coupling is rather big (at usual energies).
Fig. 28 summarizes [7,8] the most reliable measurements of the strong coupling as
function of the energy scale. The agreement with the predicted running of a3, indicated by
the curves, is indeed very good. The value of a,(ml), extracted from the hadronic width
of the r lepton, provides a very important low-energy measurement; although it has a
rather large relative error, it implies a very precise prediction at the Mz scale, which is in
excellent agreement with the direct determinations of a 4 (M|) performed at the Z peak.
Fig. 29 [8] compares the different measurements at the common reference scale Mz. The
average af all determinations gives [7,8]:
a.(Mf) = 0.117 ± 0.005.

8.

(7.1)

CHIRAL SYMMETRY

Up to now, we have only discussed those aspects of QCD which can be analyzed in a
perturbative way. Thus, we have restricted ourselves to the study of scattering processes
at large momentum transfers, and inclusive transitions which avoid the hadronization
problems. The rich variety of strong-interacting phenomena governed by the confinement
regime of QCD has been completely ignored.
There are certainly many approximate tools to investigate particular aspects of
non-perturbative physics; however, rigorous first-principle QCD calculations seem unfortunately out of reach for present techniques. Nevertheless, we can still investigate some
general properties of QCD using symmetry considerations.
8.1

Flavour symmetries
In order to build the QCD Lagrangian, we made extensive use of the SU(Z)c colour
symmetry, which is the basis of the strong interaction dynamics. The Lagrangian (3.11)
has additional global symmetries associated with the quark flavour numbers:
1. JCQCD is invariant under a global phase redefinition of all quark flavours,
qf —> exp(t#)g/ .
2.

3.

4.

(8-1)

This symmetry is associated with the conservation of the baryon number.
£QCD is also invariant under independent phase redefinitions of the different quark
flavours,
if —* e x P( t $/)9/ •
(8«2)
This symmetry implies the conservation of flavour.
For equal quark masses, there is a larger symmetry under SU(Nf) transformations
in flavour space,
qf _ > Uff qr ,
U e SU(Nf) .
(8.3)
This is a good symmetry of the light-flavour sector (u, d, s), where quark masses can
be ignored in first approximation. One has then the well-known isospin (Nf = 2) and
5i!7(3) symmetries.
In the absence of quark masses, the QCD Lagrangian splits into two independent
quark sectors,
JCQCD

_
*
= ~^ G^G'L/~\~ iqi/y^DuQL ~\~ iqRiDt*<lR •
4

H"
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(8.4)

Here, q denotes the flavour (and colour) vector q = column(ii, d,...), and L, R
stand for the left- and right-handed components of the quarks. Thus, the two quark
chiralities live in separate flavour spaces which do not talk each other (gluon interactions do not change the chirality), implying that all previous flavour symmetries get
duplicated in the two chiral sectors.
The baryon number symmetry (8.1) is usually called U(l)v, since both chiralities
transform in the same way. Its chiral replication is the corresponding U(1)A transformation:
qL —> exp(-i0) qL ;
qR —> exp(i6) qR .
(8.5)
This symmetry of the classical (massless) QCD Lagrangian gets broken by quantum effects
(triangular loops of the type shown in Fig. 5, with gluons instead of photons); this is
the so-called U(1)A anomaly. Although (8.5) is not a true symmetry of QCD, it gets
broken in a very specific way, which leads to important implications. A discussion of the
phenomenological role of anomalies is beyond the scope of these lectures. However, let me
mention that this anomaly is deeply related to interesting low-energy phenomena such as
the understanding of the 77' mass, or the so-called proton spin crisis4\
I want to concentrate here in the chiral extension of the old eightfold SU(Z)v
symmetry, i.e. in the global G = SU(Z)L ® SU(3)R symmetry of the QCD Lagrangian
for massless it, d and s quarks. This larger symmetry is not directly seen in the hadronic
spectrum. Although hadrons can be nicely classified in S?7(3)y representations, degenerate
multiplets with opposite parity do not exist. Moreover, the octet of pseudoscalar mesons
(TT,.ST,77) happens to be much lighter than all other hadronic states.
There are two different ways in which a symmetry of the Lagrangian can be realized.
In the usual one (Wigner-Weyl), the ground state (the vacuum) is also invariant. Then, all
physical states can be classified in irreducible representations of the symmetry group [55].
Certainly, the hadronic spectrum does not look like that, in the case of the chiral group.
There is a second (Nambu-Golstone), more sophisticated, way to realize a symmetry. In some cases, the vacuum is not symmetric. The hadronic spectrum corresponds to
energy excitations over the physical vacuum and, therefore, will not manifest the original
symmetry of the Lagrangian. However, Goldstone's theorem [56] says that in such a case
there should appear a massless scalar for each broken generator of the original symmetry
group. If the chiral symmetry is realized in this way, there should be eight pseudoscalar
massless states (Goldstone bosons) in the hadronic spectrum; this is precisely the number
of states of the lightest hadronic multiplet: the 0~ octet. Thus, we can identify the ?r,
K and 77 with the Goldstone modes of QCD; their small masses being generated by the
quark-mass matrix which explicitly breaks the global chiral symmetry of the Lagrangian.
In the Standard electroweak model, the local SU(2)L(%)U(1)Y symmetry is also realized in the Nambu-Goldstone way. There, the symmetry-breaking phenomena is assumed
to be related to the existence of some scalar multiplet which gets a vacuum expectation
value. Since a local symmetry gets (spontaneously) broken in that case, the Goldstone
4) This is a quite unfortunate name, because: 1) the underlying QCD dynamics has little to do
with the paxton-model description of the proton spin; and 2) it is certainly not a crisis but
rather a success of QCD. The failure of the naive quark-model description of an observable
where gluons are predicted to play a crucial role (the anomaly), is indeed a clear experimental
confirmation of the QCD dynamics.
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modes combine with the gauge bosons giving massive spin-1 states plus the Higgs particle. The QCD case is simpler, because it is a global symmetry the one which gets broken.
However, something should play the role of the electroweak scalar field. Since quarks are
the only fields carrying flavour, they should be responsible for the symmetry breaking.
The simplest possibility is the appearance of a quark condensate
v = (0\uu\0) = (0\dd\0) = (0|ss|0) < 0 ,

(8.6)

generated by the non-perturbative QCD dynamics. This would produce a dynamical
breaking of chiral symmetry, keeping at the same time the observed SU(Z)v symmetry.
8.2

Effective Chiral Lagrangian
The Goldstone nature of the pseudoscalar mesons implies strong constraints on
their interactions, which can be most easily analyzed on the basis of an effective Lagrangian. The Goldstone bosons correspond to the zero-energy excitations over the quark
condensate; their fields can be collected in a 3 x 3 unitary matrix TJ(4>),
(8.7)
which parametrizes those excitations. A convenient parametrization is given by

where
(8.9)

7T~

K~

K°

V6 /

The matrix U((j>) transforms linearly under the chiral group, [gL,R <
qi - ^ 9iqL,

QR - ^ 9Rqn

=^

U((j>) - ^ gnU{(f)gl ,

(8.10)

but the induced transformation on the Goldstone fields <j> is highly non-linear.
Since there is a mass gap separating the pseudoscalar octet from the rest of the
hadronic spectrum, we can build a low-energy effective field theory containing only the
Goldstone modes. We should write the most general Lagrangian involving the matrix
U(<f>), which is consistent with chiral symmetry. Moreover, we can organize the Lagrangian
in terms of increasing powers of momentum or, equivalently, in terms of an increasing
number of derivatives (parity conservation requires an even number of derivatives):

In the low-energy domain, the terms with a minimum number of derivatives will dominate.
Due to the unitarity of the U matrix, UW = 1, at least two derivatives are required
to generate a non-trivial interaction. To lowest order, the effective chiral Lagrangian is
uniquely given by the term

^

f

^
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]

(8.12)

Expanding U((f>) in a power series in $, one obtains the Goldstone's kinetic terms
plus a tower of interactions involving an increasing number of pseudoscalars. The requirement that the kinetic terms are properly normalized fixes the global coefficient / 2 / 4 in
(8.12). All interactions among the Goldstones can then be predicted in terms of the single
coupling / :

= | Tr [0M*0"*] + ^

Tr [($ d, 9) (# # *)] + 0{&/f).

(8.13)

To compute the TTTT scattering amplitude, for instance, is now a trivial perturbative
exercise. One gets the well-known [57] Weinberg result [it = (p'+ — p+)2]
T(7T+7r° -» TT+TT0) = t/f.

(8.14)

Similar results can be obtained for TTTT —> 47r, 6TT, 87r,... The non-linearity of the effective
Lagrangian relates amplitudes with different numbers of Goldstone bosons, allowing for
absolute predictions in terms of / . Notice that the Goldstone interactions are proportional
to their momenta (derivative couplings). Thus, in the zero-momentum limit, pions become
free. In spite of confinement, QCD has a weakly-interacting regime at low energies, where
a perturbative expansion in powers of momenta can be applied.
It is straightforward to generalize the effective Lagrangian (8.12) to incorporate
electromagnetic and semileptonic weak interactions. One learns then that / is in fact the
pion-decay constant / « /„• = 92.4 MeV, measured in TT —> fiu^ decay [58]. The corrections
induced by the non-zero quark masses are taken into account through the term

Cm = 1|1 Tr [M(U + U*)] ,

M = diag(mu,m,f,m,) ,

(8.15)

which breaks chiral symmetry in exactly the same way as the quark-mass term in the
underlying QCD Lagrangian does. Eq. (8.15) gives rise to a quadratic pseudoscalar-mass
term plus additional interactions proportional to the quark masses. Expanding in powers
of $ (and dropping an irrelevant constant), one has

= M {-JjK [M*2] + g^Tr [M$4] + O($ 6 // 6 )} •

(8-16)

The explicit evaluation of the trace in the quadratic mass term provides the relation
between the physical meson masses and the quark masses:
\v\
= (m, -t- m a ) ^

M2K± = K + m , ) ^ ,
\v\
v\

= (md + m,y—
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(8.17)

where

\v\

{mumdy

2/ 2 {2m, -mu-

md) '

V

>

Chiral symmetry relates the magnitude of the meson and quark masses to the size of
the quark condensate. Taking out the common \v\/f2 factor, Eqs. (8.17) imply the old
Current Algebra mass ratios,

_
mu-\-m,d

Ml,

_

(mu-\-mt)

MK>
(mj + ma)

(mu-\-md-\-Ama)

and [up to O(iau — md) corrections] the Gell-Mann-Okubo mass relation

3MJ = AMI ~ Ml .

(8.20)

Although chiral symmetry alone cannot fix the absolute values of the quark masses,
it gives information about quark-mass ratios. Neglecting the tiny O(e) effects, one gets
the relations
ivr _ w
_(vr _ -Mn+) _ Q 2 9 ^
md-\-mu
%

-

m

M M

" ~ ^ =

\- ««

= 12.6 .

(8.22)

In (8.21) we have subtracted the pion square-mass difference, to take into account the
electromagnetic contribution to the pseudoscalar-meson self-energies; in the chiral limit
(m u = md = ma = 0), this contribution is proportional to the square of the meson
charge and it is the same for K+ and ?r+. The mass formulae (8.21) and (8.22) imply the
quark-mass ratios advocated by Weinberg:
mu:md:ma

= 0.55 : 1 : 20.3 .

(8.23)

Quark-mass corrections are therefore dominated by m*, which is large compared with mu
and raj. Notice that the difference m<f — mu is not small compared with the individual
up- and down-quark masses; in spite of that, isospin turns out to be an extremely good
symmetry, because isospin-breaking effects are governed by the small ratio (md — m^/m,.
The $ 4 interactions in (8.16) introduce mass corrections to the 7T7T scattering amplitude (8.14),
r(7r + 7r o

_> ^

=

tzM.

(8-24)

JIT

Since / ~ / w is fixed from pion decay, this result is now an absolute prediction of chiral
symmetry.
The lowest-order chiral Lagrangian encodes in a very compact way all the Current
Algebra results obtained in the sixties [59]. The nice feature of the chiral approach is its
elegant simplicity, which allows to estimate higher-order corrections in a systematic way.
A detailed summary of the chiral techniques and their phenomenological applications can
be found in Ref. [58].
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9.

SUMMARY
Strong interactions are characterized by three basic properties: asymptotic freedom,
confinement and dynamical chiral symmetry breaking.
Owing to the gluonic self-interactions, the QCD coupling becomes smaller at short
distances, leading indeed to an asymptotically-free quantum field theory. Perturbation
theory can then be applied at large momentum transfers. The resulting predictions have
achieved a remarkable success, explaining a wide range of phenomena in terms of a single
coupling. The running of a, has been experimentally tested at different energy scales,
confirming the predicted QCD behaviour.
The growing of the running coupling at low-energies makes very plausible that
the QCD dynamics generates the required confinement of quarks and gluons into coloursinglet hadronic states. A rigorous proof of this property is, however, still lacking. At
present, the dynamical details of hadronization are completely unknown.
Non-perturbative tools, such as QCD sum rules and lattice calculations, provide
indirect evidence that QCD also implies the proper pattern of chiral symmetry breaking.
The results obtained so far support the existence of a non-zero q-q condensate in the QCD
vacuum, which dynamically breaks the chiral symmetry of the Lagrangian. However, a
formal understanding of this phenomena has only been achieved in some approximate
limits.
Thus, we have at present an overwhelming experimental and theoretical evidence
that the SU(Z)c gauge theory correctly describes the hadronic world. This makes QCD the
established theory of the strong interactions. Nevertheless, the non-perturbative nature
of its low-energy limit is still challenging our theoretical capabilities.
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APPENDIX A: SU(N) ALGEBRA
SU(N) is the group of JV x N unitary matrices, UU* = U*U = 1, with det U = 1.
The generators of the SU(N) algebra., T° (a = 1,2,..., N2 - 1), are hermitian, traceless
matrices satisfying the commutation relations

[r°,r 6 ] = £/ a6c T c ,

(A.I)

the structure constants / a&c being real and totally antisymmetric.
The fundamental representation Ta = Xa/2 is iV-dimensional. For N = 2, Aa are the
usual Pauli matrices, while for N = 3, they correspond to the eight Gell-Mann matrices:
0

l 0 0
0 - 1 0
0 0 0

1 0

1 0

2

A =

0

0 0 0

i

0

0

0

0

0

3

A =

o 0 l
4

A =

0 0 0

\l

0 0)
(A.2)

0 0 -i. \
0 0 0

5

A =

t

0

\

o oo

0 0 0'
\6_
,

0 0 1

A —

0 0

-i

'

0
/

\

1 0

8

A -JV3

0

0

1 0

0

0 - 2

/

They satisfy the anticommutation relation
/ \a

\b\

Ac,

* cab

(A.3)

where /JV denotes the iV-dimensional unit matrix and the constants d0** are totally symmetric in the three indices.
For 517(3), the only non-zero (up to permutations) / a 6 c and dabc constants are
X123 _

-/

/147 _ _ /156 _

- /

f 246 _

- ;

jr257 _

- /

,r345 _

-/

/367 _

- /

•*• J:458 _

- ^i

^678 _ •*•

•*•

-

- ^

d1A6 = d157 = -d2i7 = d256 = d3iA = d355 = - d 3 6 6 = -d377 = -,

(A.4)

it

d118 = d226 = d338 = -2du8

= -2d558 = - 2 d 6 8 8 = - 2 d 7 8 8 = - d 8 8 8 = — .

V3

The adjoint representation of the SU(N) group is given by the {N2 — l)x(N2 — 1)
matrices (Tftbc = -ifabc. The relations

•Lr\1A1A)

' £*£,

JV2 — 1
GF =
„ ,

J

*->A — r1i

—J

—^AVab,

(A-5)

define the SU(N) invariants TF, GF and GA. Other useful properties are:
(Aa)a/3 (*a)>i6 = 2fi*s6fr ~ ^n8is;
TT(TATATCA)

\ A A A/

= i — fabc;
g

Tr (AaA6Ac) = 2(dabc +

V*d"66 = 0:

dabcdebc = IJV

^

\

if"1*);

I &,, •

(A 61
K

Nj

O

fcbedcde

jabejcde _j_ facefdbe _j_ yratfeytce _ Q .
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+ / a c e d < f i c -f fadedbce

= 0.

J

APPENDIX B: GAUGE-FIXING AND GHOST FIELDS
The fields G£ have 4 Loientz degrees of freedom, while a massless spin-1 gluon has
2 physical polarizations only. Although gauge invariance makes the additional degrees of
freedom irrelevant, they give rise to some technical complications when quantizing the
gauge fields.
The canonical momentum associated with <3£, H°(x) = ^CQCD/^C^OG^) = G° o ,
vanishes identically for JX — 0. The standard commutation relation

iG»(x), H?(y)] S(x° - y°) = ig^S^Xx - y),

(B.I)

is then meaningless for \i = v = 0. In fact, the field G° is just a classical quantity, since
it commutes with all the other fields. This is not surprising, since we know that there
are 2 unphysical components of the gluon field, which should not be quantized. Thus, we
could just impose two gauge conditions, such as (3° = 0 and VG a = 0, to eliminate the 2
redundant degrees of freedom, and proceed working with the physical gluon polarizations
only. However, this is a (Lorentz) non-covariant procedure, which leads to a very awkward
formalism. Instead, one can impose a Lorentz-invariant gauge condition, such as d^G^ = 0.
The simplest way to implement this is to add to the Lagrangian the gauge-fixing term
£GF = - ^ ( 3 " C ^ ) ( C U ? * )

(B.2)

where £ is the so-called gauge parameter. The 4 Lorentz components of the canonical
momentum

are then non-zero, and one can develop a covariant quantization formalism. Since (B.2)
is a quadratic G% term, it modifies the gluon propagator:

Notice, that the propagator is not defined for £ = oo, i.e. in the absence of the gauge-fixing
term (B.2).
In QED, this gauge-fixing procedure is enough for making a consistent quantization
of the theory. The initial gauge symmetry of the Lagrangian guarantees that the redundant photon polarizations do not generate non-physical contributions to the scattering
amplitudes, and the final results are independent of the arbitrary gauge parameter £. In
non-abelian gauge theories, like QCD, a second problem still remains.
Let us consider the scattering process qq —> GG, which proceeds through the
three Feynman graphs shown in Fig. 30. The scattering amplitude has the general form
T = J^'Sft £y.' • The probability associated with the scattering process

1

XX'

involves a sum over the final gluon polarizations. One can easily check that the physical
probability VT, where only the two transverse gluon polarizations are considered in the
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q
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a)

b)

c)

Figure 30: Tree-level Feynman diagrams contributing to qq —*• GG.
sum, is different from the covariant quantity Vc, which includes a sum over all polarization
components: Vc > VT- In principle, this is not a problem because only VT has physical
meaning; we should just sum over the physical transverse polarizations to get the right
answer. However, the problem comes back at higher orders.

Tnnnnr

r ooooo

q

q

a')

b')

C)

Figure 31: 1-loop diagrams contributing to qq —* qq.
The covariant gluon propagator (B.4) contains the 4 polarization components;
therefore higher-order graphs such as the ones in Fig. 31 get unphysical contributions
from the longitudinal and scalar gluon polarizations propagating along the internal gluon
lines. The absorptive part of these 1-loop graphs (i.e. the imaginary part obtained putting
on-shell the two gluon lines within the loop) is equal to \T(qq —> GG)\2. Thus, these loops
suffer the same probability problem than the tree-level qq —» GG amplitude. The propagation of unphysical gluon components implies then a violation of unitarity (the two fake
polarizations contribute a positive probability).
In QED this problem does not appear because the gauge-fixing condition d^A^ = 0
still leaves a residual gauge invariance under transformations satisfying 09 = 0. This
guarantees that (even after adding the gauge-fixing term) the electromagnetic current is
conserved, i.e. d^J1^ = dfi(eQ^/y'xiS) = 0. If one considers the e + e~ —* 77 process, which
proceeds through diagrams identical to a) and b) in Fig. 30, current conservation implies
k^J^ = k'^J^ = 0, where kp and k'^, are the momenta of the photons with polarizations
A and A', respectively (remember that the interacting vertices contained in J pti ' are in fact
the corresponding electromagnetic currents). As a consequence, the contributions from the
scalar and longitudinal photon polarizations vanish and, therefore, Vc = VTThe reason why Vc ^ VT in QCD stems from the third diagram in Fig. 30, involving
a gluon self-interaction. Owing to the non-abelian character of the SU(3) group, the gaugefixing condition d^G* = 0 does not leave any residual invariance5). Thus, fc/1J*i't' ^ 0.
5) To maintain dM(G£)' = 0 after the gauge transformation (3.8), one would need OS6a =
gtfahcdli{66b)G^, which is not possible because G% is a quantum field.
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d1)

d)

Figure 32: Feynman diagrams involving the ghosts.
Again, the problem could be solved adopting a non-covariant quantization where
only the physical transverse polarizations propagate; but the resulting formalism would be
awful and very inconvenient for performing practical calculations. A more clever solution
consist [60] in adding additional unphysical fields, the so-called ghosts, with a coupling
to the gluons such that exactly cancels all unphysical contributions from the scalar and
longitudinal gluon polarizations. Since a positive fake probability has to be cancelled,
one needs fields obeying the wrong statistics (i.e. of negative norm) and thus giving
negative probabilities. The magic cancellation is achieved by adding to the Lagrangian
the Faddeev-Popov term [61],
£ F P = -d^D^,

I > T = 3 T - g,fabc<j>bGZ,

(B.6)

where <f>a, (f>a (a — 1 , . . . , N% — 1) is a set of anticommuting (i.e. obeying the Fermi-Dirac
statistics), massless, hermitian, scalar fields. The covariant derivative Z)'i^>o contains the
needed coupling to the gluon field. One can easily check that diagrams d) and d') in Fig. 32
exactly cancel the unphysical contributions from diagrams c) and c') of Figs. 30 and 31,
respectively; so that finally VQ = VT- Notice, that the Lagrangian (B.6) is necessarily not
Hermitian, because one needs to introduce an explicit violation of unitarity to cancel the
unphysical probabilities and restore the unitarity of the final scattering amplitudes.
The exact mechanism giving rise to the £pp term can only be understood (in a
simple way) using the more powerful path-integral formalism, which is beyond the scope
of these lectures. The only point I would like to emphasize here, is that the addition of the
gauge-fixing and Faddeev-Popov Lagrangians is just a mathematical trick, which allows
to develop a simple covariant formalism, and therefore a set of simple Feynman rules,
making easier to perform explicit calculations.
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CP violation
R. Petronzio
Dipartimento di Fisica, Universita di Roma Tor Vergata

Abstract
These lectures are an introductory course on CP violation. They
are focused on the Cabibbo Kobayashi Maskawa (CKM) paradigm
which allows for CP violation effects in the weak mixing matrix of
the standard model. After a review of the theoretical background
and of the comparison with present experimental data, these lectures discuss the new perspectives opened by $ and B factories.

1.

First lecture: the parametrization

The simplest case where CP violation occurs is the neutral Kaon system. Without
weak interactions, the states:

\K°>

and |JT°>,

(1)

formed in a static quark picture of a (ds) and (ds) pair respectively, are the mass eigenstates.
When weak interactions are turned on, but CP is conserved, they are no longer mass
eigenstates because charged weak currents can turn ]JK"0 > into a \K° >.
CP conservation imposes that the new combinations of |Jif0 > and \K° > which will
become mass eigenstates must be CP eigenstates. The action of CP on the old mass
eigenstates is:
CP\K° >= eiv\K° >
(2)
where the phase tp is chosen to be zero in these lectures. The new eigenstates are ^:
\KS >= (\K° >+\K° >)/V2

\KL >= (\K° > -\K° >)/v/2

(3)

which are eigenstates of the CP operator with +1 and -1 eigenvalues, respectively. The
dominant decay modes of the new eigenstates are two and three pions and, in the latter
1) the tilde indicates that those are not the real mass eigenstates in presence of CP
violation
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case (\KL > ) J phase space severely penalizes the decay rate. The two states have then
quite different lifetimes and are called "short" and "long". CP violation occurs if the
\KL > decays into a two pion state.
Strong interactions produce \K° > or \K° > states, i.e. a mixture of the mass
eigenstates: only the long component survives long times and then a two pion decay
represents a proof of CP violation.
This was the signal used in a first series of experiments. The group formed by J.H.Christenson, J.W.Cronin, V.L.Fitch and R.Turlay [1] found CP violation as an excess of events at
the TT+ 7T~ invariant mass corresponding to the KL state in the direction of the incoming
beam. The results axe shown in figure 1: the background is due to a standard three pion
decay where the neutral pion has been missed. The same type of signal in the neutral pion
channel was found by Holder et al. [2]: the results are shown in figure 2: also in this case
the background is due to events where an extra neutral pion has escaped its observation.
A second class of experiments monitors the charge asymmetry A%i in \KL > semileptonic
decays:
KL -> Z* + a* + v

The results from ref. [3] are shown in figure 3. The signal is the one at large times where
only the KJJ components contributes: at shorter times the intereference pattern between
\Ks > and \KL > states does produce an asymmetry without CP violation.
The interference between \Ks > a ^d \KL > states can also be used to test CP violation
and in particular the phase of the ratio of CP violating over CP conserving amplitudes:
this is the method followed in the last class of experiments [5, 6].
Define:
_ A(KL - / )
(5)
"' = A(KS -> / )
where / can be a pair of either two charged or two neutral pions.
The quantity rjf is a complex number:

vf =

to/k*'

(6)

The interference occurs either close enough to the target where a coherent mixture
of \Ks > and \KL > states is produced by strong interactions or when the KL beam passes
through a "regenerator" where it interacts strongly and regenerates a Ks component.
The formalism is the one of a usual two state system in quantum mechanics where the
Hamiltonian eigenstates are |JK"S > and \KL >'• the expression of \K° > and \K° > in
terms of the eigenstates can be trivially obtained by inverting eq.(3).
The number of pion pairs produced at time t by a beam which was at time 0 purely a
\K° > state is obtained from the modulus square of the wave function of the state at
time t which is a superposition of the \Ks > and \KL > states, each multiplied by the
corresponding amplitude for the decay into two pions:

oc e-r*4 + lifc.lV 1 * + 2 | W | e - ( r * + W 2 cos(Ami - ^ )
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(7)

quantity

experimental value
(23±7)-10" 4 (NAZI)
(7.4 ± 5.9) • 10"4 (£731)
(-0.2 ±2.6 ±1.2)° (NAZI)
(1.6 ±1.0 ±0.7)° (£731)
(3.27 ± 0.12) • lO"3
(2.268 ± 0.023) • 10~4
(42.8 ± 1.1)°

(j>+- — <j)QO
AKL

\v+-\

Table 1: Experimental results of CP violating quantities in the Kaon system
The last term is due to interference. The experiment of ref. [4] was able to measure
precisely the interference pattern and to deduce from a fit to the data the value of the
CP violating phase <j> (see figure 4).
Data on CP violation give information on five independent quantities:
A(KS

7T+7T

ZT = 1*7+-1e

_ A(KL
e

A(KS
d

Me-2e>
e-2

AKL

_= rY(K( ^
L

- T(KL
T(KL

-> 7T-

(8)

The main features of the results are:
ii) <j)+- — ^>oo and AKL ~ 2Re(7;+_)
More precisely, the ratio \TJ^^/TJO0\2 gives the real part of e'/e while the difference of the
phases ^ + _ — <^Oo gives its imaginary part.
Table 1 contains a list of the latest results: for the last entry (<£+-) the old values have
been corrected for the new value of 6m of ref [6].
These result allow to conclude that:
i) e! is small, i.e. CP violation mainly occurs in the interactions with A 5 = 2 (S =
strangeness),
ii) CP violation coexists with CPT conservation.
In order to understand these implications of the experimental results, we need to
generalize the analysis of the Kaon system to the case where there are both CP and CPT
violations. Consider the two kaon system in the basis of the \K° > or \K° > states: a
generic state will be then represented by:

= a\K°

(9)

Its time evolution is governed by the Schroedinger equation:
(10)
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where H can be decomposed into an hermitean and an anti-hermitean part:
H = M- »T/2

(11)

with M and V hermitean matrices. The presence of a non hermitean part will imply a
loss of probability due to the decay of the state. The true \Ks > and \KL > eigenstates
are parametrized by:

where e and 6 parametrize the deviation from the CP conserving case and are therefore
taken to be small quantities. This will justify in the following the approximation where
the expressions contain their dependence only to first order. Within this approximation,
by imposing that \Ks > and \KL > are eigenstates with eigenvalues Ms = 7715 — iTs/2,
and ML = mi — ITL/2 one gets the following relations which express the parameters e
and 8 in terms of the matrix elements of the Hamiltonian:
•ffn = {Ms + ML)/2 + S(MS - ML)
#22 = (M s + ML)/2 - S(Ms - ML)
H21 =(Ms-ML)(l-2e)/2

(14)

By inverting these expressions, one obtains:
e
6

= ei<f>sw{-Im(M12) + i/27m(r 12 ))
= e ^ W J ) ^ _ M22 - i ( r n - r 22 )/2]/2\/2Am
nA

with : (j>sw = arctan(—

fr~)(~ ^5°) and Am = m$ — TUL

(15)

The expression above shows that e and 8 represent respectively the amount of CP
(with CPT conservation) and CPT (with T violation) violations due to "mixing", i.e. to
a modification of the original CP and CPT conserving Hamiltonian.
The role of e and 8 is clarified by a discussion of the action of CP and T simmetries.
i) C P symmetry
The CP operator in the \K° >, \K° > basis acts as the Pauli matrix ov.
|^°>=(71|^0>

(16)

The Hamiltonian then transforms as:
H -* triHai,
In terms of its matrix elements:
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(17)

I #11

#12 \ CP I

1

IT

TT

\

-"21

J"22

J
/

#22

I

IX

\

-Q12

TJ

: )

-"11

i.e. #12 = #21 and # u = # 2 2 if CP is conserved.
But M and F are hermitean matrices:
F x2 = F ^

(19)

and f/ CP is conserved M\2 and Fi 2 are real. From eq.(15) one then deduces that if CP
is conserved e = 0 and 8 = 0.
This result is obvious: the question is now to discriminate, in the case where CP
is violated, if this is accompanied by a T violation (so that CPT is conserved) or by a T
conservation (so that CPT is violated).
ii) T symmetry
Consider the Feynman kernel:

< /le-^W'K >

(20)

This amplitude describes the time evolution of an initial state \i > at time 0 into
a final state | / > at time t. After a time inversion, the state | / > starts at time t and
evolves to the state |z > with a time difference which is now -t and an Hamiltonian which
has the time running backward. The corresponding amplitude is:

where the last equality follows from standard properties of matrix elements.
IfTis conserved the last matrix element must be equal to the one of eq.(20) where
states and operators have been transformed with the T operator:
1

|Ti >

(22)

One deduces the way the T operator acts on the states and on the Hamiltonian:
T\i > = \i* >

and THT-1 = Htran'poted

(23)

T conservation and hermiticity then imply the reality of the matrix elements and a vanishing e .
Under CPT:
# -> o- 1 # tran ' po ' e< V 1

(24)

and

(25)

i.e., for the matrix elements:
#12 = #12

#11 = #22

Hermiticity does not further restrict with respect to CPT conservation the off
diagonal elements. The identity of the diagonal ones implies from eq.(15) 8 = 0.
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Summarizing:
i) CP violation with T violation (and CPT conservation) implies 5 — 0.
ii) CP violation with T conservation ( and CPT violation) implies e = 0.
Notice that there cannot be in this case a CPT violation without a CP violation.
An important restriction on CP violation parameters comes from unitarity constraints [7] which are a consequence of probability conservation, kaons disappear into
their decay products:

- d/dt | < V# > I2 = £ I < F\TW > I2

(26)

F

where T is the non trivial part of the S matrix.
When applied to the generic superposition of \Ks > = \S > and \KL > = \L > with
arbitrary coefficients a and /3, the equation above gives rise to three independent equations
obtained by isolating terms of order a 2 , /32 and a/3:

a/3 -» (-iAm+{Ts + TL)/2)<L\S>=J£,<F\T\L>'<F\T\S>

(27)

F

The last equation is non trivial only if there is a CP violation: only in this case in
the l.h.s. < L\S > is different from zero and there can be in the r.h.s. a CP eigenstate F
into which both \S > and \L > states decay.
Together with the definition of 77/ given in eqn 6 for CP=+1 final states, define

*

=

< F\T\S >
< F\T\L >

(28)

for CP=-1 states.
Using the dominance of two pions decays ( three pions are phase space suppressed),
equation (27) can be rewritten as:
(Ts + TL)/2) < L\S >= v'+-Ts,+- + ^ o ^ o o

(29)

By using:

<L\S>=2Re(e)

r S|+ _ + rs,00 * r s
7? + _ ~ 7700

we can see the relation implied by unitarity in the two cases, 8 = 0 or e = 0:
i) 5 = 0

2(iAm/r s + l/2)i2e(e) = ^
i.e. $m = arctan(2Am/r 5 ) ^ 43.7°
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(31)

Re A Im A ReB ImB
CP
T

CPT

+
+
+

—
—

+

—

+
—

+
—
—

Table 2: The CP, T and CPT properties of the AS = 1 amplitudes of neutral Kaon decays

(-2i)(iAm/Ts

+ 1/2)Im(S) = T?™ i.e. <£™ = arctan(2A7n/T s ) -f TT/

(32)

The experimental value of </JWf is close to the first solution and suggests that CP
violation occurs without CPT violation.
In order to see the second implication of experimental results, the dominance of a
AS = 2 CP violation, we need to consider the alternative source of CP violation besides
the one due to "mixing": the AS = 1 CP violation in K decays [9].
For a definite isospin channel I the decay amplitude of K° into two TT can be
parametrized as:

A{K° -> 2TT, /) = (4, + Brfe^

(33)

where Si is the TTTT rescattering phase. The one for K° can be parametrized correspondingly
as:
A(K° -» 27T, /) = (A} - S;)e<*'>

(34)

If CP is conserved, K° and K° amplitudes are the same; if CPT is conserved they
are related by complex conjugation (not affecting the phase of the final state interaction
5j). Table 2 contains the constraints on real and imaginary parts of A and B implied by
CP, T and CPT conservation. A non zero value of B in the amplitude is a signal of CPT
violation. Notice that in this case CPT can be violated with or without CP violation.
One can adopt a similar parametrization for the semileptonic amplitudes:
(35)

A(K°

= a'- b"

(36)

with identical constraints on a and b complex quantities.
The relations between the CP, CPT violating parameters and the experimental
quantities e , e' and A%i can now be established.
The case with CP violation and CPT conservation is discussed first, with:
S = 0 and

B( or b) = 0

(37)

The two pions in the kaon decay can have isospin = 0 or 2 corresponding to A / = 1 / 2
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and AI = 3/2 decay amplitudes. The well known AI = 3/2 suppression for the ratio
1-4.2 |/|Ao| ~ 1/20 justifies keeping such a ratio in the following expressions to first order
only.
With a little algebra, one gets the relations:

e

_
~

AKi

.ImAo

J

ReAQ[ReA2

ReA0

= 2Re(e)

(38)

By substituting the expression for e of eq.(15) and using the 2 7r dominance in K° amplitudes:
ImT 12
Ts - TL

(3Q)

ReA0

one finds for e:

where (f>sw — 43° ~ 82 — 8Q + TT/2 from which follows that:
(41)
i.e. e and e' are almost parallel vectors in the complex plane.
The ratio e/e' is then well approximated by its real part:
ImAQ
~ ReA0 ReA2
ReAo
Am
o
since e/e' > > 1, if there are no conspiracies in the numerator of eq.(42), it follows:
1

[

il[il[

K

'

1 1

e ~
'
i.e.|e| measures the amount of CP violation
due to AS = 2 mixing.
Allowing for CPT violations, equation (38) is changed into equation:
1

e ~
J
AKt

e+ 1
+ -5—7- - 6}
ReA
ReA0
0
RA
ReA
r

~
=

Xl

ReA0 ReA2

ReA0

ReB2
iS
ReA2
(44)

Kea

where B( or b) amplitudes and the parameter 5 parametrize respectively the decay and
mixing CPT violation. Already the unitarity constraints have told us that CP violation
is accompanied by T violation. More quantitative tests of CPT violation do not show any
evidence for it and can be summarized as follows:
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Re(e) - l/2AKi = (-0.6 ± 0.7) • 10"4
-

(45)

By separating in the expression for e a C.P violating and a CPT violating part:
e = ecpj*™ + ecPTe**™**™

(46)

one finds:
=

(4.0 ± 2.2) • lO"2

(47)

— the same parametrization for e', gives:
e'CPT = (-0.8 ± 11.9) • 10
=

(6.7 ± 5.1) • 10~4(.E731)

(48)

I restate the main conclusion on the kaon system:
i) the CP violation is essentially due to mixing in the AS — 2 sector
ii) there is no evidence for CPT violation.
In the next lecture we will see if the indications of the experimental data are
plausible within the standard CP violation model.

2.

Second lecture: the CKM paradigm

The standard model is a local quantum field theory and conserves CPT [8]. CP violation implies T violation and roughly amounts to taking complex conjugation of complex
parameters not restricted by the hermiticity of the Hamiltonian.
As an example, consider the Higgs sector of the standard model with a single Higgs
doublet. The potential in this case is of the form:
V = X{<j>+<l> - v 2 / 2 ) 2

(49)

and has only real coupling and masses. Indeed the hermitian conjugation of the mass
term —\v2(f>+<f> and of the self interaction \(<f>+(f))2 amount to replacing A and v by their
complex conjugates and then implies their reality.
With two doublets one may have a CP violating complex mass term:

Hermiticity just exchanges the two terms without implying the reality of ft2.
In the standard model with one Higgs doublet, CP violations are confined to the
Yukawa sector [9]: in the physical quark basis with diagonal mass matrices the violation
is shifted to the charged current sector.

ccc =
where
V = VuVd+

(52)

is a unitary matrix obtained as the product of the unitary matrices (V") which digonalize
respectively the up and down quark mass matrix.
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The independent parameters of the matrix V for n generations of quark doublets are n2
out of which n(n — l)/2 are angles and the remaining n(n + l)/2 phases. Some of these,
In — 1, can be used to redefine independently left-handed and right-handed fields. The
subtracted unity is due to a generation independent phase common to left-handed and
right-handed fields which leaves the Yukawa couplings unaffected. The total number of
"physical" phases is then (n — l)(n — 2)/2.
For three generations one phase survives and the charged current Lagrangian contains a
complex coupling constant which leads to a T (CP) violation. By using standard expressions for the transformation properties under CP of the Dirac bilinears one obtains:
-

(53)

Hermiticity instead gives:
(54)
The two expressions together imply that if CP is conserved:
V = V"

(55)

The matrix V is the CKM matrix:
V.

V

Vcd
Vtd

VC3 Vcb
Vt, Vtb )

Vu

\

(56)

In the Wolfenstein [15] parametrization takes the form:
s3e~iS
(57)
S 3 e'

5

— CiC2 — 5102536**

C2C3

)

where Ci — cos9{ and 5; = sin #,-.
The advantage of this parametrization is that, by setting:
sin 0X = A

sin 62 = AX2

sin 03 = A<T\*

(58)

the parameters A, ar turn out to be experimentally of order one. A useful representation
of the above matrix is obtained by expanding in power series of the small parameter
X = s i n Ocabibbo-

1 - A 2 /2
A
AX\p - it]) \
2
-X
l - A / 2 AX2
(59)
AA3(1 - p - iij) -AX2
1
/
where we have also used a standard convention which replaces a polar representation of
the complex number a e~lS with the cartesian one p — irj.
The parameter 77 appears in Vub and Vtd only and at order A4.
The determination of A and cr implies measurements involving the B quark, not necessarily
related to a CP violation.
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2.1

The expected size of e
From expression (38):

The quantity ImMn is proportional to the matrix element between K° and K° of
the AS = 2 weak interactions effective lia.-mi1t.nnia.Ti:
Jm(Mi 2 ) =

^

!

(61)

The
i)
ii)
iii)

calculation of this quantity involves three basic ingredients:
the resummation of short distance gluon emissions
the calculation of the hadronic matrix elements
the values of the CKM parameters
The weak effective Hamiltonian is a Fermi type interaction normalized by the
amplitude of the box diagram of figure 5:
£AS=2

= Ahox[{dr{llsI/)(d'y^sL) + h.c]

(62)

where A^x has the form:

Abox

= G
m2
( | + /3(y0)%>
+2AcAtmc (log(^|)
2

( 63 )

The quantities 771, 772, rji contain the leading log gluon dressing of the amplitude, Aj =
Vi,V?d and fc are functions of the variable yt = rri\jMyf* The diagram with the loop
variable running below the W mass is superficially quadratically divergent and is made
convergent after using the relation:
Au + Ac + Xt = 0

(64)

i.e. by the GIM mechanism [10].
The second ingredient is the calculation of the hadronic matrix element:
>

(65)

The simplest approximation is called the " vacuum insertion":
>= 8/3/fc2Mfc2

(66)

where /* is the psudoscalar constant. It is customary to normalize the value of the matrix
element to its vacuum approximation:

< K°\dlliSL dlliSL\K° > = 8/ZfZMlBk

(67)

The value of Bk requires a non perturbative calculation.
Lattice estimates in the approximation where internal fermion loops are neglected give:
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lattice fermions a"1 (GeV)
BK
dp
Wilson
Bernard et al.
2.0
0.76
1.0 ±0.1
2.0
0.65 ± .15 0.9 ± 0.2
Gavela et al.
Wilson
3.0
0.62 ± .02 0.83 ± .03
Kilcup et al.
staggered
2.0
0.70 ± .01 .94 ± .03
Kilcup et al.
staggered
Table 3: Lattice results for

Bk = 0.8 ± 0.2

(68)

The reliability of these calculations has increased in tha last few years. By now
they pass successfully two important tests: first, they have reached a "scaling regime", i.e.
they appear to be rather independent upon the artifacts of the space time discretization
which allows numerical non perturbative calculations, second, the results obtained with
two different discretizations of the fermion action are consistent with each other. These
formulation differ by the way the clash on the lattice between chiral invariance and the
regularization is solved [11]. Chiral invariance is important in the determination of Bk
because the matrix element is expected to vanish with the Kaon mass in the chiral limit.
In figure 6 are shown the values for Bk for various values of the lattice spacing in Fermi:
they flatten in the continuum limit, i.e. when a goes to zero. The consistency among the
groups using Wilson or staggered lattice fermions is shown in table 3 [17]. The values of
Bk are originally obtained at a scale fi corresponding to the inverse of the lattice spacing
and then converted to the physical Kaon mass scale. The quantity contributing to e is
finally parametrized as:

Im(Ml2) =

i/ZflMkBkIm(Abox)

(69)

The third ingredient is the insertion of the correct values of the CKM matrix which
enter in t h e expression (63) for AboX. The expressions for the various A are:

Ac2

A2-2L42crA6sin(!>

A2

A 4 A 10 [(l - a cos 6f - <x2(sin 6)2 + 2i<r(l - a cos 6) sin 6}

2AcAt

2A2\e[l

(70)

- a cos 8+ icr sin 8]

While A2 (of order A2) dominates for the real part of Mi2 , for the imaginary part all
terms A2, A2, and AcAt are of the same order (A6 sin 8). An estimate of the magnitude of e
is obtained by dividing Im(A{mx) by the size of Am ~ Re{A\>Ox)'|e|~AJsin5

(71)

This shows that the smallness of e is due in the standard model to the hyerarchy of
generation mixings. The expression for e obtained by collecting all the terms discussed so
far is:
+ 4.35A 2 (1 - <rcos 6)}

|e| = (2.7 ± 0.7)
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(72)

where we have used a value for the top mass around 180 GeV. The value of e depends upon
three quantities: A , cr and S. The first can be obtained from the experimental results for
the inclusive semileptonic B decays:
B - » Xcharm V I

(73)

supplied with theoretical models based on a quark-parton picture [12] or on a heavy quark
effective theory [13]. The independent models agree on a value for \VC},\ = 0.043 ± 0.005
which leads to A = 0.9 ± 0.1.
Once A has been fixed, one can check if the experimental result for e covers a region
in the <r 6 plane which is allowed by other experiments sensitive to these two parameters.
The first experiment is the measure of the ratio of semileptonic B decays into charmed
and non charmed channels, discriminated by the presence of a lepton with a momentum
higher than 2.3 GeV. Also in this case two theoretical estimates are possible and they
agree within the errors, giving:
.Kfc.
f ff = 0.32 ±0.06 (parton model)
' Vd,' ~* \ <? = 0.50 ± 0.09 (heavy quarks)

™

leading to an average
a = 0.4 ± 0.1

(75)

The second experiment is the measure of the B° - B° mixing identified from "wrong
sign leptons" in the semileptonic B decays. Indeed a decay of the type
B -* l-ihx

(76)

can only come from a Bd and is a signal of mixing if it comes from a beam of 2?<f's. The
quantity which is measured is called xj:
Xd =

TBd{Am)Bd

= TBdG2FMBdBBJBdVsm2tf2(y)\Vtd\2/(e*2)

(77)

The determination of \Vtd\ depends upon the knowledge of the B parameter for the
BBd, well approximated for such a large mass by the vacuum saturation, and of fBd which
is estimated by lattice simulations.
It is difficult to accomodate a heavy-ligth system on a finite lattice which can only span
a limited amount of energy scales. The present calculations are summarized in figure 7
where is given a plot of the pseudoscalar constant for meson masses ranging from charm
to infinite quark masses. The bottom mass region must be obtained by interpolation. The
most recent analyses lead to:
fB = 180 ± 40MeV

(78)

A summary of the information on the consistency among different determinations
of the a and 6 parameters is given in figure 8. The experimental value for e can be well
reproduced in the standard model.
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2.2

The expected size of e'

The value for e', obtained (if CPT is conserved) from the expression (38), depends
upon the hadronic matrix elements of the non leptonic effective hamiltonian entering in
the amplitudes A2 and AQ. Ttair estimate involves next to leading QCD corrections and
in particular the contribution of "penguin" diagrams of the type shown in figure 9. The
line connecting the loop to the quark current can be either a gluon or an electroweak
neutral boson. In the former case, the diagram renormalizes operators contributing to
only, of the type:

gluon penguin = GFa^gluon pengmn^^TadL

]T

qfT^Taqf]/(l2Try/2)

(79)

where Ta is a colour matrix, and is suppressed by the ratio Re(A2) / Re(Ao) ( ci 1/20).
Electroweak penguins are suppressed with respect to the gluon penguins by the ratio of
the corresponding coupling constants but are enhanced by:
^

* 2 0 ^

(80)

They compete with gluon penguins and tend to cancel their contribution, making the
final balance rather delicate. The present estimates lead to:
.e'

i2e(-)~(5±4)-10- 4

(81)

The CKM paradigm can accomodate very well the observed CP violation: it predicts no CPT violation, a consistent value for e and a very small value for e'.
The goals of future experiments are to demonstrate the existence of a non zero e'/e at the
level expected in the standard model and the presence of CP violations outside the Kaon
system.

3.
3.1

Third lecture: perspectives at meson factories
$ factories.

The most precise experiments use interference effects between KL and Ks beams.
At $ factories the initial state is an odd eigenstate of charge conjugation and so must be
the superposition of K° and K° emitted in the (j> decay:

\K°(p) > \K\-v) > -\K°(p) > \K°(-p) >
= \Ks(p) > \KL(-p) > -\KL(p) > \Ks(-p) >

(82)

The quantum mechanical effect of the collapse of the wave function operated by
the measurement process is used for tagging: the observation on one side of a Ks implies
on the opposite side the production of a KJJ.
Da$ne is $ factory under construction at Frascati National Laboratories in Italy [14]
with an expected luminosity of ~ 5 • 1032cm~2sec~1 leading in a year to the production of
~ 2.2 • 1010 <j>, i.e. of ~ 1.1 • 1O10 K+ K~ pairs, of ~ 7.6 • 109 Ks KL pairs and of ~ 2.8 • 108
rj. The impact of such a machine on the CP violation problem concerns three aspects:
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-

Re( e '/e)
the Ks semileptonic asymmetries
CPT violation
The general method which will be used is the interferometry between the decays
of the Ks Kjj pair into two different final states detected in opposite hemispheres. The
rate of such a decay is proportional to:

|2 = | < hh\T\{\Ks >i \KL >2 -\KL >! \KS > 2 )| 2
= | < h\T\Ks X f2\T\KL >-< h\T\KL >< f2\T\Ks
By recalling the definition of T){ = < fi\T\KL > / < fi\T\Ks > and inserting the
appropriate time dependence of Kaon states, one get after a little algebra:

constant-

fl^pe-*1^1^

+

If the state labelled as 1 is a neutral pion pair and the state 2 a charged pair, the intensity
of the number of events as a function of the time difference between the two detections
takes the form:

dt\ < A/ain* > |2 =
(|»?i|2e-r*At + M V " 1 ^ '

constant-

(85)

The third term in the expression above is due to interference. A fit provides the values of
771 and 7/2 including their phases.
The magnitude of the interference term dies exponentially with a slope FsAt: it is measurable only for very short times and then requires an accurate vertex resolution. The
figure 10 shows the feasibility of such a measure. The ideal curve is smeared with the
expected vertex resolution of ~ bmm of the Kloe detector which will operate at Da$ne.
It will be possible to reach an error of the order of 1.7 • 10~4 for the real part of e'/e and
of 3.4 • 10~3 for its imaginary part.
By taking on one hemisphere ti >> ^2 and by selecting KL decays it is possible
to perform on the opposite side an accurate study of Ks decays and to access new combinations of CPT violation parameters which could rule out the possibility of fortuitous
cancellations in the CPT violating effects investigated so far. In particular the semileptonic
charge asymmetry differs between KL and Ks because of CPT violating terms:

AKt

= 2Ree + [2

AKs

= 2Ree + [2^--

2Re6]

(86)

By measuring the asymmetry one can get an absolute error on the real part of 6 of ~ 10~4.
The same CPT violating parameter can be obtained from the interferometry technique
by choosing as states 1 and 2 the two semileptonic channels with opposite charges:
state 1 =

IT~1+I/

and state 2 = 7r+l~P
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(87)

parameter
Re 8
Im 8
Heb
Rep
He So
Re An
Re Bi
Re A?

expected error
±0.7 • 1O~4
±l,8-10"4
±1.9 • 10"4
±2.0 • 10"4
±2.2 • 10~4

Table 4: Expected precision on various CP violating parameters at Da$ne
In this case:

AReS
AlmS

(88)

Table 4 summarizes the errors achievable for the different CPT violating parameters.
Notice that an error of the order of 10~4 of the Ko-Ko mass difference relative to
the Ks-Ki mass difference implies a relative precision with respect to the K° mass of
the order of 10~18, not far from the ratio of the Kaon mass over the Planck mass where,
maybe, local field theories are inadequate and a CPT violation might take place. $ factories will improuve by an order of magnitude present measurements on the real part of
e'/e and offer a unique window on CPT violating effects.

B factories( e + e" -> Yi3, LEP, LHC)
These factories are expected to offer large production rates, in particular LHC with
l2
10 B/year. The main differences between kaon and B systems are:
1) many decay channels are accessible; the two pion dominance is absent and the
mass eigenstates ( called in this case + and —) have similar widths,
2) the mass difference is of the order of the width,
3) the ratio
3.2

-

eB)

(1 + eB)

M12 + i/2r 12

(89)

is dominated by the off diagonal element of the mass matrix (which is proportional to m 2 )
and then proportional to its phase. The value of eg is then expected to be different between
the meson Bd and the meson B3. In the latter case the box diagram in the top dominance
approximation is governed by the square of the Vu element of the CKM matrix which is
real and gives a zero contribution to e^, in the former case, in the same approximation,
is governed by the square of the Vtd element which is complex (Vtd = |Vfd|e~*^) and gives
a non zero result.
The best testing ground for CP violation are B decays into CP self-conjugate states.
For a state which is a B meson at time zero, the rate for decaying into a final state / at
time t has the expression:
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process
Bd -+ TpKs

sin(^nlaMrnatrJz + $/)
sin (2/3)

sin[2(/? + £)]
Ba^^(j>
0
o
B, -> 7r irs sin(2£)
Bd

- > TT+TT"

Table 5: Decays which provide information on j3 and 5 angles for different B mesons

V{Bphy.{t)) =

T(B -> f)e~lBt
2

(90)
(91

x
2

2

[cos A m i / 2 + \7jf\ sin A m i / 2 - |7//| sin(^ m a « matrix + <f>f) sin Ami]
where the complex quantity 77/ is defined as usual:

MB -> /) _

(91)

A(2? - / ) ~

If its absolute value is 1, the difference between B and B decays is a direct measure of
the combination of the phase of the mass matrix and of the CP violating amplitude. For
CP self conjugate states such is the case and, in a simplified picture ignoring penguin
diagrams which are estimated to give a percent correction, one has:
u)

A(B -*f)-V.qB

(92)

Table 5 summarizes the decays which provide information on /3 and 6 angles for different
B mesons. Among the various detectable final states, the Ba —* ipKs decay gives a very
clean signal and it depends mainly upon the size of the angle /3. A constraint on this angle
comes from the "unitarity triangle" obtained from the unitarity condition of the mixing
matrix:
(93)
By choosing i = b and j = d one gets an equation which, to first order in A, reads:

y^ + vtd ~ \v;b

(94)

and shows that the vectors Vu*6,Vt<f and XV*b form a triangle in the complex plane with an
angle /3 opposite to the side V^b. The value of / B discriminates whether such an angle is
small or large. Most recent lattice estimates lead to the "small" solution. CP violations in
B decays can be large because of the absence of suppressions due to hyerarchy of mixing
angles. The asymmetry in the decay into CP self conjugate states represents a good way
of determining CP violating parameters and in particular the B —* i}>K, decay leads to
a particularly clean signal. The unitarity triangle represent an important future check of
the CKM paradigm.
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3.3

Open problems
There are other important domains where CP violation plays a crucial role.
The ratio of baryon over photon number in the universe, i.e. the matter-antimatter
asymmetry, needs CP violation.
The electric dipole moment (e.d.m.) of electron and neutron violates both T and
P simmetries: indeed, it must be proportional to the intrinsic angular momentum J of a
particle:
d~ J
(95)
The l.h.s. is odd under P and even under T while the angular momentum on the
r.h.s. has opposite properties: then the proportionality constant must be odd under both
T and P. The experimental values for these quantities are:
dneutron < 1.2 • KT^ecm
ddatron = (-0.3 ± 0.8) • l(T 26 ecm

(96)

In the standard model, the e.d.m. can be parametrized by an effective interaction: an
explicit calculation shows that d vanishes at one and two loops and needs higher order
QCD corrections dominated by penguin diagrams to have a non vanishing value, below
the experimental limit.
The problem arises if a different source of CP violation is taken into account, coming from
strong interactions and related to the existence of classical solutions with a non trivial
topology in QCD. These are known to solve the U(l) problem, by breaking at one loop
level the conservation of the flavour singlet axial current. The QCD lagrangian should be
in general corrected by a "topological" term of the form:
CQCD

= £atandard + 0Gf,il/Gr/"'as/(87r)

(97)

where 0 is a new coupling constant that, given the quantization of the topological term,
can be interpreted as an angle. The new term in the QCD lagrangian violates CP: it
contains the scalar product between the chromoelectric and chromomagnetic fields. The
value of 0 can be partly shifted to the phase of the determinant of the quark mass matrix
and replaced in eq.(97) by 0 :
0 = 0 + arg[det(M)]

(98)

where M is the quark mass matrix. The experimental value on the electric dipole of the
neutron leads to a limit for 0 :
0 < 10~9
(99)
a very "innaturally low" quantity.
Solutions to this problems involve the extension of the standard model to include new
interactions ( an extra U(l)) whose experimental evidence is still missing.
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Figure 1: Angular distributions of the observed events near the forward direction in three
mass bins. The forward peak at the K° mass demonstrated CP violation.
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Figure 2: Invariant mass distribution for the decays of Ks and KL into four photons
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Figure 5: Feynman diagrams for the AS = 2 transition amplitude sd —> sd. The 'annihilation' term of (a) is equal to the 'scattering' term of (b). i, j = u, c, t.

