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Abstract

We present a primer on the Standard Model of the elec-
troweak interaction. Emphasis is given to the historical as-
pects of the theory’s formulation. The radiative corrections to
the Standard Model are presented and its predictions for the
electroweak parameters are compared with the precise exper-
imental data obtained at the Z pole. Finally, we make some
remarks on the perspectives for the discovery of the Higgs bo-
son, the most important challenge of the Standard Model.

*To be published in Particle and Fields, Proceedings of the X J. A. Swieca Summer
School (World Scientific, Singapore, 2000)



Contents

1  Introduction
[I.1 A Chronology of the Weak Interactionyg . . . . . .. .. ..
1.2 The Gauge Principld ... ... ... ............

[1.2.1 Gauge Invariance in Quantum Mechanies . . . . .

[L.2.2  Gauge Invariance tor Non—Abelian Groupy . . . .

.o Spontaneous Symmetry breaking . . .. .. ... ... ..
(I.4 'T'he Higgs Mechanism| ... ... ..............
[L.4.1 "The Abehan Higgs Mechamism .. ... ... ...
[1.4.2 The Non—AbelianCas¢ . . . ... .. ... .....

£ The Standard Model
.1 Constructing the Model . . . . . .. . ... ... ......

R.1.1 General Principles to Construct Gauge Theories .
£.1.2 Right— and Left— Handed Fermiong ... ... ..
g.l.o Choosing the gauge group . ... ... .. ... ..
£.1.4 'The Higgs Mechanism and the IV and Z mass|

E.2 Some General hemarkyg. . . . ... ...

£.2.1 On the mass matrix of the neutral bosong . . . . .
.22 OnthepParameted . . .. .. .. ... ... ....
2.2.3 On the Gauge Fixing'lerm. . . . . . ... ... ..




2.2.4 On the Measurement of sin” fyy at Low Knergies .

2.2.0 Onthe LeptonMass ... .. ....
2.2.6 On the Cross Sections e"e™ — WTIW
R.8 Introducing the Quarksg. . . . ... ... ..
R.3.1 On Anomaly Cancellation . . .. ..
R.3.2 The Quark Masses .. ... .. ...
R.4 'T'he Standard Model Lagrangian . . .. ..

Beyond the Trees|

........

p.l kadiative Corrections to the Standard Mode] . . . . . . .

p.1.1 One Loop Calculations . ... .. ..
pb.2 The Z boson Physicg . ... ... ......
p.2.1 Introduction| . ... ... ... .. ..
B.2.2 The Standard Model Parameters . .

The Higgs boson Physics

#.1 Introduction ... ... ... .........
d.2 Higgs Boson Properties . . . . ... ... ..
#.0 Froduction and Decay Modeg ... ... ..
g.0.1 'T'he Decay Modes ol the Higgs boson|
#.0.2 Production Mechanisms at Colliderg

Closing hemarks|

helerences

........

........

........

........

52
53
55
57
58
61

64
64
66
69
69
71

81
81
82
87
87
89

91

93



Chapter 1

Introduction

The joint description of the electromagnetic and the weak inter-
action by a single theory certainly is one of major achievements of
the physical science in this century. The model proposed by Glashow,
Salam and Weinberg in the middle sixties, has been extensively tested
during the last 30 years. The discovery of neutral weak interactions
and the production of intermediate vector bosons (W* and Z°) with
the expected properties increased our confidence in the model. Even
after the recent precise measurements of the electroweak parameters
in electron—positron collisions at the Z° pole, there is no experimental
result that contradicts the Standard Model predictions.

The description of the electroweak interaction is implemented by
a gauge theory based on the SU(2);, ® U(1)y group, which is sponta-
neously broken via the Higgs mechanism. The matter fields — lep-
tons and quarks — are organized in families, with the left-handed
fermions belonging to weak isodoublets while the right—-handed com-
ponents transform as weak isosinglets. The vector bosons, W*, Z° and
v, that mediate the interactions are introduced via minimal coupling
to the matter fields. An essential ingredient of the model is the scalar
potential that is added to the Lagrangian to generate the vector—boson
(and fermion) masses in a gauge invariant way, via the Higgs mecha-
nism. A remnant scalar field, the Higgs boson, is part of the physical
spectrum. This is the only missing piece of the Standard Model that
still awaits experimental confirmation.
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In this course, we intend to give a quite pedestrian introduction to
the main concepts involved in the construction of the Standard Model
of electroweak interactions. We should not touch any subject “beyond
the Standard Model”. This primer should provide the necessary back-
ground for the lectures on more advanced topics that were covered in
this school, such as W physics and extensions of the Standard Model.
A special emphasis will be given to the historical aspects of the for-
mulation of the theory. The interplay of new ideas and experimental
results make the history of weak interactions a very fruitful laboratory
for understanding how the development of a scientific theory works in
practice. More formal aspects and details of the model can be found in
the vast literature on this subject, from textbooks [[ll, & B, &, B, B [1] to

reviews [, B, 1T, IT].

We start these lectures with a chronological account of the ideas re-
lated to the development of electromagnetic and weak theories (Section
[L.1). The gauge principle (Sec. [.9) and the concepts of spontaneous
symmetry breaking (Sec. [[.3) and the Higgs mechanism (Section [.4)
are presented. In the Chapter P, we introduce the Standard Model,
following the general principles that should guide the construction of
a gauge theory. We discuss topics like the mass matrix of the neu-
tral bosons, the measurement of the Weinberg angle, the lepton mass,
anomaly cancelation, and the introduction of quarks in the model. We
finalize this chapter giving an overview on the Standard Model La-
grangian in Sec. £.4. In Chapter B, we give an introduction to the ra-
diative corrections to the Standard Model. Loop calculations are impor-
tant to compare the predictions of the Standard Model with the precise
experimental results of Z physics that are presented in Sec. B.2. We
finish our lectures with an account on the most important challenge
to the Standard Model: the discovery of the Higgs boson. In Chapter
], we discuss the main properties of the Higgs, like mass, couplings
and decay modes and discuss the phenomenological prospects for the
search of the Higgs in different colliders.

Most of the material covered in these lectures can be found in a
series of very good textbook on the subject. Among them we can point
out the books from Quigg [fIll, Aitchison and Hey [M]], and Leader and
Predazzi [[7].



1.1 A Chronology of the Weak Interactions

We will present in this section the main steps given towards a uni-
fied description of the electromagnetic and weak interactions. In order
to give a historical flavor to the presentation, we will mention some
parallel achievements in Particle Physics in this century, from theoret-
ical developments and predictions to experimental confirmation and
surprises. The topics closely related to the evolution and construction
of the model will be worked with more details.

The chronology of the developments and discoveries in Particle Phy-
sics can be found in the books of Cahn and Goldhaber [[2] and the
annotated bibliography from COMPAS and Particle Data Groups [[J].
An extensive selection of original papers on Quantum Electrodynamics
can be found in the book edited by Schwinger [[I4]]. Original papers on
gauge theory of weak and electromagnetic interactions appear in Ref.

[TH].

1896 | * Becquerel [I6]]: evidence for spontaneous radioactivity effect
in uranium decay, using photographic film.

* Thomson: discovery of the electron in cathode rays.

* Planck: start of the quantum era.

Einstein: start of the relativistic era.

* Millikan: measurement of the electron charge.

Rutherford: evidence for the atomic nucleus.

* Bohr: invention of the quantum theory of atomic spectra.
Chadwick [I7]: first observation that the 3 spectrum is continu-

ous. Indirect evidence on the existence of neutral penetrating particles.
1919 | Rutherford: discovery of the proton, constituent of the nucleus.

1923 | * Compton: experimental confirmation that the photon is an
elementary particlein v+ C — ~ + C.

*The “star” (x) means that the author(s) have received the Nobel Prize in Physics
for this particular work.
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* de Broglie: corpuscular-wave dualism for electrons.
* Pauli: discovery of the exclusion principle.

* Heisenberg: foundation of quantum mechanics.

* Schrodinger: creation of wave quantum mechanics.

1927 | Ellis and Wooster [[§]: confirmation that the 5 spectrum is con-
tinuous.

1927 | Dirac [I9]: foundations of Quantum Electrodynamics (QED).

1928 | * Dirac: discovery of the relativistic wave equation for electrons;
prediction of the magnetic moment of the electron.

1929 | Skobelzyn: observation of cosmic ray showers produced by en-
ergetic electrons in a cloud chamber.

1930 | Pauli [PQ]: first proposal, in an open letter, of the existence of a
light, neutral and feebly interacting particle emitted in 5 decay.

1930 | Oppenheimer [R1]]: self—energy of the electron: the first ultravi-
olet divergence in QED.

1931 | Dirac: prediction of the positron and anti—proton.
1932 |* Anderson: first evidence for the positron.
1932 |* Chadwick: first evidence for the neutron in o + Be — C + n.

1932 |Heisenberg: suggestion that nuclei are composed of protons and
neutrons.

1934 | Pauli [PZ]]: explanation of continuous electron spectrum of [
decay — proposal for the neutrino.

n—ypt+e +..

Fermi [B3]]: field theory for § decay, assuming the existence of
the neutrino. In analogy to “the theory of radiation that describes the
emission of a quantum of light from an excited atom”, eJ, A", Fermi
proposed a current—current Lagrangian to describe the 3 decay:

Gr

\/5 (’ij Y %) ('J]e ol %) .

'Cwoak =



1936 | Gamow and Teller [P4]]: proposed an extension of the Fermi the-
ory to describe also transitions with AJ™¢ £ 0. The vector currents
proposed by Fermi are generalized to:

G 7T 7T
Loeakc = 7‘;20 (Yp D) (e T00,)

with the scalar, pseudo—scalar, vector, axial and tensor structures:
FS::[’ FP:’Y57 FL/:’XLL) Fﬁ:%ﬁm FZy:U,uy-

Nuclear transitions with AJ = 0 are described by the interactions
S.S and/or V.V, while AJ = 0,+1 (04 0) transitions can be taken into
account by A.A and/or T.T interactions (I'” — 0 in the non-relativistic
limit). However, interference between them are proportional to m./E,
and should increase the emission of low energy electrons. Since this
behavior was not observed, the weak Lagrangian should contain,

S.Sor V.V and AA or T.T.

Neddermeyer and Anderson: first evidence for the muon.
Majorana: Majorana neutrino theory.

Bloch and Nordsieck [BH]: treatment of infrared divergences.
Williams and Roberts [E@]: first observation of muon decay

o —e + (Ve t+vy) .

1943 | Heisenberg: invention of the S—matrix formalism.

1943 | * Tomonaga [B7]l: creation of the covariant quantum electrody-
namic theory.

1947 | Pontecorvo [R§]: first idea about the universality of the Fermi
weak interactions i.e. decay and capture processes have the same ori-
gin.

1947 |Bethe [E9]: first theoretical calculation of the Lamb shift in non—
relativistic QED.



1947 | * Kusch and Foley [B{]: first measurement of g. — 2 for the elec-
tron using the Zeeman effect: g. = 2(1 + 1.19 x 1073).

1947 |* Lattes, Occhialini and Powell: confirmation of the 7~ and first
evidence for pion decay 7 — u* + (v,).

1947 | Rochester and Butler: first evidence for ' events (strange par-
ticles).

Schwinger [B]]: first theoretical calculation of g. — 2 for the elec-
tron: g. = 2(1+«/27) = 2(1+1.16 x 1073). The high—precision measure-
ment of the anomalous magnetic moment of the electron is the most
stringent QED test. The present theoretical and experimental value of

ae = (ge — 2)/2, are [B2],
at™ = (115965 215.4 £2.4) x 107,

e

a® = (115965 219.3 £1.0) x 107",

e

where we notice the impressive agreement at the 9 digit level!

1948 | * Feynman [B3]; Schwinger [B4]; Tati and Tomonaga [B5]: cre-
ation of the covariant theory of QED.

1949 | Dyson [B6]: covariant QED and equivalence of Tomonaga, Sch-
winger and Feynman methods.

1949 | Wheeler and Tiomno [B7]; Lee, Rosenbluth and Yang [B§]I: pro-
posal of the universality of the Fermi weak interactions. Different pro-
cesses like,

f—decay : n—pt+e +0,,
p—decay : pu —e +U.+v,,
pu—capture : u +p—vy,+n,

must have the same nature and should share the same coupling con-
stant,

 1.03x 1077

GF )
Mg

the so—called Fermi constant.

A large number of new particles where discovered in the 50s: 7°,
K= A, K° AT, 27, 5%, b, p, K5, 1, 2°, A, 29, - -
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Ward [BY]: Ward identity in QED.

1953 | Stuckelberg; Gell-Mann: invention and exploration of renor-
malization group.

1954 | Yang and Mills [H0]: introduction of local gauge isotopic invari-
ance in quantum field theory. This was one of the key theoretical de-
velopments that lead to the invention of non—abelian gauge theories.

Alvarez and Goldhaber [E1]l; Birge et al. [E2]: 6 — 7 puzzle: The
“two” particles seem to be a single state since they have the same width
(I'y = I';), and the same mass (My = M,). However the observation of
different decay modes, into states with opposite parity:

0t — 7t +7°, JP =0t

™ = gt 4t 4, JP=0",

suggested that parity could be violated in weak transitions.

1955 | Lehmann, Symanzik and Zimmermann: beginnings of the ax-
iomatic field theory of the S—matrix.

1955 | Nishijima: classification of strange particles and prediction of
% and =°.

1956 |* Lee and Yang [A3]]: proposals to test spatial parity conservation
in weak interactions.

1957 | Wu et al. [A4]]l: obtained the first evidence for parity nonconser-
vation in weak decays. They measured the angular distribution of the
electrons in (3 decay,

%Co (polarized) — “Ni+e™ + 7, ,

and observed that the decay rate depend on the pseudo-scalar quan-
tity: < Joue > . Pe.

1957 | Garwin, Lederman and Weinrich [f5]; Friedman and Telegdi
[EG]: confirmation of parity violation in weak decays. They make the
measurement of the electron asymmetry (muon polarization) in the de-
cay chain,

at — ,u+ + vy

%e++ye+ﬂu.
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1957 | Frauenfelder et al. [E7]: further confirmation of parity noncon-
servation in weak decays. The measurement of the longitudinal polar-
ization of the electron (7..p.) emitted in 3 decay,

%9Co — ¢~ (long. polar.) + 7, + X ,

showed that the electrons emitted in weak transitions are mostly left—
handed.

