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The revolution in elementary particle physics sparked by the unearthing of the
bizarre J/¥ particle in 1974 and followed by the discovery of the equally myste-
rious 7 and T particles, led to a beautiful interweaving of theory and experiment
culminating in the Salam-Weinberg theory of electroweak interactions and the
* quantum chromodynamic (QCD) theory of strong interactions. The extraordi-
nary prediction of the W and Z° bosons was fulfilled in 1983, and it is now
possible to produce Z° in millions. The emphasis today is on refined testing of
the detailed quantitative predictions of the theories, and, to match this, more
sophisticated calculations are demanded. This book presents, in two volumes,
a comprehensive and unified treatment of modern theoretical and experimental
particle physics at a level accessible to beginning research students. The empha-
sis throughout is on presenting underlying physical principles in a simple and
intuitive way, and the more sophisticated methods demanded by present-day
research interests are introduced in a very gradual and gentle fashion.

Volume 1 covers electroweak interactions, the discovery and properties of the
‘new’ particles, the discovery of partons and the construction and predictions
of the simple parton model. Volume 2 deals at some length with CP violation,
but is mainly devoted to QCD and its application to ‘hard’ processes. A brief
coverage of soft hadronic physics and of non-perturbative QCD is included.

This work will provide a comprehensive reference and textbook for all graduate
students and researchers interested in modern particle physics.
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Dedication

To our children, Darian, Francesca, Imre, Irene and Valentina.



Perché si scrive?

... Per insegnare qualcosa a qualcuno. Farlo, e farlo bene, pud
essere prezioso per il lettore, ma . . .V'intento didattico corrode la tela
narrativa dal di sotto, la degrada e la inquina: il lettore che cerca il
racconto deve trovare il racconto, e non una lezione che non desidera.
Ma appunto, le eccezioni ci sono, e chi ha sangue di poeta sa trovare
ed esprimere poesia anche parlando di stelle, di atomi, dell’alleva-
mento del bestiame e dell’apicultura. . .

Why does one write?

...To teach something to someone. To do this and do it well
can be valuable for the reader but ...the didactic intention corrodes
the narrative canvas from underneath, degrades it and contaminates
it: the reader who looks for a story must find a story and not a lesson
he does not want. But, of course, exceptions there are, and whoever
has the blood of a poet will find and express poetry also when talking
of stars, of atoms, of cattle breeding and of the raising of bees. ..

Primo Levi



Preface

For a book of its genre, our previous book, An introduction to gauge
theories and the “new physics” (1982) was a great success. It was not,
alas, sold in airport lounges, but it did run to two additional printings
(1983, 1985), and to extensively revised editions in Russian (1990), and in
Polish (1991). More importantly, it seemed to achieve the principal goal
which we had set ourselves, namely, to present a pedagogical account of
modern particle physics with a balance of theory and experiment, which
would be intelligible and stimulating for both theoretical and experimental
graduate students. We did not try to write a profound book on field
theory, nor a treatise on sophisticated experimental techniques. But we
did wish to stress the deep, intimate and fruitful interaction between
theoretical ideas and experimental results. Indeed, for us, it is just this
aspect of physics which makes it seem so much more exciting than say pure
mathematics. Our greatest pleasure came from the favourable reaction of
students who were working through the book and from those reviewers
who caught what we hoped was its essential flavour—*‘the writing creates
the feeling of an active progression of ideas arising from the repeated
interaction of theoretical prejudice with experimental observation’, ‘unlike
most textbooks, it is highly readable, and makes everything appear simple
and obvious’. Well, the last comment is surely an exaggeration but that
was our aim.

In thinking about a second edition we were faced with a serious con-
ceptual problem. Ten years ago we were in a state of excited expectation.
A beautiful theory had been created and led, via the simplest of calcu-
lations, to absolutely dramatic experimental predictions; principally the
existence and basic properties of the heavy vector bosons W* and Z9.
A host of interesting new phenomena could be studied with no more ef-
fort than the calculation of a lowest order Born diagram. Much of the
new physics could be discussed and understood from rather qualitative
arguments. That idyllic situation is much changed now.

xix
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After the few years during which the experimentalists were struggling to
demonstrate the very existence of these new phenomena, when the world
of physics was electrified by the discovery of one single W or Z event, we
have moved into an era when LEP is mass-producing millions of Z0s!

Consequently, and unavoidably, the physics emphasis has changed dras-
tically. Now it is the fine quantitative detail, the precise width and line
shape of the Z0, precision measurements of forward-backward asymme-
tries and branching ratios etc. which are under scrutiny experimentally.
And to match that, more sophisticated and vastly more complicated the-
oretical calculations are demanded. Thus we have passed from a simple
heuristic era to one of demanding quantitative rigour.

One consequence is that instead of a second edition we have ended up
with a large new two-volume book!