0.4

0

0.05

0.1

0.15

0.2
0.25
a(Fermi)

Figure 6: The BK parameter as a function of the lattice spacing.

230

*3>

0.8

O
0.7

0.6

-

0.5

0.4

-

0.3

0.2

I-

0.1

I

J

l

I

I _ I

0.2

I

i

i

I t

0.4

f

t

I

0.6

i

t

i

I

i

I

i

0.8

1/mplGeV"1]
Figure 7: / = / P (m p ) 1 / 2 as a function of l/mp taken from ref.[16]

Figure 8: Allowed regions in the p — 77 plane coming from the measurement of je|, za and

t h e ratio I K l /

231

Figure 9: A penguin diagram.
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THE SEARCH FOR GRAVITATIONAL WAVES
Massimo Cerdonio
Department of Physics and INFN Section/ Padua, Italy

Abstract
The basic physics of g.w.'s emission, propagation and detection
is outlined. The general features of candidate sources and
o't'tectors are discussed, showing how astrophysical emission
events could be detected by devices not far from their Standard
Quantum Limit. Two kinds of ground based detectors currently
under active development, Km size interferometers and mK
cold massive mechanical resonators, promise to approach such
a SQL. Their concepts are described together with the
perspectives for optimal sensitivity. Current and perspective
strategies for a confident identification of g.w. signals with
networks of few detectors are commented in conclusion.

1.

INTRODUCTION
In Newtonian gravitation masses, as sources of gravitational field, act at a
distance and their motion does not generate any velocity or acceleration dependent
action. A field equation is written, the Poisson equation, to determine the static scalar
Newtonian potential when the matter density distribution is given, but of course it is
not Lorentz invariant.
Various attempts had been made, after the Maxwell equations for
electromagnetism, to let masses in uniform motion generate sort of
"gravitomagnetic" field and masses in accelerated motion generate "waves"
propagating the gravitational field at the velocity of light. This is uniquely
accomplished by Einstein's theory of General Relativity, GR, which presently is
satisfactorily confirmed by observations and experimental tests. According to GR,
the gravitational interaction is propagated by a tensor field: the metric tensor
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[GR1-6]. The source of the gravitational field is not only the matter energy
momentum, but also the gravitational field itself, as it carries as well energy and
momentum. For this reason Einstein equations are non linear; by contrast Maxwell
equations are linear, because the electromagnetic field does not contribute to its own
sources.
Einstein's GR shows all the "gravitomagnetic" and wave propagation effects
expected from an analogy with electromagnetism. A mass in rotation produces a
static dipolar gravitational field which acts on spinning masses in motion much alike
it would do the dipolar magnetic field of a rotating charged body on a moving
particle, which carries charge and spin. Gravitational waves are generated when
masses are accelerated, propagate freely at the speed of light and are absorbed when
other masses are put in motion by their action.
The full GR equations are needed, when one attempts to calculate the
emission of the strongest sources, as the coalescence of neutron star binaries and
supernova explosions. Because of the difficulties in such calculations, for which the
necessary numerical methods are still under development, the predictions of source
luminosities need further study. By contrast both the free propagation and the action
on "laboratory" masses to be used as g.w. detectors is adequately treated in a
linearized weak field approximation.
It was Einstein himself who in 1916, using such an approximation
immediately after proposing the 1915 field equations, gave the first wave solutions
"... by procedures similar to those used for retarded potentials in electrodynamics.
Thus it follows that the gravitational field propagates with the velocity of light". In
two subsequent papers, see ref. [GR4], the whole problem of g.w. emission,
propagation and absorption is solved, as Einstein gives: i) the "quadrupole" formula
for the power irradiated by moving masses as g.w.'s sources ii) the energy lost in
g.w.'s by such sources iii) the propagation in free space of "plane" waves, which
come as transverse, travelling at c-velocity and with two polarization states iv) the
action of g.w.'s on mechanical system and the power they absorb from the wave. All
this is basically what is still used for most of the calculations about sources and
detectors.
So the basic physics of g.w.'s is understood by some three quarters of a
century, while we are still waiting for a detection. I will try here to give an idea of
what are the general features of emission processes and detection procedures and the
consequent experimental problems.
A throughfull discussion [GR6] shows that, in the accessible non quantum
regime, GR is the theory of gravitation which agrees to parts in a thousand of the
post-Newtonian effects with the available observations and tests, which are now
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many more than the three classical ones proposed by Einstein himself - the
gravitational redshift of light, the deflection of light by the Sun and the precession of
the perihelion of Mercury. Before the discovery of the binary pulsar PSR1913+16, all
these tests had to do, in e.m. language, with the "electric" component of the field, as
they consisted of accurate measurements of the post-Newtonian effects generated by
the Sun as a static field source. Of course Lorentz transformations make confident
that also the "gravitomagnetic" effects and the c-velocity wave propagation of the
field must be there, even if not yet directly tested. The study of PSR1913+16, as a
system of two neutron stars in close orbit, has given recently a splendid confirmation
of the process of emission of g.w.'s as predicted by GR, through the energy lost by
this system in the emission process itself. Of course it remains of great importance to
perform direct experimental tests of the "gravitomagnetic" field and of the process of
absorption of g.w.'s, but it would be surprising if of one would find any
disagreement with GR.
The observation of astrophysical sources has been an increasing motivation
for the efforts, which are dedicated to the detection of g.w's by a quarter of a century
and which should soon meet success. Observations of g.w's may become a very
direct probe of the structure and evolution of matter in the universe as gravitation is
the driving force on the cosmic scale. A few possibilities are by a long time
intensively studied and concern processes as supernovae and coalescence of binary
system, in which, as neutron stars and black holes are involved, the gravitational
force gets uniquely comparable in intensity to nuclear and subnuclear forces. Also
one may obtain informations on the deep interior of high density objects, which are
opaque to e.m. waves or to neutrinos. Another exciting possibility is that the
detection of a g.w.'s cosmic background should be telling about the very first instants
after the Big Bang, possibly very close to the Planck time.
The physics of the detection is also exciting. I will try to show that we need
detectors that, while of large dimensions or mass, must be operated in regimes
where quantum effects are important. This poses great challenges to
experimentalists, as for instance to look for the change by one quantum of vibration
at Khz frequencies in a mass of few tons. And when this will be achieved, we may
even think of venturing beyond. The detection of g.w.'s is in the somewhat unusual
condition in which one is looking at a "classical" force, the g.w.'s, with a "quantum "
system, the detector. So there is no limit in principle to the resolution one can
achieve, if the quantum detector is suitably prepared and operated. Such methods
pose interesting questions about quantum measurement theory [GR7] and a variety
of proposals for actual experimentation with simple model systems are already
around.
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These notes are intended for newcomers and I cannot go any deep in so many
aspects of the subject. Also the literature is enormous and I am not attempting to
review it, not even for historical accounts. So I suggest a few General Readings to
whoever is interested in a deeper understanding of the physics of gravitation and of
detectors. For whom who may want to see the actual shaping up of current research
efforts, I make specific reference to papers in a recent Conference, whose proceedings
are in press. Sect.2 gives basic ideas; the framework of the detection problem is
outlined in Sect.3, with the aid of order of magnitude calculations. Sect.4 and Sect.5
are dedicated respectively to introduce to the detectors currently in operation or
under construction and to the perspectives for most efficient detection technologies
and strategies.
2.

GRAVITATIONAL WAVES

The tensor g ^ represents in geometric language the metric of space-time, so
that the invariant infinitesimal interval between space-time events* is ds2=g^vdx^dxvIn a weak field

v=v+v

a)

h^y represents the small, I h^v I « 1 / "ripples" of space time imposed by the small
effect of gravitation on a metric tensor T|(xv , which is flat in the absence of
gravitation. From Einstein's field equations, in the linearized weak field
approximations, when masses are in slow motion v/c « 1 and the sources are of
small dimensions with respect to the g.w. wavelength A,gw » 13c' I one obtains [GR
all] the wave equation to first order in h^v, with the ordinary d'Alembert operator

U 2 dt
and the gauge condition

- £ =0

(3)

dx
where

* repeated indexes are summed; greek indexes=Q,l,2,3; latin indexes =1,2,3; ri^v^diag- (1,-1,-1,-1)
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m3kg~ls~2 the

and T^v is the energy momentum tensor of matter, G = 6.673x10
R

1

gravitational constant, c = 2.998 x 10 ms the velocity of light. In the language of
forces and potentials, h^v represents the weak gravitational potential as it can be
immediately seen by making contact with the Newtonian gravitation of a static mass
density distribution p. In the approximation T^v has only one non zero component,
2
TQO= pc and Eq (2) reduces to

and its general solution is

We recognize in Eqs (5,6) the Poisson equation and its solution for the
Newtonian potential

^
In the wave zone, at distances R ~ \x\ » Xgw from the source, we have the
retarded potentials solution

4'
c

- --r

irf x

'

(8)

where the integral is extended on the volume of the source. In the approximation
indexes are raised and lowered with the unperturbed metric TJ^V, T^ v obeys the
approximate local non covariant law

K
dxv

which gives the conservation of energy and momentum of matter alone,
disregarding the contribution from radiation. It is obvious from Eq (8) that g.w.s
propagate at the velocity of light.
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2.1

Plane waves
A monochromatic, linearly polarized plane wave propagates in vacuum along
the x = x direction as the simplest solution of Eq. (1) for T^ = 0. Wave packets of
any kind can be obtained by superposition as we are in the linear approximation.
The 10 components of the symmetric tensor h can be reduced [GR4] ultimately to
only two independent ones by the application of the gauge condition and by the
freedom to perform further infinitesimal coordinate transformations, which leave the
metric unaffected and the field weak. One can make a particular choice so that
h

= 0, h,, = 0. Thus h£ = 0, h^ = h^ and only two spatial components survive to

give the so called transverse - traceless, TT, gauge in which the wave is represented
as

sen

*. 0 =

4 "t

with
O
0
0
v0

(0
0
0
v0

0 0 0
0 0 0
0 1 0
0 0 -1,

0
0
0
0

0
0
0
1

Q\
0
1
0,

(11)

The plane wave appears as the linear superposition of two independent
polarization states. In fact e+ eXfiV = o and we see that the rotation matrix

a

(\
0
0
0

0
0
0
1 0
0
0 cosfl sen0
0 -sen0 cosfl

(12)

transforms
(10
0
0
0 1 0
0
nuveap ~ 0 0 cos20 sen20
0 0 sen20 -cos20,
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(13)

so that for 6 = % 14 the polarization state e^ is rotated into the other one e£ One can
then construct circularly polarized states, left and right, as
c

fiv

=

e

fiv —l e/xv

(14)

and see that, under rotation of an angle 0 in the plane orthogonal to the propagation
direction, one has
(15)
so that a phase shift 29 is obtained for a rotation 6: "gravitons" are massless, spin two
particles and have appropriately only two helicity states.
2.2

Emission from small distant sources.
Let the source be at the distance d and assume d»/lgw »\x'\, so that
\x-x'\ = d. The integral of T^ over the matter distribution gives the total mass,
which is conserved. When the conservation law Eq (9) is imposed, after some
manipulation [GR2, GR3], only the component TQQ = pc2 survives to enter Eq (8) and
give the non-zero components hik where i,k run only on space indexes
(16)
Far from the source we see a plane wave, so we can use the simple form
hj£(x,t) above. If we recall the definition of the quadrupole moment of a mass
distribution

(17)

we obtain

]

Jt—a/C

x

-«23

-"32

43
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dt

X-d/c

This is a relevant point: the lowest multipole at which g.w. are emitted is the
quadrupole, the "electric" one in e.m. language. The monopole and the "electric" and
"magnetic" dipole are forbidden; higher multipoles are of higher orders in 1/c. In
the approximation, the absence of monopole is consequent to the conservation of
total mass in the source, the absence of "electric" and "magnetic" dipoles is linked to
the conservation for the source respectively of total momentum and angular
momentum and to the equivalence between inertial and gravitational mass, Box 1.

BOX 1
In electromagnetism a multipole expansion gives the e.m. luminosity
Lem of a system of charges q,- mass mi coordinates 3;,- and velocity v,- as

[

9

_\2

/

o-\2

/

,_N2

dt2 J 3c 3 [ dt2 J 20c5 [ dt3 J

where

D = Z:q:X:,M = ZzOA X: A — , Q = Z-.Q; xLx'n -

\

cj

l

{

x2

a p

are respectively the electric and magnetic dipole and the electric quadrupole
moments. If the charges have the same charge to mass ratio w=qz7m; f then — and
dt
M become proportional respectively to the total momentum and to the total angular
momentum. As they are conserved —s- and — s - vanish: neither electric nor
y
dt1
dt2
magnetic dipole radiation are allowed.
In gravitation a similar multipole expansion gives immediately vanishing
"electric" and "magnetic" dipole contributions: this is due to the equivalence
between gravitational and inertial mass, as for all bodies the "charge" to mass ratio is
identical.

We note in passing that theories of gravitation, other than GR, allow monopole
and/or dipole radiation [GR 6].
Th::. intensity I(t) of g.w.'s is given [GR2] by

240

7(0 =

(19)

\6xG

In terms of the quadrupole moments we get

'(') =

16nc5d2

dJ~)

(20)
t-d/c

and the total power emitted by the source, the luminosity
_
J-/Ou. —

G d'Qik

(21)

dt3

where the units for I (t) and L^ are respectively W/m 2 and W.
2.3 Interaction with matter
The transverse-traceless gauge makes h^ look very simple, but such a
reference frame has nothing to do with the laboratory, in which we want to detect
the effects of g.w.s.
We can always null a gravitational field at a single space-time location, in
consequence of the equivalence between inertia and gravitation, but not on two
separate locations. So we need at least two test masses, to look for their relative
motion, or an extended body, to look how it gets strained: gravity manifests itself as
a "tidal" force. Specifically let us consider two mirrors A and B in free fall with light
bouncing between them. We measure their space separation 1 as 21 = c(tA + tB), where
tA + tB is the time taken for the light to make the round-trip.
In the gravitational field the two mirrors describe space time trajectories
X^(T) andx^Cr,) , where x is the proper time, and their separation is
1^(T) = X^(T)-X^(I:).
AS they are in free fall, they follow "geodesies" of space-time
and their geodesic separation f (t) follows the equation [GR1,3,8]
=0

(22)

where D indicates the covariant derivative and RJtoy is the Riemann curvature
tensor. The Riemann tensor depends on second derivatives of the metric and is non
zero only in the presence of gravitation, while is zero everywhere for purely inertial
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fields. It can be seen [GR3,8] that in the IT gauge one gets the non zero components
of the Riemann tensor as
>JT
1

(23)

2c

The Riemann tensor is invariant under gauge transformations. Let us choose a
"laboratory" frame, so called Fermi coordinates, by which we attach to the mirror A a
Cartesian system, using three orthogonal gyroscopes, and a clock. It can be seen that
a plane g.w. propagating orthogonal to and linearly polarized parallel to the
direction of the line joining the two mirrors, gives a change in their spatial separation
A/

dtl

(24)

We have dropped the index TT in h+(t) which now indicates wave packets of
any kind: Eq. (24) is obtained form Eq. (22) and Eq. (23) considering that the

Fig.l Lines of force of a plane linearly polarized g.w. propagating along the x axis and its effect on a
"cross" of free masses.

laboratory frame gives flat space-time at A, that in the approximation proper time
coincide with the clock coordinate time and that the covariant derivative reduces to
the ordinary derivative.
As Al/l«l
, because |/i/UV « 1 , Eq. (24) integrates immediately as
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?•*
The mirrors wiggle under the wave with amplitude A\. The light, unaffected by
g.w.s in the Fermi gauge, undergoes with the round trip in respect to the
unperturbed situation the additional phase shift A0(f) = ^-h+(t) .
It is interesting to notice [GR 8] that in the TT gauge we would have found
Ai=0, because of a cancellation between the Riemann tensor term and a term
coming from the covariant derivative which in TT cannot be approximated as done
for the laboratory frame. In this so called "riding the wave" TT gauge, the mirrors are
seen to stay still, while now it is the motion of photons which is affected by the
g.w.'s. Of course one calculates the same phase shift A<j). The discussion should
dissipate the suspicion that g.w.'s alter sticks, clocks and photons to effectively null
their own effects.
If the two mirrors are bound together with a spring giving a simple harmonic
oscillator with frequency a)0 /2K and resonance width co0 /Q, we simply add to the
right of Eq (24) the elastic and dissipative forces, as

dt2
Eq(26) shows that the g.w. acts by forcing the harmonic oscillator.
We have just seen the principle of operation of two relevant kinds of detectors,
currently under active development: i) laser interferometry with quasi free mirrors at
large separations and ii) large mass, high Q cryogenically cooled mechanical
resonators. In the e.m. language they both work as detectors of the "electrical"
components of the g.w. field.
For completeness it must be noticed that in principle one can make detectors
which sense the "magnetic" components. These would be a pair of gyros in free fall.
From a geodesic deviation equation for spinning bodies, analogous to Eq (22), it has
been calculated that their axis of rotation could be checked, using polarized light, to
wiggle by AS one in respect to the other. One has AS/S=h+, where S is the
angular momentum of each gyro. The "magnetic" effects, when sensed by "magnetic"
antennae, are of the same order of magnitude of the "electric" effects, as sensed by
"electric" antennae.
Multiplying both sides of Eq(24) by the mass M of the mirror, we see that the
g.w. is exerting the force
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=

ML

+

Eq(27) shows that Fgw is tidal, in that it is proportional to the separation I, and shows
how Fgw is connected to the "ripples" in space-time represented by h . At one time
the force Fgw squeezes in the y direction and pulls in the z direction; a semiperiod
afterwards Fgw does the opposite, Fig. 1. The Fgw induced by the other polarization
component hx would be the same, only tilted by 45° in the y-z plane.
2.4

Observation of g.w.'s in emission
The binary system PSR1913+16 has been studied [GR 6] for more than 20 years
(PSR means pulsar, the numbers give the direction in the sky: 19 13' right ascension,
+16° declination). One of the two is a pulsar, a neutron star in rotation, which gives
pulses at v = V7Hz with an intrinsic 4 ^ = 2.5xlO~15Hz/s and is an extremely stable
mechanical clock. The pulses show large Doppler modulations, ascribed in a
standard way to the orbiting around an unseen companion with period P = 7/l45'/ at
a distance d = lAxl06hn with a typical velocity v = 10~3c. The system is an ideal
"laboratory" for testing GR, as comparatively large GR effects can be revealed on the
orbital motion and on the propagation of light. For instance the precession of the
perihelion, which for Mercury is the famous 43" per century, here amounts to 4.2°
per year! A stringent agreement is found with GR, used to order up to (v /c) if o n e
assumes both stars to be neutron stars of mass 1.4 Mo, where Mo is the mass of the
Sun (this is extremely plausible as such a mass has been invariably found for all the
other known neutron stars). A crucial ingredient in the successful fit of the
observations is the decrement in orbit period AP due the spiralization of one star
unto the other as the system looses energy through g.w.'s. The decrement AP
cumulated to about 12 s in some 15 years. Quadrupole g.w. emission is tested,
through the time dependence of AP/ to a few parts in a thousand, a very stringent
test. This is the only available experimental observation concerning g.w.'s and has
been among the motivation for awarding the Nobel prize to R.A. Hulse and J.H.
Taylor.
3.

SOURCES LUMINOSITY AND DETECTORS SENSITIVITY

In Eq. (21) the luminosity scales with ^ - = 2 x 1053W = 106 Moc2 /sr sometimes
called the "luminosity of the universe" as it is of the order of the total power emitted
as light by all the galaxies: the effects on detectors are expected very small.
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3.1 Source luminosities
If the source has mass M, linear dimensions R and its internal motion develops
on characteristic times t, so that we have a characteristic internal velocity v = R/t r
we use Eq (21) and dimensional arguments to get

where Rs = 2GM/c2 is the so called Schwarzschild radius of the mass distributions
M. The large factor c5 /G is now upstairs, but let's see what price we paid. The factor
i n v / c says that we need internal velocities close to that of light. The factor in Rs/R
is even more demanding. Roughly speaking Rs represents the linear dimension at
which matter must collapse to become a black-hole, a system so dense that not even
light can leave it, because the escape velocity is larger than c. For instance for the Sun
Rso = 3 km, for the Earth Rse = lcm. A 1.4 UQ neutron star has R=10 km, so that
even for such a compact system Rs /R = 0.4.
For g.w.'s of frequency vgw and thus wavelength Xgw=c/vgW/ using that
Lgw = 4ud2I and using Eqs. (19), (25) and (28), a dimensional evaluation gives for the
strain -y- on a detector at distance d

I -

R\c

Let us make two distinct cases: "laboratory" and "astrophysical" sources.
A "lab" source would be an elastically bound system in violent vibration; it
would have v ~ v with v5 the velocity of sound, emit at a frequency v = vs / Rf so
that Agvv = cR/vs and we get from Eq (29)

[TLS-fit)
for Vy = 10~5c / M = 103^g at d = 10m we have Rs = 10~~2Am and we get
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(30)

Table la
Non continuous sources [GR5, Al]: metric perturbations h + on an optimally oriented detector from
non continuos sources at =10 Mpc (VIRGO cluster, 2500 galaxies); g.w.'s from rotating and orbiting
systems are variously polarized in relation to the source angular momentum axis and the direction of
propagation

Source
TYPE E SUPERNOVA
axisimmetric hydrodynamic
rotating collapse
collapse of rotating
neutron star to black hole
self oscillations of remnant
black hole

Time evolution of the
signal

h+

event rate
(year)"1

~10ms
pulse
and
damped oscillations
~lms pulse as an
overdamped oscillation
at central freq. few kHz

10-23

10+100

10-21

10

thermomechanical instabilities
in remnant neutron star

10-21

COALESCING BINARIES
orbit spiralization of neutron "chirping" train of
oscillations, slowly
stars
increasing in freq. and
ampl. from 20 Hz to 500
Hz in 100 s
3ms train of ~10 damped
oscillations
STAR INF ALL IN CENTRAL impulsive
freq. range < 1 Hz
GALACTIC BLACK HOLE
final merging

10-21

few

5xl0- 21

few

2x10-21

m

Table 1b
Other sources [GR5,A1]

Binary stars in the Galaxy at -10 Kpc give periodic g.w.'s at 10"5-H10~3 H Z with
amplitudes Jz+=10-2M0-2i;
A stochastic background of cosmological origin would give /zrms=10-2l-4-10'23 in the
frequency range lO^lO" 2 Hz, if of energy density EgW=2x 10' 8 in units of the
closure energy density of the universe.
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As an "astro" source, we consider a binary system of neutron stars; they will
orbit at distance R with Keplerian velocity v = -J^rf- and we get

\
astro

The final coalescence of one such a system in the Andromeda galaxy at
d = 2 x 1019fo?z with R = 4km, R = 10km would give

I
1

'astro
I nrtrn

(33)
'

The two estimates are widely different, with the lab one so much smaller. But is
even the "large" astro prediction detectable at all? After all, for a lab size detector, the
A/ is smaller than a proton diameter.
3.2 The standard quantum limit in detectors sensitivity
Let us consider one of the detectors currently in operation, the sensitive core of
which is a M = 2300/cg, Q = 2 x 10 , / = 3m Aluminium bar resonating in the
fundamental mode at co0 /2K = 1KHz. At such high Q, the bar when hit keeps ringing
for Q/coQ = 1.6 x 10 3 J. The modes are so well separated that the energy absorbed in
one mode stays there for long times. The bar behaves like a "coherent" matter system:
the energy states are those of a simple harmonic oscillator and are accordingly
quantized in units CO . The best we may expect to do is to detect the g.w. energy
absorbed, as it stimulates a transition between two such quantum states, the so
called Standard Quantum Limit for the detection of pulses. The change in oscillation
amplitude A/ will be of course MCD^AI2 =ftCoQ and thus

with the parameters given. Notice that, at the SQL, one is seeing the end faces of the
bar wiggle by A/ = 3 x 10~21 m- this is much less then the proton diameter, but it is not
a contradiction, as this is the collective motion of a large number of particles.
For a laser interferometer under construction the SQL, as given by the
vibrational modes of the masses M of the mirrors using Eq. (34), is about
[4^1

v » 'SQL

= 10~23, but we like to consider it by looking at the quantum limitations on
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the laser light. First we have a phase noise according to the uncertainty relation
A(pAN = 1, where AN is the uncertainty in the number of photons. As in a coherent
state one has AN = -JN, the "shot" noise of photon, we see that the phase noise
translates in the strain noise
•M\mt.

=

_/L/

where Xv a>l P; are respectively the wavelength, frequency and power of laser
light, 77 the quantum efficiency of the final light detector and Ar the measuring time.
Second we have, because of AN a fluctuating radiation force on the mirrors, as
the photons of course carry momentum. If one takes both into account, optimizing
for the laser power, and considers that the mirrors are actually suspended as
pendula with proper frequency (OQ much smaller than the range of frequencies of
interest, one finds [GR 8]

which, apart for the factor 77" is of course similar to Eq (24). However it appears at
present that the optimal laser power needed would be out of reach and so the limit
taken in consideration is that given by Eq (35).
We see from Eq. (25), and Eqs (31-36) and table la that the lab sources are
excluded, but astrophysical sources are in reach, if intrinsic "quantum limits" in large
systems of matter or light can be approached.
3.3 Conditions to approach the SQL
Let us see, following the specific example of bar detectors impulsively excited,
what are the general conditions to approach the SQL. In a bar at temperature T, the
end faces will fluctuate by Al^s given by Mco^Al^ = kgT\ which, even at liquid
helium T's is much larger than AISQL. However the high Q resonator will respond to
a pulse of duration At «Q/coQ with an immediate change in oscillation amplitude
while, over the time At t the amplitude change Al , expected form thermal noise, is
given by Al2 = —~Fr~A]lrms) so, at this short times, the energy signal to noise ratio in
enhanced by the factor Q/coQAtp [GR 5]- If we ask Al^ < AI$QI, to be in the SQL
regime, we then see from the above that it must be
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-f-^P^

(37)

the "thermal" action during Atp must be smaller than the quantum action. Notice that
in Eq (37) the mass of the detector is absent. The meaning of Eq (37) is that, for
sufficiently high Q/T and short Atp/ one is able to detect an impulsive increase HCOQ
in the energy in the bar, on top of the much larger average thermal energy content
k*T.
The bar technology to fulfil Eq. (37) has already been demonstrated because
predictions give Atp - mst and massive bars have been successfully cooled [A2] to
less than r = lOOmK showing Q values Q = 2x 107.
We need now an electromechanical transducer to transform the mechanical
signal, a "phonon", in a electromagnetic signal, a "photon", which will be read by an
amplifier and enter finally the data acquisition and analysis system. To complete the
detection in SQL conditions, we would need to have the amplifier also be at its
quantum limit in the sense that it should introduce the least amount of allowed
energy noise [GR 4,5], which is in fact ~ hcof where co is the frequency at which the
amplifier operates. Current technology does not give yet quantum limited amplifiers
for co ~ Q)Q = kHz (cryogenically cooled HEMFET amplifiers show a noise of some
106/z£)0). SO one tries to shift the frequency of the photon in which the phonon had
been transduced from coQ to a higher frequency co where single photon counting
technologies are available. This procedure does not introduce in principle additional
noise, since shifting the frequency does not change the photon number. In terms of
energy measured in numbers of "gravitons" of energy hooo with 0)0 ^K = lHz,ihe
process of emission in the Andromeda galaxy of a g.w. pulse of amplitude
hSQL = 10"21 at the detector would be described as follows:
1068 gravitons-*

1022 gravitons /m 2 -» 1 phonon-* 1 photon-* 1 photon

from Andromeda

on the detector

at 1 kHz in atlkHzinthe at > GHz in
the detector

transducer

the amplifier

The cryogenic resonant bars, which are currently the only detectors in continuous
operation, make use either of amplifiers based on superconducting electronics, so
called Superconducting Quantum Interference Devices, SQUID's, or of parametric
amplifiers. Both operate at microwave frequency; so this is the frequency range of
the final photon for detection. The best sensitivities currently achieved correspond to
10^ quanta. The development of optomechanical transducer would easy the final
amplifier problem, as single photon counting devices at optical frequencies are
available.
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3.4

Concept of interferometric detectors
The laser light of wavelength A/ is split to enter the two arms of length I each
of a "delay line" interferometer, bounces N times between the mirrors and is
recombined in "dark fringe" conditions at the photodiode. Under the action of the
g.w. the x, y arms change length by Ax, Ay to give a total phase shift
A<p = ——{Ax-Ay). The tidal g.w. force moves the orthogonal arms in opposition;
for instance for a h+ g.w. propagating along the z axis, Ax = -Ay = h+l /2. In general
one has to take account of: i) generic orientation of the g.w. direction of propagation
and polarization; ii) the elastic forces, with resonance coo and damping time constant
Q/coo, which hold the mirrors in position and attenuate environmental disturbances;
iii) the fact that h+(t) may change over the time the photons bounce back and forth. A
simple analysis gives the response to a monochromatic g.w. h+el0)swt
(cogwNl)
\—
co gw-(o0-

icogw —

with
F(0,£,cp) = - | ( 1 + cos2 d\cos2t, cos2cp - cos6sen2%sen2(p\.