The confirmation of the parity violation by the weak interaction
showed that it is necessary to have a term containing a 75 in the weak
current:

G - -
Lok — 7;20 (Vp T ) [T (1 £ 35) 0]

Note that C'P remains conserved since C is also violated.

1957 | Salam [A8] ; Lee and Yang [AY]; Landau [p0]: two—component

theory of neutrino. This requires that the neutrino is either right or
left-handed.

Since it was known that electrons (positrons) involved in weak de-
cays are left (right) handed, the leptonic current should be written as:

(1+s)

Jliopt = [QZ)G PZ (1 + ’75) Q/}l/:| - Q/je

Therefore the measurement of the neutrino helicity is crucial to
determine the structure of the weak current. If I = V or A then
{75,"} = 0 and the neutrino should be left-handed, otherwise the cur-
rent is zero. On the other hand, if I = S or T, then [y, "] = 0, and the
neutrino should be right-handed.

Schwinger [B1]l; Lee and Yang [BZ]: development of the idea of
the intermediate vector boson in weak interaction. The four—fermion
Fermi interaction is “point-like” i.e. a s—wave interaction. Partial wave
unitarity requires that such interaction must give rise to a cross section
that is bound by o < 4r/p? . However, since Gr has dimension of
M2, the cross section for the Fermi weak interaction should go like

o ~ G%.p?,. Therefore the Fermi theory violates unitarity for p,, ~ 300
GeV.
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This violation can be delayed by imposing that the interaction is
transmitted by a intermediate vector boson (IVB) in analogy, once again,
with the quantum electrodynamics. Here, the IVB should have quite
different characteristics, due to the properties of the weak interaction.
The IVB should be charged since the 3 decay requires charge—changing
currents. They should also be very massive to account for short range
of the weak interaction and they should not have a definite parity to
allow, for instance, a VV — A structure for the weak current.

With the introduction of the IVB, the Fermi Lagrangian for leptons,

GF o /
Loeakc = 7 [J*(0)J(¢) +he.] |

where J¢({) = 1,4y, becomes:

weak

Liae = Gw (J Wi+ Jw,) (1.1)
with a new coupling constant Gyy.

Let us compare the invariant amplitude for y—decay, in the low—
energy limit in both cases. For the Fermi Lagrangian, we have,
Gr

Myeak = ZEJQ(M)Ja(e) : (1.2)

On the other hand, when we take into account the exchange of the
IVB, the invariant amplitude should include the vector boson propaga-
tor,

Ml =G0 | = (a0 = 2 )| iG]

At low energies, i.e. for k* < M%,,

Gy 1o
MY — i T} ale) (1.3)
W
and, comparing ([[-3) with (T.2) we obtain the relation
M3,Gr
G2, = SWwEE | 1.4
NG (1.4)




which shows that Gy is dimensionless.

However, at high energies, the theory of IVB still violates unitarity,
for instance, in the cross section for v — W*W ™ (see Fig. 1).

Let us consider the W* polarization states. At the W* rest frame,
we can define the transversal and longitudinal polarizations as

er,(0) =(0,1,0,0) ,
er,(0) = (0,0,1,0) ,
€ (0) = (0,0,0,1) .

neutrino
W+

electron

. . W-
antineutrino

Fig. 1: Feynman diagram for the process v+ v — W+ + W™,

After a boost along the = direction, i.e. for p* = (F,0,0,p), the
transversal states remain unchanged while the longitudinal state be-

comes,
pl E P
e (p) = 7 D | :
My My My,
Since the longitudinal polarization is proportional to the vector boson
momentum, at high energies the longitudinal amplitudes should give
rise to the worst behavior.

In fact, in high energy limit, the polarized cross section for vv —
W*TW~ behaves like,
o(vv — WFW;) — constant
G%s

U(VDﬁW;WE) - 3 5
T
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which still violates unitarity for large values of s.

1958 | Feynman and Gell-Mann [p3]; Marshak and Sudarshan [p4];
Sakurai [B5]: universal V — A weak interactions.

Tt = [y (L =5) 1] (1.5)

1958 |Leite Lopes [pG]: hypothesis of neutral vector mesons exchanged
in weak interaction. Prediction of its mass of ~ 60 mpoton-

1958 | Goldhaber, Grodzins and Sunyar [F7]l: first evidence for the neg-
ative v, helicity. As mentioned before, this result requires that the
structure of the weak interaction is V' — A.

1959 | * Reines and Cowan: confirmation of the detection of the 7, in

Ue+p— et +n.

1961 | Goldstone [p8]: prediction of unavoidable massless bosons if
global symmetry of the Lagrangian is spontaneously broken.

1961 | Salam and Ward [E9]: invention of the gauge principle as basis
to construct quantum field theories of interacting fundamental fields.

1961 | * Glashow [BU]l: first introduction of the neutral intermediate
weak boson (2°).

1962 |* Danby et al.: first evidence of v, from 7+ — u* + (v/7).
1963 | Cabibbo [B1l]: introduction of the Cabibbo angle and hadronic

weak currents.

It was observed experimentally that weak decays with change of
strangeness (As = 1) are strongly suppressed in nature. For instance,
the width of the neutron is much larger than the A’s,

FAs:O (nudd — Puud 65) > FAS:I (Auds — DPuud 65) 3

which yield a branching ratio of 100% in the case of neutron and just
~ 8 x 107 for the A.

The hadronic current, in analogy with leptonic current ([.5), can be
written in terms of the u, d, and s quarks,

Jf = dy, (1 —vs5)u + 5v,(1 — y5)u , (1.6)
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where the first term is responsible for the As = 0 transitions while
the latter one gives rise to the As = 1 processes. In order to make
the hadronic current also universal, with a common coupling constant
Gr, Cabibbo introduced a mixing angle to give the right weight to the
As =0 and As = 1 parts of the hadronic current,

d B cosfc  sinfc d
(s’) - (—sin@c COSQC)(S) ’ (1.7

where d', s’ (d, s) are interaction (mass) eigenstates. Now the transition
d < wu is proportional to G cosfc ~ 0.97 Gr and the 5 < u goes like
GF Sinec ~ (.24 GF

The hadronic current should now be given in terms of the new in-
teraction eigenstates,

JIT = dy(1 - Ys ) U
= cosfc dy, (1 —v5)u+sinfe 5v,(1 — v5)u . (1.8)

1964 |Bjorken and Glashow [(Z]]: proposal for the existence of a charm-
ed fundamental fermion (c).

1964 |Higgs [B3]]; Englert and Brout [B4]; Guralnik, Hagen and Kibble
[63]: example of a field theory with spontaneous symmetry breakdown,
no massless Goldstone boson, and massive vector boson.

1964 | * Christenson, Cronin, Fitch and Turlay [66]: first evidence of
CP violation in the decay of K° mesons.

1964 |* Salam and Ward [67]: Lagrangian for the electroweak synthe-
sis, estimation of the 1/ mass.

1964 | * Gell-Mann; Zweig: introduction of quarks as fundamental
building blocks for hadrons.

1964 | Greenberg; Han and Nambu: introduction of color quantum
number and colored quarks and gluons.

1967 | Kibble [(8]: extension of the Higgs mechanism of mass genera-
tion for non—abelian gauge field theories.

1967 | * Weinberg [BY]: Lagrangian for the electroweak synthesis and
estimation of 1/ and Z masses.
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1967 | Faddeev and Popov [[[O]: method for construction of Feynman
rules for Yang—Mills gauge theories.

1968 | * Salam [[71]]: Lagrangian for the electroweak synthesis.
1969 | Bjorken: invention of the Bjorken scaling behavior.
1969 | Feynman: birth of the partonic picture of hadron collisions.

1970 | Glashow, Iliopoulos and Maiani [[{Z]: introduction of lepton—
quark symmetry and the proposal of charmed quark (GIM mechanism).

1971 | * ’t Hooft [[[3]: rigorous proof of renormalizability of the mass-
less and massive Yang— Mills quantum field theory with spontaneously
broken gauge invariance.

1973 | Kobayashi and Maskawa [[74]]l: CP violation is accommodated in
the Standard Model with six favours.

1973 | Hasert et al. (CERN) [[/5]: first experimental indication of the

existence of weak neutral currents.
vy+e —uy,+e , v+ N-—-vy,+X.

This was a dramatic prediction of the Standard Model and its discovery
was a major success for the model. They also measured the ratio of
neutral-current to charged—current events giving a estimate for the
Weinberg angle sin? 6y in the range 0.3 to 0.4.

1973 | Gross and Wilczek; Politzer: discovery of asymptotic freedom
property of interacting Yang—Mills field theories.

1973 | Fritzsch, Gell-Mann and Leutwyler: invention of the QCD La-
grangian.

1974 | Benvenuti et al. (Fermilab) [[/G]: confirmation of the existence
of weak neutral currents in the reaction

v+ N —v, +X.
1974 | * Aubert et al. (Brookhaven); Augustin et al. (SLAC): evidence
for the J /v (co).
1975 |* Perl et al. (SLAC) [[77]]: first indication of the 7 lepton.
1977 |Herb et al. (Fermilab) [[7§]: first evidence of T (bb).
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1979 | Barber et al. (MARK J Collab.); Brandelik et al. (TASSO Col-
lab.); Berger et al. (PLUTO Collab.); W. Bartel (JADE Collab.): evidence
for the gluon jet in ete™ — 3 jet.

1983 | * Arnison et al. (UA1 Collab.) [[[9]; Banner et al. (UA2 Collab.)
[BQI: evidence for the charged intermediate bosons W= in the reactions

p+p—oW(—Ll+v)+X.

They were able to estimate the 1V boson mass (My, = 81 £5 GeV) in
good agreement with the predictions of the Standard Model.

1983 | * Arnison et al. (UA1 Collab.) [BI]l; Bagnaia et al. (UA2 Collab.)
[BZ]: evidence for the neutral intermediate boson Z° in the reaction

p+p—Z(— "+ )+ X .

This was another important confirmation of the electroweak theory.

1986 | * Van Dyck, Schwinberg and Dehmelt [B3]: high precision mea-
surement of the electron g. — 2 factor.

1987 | Albrecht et al. (ARGUS Collab.) [B4]]: first evidence of B° — B°
mixing.
1989 | Abrams et al. (MARK-II Collab.) [B]: first evidence that the

number of light neutrinos is 3.

1992 |LEP Collaborations (ALEPH, DELPHI, L3 and OPAL) [B§]: pre-
cise determination of the Z° parameters.

Abe et al. (CDF Collab.) [B7l; Abachi et al. (D@ Collab.) [B]:

observation of the top quark production.
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1.2 The Gauge Principle

As it is well known, symmetry has always played a very important
role in the development of physics. From the spacetime symmetry of
special relativity, up to the internal and gauge invariances, the sym-
metries have mapped out the route to most of the physical theories in
this last century.

An important result for field theory and particle physics is provided
by the Noether’s theorem. If an action is invariant under some group
of transformations (symmetry), then there exist one or more conserved
quantities (constants of motion) which are associated to these transfor-
mations. In this sense, Noether’s theorem establishes that symmetries
imply conservation laws.

A natural question to ask would be: upon imposing to a given La-
grangian the invariance under a certain symmetry, would it be possible
to determine the form of the interaction among the particles? In other
words, could symmetry also imply dynamics?

In fact, this happens in Quantum Electrodynamics (QED), the best
theory ever built to describe Nature, which had become a prototype of a
successful quantum field theory. In QED the existence and some of the
properties of the gauge field — the photon — follow from a principle of
invariance under local gauge transformations of the U(1) group.

Could this principle be generalized to other interactions? For Salam
and Ward [B9], who invented the gauge principle as the basis to con-
struct the quantum field theory of interacting fields, this was a possible
dream:

“Our basic postulate is that it should be possible to generate
strong, weak and electromagnetic interaction terms (with all
their correct symmetry properties and also with clues regard-
ing their relative strengths) by making local gauge transforma-
tions on the kinetic—energy terms in the free Lagrangian for all
particles.”

In fact, those ideas could be accomplished just after some new and
important ingredients were introduced to describe short distance (weak)

18



and strong interactions. In the case of weak interactions the presence
of very heavy weak gauge bosons require the new concept of sponta-
neous breakdown of the gauge symmetry and the Higgs mechanism
[63, 64, B5]. On the other hand, the concept of asymptotic freedom
[BY, PUI played a crucial role to describe perturbatively the strong in-
teraction at short distances, making the strong gauge bosons trapped.
The Quantum Chromodynamics (QCD), the gauge theory for strong in-
teractions, is the subject of Mangano’s lecture at this school.

1.2.1 Gauge Invariance in Quantum Mechanics

The gauge principle and the concept of gauge invariance are already
present in Quantum Mechanics of a particle in the presence of an elec-
tromagnetic field [H]l. Let us start from the classical Hamiltonian that
gives rise to the Lorentz force (F = ¢E + ¢t x B),

5\ 2

H= ﬁ <ﬁ— qA) +qo, (1.9)

where the electric and magnetic fields can be described in terms of the

-,

potentials A* = (¢, A),

—

0A
Rk
These fields remain exactly the same when we make the gauge trans-
formation (G) in the potentials:

o T,
b—d=9-5 , A-A=A+Vy. (1.10)

E=-V¢-— B=VxA.

When we quantize the Hamiltonian ([L.9) by applying the usual pre-
scription p — —iV, we get the Schrodinger equation for a particle in an
electromagnetic field,

1 ._’ -\ 2 o 8¢($7t)
{% <—N - qA) + qcb] v(et) =i—p—,
which can be written in a compact form as
i(—iﬁ)zw = iDyi) (1.11)
2m
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The equation ([[.TT)) is equivalent to make the substitution
0 0

Dy = = +1iq¢.

. 5 _ S ind a
V—->D=V-—-iA , at_) 5

in the free Schrodinger equation.

If we make the gauge transformation, (¢, /T) <, (¢, /f’), given by

(I.10), does the new field )’ which is solution of

1 ey} ! AN
%(_D)zw :ZD(]w )
describe the same physics?

The answer to this question is no. However, we can recover the
invariance of our theory by making, at the same time, the phase trans-
formation in the matter field

V' = exp (igx) ¢ (1.12)

with the same function xy = x(z,t) used in the transformation of elec-
tromagnetic fields ([[.I(). The derivative of ¢’ transforms as,

Dy = [ﬁ—z’q(ﬁ + V)| exp (iqx) v

= exp (iqx) (62/})%-2'(](690 exp (igx) ¥
—igAexp (igx) ¥—iq(Vx) exp (igx) 1

= exp (igx) Do, (1.13)
and in the same way, we have for D,,
Dy’ = exp (iqx) Doy - (1.14)

_ We should mention that now the field ¢ (L.12) and its derivatives
Dy (I.13), and Dyy (I.I4), all transform exactly in the same way: they
are all multiplied by the same phase factor.