The above does not mean that the subject has become boring and
moribund. On the contrary, great theoretical issues are at stake. For the
earlier Born approximations did not really test the deeper field-theoretic
aspects of the theory, whereas the present comparisons between theory
and experiment are sensitive to these elements. They play a role almost
like that of the Lamb shift in establishing the validity of quantum elec-
trodynamics (QED).

Faced then with the need to introduce and discuss these more extensive
calculations, and given that schoolchildren, so it seems, are taught about
quarks and gluons, there was the temptation to abandon the long and
leisurely historical introduction to partons, quarks and gluons that we
had provided in the first edition.

We have not done so for the following reason. The introduction of the
new level of ‘elementarity’, the quarks and gluons, beyond the level of
mesons and baryons, is, we believe, of a fundamentally new kind, both
physically and philosophically in the modern history of science. For in all
previous cases the ultimate proof of the existence of a hypothesized con-
stituent was to produce and identify that constituent in the laboratory,
for example, via a track in a bubble-chamber; or, where a neutral parti-
cle was involved, like the A9, to have very obvious and incontrovertible
evidence of its propagation and decay into charged tracks.

Now, for the first time, we are postulating the existence of constituents
which, according to the present interpretation of the theory, can never be
truly freed, which can, in principle, never be seen as free particles in the
laboratory. This means that we really must provide convincing evidence
for these constituents and must examine very critically the steps that lead
to our postulating their existence.

It is on these grounds we have decided to retain the detailed discussion
of the historical process leading to the belief in the parton picture.

The major new features of this book are:
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. We give a detailed explanation of higher order electroweak effects
(the so-called radiative corrections).

. We provide a much expanded discussion of quark mixing (the
Kobayashi-Maskawa matrix), of K°-K? and B%-B° mixing and new
sections on both the phenomenology and dynamics of CP violation.

. The sections on charm and beauty and on jet physics have been
totally revised in order to take into account the mass of data that
has accumulated over the past few years.

. We have enlarged the treatment of deep inelastic lepton—hadron scat-
tering in three directions. Catalyzed by the major discoveries of the
European Muon Collaboration there is a more detailed treatment of
both polarization effects and of nuclear effects. And in anticipation
of HERA we discuss Z%—y interference which will be important for
large Q? physics.

. The treatrﬁent of QCD corrections to the simple parton model is
presented in much more detail and a new chapter is devoted to the
derivation of the parton model from field theory.

. Also linked to the coming into operation of HERA we discuss in
more detail the ‘low z’ region in deep inelastic scattering. Here
the usual evolution equations break down and one approaches the
non-perturbative region of QCD, creating a tremendous challenge to
theory.

. A brief discussion of elastic and soft reactions is provided so as to
give the reader at least an inkling of the remarkable pp physics being
carried out at the CERN collider and at the Fermilab Tevatron. In
particular, we discuss the impact of the very unexpected result of
the UA4 experiment at CERN.

. An introduction is given to the many and varied attempts to deal
with the non-perturbative or confinement region of QCD, especially
to the lattice approach and to the sum rule method, and to the excit-
ing new ideas about baryon and lepton number violations. Necessar-
ily the treatment of these is rather brief and not very comprehensive.
We seek to convey the basic ideas and methods.

. The Appendix has been much enlarged. It now contains a more de-
tailed specification of the Feynman rules for electroweak theory and
QCD, and a discussion of the relations between S-matrix, transition
amplitudes and Feynman amplitudes. There are also sections on
CPT invariance and on the operator form of Feynman amplitudes
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or effective Hamiltonians, both important for CP violation. The
evaluation of matrix elements of conserved currents, much used in
deep inelastic scattering and in the study of the Kobayashi-Maskawa
matrix, is explained in some detail. Finally, a complete list of cross-
section formulae for all 2 — 2 partonic reactions is given.

It is fascinating to step back and to view what has been achieved in the
past decade and where we now stand. Electroweak theory and quantum
chromodynamics have been remarkably successful, even at the level of
the detailed questions now being examined. But essential to their present
formulation and to their success are two objects, two crucial ingredients,
the top quark and the Higgs meson, which have not yet been found. The
Higgs meson is central to the symmetry breaking mechanism which gives
mass to the W and Z bosons. And the top quark plays a vital rdle in the
cancellation of anomalies and in the higher order calculations of small but
significant effects beyond the Born approximation. Indeed the success in
comparing these small corrections with experiment has led to quite tight
limits on what mass the top quark could have. Most recently, at the
Dallas Conference on High Energy Physics in August 1992, the following
remarkably narrow limits for m; were reported:

107<m; <143 GeV/c? for my =60 GeV/c?,
126 <m; <162 GeV/c? for my =300 GeV/c,
143 <m; <179 GeV/c? for my=1TeV/A.

In a way the sense of expectation for the discovery of ‘top’ and the .
‘Higgs’ is almost as strong as was the expectation of the W and Z a
decade ago.
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Notational conventions

Units
Natural units i = ¢ = 1 are used throughout.