(39)

For highest sensitivity one maintains the "light storage time" smaller than the g.w.
Q

period, ojgW « — ; on the other hand the vibration isolation from the environment
increases as C0gW »a>o; so the interferometer operates in the frequency range
COQ < cogw < — with phase shift sensitivity given by Eq. (38) which reduces to
(40)

In alternative the mirrors can be arranged in each arm to make up for a FabryPerot cavity of finesse f; one gets the same results with the substitution iV -» 2 / / n.
For the interferometers under construction the limiting noise sources are: i) the
local seismic noise on the suspensions, which prevents operation below ~ 10^-100 Hz;
ii) the thermal vibrational noise in the mirror masses and in the pendula wires in the
range 50-^-500 Hz; iii) the photon shot noise in the laser light, above 500 Hz. Other
noise sources, as for instance the fluctuations in refractive index due to the residual
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gas along the light path and the laser instabilities in power, frequency and phase, are
made unimportant with technologies under advanced development.
The French CNRS - Italian INFN collaboration VIRGO is setting up a 1=3 km,
two arms at right angles, Fabry-Perot interferometer at Cascina, near Pisa, Italy
[GR 8]. The 20 kg mirrors are 35 cm wide and will have f=50. The monomode, single
frequency Nd:YAG laser power P/=20 W will be increased in the cavities to ~ 103 W
by making it reenter the cavities, so called "recycling". Sensitivities are expressed as
noise equivalent spectral metric perturbation hj^v), such that the r.m.s. minimum
detectable metric perturbation hmin in the bandwidth Av is hmin = hn(v)Av"2. The
sensitivity expected for VIRGO in the range 50-500 Hz is J^ = 3xlO~23 Hz~1/2. For an
impulsive signal, spread on a signal bandwidth ^v=100 Hz one would have a
sensitivity /zmfn=3xl0'22.The sensitivity degrades proportionally to the frequency
above about 500 Hz.

Photodiode

Suspended
mirror

Suspended
mirror

laser

Suspended
mirror

Fig. 2 Schematic of a "delay line" laser interferometer detector. The plane linearly polarized g.w.
propagates in the direction at angles 0 and <)>; its polarization is at angle ^ in the orthogonal
plane

It is relevant to notice that the environmental, thermal and photon shot noises,
all act as displacement noises on A/, so it is always an advantage to increase the arms
length 1 to get a smaller noise on Al/l. The mirror and suspensions thermal noise is
currently foreseen as the actual limiting factor in an approach to the SQL, before one
has to. worry about the optimal laser power problem.
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Table 2
Interferometric detectors
All are expected to be limited by seismic noise below ~100Hz, except VIRGO, for which the use of
superattenuators will push the limit down to 10 Hz; h m i n gives the expected sensitivity to short
pulses.

Name

Collaboration

[ref.]
Japan
TENKO100
U.S.A.
LIGO
[A6]
CNRS (FR)
VIRGO
[A7] INFN(I)
Germany
GEO
[A8] England
3.5

Site

Anns
length
(Km)

hmin

TYPE

ISAS
Washington St.
Louisiana St.
Cascina
(I-Pisa)
Hannover

0.1

10-19

delay line
Fabry Perot

4

3X10-22

3

3x10-22

Fabry Perot

0.6

10-21

Fabry Perot

Concept of a cryogenic resonant bar detector

In a cylindrical bar detector of diameter d smaller than the length 1, the g.w's
enforce oscillations in the longitudinal odd harmonics at frequencies v,, = nvs 111,
with n = an odd integer and v s the velocity of sound in the material. The cross section
of the detector decreases as n"2, with the order n of the harmonics. The fundamental
mode is governed by the same Eq(26) for point like masses provided one makes the
substitution l-^U/rp- and uses Q)Q = 7tvsll. A short g.w. pulse of duration
Atp ~l/coQ and amplitude h+ on a bar initially at rest, gives

/

senco0t

(41)

where F(9, q>)=sen2Qcos2<p is an antenna pattern factor Fig. 3. Thus the response in
amplitude is similar to that of free masses, but the bar continues to vibrate for a
number of periods of the order of the dissipation factor Q. The bar of mass M is
coupled to an electromechanical transducer, made of one (or more) mechanical (and
electrical) oscillators tuned to coo, which transforms in an electrical signal the
mechanical oscillations. The INFN detectors of Table 3 all have the transducer mass
m make for one arm of a capacitor biased at the electric field £&.. For high Q coupled
oscillators, energy is conserved in transferring from one to the other. Thus the
transducer voltage change AV when the bar end face moves by A\ is AV = EbJ—Al.
This voltage is fed to the final amplifier and then to data acquisition and processing.
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Vibration insulation
and
low temperature

To data
acquisition

BAR

Electromechanical
transducer

Fig. 3 Schematic of a resonant bar detector. The g.w. propagates at the angle $ in respect to the bar
axis and is linearly polarized at the angle <>
|.

The noise sources which limit the sensitivity are: i) the vibrational thermal
noise in the bar and in the transducer, which in energy contribute one ksT each,
where T is the temperature at which the detector is cooled; ii) the final amplifier
energy noise keTn. One takes care of other sources, as environmental vibrational and
electromagnetic noise, cosmic rays etc., by the use of technologies still under active
development.
With optimal filtering, the pulse energy sensitivity is usually expressed [GR5,
A9] as an effective noise temperature of the system as:

(42)

where Av is the postdetection bandwidth, £, the ratio of the noise resistance of the
amplifier to the output impedance of the transducer and p the ratio of electrical to
mechanical energy in the transducer.
The first term, "narrow band" noise, is the thermal noise in the mechanical
oscillator, which is smaller for larger Av as discussed for the SQL. The amplifier
contributes the "wide band" noise both directly and also by a "back-action" effect on
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the mechanical resonators giving the two other terms. In the interplay between
"narrow band" and "wide band" contributions, there is an optimal post detection
bandwidth, Avopt = *yo(2tffiVr) , where T is the ratio between the spectral power
of wideband versus narrowband noise; one wants T « l and then it is seen that the
actual detector bandwidth can be made much larger then the mechanical resonance
width. The meaning of Teff is that the changes AE in oscillation energy over the
averaging time (Av)"1 due to noise follow a Boltzmann distribution
n(AE) = n0 exp(AE/kBTeff); notice that it can be T e ff«T.
It is useful to relate the energy AEs absorbed by the detector to the g.w.'s
spectral energy flux f(co) via a cross-section o*(co) as AES = j f(co)a(a>)dco. The spectral
flux f(co) is related to the g.w. intensity of Eq(19) by \+°°I(t)dt = — [°° f(co)dco. As
the resonance is narrow we have
AES=f(coo)2

(43)

with Z = | a(co)dco. In considering long bars of various d/1 one finds [A10] that
^ral3Y
c

(44)

where Y is the elastic Young modulus of the material and a = (n/A) (d/l) . When
AEs=keTej^we have a detection of g-w.'s energy at unity signal to noise ratio.
It is transparent the advantage on one side of using very low temperatures
high Q materials, low noise amplifiers and tight energy coupling of the transducer
chain (ultimately at the SQL one would have kBTeff</j©o) and on the other side of
using bars of larger 1, d/l and Young modulus.
3.6

Low frequency detectors
For g.w.'s detection at frequencies below some lOHz, terrestrial seismic
disturbances impose to look for detectors in space. The principle of operation is that
of the measurement of the relative motion of two masses by means of
electromagnetic tracking signals between the two. The masses can be celestial bodies
or man made satellites orbiting in the solar system.
A notable exception is one of the first g.w. experiments ever performed, in
which it was attempted to see g.w.'s excite the Moon normal modes of vibration, by
means of a gravimeter landed by the Apollo 17 lunar mission, but the Moon is also
too noisy and thus these attempts have been abandoned.
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Table 3
Cryogenic bar detectors in operation or in advanced construction

Name
[refj
EXPLORER
[A4]
NAUTILUS
[A2]
AURIGA

Collaboration

Location

T
(k)

Teff
(mk)

INFN
Rome I, Rome II,
Frascati, L'Aquila
idem

CERN

2.0

5

Frascati

0.1

Status
7xlO"19

in operation
tested at
T=1.5 K

INFN
Padova, Legnaro,
Trento, Ferrara
U.S.A.

Legnaro

0.1

tested at
T=300K

[A10]
5
ALLEGRO
Baton 4.2
in operation
7xl0' 19
[A3]
Rouge
-10-18
-6
-10
UWA
under test and
Western Australia
Perth
[A5]
calibration
under
U.S.A.
Stanford 0.1
construction
[All]
UWA is made of Niobium, M=1.5 tons and has vo=7OO Hz, Q=2xlO8; all others are
made of Al 5056 and have M=2.3 tons (except Stanford M=5 tons) 1=3 m, Q=2xl07,
vo=9OO Hz.
The current experimental efforts are summarized as follows. When the two
test masses are at distances much larger than the g.w. wavelength, one looks at the
Doppler shift Av/v in the frequency of the tracking light which is directly
proportional to the g.w. amplitude of metric perturbation h(t) [GR5]. This method is
used to: i) give limits to the stochastic background, by looking at the motion of
pulsars relative to earth; here the Av/v is measured as a deviation from the
accurately predictable frequencies of the pulsar pulse emission; for VgwslO"8 Hz, it is
currently obtained E gw <10" 6 of the closure energy density of the universe; the
sensitivity deteriorates for higher frequencies; ii) attempt g.w.'s detection and limit
the stochastic background in the frequency region 10"4^10-2 Hz, by tracking the
motion relative to earth of spacecraft's as Viking, Pioneer 10 and others.
The mission Ulysses has been giving sensitivities of the order h=10' 14 [A12],
which correspond to a sensitivity in the displacement of the spacecraft of Al - 1 cm at
its distance l~8xlO13 cm; future missions as Galileo and Cassini should improve the
sensitivity by at least one order of magnitude. Still they cannot give interesting
limits on the stochastic background as at best one may have E gw <0.1, in units of the
closure energy density.
The Laser Interferometer Space Antenna project LISA [A13] is intended to
develop a Michelson interferometer of 5xlO6 Km arms length, to be launched
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possibly by the year 2015 by an ARIANE 5 rocket in heliocentric orbit. LISA works
on the same principle as the earth based interferometers and should give a spectral
sensitivity ^ = 10~ 21 Hz~1/2 in the frequency range lO-'MO"1 Hz. In particular LISA
should be able to look for cosmic background g.w. radiation with an energy density
sensitivity of ~10"8 of the closure density in the range 10"3^-10"2 Hz.
4.

PERSPECTIVES

As we see from Table 3, only recently we have been having a few detectors to
operate, for extended periods of time, years, with sensitivities good enough at least
for galactic supernova events. The field is in vigorous development, with other
detectors under construction, and one may ask what are the expectations. There are
two aspects: i) the directions to improve the sensitivity; ii) the strategies to maximize
the chances of a detection and positive identification of g.w. signals.
4.1

Sensitivities
Taking as reference the end of the century, the sensitivities expected for the
interferometers are those given by their approved final designs Fig. 4.
For cryogenic resonator detectors, a first generation has been already
demonstrated with EXPLORER, ALLEGRO and UWA.
The directions for improvement can be seen by considering the energy AES
absorbed by the detector in an impulsive event as in Eq(43).
Typical bar values are Z=10~21 m2 Hz. In considering mechanical resonators in
form not only of slim bars but also of stumpy cylinders or of spheres, it is easily seen
[A10] that X can be given, within a 10% approximation, by the same expressions
Eq(44) when a= rc/6 is used for a sphere.
So, recalling the discussion on the SQL, there is an additional route for
improvement: increase the cross section. A linear dimension 1=3 m appears to be a
practical limit already. For present bars a=7u/100, so a sphere would give a factor -20
improvement. The use of Molybdenum for bars or spheres could be explored as the
Q of small samples gave Q=107 at low T's; in this case another factor of about 5
would be gained on the Young modulus in respect to the Al 5056 material. So one
may get a factor 102, by fabricating a Mo sphere of 3 m diameter, weighting a few
hundred tons.
Whichever the resonator , bar or sphere or else, the SQL is achieved for
AES = HO)Q . So in parallel one has a factor 104 improvement on the transducer +
amplifier chain to approach the SQL, in respect to the performances of current
detectors.
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All in all a factor 106 better sensitivity in energy could be pursued for
cryogenic resonators, which translates in a factor 103 in the minimum detectable
metric perturbation h m i n . Fig. 4 gives the sensitivities h m j n for short, Atp=((OgWj-1,
impulsive signals for interferometers and cryogenic resonators. A last relevant point
is that the situation presented above for mechanical resonator is somewhat idealized,
because only white "brownian" thermal noise has been considered. Bar detectors
invariably show an additional "excess" noise in form of rare, few per day, high
energy events. These events distribute also Boltzmann like, but the characteristic
energy kBTex is such that Tex=l-*-10 K, to be contrasted with Teffsl0 mK for the white
thermal noise.
4.2

Detection Strategies
Quasi-continuous signal as the "chirps" from coalescing binaries and
continuos signals have such marking signatures, that in principle they allow
detection by a single detector, an interferometer in this case. Actually the LIGO pair
of interferometers are oriented to maximize sky coverage. As optimal filtering
techniques will be used to recover signals buried in the noise, it is crucial to predict
with the greatest accuracy the shape of the signal, leaving as unknown to be searched
for only it's amplitude and phase. To this effect much efforts are dedicated to
calculate, using GR at higher orders of approximation, the g.w. emission of compact
binary systems.
This is not so for impulsive signals, as they are expected to be rare and not
much bigger than background. For a bar detector, even an optimal reconstruction
with the new fast data acquisition [A14] would have difficulties in identifying
revealing time structures in candidate signals, which would allow to sort signals
confidently out of noise. In this respect a single detector is useless.
Operating cryogenic detectors show a postdetection bandwith ~1 Hz, so that
even on intercontinental basis time delays due c-velocity travel time are not
presently resolved. The current strategy thus is to have the bar detectors in
coincidence within the available post detection bandwith. To maximize coincidence
probabilities, the bar detector axes are oriented as close as possible parallel to a single
direction in space, otherwise, due to antenna pattern effects, the same signal would
excite differently the bars. Such coincidence protocols can be extended to
interferometers, so that the ultracryogenic bars and the interferometers under
construction, as they may have similar sensitivities for pulses in the KHz region, may
constitute in the near future a global observatory to search for supernova events. An
improvement could be, for such a network, to look for time delays between signals,
due to c-velocity travel time. It has been recently proposed how to resolve rare
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pulses with submillisecond resolution with resonant detectors and the method has
been in part demonstrated in room temperature tests [A10,14].
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Fig. 4 Minimum detectable pulse amplitude hmin at unity signal to noise ratio versus the pulse
central frequency, as expected for the interferometers under construction and for the
ultracriogenic detectors. The sensitivity of a Molybdenum bar with d/1 = 0.3 working at the
SQL is also shown.

The supernova watch would be helped by parallel observations of optical and
other e.m. signals. Strictly speaking this will not be a coincidence as the e.m. signals
develop over time scales of a few hours after the event, while g.w.'s come out within
fractions of a second. Neutrino signals would be on a much closer time scale, but, if
the supernova event does not take place in the Galaxy, it looks that even the next
generation of the neutrino detectors would be unable to make the detection. Another
point is that the antenna pattern effects make the detectors blind for part of the day
to some g.w.'s directions and polarization, while the detector rotates with the earth.
By contrast the 15 heaviest galaxies, which are within 5 Mpc and would give a
few per year rate of detectable signals, are distributed in sort of double cone of 60°
aperture just along the direction of the VIRGO cluster [A10], giving a strong
anisotropy to the distribution of possible supernova sources in the sky.
So some attention has been dedicated recently: i) to sort of omnidirectional
detector or array of detectors; ii) to extract from the combined responses of a
(minimal)number of detectors in a network the (maximal) information on the
incoming signal so to confidently tag it as a g.w. signal.
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The combined response of interferometers has been analyzed to see the
minimal number of them able to reconstruct amplitude, direction of propagation and
polarization of the g.w. signal; the analysis uses the distinctive properties of g.w.
signals to easy the solution of such an "inverse" problem.
For resonant detectors, the idea of a spherical detector has been recently
revived [A15,16]. The sphere has 5 degenerate low lying quadrupolar modes, which
for a sphere of 3 m diameter would be still = 1 KHz. Of course suitable combinations
of the responses of the modes give omnidirectional sensitivity. An additional
interesting feature is that the lowest monopole mode is at a close frequency, so that it
could be used as a veto for non-GR excitations. The arrival time procedure of ref.
[A10,14] could be applied to a network of two spheres in two laboratories even as
close as few hundred kilometers. The network of "2 spheres" would constitute a
rather complete observatory giving amplitude, polarization, direction and velocity of
propagation of the signal and one veto against spuria [A10].
A network of "6 bars" has been recently proposed [A10]. This is comparable in
overall performance, as for onmidirectionality and total cross section and is
somewhat more complete, as in principle it would allow vetoes both against nontraceless and against non-transverse signals. When the responses are recombined,
the linear sum and a cubic combination are always zero and reflect respectively the
tracelessness and the transversality of the Rienmann tensor carried by the wave; the
quadratic sum gives the square of the pulse amplitude. These combinations
correspond to invariants order rotations and thus are independent of the source
direction and polarization. At least as an exercise, such a network continues to be
studied, looking for suitable local or intercontinental arrangements, and, in
conjunction with a complete numerical simulation of a bar detector it will be used to
set up Monte Carlo's to evaluate detector confidence levels of g.w. signals of given
characteristics in amplitude, direction and polarization.
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THE AFTERMATH OF STELLAR DEATH: AN OUTLINE
Franco Pacini, Arcetri Astrophysical Observatory, Florence (Italy) and
Department of Astronomy and Space Sciences, University of Florence

In this Lecture I shall outline the main observations and the present understanding
of the phenomena taking place around stars which have terminated their normal life.
These phenomena were almost completely unknown until the late '60's but have now
become central in astronomy. In many cases they were discovered after the introduction
of new observational techniques which made it possible to detect radiations different from
optical light (radio waves, X-rays, gamma rays etc.). It is important to stress that many
initial discoveries came with the use of new channels of information but, subsequently, a
great wealth of information was gained through optical telescopes.
Roughly speaking, the classical view was that stars and galaxies evolve very
slowly, with time-scales much longer than the typical age of man. The matter composing
stars is, in general, in mechanical and thermodynamic equilibrium. Gravity and internal
pressure are balanced. Typical temperatures have a broad range of values but, in most
cases, correspond to a relatively small energy per particle (for the interior of a star like the
Sun about one KeV). The occasional discovery of stars exploding with a large energy
release (Supernovae) was not sufficient to shatter the view of a calm, slowly evolving
Universe.
More important, at least in retrospect, was the discovery of cosmic rays. In the
early '30's it was realized that these particles (nuclei and electrons moving close to the
speed of light) are of cosmic origin. They were the first strong indication of the existence
in the Universe of matter very far from equilibrium. Since then the connection between
cosmic rays and astrophysics has become deeper and deeper and we presently know that,
at least in part, it is related to the phenomena taking place at the end of stellar evolution.
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FINAL STAGES OF STELLAR EVOLUTION
The present understanding, based upon observational evidence and theory, is that
the evolution of stars, when there is no longer any significant production of nuclear
energy, can lead to three alternative types of "corpses". The first type are the "white
dwarfs", configurations where the mechanical equilibrium is guaranteed by the internal
pressure of a degenerate electron gas. In this case equilibrium is possible only if the
mass of the configuration is < 1.5 solar masses. The typical radius of a white dwarf is
109 cm, corresponding to an average density around 106 gr cnr 3 . From an observational
point of view, white dwarfs were discovered already in the last century and they are the
result of a relatively gentle evolution of stars like our Sun.
If the mass is larger than the limiting value for white dwarfs the gas pressure
cannot substain anymore the pull of gravity. In a fraction of a second, the core collapses
to densities so high that the matter becomes composed mostly of neutrons through
inverse B-decay. Neutron stars, originally studied theoretically by Landau, Oppenheimer
and Volkoff, would have nuclear densities, a radius around 10 Km and a mass in the
range 1-3 solar masses. The gravitational energy released by the collapse of the central
core - about 10 53 ergs - hits the outer layers and causes their violent explosion as a
Supernovae, an hypothesis first suggested by Baade and Zwicky in the '30's. We shall
see later that the early theoretical speculations about their existence were confirmed by the
discovery of pulsars in 1968 and their identification with rapidly rotating, strongly
magnetized neutron stars. Since neutron stars cannot have a mass larger than about 3
solar masses, more massive objects cannot be sustained by the pressure of the degenerate
neutron gas and give rise to a third class of configurations, the so-called black holes.
Also black holes are thought to originate with the explosion of Supernovae.
After this brief outline of the possibilities, it is of interest to evaluate the number
of different types of corpses existing in a galaxy like our own. This is a somewhat
difficult task since mass loss during stellar evolution introduces uncertainties in the
correspondence between the mass of a star in the early phases and the mass of the final
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collapsed core. Additional uncertainties in stellar evolution are connected with the
influence of rotation, magnetic field and exchanges of matter in those stars which are
surrounded by a companion. Still, the combination of observational knowledge and
theoretical understanding is now sufficiently advanced and it allows reasonable estimates.
It is known that the total number of stars in the galaxy is around 2X1011.
Observations indicate that the number of white dwarfs is of order 1010. In the case of
neutron stars, the total number should be of order 109. Indeed Supemovae explosions
occur - in galaxies like our own - roughly once every 30 years. If we extrapolate back in
time, in our Galaxy there should have been about 5xl0 8 Supernovae. A somewhat
higher frequency of events during the early galactic evolution is indicated by the chemical
composition of the galactic matter (abundance of heavy elements) and therefore the
number of past explosions and of the corresponding neutron stars in our Galaxy should
be close to 109. This is consistent with the statistics of pulsars which are (or have been)
active in the Galaxy.
In order to estimate the number of black holes we recall that it is generally
believed that stars with mass in the range 8 < M < 40-60 solar masses collapse into a
neutron star. More massive stars (up to their maximum limit - 130 solar masses) become
black holes. By using the empirical Salpeter's mass function a ¥ (M) a M"2-5, one finds
that the ratio between the number of neutron stars and the number of black holes should
be in the range 10-50. The corresponding estimate for the number of black holes in the
Galaxy is in the range 2xlO7 -10 8 objects.