Therefore, the Schrodinger equation ([[.17)) for ¢’ becomes

1 . r_ 1 04 D'
o (D = G (D) (=iD'Y)
1 - 5
= 5 (=iD) [—z’exp (igx) DY

= oxpign) 5 (~iD)
= exp (igx) (1Do)y = iDyy)’" .
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and now both ) and v’ describe the same physics, since |¢|?> = |[¢/|?. In
order to get the invariance for all observables, we should assure that
the following substitution is made:

L L9
D — — D
V — ; 8t_) 0>

For instance, the current
T oc " (V) = (V)
becomes also gauge invariant with this substitution since

(DY) = " exp (—igx) exp (igx) (D) = ¥*(Dy) .

After we have shown how to obtain a gauge invariant quantum de-
scription of a particle in an electromagnetic field, could we reverse the
argument? That is: when we demand that a theory is invariant under
a spacetime dependent phase transformation, can this procedure im-
pose the specific form of the interaction with the gauge field? In other
words, can the symmetry imply dynamics?

Let us examine what happens when we start from the Dirac free
Lagrangian

Ly=1(i P—m,
that is not invariant under the local gauge transformation,
¥ — ' = exp[—ia(z)] Y,
since

Ly — Ly, =Ly +y(0a),

However, if we introduce the gauge field A, through the minimal
coupling

D, =0,+1ieA,,

and, at the same time, require that A, transforms like

1
Ay = Ay = At B (1.15)
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we have
Ly— Ly = U'[@P—ep)—myf
= Y exp(+ia) {z P—e (A + % ﬁa) - m] exp(—ia)y
= Ly — ey A" (1.16)
The coupling between ¢ (e.g. electrons) and the gauge field A, (pho-
ton) arises naturally when we require the invariance under local gauge

transformations of the kinetic—energy terms in the free fermion La-
grangian.

Since, the electromagnetic strength tensor
F. =0,A, —0,A,, (1.17)

is invariant under the gauge transformation (I.15), so is the Lagrangian
for free gauge field,

1
La=—1FuF", (1.18)

This Lagrangian together with ([.16) describes the Quantum Electro-
dynamics.

We should point out that a hypothetical mass term for the gauge
field,

m 1
AT _§AMA“ ,
is not invariant under the transformation ([I.15)). Therefore, something

else should be necessary to describe massive vector bosons in a gauge
invariant way, preserving the renormalizability of the theory.

1.2.2 Gauge Invariance for Non-Abelian Groups

As suggested by Heisenberg [P]]] in 1932, under nuclear interac-
tions, protons and neutron can be regarded as degenerated since their
mass are quite similar and electromagnetic interaction is negligible.
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Therefore any arbitrary combination of their wave function would
be equivalent,

_ (e
¢—<wn) Y=U,

where U is unitary transformation (U'U = UU' = 1) to preserve nor-
malization (probability). Moreover, if det|U| = 1, U represents the Lie
group SU(2):

U =exp ila) 21— il ,
2 2

where 7%, a = 1, 2, 3 are the Pauli matrices.

In 1954, Yang and Mills [E(] introduced the idea of local gauge iso-
topic invariance in quantum field theory.

“The differentiation between a neutron and a proton is then a
purely arbitrary process. As usually conceived, however, this
arbitrariness is subject to the following limitation: once one
chooses what to call a proton, what a neutron, at one space-
time point, one is then not free to make any choices at other
spacetime points. It seems that this is not consistent with the
localized field concept that underlies the usual physical theo-
ries.”

Following their argument, we should preserve our freedom to choose
what to call a proton or a neutron no matter when or where we are. This
can be implemented by requiring that the gauge parameters depend on
the spacetime points, i.e. a® — a%(x).

This idea was generalized by Utiyama [PJ] in 1956 for any non—
Abelian group G with generators ¢, satisfying the Lie algebra [§],

[tay tb] =1 Cabc te 5

with C,;. being the structure constant of the group.

The Lagrangian £, should be invariant under the matter field trans-
formation

b =0y,
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with
Q=exp[—i T (z)] ,
where T'* is a convenient representation (i.e. according to the fields 1)

of the generators ¢*.

Introducing one gauge field for each generator, and defining the co-
variant derivative by

D, =0, —1igT"A},

Since the covariant derivative transforms just like the matter field,
i.e. D,y — Q (D,y), this will ensure the invariance under the local
non—Abelian gauge transformation for the terms containing the fields
and its gradients as long as the gauge field transformation is

a a a a ,I/ —
TAH—>Q<T A“+§8H)Q .
or, in infinitesimal form, i.e. for Q ~ 1 — i T*a%(x),

1
AZ’ = A — Eﬁuof” + Cupe abAZ )

Finally, we should generalize the strength tensor ([[.I7) for a non—
abelian Lie group,

@ = 9, A% — 0,A% + g Cupe AVAS (1.19)

ek 2]

which transforms like ) — F, + Capcd”FY,. Therefore, the invariant
kinetic term for the gauge bosons, can be written as

1
Ly = —ZF;”VF” m (1.20)

and is invariant under the local gauge transformation. However, a
mass term for the gauge bosons like

1 1
AZA““ — (AZ — Eﬁuof” + CabcabAZ) (A““ — Eﬁuof” + C’adeadAe“) ,
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is still not gauge invariant.

Note that since
F x (0A —0A) + gAA

unlike the Abelian case, there is a new feature: the gauge fields have
triple and quartic self-couplings,

La x (0A—0A)? + g(0A—0A)AA+ g2AAAA
propagator triple quartic

1.3 Spontaneous Symmetry Breaking

Exact symmetries give rise, in general, to exact conservation laws.
In this case both the Lagrangian and the vacuum (the ground state of
the theory) are invariant. However, there are some conservation laws
which are not exact, e.g. isospin, strangeness, etc. These situations can
be described by adding to the invariant Lagrangian (Ly,,) a small term
that breaks this symmetry (L),

L= Logm+e Ly .

Another situation occurs when the system has a Lagrangian that is
invariant and a non—invariant vacuum. A classic example of the sit-
uation is provided by a ferromagnet where the Lagrangian describing
the spin—spin interaction is invariant under tridimensional rotations.
For temperatures above the ferromagnetic transition temperature (1)
the spin system is completely disordered (paramagnetic phase), and
therefore the vacuum is also SO(3) invariant [see Fig. 2(a)].

However, for temperatures below 7 (ferromagnetic phase) a spon-
taneous magnetisation of the system occurs, aligning the spins in some
specific direction [see Fig. 2(b)]. In this case, the vacuum is not invari-
ant under the SO(3) group. This symmetry is broken to SO(2), repre-
senting the rotation of the whole system around the spin directions.
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Fig. 2: Representation of the spin orientation in the
paramagnetic (a) and ferromagnetic (b) phases.

Let us analyze the simple example of a scalar self-interacting real
field with Lagrangian,

L= 20:0 96— V(6) (121)
with
1 2 .2 1 4
V(g) = QIO+ A0 (1.22)

In the theory of the phase transition of a ferromagnet, the Gibbs free
energy density is analogous to V' (¢) with ¢ playing the role of the aver-
age spontaneous magnetisation M.

The whole Lagrangian ([.2]) is invariant under the discrete trans-
formation

O»— —9. (1.23)

Is the vacuum also invariant under this transformation? The vacuum
(¢0) can be obtained from the Hamiltonian

H==[(000)" + (Vo)’] + V(9) .

N | —

We notice that ¢y = constant corresponds to the minimum of V(¢)
and consequently of the energy:

do(p® + Apg) = 0.
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Since )\ should be positive to guarantee that 7 is bounded, the min-
imum depends on the sign of u. For ;2 > 0, we have just one vacuum at
¢o = 0 and it is also invariant under ([.Z3) [see Fig. 3 (a)]l. However, for
p? < 0, we have two vacua states corresponding to ¢ = +/—u2/\ [see
Fig. 3 (b)]. This case corresponds to a wrong sign for the ¢ mass term.

(@) ()
Fig. 3: Scalar potential (I.22) for ;i?> > 0 (a) and for u? < 0 (b).

Since the Lagrangian is invariant under ([.23) the choice between
¢g or ¢y is irrelevant []. Nevertheless, once one choice is made (e.g.
v = ¢¢) the symmetry is spontaneously broken since L is invariant but
the vacuum is not.

Defining a new field ¢’ by shifting the old field by v = /—pu2/A,
¢/ = ¢ - v,

we verify that the vacuum of the new field is ¢;, = 0, making the the-
ory suitable for small oscillations around the vacuum state. The La-
grangian becomes:

1 1 2 1
_ = / r - 9,2 12 13 = /4
L= 5 Moo 5 <\/ 2u) 10) Av ¢ 4)\¢ .

This Lagrangian describes a scalar field ¢’ with real and positive mass,
My = /—2u2, but it lost the original symmetry due to the ¢’* term.

*For an interesting discussion discarding the invariant state (¢] + ¢, ) as the true
vacuum see Ref. [D3]

27



A new interesting phenomenon happens when a continuous sym-
metry is spontaneously broken. Let us analyze the case of a charged
self—interacting scalar field,

L =08,0°0"¢— V(¢™0) (1.24)

with a similar potential,
V(¢"¢) = 1*(6°¢) + (6" 0)* . (1.25)

Notice that the Lagrangian ([.24) is invariant under the global phase
transformation

¢ — exp(—if)o .

When we redefine the complex field in terms of two real fields by

b= (P1 + i)
=

the Lagrangian (I.24) becomes

L= % (010" 1 + 0,p20" P2) — V (41, P2) (1.26)

which is invariant under SO(2) rotations,

01 | cos 0 —sinf 01
b2 sinf  cosf G2 )
For 12 > 0 the vacuum is at ¢; = ¢, = 0, and for small oscillations,
2.1
L= L (uro—el)
=1
which means that we have two scalar fields ¢, and ¢, with mass m? =
u? > 0.
In the case of ? < 0 we have a continuum of distinct vacua [see Fig.
4 (a)] located at
(<> + < >?)  —p
2 2

2
v
< |o|* >= )

(1.27)
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(a) (b)

Fig. 4: The potential V (¢1, ¢2) (@) and its contour plot (b)

We can see from the contour plot [Fig. 4 (b)] that the vacua are also
invariant under SO(2). However, this symmetry is spontaneously bro-
ken when we choose a particular vacuum. Let us choose, for instance,
the configuration,

¢1:U7
¢ = 0.

The new fields, suitable for small perturbations, can be defined as,

¢l1 = ¢1_'U7
Py = oo

In terms of these new fields the Lagrangian ([.26) becomes,
1 1 1 . .
L= 5 PO — 5(—2,u2) 124 58@’28%’2 + interaction terms .
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Now we identify in the particle spectrum a scalar field ¢} with real
and positive mass and a massless scalar boson (¢5). This could be seen
from Fig. 4 (b), when we consider the mass matrix in tree approxima-
tion,

M2 - 0V (¢4, %) ‘
Y agb;agb; (z)/:(z){)

The second derivative of V (¢}, ¢,) in the ¢, direction corresponds to the
zero eigenvalue of the mass matrix, while for ¢/ it is positive.

This is an example of the prediction of the so called Goldstone theo-
rem [p8] which states that when an exact continuous global symmetry
is spontaneously broken, i.e. it is not a symmetry of the physical vac-
uum, the theory contains one massless scalar particle for each broken
generator of the original symmetry group.

The Goldstone theorem can be proven as follows. Let us consider a
Lagrangian of Ng real scalar fields ¢;, belonging to a N;—dimensional
vector P,

L= %(@p)(a%) V(@)

Suppose that G is a continuous group that let the Lagrangian invariant
and that ® transforms like

0P=—ia"T*D.

Since the potential is invariant under G, we have

oV (d) OV (D)
= P = — @ TCL 11 i = .
The gauge parameters a® are arbitrary, and we have N; equations
oV (P
a;l ) (Ta)lj ¢j =0 )
fora =1, .-, Ng. Taking another derivative of this equation, we obtain
0?V(®) oV (®)
T b T = 0.
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If we evaluate this result at the vacuum state, ® = &, which mini-
mizes the potential, we get

92V (@)
a¢ka¢z =

or, in terms of the mass matrix,

(T%)i ¢} =0,

M (T")y ¢) =0 (1.28)

If, after we choose a ground state, a sub-group ¢ of GG, with dimen-
sion n,4, remains a symmetry of the vacuum, then for each generator of

9,
(T%)i ¢ =0 for a=1,--- ,ny < Ng ,
while for the (Ng — ny) generators that break the symmetry,

(T")ij ¢] #0 for a=ng+1,---,Ng.

Therefore, the relation (I.28) shows that there are (Ng — n,) zero
eigenvalues of the mass matrix: the massless Goldstone bosons.

1.4 The Higgs Mechanism

1.4.1 The Abelian Higgs Mechanism

The Goldstone theorem implies the existence of massless scalar parti-
cle(s). However, we do not have any experimental evidence in nature
of these particles. In 1964 several authors independently [F3], B4}, 69
were able to provide a way out to the Goldstone theorem, that is, a
field theory with spontaneous symmetry breakdown, but with no mass-
less Goldstone boson(s). The so called Higgs mechanism has an extra
bonus: the gauge boson(s) becomes massive. This is accomplished by
requiring that the Lagrangian that exhibits the spontaneous symme-
try breakdown is also invariant under local, rather than global, gauge
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transformations. This feature fits very well in the requirements for a
gauge theory of electroweak interactions where the short range char-
acter of this interaction requires a very massive intermediate particle.

In order to see how this works let us consider again the charged
self—interacting scalar Lagrangian ([.24) with the potential ([.25), and
let us require a invariance under the local phase transformation,

¢ —expliga(z)]¢. (1.29)

In order to make the Lagrangian invariant, we introduce a gauge
boson (A,) and the covariant derivative (D,), following the same prin-
ciples of Section [.2

We introduce a gauge boson (A,) and the covariant derivative (D,,),
so that the Lagrangian becomes invariant, following the same princi-
ples of Section [[.9

Oy — Dy =0, +1iqA, , with A, — A, = A, —d,a(x) .

