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Abstract

The first pas of these lectures contain a brief introduction to Quantum Field Theory and the elec-
troweak sector of the Standard Model, the basic building blocks of perturbation theory in quantum field
theory, an elementary introduction to gauge theories and the basic classical and quantum features of the
electroweak sector of the Standard Model. Some specific aspects like the effective potential, anoma-
lies and extrapolation of Higgs couplings to high energies are discussed, as well as some mysterious
aspects of the Standard Model which motivate new physics constructions. The second part contains an
introduction to supersymmetry, the QCD axion and their applications to particle physics phenomenology.
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1 Introduction and short historical overview

The complexity of physical phenomena in nature led humans for a longtime to contemplate nature and
to try to learn its laws from philosophical speculation in a self-consistent logical system, then later on by
observation and experimentation. That’s how since the dawn of time people felt the effects and tried to
understand the gravitational and the electromagnetic interactions. Starting with I.Newton and R.Hooke
people realized that gravitation encompasses much more than the fall of the objects towards the earth,
but governs also in a universal way the motion of planets around the sun and satellites around plan-
ets. In the nineteenth century, J.C. Maxwell and others understood that despite different manifestations,
electricity and magnetism are different facets of just one fundamental interaction, the electromagnetism
and predicted, as a consequence of this remarquable picture, the existence of electromagnetic waves that
changed the world forever.

Since the beginning of the twentieth century we know that there are actually four fundamental
interactions in nature. In addition to the infinitely long-range and well-known (by then) gravitational and
electromagnetic interactions, the discovery or nuclear radioactivity was soon followed by the discoveries
of antiparticles and a gradually increasing number of new particles: proton, neutron, pions, neutrinos,
etc. Their properties showed fundamentally distinct properties of the new quantum world with respect
to the classical physics: creation and disappearance of particles and new conservation laws in addition
to the well-known conservation of matter/energy, space momentum, angular momentum and electric
charge. One of the groundbreaking consequences was the proof that the microscopic nuclear world has
two more fundamental interactions: the weak nuclear force responsible for the nuclear radioactivity and
beta decays and the strong nuclear force responsible for the binding of proton and neutrons into heavier
and heavier nuclei. The new micro-world came with new conserved charges and conservation laws to
describe and understand: isospin in strong interactions, baryon and lepton number in all interactions. It
was soon realized that the newly developed Special Relativity and Quantum Mechanics have to be joined
together into a new framework, the Quantum Field Theory (QFT) , in order to describe quantitatively the
new nuclear quantum world and its new conserved charges. Unlike Quantum Mechanics, in Quantum
Field Theory particles can be created from pure energy, and conversely particles and antiparticles can
annihilate into photons. Moreover, despite the seemingly great difference between the strength, action
range and the different role played in the birth and the evolution of our universe, it was gradually un-
derstood that the electromagnetic, nuclear strong (called simply strong interactions in these lectures) and
nuclear weak interactions (called simply weak interactions in what follows) are actually similar in their
manifestation and nature. The quantization of the electromagnetic field, worked out from the very first
days of Quantum Mechanics, was the first example of a QFT called Quantum Electrodynamics (QED),
in which the electromagnetic field became a collection of an infinite number of quantum vibrating os-
cillators, with each oscillating mode corresponding to particles, the photons, whereas electromagnetic
interactions proceed via the exchange of spin-one photons. This formalism, brilliantly confirmed in the
fourties-fifties, was soon generalized and all old and newly discovered particles became described by
appropriate fields whose quantum fluctuations were describing particles propagating and interacting in
full agreement with relativity and quantum mechanics.

Historically the first description of weak interaction as a QFT by E.Fermi in 1932 looked superfi-
cially quite different from electromagnetism. In order to describe quantitatively the various weak decays
responsable for the nuclear radioactivity like neutron decay n — p + e~ + 7, Fermi postulated the
existence of contact like interactions, without any mediators, and an universal (same value in all vari-
ous weak interaction processes and particles entering in such processes) strength of weak interactions,
encoded into a new constant G, now called Fermi constant. Much later and in its final form in 1967
it was understood that at shorter distances (equivalently at higher energies) weak interactions are also
described, similary to electromagnetism, by the exchange of very massive spin-one particles baptised W
and Z gauge bosons. On the other hand, originally the strong interactions of protons and neutrons were
successfully described starting from 1934 by H.Yukawa as proceeding through (virtual) exchange of



massive spin-zero pions, in analogy in spirit but different in details than the electromagnetic interactions.
The analogy became much closer much later on (1973), when it was understood that the strong nature
of the interactions obscures the fact that at shorter distances (higher energies), the strong interactions
proceed via the exchange of massless spin-one gluons, closer analogs to photons and W, Z gauge bosons
than the pions.

The development of Quantum Field Theory and the raise of the Standard Model remains for sure
as one of the most fascinating adventures of fundamental science of the twentieth century. Indeed as
we just described, despite the seemingly significant apparent differences between the electromagnetic,
weak and strong interactions, the similar short-distance behaviour led to a unifying description based
on a very simple but powerful new principle: the gauge principle introduced for different reasons by H.
Weyl. The newly general concept of internal gauge symmetries, which seemed to be a curiosity for the
electromagnetic interaction and its local abelian U (1) symmetry, started to be understood as a funda-
mental principle of nature as a rational for the existence of fundamental interactions. Their description
came together with the birth of internal spaces, generalizing the isospin space of W. Heisenberg (1932) to
more general internal spaces and group of spacetime dependent transformations (C.N. Yang and R.Mills,
1954). In modern terms, both weak and strong interactions are described by gauge symmetries of the
Yang-Mills type, based on symmetry groups SU (2) for weak interactions and SU (3) for strong inter-
actions. Unlike the immediate recognition of QED however, Yang-Mills theories took a longtime to be
accepted as the right description of strong and weak fundamental interactions. Indeed, at their birth, it
was understood that both the old (abelian) QED and the new Yang-Mills (nonabelian) gauge theories
would lead to long-range forces, whereas both nuclear interactions were known to be short ranged, about
10~ m for the strong interactions and 10~'7 m for the weak interactions. This criticism, formulated
by several major theorists and notably W. Pauli (who was actually a precursor of Yang-Mills theories
in an unpublished work in 1953 and was aware of the problem from the very beginning) convinced for
some time most of the community including Yang and Mills themselves, to work on different subjects.
Only later on, by building on analogies with the BCS theory of superconductivity, the understanding of
the ways the symmetries are realized in nature by Y. Nambu (+G. Jona-Lasinio 1960) and J. Goldstone
in 1961, R. Brout, F. Englert and P. Higgs in 1964 understood that Yang-Mills mediator fields can be
given a mass turning therefore corresponding interactions to short-range ones, by a phenomenon called
spontaneous symmetry breaking and the Higgs mechanism . By using Yang-Mills theories, spontaneous
symmetry breaking and an important precursor paper by S. Glashow in 1961, S. Weinberg and A. Salam
in 1967 finally put the first building blocks of the modern Standard Model.

According to the pioneers of the new fundamental quantum description of fundamental interac-
tions?, the newly proposed "Weinberg-Salam" model (the name was gradually changed into the Standard
Model) was still highly unpopular until 1970. It was then shown, by G. ’t Hooft and M. (1970-1971)
that all gauge theories, with or without spontaneous symmetry breaking, are consistent at the quantum
level up to the shortest possible distances / high energies. This property called renormalizability and
pioneered in QED starting with R. Feynman, F. Dyson and Tomonaga, is one of the most powerful (and
partially mysterious) properties shared by all gauge theories of QED and Yang-Mills type treated at small
interaction parameters by the so-called perturbation theory. The renormalization ideology gave first an
intuitive interpretation of the strange (and initially embarrassingly looking) ultraviolet (UV) divergences
in the perturbative Feynman graphs of QED, which appeared from the very first days of QED and QFT
in most quantum corrections to physical masses, couplings, cross sections and decay rate calculations.
Renormalization defined a pragmatic and operational way to hide our ignorance on the quantum correc-
tions to the computation of few quantities like masses, gauge couplings and wave functions in declaring
that their values are not computable from first principle and masses and couplings should be directly
measure from experiments. Once this is done, a large number of processes can be computed and tested
against experimental results. Whereas for renormalizable theories only a few parameters were needed to

*1 personally heard this for the first time from J. Tliopoulos, "JJC Jeunes Chercheurs", around 1992



"hide" our ignorance to all orders of perturbation theory, for other theories called non-renormalizables,
the number of parameters to be use to "hide" UV divergences increases order by order in perturbation
theory, becoming infinite at all orders in perturbation theory. In practice this implies that renormaliz-
able theories have a huge predictive power even at high energies, fact which leads to verifiable (and
experimentally tested) predictions. Whereas non-renormalizable theories can still be consistently used at
low-energy, but have a limited predictive power and less precision at higher energies and become essen-
tially inconsistent quantum mechanically at high-energies. Fermi theory of week interaction was one of
the main example in this category: it was highly successful at energies available until the seventies, but
was becoming internally inconsistent at higher energies.

The modern view pioneered by K. Wilson around 1973, is that there is probably nothing inconsis-
tent in non-renormalizable theories, provided it is the low-energy limit of a more fundamental quantum
consistent theory. The prominent and most important example of this type nowdays being the Einstein
gravity itself. Unlike the Fermi theory of weak interactions, the UV consistent quantum gravity comple-
tion of Einstein gravity is not currently known , even if it is believed that string theory, a theory replacing
point-like particles with extended objects, is the best candidate. However, renormalizability renders a
theory highly predictive up to high energy scales. This allowed highly precise tests of quantum electro-
dynamics (QED) like for example the computation of the electron anomalous magnetic moment or the
running with the energy of the fine-structure constant. That’s why we can talk today about the precision
tests of the Standard Model, possible deviations from it, if found experimentally, having to be interpreted
unambiguously as signatures of new physics.

These lectures contain a brief introduction to the basic features of quantum field theory and the
electroweak sector of the Standard Model. They are organized as follows. Section 2 introduces symme-
tries and the Noether theorem, which relates the existence of conserved charges and currents to invariance
of the action under corresponding spacetime or internal symmetries. Section 3 introduces perturbation
theory, first time-dependent perturbation theory in quantum mechanics, followed by perturbation theory
in quantum field theory. Section 4 is an introduction to abelian and non-abelian gauge theories and ele-
ments of their quantization. Section 5 describes spontaneous symmetry breaking, Goldstone theorem and
the Higgs mechanism. Section 6 introduces the classical and some quantum aspects of the electroweak
sector of the standard model. Section 7 discusses renormalizability and examples of energy evolution of
couplings in the ¢* scalar theory, QED and the Standard Model. Section 8 contains some simple applica-
tions and constraints coming from global and gauge anomalies. Section 9 discusses the formalism of the
effective action and effective potential, an important tool in defining the scalar potential at the quantum
level, alongside with the phenomenon of dimensional transmutation. Section 10 enters into the Higgs
physics and some theoretical arguments in favor of a light Higgs boson, prior to its discovery. Recent
years and the Large Hadron Collider (LHC) at CERN brought major excitement culminating with the
discovery of the Higgs scalar particle in 2012. LHC validated therefore the theoretical picture pioneered
in 1964 by Higgs and by Brout-Englert [1] and the more recent theoretical arguments pointing in fa-
vor of a light scalar Higgs boson. Higgs couplings to various particles are presently one of important
goal of LHC at CERN. Section 11 introduces neutrino masses and the phenomenon of neutrino oscilla-
tions. We end up with brief standard arguments in favor of the Standard Model as a low-energy effective
description, to be completed beyond some unknown energy scale with an underlying microscopic theory.