COSMIC RAYS IN THE GALAXY
Cosmic rays reach the Earth isotropically. Since they are electrically charged, the
galactic magnetic field (10"5 -10"6 gauss) causes continuous deviations of their motion
and makes it impossible to identify the sources where they are produced. The nuclear
composition reflects that of cosmic matter in general, with the notable exception of a
higher abundance of Li, Be, B and of the heavy elements (iron and above). The
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overabundance of some light elements is due to spallation reactions in the interstellar
medium. Quantitatively, one can deduce that cosmic rays, during their journey, travel
through about 3 gr cm"2 of interstellar matter with a corresponding lifetime around 3x10**
years.
Cosmic rays cover a broad range of energies, from 108 eV up to more than 1020
eV. Their intensity distribution obeys a power law I (> E) = K E"X The value of y is 2.6
up to about 10 15 eV, then becomes 3.1 up to 1018 eV and finally returns to 2.6 at still
higher energies. The total energy density (about 1 eV cm;3) is very close to the one
existing in interstellar space in other forms (starlight, magnetic fields, gas turbulence...).
Only 1% of this energy corresponds to the electronic component.
The total energy of cosmic rays in the Galaxy amounts to about 105^ ergs. A
lifetime 3xlO8 years and the assumption of a stationary state imply the existence of
sources capable of providing approximately 10 40 ergs s"1 in the form of relativistic
particles, roughly one thousand of the energy released in the Galaxy as electromagnetic
radiation.
The fact that most of the stellar matter has a typical energy of order ~ KeV makes
it impossible on thermodynamic grounds to think of ordinary stars as the main sources of
cosmic rays. A good fraction of the hypothesis made about their origin has therefore
involved peculiar astrophysical phenomena, in particular Supernovae.
In the 50's, the first evidence for a connection between cosmic rays and
astrophysical objects came from the study of the Crab Nebula, the remnant of a star
which exploded as Supernova in 1054. This nebula consists of a filamentary distribution
of mass which radiates thermally and expands with a velocity around 1000 Km s"1. The
present physical size of the gaseous envelope expelled from the original star is about 3
light year, its mass a few solar masses.
Apart from the thermal emission from the filaments, the Crab Nebula emits also a
strong, polarized continuum which has been detected over a broad range of wavelengths,
from radiowaves up to gamma rays. This is due to synchrotron radiation from relativistic
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electrons with energy in the range 108 up to (at least) 10 13 -10 14 eV, moving in an
ordered magnetic field around 3xlO~3 gauss.
The energy density of these electrons and magnetic fields is about 106 times larger
than the one present in the general interstellar medium, thus showing that the Crab
Nebula is a region of space where cosmic rays are much more intense than elsewhere in
the Galaxy. Similar phenomena have been observed in other remnants of Supernovae.
If one computes the lifetime of the relativistic electrons against radiation losses
one finds a value which is much less than the age of the remnant itself. There can be no
doubt that fresh relativistic particles are generated continuously, either by producing new
ones or by re-energizing the old electrons. For instance, the total input into the Crab
should match the energy radiated away, in total about 10 38 ergs s"1, about 100000 times
the solar luminosity. Where does this energy come from? We shall see later how this
mystery was solved with the discovery of pulsars and their identification with rotating
neutron stars.
Although it is clear that Supernovae Remnants produce relativistic particles, the
origin of cosmic rays cannot be understood only by involving them. Indeed, it is now
known that some properties of the Crab Nebula do not fully reflect those of cosmic rays.
For instance the relative energy content in nuclei and electrons inside the Crab is, at most,
of order 1 while the corresponding value in interstellar space is about 100. The addition
of other types of sources is required. In this context we note that relativistic particles are
produced also in the nuclei of some galaxies (active galactic nuclei). The collision of gas
clouds in space, also probably stirred by the explosion of Supernovae, could be another
mechanism produces high energy particles, a suggestion initially made by Enrico Fermi.
The origin of cosmic rays is therefore not yet fully understood and it is probably the
result of a variety of processes.
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RESURRECTIONS
We turn next to the issues of "resurrections" i.e. to the phenomena which have
been discovered around neutron stars or black holes.
The first fundamental discovery, made in 1968 by Hewish, Bell and coworkers
was that of radio pulsars. Observations did then show the existence in the sky of sources
emitting very intense regular radio pulses, with periods of order of 1 second or much
less. At present, more than 600 pulsars have been discovered in our Galaxy. To make a
long story short, it was soon understood that these pulses are a lighthouse effect
associated with the rotation of a celestial body. Only neutron stars can have the extremely
stable rotational periods in the observed range. The (small) observed secular increase of
periods is easily understood as the gradual loss of rotational energy due to the presence of
a strong magnetic field at the stellar surface, giving rise to an electromagnetic torque.
Rotation periods in the range lms up to seconds and magnetic fields around 10 12 gauss
were indeed expected by theorists because of conservation of angular momentum and
magnetic flux in the collapsing stellar core.
Shortly after the discovery of the first pulsars, one of them was found to lie close
to the center of the Crab Nebula. Its period is 33 msec and its slowing down
corresponds to an energy loss of 1038 ergs sec"1, exactly what is required to energize the
surrounding nebula. Pulsars are very efficient accelerators of high energy particles. This
is not surprising from the point of view of general principles: unlike normal "thermal"
stars, pulsars store their energy just in one degree of freedom (rotation) and there is no
thermodynamic problem in transferring this energy into relativistic particles.
Most pulsars have periods in the range 100 ms - Is and magnetic fields of order
1012 gauss. Their ages can be estimated from the ratio between period and period's
derivative and are up to 106 -10 7 years. It is thought that this is the typical value for the
lifetime of pulsars. Some interesting exceptions to the rule were found more than 10
years ago with the discovery of sources with periods in the millisecond range, much
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weaker magnetic fields (108 - 1O9 gauss), ages up to 109 years or so. Unlike the normal
pulsars which are (almost) always isolated, millisecond pulsars are in most cases
associated with binary systems. We now know of the existence of more than twenty
millisecond pulsars and we shall return to their nature and origin later.
Various mechansims have been proposed in order to explain how pulsars work.
If one connects the pole to the equator of a magnetized rotating sphere through a
nonrotating circuit, an electromotive force arises and the circuit is traversed by a current
(Faraday experiment). In a laboratory experiment (say with a sphere of size ~ 10 cm,
field ~ 10* gauss, spinning frequency ~ 10^ s'*) the difference of potential between poles
and equator is just a few volts. In the case of neutron stars (size ~ 106 cm, field ~ 10 12
gauss, spinning frequency ~ 1000 times a second) the difference of potential exceeds
10 16 volts.
Around the neutron star the resulting electric field is about 1010 volts cm*1 and the
electric force on a charge largely exceeds the gravitational pull. The outer parts of the
stellar surface cannot be in equilibrium and the particles are shot out along the magnetic
field lines. In other words, a neutron star cannot be surrounded by a vacuum.
The charges drawn off the surface form around the star a magnetosphere which
can be divided into two regions. The first (corotating magnetosphere) contains the field
lines which close before a critical distance r c = c/Q. In this region the particles slide
along the rigidly rotating field lines. This corotating magnetosphere cannot extend
beyond the critical distance because otherwise the velocity Or would exceed the speed of
light. The lines of force which pass beyond this distance define the so-called open
magnetosphere: in this region there cannot be pure corotation and the plasma escapes
freely under the influence of the electromagnetic field. The potential difference in the
magnetosphere is available for an electrostatic acceleration up to very high energies.
An alternative possibility involves a neutron star rotating about an axis different
from the magnetic axis. This system radiates low frequency waves at the basic rotation
frequency Q . The near-zone is similar to the one discussed for an aligned rotator, with
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the extra complication of time dependency. At r »

c/Q the electromagnetic field

becomes a wave field. The energy loss is given by the flux of the Poynting's vector

where B c is the field strength at r c (it would be easy to see that, in a dipole geometry, this
gives the classical formula for the radiation of a rotating dipole!)
Low frequency electromagnetic waves with f = eB/mcQ » 1 accelerate particles
very efficiently. Since the gyrofrequency eB/mc is much larger than the wave frequency
Q, the particles move in a strong, nearly static, crossed electric and magnetic field. In a
very short time ( « Q"1) they reach relativistic velocities along the direction of
propagation and then they ride the wave at constant phase. In the case of a plane wave, a
particle exposed to it acquires a Lorentz factor y = f2/3.

In the Crab Nebula, at the

beginning of the wave zone, f -10 1 1 and the electrons could acquire an energy ~10 13 eV.
A young pulsar could accelerate particles almost up to the highest energies found in
cosmic rays.
The detailed mechanism for emitting the pulses is still poorly understood and
poses two different problems. On one hand, the very short duty cycle (pulsars are "on"
during a time of order a few percent of the period) implies the existence of a very sharp
lighthouse, associated with the emission from a directional beam of relativistic particles.
The second problem is the very high specific brightness which entails coherence, like in
the case of radio antennas or of masers. The prevailing view is that particles are
distributed in bunches (size L) which move relativistically along curved field lines (above
the magnetic poles?) and radiate coherently at all wavelengths X > L.
Also worth of note is the fact that only very few pulsars have been detected at
shorter wavelengths, in the optical, X-ray and y-ray range. This emission could be due
to incoherent process in the neutron star magnetosphere.
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After 107 years or so the second life of stars ends: isolated pulsars become
undetectable and they are probably lost forever. However a second resurrection occurs in
the case of objects surrounded by a less evolved, normal star.
Indeed the launch of the UHURU X-ray satellite in 1969 did show the existence
in the sky of many point-line X-ray sources and the following optical studies indicated
that these are associated with binary systems. The most important feature of these X-ray
sources is that their emission comes a very hot gas which is being accreted by a collapsed
body. We note that accretion can be effective around neutron stars as well as around
black holes and indeed the mass determination for the collapsed companion has, in some
cases, indicated the presence of an obscure companion with M > 3 MSun' the likely
signature of a the black hole.
Matter falling from the normal star into the neutron star or into a black hole
releases gravitational energy and a not-negligible fraction of the rest energy is available
for internal heating (around 5% i.e. five times the maximum efficiency of nuclear energy
sources). If the rate of accretion is sufficiently high, the mechanism is self-regulatory.
Indeed the heated gas radiates and in this way it exerts a pressure on the surrounding
matter (Thomson scattering on the electrons). It would be easy to see that this leads to a
critical luminosity (named after Eddington) which depends only upon the mass of the
collapsed body L ~10 38 M/Msun e r g s s'1- A good fraction of the stellar X-ray sources are
observed to be close to this limit. The radiation should come out in the X-ray range: if
we take an emitting surface with a radius of order 107 cm, a luminosity ~ 10 38 ergs s*1
and we assume a black body spectrum, the temperature should be T ~10 7 °K. This
corresponds to a peak of emission around 1 KeV.
We will not review here with the many beautiful observational results and
theoretical understanding but we stress that both pulsars and X-ray sources are basically
machines which release gravitational energy, unlike normal stars which exploit the
nuclear binding energy. Pulsars do it in a highly non-thermal way through a combination
of fast rotation and large scale electromagnetic fields. On the other hand, the X-ray
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sources result from the presence of a very hot gas, although some observed features
indicate that non-thermal phenomena also play some role in determining the detailed
properties.
Accretion can only last as long as the companion is in the appropriate evolutionary
stage. When matter is not supplied any longer, the X-ray sources disappear and the third
life terminates. What's left behind? The answer is simple: a rejuvinated neutron star,
spinning very rapidly. Indeed accretion from the orbiting companion transfers angular
momentum into the collapsed object and, at the end of the process, the neutron star will
have acquired once more a very fast rotation. It is the current view that the previously
mentioned millisecond pulsars are born in this way and represent the final outcome of this
evolutionary sequence. At this stage the magnetic field has probably decayed to the
observed, relatively small, values and the rate of release of rotational energy is also small.
This resurrection can therefore last for a very long time, almost comparable with the age
of Galaxy.
GAMMA-RAY BURSTS
Gamma-ray bursts were discovered more than 20 years ago but our knowledge
about their properties has greatly increased in recent years, when the recently launched
Gamma-Ray Observatory (GRO) started to report an impressive number of events, in
total around 1200 (roughly, one per day). These are transient phenomena, evidencing a
very short time structure (milliseconds up to - in some cases - several minutes). The
typical energy range is between 10 KeV and 10 MeV. No associated emission has been
detected at other wavelengths.
The short time-scale At suggests that they originate from very small sources,
although relativistic motions in the source can modify the quantitative requirement that
their size should be less than c At. This had originally led to the suggestion by Ruderman
and myself that gamma-ray bursts could be the result of sudden readjustments of the
magnetosphere of old, dead neutron stars. This scenario could be compatible with the
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measured fluxes only if the sources were rather close to us (say, 10 parsecs or so). We
would then expect an isotropic distribution of bursts since the typical distance from us
would be much less than the thickness of the galactic plane. This is indeed confirmed by
the much wider statistics resulting from GRO but - at the same time - it is now clear that
the observations contradict the expected distribution of events N (> L) a L"3/2. Weak
bursts are more rare than expected, something which can result from cosmological effects
and suggests much larger distances.
At this point the theory of gamma ray bursts is in a very lively, excited stage. The
observed distribution of luminosities can actually be accomodated either in a model where
bursts originate in the halo of the Galaxy (at a distance ICC 300 Kiloparsecs) or at much
larger cosmological distances (about 10^ cm, the Hubble radius). In the first case, each
event would correspond to a total energy release about 10 41 ergs; in the second it must
involve at least 10 50 -10 51 ergs. In both cases, the very high intrinsic luminosity entails
the initial presence of a compact "fireball", with a huge density of gamma rays, electrons
and positrons. The evolution is dominated by expansion and it results also in the
production of a large number of neutrinos (if the bursts originate at cosmological distance
the expected signal is far too small for detection).
Most of the present speculations/theories about the nature of gamma ray bursts
involve neutron stars or other collapsed objects. One suggestion is that the bursts result
from the coalescence of a very close binary system consisting of two neutron stars,
following the emission of gravitational waves and the consequent shrinking of the orbit.
The expected frequency of these mergings in a typical galaxy is about one every 106
years, of the right order of magnitude to account for the observed rate of events if we
integrate over the entire Universe. It is however not yet clear whether the detailed
theoretical analysis of what goes on during a merging will really support the idea that
gamma-ray bursts are the latest addition to the large number of high energy phenomena
taking place around stellar corpses, after a long sequence of deaths and resurrections. It
is probably too early to reach firm conclusions. Gamma-ray bursts still remain an enigma
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which will perhaps be solved only with the help of observations at other electromagnetic
wavelengths or through completely different channels of information (gravitational
waves?).
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POMPEII: RECENT WORKS AND NEW ACQUISITIONS

Antonio De Simone
Universita degli Studi di Napoli 'Federico 11°', Naples, Italy

The present article is not intended to be a critical essay on the complex
archaeological realities of Pompeii, but is rather a report on what has been
recently realized with respect to the excavation, and above all the restoration of
numerous buildings of the ancient city. This was useful to the young students
who participated in the 1994 Sorrento Course. These activities were presented in
a lecture given in Sorrento and, later, during a visit to the archaeological site. The
interest shown by the young visitors encouraged the writing of the present text,
so as to keep in memory a vision of the ancient world preserved in today's, as a
real and immediate testimony.

In the Bird century BC, Timaeus speaks of Campania as the 'plain around the
crater1. Vesuvius is indeed the centre of a territory opening onto the sea and
bordered on the south and east by the Apennines. The plain, bounded to the
north by the Volturno river, extends to the east in a fertile valley crossed by the
Sarno river.
Vesuvius, in its destructive actions, produces new space and fertile soil. The
ancient world identifies the region of Vesuvius by two factors which characterize
the plain: the Sarno river that crosses it and the crater that rises in its centre.
Strabone claims that 'Pompeii, close to the Sarno river, is the port for the towns
of Nola, Nocera and Acerra. From this river, ships depart and arrive. Vesuvius,
which is covered and surrounded by truly fertile fields, except for the peak,
dominates the whole region1.
In the course of this century, and especially in the last 15 years, there has
been a remarkable collaboration between the archaeological scholars and the
natural science scholars. The confrontation between volcanological data, literary
pieces on the ancient eruptions, and archaeological evidence coming from the
sites buried by the AD 79 eruption, let us know the history of the volcano and its
cyclic manifestations. The isopachs1 of pyroclastic lava flow2 and the surge3, the
* Lines connecting the points of equal thickness of eruptive products.
A flow of very small hot clasts (hereafter called by their Italian denomination, lapilli). These
fall by gravity from the eruptive column, then following the topological slope.
3 A flow mainly composed of water and ash.

2
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power of the fall-off products and the layers of lapilli ejected during the
eruption's explosive phase delineate with great precision the affected area and the
phases of the tremendous eruption.
The AD 79 eruption comes almost unexpectedly. The earthquakes, which for
seventeen years starting from AD 62, destroyed the area surrounding the crater,
were not perceived as an indication of a volcanic phenomenon. However, the
volcanic origin of the mountain had been known before, and the fertility that
characterized the region was attributed to this peculiar nature of the soil. Of the
last eruptions, which had occurred during the second millennium BC, people had
not preserved the historical memory. In fact, there is no trace of these in literary
testimonies. The known image of Vesuvius, of a mountain covered and
surrounded by very fertile fields, is that of Strabone. This benevolent and
pleasant vision is supported by a painting found in the house of Centenario in
Pompeii, showing Dionysus and Vesuvius. The god, whose body is covered with
bottles, pours a drink to the young prone panther. On his left rises a mountain
whose slopes are covered with vineyards. The profile of the mountain coincides
with the representation of the Somma mountain before the eruption of 1631,
known from an old print. A precise exegesis of the painting allows us to conclude
that there is a relation between the mountain, the fertility and the vineyards.
Moreover, the allegoric character of the representation concerns only the
presence of Dionysus. The mountain is represented in an imprecise, yet rather
realistic and unconventional manner. Recently, Antonio Scherillo delineated the
evolution of the shape of the Somma mountain and Vesuvius during the postPliny period, starting with a precise examination of this painting. The realistic
representation of the mountain allows us to identify a bowl-shaped crater at the
lower foot of the mountain, which originated with a depression after an eruption
in the prehistoric era. The big cone, which has been present in this embryonic
shape since ancient times, is thought to have developed its actual shape after AD
79. It exceeded mount Somma's peak in height only after 1631, as a consequence
of another catastrophic eruption.
The 79 eruption lasts less than 30 hours, and in that short time the whole
region is disrupted and buried. The phenomenon is characterized in the initial
phase by explosions of magma and gas, with the formation of an eruptive
column about 20 km high, from which, in the next phase, pyroplastic lava flows
detach and fall. Flow and storms of mud, with water from phreatic origin,
characterize the second and last phase of the eruptive movement. The natural
phenomenon, reconstructed clearly in the present-time volcanological
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investigation, had as an exceptional witness, Pliny the Young. Tacitus asked him
news of the death of his uncle Pliny. From Miseno, where he commanded the
fleet, the uncle had gone to the area of the eruption to help his friends, who were
living in villas close to the mountain; having a passion for natural phenomena,
he also wanted to observe an event rightly considered exceptional. From Miseno,
which is close to the northern extremity of the gulf, Pliny observed a cloud that
was rising. Its whiteness was due to the presence of gases and parts of it were dark
from the ashes and solid materials it carried; its shape resembled a Mediterranean
pine, with a high trunk and wide foliage. The short navigation towards the
Vesuvian coasts was made difficult by the thick and hot ash, mixed with lapilli
and blackened pebbles, that was falling on the ships. Pliny arrived in Stabia, at
Pomponiano's villa, stopped in his escape by the adverse current. He comforted
his frightened friends, and took a rest after dinner. The falling ash had already
obstructed most of the courtyard. The frightful and continuous earthquakes
threatened to destroy the house. He decided to go out and face the lapilli rain,
protecting his head with cushions and sheets. The fugitives went to the beach,
but the sea's prohibitive conditions did not allow them to escape. The gases
emitted by the volcano and the incessant fall of ash provoked Pliny's death. His
intact body was found when the light returned, on the third day of the eruption;
he looked more like a serenely sleeping man than a dead body.
The excavation of the Vesuvian sites provides a direct and immediate
testimony of the catastrophe. A method was devised by Fiorelli, in the last
century, to mould the imprint left by the fugitives' bodies in the same ash that
protects the parts of the ancient town that are still buried. In the autumn of 1990,
improving on Fiorelli's method, the excavation of insula 22 of regio I1, on the
southern side of the city, was completed with the realization of the most recent
casts. The old method of pouring plaster into the hole corresponding to a cavity
was substituted by an injection of cement grout, additioned with fluidifying and
anti-shrinking substances. The plastic material, entering deep into the cavities
corresponding to the buried bodies' articulations, ensured the execution of very
realistic moulds. The group of fugitives is composed of nine people; they were
covered with ash and were probably asphyxiated while running to the beach for a
way out. It is a terrible and effective snapshot of the tragedy.
The 79 eruption devastated a wide area, burying three towns and numerous
villas. The imperial provisions sent for the restoration of the devastated area had
little effect. Vesuvius, awakened after a long dormant period, continued to scorch
The town is split up in blocks, or insulae, making up quarters, or regios.
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the region until the end of the first century of our era. In 203, 472 and 512,
particularly destructive phenomena took place. The return of the population is
limited and insignificant. The new towns on the Vesuvian coast flourish and
expand on the very fond that covers the ancient towns, and the memory of these
is slowly lost. Epigraphs bearing Pompeii's name, casually discovered during the
construction of the Sarno channel at the end of the XVIth century, are then taken
to refer to one of Pompey's villas. To tell the truth, not much attention was paid
to the emerging ancient materials until 1748, when the king of Naples, Charles
Illrd of Bourbon, launched regular campaigns of excavations and investigations.
The king's action is related to the political and cultural activities intending
to give Naples all the structures and institutions deserved by one of the greatest
European capitals. At that time the excavations, like the others in the
Mediterranean archaeological centres, were a frantic search for art and cultural
treasures for the museums. The discovery of the 1763 epigraph, explicitly
mentioning Pompeii (res publica Pompeiianorum), brings about the definite
identification of the site and the realization that the excavation is not only
bringing to light objects and monuments, but also a whole city, whose life was
abruptly interrupted on the 24th of August, AD 79.
The ancient town's complete documentation offered by the excavations has,
for a long time, directed the studies towards a reconstruction of daily life,
according to an archaeological investigation rather than historical research. It
should be said that the characteristics of the town favoured this approach: the
information about Pompeii transmitted by ancient literature is not very
important, since Pompeii was a small town of the empire, in a very old region,
Campania, that was already rich of history. This important place the town has in
archaeological history is due to the phenomenon that caused its unexpected
demise, and at the same time preserved it in a complete and exceptional manner.
The town rises in the southern part of the Cumano gulf, the Gulf of Naples
of our time, named after the town of Cumae, the oldest Greek colony of the West,
which had exerted its dominion over the entire area. The site occupied by
Pompeii is at the confluence of the Vesuvian coast and the Sarno plain, whose
named after the crossing river. Owing to the proximity of the sea and the "iver
outfall, the town is a port for the other towns of the plain. The recognition or this
role is explicit in the above-quoted testimony of Strabone, written during the
1st century: 'Pompeii, close to the Sarno river, is the port for Nola, Nocera and
Acerra, where goods arrive and depart'. The oldest archaeological attestations
indicate that the town, characterized by its surrounding wall, already existed in
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the Vlth century BO At that time, two cults coexisted within the walls, that of
Apollo, followed by Cumae's Greeks, and that of Herakles, attested by the Doric
temple of the triangular forum. The materials from this period demonstrate that
the city's culture was characterized by Greek and Etruscan influences. More
important was, at the end of the Vth century, the presence of the Samnites,
following their process of infiltration and assimilation in the whole of
Campania.
The modern critic does not mind the character in many ways anonymous of
the old town. As a matter of fact, this very anonymity provides the possibility of
studying the way a town is founded, the way it changes with the historical context
and its characterization during the 1st century, a time by which the Roman
empire has already consolidated its power over most of the ancient world. The
eruption of 79 buried a 600-year-old town; if the modern soil preserves the town
of the 1st century, the underground preserves traces of the history before 79,
starting with the definition of the original wall circuit, already realized during
the Vlth century BO
In Pompeii one works to bring to light the old testimonies and preserve
them in the best possible condition for the future generations. This began in 1748,
when regular excavations started. The archaeologist who begins in this activity
cannot dismiss the experiences and acquisitions matured over such a long period.
The town within the walls occupies an area of 66 hectares, of which 44 have been
excavated and 22 are still covered by volcanic material. The difficulties relating to
the preservation dissuade the excavation of new blocks. Nowadays the operator's
main objective is to give priority to the restoration activities, so that the new
discoveries are limited to areas where the excavations were only partially carried
out in the recent past.
A large restoration project has been going on since 1985 within the entire
archaeological area. The budget is guaranteed by the Italian Government and by
contributions from the European Community in the form of a loan from the
European Investments Bank. This project is not specifically a technical operation,
but rather a particular aspect of a historical research: the search for all sources of
information that will be useful in the critical reconstruction of a historically
satisfying vision of the town in ancient times, in other words the philological
method applied to an archaeological investigation. This is also the indispensable
premise of the restoration activity during which ulterior elements of knowledge
are recovered. In practice, the choices of restoration are thus directed to an
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optimization of the preservation process in the framework of a revival of the
original form following a philologically oriented method.
The first of the elements constituting the city are the walls. They identify the
urban space and, together with stockade in front, rampart behind, and the towers,
constitute the system of defence. In the wall's structure, several gates give access
to the city and to the network of regional roads. In the course of the project of
restoration, an interesting intervention was realized, bringing to light for the
general public's benefit a part of the wall, west of the important Nocera gate. The
completion of the excavation of the stockade and the rampart very clearly
showed the dimension of the discharge effects following the earthquake of AD 62,
which was, seventeen years in advance, a warning to the unknowing people of
Pompeii of the future disaster. The remains of the houses that tumbled down
then were scattered outside of the inhabited areas. Also this is a sign of the partial
inutility of the walls, for a system of defence had been made useless by the
general peace that the unification accomplished by the Roman empire induced.
While carrying out the restoration project, the different phases of the walls'
construction were clearly evidenced, starting from the most ancient, made of
pappamonte (a kind of tender stone of volcanic origin) in the second half of the
Vlth century BC, to the most recent restorations, made during the first decades of
the 1st century of our era. The walls were rebuilt and restored already in ancient
times because the materials used during the construction were wearing out, and
also to adapt the defence systems to the new techniques of attack and siege of the
towns.
Another interesting intervention was completed outside the Marina gate. A
relevant element of all the projects recently implemented was to re-create for the
modern visitor a point of view as close as possible to that of the ancient
inhabitant. It is thus important, with respect to the access to the town, to revive
the functionality of the gates. The steep slope of the cobblestone street leading to
the gate did not allow vehicle traffic, as results from the absence of wheel tracks.
The street has been uncovered and partly restored as a modern access for visitors.
The execution of this intervention involved the excavation and the restoration
of an important baths complex, built at the beginning of the 1st century
immediately outside the gate This complex was built on an artificial terrace,
made from filling material and it was, during its short life, adorned and
renovated many times. In the course of the last extension, the baths assume an
absolutely innovative feature with respect to Roman architecture. T h e
restrictions imposed by the shape and narrowness of the available space imply a
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vertical development of the building. Emphasis is put on the impressionistic
values of an architectonic research by making the spaces seem deeper than the
actual ones with the help of different degrees of illumination along a succession
of rooms ending in a courtyard, revisited as a natatio, i.e. a bath-tub, whose walls
are adorned with pictures showing water and the world of the sea. There is also
an artificial waterfall on the bottom, surmounted by a nymphaeum with a
mosaic scene representing Mars with cherubs.
Another element characterizing the town is its street system. The network
created by the street intersections individuates the blocks used to build private
houses and indispensable buildings for social life: cult, politics, business and
production. Pompeii, harbour for the hinterland towns, plays a noteworthy role
in the regional trade. Stores and commercial shops abound in the ancient city.
The wool trade, the goldsmiths' creations, the washing and dyeing of clothes, the
production of vegetables typical of the area, and the garum (a fish sauce known
all over the ancient world) are present in many stores and shops. Applying a
statistical method to the study of the ancient town provides interesting pieces of
knowledge. The location along the urban area shows that the shops are situated
preferably in some areas, are less frequent in others, and are practically absent in
other areas. The percentages of presence of commercial and production shops
characterize the insulae that form the regios as more or less residential. Shops,
which have a maximum concentration in the southern quarters, are spaced
further apart as you approach the city centre, the Forum, then becoming nearly
absent from its adjacent quarters on the north side.
Of particular importance in this area is the via di Mercurio, distinguished by
the noble facades of the ancient houses, which make up the scenery for the layout
of the street. The November 1980 earthquake that occurred in Campania caused
serious damage to these buildings. In the restoration project much attention has
been paid to the work on the facades, previously analysed by means of a highprecision photogrammetric survey. The restoration also involved the street,
putting back in place the stone slabs of the pavements borders and surface,
remaking the earthenware covering where it had disappeared. In this way the
wall structure was given further protection, so that the fleeting water could not
penetrate the foundations. Above all, the road was completely reconstituted with
regard to both the facades of the houses and the functionality of the pavements.
Today, the problem of the dating of the town's urban plan still remains
open. In the course of the activities of these last years a stratigraphic exploration
has been carried out on a major part of the town. These tests were performed
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near pavements, since the archaeological area had to have a modern hydraulic
plant and an efficient electric installation to make up a proper protection system
against damage and theft. The outcome of the stratigraphic explorations has
brought to the conclusion that the town planning had been realized between the
end of the Illrd and the beginning of the Ilnd centuries BC. In this period, with the
Carthaginian's defeat in the Second Punic War, a city plan appeared as necessary
due to a probable increase in the number of inhabitants coming from
neighbouring cities destroyed by the fury of the war. They were attracted there by
the opportunities offered by a site at the centre of a river outlet, and therefore
naturally suitable for an increase in commercial exchange activities. This event
could be expected from the rule that the Romans could wield over the whole
Mediterranean.
In Pompeii, a Mediterranean town by its geographic position as well as its
culture, the open public spaces and the streets had wider role than merely
connecting and allowing the circulation between the different sections of the city.
The streets are the meeting and socializing grounds, where a good part of the
citizen life takes place. This is reflected in the articulation of the houses facades,
whose restoration has been given much attention. Shops and rooms opening
onto the streets receive shade and cover from projections formed by the roofing
and the little balconies of the upper levels. Large parts of the pavements become a
sort of gallery, meant to protect passers-by from the rain or, more frequently,
from sunstroke and the summer intense heat. To this context belong the
restoration interventions along the facades of the houses bordering the southern
part of via dell'Abbondanza, an area where most of the interventions included in
Pompeii's restoration project were concentrated.
Until a few years ago, the town's southern area was not open to visitors,
because the works of excavation and restoration that had taken place between
1950 and 1960 were still only partial. At ihat time the architecture and facades
were in a precarious state of preservation; moreover, what was known of the site
history was limited, and surely misleading.
At this point, some considerations should be made about the characteristics
of the damage and the methods of preservation of the wall structure and of its
paintings and floors in the Pompeii area. The attested structures are mainly
private houses, very modest and not always of exceptional quality, built to last for
a few generations and certainly not to defy millennia. This observation is more
relevant still if it is related to the covering works. Pompeii's paintings, which
were considered a very important monument by the very scarce documentation
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on ancient paintings, had the function of embellishing the plaster used to protect
the walls: they were meant to be covered by new ones whenever tastes changed
or they became too worn. Similar arguments can be given about the floors, from
the simple ones made of worked mortar to the more elegant and precious ones
made of coloured marble pieces or fine mosaic tiles. In fact, the wearing of the
floors, and consequently the need for their replacement and change is much
faster than in the case of wall paintings. Now one typically tries, through a series
of preserving processes, to extend the lifetime of the ancient remains for a period
much longer than originally intended, and in completely different conditions;
but a building is really preserved with the kind of maintenance guaranteed only
by daily use. The ancient houses are only partially preserved since they are now
missing some essential structural elements, first of all the ceilings, which on the
one hand protect the whole house and on the other hand constitute the last
horizontal linking element on top of the vertical structures. In this way, the
atmospheric agents destroy, day after day, all that is without cover or protection,
such as paintings and floors. Daily ageing also affects the ridges of the walls.
Falling stones expose the internal sections of these walls, which are made mainly
of lime mortar. Lime is an optimum fertilizer for spontaneous vegetation,
mainly ruderal, which thus causes, with the changes from one season to another,
grave destruction to the ancient structures.
Restorations performed during the 1950-1960 excavation campaign were
made using techniques that did not resist the passing of years and the increasing
knowledge and on-going scientific research. The need to preserve the
monuments in the conditions in which they were at the time of the excavation,
keeping this state as a sign of their history, and therefore not to be interfered
with, had led to the adoption of materials incompatible with the original
structures, such as concrete beams to replace wooden ones. To this must be added
the devastation caused by the continuous growth of a spontaneous
Mediterranean vegetation, rich in variety and quantity in this fertile volcanic
soil, particularly rich in mineral salts.
Given this situation, it was decided to elaborate and perform restoration
works that would reconstruct the buildings according to the original model,
whereby guaranteeing protection and cover to the floors and the walls by a
'philological' reconstruction of the covering materials: earthenware tiles on
wooden frames. In projects elaborated following this methodology, an important
issue is the use of compatible materials, as similar as possible to the ancient ones.
It is easy to imagine the steps leading to the elaboration of such a project: all the
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information and documentation related to the original findings in the
excavation work has to be collected; then high-precision topography has to be
performed in order to locate traces of all the elements that have disappeared and
are indispensable to reconstruct the models of the buildings in their original
form; a selection has to be made of those structures that must be reconstructed to
ensure the protection of the remaining elements, with a view to a mostly
conservative restoration instead of an uncritical reconstruction; the
archaeological excavation has to proceed, wherever previous ones yielded only
partial results; paleobotanical studies should also be made in the area dedicated to
cultivation, so as to recover the useful information pertaining to the 'green' parts
of the site.
On the basis of the above methodological and procedural observations, a
series of interventions were realized, and others are under way. Some of them
are particularly relevant and exemplify what is going on in the archaeological
area regarding the operations of restoration and the new methods that are being
applied. As an example, we mention the case of insula 9 in regio II. The
excavation performed in the decade 1950-1960 has brought to light the perimeter
walls of the insula, leaving the habitable core still covered by the volcanic
products. Considering that a good restoration starts with a well-done excavation,
and that an indoor excavation offers an optimization of the quantity and quality
of recovered objects, the quarter was covered by a large canopy, thus transforming
the area of excavation into a sort of restoration laboratory. The excavation was
extensively conducted in a completely stratigraphic way, removing volcanic
materials in the exact inverse order with respect to their original formation and
position.
The first discovery was the covering layer of the insula, made of both flat
and curved earthenware roof tiles. The roofs were monitored
photogrammetrically and the roof tiles, seriously damaged by the weight of the
lapilli, were taken out and immediately repaired one by one to be later rearranged
for future repositioning. The covering of the working area notably reduced the
damage suffered by the newly exposed remains, in particular by the paintings,
after being buried for 2000 years. Moreover, the rigid structure of this cover
supported the ancient walls, still unstable after the earthquake that had
accompanied the 79 eruption.
The careful excavation of the different areas allowed the recovery of entire
households, from luxury objects to simple every-day utensils. The recovered
objects offered useful information on the activities and the social level of the
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inhabitants. The objects found in the larario1 of house No. 2, named the 'house
of the jeweller', let us imagine a condition of wealth typical of expert craftsmen.
This idea is supported by the presence of small strongboxes containing precious
uncut stones while others are ready to be delivered to the customers.
In other houses, as in the garden of house No. 4, important information was
obtained by a careful paleobotanical excavation work. About 160 small root
cavities were found, and the studies on the wood and pollens proved the
existence of a nursery, plants being sold inside the house itself. Both the garden
cultivations and the household activities of entire quarters indicate that the area
was populated by highly specialized and reasonably wealthy craftsmen. They
constituted a solid reference point in the economical life of the whole ancient
town. The elements revealed during the excavation of insula 9, but this goes for
the other quarters as well, were recomposed after the following restoration,
adopting methodologies compatible with the origin of the ancient structures.
Restoration also included the re-plantation of the "green" areas using plants
similar to those originally present, an outcome of the results of the
paleobotanical excavation.
The vision we now have of the ancient town is similar to its layout at the
time of the eruption. Pompeii, at that moment, was 600 years old. One of the
goals of the archaeological investigation is the delineation of Pompeii through
the times, which imposes the exploration below the street surfaces of 79.
Stratigraphic inspections were performed during the ongoing excavations. South
of the city, regios I and II were, in AD 79, characterized by quite isolated buildings,
separated by wide green areas. Tests done below these gardens surface show that
at the beginning of the Ilnd century BC, there were a certain number of buildings
of the same type and size. This indicates a process of dividing the land into plots,
evidence for an urban planning also present in other towns of the ancient world.
The methodology of restoration shows to what extent our knowledge of the
past can be deepened. What conservation is meant to pass on to the future as a
patrimony is a sign left by history, which therefore belongs to all mankind.