The spontaneous symmetry breaking occurs for ;2 < 0, with the
vacuum < |¢|*> > given by (I.2Z7). There is a very convenient way of
parametrizing the new fields, ¢’, that are suitable for small perturba-
tions, i.e.,

~¢/ (¢/ _|_ v 1 / -/ / v
¢:eXP<272)lT)27§(¢1+U+@¢2):¢ +ﬁ. (1.30)
Therefore the Lagrangian ([.24)) becomes,
1 ! a1/ 1 2\ 412 1 AT/ PN .
L = B) 910"y — 5(—2N )1 + 5&@28 ¢, + interact.
1 pv q’v’ 1 %y,
—ZF“,,F + TA“A + qUAlﬂ ¢2 . (131)

This Lagrangian presents a scalar field ¢| with mass My = \/—22,
a massless scalar boson ¢, (the Goldstone boson) and a massive vector
boson A, with mass M4 = qv.

However the presence of the last term in ([[.3T), which is propor-
tional to A,0"¢, is quite inconvenient since it mixes the propagators of
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A, and ¢), particles. In order to eliminate this term, we can choose the
gauge parameter in ([[.29) to be proportional to ¢, as

1 /
o) = =5 0a() -

In this way, the field ¢ (1.30) becomes,

With this choice of gauge (called unitary gauge) the Goldstone boson
disappears, and we get the Lagrangian

1 1 1 L q*?
L= S0,000"0) — S (=2 =T P P + = — AL A
1 A
+50° (6] +20) AL A — 207 (6] + 40) (1.32)
Where is ¢,, the Goldstone boson? To answer this question, it is

convenient to count the total number of degrees of freedom from the
initial (I.24) and final (I.32) Lagrangians:

Initial £ (T.24) Final £ (L[.32)
™) charged scalar : 2 ¢" neutral scalar: 1
A, massless vector : 2 A, massive vector : 3

4 4

As we can see, the corresponding degree of freedom of the Gold-
stone boson was absorbed by the vector boson that acquires mass. The
Goldstone turned into the longitudinal degree of freedom of the vector
boson.
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1.4.2 The Non-Abelian Case

It is straightforward to generalize the last section’s results for a
non—Abelian group G of dimension N, and generators 7. In this case,
we introduce Ns gauge bosons, such that the covariant derivative is
written as

Oy — Dy =0, —1igT"B;; .

After the spontaneous symmetry breaking, a sub—group g of dimension
ny, remains as a symmetry of the vacuum, that is,

a 10 __ —

We would expect the appearance of (Ns — n,) massless Goldstone
bosons. Like in ([.30), we parametrize the original scalar field as

6= (3+0v) exp (G—T) |

where 7 are the (Ng — n,) broken generators that do not annihilate
the vacuum.

Choose the gauge parameter o“(x) in order to to eliminate ¢¢. This
will give rise to (Ng — n,) massive gauge bosons. Counting the total
number of degrees of freedom we obtain N, + 2N, both before and
after the spontaneous symmetry breaking:

Before SSB After SSB

¢ massless scalar: N; ¢ massive scalar : Ny — (Ng — ny)
B;, massless vector : 2 N Bj, massive vector : 3 (Ng — n,)
B;, massless vector : 2 n,
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Chapter 2

The Standard Model

2.1 Constructing the Model

2.1.1 General Principles to Construct Gauge Theo-
ries

Based on what we have learned from the previous sections, we can
establish some quite general principles to construct a gauge theory.
The recipe is as follows,

e Choose the gauge group GG with N generators;

e Add Ng vector fields (gauge bosons) in a specific representation of
the gauge group;

e Choose the representation, in general the fundamental represen-
tation, for the matter fields (elementary particles);

e Add scalar fields to give mass to (some) vector bosons;

e Define the covariant derivative and write the most general renor-
malizable Lagrangian, invariant under G, which couples all these
fields;
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e Shift the scalar fields in such a way that the minimum of the
potential is at zero;

e Apply the usual techniques of quantum field theory to verify the
renormalizability and to make predictions;

e Check with Nature if the model has anything to do with reality;

e If not, restart from the very beginning!

In fact, there were several attempts to construct a gauge theory
for the (electro)weak interaction. In 1957, Schwinger [F1]] suggested a
model based on the group O(3) with a triplet gauge fields (V*,V—,V9).
The charged gauge bosons were associated to weak bosons and the neu-
tral V° was identified with the photon. This model was proposed be-
fore the structure V' — A of the weak currents have been established

(b3, b4, BAl.

The first attempt to incorporate the IV — A structure in a gauge the-
ory for the weak interactions was made by Bludman [P4]] in 1958. His
model, based on the SU(2) weak isospin group, also required three vec-
tor bosons. However in this case the neutral gauge boson was associ-
ated to a new massive vector boson that was responsible for weak inter-
actions without exchange of charge (neutral currents). The hypothesis
of a neutral vector boson exchanged in weak interaction was also sug-
gested independently by Leite Lopes [pf] in the same year. This kind
of process was observed experimentally for the first time in 1973 at the
CERN neutrino experiment [[/5].

Glashow [p(] in 1961 noticed that in order to accommodate both
weak and electromagnetic interactions we should go beyond the SU(2)
isospin structure. He suggested the gauge group SU(2) ® U(1), where
the U(1) was associated to the leptonic hypercharge (Y) that is related
to the weak isospin (7") and the electric charge through the analogous
of the Gell-Mann—Nishijima formula () = 73 + Y/2). The theory now
requires four gauge bosons: a triplet (W', W2 W?3) associated to the
generators of SU(2) and a neutral field (B) related to U(1). The charged
weak bosons appear as a linear combination of W' and W2, while the
photon and a neutral weak boson Z are both given by a mixture of W3
and B. A similar model was proposed by Salam and Ward [7] in 1964.
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The mass terms for W* and Z° were put “by hand”. However, as we
have seen, this procedure breaks explicitly the gauge invariance of the
theory. In 1967, Weinberg [6Y] and independently Salam [[71] in 1968,
employed the idea of spontaneous symmetry breaking and the Higgs
mechanism to give mass to the weak bosons and, at the same time,
to preserve the gauge invariance, making the theory renormalizable
as shown later by ’t Hooft [[[3]. The Glashow—Weinberg—Salam model
is known, at the present time, as the Standard Model of Electroweak
Interactions, reflecting its impressive success.

2.1.2 Right- and Left- Handed Fermions

Before the introduction of the Standard Model, let us make an in-
terlude and discuss some properties of the fermionic helicity states. At
high energies (i.e. for £/ > m), the Dirac spinors

u(p,s) , and wv(p,s)=Cua’(p,s)=ivu*(p,s),

are eigenstates of the ~; matrix.

The helicity +1/2 (right-handed, R) and helicity —1/2 (left-handed,
L) states satisfy

(LF7s)v.

N | —

ur==(1tv)u and vy =
L 2 L

It is convenient to define the helicity projectors:

L=

(L+5) |, (2.1)

1
(1_’75) ’ RE§

N | —

which satisfy the usual properties of projection operators,

L+R =
RL=LR =
L’ =

R =

thH
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For the conjugate spinors we have,

'{)L = (Ly)'yo = TLing =T Lyg = TR = ¥R

Yr = YL.

Let us make some general remarks. First of all, we should notice
that fermion mass term mixes right— and left-handed fermion compo-
nents,

VY = by + LR . (2.2)

On the other hand, the electromagnetic (vector) current, does not mix
those components, i.e.

VY = Yry YR + YLy Yr (2.3)

Finally, the (V' — A) fermionic weak current can be written in terms of
the helicity states as,

it s = SR LY = P DY = G Ly = L (L= ), (24)

what shows that only left-handed fermions play a réle in weak inter-
actions.

2.1.3 Choosing the gauge group

Let us investigate which gauge group would be able to unify the
electromagnetic and weak interactions. We start with the charged
weak current for leptons. Since electron—type and muon-type lepton
numbers are separately conserved, they must form separate represen-
tations of the gauge group. Therefore, we refer as ¢ any lepton flavor
(¢ = e, u, 7), and the final Lagrangian will be given by a sum over all
these flavors.

From Eq. (-4), we see that the weak current ([.5)), for a generic
lepton /, is given by,

J: = ly, (1 —vs5)v =2 lpy,vr (2.5)
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If we introduce the left—-handed isospin doublet (7" = 1/2),

() (E) () e

where the 75 = +1/2 and 75 = —1/2 components are the left-handed
parts of the neutrino and of the charged lepton respectively. Since,
there is no right-handed component for the neutrino [, the right-handed
part of the charged lepton is accommodated in a weak isospin singlet
(T'=0)

R=R(=1VIp. (2.7)

The charged weak current (£.5) can be written in terms of leptonic
isospin currents:

i T
J“:L’}/HEL,

where 7 are the Pauli matrices. In a explicit form,

1, - 0 1 v T - _

Ji = §(VL EL) Yu ( 10 ) ( fﬁ ) = 5 ( LYuVL ‘|‘VL7,LL€L) ’
1, - 0 —i v (e _

Ji = §(VL EL) 7“(2 0 )(fi ) :§(€L’7HVL—VL7,LL€L) ’
1, - 1 0 v I 7

2= gt &) (1) =gt -ine)

Therefore, the weak charged current (2.5), that couples with inter-
mediate vector boson W, can be written in terms of J Land J? as,

JE=2(J,—iJ2) .

In order to accommodate the third (neutral) current .J3, we can de-
fine the hypercharge current by,

J: = — ([ Y L+2 R Vi R) = — (DL’}/“VL + ZL’YHEL + 2 ZR’YHER) .

*At this moment, we consider that the neutrinos are massless. The possible mass
term for the neutrinos will be discussed later, Sec. R.4.
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The electromagnetic current can be written as
em 0 0 0 1
JH :_E’YMEZ_(EL%;EL‘FER%;ER) :J3—|—§JZ .

We should notice that neither 75 nor ) commute with 7} ». However,
the ‘charges’ associated to the currents J? and JY,

W:/ﬁaﬁ and Yz/ﬁmﬁ,
satisfy the algebra of the SU(2) @ U(1) group:
[T',T7) =i Tk | and [T",Y]=0,

and the Gell-Mann—Nishijima relation between Q and 75 emerges in a
natural way,

Q:R+%Y. (2.8)

With the aid of (£.8) we can define the weak hypercharge of the doublet
(YL = —1) and of the fermion singlet (YR = —2).

Let us follow our previous recipe for building a general gauge theory.
We have just chosen the candidate for the gauge group,

SU@2)L®@U(1)y

The next step is to introduce gauge fields corresponding to each gener-
ator, that is,
SU(2)L - Wj ) Wi ) Wi )

Defining the strength tensors for the gauge fields according to (L.17)
and (T.19),

Wi, = 0W.—=0W,+ g WIW})
B, 0,B, — 0,B, ,
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we can write the free Lagrangian for the gauge fields following the

results (I.18) and (I.20),

1. 1
'Cgaugo = _ZW;ZWWZ m ZBH,,B‘LW . (29)

For the leptons, we write the free Lagrangian,

Liptons = Ri@R+Li gL
= ZRiﬁfR—l-ZL’iﬁfL—l—DL’i@l/L
= ligdl+viduv. (2.10)

Remember that a mass term for the fermions (B.2) mixes the right— and
left—components and would break the gauge invariance of the theory
from the very beginning.

The next step is to introduce the fermion—gauge boson coupling via
the covariant derivative, i.e.

/
L - aﬁz’gﬁwgw%)@“, (2.11)
g/
R : 0,41 Y B, (2.12)

where g and ¢’ are the coupling constant associated to the groups SU(2),
and U(1)y respectively, and

Y =-1, Yp=-2. (2.13)
Therefore, the fermion Lagrangian (£.10) becomes
L e Lot Li (27w 4Ly B, )L
leptons leptons 1y 1 27_ m 1 9 o
+Rin” <¢§YBH> R. (2.14)
Let us first pick up just the “left” piece of (B.14),
B -1 72 _ 3 .
Ekptons =—gLA* (?Wj + EW‘?) L—glL W“EL Wi — EYL YL B, .
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The first term is charged and can be written as

Lx g - 0 Wl —iw?
‘Cloi)tgns = _5 L 7“ ( Wl + W2 H 0 K L.
I 1

This suggests the definition of the charged gauge bosons as

1
+ 1 2
W= ZWa s W) |, (2.15)

in such a way that

L I [ (1= ) W4 B (1= )y W] (2.16)

leptons 2 \/5

reproduces exactly the (V' — A) structure of the weak charged current .

When we compare the Lagrangian (.16) with ([.1) and take into
account the result from low—energy phenomenology ([.4) we see that
Gw = g/2v/2 and we obtain the relation

M2 1/2
2\%:( V\ng) . (2.17)

Now let us treat the neutral piece of Licptons (2.14) that contains both
left and right fermion components,

Lo g <7u7_3

g =
leptons 2 ) L Wi - 5 (L’}/HYL + R’}/’MYVR)B‘u
/
= —gJy Wi~ % Jy By, (2.18)
where the currents J; and Jy have been defined before,
1 _
J?il = E(DL’}/“VL — EL’}/HEL)

i = — (my'vp + 0yl + 207 R)

Note that the ‘charges’ respect the Gell-Mann—Nishijima relation
(B-8) and currents satisfy,

1
Jom:J3—|—§Jy.
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In order to obtain the right combination of fields that couples to the
electromagnetic current, let us make the rotation in the neutral fields,
defining the new fields A and Z by,

A\ cosby  sinfy B,
( Z, ) - ( —sinfy cos Oy ) ( WE ’ (2.19)
or,
Wj = sinfwA, +cosbw 2, ,
B, = costwA,—sinlwz,,

where 0y is called the Weinberg angle and the relation with the SU(2)
and U(1) coupling constants hold,

) cos Oy = __9 . (2.20)

vV +g? P2+ g"?

In terms of the new fields, the neutral part of the fermion Lagrangian

(E-18) becomes
i L+R)(0)

leptons

sin QW =

1
= —(gsinfwJi + Eg/ cos Ow Ji) A,

1
+(—gcos Oy JE + Eg' sin Oy J4) Z,,
= —gsinfy (I4"0) A,

oo b (g — gars)iZ 2.21
2 cos Oy w;gwﬂ (9v — 9avs)ViZy (2.21)

and we easily identify the electromagnetic current coupled to the pho-
ton field A, and the electromagnetic charge,

e = gsinfy = ¢ cos Oy |. (2.22)

The Standard Model introduces a new ingredient, weak interactions
without change of charge, and make a specific prediction for the vector
(V) and axial (A) couplings of the Z to the fermions,

(2.23)

g = Ty — 2Q; sin® Oy
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gy =Ti|. (2.24)

This was a very successful prediction of the Standard Model since at
that time we had no hint about this new kind of weak interaction. The
experimental confirmation of the existence of weak neutral currents
occurred more than five years after the model was proposed [[75]].