First part: The Standard Model: the electroweak
sector

2 Fields, Symmetries and the Noether theorem

Symmetries are fundamental in our understanding of the fundamental laws of nature. Historically, prob-
ably the first famous example comes from the invariance of the laws of classical mechanics viewed from
different galilean reference frames, put on the firmament by the Newtonian mechanics. More recently,
appropriately modified in order to take into account relativistic effects, invariance of Maxwell equations
of electromagnetism and the invariance of all fundamental interactions under space and time translations
and rotations, they led to the Lorentz and Poincaré group symmetries. The latter ones are respected not
only by electromagnetism, but also by the other interactions. Classical examples of symmetries are:

- Continuous spacetime symmetries, like space translations, time translations or space rotations.

- Discrete symmetries in crystallography, which are fundamental in classification and properties of crys-
tals.

- Continuous and discrete internal symmetries in particle physics.

A famous example is the eightfold way : Flavor SU(3) ¢, used by M. Gell-Mann in his famous classifi-
cation of hadrons. As a necessary ingredient, this also led to the introduction of color as a new quantum

Fig. 1: The flavor SU(3) ¢ baryon octet. From [2].

number and to the modern theory of strong interactions, the quantum chromodynamics (QCD).
The importance of symmetries in nature is to a large extent due to the famous Noether theorem, which
related symmetries of hamiltonian and lagrangian systems to conserved quantities.

e Noether theorem (1918) : To any continuous symmetry of a physical system, it corresponds a con-
served current and an associate conserved charge.

The importance of the Noether theorem is hard to overstate. Finding a complete set of conserved
quantities is crucial for solving the dynamics of any classical or quantum system. Complicated dynamics
encoded in differential equations difficult to solve is significantly simplified and sometimes completely
avoided, in the case of the so-called integrable systems, by a smart use of time-independent conserved
quantities.

While the use of the Noether theorem is already of instrumental help in classical dynamics, its
importance for the quantum world is even higher, since nuclear interactions have conserved laws which
defy the common sense intuition. Indeed, with the advent of the microscopic nuclear world, new conser-
vation laws were found experimentally: isospin, hypercharge, strangeness, lepton and baryon number,



which are not related to the symmetries of spacetime. With the help of the Noether theorem, additional
quantum internal spaces and new degrees of freedom were introduced. Thanks to the Noether theorem,
new symmetries acting in these internal spaces were introduced in order to account for these new con-
servation laws. These constructions are at the heart of nuclear and particle physics, and quantum field
theory.

Classical examples of conserved charges associated to continuous symmetries include :

Symmetry Conserved charge
Time translation Energy
Space translation Momentum
Rotations Angular momentum
Phase rotations wave function Electric charge
Rotations internal isospin space Isospin

The simplest, classical proof of the Noether theorem goes as follows. Consider a variation of the set of
fields ¢ (in a compact implicit notation ¢ includes any number of fields, of any spin) under a transforma-
tion

0 = %a (1)
oo
with an infinitesimal parameter «. The variation of the lagrangian under such a transformation is
oL oL
0L =——00+ ———=0(0mo) =
06" " 509)"On?)
oL oL oL
— = O | === 1|9 —i—&m(é), 2
% o (5 %+ o0 (a5 @

where in the last step we performed an integration by parts. The transformation (1) is a symmetry of
the action if the lagrangian transform into a total divergence 0,, (K™ «). The term in the bracket in the
second line of (2) vanishes by using the Euler-Lagrange equations. We therefore finally find

oL ¢

= O J™ h mo_ hid
0L =0,J where J 3Omd) 0

K™. 3)

We obtain therefore the conservation of the current J"*. Notice that in the proof of the Noether theorem,
field equations have to be used. For the case of internal symmetries which are our primary goal here,
a maybe more insightful proof of the Noether theorem goes as follows. Consider a field theory with
¢ denoting collectively all the fields of the theory, of lagrangian £(¢, 0,,¢). The field transformations
generated by infinitesimal parameters o,

6¢ = aq(z)T"¢, “4)
lead to a new lagrangian
L£(6, Om®) = L& + 66, 0m6 + 0mdd) = L(¢, Ao, I, Omova) - )
The variation of the action functional S(¢, 0,,¢) under field variations (4) is

oL IL
_ 4
0S5 = /d T laaaaa+ 8(8maa)amaa]
= /d4x

oL oL ]
- Oéa 9

Om
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where to get the result in the last line we performed an integration by parts. By defining the currents

m  OL
Ja - 8(8maa) ’ (7)

we find that the variation of the action (6) vanishes if

oL
- day

OmJy" ®)

Notice that if the transformation in question is not a symmetry of the action, the vanishing of the variation
of the action is justified only by the use of the equations of motion. In the particular case where the field
variation is a symmetry of the lagrangian, we immediately find the conservation law

OnJ™ = 0 = dc% :/d3x8mJgL =0,

where Qo = /d3x Jg 9

is a conserved charge. In the quantum theory, the charge @), is promoted to an operator that generates
transformations on the fields

6¢ = iag [Qa, ). (10)
The conserved current can also be computed according to the following formulae

5L = I O, or
oL ¢

o= 11
T’ = B5ond) da an
The second form in (11) is particularly useful, and its proof goes as follows
¢> 0¢ _ 0¢ 0¢ 0¢
(¢+ am Om® + Om ( aaaa)) = £(¢+ 6aaaaaam¢+ (amaaa)aa + 6aaam04a)
— oL or % =Jm". (12)

8(8m04a) O(Om) dayg a

Through the Noether theorem, continuous symmetries lead to conserved charges that are manifest in the
spectrum and interactions. As known already from quantum mechanics® their study greatly simplifies
the dynamics.

As we will see later on, the local (space-time dependent) symmetries determine the structure of all the
fundamental interactions in nature ! Indeed, all four fundamental interactions, the electromagnetism,
the weak and strong forces and (in a somewhat different way) the gravitational one can be found as
consequences of local symmetries called gauge symmetries. The simplest and most important example
is maybe the conservation of the electric charge. Applied to the case of a fermion (containing say the
electron) W, of lagrangian written explicitly later on in (103) , the symmetry under consideration is
simply the phase transformation

U — e | §U~ial (fora< 1), (13)

which leads to the Noether current and the conserved charge

JT =00, Q= /d% T~ = /d%; Ak (14)

3For example the conservation of angular momentum greatly simplifies the study of hydrogen atom.

10



where J" is the electromagnetic current of the fermion and () the electric charge, which becomes an
operator in the quantum theory.

In the case of spacetime symmetries, the lagrangian is not really invariant, but it transforms into a
total derivative
0L = O (K'ay) . (15)

In this case, the current derived before changes into

0L 8
Jm = 50.3] o K. (16)

Let us consider as an example spacetime translation acting on a Lorentz scalar
" =a"+ad" , ) =¢(x). (17)

At the linear order in a™*, both the scalar and the lagrangian, being Lorentz scalars, transform in the same
way

§p=¢' (x) —d(x) = —a"Onop, 0L = —a™OL . (18)
In this case therefore, the corresponding conserved charge is
oL
J" = — a"Opp+a"L=—a, T, (19)
80ne)"
where o
90n0)” "

is the energy-momentum tensor. Noether theorem ensures its conservation and the existence of the con-
served charge

OpT™ =0 , P™= /d?’a: 7™ (21)

where the conserved charge P™ = (FE, P) contains the energy and the total momentum, which are the
generators of spacetime translations.

3 Quantization and perturbation theory

The second quantization of fields and perturbation theory lead to precise formulae for scattering ampli-
tudes interpreted most conveniently in terms Feynman diagrams, that are crucial for computing cross
sections and other physical observables. The appropriate formalism uses the Heisenberg or interaction
picture in quantum mechanics, that we first review, before introducing the corresponding quantum field
theory formalism.

3.1 Time-dependent perturbation theory in quantum mechanics.

There are three equivalent pictures in Quantum Mechanics, that we would like to compare. Let us start
with a hamiltonian
H = Hy + Hult), (22)

where Hj is the free hamiltonian (more generally, the unperturbed hamiltonian for which we know
exactly the eigenvalues/eigenfunctions) and H;,(t) is the interaction, usually time-dependent.
In the Schrodinger picture, the time-dependent Schrodinger equation is
d|Pg(t
iSO) (g 4 H) ws(0) @3

11



where wave functions are time dependent even in the unperturbed case. In this picture, usual operators,
position,momentum are time-independent, but H;,;(t) could generically be time-dependent . We define
the evolution operator U (, t() as the one generating the time evolution of the wavefunction

|Ws(t)) = U(t,to)|¥s(to)) , Ulto,to) = 1. (24)

By its definition, the time-independent norm of the state implies that the evolution operator is unitary
and satisfies a composition rule

Ul(t,to)U(t,to) =1 , Ult,to) = U(t,t1)U(t1,to) , fort >t >t . (25)
It can easily be checked that the evolution operator satisfies the differential equation

AU (¢, t;)

?
It can be shown that an explicit solution of (24)- (26) is given by

. rt / /
Ut,t;) = Te ) @7

where the time-ordered product of the operators A and B is defined as
TA(t1)B(t2) = 0(t1 —t2) A(t1)B(t2) + 0(ta —t1) B(t2)A(t1) . (28)
Perturbation theory starts with the unperturbed wave function

A o(1)

= Ho [Wo(t) ) - (29)

An important notion in quantum mechanics and QFT is that of a Green function or propagator. In
Quantum Mechanics the natural one is the retarded Green function, defined by

G(t1,t2) = 0(t1 — t2)U(t1,t2) , (30)
for the free (unperturbed) case, which satisfies the differential equation

<i§t - H0> G(t1,ts) = i6(ty — t2) . 31

With the help of the retarded Green function, one can show that the total wave function |¥g(t)) satisfies
the integral differential equation

[Ws(t)) = [Wo(t) ) — i/oo dt'G(t, ") Hint ()T 5(t)) (32)

—0o0

which by successive iterations give the different orders in perturbation theory.