A place dedicated to the family and household gods.
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THE ACTIVITY OF MOUNT VESUVIUS IN THE LAST 2000 YEARS
Roberto Scandone and Paolo Gasparini
Universita di Napoli, Italy-

Abstract
Mount Vesuvius had eruptions ranging between VEI 5+ to
0-1 during the last 2000 years. Infrequent explosive eruptions
are recorded during the period 79 AD to 1631. Since the
violent explosive eruption of 1631, the volcano has been in
persistent activity, rebuilding the morphology that it had
before that eruption. A succession of explosive and effusive
eruptions occurred until 1944, with a predominance of short
and violent episodes until 1872 and longer effusive
eruptions since that date. The long quiescence since 1944
may be followed by an explosive eruption similar to the one
of 1631.

1.
SHORT VOLCANOLOGICAL NOTES WITH EXPLANATIONS OF THE
MOST USED DEFINITIONS
A simple classification based on the violence of the event is:
Effusive eruptions: characterized by low explosivity and emission of lava
flowing along the flanks of the volcano.
Explosive eruptions: characterized by a very high explosivity; they form an
eruptive column expanding on ascent due to turbulent mixing with atmospheric
air; it has a typical mushroom or cauliflower shape. They are also called "Plinian
eruptions" after Pliny the Elder, who died during the 79 AC eruption of
Vesuvius, and Pliny the Younger, who described the same eruption.
Phreato-magmatic eruptions: characterized by an explosivity due to the
interaction between magma and water.
The eruptions can be also called by different names according to the volume
of erupted products, their dispersal, and violence:
Hawaiian, Strombolian, Vulcanian, Pelean, Plinian, Ultraplinian.
The volcanic explosivity Index is a qualitative index roughly proportional to
the emission rate of magma. A volcanic explosivity index of three indicates
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approximately a volume flux of 103 m3/sec of magma with a density of 2500
kg/m3 and temperature of about 1000°C.
1.1 The products of eruptions
An effusive eruption produces mostly lava flows. Very viscous lava can
form small hills, of circular shape, called domes.
Magma is fragmented during explosive eruptions before being emitted
under the form of pumice, scoria, bomb, and ash, generally called pyroclastic
products. Pyroclastic products can be classified according to the mechanism of
emplacement:
Fall-products are those ballisticaly ejected from the crater or falling from a
convecting plinian column. They can be recognized because they uniformly
mantle the pre-existing topography. The thickness regularly decreases away from
the source. The products are deposited with regular layers and the particles are
angular.
Pyroclastic-flow deposits form when the plinian column is too dense and
not able to rise, consequently dense clouds flows along the flanks of the volcano.
The pyrodastic flows can reach velocities up to 100 km/hr and distances of tens of
kilometers from the source.
Pyroclastic flow deposits have a chaotic aspect, in the proximity of the vent;
the particles are sub-rounded because of erosion during flow. The deposits
thicken in the valleys and against obstacles which they are not able to overcome.
They are not present on high-angle slopes, and often there is no regular decrease
in thickness with distance from the vent. Sometimes, flow deposits are called
tuffs or ignimbrites.
Surges products are deposited by clouds, similar to a plinian column, but
horizontally directed. Surge clouds are richer in gas than pyroclastic flows and
solid particles are more dispersed.
Surge deposits are rich in blocks ejected from the conduit in the proximity of
the vent, embedded in an ashy matrix, often with accretionary lapilli (small
spheres, also called pisolites, formed by the aggregation of wet ash). At a larger
distance from the vent, the deposits are made up by regular layers of fine ash
with a dune shape, often containing accretionary lapilli. With respect to the preexisting topography, surge deposits tend to thicken in depressions, but can also
mantle low-angle slopes and small hills with a decrease in thickness.
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Surges and pyroclastic flows are generally called pyroclastic flows; they are
among the most dangerous phenomena related with explosive volcanism,
because of their high velocity of emplacement and high temperature.
Mudflows are often associated with explosive eruptions (they are also called
with the indonesian name of Lahars). They form because of the accumulation of
ash and loose material on the flank of a volcano. Rain, glacier ice, or water
vapour, emitted during the eruption, can mobilize the material and channelize it
in creeks and rivers transporting rocks as heavy as few tons, tree trunks, and
destroy everything in its course.
The most violent explosive eruptions can modify the morphology of a
volcano. There is both deposition of new material and destruction of part of the
cone. Sometimes, the rapid drainage of magma can produce the collapse of a large
circular area, called a caldera.
2.

INTRODUCTION
Vesuvius is one of the most studied volcanoes in the world, because of its
long time interval with historic eruptions (2000 .years; one of the longest
eruptive history in the world) and its easy accessibility. The discovery and
excavation of Pompeii and Herculaneum in the 1700s added to its fame and it
became the volcano on which new theories of Earth Science were tested. Many
neapolitan and foreign scholars described with accuracy the numerous eruptions
during this long period, and, since 1600, several chronicles described not only the
main eruptions but also the slight changes of volcanic activity.
The aim of our paper is to review the volcano's history in the last 2000 years
in order to identify the main factors controlling its activity.
3.

THE 79 AD ERUPTION
Pliny the Younger's letters to Tacitus have been frequently recalled as the
first vivid description of an explosive eruption.
We do not know if the description made by Pliny the Younger of the
eruption of 79 AD is reliable or not (he explicitly mentions in the end of the first
letter that other persons reported to him most of the facts); we will however
recall some of the more important points in his account.
3.1 The first letter
The beginning of the eruption is uncertain: the two Plinys observe the cloud
at the seventh hour of the day (1 PM) [1] . We must presume that the eruption
began sometime earlier to allow the arrival, at about the same hour, of a

287

messenger sent from the vesuvian area. [1] suggest that the event prompting
Rectina, wife of Tascus, to send the messenger, was a phreatic explosion at the
very beginning of the eruption.
3.1.1 The Cloud
The cloud was directly observed by Pliny the Younger from a distance of 21
km, so that he could fully appreciate its total extent and behavior. Subsequent
scholars of Vesuvius eruptions have frequently used the same description for
other eruptions.
The description gives us the idea of the typical explosive eruption ("It
resembled a pine {Mediterranean pine} more than any other tree. Like a very
high tree, the cloud went high and expanded in different branches,. I believe,
because it was first driven by a sudden gust of air (recenti spiritu eiecta), then,
with its diminution or because of the weight, the cloud expanded laterally,
sometimes white, sometimes dark and stained by the sustained sand and ash
(pondere suo victa in latitudinem vanescebat, Candida interdum, interdum
sordida et maculosa prout terrain cineremque sustulerat)."
3.1.2 The route of Puny the Elder
Pliny the Elder, on his course to the endangered area, has the wind blowing
at his back, from the north-west. We do not know where he intended to land, but
he changed his mind because a new shoal formed by the eruption prevented the
landing. At this moment he observes red-hot stones and pumice falling on the
ships, so he must already be at the south-east of the volcano as suggested by the
area distribution of pumice [2]. We may infer that he was trying to reach the
Pompeii port and that he could not land because of the floating pumice, so, he
changed his mind and sailed toward Stabiae to reach the friend, Pomponianus,.
who could not leave because of the opposing wind.
The decision of reaching Stabiae was a fatal one because brought the rescuers
to a place where sea escape was impossible. Stabiae was separated by the center of
the gulf where the shore made a gentle arc and the waves rushed in ("Stabiis erat
diremptus sinu medio (nam sensim circumactis curvatisque litoribus mare
infunditur" ). The ancient coastline formed probably a more pronounced gulf
than nowadays. The northwestern wind favoured the entrance into the gulf ("
Quo tune avunculus meus secundissimo invectus" - most favourable to the
route of my uncle-) but prevented the escape on the next day during the
paroxismic phase of the eruption ("Placuit egredi in litus, et ex proximo
adspicere, ecquid iam mare admitteret; quod adhuc vastum et adversum
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pennant j'?<t" • 'ihey decided to reach the shore and look if the sea permitted the
escape. But cfte sea was still stormy and did not allowed the departure-).
3.2 The second letter
During the time of the eruption, Pliny the Younger stayed in the proximity
of Misenum from where he observed the eruption along with his mother (Pliny
the Elder's sister). In the second letter, he describes what occurred there.
3.2.1 Earthquakes
During the night of the first day of the eruption, and for most of the
morning of the next day, the houses of Misenum where shaken by earthquakes
that caused much panic. Pliny the Younger and his mother escaped; they reached
a place from which Vesuvius, Capri and Cape Misenum were visible. The only
place where such view is possible is the "Monte di Procida" hill. On the top of the
hill, wheeled-charts on flat land were shaken back and forth even i£ chocks were
placed against the wheels. Given the distance from Vesuvius, we may presume
that the seismic activity, or a strong seismic tremor, ranged in magnitude
between 4 and 5.
3.2.2 Tsunami
("Praeterea mare in se resorberi et tremore terrae quasi repelli videbamus "Further on, we saw the sea retreating as if pushed by the earthquakes-) The retreat
of the sea observed in Misenum is probably related with a tsunami associated
with the climax of the eruption; a similar occurrence has been described during
the eruption of Vesuvius of 1631.
3.2.3 Black clouds at Misenum
"Ab altero latere nubes atra et horrenda, ignei spiritus tortis vibratisque
discursibus rupta, in longas flammarum figuras dehiscebat " - From the other
side, black and horrible clouds, broken by sinuous shapes of flaming winds, were
opening with long tongues of fire- The description suggests strong explosions
that - After a little while descended onto the land, opened the sea, covered Capri
and prevented the sight of Misenum- (" Nee multos post ilia nubes descendere in
terras, operire maria; cinxerat Capreas et absconderat, Miseni quod procurrit
abstulerat "). The clouds reached the place where Pliny the Younger and his
mother where ("densa caligo tergis imminebat, quae nos torrentis modo infusa
terrae sequebatur. ( ) et nox non qualis inlunis aut nubila, sed qualis in locis
clausis lumine exstincto." - A dense haze was impending at our backs, following
us like a stream flowing on land (....) and the night fell on us, not like a night
with clouds or without stars, but like the night in a closed place without a lamp)-.
After a while they were reached by another cloud - Again the obscurity, again the
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ash, dense and heavy. We raised some time to shake away the ash as we could
have been covered and choked by its weight- ("Tenebrae rursus, cinis rursus,
multus et gravis. Hunc identidem adsurgentes excutiebamus; operti alioqui atque
etiam oblisi pondere essemus ".
We can exclude that these phenomenona can be ascribed to air-fall ash. The
distribution of the pumice driven by stratospheric winds is toward the southeastern side of Vesuvius [1, 2]. Low altitude winds were blowing from north-west
(as the course of Pliny the Elder testifies. We have to conclude that the
phenomena in the proximity of Misenum were due to a pyroclastic surge as also
suggested by [1].
If such description is truthful, it raises however some new questions about
th§ extent of damage caused by the eruption. Any pyroclastic surge reaching
Misenum, causing breathing difficulties and obscuration of the sky must first
have passed the city of Naples.
4.

THE PERIOD BETWEEN 79 AD AND 1631

We have no information on the state of Vesuvius immediately after the
eruption of 79. The first account of continuing activity is from Galenus (c.172 AD)
who testifies that "the matter in it (Vesuvius) is still burning " .
Dio Cassius in 203 AD reports a violent eruption heard in Capua, some 40
km from the volcano. The same eruption is reported by another source
(Manuele) referred to by [3].
Two large eruptions occurred in 472 and 512.
Marcellinus Comes reported that, on the 6th of November, 472, "Vesuvius
(...) erupted the burning interiors, caused night during the day and covered all
Europe with fine ash ". This eruption is also confirmed by Manuele [3].
Information about the eruption of 512 is more detailed. Cassiodorus, an
officer of king Teodoricus, wrote a letter to ask the exemption of taxes for the
people affected by the eruption; in his letter he reports that " a burnt ash flies in
the sky, and, forming ashy clouds, it rains with ash droplets also in the provinces
beyond the sea (...). It is possible to see ash rivers flowing like liquid, bringing hot
sands and (....) the fields grow suddenly up (the fields are covered with sand)to
the top of the trees ( ) and are ravished by the sudden heat.".
Several other eruptions are reported in 685 (Paulus Diaconus), 787 and 968.
[3] suggest that the first testimony clearly referring to a lava flow is for the
eruption of 968. Leo Marsicanus reports in a chronicle of the Cassino Monastery
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that "Mount Vesuvius exploded with flames and emitted a great amount of
gluey and sulphurous matter that formed a river hurriedly flowing to the sea " .
Several authors report other eruptions in 991, 993 and 999 [4] but they must
be regarded as suspicious because of the belief of the end of the world in 1000 AD.
Leo Marsicanus refers of another eruption on the 27 of January, 1037, that lasted
for six days. The chronicle of the Cassino monastery records an explosive
eruption between 1068 and 1078 [3]. The last eruption before a long quiescent
period occurred on the 1st of June, 1139. Several sources refer to it as a strong
explosive eruption (Falcone Beneventano, the Chronicle of the Monastery of
Cava dei Tirreni, John of Salisbury). It lasted eight days and ashes covered
Salerno, Benevento, Capua and Naples. No reliable report of volcanic activity is
available until 1500, when Ambrogio di Nola reports a small explosion. From
1500 until to 1631, no eruption occurred on Vesuvius. Records are good during
this period, and none mention volcanic activity.
5.

THE PERIOD BETWEEN 1631 AND 1944

The great eruption of 1631 is the largest explosive eruption of Vesuvius
since those of 472 and 512 AD. It occurred after 131 years of quiescence. Large trees
covered the Gran Cono, the cone within the Somma Caldera, and local people
did not remember it being a volcano. The mountain was called "La Montagna di
Somma" (the Mountain of Somma, a small town on its northern side).
Several months before the beginning of the eruption, people near the
volcano felt some earthquakes [5]. They were not particularly scared because
earthquakes from the nearby Apennine chain were often felt in the area (a large
one had occurred three years before in Apulia, in 1628). The seismic activity
became more severe in the few days before the eruption. Nevertheless, the
awakening of Vesuvius in 1631 surprised the inhabitants. A strong explosive
eruption started in the night between 15 and 16 December of 1631 and its
paroxysmal stage lasted two days.
The eruption started a period of persistent activity that lasted, with a few
breaks, for more than three centuries until 1944. After the violent eruption of
1631, the inhabitants living at the base of the volcano, became accustomed to its
activity and were inclined to record only the most notable events. However, a
few individuals (mostly belonging to the ecclesiastic or noble classes) started to
maintain detailed chronicles of its activity only sixty years after the great
eruption. They describe, since 1694 not only the main eruptions, but also the
slight changes of volcanic activity. These careful descriptions of the volcano
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activity permitted to [6,7] to formulate models of activity between 1631 and 1906
based on recurring cycles of activity. Each cycle was characterised by the
succession of:
a) A period of repose (generally not exceeding a few years);
b) A phase of strombolian activity with the building of a conelet within the
crater, and, eventually, the emission of some lava flows (either within the crater
or outside it);
c) A violent eruption usually with a lava flow and strong explosions
followed by a new repose.
Carta et al [8] made a statistical model of the activity similar to that proposed
by [7]. They reproduced the pattern of activity with a Markov chain of four states
of activity (repose, persistent activity, intermediate eruption, final eruption). The
transition probabilities from one state into another were determined by the
observed times of permanence in each state. Their model described well the
activity between 1694 and 1944, but was unable to explain the long repose since
the last eruption of 1944.
We counted 99 magmatic eruptions, following thel631 one; 5 FE had a VEI
of 3+ (1737, 1779, 1794, 1822, 1906), and 12 had a VEI of 3. 53 eruptions were
accompanied by (or were entirely) explosive phenomena. Explosive activity was
predominant until 1872 (49 events); since this date, effusive eruptions became
more numerous and there was a slow accumulation of lava either on the flanks
of the cone (building of several lava domes between 1872 and 1899) or filling of
the crater and outpouring of lava from £t. Since 1872, the length of IE became
longer [8], and there is the suspicion that a new magma batch became available.
At least 41% of FE and 21% of IE were preceded by a collapse of the conelet
inside the crater before the eruption; 77% of the FE, and 31% of IE started with a
fracture of the main cone or of the near areas at the beginning of the eruption.
Since 1913, no more fracturing of the cone was observed.
The Final Eruptions (occasionaly also the IEs) are characterized by a peculiar
trend. They often begin with an effusive phase with lava outpouring from a
fracture in the cone, and end with an explosive phase.
The lava emission is accompanied by strombolian explosions, and
occasionally intermixed or followed by violent episodes of lava fountains (in
some cases, up to 1-4 km height; as, for example, in 1737, 1822, 1872, 1906, 1929,
1944).
A collapse of the crater generally occurs at the end of this phase (for example
in 1737, 1779, 1794, 1822, 1834, 1839, 1850, 1872, 1906, 1944), and is often
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accompanied by strong earthquakes. The crater is then hundreds of meters deep
(216 m in 1822, 285 in 1839 and 1850, 250 m in 1872, more than 250 m in 1906 and
1944).
The last phase is characterized by the formation of a sustained eruption
column, 5-15 km high, eventually with phenomena indicating magma-water
interaction (wet ash, or pisolites and relevant lahars: for example, in 1779, 1794,
1822,1906,1944).
Obviously, such a scheme is highly simplified and the different phases may
alternate each other during the same eruption; however, there is always a
progression from a purely effusive phase toward a more explosive one.
6.

DISCUSSION AND CONCLUSIONS
The last 2000 years of activity of Vesuvius show a variety of eruptive styles
similar probably to those of its entire lifetime. Eruptions with VEI ranging from
5+ to 0-1 have occurred during this time. The most violent have occurred after
long periods of quiescence, but important explosive eruptions have also occurred
after short quiescence (512 AD) or during periods of persistent activity (1779, 1822
and 1906).
Many of the phenomena, observed during the period 1631-1944 (as for
example, explosive activity, collapse of the crater, lahar and water emission),
occurred with an enhanced character during the eruption of 1631. The immense
emission of water from the volcano, during the eruption of 1631, troubled very
much the contemporary scholars, and many of them invoked the entrance of seawater into the volcano.
We suspect that much of the explosivity of Vesuvius is related with an
important aquifer in the carbonate rocks below Vesuvius. A relevant amount of
water can gain access to the magma only if important collapses of the
hydrothermal system of the volcano occur during the eruption.
Large explosive eruptions reshape the volcano with the formation of a
caldera. We do not know the age of formation of the Somma caldera, but it is
likely that it was the result of several eruptions similar to the one of 79 AD. After
such eruptions it is likely an activity that tends to restore a hydrostatic
equilibrium shape of the mountain through a sequence of explosive and effusive
episodes.
Dio Cassius reports, in 203 AD, that Vesuvius had an amphitheatre shape.
Already in the VI century, the volcano had a shape similar to the present one, as
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shown in an engraving with Saint January in between the Somma rim and the
Gran Cono [3].
Before 1631, Vesuvius was higher than the Somma, and after the eruption
it lost at least 168 m. The slow rebuilding phase took the following 313 years with
a predominance of explosive events in the beginning and of effusive ones in the
end.
The explosive eruptions during the rebuilding phase may be the result
either of an influence of external factors as the arrival of a tensional pulse
produced by tectonic earthquakes or of purely morphological factors. The opening
of a fracture on the cone or a lateral intrusion may cause a sudden drainage of the
magma column and a decrease of pressure propagating downward. Such pressure
decrease produces a sudden water-exsolution and bubbling at the exsolution level
so driving the start of the eruption with rapid magma emission. The sequence of
fracturing of the cone, or conelet collapse, and following rapid lava flow
formation indicate this phenomenon.
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THE SCIENTIFIC PROGRAMME OF CERN
L. Foa
CERN CH-1211 Geneva, Switzerland

Abstract
The research activity'of CERN is briefly reviewed — from the lowenergy beams used at ISOLDE for nucleon and atomic physics to
the high-energy e+e~ interaction at LEP and the perspectives for
exploring the TeV mass region with the LHC project.

1

INTRODUCTION
CERN's research activities are based on the full exploitation of its chain of accelerators starting with the PS Booster and ending with the e+e~ collider (LEP). Each
accelerator also acts as a source of projectiles for a well-defined physics programme and
as an injector for the subsequent, larger accelerator. The chain of accelerators is shown
in Fig. 1 and also includes the next step, the Large Hadron Collider, for which CERN is
now expecting approval from Council. The present talk will give a brief description of the
main research at present going on at the various accelerators.
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Fig. 1
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2

ISOLDE
The pulsed 1 GeV beam from the PS Booster is sent onto highly sophisticated
targets from which isotopes of all kinds are extracted by means of a voltage difference of
60 kV and subsequently magnetically analysed. This facility is called ISOLDE (Isotope
Separator On Line) and allows a large variety of subjects to be investigated, from nuclear
to atomic physics, from astrophysics to nuclear medicine.
A good example is given by an experiment which has recently discovered new Ag
isotopes, up to 129Ag, and measured their half-lives and neutron branching ratios. A laser
ion source ionizes the isotopes of interest in a selective way, rejecting the enormous isobaric
background produced with standard techniques. The discovery of these new isotopes has
permitted a vast improvement in the overall agreement between data and theoretical
calculations.
Accurate measurements of the nuclear masses are possible by stopping the ions
produced in an ISOLDE target in a trap where they rotate at the cyclotron frequency
UJC = eB/m. The measurement of the absorption as a function of the frequency has allowed
the mass of 120Cs to be measured with a resolution of ±21 keV.
Much work is being carried out in' the field of semiconductors. The so-called II-VI
compounds (elements of the II and VI group of the periodic table, such as CdSe, ZnS)
are very interesting since their direct bound gaps cover the full range of wavelengths from
ultraviolet to infrared. The problem is to dope them in order to produce p-type and n-type
materials. At ISOLDE the /3+-emitter 107Cd that decays into 107Ag, and the ^"-emitter
115
Cd that decays into 115In, have been implanted. After the /? decay, 107Ag became an
acceptor and 115In became a donor with an efficiency 100 times larger than with standard
techniques.