Up to now we have in the theory:
e 4 massless gauge fields W/, B, or equivalently, W, Z,, and A;

e 2 massless fermions: v, /.

The next step will be to add scalar fields in order to break sponta-
neously the symmetry and use the Higgs mechanism to give mass to
the three weak intermediate vector bosons, making sure that the pho-
ton remains massless.

2.1.4 The Higgs Mechanism and the I and Z mass

In order to apply the Higgs mechanism to give mass to W= and Z°,
let us introduce the scalar doublet

b= ( i’; ) . (2.25)

From the relation (2:8), we verify that the hypercharge of the Higgs
doublet is Y = 1. We introduce the Lagrangian

»Cscalar = 8,uq>T o'd — V((I)T(I)) )
where the potential is given by
V(®T®) = p? 1D + \ (BTD)?. (2.26)

In order to maintain the gauge invariance under the SU(2),U(1)y,
we should introduce the covariant derivative

R
8“—>DH:8“+295W“+25YB“.
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We can choose the vacuum expectation value of the Higgs field as,

<cI>>0:<U/0\/§),

where

2
o= _F 1 (2.27)

Since we want to preserve the exact electromagnetic symmetry to
maintain the electric charged conserved, we must break the original
symmetry group as

SUQR)L Uy = U(em ,

i.e. after the spontaneous symmetry breaking, the sub—group U(1)em,
of dimension 1, should remain as a symmetry of the vacuum.

In this case the corresponding gauge boson, the photon, will remain
massless, according to results of section [[.4.3. We can verify that our
choice let indeed the vacuum invariant under U(1).,. This invariance
requires that

VD>~ (14iaQ)< P> =< >,

or, the operator () annihilates the vacuum, ) < ® >q = 0. This is
exactly what happens: the electric charge of the vacuum is zero,

1
Q<<I>>0 = <T3+§Y)<Cb>0

300 5) G DI e) -

The other gauge bosons, corresponding to the broken generators 11,
Ty, and (15 —Y/2) = 275 — () should acquire mass. In order to make this
explicit, let us parametrize the Higgs doublet c.f. (L.30),

P (5&) ( o+ B2 )

1 . 1 s
N e [ 2T ) o 2 “ﬁw,o .
2v/2 \ 2H —ixs V2 \ v+ H—1iz

o
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where w* and z° are the Goldstone bosons.

Now, if we make a SU(2), gauge transformation with «; = x;/v (uni-
tary gauge) the fields become

;o T_Z& _(w+H) [0
<I>—><I>—exp<—z2v><1>— 7 (1) (2.28)

and the scalar Lagrangian can be written in terms of these new field
as

2

T (v+H) [0
'Cscalar = ‘(aﬂ + ZQEWH + ZEYBH) \/5 ( 1 )
2 4
C +2H) NG +4H) | 2.29)

In terms of the physical fields W* (B.15) and Z° (B.19) the first term
of (£.29), that contain the vector bosons, is

‘( itz ) T30 (v, )
— %@H@“H + gzz

2

1
(v+ H)? (W;W— . %ZHZ“> , (2.30)

where we defined cyr = cos Oyy.

The quadratic terms in the vector fields, are,

2,,2 2,,2
g-v R g-v
TM/H W H_l_

Z,74"

8cos2 by, T

When compared with the usual mass terms for a charged and neutral
vector bosons,

1
MG W, W=+ §M§ZHZ“ :

and we can easily identify

M,
My = gv My, =30 2w (2.31)
2 2cw cw




We can see from (£.30) that no quadratic term in A4, appears, and there-
fore, the photon remains massless, as we could expect since the U(1)ep
remains as a symmetry of the theory.

Taking into account the low—energy phenomenology via the relation
(B.17), we obtain for the vacuum expectation value

1/2
v:<¢i%) ~ 246 GeV (2.32)

and the Standard Model predictions for the 1 and Z masses are

9 e‘ 5, T 4 37.2 2 9
My, = —v° = —v* ~ g GeV | ~ (80 GeV)*,
w

2
Jwggz<372 GeV) ~ (90 GeV)?,

Swew

where we assumed a experimental value for s, = sin® Oy ~ 0.22.

We can learn from (B.29) that one scalar boson, out of the four
degrees of freedom introduced in (£:25), is remnant of the symmetry
breaking. The search for the so called Higgs boson, remains as one of
the major challenges of the experimental high energy physics, and will
be discussed later in this course (see Sec. [)).

The second term of (B.29) gives rise to terms involving exclusively
the scalar field H, namely,

1 1 4 1

In (.33) we can also identify the Higgs boson mass term with

My = /—22 |, (2.34)

and the self-interactions of the H field. In spite of predicting the exis-
tence of the Higgs boson, the Standard Model does not give a hint on
the value of its mass since ;2 is a priori unknown.
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2.2 Some General Remarks

Let us address some general features of the Standard Model:

2.2.1 On the mass matrix of the neutral bosons

In order to have a different view of the rotation (B.19) we analyze
the mass term for W} and B, in (.29). It can be written as

2 3 /
W3_R v TV 3 g 0
‘Cscalar = E '(g?WH + EYBH) ( 1 )
v’ n( 9% —g¢ B
B {<B“ W) ( —g99 ¢ ware 1

The mass matrix is not diagonal and has two eigenvalues, namely,

1\ (¢ +g?)* 1
0 and (5)#25\@,

which correspond exactly to the photon (/4 = 0) and Z mass (£.31).

2

We obtain a better understanding of the meaning of the Weinberg
angle rotation by noticing that the same rotation matrix used to define
the physical fields in (2.19),

o cosBy  sin by
W=\ —sinfy cosOy )’

is the one that diagonalizes the mass matrix for the neutral gauge

bosons, i.e.
'U2 g/2 _gg/ T 0 0
RWZ(—QQ’ 7 )RW_(O M%)'

2.2.2 On the p Parameter

We can define a dimensionless parameter p by:
__ My
 cos2 O M2

48



that represents the relative strength of the neutral and charged effec-
tive Lagrangians (J°*.J/J"*J.),

_ 9 g’
P 8cos?Ow Mz | 8M3Z,

In the Standard Model, at tree level, the p parameter is 1. This is
not a general consequence of the gauge invariance of the model, but it
is, in fact, a successful prediction of the model.

In a model with an arbitrary number of Higgs multiplets ¢; with
isospin 7; and third component 77, and vacuum expectation value v;,
the p parameter is given by

_ LT+ 1) — (T30)°] 7
2 (Ts0)%0} ’

which is 1 for an arbitrary number of doublets.

Therefore, p represents a good test for the isospin structure of the
Higgs sector. As we will see later, it is also sensitive to radiative cor-
rections.

2.2.3 On the Gauge Fixing Term

The unitary gauge chosen in (B.28) has the great advantage of mak-
ing the physical spectrum clear: the W* and Z° become massive and
no massless Goldstone boson appears in the spectrum.

In this gauge the vector boson (V') propagator is given by

—1 QuQv
PU(V) = y— =2
20— (o 5%)

Notice that Pj{, does not go like ~ 1/¢? as ¢ — oo due to the term pro-
portional to ¢,q,. This feature has some very unpleasant consequences.
First of all there are very complicated cancellations in the invariant
amplitudes involving the vector boson propagation at high energies.

49



More dramatic is the fact that it is very hard to prove the renormaliz-
ability of the theory since it makes use of power counting analysis in
the loop diagrams.

A way out to this problem [[73] P5] is to add a gauge—fixing term to
the original Lagrangian,

1
Lo =—3 (2Gy, Gy + G2+ GJ)

with
1 .
G = NG (0"W5 F ibw Mww™) |
1
Gz = E@“Zu—ﬁzﬂ/fzz%
1
Gi = ——0"A,

where w* and z are the Goldstone bosons. This is called the R, gauge.

Notice, for instance, that,

1, 1
= (02" — £y Myz)?
2Gz 252(8“ §7Myz2)
1 1 y 1 9 9
= —Z, —0oMo" | Z, — = &5 M5 2 —|—M228“ZH,
27\ &, 2

where the last term that mixes the Goldstone (z) and the vector bo-
son (0*Z,) is canceled by an identical term that comes from the scalar
Lagrangian [see Eq. (L.3))].

In the R, gauge the vector boson propagators is

—1

PEWV)= ————

1 qudv
|ig,uz/ (1 gV) q2 — €VM‘2/ . (235)

In this gauge the Goldstone bosons, with mass /&, My, remain in
the spectrum and their propagators are given by,
1
q* =&y My
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and the physical Higgs propagator remains the same.

In the limit of &, — oo the Goldstone bosons disappear and the
unitary gauge is recovered. Other gauge choices like Landau gauge
({&y — 0) and Feynman gauge ({y — 1) are contained in (£.35). There-
fore, all physical processes should not depend on the parameter & .

2.2.4 On the Measurement of sin” 6 at Low Energies

The value of the Weinberg angle is not predicted by the Standard
Model and should be extract from the experimental data. Once we
have measured 6y (and of course, e) the value of the SU(2), and U(1)y
coupling constants are determined via (£.22).

At low energies the value of sin? 6 can be obtained from different
reactions. For instance:
e The cross section for elastic neutrino—lepton scattering
VH VH
vy +e — v, +e,

which involve a t—channel Z° exchange is given by

C2ME, [, . .o 1.,
== |(ov * 95)° + S0 F 94)°

g

The vector and axial couplings of the electron to the Z are given by

(£:23) and (2.29),
1 1
¢ = —— +2sin’0 hA=—=
gV 2 + 2 sin w ga 2 )

and depend on the sin? fy,. For v, reaction we should make the substi-
tution gi, , — (g7,4 + 1) since in this case there is also a W exchange
contribution. When the ratio o(v,e)/o(7,e) is measured the systematic
uncertainties cancel out and yields sin? fy, = 0.221 £ 0.008 [BZ].

e Deep inelastic neutrino scattering from isoscalar targets (V). The
ratio between the neutral (NC) and charged (C'C) current cross sections
oNC[v(7)N]
oCClv(p)N]’

Ry
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depends on the sin®fy; as
., 5 4
Ry ~ 5 sin® Oy + 5[1 +r(1/r)] sin” Oy ,
withr = 0“C(N)/0““(vN) ~ 0.44. The measurement of these reactions

yields sin? 6y, = 0.226 + 0.004 [BZ].

e Atomic parity violation. The Z° mediated electron—nucleus inter-
action in cesium, thallium, lead and bismuth can be described by the
interaction Hamiltonian,

= 2 Qw s p
2\/5 5 Fnuc »

with @y being the “weak charge” that depends on the Weinberg angle,
Qw ~ Z(1 —4sin®Oy) — N,

where Z(N) is the number of protons (neutrons). This measurement
furnishes sin® fy, = 0.220 £ 0.003 [BZ].

Nevertheless, the most precise measurements of the Weinberg an-
gle are obtained at high energies, for instance in electron—positron col-
lisions at the Z pole (see section B.2).

2.2.5 On the Lepton Mass

Note that the charged lepton is still massless, since
MngZMg (ZREL—FZL ER) ,

mixes L and R components and breaks gauge invariance. A way to
give mass in a gauge invariant way is via the Yukawa coupling of the
leptons with the Higgs field (£.28), that is,

Lig = =GR (L) + (L®) R]
. ('U‘l'H) — vy, _ - 0
= -Gy \/5 {ER (0 1) ( 0 ) -+ (VL EL) ( 1 )ER]
Gg’U - Gg -
= —WEE—EEEH. (2.36)



Thus, we can identify the charged lepton mass,

_Gg’U

M,
T2

(2.37)

We notice that this procedure is able to generate a mass term for
the fermion in a gauge invariant way. However, it does not specify the
value of the mass since the Yukawa constant G, introduced in (2.39) is
arbitrary.

As a consequence, we obtain the Higgs—lepton coupling with strength,

M
Con = 7@ , (2.38)

which is a precise prediction of the Standard Model that should also be
checked experimentally.

2.2.6 On the Cross Sectionse™e™ — WTW~™

A very interesting example on how the Standard Model is able to
improve the unitarity behavior of the cross sections is provided by the
ete”™ — WTW ™ processes, which is presented in Fig. 5.

The first two diagrams are the t—channel neutrino exchange, sim-
ilar to the contribution of Fig. 1, and the s—channel photon exchange.
Both of them are present in any theory containing charged interme-
diate vector boson. However, the Standard Model introduces two new
contributions: the neutral current contribution (7 exchange) and the
Higgs boson exchange (H).

The leading p—wave divergence of the neutrino diagram, which is
proportional to s, is analogous to the one found in the reaction v —
W*W~. However, in this case it is exactly canceled by the sum of the
contributions of the photon (A) and the Z. This delicate canceling is a
direct consequence of the gauge structure of the theory [Pg].
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neutrino photon Z boson

e+ W+

H boson

Fig. 5: Feynman diagram for the reaction ete~ — WHTIW .

However, the s—wave scattering amplitude is proportional to (m /s)
and, therefore, is also divergent at high energies. This remaining di-
vergence is canceled by the Higgs exchange diagram. Therefore, the
existence of a scalar boson, that gives rise to a s—wave contribution and
couples proportionally to the fermion mass, is an essential ingredient
of the theory. In Quigg’s words [[Ill,

“If the Higgs boson did not exist, we should have to invent
something very much like it.”
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2.3 Introducing the Quarks

In order to introduce the strong interacting particles in the Stan-
dard Model we shall first examine what happens with the hadronic
neutral current when the Cabibbo angle ([.7) is taken into account. We
can write the hadronic neutral current in terms of the quarks u and d,

Jf(O) = (1 —ys)u+ dy,(1 —vs)d
= @Yu(1 = v5)u + cos® O dy, (1 — 75)d +sin® o 57,(1 — 75)s
+ cosOcsinfc [J%(l —¥5)s + 57,(1 — 75)d} .

We should notice that the last term generates flavor changing neutral
currents (FCNC), i.e. transitions like d + § < d + s, with the same
strength of the usual weak interaction. However, the observed FCNC
processes are extremely small. For instance, the branching ratio of
charged kaons decaying via charged current is,

BR (K:g - Wt — ,u+1/) ~ 63.5% ,
while process involving FCNC are very small [BZ]:
BR (K}, —»mlwr) ~ 42x107",

U

BR(K} —ptp™) ~ 7.2x1077.