Let us consider the interaction H,, to act for a finite time —7'/2 < t < T'/2 and to vanish outside
this time interval. The initial unperturbed state is denoted by |Wq(t) ) = |Win(t) ). If Hy is a free
hamitonian, such a state is a plane wave (or appropriate superposition of plane waves) , which form a
complete basis in the Hilbert space. In the interaction region, the wave function |¥g(¢)) evolves into an
interactive one which can be expanded into a linear combination of plane waves. In the far future, after
exiting the interaction region, the state of the particle becomes again a plane wave denoted | W4 (t) ).
The amplitude of the diffusion process can be obtained starting from

d

i (Wour (1)U (2)) = (Vout (t)| Hine| Vs (t)) - (33)
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There is an interaction if the final state is different than the original one, which implies
(Vout(—T'/2)|Win (=T/2)) = 0. Integrating then (33) between —7'/2 and 7'/2 one finds the transition
amplitude to all orders in perturbation theory

o0
Api = (Your (T/2)|Vs(T/2)) = —i/ At (¥ out (1) | Hint [P 5 (1)) (34)

—oo
Successive iterations of the exact wave function (34) give the different orders in perturbation theory. In
the lowest order, called also the Born approximation, the transition amplitude is therefore given by

AL = —i / At (W gt ()| Hit | Win (1)) = —i / dt / Bx U (6 X) Hig Ui (£,%), (35)

where in the last equality we introduced the (more explicit) usual wavefunctions in the position repre-
sentation W(t,x) = (x|¥(¢)) and where |x) are the position operator eigenvectors.

In the Heisenberg picture, the states and the operators are related to the ones in the Schrodinger
picture by the relations

|Oy) = Ut 0)|0st)) , O () =Ut,009U(t,0). (36)

Notice that in the Heisenberg picture the states are time-independent, whereas all operators are time-
dependent, even in the absence of interactions. The time-evolution of operators is governed by the
equation

dOW) (1)

dt

which according to the Dirac correspondence principle between quantum mechanical commutator and
the Poisson bracket {, } — i[,], is closely related to the time-evolution in classical hamiltonian mechan-
ics.

= i[H, 0 (1)] (37

Standard quantum field theory formalism uses mostly a third different, but equivalent interactive
picture, which is somehow half way between the Schrodinger and the Heisenberg picture. In the inter-
action (or Dirac) picture wave functions and operators are related to the ones in the Schrodinger picture
via

Up(t)) = e Wg(t)) , OW(r) = Mot OF) emithot (38)
and the Schrodinger equation becomes
d|Ur(t
SO ) 191 0) (9)

On the other hand, an operator which is time independent in the Schrédinger picture satisfies the evolu-
tion equation
dOD (t)
dt
We define the corresponding evolution operator U;(t,t;) as the one generating the time evolution of the
wavefunction in the interactive picture

(Wr(t)) = Ur(t,t:)|®r(ts)) » Urti,ti) = 1. (41)
It can easily be checked that the evolution operator satisfies the differential equation

. Ut 1)
at

It can be shown that an explicit solution of (41)- (42) is given by

= i[Hy, O (1)] . (40)

= Hin(t) Ur(t, t;) . (42)

.t 117, /
Ult,t;) = T e Ju @ Hm) (43)
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The S-matrix is defined as

S = lim U(tt) = Te oo dtHinel) =1 4 i\ (44)
t—o00,t;——00
where M encodes completely the effects of the interactions. The states in the far past, before the inter-
action process are free wave packets and are denoted by | p; - - - p,, in ), where p; are the momenta of
the incident particles. Similarly, the states in the far future, after the interaction process are again free
wave packets and are denoted by | p - - - p},,, out ), where p/ are the momenta of the scattered particles.
The transition amplitudes passing from the initial to the final states are

Sif = <\Ilf’S’\IIZ> - <p/1"'p;nain’S‘pl"'pnairo

= (p} - -ph,, out|pi- - pu, in) = no interaction term
m n

+i@m) 5 O P =D i) Mg (45)
j=1 i=1

The Feynman rules are usually given for the matrix M.

Fig. 2: Scattering amplitude of n initial particles and m final particles. The amplitude of the process is denoted
Sif = P+ Py OUL [p1---pp, in)

3.2 Quantization of the scalar theory

Historically, the Klein-Gordon equation was the first relativistic generalization of the Schrodinger equa-
tion, proposed in 1926 by Oskar Klein and Walter Gordon. Whereas it presents pathologies from the
viewpoint of Quantum Mechanics, it is a perfectly legitimate equation in Quantum Field Theory, de-
scribing the free propagation of spin 0 bosons, called scalar fields. Canonical quantization in Quantum
Field Theory uses the interaction picture. Let us consider for illustration the theory of a real scalar field
¢, of lagrangian

1 2m22)‘4_1‘21 2m22)‘4
A
=Lo+ Lint , where Li = — Fzs‘*. (46)

The metric convention throughout these lectures will be 7y, = diag(1,—1,—1,—1). The conjugate

momentum is 7 = gi ¢ and the hamiltonian is given by

1. 1 ? A
R e e R s AR s
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=Hy+ H;+ , where A7

{Ho = [&x 56+ 3(Ve)? + 3P s

Hip = [dx 26"
The corresponding Klein-Gordon field equation and the solutions for the free-field theory are

(D+m2) o) =0 =

— d’k ikz T —ikx
¢($) = /(271')3/2\/% (6 ay + e ak) s (49)

where kg = wr = Vk?+ m?2. The solution ¢(z) is the operator in the Heisenberg (equivalent to
the interaction picture for free fields) picture. Quantization proceeds as usual through the equal-time
commutation relations

[ak,GL] = Pk-¥K) = [ot,x),7(ty)] = i (x—y). (50)

The one-particle states in the Fock space are defined by

k) = ajl0) = (Kk) = 6°(k - K) (51)
and the energy/hamiltonian is
1
Hy = / &k wy, (afax + 3) (52)

and is one of an infinite collection of quantum harmonic oscillators. Therefore, taking into account
that there is by definition no interaction in the asymptotic past and future, the initial and final states are
constructed as

[0s) = lpap2--pa) = aby - ab, |0) )
) = IPiDhy - Ph) = aL’l " _a;r):ﬁ 0)
3.3 Evolution operator and S-matrix in quantum field theory
Starting from the scalar field, one can define the free fields before and after the interaction
lim ¢(x) = 2% (x), lim ¢(x) = Z 2 ppu() . (54)

t——o0 t——+o0

The factors Z in (54) are wave-function normalizations that take into account the possible mismatch in
normalization between the (out)ingoing field and the free-field satisfying canonical commutation rela-
tions. We define the evolution operator by

P(z) = UH(t) gpin(x)U(1) (55)

where U (t) = U(t, —00), ¢in, is the incoming (free) field and ¢ is the quantum interacting field. Since
¢in and ¢, are free-fields, they generate the same Fock space of states. There should therefore be a
unitary operator, the S-matrix, which relates the operators according to

Pout(x) = S pin(2)S , (56)
and the corresponding states in the Fock space according to

lout) = S~ |in) = ST |in) ,
lin) = S |out) . (57)
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Clearly the S-matrix is the infinite-time limit of the evolution operator

S = lim U(t). (58)

t—ro0
As in quantum mechanics, we separate the interaction from the free hamiltonian
H = Hy + Hin(t). (59)

The evolution equations for the quantum fields are

oo (x . Opin (T .
W) —ime.e@) . 22 = o), @) (60)
ot ot

By combining (55) and (60), we obtain the equation satisfied by the evolution operator

dU

ZE = (H(¢zn) - HO(¢m)) U = Hl(t) U, (61)
where H(t) = Hint(¢in, min). It is easy to check that the evolution operator satisfies the integral
equation

t
uit) =1 - z/ dty Hr(t1) U(ty) - (62)

This equation can be solved by iteration. It can be shown term by term in the expansion in the interaction
that the solution of (62) can be written in the compact elegant form

U(t) = T e o dtH) (63)

Consequently, the S-matrix is given by

S = limU(t) = Te Jou®Hlt) = peifdiats (64)
t—o0
Whereas at first sight, the last equality is true only in the absence of derivative interactions H; = —L7,

it is actually true in general.

3.4 Cross sections and decay rates

The notions of cross section and decay rates are central in characterizing the interactions of particles and
their lifetimes. Cross sections of particles are heuristically related to the number of interactions between
an incident beam of particles on a target, whereas the decay rate of an unstable particle is related to the
probability of decay per unit time.

Consider a bunch of particles of type A colliding a target of particles of type B and denote the
cross-sectional area common to both bunches by S. If N4 (Np) denotes the total number of particles A
(B) in the bunches, then a classical definition of the interaction cross-section is defined as the ratio

_ Nb. events x S

o= 65
NaNg (65)
The relation between the number of interaction events per unit time and cross section is
dN
—=Lo 66
7 ) (66)

where L is called the luminosity and is equal to the number of interaction events per unit time and unit
surface. Let us consider a region of area transverse to the incident beam S, v to be the (relative) velocity
between the colliding particles A (of volume density n 4) and the target ones B (at rest for simplicity,
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of density np)and At a short interaction time. The effective volume where interactions take place is
AV = vAtS, whereas the flux of incident particles is F)4 = n4v. With these definitions, the number of
incident particles hitting the target per unit time is F'4.S and the number of interactions per unit time and
per particle in the target is F'40. The number of interaction events and the number of interactions per
unit time and unit target volume is then given by

AN
AN = IN4Ng |

S m :nBO'FA:nAnBO"U. (67)

There is a simple relation between the mean free path A of a particle in the incident beam and the
cross section. Indeed, the probability p4(z) for the incident particle to travel a distance = without
interaction with the particles B in the target satisfies the equation dpa(x) = —pa(z)npodx. It integrates
to pa(z) = e ™B9% = ¢~%/* and therefore the mean free path is A = 1/(npo).

For an unstable particle A, its decay rate is defined as
_ Nb. decays per unit time

'y = . 68
A Na (68)

The decay rate, which defines the lifetime 7 of the particles via 7 = 1/T", governs the time decrease of
the number of particles in a beam dN = — NTdt, which integrate to N (t) = N(0)e~'*.