For the basic unit of charge we use.the magnitude of the charge of the
electron: e > 0.

-Relativistic conventions

Our notation generally follows that of Bjorken and Drell (1964), in
Relativistic Quantum Mechanics.

The metric tensor is

1 0 0 0
0 -1 0 0
gw=0"=19 o _1 o
0 0 0 -1

Space-time points are denoted by the contravariant four-vector z# (b=
0,1,2,3)

gt = (, x) = (t’ z,y, z);

and the four-momentum vector for a particle of mass m is

p“ = (E,p) = (E,Pz,Pvrpz)v

E=yp?+m?

Using the equation for the metric tensor, the scalar product of two four-
vectors, A, B, is defined as

A-B=A,B* =g, A*B" = A°B° - A.B.

where

xxiii
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' ~y-matrices
The ~ matrices for spin-half particles satisfy
Y+ = 2g"

and we use a representation in which

0 __ I 0 i 0 gj .
Y —(0 iy L] 7"' —0;j 0 L] ]—1$2y3y

where o; are the usual Pauli matrices. We define

0 I
Y =wm=iryy = ( I 0)-

In this representation one has for the transpose T of the 4 matrices:
AT =3 for j=0,2,5,

but
T = —d for j=1,3.

For the Hermitian conjugates t one has
Y= A=A,

but

Pt=—qf  for j=1,2,3.

The combination

is often used. !

The scalar product of the v matrices and any four-vector A is defined
as

A=v"4,=7"4°-+'4 — 248,

For further details and properties of the v matrices see Appendix A of
Bjorken and Drell (1964).

Spinors and normalization
The particle spinors u and the antiparticle spinors v, which satisfy the
Dirac equations
(ﬂ— m)u(p) = 0)
F+mv(p) = 0,
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respectively, are related by

v = iy,
7 = —iuTy%%%

where © = vt9? (similarly 4 = uf4?).
. Note that our spinor normalization differs from Bjorken and Drell. We
utilize
ulu = 2E, vlv =2E,

the point being that the above can be used equally well for massive
fermions and for neutrinos. For a massive fermion or antifermion the
above implies

tu = 2m, v = —2m.

Cross-sections

With this normalization the cross-section formula (B.1) of Appendix B
in Bjorken and Drell (1964) holds for both mesons and fermions, massive
or massless. This is discussed in our Appendix 2—see in particular eqn
(A2.1.6).

Fields

Often a field like 9, (z) for the muon is simply written u(z) or just u
if there is no danger of confusion.

In fermion lines in Feynman diagrams the arrow indicates the direction

of flow of fermion number. Thus incoming electrons or positrons are
denoted as follows:

e —‘—é et —G—é
Normal ordering

In quantum field theory the products of operators that appear in La-
grangians and Hamiltonians should really be normal ordered with all cre-
ation operators to the left of all annihilation operators. With the excep-
tion of Sections 5.1.1 and 19.4 this is irrelevant throughout this book, se
the normal ordering symbol is never indicated.

Group symbols and matrices

In dealing with the electroweak interactions and QCD the following
symbols often occur:
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o ny = number of flavours

e N which specifies the gauge group SU(N)—Note that N =3 for the
colour gauge group QCD;

e the Pauli matrices are written either as o or 7; (j = 1,2,3);

e the Gell-Mann SU(3) matrices are denoted by A® (a =1...8);

o for a group (G) with structure constants f. one defines C3(G) via
6a5C2(G) = facdSoed
and one often writes

Ch= Cz[SU(3)] = 3.

If there are ny multiplets of particles, each multiplet transforming ac-
cording to some representation R under the gauge group, wherein the
group generators are represented by matrices t%, then T(R) is defined by

6T (R) = nsTr(t*t%).
For SU(3) and the triplet (quark) representation one has t* = A%/2 and
T = T|[SU(3); triplet] = in;.

For the above representation R one defines C2(R) analogously to C2(G)
via .

6;;C2(R) = tty;.
For SU(3) and the triplet representation one has
Cr = C,[SU(3); triplet] = 4/3.

The coupling in QCD

Finally, to conform with recent review articles, we have changed the
sign convention for the coupling in QCD, i.e. our new g is minus the g
used in the first edition. Since everything of physical interest in QCD
depends upon g2 this is essentially irrelevant.

Colour sums in weak and electromagnetic current

Since the weak and electromagnetic interactions are ‘colour-blind’ the
colour label on a quark field is almost never shown explicitly when dealing
with electroweak interactions. In currents involving quark field operators
(e.g. in Sections 1.2 and 9.3) a colour sum is always implied. For example,
the electromagnetic current of a quark of flavour f and charge Qy (in units
of e) is written

Jha(x) = Qfls(z)7 qs(2)
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but if the colour of the quark is labelled j (j = 1, 2, 3) then what is implied ‘
is

Jha(2) = Q5 D 3y, (x)v"ey, ().

_ colours
j