In 1970, Glashow, Iliopoulos, and Maiani proposed the GIM mecha-
nism [[[3]. They consider a fourth quark flavor, the charm (c), already
introduced by Bjorken and Glashow in 1963. This extra quark com-
pletes the symmetry between quarks (u, d, ¢, and s) and leptons (v,, e,
vu, and 1) and suggests the introduction of the weak doublets

L = u B u
vo= d L_ cosc d+sinfcs ),

_ C - c
o= (5/)L_<—sin9(;d+cosgcs)L- (2.39)

and the right-handed quark singlets,
Ry , Rp, Rs , Rc. (2.40)
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Notice that now all particles, i.e. the 75 = +1/2 fields, have also the
right components to enable a mass term for them.

In order to introduce the quarks in the Standard Model, we should
start, just like in the leptonic case (£.10), from the free massless Dirac
Lagrangian for the quarks,

'Cquarks - [UZ ﬁLU‘F[C'L ﬁLC

We should now introduce the gauge bosons interaction via the co-
variant derivatives (2.11) with the quark hypercharges determined by
the Gell-Mann—Nishijima relation (£.8), in such a way that the up—type
quark charge is +2/3 and the down—type —1/3,

1 4 2
,=5 - WR=3 R=3- (2.42)

Therefore, the charged weak couplings quark—gauge bosons, is given
by,

(£)

g - ;o ,
auarks = 5 75 [ay"(1 = y5)d + &v"(1 = 75)s'| W, + h.c. . (2.43)

On the other hand, the neutral current receives a new contribution
proportional to

Yl —y5)c+ 87,(1 — v5)s

and becomes diagonal in the quarks flavors, since the inconvenient
terms of J!'(0) cancels out, avoiding the phenomenological problem
with the FCNC. For instance, for the process K% — ptu~, the GIM
mechanism introduces a new box contribution containing the c—quark
that cancels most of the u—box contribution and gives a result in agree-
ment with experiment [D7].

Finally, the neutral current interaction of the quarks become,

g _
‘Cfi)arks = _2CW Z quu(gg/ - 9%75)1/}(] ZH ) (244)
wq:%“' ,C

with the vector and axial couplings for the quarks given by (.23) and
B.29), fori = q.
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2.3.1 On Anomaly Cancellation

In field theory, some loop corrections can violate a classical local
conservation law, derived from gauge invariance via Noether’s theorem
The so—called anomaly is a disaster since it breaks Ward—Takahashi
identities and invalidate the proofs of renormalizability. The vanishing
of the anomalies is so important that have been used as a guide for
constructing realistic theories.

Let us consider a generic theory with Lagrangian
Liy=—g (R T¢ R+LA"T* L) V5,

where T are the generators in the right (+) and left (—) representation
of the matter fields, and V; are the gauge bosons. This theory will be
anomaly free if

Aabc — A(—li-bc _ Acibc =0 ,
where A% is given by the following trace of generators

A =Tr [{T¢, T2}TS] .

In a V — A gauge theory like the Standard Model, the only possible
anomalies come from V'V A triangle loops, i.e. loops with two vectors
and one axial vertex and are proportional to:

SUQRPU() : Tr[{r Y] =Tr [{r", 7"} Tr[Y] < Y Y
Uy? = Try®e d VP
ferm.

Remembering the value of the hypercharge of the leptons (B.13)) and
quarks (£:49), we can write for the SU(2)?U(1) case,

A“bcoc—ZY:—{—H:a(%)]:o,

doub.

57



and for the U(1)? case,

Ao Y YRV = {(—2)3+3

ferm

ORcl
)+ ()]}

where the 3 colors of the quarks were taken into account.

This shows that the Standard Model is free from anomalies if the
fermions appears in complete multiplets, with the general structure:

Ve u
(), (3), )

that should be repeated always respecting this same structure:

(), (), one o}
s MR s CR R ( >
H L § L

The discovery of the 7 lepton in 1975 [[T7], and of a fifth quark fla-
vor, the b [[78]], two years later, were the evidence for a third fermion

generation,
v, t )
s TR, P tR) bR} .
{( T )L ( b ),

The existence of complete generations, with no missing partner, is
essential for the vanishing of anomalies. This was a compelling the-
oretical argument in favor of the existence of a top quark before its

discovery in 1995 [B7], BS]l.

- {(—1)3 +(-1)%+3

2.3.2 The Quark Masses

In order to generate mass for both the up (U; = u, ¢, and ¢) and down
(D; = d, s, and b) quarks, we need a Y = —1 Higgs doublet. Defining
the conjugate doublet Higgs as,

- ¢0*
<I>:i02<1>*:<_¢_), (2.45)
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we can write the Yukawa Lagrangian for three generations of quarks
as,

3

L0 == > |GY Ru, (#1L) + GE Ro, (@1L;) | + hee. (2.46)

yuk =
ij=1

From the vacuum expectation values of ® and ® doublets, we obtain
the mass terms for the up

(', ¢, thg MY | ¢ + h..

t’ I
and down quarks
d/
(d, s, V) g MP | & + h.c.,
v/,

with the non—diagonal matrices MZ(D) = (v/v2) GZP).

1]
The weak eigenstates (¢’) are linear superposition of the mass eigen-
states (¢) given by the unitary transformations:

u’ u d' d

C/ = UL,R C s S/ = DL,R S s
/ /

¢ L,R ¢ L,R b L,R b L,R

where U(D), g are unitary matrices to preserve the form of the kinetic
terms of the quarks (B.41). These matrices diagonalize the mass ma-
trices, i.e.,

m, 0 0

Upt MYU, = 0 me. O
0 0 my

mq 0 0

DMPD;, = 0 ms O
0 0 my
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The (V — A) charged weak current (.43), for three generations, will
be proportional to

d d
(', , gy | 8 =(u, ¢, t)p (ULDp) v, | s ;
b/ L b L

with the generation mixing of the mass eigenstates (¢) described by:

V=] D).

On the other hand, for the neutral current of the quarks (£.44), now
becomes,

U U
(W, ¢yt v c = (u, ¢, )L (UzUL) Vu c
t L t)y

We can notice that there is no mixing in the neutral sector (FCNC)
since the matrix U}, is unitary: Uz Ur, =1.

The quark mixing, by convention, is restricted to the down quarks,
that is with 7§ = —1/2,

d’ d
s’ =V s
v’ L b ),

V is the Cabibbo—Kobayashi—Maskawa matrix [B1], [74]], that can be
parametrized as

V' = Ry (023) R2(013, 013) R3(012) ,
where R;(0;;) are rotation matrices around the axis 4, the angle 6, de-
scribes the mixing of the generations j and k and §,5 is a phase.

We should notice that, for three generations, it is not always possi-
ble to choose the V matrix to be real, that is 6,3 = 0, and therefore the
weak interaction can violate CP and T [|.

TThe violation of C'P can also occur in the interaction of scalar bosons, when we
have two or more scalar doublets. For a review see Ref. [Pg]l.
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The Cabibbo—Kobayashi—-Maskawa matrix can be written as

—id13

C12€13 512€13 S13 €
5 5

V = —S512C23 — C12523513 €13 C12C23 — 512523513 €'°1° 523C13 ;

1613

5
812823 — C12€23813 € —C12523 — S12C23513 €13 C23C13

where s;j(c;;) = sin(cos)f;j. Notice that, in the limit of 6,3 = 6,5 — 0, we
associate 6,5, — 0, the Cabibbo angle ([.7), and

crz2 S12 0
‘/ — —S12 C12 0
0 0 1

Using unitarity constraints and assuming only three generations
the experimental value for the elements of the matrix V', with 90% of
C.L., can be extract from weak quark decays and from deep inelastic
neutrino scattering [BZ],

0.9742 — 0.9757  0.219 — 0226 0.002 — 0.005
V = 0.219 —0.225 0.9734 — 09749  0.037 — 0.043
0.004 — 0.014  0.035 —0.043  0.9990 — 0.9993

2.4 The Standard Model Lagrangian

We end this chapter giving a birds’ eye view of the Standard Model,
putting all terms together and writing the whole Lagrangian in a sche-
matic way.

Gauge-boson + Scalar

The gauge-boson (£.9) and the scalar (£.29) Lagrangians give rise
to the free Lagrangian for the photon, IV, Z, and the Higgs boson. Be-
sides that, they generate triple and quartic couplings among the vector
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bosons and also couplings involving the Higgs boson:

»Cgaugo + *Cscalar = (247)
1 L, 1 o B
- ZFHVF“ - §W‘:;W H + MI%VW:W ®

1 1 1
- 22"+ M3Z, 7" + OuHOMH — 5M}%,JLI2

(wrw-Al+ | wrw-Z]
(Ww-AA|+[ww-zz|+[wrw-Az]+[wrw-w+w-
|HHH|+|HHHH|
\Ww-H|+|W*W-HH|+|[2ZzZH|+|ZZHH].

+
+
+
+

The vector—boson self-couplings that appear in (B.47) are strictly
constrained by the SU(2), ® U(1)y gauge invariance and any small
deviation from the Standard Model predictions would destroy, for in-
stance, the precise cancellation of the high—energy behavior between
the various diagrams, giving rise to an anomalous growth of the cross
section with energy. Therefore, the careful study of the vector—boson
self-interactions is a important test of the Standard Model (see M. E.
Pol, these Proceedings).

Leptons + Yukawa

The leptonic (2.14) and the Yukawa (R.36) Lagrangians are respon-
sible for the lepton free Lagrangian and for the couplings with the
gauge bosons: photon (QED interaction), W (charged weak current)
and Z (neutral weak current). The mass terms are generated by the
Yukawa interaction which also gives rise to the coupling of the massive
lepton with the Higgs boson:

'Cloptons + ‘szuk = (248)
Z Z(Z ﬁ - mg)f + Z Dg(i @)V@
l=e,p,T Vp=Ve ,Vy,Vr

+ LA+ |2 bWH |+ | o W |+ U0 Z )+ 7 Z]
+ |2eH].
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Even if the neutrinos have mass, as seems to suggest the recent
experimental results [P9, [L0Q], their Dirac mass terms could be incor-
porated in the framework of the Standard Model without any difficulty.
The procedure would be similar to the one that lead to the quark mass
terms, that is, introducing a right-handed component of the neutrino
and a Yukawa coupling with the conjugate Higgs doublet (£.45). One
may notice, however, than being electrically neutral neutrinos may also
have a Majorana mass which violates lepton number. The simultane-
ous existence of both type of mass terms, Dirac and Majorana, can be
used to explain the smallness of the neutrino mass as compared to the
charged leptons via the so called see-saw mechanism [[OT]].

Quarks + Yukawa

The quark Lagrangian (2.41) and the corresponding Yukawa inter-
action (£.46) give rise to the free Dirac term and to the electromagnetic
and weak interaction of the quarks. A quark—Higgs coupling is also
generated,

'Cquarks + ﬁ%uk = (249)
Z q(t P —mg)q
q=u, -t

+

+ lad W+ |duw—|+[gqZ]

+ lagH].

Besides the propagators and couplings presented above, in a gen-
eral R, gauge, we should also take into account the contribution of the
Goldstone bosons and of the ghosts. The Faddeev—Popov ghosts [[70]
are important to cancel the contribution of the unphysical (timelike
and longitudinal) degrees of freedom of the gauge bosons.

A practical guide to derive the Feynman rules for the vertex and
propagators can be found, for instance, in Ref. [[]], where the complete
set of rules for the Standard Model is presented.
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Chapter 3

Beyond the Trees

3.1 Radiative Corrections to the Standard
Model

It was shown that the Standard Model is a renormalizable field the-
ory. This means that when we go beyond the tree level (Born approx-
imation) we are still able to make definite predictions for observables.
The general procedure to evaluate these quantities at the quantum
level is to collect and evaluate all the loop diagrams up to a certain
level. Many of these contributions are ultraviolet divergent and a con-
venient regularization method (e.g. dimensional regularization) should
be used to isolate the divergent parts. These divergences are absorbed
in the bare couplings and masses of the theory. Assuming a renormal-
ization condition (e.g. on—shell or MS scheme), we can evaluate all the
counterterms. After all these ingredients are put together we are able
to obtain finite results for S—-matrix elements that can be translated in,
for instance, cross sections and decay widths. The predictions of the
Standard Model for several observables are obtained and can be com-
pared with the experimental results for these quantities enabling the
theory to be falsified (in the Popperian sense).

The subject of renormalization is very cumbersome and deserves a
whole course by itself. Here we want to give just the minimum neces-
sary tools to enable the reader to appreciate the astonishing agreement
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of the Standard Model, even at the quantum level, with the recent ex-
perimental results. Very good accounts of the electroweak radiative
corrections can be found elsewhere [[T02, [03, [04].

Let us start considering the Standard Model Lagrangian which is
given by the sum of the contributions (£.47), (B.48), and (.49). The
Lsy is a function of coupling constants ¢ and ¢’ and of the vacuum
expectation value of the Higgs field, v. The observables can be deter-
mined in terms of these parameters and any possible dependence on
other quantities like My or m; appears just through radiative correc-
tions.

Therefore, we need three precisely known observables in order to
determine the basic input parameters of the model. A natural choice
will be the most well measured quantities, like, e.g.:

e The electromagnetic fine structure constant that can be extracted,
for instance, from the electron g. — 2 or from the quantum Hall
effect,

a(0) = 1/137.0359895(61) ;
e The Fermi constant measured from the muon lifetime,
Gr(p) = 1.16639(1) x 107> GeV ™2 ;
e The Z boson mass that was obtained by LEP at the Z pole,

My = 91.1867(21) GeV .

These input parameters can be written, at tree level, in terms of just g,
¢ and v as

242
0(0) = g47TW’
1
GFO = \/5212’ 3.1)
2.2
g°v
Mz o= 9
Zo 4c2,
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where the subscript 0 indicates that these relations are valid at tree
level, and

depend only on ¢ and ¢':

3.1.1 One Loop Calculations

Let us write the vacuum polarization amplitude (self—energy) for
vector bosons (a,b =, W, Z) as

1% (¢%) = g™ Muw(q*) + (¢"q” terms) .

The terms proportional to ¢*¢” can be dropped since these ampli-
tudes should be plugged in conserved fermion currents, and from the
Dirac equation, they will give rise to terms that goes with the external
fermion mass that can be neglected in the usual experimental situa-
tion.