The matrix element of the interaction part of the S-matrix S = 1+ 9M defines the invariant matrix
element

(pr--puyinl iM | qu--qrin) =20 O pr—> @) iT(q-a— pr1-pa) . (69)
k r

The asymptotic states should be constructed more rigourously in terms of normalized wave packets. For
scalars for example they are positive energy solutions ¢ () of the Klein-Gordon equation. A two-particle
incoming state can then be written

dpr 1 dPpy 1
,in) = 70
|3, in) / (2n)8 2B, (27)° 2B, ©1(p1)p2(p2)|p1,p2) (70)

where ¢(p) is the momentum-space Fourier transform

d3p 1 ipT
o(x)= | —=== . 71
o(z) / T ¢(p) (71)
The flux of particles in the beam is given by
. oy - dp 1
i [ dap@ore = [ Ghiaglewl. 72

Let us consider for illustration the collision of two particles with no spin. The probability of interaction
is given by

Wip = [{f,in|Mi,in)|* = /dﬁ1dﬁzdﬁ’1dﬁ’2ﬁ(pl)tpé(pz)w(p’1)902(p’2)(27r)45(p1 + p2 — pi — ph)
x(2m)*6(Py — p1 — p2)(p1, p2, in|T | f, in)(f,in|T|p}, ph, in) (73)

_ 3 . _
where dp; = (;lﬁz)g ﬁ, etc. For wave packets with momenta peaked around a mean value p; = p;,

<f7 Zn‘T‘p/lapévzn> =~ <f7 Zn|7-|p17p27zn> =~ <f7 Zn’T’ﬁl,pQ,Zn> . (74)
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By using the formula
(2m)*3(p1 + p2 — P — ph) = /d4x em@prtp2=pi—pL) (75)
one finds
Wig = [(f.in|M[i,in)]* = /d433|%01($)‘2|902(x)|2(27T)45(Pf_p1_P2)|<fain‘T|P1,P2ain> 2. (76)

Equation (76) has the intuitive interpretation as : the probability of the transition per unit time and volume
equals the probability of presence of the initial two particles, times the squared of the transition matrix
element. The probability of the transition is related to cross section. Indeed, the differential cross section
for a scattering of two particles into an arbitrary number of final particles A 4+ B — p;1 - - - py, is given by

1 d3pf 1
do = o) P (2m) 2ot — 77
7 AE Ep|lvg — vp| 1;[ (2m)3 2By [T(aag5 = pro-pa) (270 (aatap ;pf) D

where v 4, vp are the speed of the particles A, B and |v4 —vp]| is the relative velocity of the two colliding
particles in the laboratory frame. Very often one is interested in the differential cross section do /df},
which represents heuristically the number of interactions per unit time, per unit solid angle, per unit
elementary target, divided by the incident flux.

The decay rate of an unstable particle A is given by a similar formula

1 dSpf 1 9 dod
dI’ = Eh%pﬁy‘MWMﬁprwwH%wH%—%)ﬂ. (78)

The amplitude of a process with a virtual exchange of an unstable particle of momentum p is given by a
relativistic extension of the Breit-Wigner formula

1
~ —_— 79
Mo~ mr 7)

where I is the total decay width of the particle. The Breit-Wigner formula correctly transform the
infinite peak on the mass shell p?> = m? into a gaussian bump and is crucial in order to correctly interpret
a resonance in experimental data.

3.5 Reduction formula, perturbation theory and Feynman diagrams
Feynman rules and perturbation theory follow from the expansion in powers of the interaction of S-
matrix elements

. . ; 4 .
<p1 t 'pnaln’ S ‘ qi1-- 'QI72n> = <0|ap£n o 'apll T ezfd xﬁmt@)aj{,l < ‘CLTpn |0> . (80)

A very important formula in S-matrix perturbation theory is the reduction or the LSZ (Lehmann-Symanzik-

Zimmermann) formula, which relates S-matrix elements to the time-ordered Green functions

(p1---ppsout| qu---qiin) = (pr---pn,in| S|q - q,in)
= disconnected terms + (iZ71/2)"H x (81)

X /d4y1 oo dbay ek PRYR =20, arar) (Oy, +m?) -+ (Tay +m2)0] T (y1) - - (1) |0)
where Z is the wave-function renormalization for the scalar field. The asymptotic Fock space defines
unambigously the vacuum state

0,in) = [0,0ut) = |0) (82)
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The central figures in perturbation theory are therefore the Green functions

G (w1 an) = (0| Th(a1) -~ d(xn) 0) (83)

The Green functions of the interactive field ¢ can be expressed in terms of Green functions of the free-
field ¢;,, via the crucial formula (see for ex. [3,59])

<0| T¢in($1) - ¢m($n) eifd%cm[qgm] |O>

G (zy-xy) = (84)

Green functions can be elegantly captured by a generating functional, defined by coupling the scalar to
an external source J(x), by changing the lagrangian £ — £ + J¢. In this case

Z(J) = W) = (o|Te! /2 4@ @)y (85)

It can be shown that
1 "W (J)

T 5T (x1) 0 (zn) =0
are connected Green functions, generated therefore by the generating functional W (.J). Conversely, W
can be expanded in a power series

W)=Y % /d4x1 e db ey G (2w I (@) - () (87)

Another important notion is normal ordering. A normal ordered operator : O : is defined such that all
creation operators are on the left and all annihilation operators are on the right. By construction then its
vev vanishes (: O :) = 0. G. Wick found an elegant way to express free-field Green functions in terms
of normal-ordered products, by the so-called Wick theorem. The simplest example is the two-point
function

Téin(2)din(y) =: din(x)din(y) : + Dr(z—y), (83)

where Dp(x — y) is the Feynman propagator. An explicit computation gives

d3k —ik(z— ik(z—
Dp(r—y) = /W{H(xo—yo)e Ma=y) 4 g(yo — x0) eF@V)}

4 . A
= /(d k L e tk(z—y) (89)

2m)4 k2 — m?2 + e

The 7e prescription in the Feynman propagator has the property of propagating the positive frequencies
into the future and the negative frequencies into the past. This is precisely what will be needed later on
in order to capture both particles and antiparticles propagation in a causal way. Wick theorem can be
generalized to a time-ordered product of an arbitrary number of fields

T bin (1) Pin(x2) -+ Pin(Tn) = Gin(x1)Gin(x2) - - - Gin(zyn) : + all possible contractions . (90)

Let us now discuss the Feynman diagrams for the simplest ¢* theory, with

A 4
Ling = _I(ﬁ . OD

The Feynman rules are usually formulated in the momentum space :

G(pr--pn) = /d4x1 .. -d4xn ol 220 Piti G(zy - xn) - (92)
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Applying perturbation theory (81), we obtain the following Feynman rules :
e associate to each propagator the factor m
e to each vertex the factor —¢A.

e impose momentum conservation at each vertex.

. . . 4
e integrate over undetermined internal momenta k, [ %.

e cach diagram is to be divided by a symmetry factor, equal to the number of ways of interchanging
components without changing the diagram.
e sum the contributions of all topologically distinct connected diagrams.

It can also be shown from (84) that the denominator cancels precisely all non-connected diagrams
in the Feynman diagrams of the Green functions.

Perturbation theory is now one of the cornerstones of QFT. The anomalous magnetic moment of
the electron was computed for the first time by Schwinger at one-loop in 1948 [13] (the factor below, 5>

> o
is engraved on Schwinger’s tombstone). Today it is known up to four-loops !
_9e—2 o
Ge="9 Tap T
a®P = (1159652185.9 + 3.8) x 10712
at' = (1159652175.9 4+ 8.5) x 10712, 93)

where g, is the gyromagnetic factor of electron coupling to a magnetic field. The theoretical prediction
agrees with the experimental measurements in (93) up to the eighth digit ! There are however still
mysteries in perturbation theory. For example, for the muon magnetic moment, the measured value at
BNL disagrees by 3.4 o from the theoretical SM calculation

th _ _QED EW had
a, = a; +ta, +a,

a;,® =~ 0,00116592089

In this case, it is likely that the hadronic contribution is not known accurately enough, since the muon
mass is much closer to the hadronic contributions compared to the electron one. This is a very hot
research topic nowadays, since any real disagreement could be a hint for new physics contributions
coming from virtual loops of new particles.

(& €

Fig. 3: Simplest Feynman diagrams contributions to the electron magnetic moment. The agreement between
perturbative QED computations and the experimentally measured value agree up to the eighth digit.

3.6 Ward identities and low energy theorems

Let us consider a current

oL

m = 5omg)

00, 94
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where the field transformation is generated by the Noether charge associated to the current J

56 () = ilQ. b(x)] 95)
Let’s furthermore consider the possibility that the current is conserved or not

"I (2) = A(z) . (96)

As shown in the previous sections, the relevant objects in perturbation theory are time-ordered correlation
functions of the quantum fields. In this case, it is straightforward to prove the following equality, called
the Ward identity

8fm<0‘TJm(z)¢(xl)¢(I2) - P(wn)|0) = (O[TA(2)¢(21)p(22) - - - ¢ )|0)

—i84(z — 21) (0| T8¢ (1) P(w2) - - - ()|0) — 16 (2 — 22) (0T h(w1)6¢(2) - - - () [0) — - (97)

If one takes the Fourier transform of (97), one gets

ikm / d'z e " (0| T T (2) (1) d(2) - - B()|0) = / d*z e (0T A(2)p(x1)B(w2) - - - (wn)|0)
—ie” 0| TS p(x1)p(w2) - - - d(w)|0) — i€~ "2 (0| Tp(w1)3(wa) - - - P(wn)|0) — - -+ . (98)

In the zero-momentum limit limit one gets

/ d*z (O[T A(2)p(x1)p(w2) - - p()[0) =

i (0[To¢(z1)p(w2) - - - p(2n)|0) + i (O[T P(21)d¢(w2) - - - p(2n)|0) + ---
=16 0|T¢(z1)g(22) - - p(xn)|0) - (99)

Such relations are called low-energy theorems.

3.7 Fermions and the quantization of the Dirac field

Relativistic fermions satisfying the Pauli principle are described by spinors in quantum field theory. In
particular, the relativistic spin 1/2 fermion is described by a four component spinor ¥, which contains
the two helicity components of the fermion and the two ones of the corresponding antiparticle. The Dirac
spinor satisfies the Dirac equation

(1Y O — M)¥ =0 (100)

where 7, are the 4 x 4 Dirac matrices satisfying the Clifford algebra

{y™ A" = 2 (101)

Historically Dirac equation was proposed by Paul Dirac in 1928 in an attempt to find a consistent rela-
tivistic generalization of the Schrédinger equation. Indeed, the first historical attempt, the Klein-Gordon
equation proposed in 1926, failed as a relativistic quantum-mechanical wave equation, since the corre-
sponding wave function cannot be consistently interpreted as a probability amplitude. The prize to pay
was to enlarge the two-component wave function for a spin 1/2 fermion in non-relativistic quantum me-
chanics to a four-component spinor and facing the existence of negative-energy solutions. Indeed, the
Dirac equation (100) can be written in the Schrodinger form

owv
Z’E = (1707:0; + M)V . (102)

The hamiltonian becomes therefore a 4 x4 matrix H = iv9;0;+ M~y = vo(vipi+M), where p; = —i0;
are the momentum operators. The eigenvalues of this hamiltonian turn out to be F = ++/p? + M2, as
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can be found for example by using the explicit form of gamma matrices (108), and has therefore a
negative branch solution. At the beginning, following a suggestion by H. Weyl, Dirac interpreted the
additional two component, negative-energy solutions as describing the proton, three years years he rein-
terpreted negative-energy solutions as new particles with opposite (positive) charge and the same mass
as the electron, the positron. The experimental discovery of the positron in 1932 by C. Anderson signed
the triumph of the Dirac equation. However, whereas Dirac equation can be used as a one-particle rel-
ativistic quantum mechanical equation and the corresponding four-component spinor can be interpreted
as probability amplitude, there are still various conceptual issues with the pure quantum mechanical in-
terpretation. It is known today that both Klein-Gordon and Dirac equations are completely consistent
relativistic equations in Quantum Field Theory, by allowing creation and annihilation of particles. The
key point is the correct account of the spin-statistics theorem, leading to the Grassmann nature of the
Dirac field.