3

PROTON SYNCHROTRON
The PS is used as the source of two separate beams: the first one feeds the experimental area located in the East direction which is normally used for test beams. This
year the beam was used for a short time by C. Rubbia and his collaborators to perform
an interesting test. The proton beam was sent onto a small, subcritical fission reactor,
normally used for didactical purposes by the Madrid University, to check the amplification
factor in the outcoming neutron flux, in view of the possible design of a new generation
of nuclear reactors.
The main use of the beam extracted from the PS is to produce antiprotons in order
to feed the Low-Energy Antiproton Ring, LEAR.

4

LEAR
A sketch of the LEAR ring, its beams, and the location of the experiments is shown
in Fig. 2.
The machine is able to produce beams containing from 104 to 107 antiprotons per
second, with energies ranging between 60 and 2000 MeV, and a momentum resolution as
good as 10~3. The annihilation of up to 107 p per second is a unique tool for studying
hadron spectroscopy, and in particular for searching states rich in glue, such as glueballs
or exotic states, thanks to the zero baryonic number of the initial state.
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Three experiments, JETSET (now completed), CRYSTAL BARREL, and OBELIX
pursue this challenging search. All these experiments are characterized by tracking devices
covering almost the full solid angle, followed by high granularity photon detection. In
particular, CRYSTAL BARREL (Fig. 3a) has a high performance system of CsI(Tl)
crystals which allows the efficient reconstruction of TT0, 77 and if in the two-photon decay
channel, JETSET (Fig. 3b) is focused on the identification of kaons produced in the
interaction of the p beam with a jet proton target, aiming at the reconstruction of <jxj>
final states, and OBELIX (Fig. 3c) takes advantage of an open axial magnet which allows
momentum measurement of many charged particles without adding material on the path
of photons produced in the central region.
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This year a very interesting result is being presented at the Glasgow conference by
the Crystal Barrel Collaboration on a glueball candidate at 1520 MeV seen in the decay
channel
pp -> fO7r°
U7777
The last of the large, second generation experiments working at LEAR is trying to
answer the still intriguing questions posed by the violation of the CP symmetry. CPLEAR,
shown in Fig. 4, studies the pp annihilation into the K~7r+K°, K+7r~K channels, tagging
the nature of the produced neutral kaon by means of the sign of the charged kaon. In 1994,
CPLEAR presented the first results showing an interesting test of C P T conservation.

CPLEAR
Fig. 4
The LEAR experiments do not consist only of large, 4TT spectrometers. Much smaller
experiments, taking advantage of the possibilities of this unique facility and of a lot of
ingenuity, succeeded in reaching results of primary importance, such as PS196. Single
antiprotons, decelerated in the machine, are brought to rest inside a Penning Trap, where
they move on closed orbits radiating electromagnetic waves at the cyclotron frequency.
The detection of this radiation and the measurement of its frequency with the
precision of 2 Hz allows the ratio of the antiproton and proton masses to be measured
with a precision of 10~9, 104 times better than previously. This technology, with further
improvements, could pave the way to detailed studies of the spectroscopy of antihydrogen
atoms.
5

SUPER PROTON SYNCHROTRON (SPS)
The large energy of this accelerator, 400 GeV, allows the production of high-intensity
secondary beams of hadrons and leptons:
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Hadrons
WA89 studies the properties of hyperons; WA91 searches glueball states in interactions
with two-Pomeron exchange; WA92, now completed, measures the characteristics of charm
and beauty bosons. All these experiments take advantage of the large multiparticle Q,
spectrometer located in the West Area.
Neutrinos
Two experiments, CHORUS (Fig. 5a) and NOMAD (Fig. 5b), search for neutrino oscillations. Both take advantage of the fact that the beam, due to the decay of pions, consists
of Vp, and look for interactions in which r leptons are produced, as an indication that
a Up —>• vT transition took place in the flight. The energy range of the beam allows exploration of a parameter space region, defined by the mass difference, mVr — m^, and
the mixing angle U ^ , never covered up to now and of extreme interest for astrophysics!
research. The two experiments differ in the techniques used tc identify the final states containing a r. CHORUS reconstructs the charged particles in a forward spectrometer and
extropolates their trajectory backwards into a bulk of emulsions which acts as the target.
A kink in the first millimeters of the muon or of the hadron track signals the presence of
a short-lived particle with a neutrino in its decay. NOMAD uses a complete spectrometer
with good muon, electron and neutral particle identification capabilities to reconstruct the
transverse energy flow, looking for events with large px imbalance, showing the presence
of a particle characterized by weak decay in the final state.
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Muons
The powerful muon beam, which has been working since the start-up of the SPS, is used
by the Spin Muon Collaboration (SMC) to study the spin-dependent nucleon structure
functions, and to answer the question of how much the spin of the quarks contributes to
the spin of the proton. Both the muons in the beam and the target nucleons are polarized.
The characteristics of the experiment are the large muon spectrometer and the following
50 m long spectrometer which measures the momentum spectrum of the electrons coming
from the decay of the muons, in order to determine the beam polarization continuously
(Fig. 6).
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Heavy ions
An important activity has been running at the SPS for several years using beams of fullystripped heavy ions. This year lead ions will be used for the first time. The aim of this
activity is to search for indications of a phase transition between nuclear matter, with
quarks and gluons bound in nucleons, and a possible deconfined state, called quark-gluon
plasma, in which the constituents move freely due to the large values of pressure and
temperature. The conditions required to reach this state are a large energy density in
a sufficiently large volume so that thermodynamical quantities (such as temperature or
density) can be defined. It has been shown that energy densities in excess of 1 GeV/fm3
can be reached in the interactions of heavy ions of more than 100 GeV/nucleon with
heavy nuclear targets. Equivalent indicators of the energy density reached in individual
interactions are: a small energy measured in a very forward hadron calorimeter, a large
multiplicity of secondaries, and a large transverse energy defined as

where Ej is the energy of secondary hadrons and d\ is their angle with respect to the beam.
The high multiplicity of pions emerging from the interaction allows the measurement of
the short-range correlations between pions of the same sign and similar momenta, and
shows the Hambury-Brown and Twiss correlations which measure the space dimensions
of the interaction volume.
It is not easy to reach unambiguous evidence for the creation of the quark-gluon
plasma. The most popular indicators are:
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1.

An increase of strange particle flux, due to the fact that strange quark production is
not suppressed by the Pauli principle, as for u and d quarks.
2. A suppression of J/^ and Y production, resulting from the melting of cc and bb
states in the Q-g plasma.
3. Large structures, beyond statistical fluctuations, in the multiplicity, and energy distributions versus rapidity, inside individual events.
A set of six highly sophisticated experiments are ready to explore all these indicators as
soon as the beam is available in autumn this year.
Figures 7a, b, c, and d show the structure of four of these experiments: NA49, which
consists of a full coverage multiparticle spectrometer, able to reconstruct all secondaries
(more than 600 per event) in four large TPC's; WA97, which identifies A, E and Q~
baryons in a small window downstream to the Q, spectrometer; NA50, which exploits
a large muon pair spectrometer to study 3/ip and Y suppression; and NA45, a very
unconventional experiment consisting of two RICH counters, blind to pions but sensitive
to e+e~ pairs, which aims to study the p, v, (f> mass region.
NA49
Multiparticle
spectrometer

WA(O)
A.E-,0spectrometer

NASO
Muon
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NA45
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Fig. 7
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6

LEP

Since 1989 the largest world e + e~ collider, LEP, has been studying the properties
of the carrier of the weak neutral current, the Z boson, and has collected about 10 million
events in the four large experiments, ALEPH, DELPHI, L3, and OPAL. The machine
runs routinely with currents of about 1 mA per beam, subdivided into eight bunches
of electrons and eight bunches of positrons, with lifetimes of more than 12 hours and
luminosities ranging between 1.7 and 0.5 x 1031 cm" 2 s" 1 at the beginning and at the end
of a fill.
Last year one of the biggest achievements in the understanding of the properties
of the machine was the precise measurement of the beam energy at the level of 1 MeV,
which is reflected in the precision of the determination of the mass and the width of the
Z resonance. This was possible with the resonant depolarization method which makes
use of the natural transverse polarization of the electrons and positrons induced by the
emission of synchrotron light. A high-resolution electromagnetic calorimeter, positioned
300 m downstream on a line tangent to the beam orbit, detects the photons of a laser
source backscattered by the beam particles. Since the laser light is circularly polarized,
the vertical distribution of the backscattered photons has a small asymmetry depending
on the sign of the laser beam polarization. This allows the level of polarization of the
electron and positron beams to be measured continuously. In the magnetic field of the
machine the spin of electrons and positrons precesses with a frequency fprec
ge — 2

Ebean
fREVOLUTION •

Iprec —

A precise measurement of fprec allows a precise measurement of Ebeam since the other
constants are very well known. The precession frequency can be determined by means of
a horizontal kicker magnet which sweeps the range of frequencies around fprec- When the
kicker magnet frequency equals fprec, the beam polarization is destroyed or even inverted
in a few turns as shown in Fig. 8.
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A series of measurements carried out in recent months has shown that the energy
of the beam is sensitive to many small effects such as the terrestrial tide and the level of
the water in the lake of Geneva. Careful accounting of these effects allows us to know the
beam energy at the level of 1 MeV or even better.
At the same time, the development of very precise silicon detector-tungsten electromagnetic calorimeters, detecting electron-positron Bhabha scattering at small angles
with respect to the beams, has allowed a precision of better than l%o in the measurement
of the machine luminosity.
The aim of the four large experiments is the detection of Z decays into pairs of
leptons or quarks. They have many variations with respect to design details, but they all
follow the general scheme sketched in Fig. 9, having a precision silicon detector around
the production vertex, a large gas tracking detector immerged in an axial magnetic field
followed by large electromagnetic and hadronic calorimeters, and several layers of muon
chambers.
Experiment design
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The Z peak measured by one of the experiments is shown in Fig. 10. The different
lines show the expected shape if the neutrino families were 2, 3, and 4. From a best fit to
the data of the four experiments together we get

Mz = 91.1895 ±0.0044 GeV
= 2.4969 ± 0.0038 GeV
= 41.51 ± 0.12 nb
N,, = 2.985 ± 0 . 0 2 3 .
A detailed study of the properties of the Z boson and of its decay channels allow a
precise measurement of the neutral current couplings to fermion pairs in the vertex
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All measurable quantities can, indeed, be expressed in terms of the vector and axial
couplings, gv and gA, as:
1) the leptonic decay width
I W - oc [(g^)2 + (gi)2] ,
2)

the forward-backward lepton charge asymmetry at the Z peak

p+ ^
3)

the r polarization, as measured by the energy distribution of the decay products,
,2'

4)

the left-right asymmetry with polarized beams, as is possible at the SLC (the SLAC
e+e~ linear collider)
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The results obtained at LEP with the measurement of the first three quantities are
shown separately for the three lepton families in Fig. 11 and, assuming lepton universality,
give
gv =

-0.0364 ±0.0014

gi

-0.50135 ±0.00055,

=

where gv is now known with a 3% precision, compared with the situation before LEP when
the determination of g{r was different from zero by less than three standard deviations.
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Fig. 11
These results can be interpreted further in the framework of the electroweak theory
at one loop, taking into account radiative corrections to the Z propagator
f
f

e

or vertex corrections.
With these corrections, the mixing parameter of the theory, sin2 6$, defined as

can be written

2
Mw
,

where
1
2

gv(Ml) = gA(Ml)(l-4sin 2 O,
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where gv and gA are now running coupling constants and

so that all measured quantities depend on the unknown masses of the top quark, mt, and
of the Higgs boson, mHiggsFor each measured quantity it is thus possible to design a plot, as in Fig 12 for
Tiepton) allowing a determination of m t . Using all the LEP results we obtain

mt = (172±il±if) GeV ,
whereas, if we also include the results of th pp colliders (CDF, UA2) and the neutrino
experiments (CCFR, CHARM, CDHS) and the recent result of the SLC on ALR, we get

m, = (177±il±i*) GeV ,
where, the first error is statistical and the second takes into account the effect of the
variation of the Higgs boson mass between 60 GeV and 1 TeV.
combined LEP da to

83.83 ± 0.31

83.75 ± 0.41
83.50 ± 0.46

83.79 ± 0.28
MeV

02.0

W.O

84.0

83.0
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Fig. 12
The striking agreement of this result with the recent indication of m t at the CDF
provides, on the one hand, a splendid confirmation of the validity of the electroweak
theory. On the other hand, the small error induced on m t by the lack of knowledge of the
niHiggs shows how difficult it is to constrain this mass.
In the future we can expect CDF to reduce the error on m t to around 5 GeV,
and LEP2 to measure the W mass with an error of the order of 40 MeV. With these two
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improved determinations a low mass Higgs can be confined inside a range of 200-7-300 GeV
by means of the Z results obtained by LEP1. However, the most attractive scenario is
that the Higgs boson has a mass of the order of 90 GeV, as suggested in the framework of
the Minimal Supersymmetric Model, a value attainable by LEP2 through the e + e~ —> ZH
channel. In this case, the dominant decay channel H —> bb would be detectable by the
LEP experiments thanks to their capability of reconstructing the secondary vertices of
the b-decays in the sib"con vertex detectors, as shown by the splendid harvest of results
obtained in the study of the properties of b-quarks.
7

T h e Large Hadron Collider (LHC)
CERN's next step in the exploration of the basic structure of matter is the LHC,
a proton-proton collider to be installed in the LEP tunnel and fed by the usual chain
of accelerators, the PS Booster, the PS, and the SPS. The energy will reach 7 TeV per
beam provided that the magnets reach about 8.5 T, a field which can be produced only
by syperconducting magnets, in particular working at the temperature of the superfluid
helium of ~ 2 K.
Since the cross-section for the processes of interest decrease as 1/s, where s is the
square of the centre-of-mass energy, the machine can be useful only if its luminosity compensates for the loss of production. The LHC is therefore designed to reach a luminosity
of 1034 cm" 2 s"1, a luminosity which can be obtained only by injecting many bunches into
the rings, so that bunch crossings are separated typically by 25 ns. The difficulty of the
experimentation at the LHC is due to the fact that the cross-section for proton-proton
interactions is of ~ 100 mb, producing about 20 events every bunch crossing.
This tremendous rate of interaction imposes conditions on the design of the experiment. It must be based on detectors having very high granularity, so that the probability
of two tracks crossing the same wire of the tracking system, or of two energy releases being
collected by the same element of the electromagnetic calorimeter, is of the order of a few
per cent. In addition, detectors must be fast in order to avoid having an important pile-up
of signals from subsequent bunch-crossings, and highly radiation-resistant to survive the
heavy flux of particles for many years.
No description will be given here of the detailed structure of the ATLAS and CMS
experiments, as when this report is published, the two technical proposals will have been
submitted.
What is important here is to emphasize the large range of masses that this machine
will allow us to explore.
For the Higgs boson, the discovery potential ranges from about 90 GeV, the limit
where it should overlap with LEP2, up to 1 TeV, where the width of the boson becomes
of the same order of mass and the boson itself loses any meaning.
For supersymmetric particles the range will extend up to some TeV, covering all
the region where these particles, if they exist, should show up.
A new vector boson, such as a Z', can be discovered up to 4 TeV.
These examples show that the LHC will be the ideal machine to answer all the basic
questions at present open through the wonderful success of the Standard Model and by
its obvious lack of predictive power for understanding the concept of mass.
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Abstract
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The HEP programme of Russia and the Former Soviet Union countries is briefly
discussed.
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1. General information about JINR
1.1. Historical background
The Joint Institute for Nuclear Research is situated in Dubna, a small town located
about 120 km north of Moscow. This town appeared in the late 1940s in hard times
after the end of World War II as part of the USSR Nuclear Defense Programme on the
initiative of Igor Kurchatov, an outstanding Soviet scientist who was responsible for the
Programme at that time and who also had a perfect understanding of the importance of
fundamental research.
JINR was founded in March of 1956 (in Khruschev times) on mutual agreement
of the governments of Albania, Bulgaria, China, Czechoslovakia, Hungary, the Socialist
Republic of Vietnam, the German Democratic Republic, the Democratic People's Republic
of Korea, Mongolia, Poland, Romania, and the Soviet Union. The USSR handed over to
the new institution two laboratories located in Dubna. After the establishment of JINR an international organization for fundamental research in nuclear science - Dubna became
an open town.
I would like also to mention that the formation of various scientific fields of research at JINR was initiated by a number of some outstanding scientists of the Institute's
Member States including the first directors Dmitri Blokhintsev and Nikolai Bogoliubov.
1.2. JINR's Charter; membership and internal organization
The Chapter of JINR was adopted in 1956, later on it was revised and newly-adopted
in 1992.
In accordance with the Chapter the activity of the Institute is realized on the basis
of its openess, mutual and equal cooperation for all interested parties to participate in
research.
The aim of the Institute is
- to carry out theoretical and experimental investigations on adopted scientific topics;
- to organize the exchange of scientifists in carrying out reseacrh, of ideas and
information by pub.ishing scientific papers, organizing conferences, symposia etc.;
- to promote the development of intellectual and professional capabilities of scientific
personnel;
- to maintain contacts with other national and international scientific organizations
and institutions to ensure the stable and mutual cooperation;
- to use the results of investigations of applied character to provide supplementary
financial sources for fundamental research by implementing them into industrial, medical
and technological developments.
The results of investigations carried out at the Joint Institute for Nuclear Research
can be used solely for peaceful purposes to the benefit of mankind.
So until the late 80's Dubna was as a centre which unified the efforts of leading
research groups in nuclear sciences of the so- called 'socialist countries' and the Soviet
Union. After the disintegration of the USSR the membership of JINR underwent the
following changes: The majority of East European countries, such as Poland, the Czech
and Slovak Republics, Bulgaria, Romania continue to be Member States of our Institute.
Germany stays as a i observer and makes a substantial financial contribution. Most of the
former Soviet Unio'! republics which became independent states of the CIS (Commonwealth of Independent States) entered JINR as new members. Even some of the former
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Soviet republics - non-participants of CIS - joined JINR as well.
To my mind it somehow reflects the essence of science - its international integration.
Moreover, a new process is developing now: discusr-ions with such countries as France,
Italy and the United States are under way in order to sign cooperation agreement on
governmental levels.
The participation in the Institute can be realized in different forms: on the basis of
membership, bilateral and multulateral agreements to perform particular scientific programmes. JINR Member States contribute financially to the Institute's activity and have
equal rights in its management.
JINR has at present 18 Member States:
Armenia
Azerbaijan
Belarus
Bulgaria
Cuba
Czech Republic
Georgia
Kazakhstan
D.P.Republic of Korea

Moldova
Mongolia
Poland
Romania
Russian Federation
Slovak Republic
Ukraine
Uzbekistan
Vietnam

JINR has special cooperation agreements concluded on governamental level with
Germany (in the field of theoretical physics, heavy ion physics, condensed matter physics
and high energy physics) and Hungary (in the field of condensed matter physics).
Among the major partners with whom JINR has long-term cooperation agreements
are:
- CERN, in the fieM of high energy physics;
- IN2P3 (France), in the field of nuclear and particle physics;
- INFN (Italy), in the field of nuclear and particle physics;
- FNAL, BNL, SLAC and other research centres in USA.
JINR is also an associated member of EPS, has observers in ECFA, ICFA, IUPAP
and other international unions. The latest political changes in Eastern Europe and especially in Russia have been making JINR more and more open. New collaborating countries
are welcomed to join JINR.
Today JINR is a large centre with a total staff close to 4000 including services and workshop. Approximately 1100 scientists work in it.
The internal organization of JINR is determined by scientific specialization. There
are 7 Laboratories at the Institute:
BLTP
Bogoliubov Laboratory of Theoretical Physics
LHE
Laboratory of High Energies
LPP
Laboratory of Particle Physics
LNP
Laboratory of Nuclear Problems
FLNR
Flerov Laboratory of Nuclear Reactions
FLNP
Frank Laboratory of Neutron Physics
LCTA
Laboratory of Computing Techniques and Automation.
Each laboratory has its own design and construction divisions which develop and
manufacture non-standard equipment for particle accelerators, detectors and other exper-
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imental facilities. The staff of these divisions totals about 370 engineers, technicians and
workers.
A number of {.ssociate experimantal physics workshops are also part of the Institute.
The personnel of the JINR Experimental Physics Facilities Division totals about
400. It is equipped with everything necessary to manufacture large-sized non-standard
facilities, electronics, and has technological lines for constructing detectors for high energy
physics. It was there that the main units of JINR's heavy ion cyclotrons U-400 and U400M were constructed in recent years, as well as the Nuclotron - a new, first in Russia,
superconducting accelerator for relativistic nuclear physics.
Now, before I go to the next point of my report I would like to make the following
remark.
As you certainly know well, nuclear science and in particular its frontier Particle
Physics or High Energy Physics is rather an expensive field of research. Of course it
is very well understood now that deep fundamental studies have always resulted in huge
technological benefits. And the great discoveries of the past such as electricity, magnetism,
etc have never been paid off, and all the investments to fundamental science in the whole
world is still a negligible part compared to the benefit that mankind got from it. It would
be fare to say that mankind is INTERNALLY INDEBTED to fundamental science.
Now I am coming to the questions of JINR's international cooperation.
Despite the present hard economic and financial situation in most of JINR's Member States, which of course has greatly affected the ongoing research programme of the
Institute, many scientific groups from Dubna continue to participate in largest projects
of world's major centres.
The intensity of JINR international cooperation events can be demonstrated by the
following:
approximately 1200 JINR specialists participated in 1993 in joint experiments and
international conferences; more than 1000 scientists from collaborating laboratories and
centres visited Dubna. JINR organized 10 large conferences, 40 workshops and other
meetings. Together with CERN JINR participated in the organization of the European
School on HEP (formerly JINR-CERN School of Physics since 1970). JINR scientists
participated in more than 150 international conferences held world-wide.

2. JINR is e. major partner of world's HEP Laboratories
Broad international cooperation is one of the most important principles of the
JINR activity. Almost all investigations are carried out in a close collaboration with
JINR member-state scientific centres as well as international and national institutions
and laboratories of the world. The most effective cooperation is realized with such institutes as IHEP (Protvino), Kurchatov Institute in Moscow, Institute of Nuclear Physics in
Gatchina near St.Peterburg, ITEP (Moscow), INR (Troitsk), Lebedev Institute of Physics
(Moscow).
A fruitful scientific cooperation is being held with CERN, especially in the last years,
as well as with ma.ny physics laboratories in USA, France, Germany, Italy, Switzerland
and other countries. Cooperation with scientific centers of China is being developed, a
Protocol on collaboration has been signed between JINR and the Institute of Modern
Physics of Academia Sinica. The JINR Directorate is ready to maintain constant and
long-term contacts with laboratories of other countries as well.
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2.1. JINR's international cooperation in high energy physics
JINR's Broad International Collaboration in HEP:
Other
countries:

HEP Lab's of
Member States:
Russia:
(...IHEP - 9 JINR
experiments
ITEP, Budker INP...)
Kiev
Minsk
Tbilisi
Yerevan
Alma-Ata

CERN:
LEP-DELPHI
SPS-SMC
NA-48
OMEGA
NOMAD
LEAR-OBELIX
LEP-2
LHC-ATLAS
CMS
ALICE
Accelerator Program

China
Japan
Canada
Sweden
Finland
Israel ...

France:
IN2P3
LAPP (Annecy)
LAL
CAE

USA:
FNAL
BNAL
SLAC
CEBAF

...
Germany:
DESY (Humburg)
MPI (Max plank)
DESY (Zeuthen)

Italy:
INFN-Pisa
INFN-Frascati
Universities
Milano,
Firenca

2.2. Cooperation with I H E P (Protvino)
JINR scientists are carrying out experiments at IHEP's U-70 proton synchrotron
with the help of such set-ups as MIS-2, SVD. Tagged Neutrinos, EXCHARM, DIMESOATOMS, HYPERON, Neutrino Detector, and others.
JINR's participation in research at U-70
EXCHARM

Search for exotic states with strange
quarks, study of processes of production
and decay of particles containing heavy
quarks.
Cooperation:
Bulgaria, Romania, Czechia, Austria,
U.K., Italy, France, Switzerland,
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Belarus,, Georgia, Kazakhstan, Russia.
SVD

Investigations of processes of open charm
particle production in pp-interactions.
Cooperation:
Bulgaria, Romania, Hungary, Georgia,
Russia.

HYPERON

Investigations of rare K-meson decays.
Cooperation:
Bulgaria, Vietnam, Poland, Romania,
Slovakia, Czechia, Hungary, Germany,
Italy, USA, France, Azerbaijan, Armenia,
Belarus, Georgia, Ukraine, Russia.

NEUTRINO
DETECTOR

Investigations of neutrino oscillations
and neutrino-nucleon interactions.
Cooperation:
Bulgaria, Vietnam, Poland, Romania,
Slovakia, Czechia, Hungary, Germany,
Italy, USA, France, Azerbaijan, Armenia,
Belarus, Georgia, Ukraine, Russia.

TARGGED
NEUTRINO
COMPLEX

Verification of the universal features
of weak interactions; search for rare
decays in neutrino interactions; search
for CP-violation in K-decays.
Cooperation:
Bulgaria, Belgium, Germany, Spain,
Azerbaijian, Armenia, Belarus, Georgia,
Kazakhstan, Russia, Uzbekistan.

MIS-2

Investigations of radial excitations of
boson systems of light quarks.
Cooperation:
Russia, Italy, Switzerland.

POSITRONIUMGLUON

Search for and investigations of mesonmeson and gluon-gluon bound states.
Cooperation:
Bulgaria, Vietnam, Poland, Slovakia,
Czechia, Hungary, Germany, Italy, USA,
France, Azerbaijan, Armenia, Belarus,
Georgia, Ukraine, Russia.

PROZA-DIBARYON

Measurements of polarization
parameters in TTN an AW interactions.
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Cooperation:
Bulgaria, Vietnam, Poland, Romania,
Slovakia, Czechia, Hungary, Germany,
Italy, USA, France, Azerbaijan, Armenia,
Belarus, Georgia, Ukraine, Russia.
ISTRA-IKS

Study of the K~ - --fx~fi+ decay and
measurements of the structural radiation
of 7 -quantum in the K~ - e~uj decay.
Cooperation:
Bulgaria, Russia, France.

JINR's participation in the UNK construction programme
NEPTUN

Study of spin effects in experiments
with stream polarized target at the UNK
internal beam.

MARS-MPS

Multi-particle spectrometer.

UNK-1
Accelerator

Development of separate systems of the
UNK first stage (the system of suppression
of transverse oscillation of the beam);
recapture station at U-70;
cryogenic systems of the UNK second stage.

2.3. Cooperation with CERN
Dubna physicists are involved in a big part of the CERN experimental programme.
The general Agreement between JINR and CERN was signed in 1992, but cooperation
between two international organizations has a very long history.
Figs.2.3.1 and 2.3.2 show the current experimental activities of Dubna groups at
CERN. The interest in the future CERN programme is demonstrated by the involvement
in the detector R&D and active participation of Dubna teams in the preparation of Letters
of Intent for the LHC.
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Figure 1: Distribution over Institutes of Russian physicists on LHC Letters of Intent.
Total number 347

Other CIS (10.5!:)
Novosibirsk (2.47.)
Moscow Eng- (3.87.)
Kurcbalov (2.87.)