We can summarize the relevant quantities for the loop corrections
of the Standard Model [[[03]:

e The vector and axial form factors of the Z° coupling, at ¢*> = M2,
which include both the vertex and the fermion self-energy radia-
tive corrections. From (E.21) we can write

2 cos Oy

where (2.23) and (B.24) now are given by

g‘]; = \/ﬁ <T3f—2f€f Qfsinzew) y
o = VT 32

which define the relative strength of the neutral and charged cur-
rents, p, and the coefficient of the sin® 0y, x;. Notice that at tree
level, p = k; = 1.

Dy (gl — gl )0y

noo_
Varr =
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e Correction to y—decay amplitude at ¢ = 0, which includes the box
(B), vertex (V) and the fermion self-energy corrections

M(p) = =i 6G ) [0er" (1 = 75)tu.] [u, Y (1 = 75)04] -

We can write the corrections to the input parameters as,
a = ap+oa,
My = Mj +6M}, (3.3)
Gr = G +Gp,

where, in terms of the vacuum polarization amplitude, and dG 3 1) the
corrections become

% = —I1,,(0) - i—xﬂ}\jg)) )
oMy Tgg(M7) (3.4)
M Mz
(SG—F _ HW[/V(O) n 5G(B,V)
Gr M2, Gr

Correction to the Derived Observables

From the corrections to the input parameters we can estimate the
radiative corrections to the derived observables. Let us write the tree
level input variables ag, Gr,, and My, as Z). When we compute the
radiative correction to the input parameters Z;, we have

. — INIY) =Ti+ 6T (T)) .
The relation for the renormalized input variables, Z¢, can be inverted
to write Z} = Z}(Z").

The same holds true for any derived observable (O) or any S—matrix
element, that is,

OT(T) = OT)+60(T)
= Oy(I'—0T") + 60(T" — 61")

_ i aOO i )
= Ou(T) T 6T + 60O(T?)
= 0T + AO(TY) . (3.5)
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At one loop it is enough to renormalize just the input variables Z7°. How-
ever, at two loops it is necessary also to renormalize all other parame-
ters that intervene at one loop level like m; and M.

As an example, let us compute the radiative correction to the W
boson mass. At tree level My is given by [see (E.:31)]

2 _ 2 2
My, = ey, Mz, -

Writing ¢j, in terms of the input variables, we have

o= i (59)] - - (i)

Solving for ¢, we get
4o 1/2
1+4(1——— WER
( \/§GFM%) ] } 7

Taking into account the derivatives,

.1

OMy, _ _shdy M
oo sy —ch a

OMy, _ __shdy Mg
8GF N S%/V — C%/V GF ’

OMiy, . dy

oMz s -k

We obtain from (B.5)) the My, correction

M2, = M2 (T') Z aWO 6T" 4 6 M2, (T

Ry CWMg (2 da 4 0Gp SMZ

2
P R— Sw T Sw e —CWM2)+5MW>
with

SMy, = —yw (M) .
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3.2 The Z boson Physics

3.2.1 Introduction

The most important experimental tests of the Standard Model in
this decade was performed at the Z pole. The four LEP Collaborations
(Aleph, Delphi, L3, and Opal)[I05] and the SLAC SLD Collaboration
[T04] studied the reaction,

etem = 2% = ff.

The main purpose of these experiments was to test the Standard Model
at the level of its quantum corrections and also to try to obtain some
hint on the top quark mass and on the Higgs boson.

ADEVA 90 PL 2478, 473

RE E+E— ——> MU+ MU—-(GAMMA

+

SIGINNB
P

0.8

0.6
0.4 J ‘ l

L *

88 89 90 91 92 93 94
SQRT(S) IN GEV

0.2

Fig. 6: The Z profile measured by the L3 Collab. [[L07)

At CERN, after scanning the Z resonance (see Fig. 6), data were
collected at the Z peak, and around 17 millions of Z’s were produced
and studied.
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The shape of the resonance is characterised by the cross section for
the fermion pair (f f) production at the Z peak,

0 127 Fe Ff
OfF = 372 12 ¢
MZ FZ

where the position of the peak gives the value M, = 91186.7 & 2.1 MeV,
the full width at half maximum (FWHM) represents the Z width, I';, =
2493.9 + 2.4 MeV, and the height of the peak gives the value of the total

cross section for ff production, a? 7

For the analysis of the Z physics it is necessary to choose the input
parameters at the appropriate scale, M. The relative uncertainty of
the input parameters are:

Parameter Value Uncertainty
m, [[L08] 174.3 £5.1 GeV 2.9 %
as(M2) [LOF] 0.119 + 0.002 1.7 %
o=t (M%) [I09, 128.878 + 0.090 0.07 %
My [[I0F] 91186.7 2.1 MeV 0.0023 %
Gr(p) [B2] (1.16639 4 0.00001) x 10~ GeV—2  0.00086 %

Table I: Relative uncertainty of the input parameters.

For the Higgs boson mass we just have available a lower bound of My >
95.2 GeV at 95% of C.L. [LTIT].

Notice that, in spite of the very precise measurement of the electro-
magnetic structure constant at low energy, which has a relative uncer-
tainty of just 0.0000045 %, its value at M, is much less precise. This
uncertainty arises from the contribution of light quarks to the vacuum
polarization. The evolution of « is given by

o(Mz) = =X~ Oi(()A)a : (3.6)
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where
Aa = AO[lop + Aahad + Aatop .

The top quark contribution is proportional to 1/m? ~ 10~°. The contri-
butions from leptons (¢) [[I0] and light quarks (¢) [[09] are:

Aae, = 0.031498,
Adpea = —(0.02804 & 0.00065) . (3.7)

where the error in Ay, is negligible. Therefore, the loss of precision
comes from Aay.q due to non—perturbative QCD effects that are large
at low energies and to the imprecision in the light quark masses.

Other important pure QED corrections are the initial and final state
photon radiation. The initial state radiation is taken into account by
convoluting the cross section with the radiator function H(k),

o(s) = /0 " ik H(R)oofs(1— k)]

where k.. represents a cut in the maximum radiated energy. The
radiator function takes into account virtual and real photon emissions
and includes soft photon resummation [[[12].

The final state radiation is included by multiplying the bare cross
sections and widths by the QED correction factor,

3aQ)?
(1 + 4—f) ~ (140.002 Q%) .

7

where (); is the fermion charge.

3.2.2 The Standard Model Parameters

We present in the following sections the Standard Model predictions
for some observables. We compare these predictions with the values
measured by the CERN LEP and at the SLAC SLD Collaborations,

and stress the very impressive agreement between them.
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7 Partial Widths

The Z width into a fermion pair, at tree level, is given in the Stan-
dard Model by,

- GeM3

where C refers to the fermion color, i.e.,

[CARICAR (3.8)

c_ 1, for leptons,
T\ 3[4 as(Myz) /7 + 1.4090%(Mz) /72 +---] , for quarks .

where the QCD corrections were included for quarks. At loop level we
should consider the modifications to g{; and gﬁ (B-2) and the appropriate
QED corrections discussed in the last section.

The value of the partial width for the different fermion flavors are

f f Pair Partial Width
vo 167.25 MeV
ete” 84.01 MeV
ul 300.30 MeV
dd 383.10 MeV
bb 376.00 MeV

Table II: Z — ff partial widths.

The experimental results for the partial widths are [[05],

T, = I(Z— (T0") =83.90 £ 0.10 MeV ,
lhaa = T'(Z — hadrons) = 1742.3 £ 2.3 MeV |
I, = I(Z— all) = 2493.9 + 2.4 MeV ,
Ty = DTy — 3Ty — Thag = 500.1 1.9 GeV |

where we assume three leptonic channels (ete™, p*p~, and 7777), and
I'i,v 1s the invisible Z width.
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Number of Neutrino Species

We can extract information on the number of light neutrino species
by supposing that they are responsible for the invisible width, i.e. I';,, =
N,I',. The LEP data [I05] gives the ratio of the invisible and leptonic
Z partial widths, I';,, /Ty = 5.961 £ 0.023. On the other hand, Stan-
dard Model predicts the (I', /Ty)sy = 1.991 £ 0.001, where the error is
associated to the variation of m, and Mpy. In the ratio of these two
expressions, I';, cancels out and yields the number of neutrino species,

N, =2.994 +0.011 ,

where N, represents the total number of neutrino flavors that are ac-
cessible kinematically to the Z, that is M, < M;/2. This result in-
dicates that, if the observed pattern of the first three generations is
assumed, then we have only these families of fermions in nature.

Radiative Corrections Beyond QED

An important question to be asked when comparing the Standard
Model predictions with experimental data is if the effect of pure weak
radiative correction could indeed be measured. This question can be
answered by looking, for instance, at the plot of sin®?6.5 x Iy (Fig. 7),
where ['; is given by (B.§) and,

1 14
sin? O, = - ( - g_y) = 0.23157 £ 0.00018 .
4 95

The point at the lower—left corner shows the prediction when only
the QED (photon vacuum polarization) correction is included and the
respective variation for «(M2) varying by one standard deviation. The
Standard Model prediction, with the full (QED + weak) radiative cor-
rection, is represented by the band that reflects the dependence on the
Higgs (95 GeV < My < 1000 GeV) and on the top mass (169.2 GeV
< my < 179.4 GeV). We notice that the presence of genuine electroweak
correction is quite evident.
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Fig. 7: LEP + SLD measurements of sin® f.¢ and I';,, compared
to the Standard Model prediction [[[13].

Another important evidence for pure electroweak correction comes
from the radiative correction Ary to the relation between My and G,

(1 B Mvzv) Mg, _ ma(M2) (3.9)
M3 ) MZ  \2GpM2(1 — Ary) '

where «(M2) is given by (B.6), and therefore, the effect of the running
of o was subtracted in the definition of Ary,. Taking into account the
value measured at LEP and Tevatron, My, = 80.394 4 0.042 GeV, we
have [I04]: (Ar)y” = —0.02507 &+ 0.00259. Thus, the correction rep-
resenting only the electroweak contribution, not associated with the
running of «, is ~ 10 ¢ different from zero.

74



9%y 9%, and the Lepton Universality

The partial Z width in the different lepton flavors is able to provide
a very important information on the universality of the electroweak
interactions. The values of ¢}, and ¢ can be plotted for ¢/ = ¢,  and 7.

-0.031 | b ' P'reli'mi'na'ry_
-0.035 1 m
> i
)

-0.039+ R -
4 |+I— .

IR e'e” i
It ) i

0043 ——m—— 17— 68/|0 C-:L

-0.503 -0.502 -0.501 -0.5

Oal

Fig. 8: 68% C.L. contours in the gi, x g% plane. The solid line

is a fit assuming lepton universality. The band corresponds to
the SLD result from Apr (B-I2) measurements [[[13).

The result present in Fig. 8 shows that the measurements of g{, x g%
are consistent with the hypothesis that the electroweak interaction is
universal and yields

g, = —0.03703 4 0.00068 , g = —0.50105 =+ 0.00030 .

75



Notice that the value of ¢ disagrees with the Born prediction of —0.5
(B24) by 3.5 0. However they are in very good agreement with the
Standard Model values [BZ]: (g¢,)°™ = —0.0397 + 0.0003 and (¢4%)*™ =
—0.5064 £ 0.0001. This is another important evidence of the weak radia-
tive corrections.

Asymmetries

Since parity violation comes from the difference between the right
and left couplings of the Z° to fermions, it is convenient to define the
combination of the vector and axial couplings of the fermions as

N7 (3.10)
(g)% + (g)?

The events ete~ — fTf~ can be characterized by the momentum
direction of the emitted fermion. We say that the final state fermion
(f7) travels forward (F') or backward (B) with respect to the electron
(e7) beam. Therefore, we can define the forward—backward asymmetry
by

and at the Z pole, this asymmetry is given by

AV = ZAeAf : (3.11)

The measurement of A%’g for charged leptons, and ¢ and b quarks
give us information only on the product of A. and A;. On the other
hand, the measurement of the 7 lepton polarization is able to determine
the values of A, and A, separately. The longitudinal = polarization is
defined as

__OR — 0L

P, =

b
OR+ 0L
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where op(;) is the cross section for tau—-lepton pair production of a right
(left) handed 7. At the Z pole, P, can be written in terms of scattering
(e=,77) angle 0 as,

A (1+ cos?6) + 2A. cos

Pr=- 14 cos?26+2A.A.cosf

This yields [[[O5]
A, =0.1479 £ 0.0051 , A, =0.1431 + 0.0045 ,

which are in agreement with the lepton universality (4, = 0.1469 +
0.0027). They are also in agreement with the Standard Model predic-
tion: A?M = 0.1475 £ 0.0013.

This result can be used to extract information on the heavy quark
couplings: A. = 0.646 £ 0.043 and A, = 0.899 + 0.025, which should be
compared with the Standard Model values of A = 0.667940.0006 and
AEM = 0.9348 £ 0.0001.

Another interesting asymmetry that can be measured by SLD is the
left-right cross section asymmetry,

(3.12)

where o) is the cross section for (left-) right-handed incident elec-
tron with the positron kept unpolarized. Since, at the Z pole, A =
A., we can get the best measurement of the electron couplings: A, =
0.1510 + 0.0025 (see Fig. 8).

Higgs Mass Sensitivity

In order to give an idea of the sensitivity of the different electroweak
observables to the Higgs boson mass, we compare in Fig. 9 the experi-
mental values with the the Standard Model theoretical predictions, as
a function of My.

The vertical band represents the experimental measurement with
the respective error. The theoretical prediction includes the errors in
a(M2), from Aap.q B, as(M32), and m, (see Table I).
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Fig. 9: LEP measurements compared with the Standard
Model predictions, as a function of My [[13)].
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In this figure o) is the hadronic cross section at the Z pole, R, =
(Thaa/T¢). A%} is defined in B.11) and A; in BI0). < Qpp > is the
average charge, which is related to the forward—-backward asymmetries
by

['yq
FB
Fhaudr

< Qrp >= 2: 5, Al

where 0, is the average charge difference between the ¢ and ¢ hemi-
spheres. For the sake of comparison A, extracted by SLD from A,
(B-12), is also shown. We can see from Fig. 9 that dependence on
the Higgs mass varying in the range 95 GeV < My < 1000 GeV is
quite mild for all the observables, since the Higgs effect enters only via
log(M#% /M?2) factors.

6 T
3 Aagd = :
+—0.02804=0. 00065
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N
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<
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0 | Excluded Preliminary |
2 3
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Fig. 10: Ax* = x* — X2, as a function of My [[[05, T13J.
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However we can extract information on My from the global fit in-
cluding all data on the different observables. In Fig. 10 we show the
plot of Ax? = x* — x2,, versus My. The left vertical band represents
the excluded region due to the direct search for the Higgs (My <~ 95
GeV). The band represents an estimate of the theoretical error due to

missing higher order corrections. The global fit results in M = 917}
GeV.