The Lagrangian leading to the Dirac equation is

Lo = V(Y0 — M)V , (103)

where U = UfAY. A particular role is played by fermions which are eigenstates of the chirality matrix
72, satisfying

V= omes . (PP =1,
{(y"7°} = 0. (104)

It is then possible to define left and right-handed chirality fermions

YL = =V, Y = v,

VUp = Vg , U = . (105)

In terms of the left/right chirality fermions, the Dirac lagrangian is written
Lo = Vpiy" 0,V + VRriN"0, Vg — M(VVURr + VU, , (106)
whereas the Dirac equation can be split into two equations
V" OV — MU = 0, iy"0nYr— MY, = 0. (107)

A particularly convenient basis for gamma matrices, when dealing with chiral fermions, is the chiral
representation, for which

i 0 ’7'2' 0 __ 0 1
T\ 0) 0 T T o)
-1 0 ic? 0
5_:.0.1.2.3_ —
7—%7777—(0 1) : C—(O .2>, (108)
where C is the charge conjugation matrix satisfying
ClymC=-9L , C=-Cc"'=-0"=-Ct (109)

The Dirac lagrangian and Dirac equation have two different type of symmetries, a vector symmetry of
parameter « and an axial-symmetry of parameter (5

vector : Uy — 0 | Up— g,
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axial 1+ Uy =P, | Vg — e PUy. (110)
The axial transformation can also be written in the form
U — Py (111)

Whereas the vector symmetry is exact for any value of the mass M and through Noether theorem is
responsible for the charge conservation, the axial symmetry is broken by the mass term and is therefore
exact clasically only in the massless limit. As we will see in Section 6, in Nature left and right chirality
fermions have different interactions. This is related to the parity violation in the weak interactions and it
is at the heart of the construction of the Standard Model.

There are two different type of fermions that could exist in nature. The fermions charged under gauge
symmetries are of Dirac type, i.e. their mass (eventually after symmetry breaking, as it will be the case
in the Standard Model) is of Dirac type (106). For fermions uncharged under gauge symmetries, they
can be of Majorana type. In this case, the charge conjugate fermion

e (112)

is self-conjugate ¥ = U, i.e. the fermion is its own antiparticle. In this case, the mass of the fermion
can be written as

M
Ly = —?\I/TC\I/—i—h.c.. (113)

It is not yet known if there exist Majorana fermions in nature. As one will see later on, one logical
possibility are the neutrinos.

In what follows, we discuss the quantization of Dirac fermions, containing particles and antiparti-
cles. According to perturbation theory, we start from the free Dirac lagrangian

Lo = V(iy"Op — M)V . (114)
Conjugate momentum is 7 = % = {0, The free-field hamiltonian is then
Hy = /d3x U(iyV + M)V = /d3x Ul (iaV + M), (115)

where v = S, v9 = [ and in the last parenthesis we can recognize the Dirac hamiltonian of relativistic
quantum mechanics. The solutions of the Dirac equation (114) are of the form

W) = /(% e 3 Z [ ap (k) + et ()| (116)

where u®(k) (v®(k)) are positive (negative) frequency solutions of the Dirac eq.
Yk — M) u?(k) =0 , (Y"kpm+M)v*(k) = 0. (117)

The wavefunction of particles (ex. electron) are described by u*®(k), whereas v*(k) are wavefunctions
describing antiparticles (ex. positron) . Dirac eq. have two independent solutions s = 1, 2, corresponding
to the two helicity states of a spin 1/2 fermion. Notice that in the rest frame of a massive fermion they
are solutions of the equations

v u’(m,0) = u®(m,0) , ~ov®(m,0)=—0v°(m,0). (118)
The correct quantization for fermions uses anti-commutators

{Talt,x), Uh(t,y)} = dap 83 (x—y), (119)
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all the other anticommutators being zero. This defines the anticomutation relations
{ap,ag"y = (b5, 05"} = 6" (p—a) . (120)

The vacuum is defined by ap,|0 >= b},|0 >= 0, whereas the hamiltonian is given by
Hy = / kD> wy [afjaf{ A (121)
S

Notice that if the theory would have been quantized with commutators, the contribution of the b oscilla-
tors would have been of opposite sign and the hamiltonian would have been unbounded from below. The
electric charge operator can be defined as in (153) and equals

Q = / kY Japlag — oeg] . (122)

By defining also the helicity operator, it can be shown that:

- ai’T creates fermions of energy wy, momentum k, electric charge +1 (in units of the electron electric
charge), helicity left (right) for s = 1 (s = 2).

- bf{’ creates antifermions of energy wy, momentum k, electric charge —1 and helicity right (left) for
s=1(s=2).

Similarly for the scalars case, there is a reduction/LSZ formula (81) and perturbative expansion (84)
for the Green functions. The simplest and most important Green function is the fermionic Feynman
propagator

Sr(z—y) = (0| TU(2)¥(y) 0) = O(z® —y°)(0]¥ ()P (y)|0) (123)

ki i
—0(y" — 2°)(0]¥ () ¥ (x)|0) :/ (;lw];‘l k(; —kM‘j +Afe) o

T—y)

3.8 Quantization of the electromagnetic field

The electromagnetic field was historically the first which was quantized. Indeed, the very birth of quan-
tum mechanics, the UV catastrophe of the blackbody radiation, was the recognition by Planck in 1900
that the exchange of energy between matter and the electromagnetic field was quantized. Whereas ini-
tially this was considered by Planck himself as merely a mathematical trick, Einstein later on proposed
that electromagnetic field quanta do exist; they are particles of zero-mass and spin 1 and called them
photons. He also realized that the quantized electromagnetic radiation behaves as an infinite collection
of harmonic oscillators, with each oscillation mode of wave vector k intepreted as photons of energy
Wk — ’k|

On the technical side however, the quantization of the free electromagnetic field is subtler than for
the case of scalars and fermions due to gauge invariance. Indeed, starting from the Maxwell lagrangian

1
L =— Zanan’ (124)
the conjugate momentum is
ﬂm:;f =F = 79=90 (125)
m

and we cannot impose canonical commutation relations. The problem can be avoided by using the non-
covariant gauges, like the Coulomb gauge (divA = 0), but it is preferable to maintain manifest Lorentz
covariance. The standard option is to modify the lagrangian by adding a gauge-fixing term and changing
the lagrangian to

_ 1 mn i m\2
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where £ is a real arbitrary (and unphysical) parameter. In this case the field eqs. become

1
OA4,, — (1- g)ﬁm(ﬁA) =0 (127)
and the canonical momentum 7° = — % (0 A™) does not vanish anymore. The propagator of the photon

including the gauge fixing is found by inverting the quadratic part of the lagrangian (127)
1 m 1 n
L = §A Nmnd — (1 — g)aman A" (128)

The result is -
Mmn — (1 - { )%
Apmn = —i i . (129)
The commonly used gauges in Feynman diagram computations are ¢ = 0 (Landau gauge) and £ = 1 (
Feynman gauge).

Observation: Field equations imply O (0A) = 0, which suggests that we could impose the
Lorenz condition A = 0. This is however incompatible with canonical quantization, since 7 ~ 9A.
The condition can be only be imposed on physical states |1/,p,)

(Vph|Om A™ [hpr) = 0. (130)

It can be shown that physical results are independent of £. A convenient choice for canonical quantization
is £ = 1 (Feynman gauge), in which case the electromagnetic field become a collection of four Klein-
Gordon fields [JA,,, = 0. In this case, it can be expanded in plane waves according to

dsk : —ikx r 7 ikx Tt =r
Am(x) - /(271_)3/2\/% — [6 ax Em(k?) + e ay Em(k?):| y (131)

where here wy, = |k| = k° and €, (k) are the polarization vectors. Canonical quantization in this case
goes as follows

(A (%), T (8, Y)] = —inmnd>(x —y) = [An(t,x), Ap(t,¥)] = —inmnd>(x —y) . (132)
The commutation relations for the creation/annihilation operators then follow

[af, a5’ = —n™ 6*(k—aq) . (133)

Finally, the Feynman propagator in this gauge is

dk efik:(:cfy)

OT An(@)Au)10) = = tn Dl = lar-o = =in [ iz - (139

3.9 Discrete symmetries

Discrete symmetries play a crucial role in quantum field theory and especially particle physics. The
main reason is that in 1956 it was proposed by T.D. Lee and C.N. Yang, and experimentally verified in
1957 by Ms. Wu, that space parity P is not a symmetry of weak interactions. This fact turned out to
have dramatic experimental consequences. In particular, the parity symmetry is maximally broken in
the neutrino sector, since the parity transformation acting on a left-helicity neutrino is a right-helicity
neutrino, which does not exist in nature. One has actually to perform the product of the space parity
and the charge conjugation symmetry C, the C'P transformation introduced by L. Landau in 1957, to
pass from a left-handed helicity neutrino to a right-handed helicity antineutrino. Later on, in 1964 it was
discovered by J. Cronin and V. Fitch that the C' P symmetry is also slightly broken by weak interactions
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in decays of K mesons . On more general grounds, a source of CP asymmetry is actually needed in order
to explain the matter-antimatter asymmetry in our Universe. Indeed, in the early hot Universe matter
and antimatter was produced in equal quantity, whereas in the today Universe there is no sign of stars or
galaxies formed of antimatter. Therefore any realistic theory of fundamental interactions should contain
sources of CP violation. On the other hand, the product of the two discrete symmetries discussed above
with the time reversal transformation 7', the CPT transformation, by general arguments, seems to be a
fundamental, unbroken symmetry in any relativistic quantum field theory. We now turn to discuss in
more details the discrete symmetries of interest.

Space Parity P

Space parity x — —x can be found by imposing the invariance of the lagrangians for spin 0, 1/2
and 1 (or of the Dirac, Klein-Gordon and Maxwell eqs). under the parity transformation. One finds

U(t,—x) = epn¥(t,x) , O(t,—x) =eP(t,x) , An(t,—x)=A"(t,x), (135)

where €, = =£1 is a sign that can be chosen by convention to be equal to one for fermions, €4 is an
intrinsic parity that equals 1 for scalars and —1 for pseudoscalars and the change in the position of
indices for the gauge field is a compact notation for Ay(¢, —x) = Ao(t,x), A;(t,—x) = —A;(t,x).
The transformation of the fermions implies that a left-chirality fermion transform into a right-chirality
fermion under parity. These transformations imply in particular that gauge interactions and Yukawa
couplings transform under space parity as

\T/L")/m\I/LAm — \T/R’ym\I/RAm s \I/L\I/R(I) — 6¢\T/R\I/L¢) . (136)

Therefore if a left-chirality part of a fermion has different gauge charges than the right-chirality part,
space parity is broken. Also notice that the 7 transformation for a Dirac fermion implies that fermionic
particles and their antiparticles have opposite parities. For bosons on the other hand, particles and an-
tiparticles have the same parity. Space parity is an exact symmetry of the electromagnetic and strong
interactions, whereas it is (badly) broken by weak interactions, responsable in particular for beta decay.
For example, a parity operation on a left-handed neutrino would transform it into a right-handed neu-
trino, which does not exist in the Standard Model. Even if one postulates the existence of right-handed
neutrinos (which is possible, as one will see later on), they should be "sterile", i.e. gauge singlets under
the Standard Model gauge group and have therefore different quantum numbers compared to "our" left-
handed neutrinos.