-Dubaa (28.9%)

Sl.Petersburg (11.8%) —'

-IBEP (16.7X)

Lebedev (12.2%)
ITEP (10.8%)

Figure 2: Distribution over Russian physicists over Institutes in current CERN
programme, using Grey Book figures. Total number 287
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Experiments where Dubna involved (in 1994):
LEAR

OBELIX

PS201

SPS

SMC
CP Violation
OMEGA GLUEBALL
OMEGA BEATRICE
NOMAD

NA47
NA43
WA91
WA92
WA96

LEP

DELPHI

LHC

ATLAS

CMS
AIICE
TRD/RD6
LHC dampers
LHC Control architectures

2.4. Cooperation with Italy
Scientific contacts with Italian physicists have been maintained since the very foundation of JINR in 1956. At first these were visits of Italian scientists invited to Dubna
by the JINR Directorate and the exchange visits of Dubna specialists to Italy. Among
the eminent Italian scientists who came with lectures on questions of experimental and
theoretical physics at that time were professors G.Vatagin, T.Reggi, A.Zichichi and others.
A new stage of cooperation between JINR and Italian research centres opened in
the late 1960s when the joint experiments started at the Synchrocyclotron of the Lab. of
Nuclear Problems (JINR) and at the proton accelerator in Protvino. The first of these
experiments began -n 196S and was aimed at the study of elastic and inelastic scattering
of pions on He nuclei with the help of streamer chambers. The most active groups involved
from the Italian side were from Turin, headed by Prof.G.Piragino, and from the National
Laboratory of Frascati, headed by Prof. R.Scrimaglio. The JINR group was headed by
Yu.Scherbakov and I.Falomkin.
Another example of this fruitful cooperation was the joint participation of Dubna,
Milan and Bologna groups in the experiments using the magnetic spark spectrometer MIS
developed by JINR. The research which they carried out allowed to study the spectrum
of the excitation levels of the component structure of meson both in terms of the orbital
and radial quantum number. The major result of that research was the fundamental
discovery of two ntw resonance states of r -meson. Later on the work continued using
the modernized spectrometer MIS-2 to investigate bosonic resonances at dissociation of
mesons on nuclei. The JINR group was hyaded by Prof.A.Tyapkin, the Italian groups were
headed by professors D.P.Bellini and G.Vegni (for MIS), and by professors F.Palombo and
P.-L.Frabetti (for MIS-2).
Beginning froii the 80s the both sides became jointly involved in a wider cooperation in two experiments at CERN - PS-179 and PS-201 (the study of antiproton-nuclear
interactions at low and intermediate energies at the antiproton storage ring LEAR).
While work continued last year for the development of the Superconducting Super Collider in the USA, 2 protocols were signed between JINR and a group of Italian
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physicists headed by Prof.D.Belletini on the joint development, construction and testing
of new-generation detectors and calorimeters to be used at TeV-colliders (Dubna team
leader is Prof.Ju.B.idagov). As you know, this project (the construction of the Super
collider) has been r3gretfully cancelled.
Of all the 61 research topics in JINR, 20 are carried out with the participation of
Italian laboratories and universities. This collaboration covers practically all the fields of
research represented at JINR, except two of them, namely neutron nuclear physics and
condensed matter physics.
The long-standing wide cooperation between Dubna and Italian theorists deserve
special mentioning.
Much activity in this field is done at the International Cenre of Theoretical Physics
in Trieste (Italy). The Centre was established in 1964 to promote fundamental science
in developing countries by organizing lectures and seminars given by well-known physicists from many countries. Many scientists from JINR have visited Trieste in the past
years, including JINR's former Director Prof.N.N.Bogolubov, an outstanding theoretical
physicist and mathematician. The famous Pakistani scientist, Nobel Prize winner Prof.
Abdus Salam, Director of the Trieste Centre for Theoretical Physics, was welcomed at
JINR Dubna, too. Every year the Centre organizes many schools and meetings on various aspects of modern physics and applied mathematics, for example the School on High
Energy Physics and Cosmology, held last year.
1993 was a record year in the number of visits of JINR's scientists to Italy: 80
physicists from Duhna visited Italian research centres or took part in conferences.
In conclusion I would like to emphasize that we much appreciate the assistance in
this cooperation which is given to us by the Italian Embassy in Russia, in particular,
by the Counsellor for Science Prof.G.Piragino. Prof. Piragino supervises our cooperation,
frequently visits JINR in connection with the joint experiments and as a member of the
JINR Scientific Council.
Last year Professors V.Kadyshevsky and L.Maiani signed an umbrella-type General
Cooperation Agreement.
3. JINR's scientific potential
3.1. Technical possibilites of JINR Laboratories for HEP experiments
are as follows:

Lab. of Particle Phvsics

track detectors (drift chambers,
proportional chambers, drift tubes),
semiconductor detectors;

JINR Serpukhov Dept.

provision of experiments at U-70,
capillary track detectors with liquid
scintillator,
electromagnetic and hadron calorimeters;

Lab. of High Energies

superconducting magnetic systems,
polarized targets;

Lab.of Nuclear Problems

wire proportional chambers, pressurized
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drift tubes, electromagnetic and hadron
calorimeters, radiation-proof big-sized
scintillation counters, cryogenic polarized
targets, development and fabrication of
big-sized magnetic systems.

3.2. The Synchrophasotron-Nuclotron complex
Nuclotron

-

superconducting synchrotron for
accelerating of nuclei, 6-7 GeV/n

Synchrophasotron

-

accelerator of polarized protons and
deutrons;
acceleration of nuclei up to the energy
of 4 GeV/n.

The new superconducting accelerator Nuclotron was put into operation in 1993. It
will enable to perform a wide programme of research in relativistic nuclear physics. The
injection complex is being developed consisting of a buster, linac and ion sources. This
complex will allow one to accelerate nuclei from hydrogen to uranium with the intensity
from 1013 to 108 particles per pulse respectively and the energy of 6-7 Gev per nucleon.
Polarized deutron beams are forseen.
3.3. Dubna accelerators and reactors
The main fields of the Institute's investigations are theoretical physics, elementary
particle physics, reiativistic nuclear physics, physics of low and intermediate energies,
heavy ion physics, nuclear physics with neutrons, condensed matter physics, radiobiology
and radiative medicine, experimental instruments and methods.
The major facilities of the Institute for experimental investigations are the synchrophasotron, phasotron, U-200, U-400 and U-400M cyclotrons, IBR-30 and IBR-2 neutron reactors (see tabl. 3.3.1).
Synchrophasotron ^ is an accelerator of 10 GeV protons put into operation in 1957.
In the 70's the acceleration of nuclei heavier than hydrogen, that is deuterium, lithium,
carbon, fluorine anil magnium, was accomplished in the broad energy spectrum from 100
MeV to 4 GeV per nucleon. Average densities of beams range from 104 to 10 n ion/cm2 s
depending on the atomic number of accelerated nuclei and experimental requirements.
Phasotron1) is an accelerator of 6S0 MeV protons. It was put into operation in 1949,
reconstructed in 1984 and represent the oldest basic facility of JINR. 10 beam channels
are available at this machine which are used to carry out experiments with pions, muons,
neutrons and protons. 5 secondary beams are designed to carry out medical investigations,
mainly for cancer fierapy. The intensity of the extracted proton beam is 2 mkA.
U-200 is an isochronous cyclotron constructed in 196S to accelerate heavy ions. It
is designed to accelerate nuclei with {A/Z) = 2.8 — 5 up to 145 T?fAMeV with the beam
intensity 10s - 109 ion/s. This machine is used presently for applied studies.
1) Since 1992 supported from Stabilization fund (under the budget of JINR), organized
by users.
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Facilities

Particles
Obtained

Energy of
particles

Synchrophasotron

protons
deutrons

8-10 GeV
3.6 GeV/
nucleon

3

He
4
He
Li

Ul

Nuclotron

»
11

C
0
F
Mg
Si
protons

»

11
11
1)

12 GeV

Number of
particles
per sec
4-10 1 1
1011

Irradiation
impulse rate

Irradiation
depth

.14 +.09
)>

3 + 104

4-108
6-109
-1-10 8
2 - 108
2-106
6-105
10"
3-103
5-10"

)i

i)

i)

Neutron flux
behind
sheilding
2-10 11
2- 10x0
2-10 8
3-10 9
2-10 8
108

106
3-10 5
5-105
103
1O10

.5 + .09

3 + 104

»

»

M

4 • 10 1 3

240

i-i;
140

(E i 20)

3+6

3 • 1O 10
(EiO)
2-109

Absorption
dose in the
beam Gr/sec
200

50
0.8
12
2
4
7•10"2
2•10"2
0•lO"4

2•10" 4
-

2

A/q

O

2//

Phasotron

Cyclotron
U-400
Cyclotron
U-400M
Reactor
IBR-2

+238

V

protons

ions
B + Zr
ions

B + Zr
neutrons
7-quanta

6 GeV/
nucleon
660+680
MeV

20 + 5
MeV/nucl.

120 + 5
MeV/nucl.
fission
spectrum

10 13 + 1012

150

1O10

-

5-109

5-10 3

2-10
5-10

11

-

8

»

i>

4-108

-

5

103
»

108

4 • 10~3
+3 • lO"2
10" 3

12

+10
2MBT
«

t
CO
CO

U-400 is a heavy io: 1 isochronous cyclotron constructed in 1978. The range of accelerated
nuclei is (A/Z) = 4 - 2 0 , energy is 650 Z2jA MeV, beam intensity is 1012 - 1014 ion/s.
U-400M is aii isochronous cyclotron put into operation in 1991-92 to accelerate
heavy ions. It is designed to operate in the cyclotron U-400 + U-400M complex and
allows to accelerate ions from hydrogen up to uranium in the range of energy 120-20 MeV
per nucleon respectively with the average beam intensity of 4 x 1013 — 1011 ion/s.
IBR-30 2) is a pulsed reactor on fast neutrons of periodic cycle constructed in 1969.
The average heat power of the reactor is 25 kW, instant pulse power is 150 MW. The
reactor generate puises with frequency from 4 to 100 per second and length of 50 \i s. The
pulsed density of the heat neutron beam is 5 x 1014 n/cm 2 s. While operating in the buster
mode with an electron linac, the duration of neutron flash is reduced up to 3-4 fi s.
IBR-2 was put into operation in 1984. The average power of the reactor is 2MW,
the pulse power is 1500 MW, pulse length is 215 /i s, the frequency of pulse repetition is
5 per second, pulse density of the neutron flux is 1016 neutron/cm 2 /s.
4. Dubna as an Educational Centre
JINR gradually changes now from a purely scientific research institution to an international centre, n which fundamental science, engineering and applied researches are
closely connected with training. Structurally, it takes the form of a new satellite "students" laboratory. Its prototype is the currently working Training Centre (TC). This new
training function of JINR is supposed to be oriented to international demand.
The JINR Directorate has also plans to establish an International University at
Dubna. One of the steps taken by JINR towards this goal was the organization (in
July-August 1993) of the International Summer Courses "Radiation Protection: Physical, Medicobiologu-al and Ecological Aspects" (Chernobyl's lessons).

-

Si atus and development of the JINR Training Centre
The following topics of training are offered at present:
Elementary particle physics ,on the basis of:
Lab. of High Energies (Director: Prof.A.Baldin)
Lab. of Particle Physics (Director: Prof.I.Savin)
Lab. of Nuclea; Problems (Director: Prof.N.Russakovich)
Chair of Elementary Particle Physics of Moscow State Univ.
(Head of the Chair: Prof.A.Tyapkin)
Chairs No.40 and No.7 of Moscow Physics Engineering Inst.
(Heads of the Chairs: Prof.B.Dolgoshein and Prof.F.Sergeev)
The Chair of Physics of High Energy Particle Interaction
was set up in 1993 on the decision of the Scientific Council of
Moscow Instituie of Physics and Technology (Head of the Chair:
Dr.G.Shelkov).

-

Physics of the Atomic Nucleus,on the basis of:
Lab. of Nuclea^ Reactions (Director: Prof.Yu.Oganessian)

2) Since 1992 supported from Stabilization fund (under the budget of JINR), organized
by users.
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Lab. of Neutron Physics (Director: Prof.V.Aksenov)
Chair of Physics of the Atomic Nucleus of Moscow State Univ.
(Head of the Chair: Prof.V.Balashov)
Chair No. 11 of Moscow Physics Engineering Institute
(Head of the Chair: Prof.V.Grigoriev)
— Nuclear Methods in Condensed Matter Physics and High
Temperature Superconductivity, on the basis of:
Lab. of Neutron Physics (Director: Prof.V.Aksenov)
Chair No.25 of Moscow Physics Engineering Institute
(Head of the Chair: Prof.Yu.Bykovsky)
— Engineering P'r-ysics (formerly Accelerator Physics),
on the basis of
Laboratories of Nuclear Problems, Particle Physics, Nuclear
Reactions (Leader from JINR: Prof.E.Perelshtein)
Faculty "A" of Moscow Physics Engineering Institute
— Radiobiology,on the basis of:
Laboratory of Nuclear Problems
(Leader from JINR: Prof.E.Krasavin)
Chair No.l of Moscow Physics Engineering Institute
(Head of the Chair: Prof. E.Kramer-Ageev)
The first graduates of the Training Centre presented their diploma papers in 1993.
The number of students trained in the spring semester of 1993 was 98, in the autumn
semester - 80.
120 students studied in the 1994 spring semester.
International contacts
A group of st idents did their diploma papers at the University of Dallas (USA), 6
students continue training there. Cooperation goes on with CERN and TU (Darmstadt,
FRG). Contacts are developing with the European Physical Society and the EC Moscow
Office in the sphere of exchange of students-physicists.
Further steps
Plans for 1994/1995 in the educational domain include: widening of the students'
exchange (Poland, Czechia), cooperation with new universities (Denmark), preparation of
documents for establishing in Dubna of a UNESCO-IAEA Chair of Radiation Protection.
The next step in the development of the JINR TC will be establishment of Economics Faculty in a joint effort with Moscow State University.
The signing oi the inauguration documents of the "Dubna International University"
is expected in autumn 1994.
5. Plans for future
JINR has the following projects for the development of new basic facilities:
IREN (Intense Resonance Neutron Source) is a project aimed at constructing a
high-flux pulsed neutron source to carry out investigations with resonance neutrons.
The facility will comprise a modern 150 MeV electron linac and a subcritical uranium booster having neutron multiplication coefficient 14. This project started of realiza-
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tion from 1994. It will be put into operation in 1997.
cr - Factory is a project of a new accelerator complex to comprise an electronpositron collider with an energy of 1.7 - 3 GeV in each beam and an injection system.
The research programme for this complex will include the study of Tau-lepton and
r-neutrino physics, r-charmonium spectroscopy, CP violation, charmed baryon physics
and meson spectroscopy. The desing of specialized synchrotron radiation source (8 - 10
GeV, NK - 10) is under consideration.
Dubnaspecia;ists continue to develop systems of the Storage Rings Complex (UNK)in
Protvino. Experimental set-ups to carry out the first investigations are under construction.

K4-K10: The design of the Heavy Ion Storage Ring Complex K4-K10 has been
performed in order to provide precise stable and exotic beams. It combines a pair of
the coupled storage rings K4 and K10, both equipped with electron cooling, an injection
channel to transport beams from the U-400M cyclotron to the K4 ring and separation
channel designed for isolation of radiactive ion beams produced by nuclear interactions.
Due to unique properties of ion beams one can study nuclear matter in the extreme
state, the structure of the nucleus and mechanism of nuclear reactions, the synthesis of
superheavy and exotic nuclei and many other problems.
JINR's plans for the nearest future:
- Development of methodical and computing possibilities for participation in experimental programmes of the world's largest HEP laboratories (CERN, IHEP and others).
- IREN construction.
- Development of the injector complex of the Nuclotron.
- R&D of cr - Factory, NK-10 (together with BINP-Novosibirsk
and others).
- Further development of the JINR Training Centre
- The use of JINR's advanced infrastructure for holding international conferences,
meetings and schocls.
In conclusion of this part of my talk I would like to express the following opinion:
The combination of JINR's attractive scientific programme, development of new
technologies and our recent initiatives in the educational field make our Institute an
interesting and pro nising partner.
JINR continues to be an active international centre of world importance.
JINR is also u bridge between East and West.
6. The status of H E P in Russia and FSU-countries
Speaking of the programme in high energy physics in the territory of the former
Soviet Union, one has to note the existence of serious economic difficulties. Yet we believe
that they are temporary. This region has a rich background of applied and fundamental sciences. The world's largest proton accelerator in operation in the late 60's was in
Protvino, Russia. The prestige of our HEP physicists in theoretical investigations, in accelerator and detector technologies was always very high.
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Among the participants of European and world collaborations one can often see
such research centres as
Institute for High Energy Physics (Protvino),
Institute of Theoretical and Experimental Physics (Moscow),
St. Petersburg Institute of Nuclear Physics (Gatchina),
Hudker Institute for Nuclear Physics (Novosibirsk),
Institute for Nuclear Research (Troitsk, Moscow),
Moscow State university,
Lebedev Institute of Physics (Moscow),
Kurchatov Institute (Moscow),
Moscow Engineering Physics Institute,
Yerevan Institute of Physics and Yerevan University (Armenia),
Institute of Physics (Azerbaijan),
Belarus State University,
Institute for High Energy Physics (Alma-Ata, Kazakhstan),
Kharkov and Kiev institutes (Ukraine),
Institute of Nuclear Physics (Tashkent, Uzbekistan)
and others.
Let me describe in brief the experimental capabilities for HEP in Russia.
The main accelerating facilities used for research in high energy physics in Russia
are
the 76 GeV proton synchrotron (IHEP, Protvino, near Serpukhov) (see Fig. 6.3 6.6),
the 7 x 7 GeV positron-electron storage rings VEPP-4 (Institute for Nuclear Physics
of the Siberian branch of the Russian Academy of Sciences, Novosibirsk),
the synchrophasotron for acceleration of protons (10 GeV) and atomic nuclei (Joint
institute for Nuclear Research, Dubna),
the proton synchrotron of the Institute for Theoretical and Experimental Physics
(Moscow) accelerating protons up to 9,3 GeV,
and others (see table 6.1).
Besides, a number of proton accelerators wit,':, energies up to hundreds of MeV,
phasotrons are also available operating in Russia:
at the Joint institute for Nuclear Research (Dubna) and
St.Petersburg Institute of Nuclear Physics.
An intensive linear proton accelerator is also constructed at the Institute for nuclear
research (Troitsk). The first stage of the accelerator has been completed.
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Table 6.1
MAIN OPERATING ACCELERATORS WITH ENERGIES MORE THAN 1 GeV
Location

Type of
accelerator

Particle
energy, GeV

Particle intensity
or luminosity

Protvino

proton
synchrotron

76

1,6 x 1013

Dubna

synchrophasotron

10

4 x 1012
(proton acceleration)
5 x 1O10 (4 He)
5 x 107 (16 0 )
3 x 104 (28 Si)

4 GeV/n

nuclotron

6 GeV/n

Moscow

proton
synchrotron

9.3

lxlO8

Novosibirsk

e~e+ storage
ring

7x7

3 x 1031 (cm"2 s' 1 )

Yerevan

electron
synchrotron

6

7 x 1O10

Kharkov

linear electron
synchrotron

2

1,7 x 1O10

Table 6.2
ACCELERATORS UNDER CONSTRUCTION OR DEVELOPMENT
Location

IHEP
Protvino

BINP

Novosibirsk
Dubna

Type of
accelerator
under construction
acceleratingstorage complex
for proton
acceleration (UNK)

Energy

Intensity

i. 3.000
ii.3.000x
3.000*)

6 x 10 14
4 x 1032

UNK-1

600

5 x 10 12

e~ e Linear
collider

l.OOOx
1.000

{R k D stage}

projects under development
(b-factory) ip -, Cr - factories
Cr - factory,
NK-10

The first version of the UNK-project.
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Fig. 6.3

IHEP 70 GeV
Accelerator

E = 70 GeV
!„„ = 1.6510"pPP

Fast &£ slow extraction
Internal targets
Crystals

Experimental
setups
1.5 GeV
booster
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Fig. 6.4

The parameters of U-70 accelerator
Parameter

Design

Achieved

Proton energy, GeV
70
76
Circumference, m
1483.7
Beam intensity per cycle:
- with 100 MeV linac (MOO)
1-10"
5.6 10"
- with 1.5 GeV booster
5 10"
1.7-10"
Magnetic Beld:
76
- with injection from 1-100, G
3S6
350
- with injection from booster, G
13
12
- maximum, kG
Magnetic cycle duration, s
JJJU
2
1
Flat-top time, s
Number of magnets
120
Number of periods (superperiods)
60 (12)
4.8
Length of long stright sect., m
FODO (combined function)
Focusing order
Betatron frequency
9.75 .9.85
Accelerating RF, MHz:
2.6
- with injection from 1-100
5.5
- with injection from booster
— at the end of acceleration
6.1
Harmonic number
30
Transition energy, GeV
8
Aperture of vacuum chamber
(r x z, cm):
- goffered chamber
19.5 x 11.5
— chamber after upgrading (smooth) 20 X 10
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Fig. 6.5

COLLABORATION AT U-70
(More then 170 experiments)
Russia^
IHEP - 120
ITEP - 25
IA.E-3
LPI- 6
PINP - 3
INR RAS -2
INP SB - 2
TPI- 1
MSU- 6

VMPEI - 7 J

(CERN - 42

USA
FNAL- 1
UCLA - 1
NY Univ.- 1
LANL - 1
VMich.Univ.-l

Germany
I H E P , Zcuthcii'2
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Fig. 6.6

EXPERIMENTAL PROGRAMME
AT IHEP U-70 ACCELERATOR
• MESON SPECTROSCOPY
Setups: GAMS-2000, GAMS-4:, VES, SPHINX, SVD,
MIS-JINR
Results: h(2050), r(2510), g(1590), g(1810), X(1814), 7r'(1300),
TT"(1770), etc.

• EXOTIC BARYONS
Setups: CHARM, SPHINX
Results: X(3100), X(3250), X(2050)- E°(1385) K + , etc.

• RARE DECAYS
Setups: HYPERON, ISTRA
Results: K*—sr+ir°jrl) (g=0.637±0.020), BR(^" — e~i>y) =
(1.61 ± 0.23)10" 7 , BR(K" - sV"i>) = (2.7 ± 0.2)- 1(H,
etc.

> SPIN EFFECTS
Setups: PROZA (polarized target),
FODS-2 (p.T • beam) - under preparation
Results: Asymmetry of the inclusivly produced 7T, u>, 7?, /
at high p,
' NEUTRINO EXPERIMENTS
Setup: IHEP-JINR Neutrino Detector
Results: deep inelastic scattering, di-muons, beam-dump,
etc.
Setup: Tagged Neutrino Facility - ready for first physical
run.
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Fig. 6.7
Figs. 6.7, 6.8, 6.9, 6.10, 6.11, 6.12 demonstrate main, information about present
status of UNK-1.

UNK - 600
• 600 GeV Fixed Target Machine
= 5 • 1012 p/s)
• Experimental Facilities
- NEPTUN (polarized jet target)
- Experimental Hall Na 3
(TTS K±, p, e")
- Experimental Hall Ka 2
(I/, ft, 7T*, K ± )
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Fig. 6.8

The main parameters of UNK-600

UNK-600

Parameter
Maximum energy, GcV
Injection energy, GeV
Orbit length, m
Peak magnetic field, T
Injection magnetic field, T
Magnetic cycle duration, s
Acceleration time, s
Harmonic number
RF-voltage, MV
Maximum energy gain per turn, MeV

Transition energy, GeV
Betatron frequency (without
straight sections)
Maximum beam intensity per cycle
Average beam intensity, s""1
Normalized transverse emittance
of beam, mm • mrad
Normalized longitudinal emittance
of bunch, MeV • m/c

t20s

Cycfe

U-600
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600
65

20771.9
1

0.108
120
20

13860
7
2.1
42

36.7
6 • 10 14
5 • 10"
< 150
< 100

Fig. 6.9

ACCELERATING AND STORAGE
COMPLEX (UNK)
Experimental

STATUS
• - Injection channel:
• - Tunnel boreing:

has been commissioned with
proton beam (March 1994)
21 km

• - Readiness for infrastructure installation:

14 km

3- Hall for american-russian experiment
NEPTUN:
civil engineering finished
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Table 6.10
PRODUCTION OF UNK-600 EQUIPMENT
(status)
NN

ITEM

1.
2.
3.

Dipoles
Quadrupoles
Correction
magnets
Power supplies
for ring magnets
Power supplies
for corr action
magnet".
Vacuum system:
- vacuii n chamber
- vacuii 11 pumps
Accelerating RF
system:
- genentor stations
- accelerating
cavities
- power supplies

4.
5.

6.

7.

Total
number
2226
522
1180

Delivered
by Jan. 1,1994
1500
506
1180

%

25

13

52%

1180

132

11%

23,7 km
3570

18 km
2500

76%
70%

S

4

50%

16
8

4
8

25%
100%
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67%
97%
100%

Table 6.11
U-600 PHYSICS GOALS
- light and charmed meson spectroscopy;
- search for neutrino oscillations,
observation of - neutrino;
long distance v -exp. UNK / Baikal
UNK / Gran Sasso
- polarization experiments (polarized jet target);
- study of the charged K-meson decays;
- deep inelast c lepton-hadron scattering with
muon and neutrino beams.
Table 6.12
MILESTONES
The injection transfer line

1994

The experimental string

1995

of UNK-600
The beam injection system

1996

for UNK-600
Commissioning of the 1st

1996

octant of UNK-600
Operation of UNK-600

1997

Start of physics research

1998

Another direction of HEP research is connected with plans of the Institute for Nuclear Physics (Novosibirsk, Director - A.N.Skrinsky) to create colliding electron-positron
beams on the basis of linear electron accelerators (VLEPP). The project's first stage is
expected to provide electron-positron colliding beams with energies 500 x 500 Gev. The
further development of the complex will enable one to achieve the colliding energy of 1000
x 1000 Gev.
It is believed that already the first stage of VLEPP will make it possible to verify
the theory of electioweak interaction, to search and study the resonance production of
neutral vector and scalar particles, double-charged boson, excited electrons and heavy
exotic particles.
The international experience in dealing with heavy-current accelerators shows that a
meson factory is a generator of high-intensity secondary beams of pions. muons, neutrons,
neutrinos, polarized nucleons, hydrogen neutral atoms and is a unique tool for investigations in nuclear and elementary particle physics. That is why the construction of Moscow
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meson factory by the Institute for Nuclear Research (scientific leader - A.N.Tavkhelidze,
director - V.A.Matveev) is another important direction for fundamental studies in physics
in Russia (Fig. 6.12).
In terms of its parameters, every large accelerator is a unique physical installation.
The high cost and sophistication of experimental apparatus urges the necessity of a wide
international scientific and technical cooperation. Such cooperation in operating huge
accelerating machines makes it possible to develop faster and more efficiently complicated
experimental facilities comprising numerous detectors, electronic equipment and control
systems.
Final remarks
This short review presents only some general information about the accelerator
research centres of Russia and CIS. It should be noted that the scientific and technological
potential in this area of research is determined not only by a wide variety of academic,
university and civil atomic energy science but also the powerful industry of these countries
and a wide net of military defence nuclear Institutions, actively involved nowadays in
conversion programmes.
On the whole, this potential is rather high. This optimistic statement allows one
to state that Russian scientists may and will be active participants of world's various
largest projects such as LHC. The industry of the FSU-countries may be involved in
implementation of scientific orders. At the same time these countries are facing another
important task, that is how to maintain and develop their own scientific potential and
facilities in their own regions. In my opinion, this is the only prerequisite for preserving
the "quality" of science and counteracting the "brain drain".
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