Measurement Pull

Pull
3-2-10123

m, [GeV]  91.1871 0.0021 .08
r,[GeV]  2.4944+0.0024  -56
Op [Nb]  41.544 £0.037 1.75

R, 20.768+0.024  1.16
AL 0.01701 +0.00095 .80
A, 0.1483+0.0051 .21

0.1425 +0.0044  -1.07
sin?g?" 0.2321+0.0010 .60
m, [GeV]  80.350+0.056  -.62
Ry 0.21642 + 0.00073 .81
R, 0.1674 +0.0038  -1.27
Ay 0.0988 +0.0020  -2.20
Ay’ 0.0692 +0.0037  -1.23
A, 0.911+0.025  -.95
A, 0.630£0.026  -1.46
sing?"  0.23099 +0.00026 -1.95
sin’6,, 0.2255+0.0021  1.13
my [GeV]  80.448+0.062  1.02
m, [GeV] 174.3%5.1 22

Aa® (m,) 0.02804 +0.00065 -.05
3210123

Fig. 11: Comparison of the precision electroweak
measurements with the Standard Model predictions [[[13]].

As a final comparison, we present in Fig. 11 a list of several elec-
troweak observables. The experimental values are compared with the
Standard Model theoretical predictions. The Pull = (Oyeas — Osit) /T meas,
represents the number of standard deviations that separate the central
values. This results show an impressive agreement with the Standard
Model expectations.
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Chapter 4

The Higgs Boson Physics

4.1 Introduction

The procedure of generating vector boson masses in a gauge invari-
ant way requires the introduction of a complex doublet of scalar fields
(B.25) which corresponds to four degrees of freedom. Three out of these
are “eaten” by the gauge bosons, W+, W~, and Z°, and become their
longitudinal degree of freedom. Therefore, it remains in the physical
spectrum of the theory the combination

0
W+ gy,
V2

where v is given by (B.27), and H is the physical Higgs boson field.
The Higgs boson mass (£.34) can be written as

\/_ 1/2
My = /=212 = V2 v = (G—2> VL (4.1)
F

Both Higgs potential parameters, ;> and \, are a priori unknown —
just their ratio is fixed by the low energy data [see (B.17) and (R.31))].
Therefore the Standard Model does not provide any direct information
on the Higgs boson mass.
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The discovery of this particle is one of the challenges of the high—
energy colliders. This is the most important missing piece of the Stan-
dard Model and its experimental verification could furnish very impor-
tant information on the spontaneous breaking of the electroweak sym-
metry and on the mechanism for generating fermion masses. The phe-
nomenology of the Standard Model Higgs boson is covered in great de-
tail in reference [[[14]]. Recent review articles include Ref. [[15]], [T16],
[II7], [II8]. We intend to emphasize here the most relevant proper-
ties of Higgs particle and make a brief summary of the prospects for its
search in the near future.

4.2 Higgs Boson Properties
The Higgs Couplings

The Higgs boson couples to all particles that get mass (o v) through
the spontaneous symmetry breaking of SU(2);, ® U(1)y. We collect in
Table III the intensity of the coupling to the different particles from

.30), .33), (£.36), and (2.46),

Coupling Intensity
Hff M /v
HW+W~ 2M2, v
HZ°Z° M2 /v
HHW W~ M3, Jv?
HHZ°Z" M2 [20?
HHH M? /20
HHHH M2 /802

Table II1: The Higgs coupling to different particles.

From the results of Table III it becomes evident that the Higgs cou-
ples proportionally to the particle masses. Therefore we can establish
two general principles that should guide the search of the Higgs boson:
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(1) it will be produced in association with heavy particles; (i7) it will
decay into the heaviest particles that are accessible kinematically.

Besides the couplings presented in Table III, the Higgs can also cou-
ple to vy [[I9], Z~ [I20, [21] and also to gluons [[23, [Z3]], at one
loop level. The neutral and weak interacting Higgs boson can interact
with photons through loops of charged particles that share the weak
and electromagnetic interactions: leptons, quarks and W boson. In
the same way the Higgs couples indirectly with the gluons via loops of
(weak and strong interacting) quarks.

Bounds on the Higgs Boson Mass

Since the Higgs boson mass is not predicted by the model we should
rely on some experimental and theoretical bounds to guide our future
searches. The most stringent lower bound was recently established by
the LEP Collaborations [[[T]]] and read

My > 95.2 GeV .

at 95% C.L..

It is also possible to obtain a theoretical lower bound on the Higgs
boson mass based on the stability of the Higgs potential when quantum
corrections to the classical potential (£.26) are taken into account [124]].
Requiring that the standard electroweak minimum is stable (i.e. the
vacuum is an absolute minimum) up to the Planck scale, A = 10'° GeV,
the following bound can be established [[Z5]:

. s —0.12

The behavior of My as a function of the scale A is given in the lower
curve of Fig. 13, for m; = 175 GeV and o, = 0.118. We see from this
figure that, if a Higgs boson is discovered with My ~ 100 GeV, it would
mean that the electroweak vacuum is instable at A ~ 10° GeV |.

*Reversing the argument, since we live in a stable vacuum, this means that the
Standard Model must break down at this same scale.
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There are also some theoretical upper bounds on the Higgs boson
mass. A bound can be obtained by requiring that unitarity is not vio-
lated in the scattering of vector bosons [[[26]]. Let us take as an example
the WV scattering represented in Fig. 12.

Fig. 12: Feynman contributions to WtW~— — W+TW~.

We should notice that if we exclude the Higgs boson contribution by
taking My — oo, we expect that the remaining amplitudes would even-
tually violate unitarity, since the theory is not renormalisable without
the Higgs. Therefore, it is natural to expect that the Higgs mass should
play an important réle in high energy behaviour of the scattering am-
plitudes of longitudinally polarized vector bosons. This is what hap-
pened for instance in the reaction ete~ — W*IW~ discussed in section
2.2,

A convenient way to estimate amplitudes involving longitudinal gau-
ge bosons is through the use of the Goldstone Boson Equivalence The-
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orem [[IZ6], IZ7]. This theorem states that at high energies, the ampli-
tude M for emission or absorption of a longitudinally polarized gauge
boson is equal to the amplitude for emission or absorption of the corre-
sponding Goldstone boson, up to terms that fall like 1/E?, i.e.,

MW, ZD) = M(w*,2%) + O (Mg, 4/ E?) . (4.2)

We can use an effective Lagrangian approach to describe the Gold-
stone boson interactions. Starting from the Higgs doublet in terms of
wt and 2°,

@_L iv2w?
V2 \v+H—i2" )7

we can write the Higgs potential as

V(®T®) = 12010+ \(DTD)?

1 gM2 2
— _M2H2 J HHH2 9 +, - 0
5 My +4—MW (H* + 2wtw™ +27)
2M2
—I—g—2M—§(H2 +2wtw™ +2%)2
w

Therefore, with the aid of (£.2), the amplitude for W, W, — W, W,
is obtained as,

MWW, - WWw,) ~ Mo —wtw?)
2 172 2 2
LMy, M )

and, at high energies, we have:

2 M2
Mwrw™ —wwfw™) ~ —i %M—g = —i 2V2Gp M7, .
W

Therefore, for s-wave, unitarity requires

1 2G
:F|M(w+w_—>w+w_)|— r M <1.
T

A =
0 87/2
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When this result is combined with the other possible channels (2°2°,
2%h, hh) it leads to the requirement that A ~ 87 /3 or, translated in terms

of the Higgs mass,
1/2
8m/2
My < ~ 1TeV .

Another way of imposing a bound on the Higgs mass is provided by
the analysis of the triviality of the Higgs potential [[24]]. The renor-
malization group equation, at one loop, for the quartic coupling \ is

a1

dt 1672
where t = log(Q?/u?). Therefore, for a pure ¢* potential, i.e., when the
gauge and Yukawa couplings are neglected, we have the solution

1 1 3 Q2
VRV Ll Gl I
Ap)  MQ)  Ar Iz
Since the stability of the Higgs potential requires that A\(Q)) > 0, we
can write

(12)*) + (terms involving g, ¢, Yukawa) ,

< 47
~ 3log(Q?/u?)
and, for large values of %, we can see that \(z) — 0 and the theory be-

comes trivial, that is, not interacting. The relation (g.3), can be written
as

A(p) (4.3)

42
QQSMQGXP{ u ]

3A(k)

This result gives rise to a bound in the Higgs boson mass when we
consider the scale > = M% and take into account ({.1)),

8m2y?
2 2

Therefore, there is a maximum scale Q? = A2, for a given Higgs boson
mass, up to where the Standard Model theory should be valid.
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Fig. 13: Perturbative and stability bound on My as a function
of the scale A, from Ref. [125].

In Fig. 13, we present the stability bound (lower curve) and the triv-
iality bound (upper curve) on the Higgs boson mass as a function of the
scale A. If we expect that the Standard Model is valid up to a given
scale — let us say Aqur ~ 10'® GeV [[28] — a bound on the Higgs mass
should lie between both curves, in this case 140 GeV <~ My ~ 180 GeV.

4.3 Production and Decay Modes

4.3.1 The Decay Modes of the Higgs Boson

The possible decay modes of the Higgs boson are essentially deter-
mined by the value of its mass. In Fig. 14 we present the Higgs branch-
ing ratio for different M.

When the Higgs boson mass lies in the range 95 GeV < My < 130
GeV, the Higgs is quite narrow I'y; < 10 MeV and the main branching
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Fig. 14: The branching ratios of the Higgs boson as a function
of its mass from Ref. [[T7)].

ratios come from the heaviest fermions that are accessible kinemati-
cally:

BR(H — bb) ~ 90%
BR(H — cé) ~ BR(H —71"77)~5%.

For My ~ 120 GeV the gluon—gluon channel is important giving a con-
tribution of ~ 5% of the width. For a heavier Higgs, i.e. My > 130 GeV,
the vector boson channels H — VV* with V =W, Z, are dominant,

BR(H — WtW™) ~ 65%,
BR(H — 7°Z%) ~ 35%.

For My ~ 500 GeV the top quark pair production contributes with ~
20% of the width. Note that the BR(H — ~7) is always small O(1073).
However, we can think of some alternative models that give rise to
larger H~~ couplings (for a review see [[29] and references therein).
For large values of My the Higgs becomes a very wide resonance: 'y ~
[Mpy (in TeV)]?/2.
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4.3.2 Production Mechanisms at Colliders

Electron-Positron Colliders

The Higgs boson can be produced in electron—positron collisions via
the Bjorken mechanism [[[30] or vector boson fusion [[I3T]],

(1) Bjorken: et+e -2 —7H,
(13) WW Fusion: eT+e” - vo(WW) - vi H ,
(#77) ZZ Fusion: et+e —ete (ZZ)—ete” H.

At LEPI and II, where /s ~ M, or 2 My, the Higgs production is
dominated by the Bjorken mechanism and they were able to rule out
from very small Higgs masses up to 95.2 GeV [I11]]. Maybe, when the

whole analysis is complete, they will be able to rule out up to My ~ 106
GeV.

At the future e*e™ accelerators, like the Next Linear Collider [[37],
where /s = 500 GeV, the production of a Higgs with 100 < My <
200 GeV will be dominated by the WV fusion, since its cross section
behaves like o o log(s/M%) and therefore dominates at high energies.
We can expect around 2000 events per year for an integrated luminosity
of £L ~ 50 fb~!, and the Next Linear Collider should be able to explore
up to My ~ 350 GeV.

Hadron Colliders

At proton—(anti)proton collisions the Higgs boson can be produced
via the gluon fusion mechanism [[23, [23], through the vector boson
fusion and in association with a W* or a Z°,

(i) Gluon fusion: pp — g9 — H |
(i7) VV Fusion: pp—VV — H,
(i72) Association with Vi pp — ¢ — V H .
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At the Fermilab Tevatron [[33]], with /s = 1.8 (2) TeV, the Higgs
is better produced in association with vector boson and they look for
the VH(— bb) signature. After the improvement in the luminosity at
TEV33 they will need £ ~ 10 fb~! to explore up to My ~ 100 GeV with
50.

At the CERN Large Hadron Collider [I34], that will operate with
/s = 14 TeV, the dominant production mechanism is through the gluon
fusion and the best signature willbe H — ZZ — 4(* for My > 130 GeV.
For My < 130 GeV they should rely on the small BR(H — vv) ~ 1073,
We expect that the LHC can explore up to My ~ 700 GeV with an
integrated luminosity of £ ~ 100 fb~!.

Once the Higgs boson is discovered it is important to establish with
precision several of its properties like mass, spin, parity and width.
The next step would be to search for processes involving multiple Higgs
production, like VV — HH or gg — HH, which could give some infor-
mation on the Higgs self—coupling.
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Chapter 5

Closing Remarks

In the last 30 years, we have witnessed the striking success of a
gauge theory for the electroweak interactions. The Standard Model
made some new and crucial predictions. The existence of a weak neu-
tral current and of intermediate vector bosons, with definite relation
between their masses, were confirmed by the experiments.

Recently, a set of very precise tests were performed by Tevatron,
LEP and SLC colliders that were able to reach an accuracy of 0.1% or
even better, in the measurement of the electroweak parameters. This
guarantees that even the quantum structure of the model was success-
fully confronted with the experimental data. It was verified that the
W and Z couplings to leptons and quarks have exactly the same values
anticipated by the Standard Model. We already have some strong hints
that the triple—gauge—boson couplings respect the structure prescribed
by the SU(2);, ® U(1)y gauge symmetry. The Higgs boson, remnant
of the spontaneous symmetry breaking, has not yet been discovered.
However, important information, extracted from the global fitting of
data taking into account the loop effects of the Higgs, assures that this
particle is just around the corner. The Higgs mass should be less than
~ 260 GeV at 95% C.L., in full agreement with the theoretical upper
bounds for the Higgs mass.

These remarkable achievements let just a small room for the new
physics beyond the Standard Model. Nevertheless, we still have some
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conceptual difficulties like the hierarchy problem, that may indicate
that the explanation provided by the Standard Model should not be
the end of the story.

A series of alternative theories — technicolour, grand unified theory,
supersymmetric extensions, superstrings, extra dimension theories, etc
— have been proposed, but they all suffer from lack of an experimental
spark. Nevertheless, the physics beyond the Standard Model is also
beyond the scope of these lectures . . .
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