Charge Conjugation C'

Charge conjugation transforms particles into antiparticles with opposite charges, but similarly to
the parity, there is also an intrinsic charge conjugation. Imposing the invariance of the lagrangian under
the sign flip of charges, one gets the transformation of various fields to be given by

U(z) = U(z) = CUT = i720*(z) , ®(z) = % (x) , An(z) = —A%(z), (137)

where the charge conjugation matrix for fermions is defined in (109). For the gauge field we allowed the
possibility to be complex, which is the case for the W gauge boson in the Standard Model. Notice the
intrinsic negative parity of the photon, which is needed for consistency of the gauge interaction. These
transformations imply in particular that gauge interactions and Yukawa couplings transform under charge
conjugation as

V"W Ay — Uy URAY | U UR® — ¢, U Upd*. (138)
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Charge conjugation is also an exact symmetry of the electromagnetic and strong interactions, whereas
like parity it is (badly) broken by weak interactions. Indeed, a charge conjugation operation on a left-
handed neutrino would lead to an antineutrino of the same chirality, whereas the antineutrini in our world
have only right-handed chirality.

CP transformation

CP is the product of space parity with charge conjugation. Its action on the various fields is

U(t,x) = —iy?00* (L, —x) = —i(TyH)T | D(t,x) = e4@*(t, —x) , Am(t,x) — —A™*(t,—x) .
(139)
These transformations imply in particular that gauge interactions and Yukawa couplings transform

under CP as - B - B
\I/L’ym\IlLAm — \Ifoym‘I/LA:@ s \I/L\IJR(I) — E(b\I’R\I’L(I)* . (140)

For the case of the Standard Model it is actually needed to work out a more general action, where there
are several fermions (the number of fermions with the same charges is equal to the number of generations
in the Standard Model) and a matrix, which will become the CKM matrix in the Standard Model. The
needed transformation is

U 1Y ViV LA — U Y™ ViU L AL, ViU p® — eV W O (141)

CP is also an exact symmetry of the electromagnetic and strong interactions. For the neutrino example
discussed for P and C, the C' P transformation acting on a left-handed neutrino gives a right-handed
antineutrino, so it is apriori a good symmetry of the neutrino sector. As one will see later on, it is
however (very weakly) broken by weak interactions, more precisely in the couplings of the charged W+
gauge bosons, via the so-called CKM matrix. C'P breaking manifests in the neutral meson oscillations,
in particular in the K9 — K’ mixing. CP breaking is also needed in order to generate matter-antimatter
asymmetry in our universe, however the known CP symmetry breaking in the Standard Model is not
enough to explain the observed matter-antimatter asymmetry. Additional source of CP violation are
therefore needed, which require new unknown particles and interactions breaking CP.

4 Gauge theories

The road towards unravelling the true nature of fundamental interactions was long and we are probably
not yet at its end. Indeed, around 1684 1. Newton was the first to understand that apples falling towards
the earth and moon orbiting around the earth are both described by an universal gravitational attractive
force. Based on the works on M. Faraday, in 1861-1862 J.C. Maxwell added the last stone to understand
that electricity and magnetism were different manifestations of a single interaction, electromagnetism,
and predicted the existence of electromagnetic waves, discovered by H. Hertz in 1888. Both gravity and
electromagnetism are infinite range forces, were based on the conservation of quantity of matter and of
the electric charge and are responsible for all classical physics. The discovery of nuclear forces around
1930, with the strong nuclear force responsible for binding of nucleons into nuclei, and the weak nuclear
force responsible for radioactivity, seemed to add fundamental interactions of very different origin and
properties. Indeed, both nuclear forces were short ranged and came equipped with new conservation laws
like strong isospin, baryon and lepton numbers. Moreover, the initial description of strong nuclear forces
in terms of mesons exchanged between nucleons, and the Fermi theory of weak interactions seemed to
be qualitatively very different compared both to electromagnetism and gravitation. It took a longtime to
understand that the electromagnetism and the two nuclear forces have actually a very similar quantum
description at microscopic distances. Whereas the quantum understanding of gravity is still ahead of us,
there are overwhelming reasons to believe that the four fundamental interactions in nature have a common
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Fig. 4: The four fundamental interactions in nature. From [14].

feature: they are gauge interactions. We will discuss here the internal symmetries which describe the
electromagnetic, weak and strong interactions and elements of their quantization.

4.1 Gauge invariance of Schrodinger eq.

The simplest example of a gauge symmetry arises in the description of a charged particle of mass m and
charge ¢ in quantum mechanics. Its hamiltonian is

1
H=g—(p—qA) +qV, (142)
m

where the vector A and the scalar V' potential are related to the electric/magnetic fields via

E:—VV—% , B=VxA. (143)

From electromagnetism it is known that the electric and magnetic fields (and therefore Maxwell equa-
tions) are invariant under the gauge transformations

0
A'=A+Va, V=V - (144)
The Schrédinger equation is covariant, in the sense that with H = H(A, V), H' = H(A’, V'), one gets
oV oV’
h— = HU A =H'V 145
ot " ! (143)

if under the gauge transformations (142), the wave function transforms as

V(r,t) = e U(r,t). (146)
Gauge invariance of the observables implies that the mean value of any physically measurable quantity
is gauge invariant; for ex. P(r) = |¥|? = |U’|2. As another example, by defining the velocity operator
v = %(p — ¢qA) , one can check that it is also gauge invariant (¥U|v|¥) = (V/|v/| D).
Gauge principle : Let us postulate that physical laws are invariant under (144)+ (146). In this
case, it can be proven that the hamiltonian is uniquely determined to be (142). Equations (146) + (144)
define a U(1) transformation, which is equivalent to a two-dimensional rotation on real vectors. There-
fore, U(1) gauge invariance uniquely determines the electromagnetic interaction. Through the Noether

theorem, the invariance under U (1) gauge transformations imply the conservation of the electric charge.
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4.2 From Dirac and Maxwell equations to Quantum Electrodynamics (QED)

Maxwell equations written in terms of 4,, = (A, V) can elegantly be written as 0™ F,,,, = j, where
Jn 1s the electromagnetic current. They are invariant under the gauge transformations

A — Al = Ay — 0o . (147)

The Gauge invariance postulate requires the physics to be invariant under (147), supplemented
with the phase transformation '
U(z) = V' (x) = @)@ (z) | (148)

Then Dirac equation is not invariant under (148) unless we replace the derivative with the covariant
derivative

DU = (0 + iqAR)T — (D0 = (O + igAl ) = 9@ D () . (149)
Dirac equation for a charged spin 1/2 fermion in an electromagnetic field becomes therefore
(Y™ Dy, — M)V = (i7" O, — ¢V Ay, — M)U = 0. (150)

The Dirac and Maxwell equations can be derived from the lagrangian density

- 1
Logp = V(i Dy — M)V — ZF,%m : (151)
The coupled Euler-Lagrange field egs. are then (150), plus
0" Fyrin = gU7n ¥ = jin (152)

where j, is the electromagnetic current of the charged fermion. Notice that j,, is precisely the current
constructed according to the Noether procedure described previously. From (152) we can derive the
charge conservation law
m dQ 3 m 3 .
ajm:O%E: d°x 0" jy, =0, where Q = [ d’x jo(x). (153)
Let us make some comments :
e The massless photon has two propagating degrees of freedom.

M . . .
e A photon mass L,qs5 = TAA,QH breaks gauge invariance and describes three degrees of freedom.
e The propagator of a massive photon is found from inverting the free lagrangian

1 M? 1
EProca = _ZFr%m + TAAEn = §Am[gmn(|:| + fo) - aman]Anu
Agzh(a? - y) = _i[gmn([l + Mi) - 8man]54<x - y) . (154)

Therefore, in momentum space (Homework)

mn __ kK™k™
mn T

Notice that due to the current conservation 9™ j,,, = 0, the longitudinal polarization does not contribute
to amplitudes. Therefore, the UV properties of the massless and massive photon theories are the same.
On the other hand, experimentally the photon is massless to a high accuracy. Indeed, the present experi-
mental limit on the photon mass is m, < 10718 eV.

Finally, we can give the Feynman rules for QED :

- associate to each fermion propagator of momentum p the factor O pm M)

p2—M?2+ie *
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- to each photon propagator of momentum p (in the ¢ = 1 gauge) the factor I{#}ZLE
- to each vertex the factor :QQe~"™, where () = —1 for the electron.

- to each external initial fermion the factor u*(p).

- to each external final fermion the factor @®(p).

- to each external initial antifermion the factor v*(p).

- to each external final antifermion the factor v*(p).

- to each external initial photon the factor €,,(p).

- to each external final photon the factor €,,(p).

The reader can find more about the historical rise of QED in [9].

4.3 Massive vector fields: Proca and Stueckelberg theories

Independently of H. Yukawa that proposed in 1935 the theory of nuclear forces mediated by scalar
mesons exchanges, A. Proca proposed in 1936 a theory of nuclear forces where the mediator is a massive
vector field. The lagrangian he proposed, called Proca lagrangian [10] is

1 M3
EProca = - *Fgm + 71414371 (156)
4 2
leads to the field equations
O Frn + M3 A, = (O+ M3)A, —0,(0A4) = 0. (157)

Taking a further derivative on the field eqs. (157) we find as a consequence
0A = 0™A,, = 0. (158)

Notice that, unlike the Maxwell lagrangian in which (158) is not a consequence of field dynamics, but
one of the possible gauge choices, in the Proca case its interpretation is different. Gauge symmetry is
explicitly broken in the Proca lagrangian by the mass term M 4, whereas (158) is just a consequence of
field eqs. Because of this, the number of degrees of freedom of a massive vector field is three, compared
to the two degrees of freedom of the photon. Notice that by using (158) one finds that the massive vector
field satisfies the same Klein-Gordon equation (49) than the massive spin-zero scalar field

(O+M3) A, =0. (159)
Quantization of the massive vector field is therefore very similar to the one of the massive scalar described

in Section 3.2.

There is another formulation of the massive vector theory introduced by E. Stueckelberg in 1938
[11], which is manifestly gauge invariant and illuminating from the modern point of view. It uses, in
addition to the gauge field, an additional pseudo-scalar field a and is given by

1 1
Lsmeckelbers = = 7 Fnn + 5(0ma + Madp)*. (160)

Notice that the lagrangian (160) is invariant under the gauge transformations
Al (z) = Ap(z) — Oma(z) , ' =a+ My ax) . (161)

Notice that due to gauge invariance, we can choose a gauge @ = —(a/M 4) where the Stueckelberg scalar
is set to zero and the Stueckelberg lagrangian reduces to the Proca one. This gauge is called the unitary
gauge. In modern terms, the Stueckelberg scalar is absorbed and provides the longitudinal component of
the gauge field. This is precisely what is realized in the Higgs mechanism, that we will describe later on.

At first sight, one would be tempted to say that there is no need for a Stueckelberg gauge-invariant
formulation, since the Proca lagrangian does not have a gauge symmetry. In some sense however, a
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theory describing a spin 1 field, being it massless or massive, always needs a gauge symmetry, linearly
or non-linearly realized. Indeed, let us couple the Proca lagrangian to a current .J,,

1 2 M% 2 m
Lproca = — Zan + TAm —ApJ™. (162)
Field equations now lead to
O Fpn + M3A, —Jy = 0 —  M39™A, = 0"y, . (163)

In this case, we therefore find the conserved current J), = J,,, —Mf‘Am. In the Stueckelberg formulation,
the new contribution to the current can be understood, via the Noether theorem, as due to the pseudoscalar
a. In the unitary gauge, where a is absent however, a better interpretation is that one needs to impose
separately 0" A,, = 0 and 0™ J,,, = 0. The first is interpreted as the necessary constraint which allows
to eliminate the unphysical degree of freedom of the vector, whereas the second constrains the current
coupling to the Proca field to be conserved.

A careful reader realized probably that all these arguments and conclusion are possible since the
gauge kinetic term for a massless and massive gauge field are identical and is gauge invariant. For a
massive theory, one could have ignored gauge invariance of the kinetic term and try generalizations of
the Maxwell lagrangian. Such attemps failed however to produce consistent theories. Therefore all
theories for spin 1 fields, massless or massive, are explicitly or implicitly gauge theories, with linear or
non-linear realization of the gauge symmetry. In other words, all spin 1 fields in nature should be gauge
fields ! This should be the case for example for vector mesons like the p meson.

4.4 Non-abelian gauge theories

U(1) is a particular case of unitary abelian transformations. Another case of particular interest are the
non-abelian transformations.

SU (n) transformations are described by n x n matrices U, satisfying
vtu=uut=1 , detU=1. (164)

The simplest example of a nonabelian symmetry is SU (2), proposed by Yang and Mills in 1954 [15]. Its
lowest-dimensional representation is a doublet

U= @1) , U = U(0)T , where U(f) = e29%7 | (165)
2

where 7, are the Pauli matrices and ¢ is the SU(2) gauge coupling. It turns out that the number of gauge
bosons W equals the number of generators (three for SU(2)). The most compact notation introduces
a matrix

Homework : show that
DV = (0 — igW)¥ — (D, ¥) = UD, ¥ |
if W, = W/ =UW,, U™ - ;(amU)U_l . (167)
The infinitesimal gauge variation in component form is
W2 = Dy = 0,,0% + geapcW2,6° . (168)
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The field strength is built from

[Diny Dn] = —i g Fyn - (169)
Homework : Show that
Frn = 0mWy, — 0, Wi — ig[Wi, Wal , Fypn — E. . = UFE, U L. (170)
For SU (2) this implies (homework :)
Fo =0, W2 — 0, W2 + geapc WEWE . (171)

The Yang-Mills lagrangian is finally given by

1 1
Ly = =7 Fpn " = =2 (0nWy = O W )?

g g9’
—fabcamw;;wbvmww - Zeabceadewgwgwdvmww . (172)

For a general Yang-Mills theory of generators 7, the generalisation of the antisymmetric tensor €, are
the structure constants f;. defined according to

[Ta; To] = i fabe T - (173)

The lagrangian and the field strength have still the forms (171)-(172), with the replacement €,p. — fape.

Notice that non-abelian gauge bosons have self-interactions, unlike the photon ! The full La-
grangian describing interaction of Yang-Mills fields with charged fermions is then

_ 1
L = U(iy" Dy — M)W — —F% FO™ 4 Lo + Loposts = L0 + Lint - (174)

4mn

In (174), L¢ is a gauge fixing term, whereas Lg1,0sts is the Fadeev-Popov ghost lagrangian [16], coming
from the covariant quantization of non-abelian theories and which is briefly discussed in the Appendix.

Homework : show that for an SU(2) doublet

T(ir™ Dyy — M) = T* (5 (in™ 8,y — M) + gwwg(m)kl]wl , (175)

whereas the fermion and Yang-Mills field equations are
O, + gearc AV ES, = — g \Iwn%“ll' (176)

where on the right-hand side one can identify the SU(2) fermionic current j%, which can also be con-
structed according to the Noether procedure. Notice that the massive Yang-Mills field propagator is

g _ km];:n

mn

D (k) = —ié“bfj\/]}%‘ 177
A

Since here 0™ ;% # 0, the longitudinal polarization does contribute to scattering amplitudes. Therefore,
unlike the abelian case, here the UV properties of the massless and massive YM theories are different.
This fact has various consequences :

- the theory has bad UV behaviour (uncontrolled UV divergences), since in the UV the propagator be-
haves as D2 (k) ~ 1/M3.

- the amplitude W Wy — W W, where W7, is the longitudinal component of the W gauge boson,
grows with energy and invalides perturbation theory for energies above around 1.2 TeV.
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Fig. 5: Feynman rules for Yang-Mills theories. Solid lines are fermion propagators, wavy lines are gauge propa-
gators, whereas the dotted ones are scalars [12]. The structure constants are defined for an arbitrary gauge group
via [T, T =i fabeTe.

The conclusion of all these problems is that the Yang-Mills boson masses should not be added by hand,
but be generated in a more subtle way.

Whereas the original intention of Yang-Mills was to gauge the strong isospin, it was understood
later on that strong isospin is actually a global symmetry and not a local one. The idea of applying
nonabelian gauge theories to nuclear forces was met with skepticism for longtime. The main criticism,
formulated immediately by W. Pauli, was that such a theory predicts the existence of massless gauge
bosons and therefore apriori of infinite long range forces. On the other hand, nuclear forces have a short
range, implying that, in analogy with Yukawa theory, the mediators of the interactions, which are the
gauge bosons in this case, should become massive. It was however understood later on that nonabelian
gauge symmetries turn out to be the correct microscopic description of both strong and weak nuclear
forces at short distances. The key point was to give gauge bosons a mass, but not by hand like in Proca
theory, but in a different way . This is realized via the spontaneous symmetry breaking and the Higgs
mechanism, to which we now turn.

5 Spontaneous symmetry breaking

We already noticed that Symmetries, through the Noether theorem, imply the existence of conserved
charges Q“, commuting with the hamiltonian of the system [H, Q%] = 0. Symmetries play the central
role in classical and quantum physics, since they constrain the dynamics and the corresponding inte-
grals of motion pave the way for solving it completely or partially. The microscopic understanding
of superconductivity discovered in 1954 (the BCS phenomenological theory) raised maybe for the first
time the question of a different fate of a symmetry. Indeed, whereas superconductivity is due to the
electromagnetic interaction, the interior of a superconductor repel magnetic fields, such that there is a
short penetration length beyond which the magnetic field vanishes. It is as if the photon, the carrier of
electromagnetic interaction, had an effective mass inside the superconductor, which breaks the gauge
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symmetry. A couple of years later, there were several strong arguments in favor of new, approximately
conserved axial currents in strong nuclear interactions. However, there was no sign of conservation of
the corresponding charge, despite the Noether theorem. The reason for these apparent departures from
the Noether theorem were understood in 1960 by Y. Nambu and 1961 by Y. Nambu and G. Jona-Lasinio,
and a simpler understanding of the phenomenon provided by J. Goldstone the same year.

Let us define in what follows the group element implementing symmetry transformations of pa-
rameters 6,, U() = €2@Q". Even if they define a symmetry of the hamiltonian, there are still two
qualitatively different ways symmetries are realized in nature :

i) Weyl-Wigner (WW) realization : in this case the vacuum state |0) is invariant under the symmetry
U(6)[0) = €29 |0) = [0) = Q%0) =0. (178)

In this case the symmetry is manifest in the spectrum and the interactions.
The argument goes as follows: The fields ®; of the theory transform according to irreducible representa-
tions of the group generated by Q¢

U@),Uu@)' = U;(0)®; . (179)
Let us consider a quantum state |i) = ®;|0). The action of the symmetry transformation on this state is
UO)li) = UO)®.U(0)" U (0)[0) = Uy (0);10) = Uy (8)15) (180)

So the spectrum of the theory is classified in multiplets of the symmetry group. Moreover, since
[H,U ()] = 0, states in the same multiplet have the same energy.

Simple examples of this type are : translations (conserved charge: momentum), rotations (conserved
charge: angular momentum), U (1), (conserved charge: electric charge)...

ii) Nambu-Goldstone (NG) realization : in this case the vacuum state is not invariant under the sym-
metry. '
e%2Q%0) #£10) = Q2[0) #£0. (181)

In this case the symmetry is not manifest in the spectrum. We talk about spontaneous symmetry breaking.
Examples of this type include rotation (or parity) symmetry in ferromagnets, SU(2)yeak, SU(2)1 X
SU(2) g chiral symmetry of strong interactions, etc

A nice sentence summarizing the outcome of the two realizations of global symmetries is that of S.
Coleman in his Erice Lectures [23] : "the symmetry of the vacuum is the symmetry of the world".

The simplest example of the NG realization is the Ising model describing N spins in space dimension d,

of hamiltonian
H=-J) S5 - B)_ S, (182)
(1,9) i

Hill

with S; = £1 labelling the two possible values of the spin "i". For zero magnetic field B = 0 the system
has a Z5 symmetry which reverts the spins S; — —95;. As a consequence, the magnetization defined as

M= lim % > (Sk)

should therefore vanish. However experimentally it is known that
M=0for T >T, , M=#0 for T <T,, where kT, =2dJ . (183)

The reason for the violation of the Z5 symmetry is that at low temperatures, due to the spin-spin inter-
actions of strength J, spins tend to align, such that the ground state corresponds to a state with all spins
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aligned. This state does violate the Z5 symmetry, since the Z5 transform of this ground state is the state
with all spins reversed. Whereas both states (vacua) are equally possible, the transition from one to the
other is highly suppressed for large N. So if the system is in one of the two vacua, it will stay there a
time that scales as e”. On the other hand, at high-temperature, spins are oriented arbitrarily in order to
increase the entropy (the number of microstates), which wins over the higher-energy of such configura-
tions. This phenomenon is called spontaneous symmetry breaking, since the hamiltonian of the system
respects the Zy symmetry, which is broken only by the ground state for 7' < T.. The field theory analog
of this phenomenon is described in the next paragraph.

Mt

N, ¥ 4

A A S a2
J /'/'/‘/«

Jq——\‘/

'

A/u\__.,

Fig. 6: Magnetization in ferromagnets. At high temperatures, spins orientation are random. At low-temperatures,
the alignement of spins due to spin-spin interactions breaks the rotational symmetry of the hamiltonian.

5.1 The Goldstone theorem

In a theory with continuous symmetry, for every generator which does not annihilate the vacuum (T*®) #
0 there is a massless, NG particle [17].

Example: One of the simplest examples is the O(N) linear sigma model.

Consider a theory with N scalar fields ® = (®, ®2, - - - &), with lagrangian

1 2 N2 9, Ao
in(am@) - V(®), V((I'):—?'I) +Z(<I>) , (184)

where in our convention p? > 0 and where ®? = Zf\il ®;®;. The model has a continuous O(N)
symmetry acting as ® — R®, with R a NV x N rotation matrix. The scalar potential is minimized for

ov.
ov;

ILLQ
0 = @02:7 v . (185)

The vacuum manifold is O(NV) invariant. By an O (V) rotation, the ground state can be chosen to be
(®) = &g = (0,0--v), (186)

preserving an O(N — 1) subgroup. Goldstone’s theorem tells us that we expect the model to have N — 1
massless particles, corresponding to the number of broken generators of the coset group O(N)/O(N —

1).

In order to check this, we define a set of shifted fields:
®(z) = (r*(x),v+o(z), k=1,2--- N -1, (187)

such that (7*) = (o) = 0. The lagrangian becomes
1
L= 5(((3,”71')2 + (8n0)?) — p2o? — VA po®
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Re()

Fig. 7: Spontaneous symmetry breaking. The vacuum manifold minima is symmetric by rotations, but picking up
a vacuum breaks the symmetry spontaneously. Figure taken from [20].

—V\ purlo — %(02 +72)2, (188)

where 72 = Zg;ll 77k, The manifest symmetry is indeed O(N — 1), which rotates the "pions" 7’s
among themselves. The physical masses, visible from (188) are

my =2u®, my, =0. (189)

Therefore we find that the "pions” are massless; they are the N — 1 Nambu-Goldstone (NG) bosons of
the broken symmetry. It is said that the unbroken O(N — 1) symmetry is realized a la Weyl-Wigner,
whereas the original O (V) symmetry is realized a la Nambu-Goldstone.

The presence of a continuous symmetry of the lagrangian implies, via the Noether theorem, the
existence of a conserved current 0,,J™ = 0. This implies

0= /d3x (0™ Jm(x,1), ®(0)] = 80/d3x [Jo(x,t), ®(0)] +/dS [J(x,t), ®(0)], (190)

where the last term is a surface integral. For a sufficiently large surface and therefore space-like distance,
the last term vanishes and one obtains

N [Q(t)7q)(0)] =0, (191)

where Q(t) = [ d3x Jo(z) is the charge associated to the current J,,,. If the vacuum expectation value
below is non-vanishing

(0l[Q(t), ®(0)]]0) = —iv # 0, (192)
then the symmetry is spontaneously broken. By inserting a complete set of states |n) and by using the
translation operator, one can derive from (192) the relation

> (2m)%6% (pn) {(0]Jo(0)|m) (n|@(0)[0) e~*#=* — (0|@(0)[n) (n] Jo(0)[0) €'} = —iv. (193)

The left-hand side of (193) is non-vanishing and time-independent, according to (191). Since the positive
and negative frequencies cannot compensate each other, (193) can hold if and only if all matrix elements
are zero for all states except one |n), for which F,, = 0 for p, = 0, i.e. for a massless state in the
spectrum. This is precisely the Goldstone boson, which has the properties

(n|@(0)[0) =1, (0]Jm(0)n(p)) = =ivpm . (194)
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An explicit example is a model with an U (1) spontaneously broken symmetry, with an action depending

on the complex scalar
d P |
-T2 _ohviim (195)
V2 V2
From the variation of the two scalars under the symmetry of generator () and infinitesimal parameter
a < 1, one finds

0P, = Z'Oé[Q,(I)ﬂ =—-ady — [Q, (131] = +iPy |
(5(132 = ia[Q, (I)Q} = Oé(I)l — [Q, (I)Q} = —iq)l . (196)

Taking the vev of the second relation in (196) one finds

n = (0/[Q, 7(0)][0) = / @ x(0][Jo ), w(0)]|0) = —iv . (197)

Inserting a complete set of states and using the properties of the translation operator, one finds
/d3 xz ~Pn (011 (0) ) (n]7(0)[0) — % (0]x(0)|n)(n]Jo(0)[0)] = —iv . (198)

Integrating over x using [ d®xe™P»* = §3(py), one gets

1
(2m)3

n=(21)")_ 6°(pn) e (0] Jo(0)|n) (n|m(0)[0) — € (0| (0)|n) (n|Jo(0)[0)] = —iv. (199)

On the other hand, if the generator () is conserved, 1 should be constant, therefore

d , .
CTZ = —i(2m)° ) End®(pn) [~ {01 Jo(0)]7) (n|m(0)]0) + (0] (0) ) (n] Jo(0) 0)] = 0
! (200)
There should consequently exist a state |ng) such that
Enyd(Png) =0, (0]Jo(0)|no) #0 ,  {no|m(0)[0) # 0. (201)

This implies first that the state ng has zero energy for zero-momentum, therefore it corresponds to a
massless particle, the goldstone boson. By an appropriate normalization and by using, for one particle
states, >, — f 3 5 E, one finds the matrix elements

(nolm(0)|0) =1, (0[Jm(0)[no) = —ivpm . (202)
By Lorentz invariance, one can actually write more generally
(0] (2)|10) = —ivePmo%p,, —  (0]0™ T (x)|ng) = —p?ve Pro® = —miove_ipnox . (203)

As one will see in an explicit example, the matrix elements (203) are actually valid also if a small explicit
symmetry breaking term is added and therefore the would-be goldstone boson acquires a mass.

Another hint of the existence of a massless particle in this case comes from the relation (98). If the current
is conserved, then A = 0, however if it is spontaneously broken, then 6 (0|T'¢(x1)p(x2) - - - d(y)|0) #
0. Then

ii_rf(l)km/d‘lz e 01T ()9 (21)9(2) - (20)[0) = 5(0Tp(21)p(w2) - -~ $(wn)|0) # 0.
(204)
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This is possible only if the correlation function has a massless pole

li [t € 0T ()0l )oa) -+ () 0) ~ 3" 8 O G0)(w2) - 6lan)]0) . (205)

which implies the existence of a massless Goldstone boson coupled to the current J,,,, in agreement with
(194).
General (classical) proof of the Goldstone theorem

Consider the scalar theory of lagrangian
1
L= 5(amcb,-)? —V(®) (206)

and a global continuous symmetry group, of generators T'*. The invariance of the scalar potential

V(®; +6P;) = V(D) (207)
under infinitesimal transformations §®; = 0T ®; of parameters 6 implies
ov

Differentiating again and taking the vacuum expectation value (vev), we get

2V v
<78<I>k8<1>i T35 + @Tiie) =0. (209)

. 2 . . .
Remembering that M%Z = <%) is the scalar mass matrix, we obtain

ME, (T™); = 0. (210)

We therefore found the general form of the Goldstone theorem: If the vacuum is not invariant under
a symmetry generator T%v # 0, then T is an eigenvector of the mass matrix M? corresponding to a
zero eigenvalue.

Are there known examples of Goldstone bosons in nature ? Yes, there are several, but none of
them corresponding to a fundamental spin O particle ! Two well-known examples are
- Magnons spin waves in ferromagnets, which are long wavelength collective spin configurations.
- Pions m ~ ¢ g are pseudo-Goldstones for the breaking of the chiral — vector symmetries U(3);, X
UB)r — SU(3)y xU(1)p (see figure 8). They are not exactly massless (therefore the name "pseudo")
due to a small explicit breaking coming from quark masses. Pions are (pseudo)scalar particles, but
not elementary, they are quark-antiquark bound states. In this case we talk about dynamical symmetry
breaking.

Observation : The U(1) 4 symmetry is broken by quantum anomalies, there is no corresponding
goldstone boson.

5.2 Chiral symmetries and pions as goldstone bosons

Strong interactions have as elementary degrees of freedom quarks and gluons and are described at the
microscopic (UV) level by Quantum Chromodynamics (QCD). At high energy QCD is perturbative due
to asymptotic freedom and its predictions agree remarkably well with the high-energy data. At low-
energy, it becomes nonperturbative and it is very difficult to perform ab-initio QCD computations to
describe properties and interactions of hadrons. At low-energy, the mesons and baryons are the relevant
degrees of freedom; their interactions, although hard to derive directly from QCD, are constrained from
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Fig. 8: The meson octet acts as goldstone bosons of the chiral symmetry breaking SU(3);, x SU(3)g —
SU(3)y .Figure taken from [21].

symmetries of strong interactions. The model described below is an excellent first step towards a phe-
nomenological description of strong interactions between pions and the nucleons. The corresponding
effective lagrangian is called the linear sigma model [18] , defined by

L=Ly+eLy, (211)

where :
Lo = Tula) [i8u — (0 ()bus + im (@)7i405)] () + 5(0u0(2)0¥0(x) + By )V ()

- %(02(56) +al (@) (z) — (0% (x) + 7' (2)n' (2))?
Ly = co(z). (212)

| >

The spinors ¢, (x) (a = 1,2) are fermion doublets, the proton and the neutron *, o(z) et 7(x) (i =
1,2, 3) are scalar fields representing respectively the sigma’ and the three pions. We take A and ec to be
positive, but 42 can be positive or negative. The matrices 7¢ (i = 1,2, 3) are the three Pauli matrices.

In order to avoid a too heavy notation, the index a of the fermion doublets and the internal index
will be omitted by using the following notations:

7l(z) 7l
xTr) = 1/}1(1.) TCU: TCC 1—.717 Twr) = 7T2x T = 7'2
v = (00, ¥ =l e, )= so)r=(2) e

The Lagrangian £ can therefore be written in the compact form

2
Lo = P[i) — glo +im - T5)] + %(8M03“0 + Oy - ) — %(02 +w?) — 2(02 +72)% (214)

In order to distinguish the left and right fermion chiralities, it is necessary to introduce the chiral
projectors :
1—
P, Sl
2
*In the “quark constituants model”, the doublet spinors are the quarks w and d instead of the proton and neutron

5This particle appears naturally in the effective theories describing interactions between pions and nucleons if we require an
invariance under an axial symmetry. To date, it is not identified unambiguously in the experimental data

(215)

39



Using them, we define chiral spinors:

wL,R = PL,Rw ? EL,R = aPR,L . (216)

It can be shown that the lagrangian is invariant under a global symmetry group SU (2) x SU(2). In order
to check this, let Ur and Uy, be two global SU (2) matrices. Then, Ly is invariant under the following
transformation:

Yr = Urvp , Y= Urdyp,
M = olyxo +im-17 — U MU}, . (217)

Indeed, this can be easily verified writing the lagrangian in the more elegant and transparent form

Lo = Pripy + ¢RZ$¢R 9P Mg+ prMiap)

- %TT(O#MT M M) — ”ZTT(MTM) — %(TTMTM)Q . (218)

Notice that the term £ is only invariant under the vector transformations defined by U;, = Ug.
The infinitesimal form of these transformations can be found starting from the parametrization

Up = 307 7, — ehlath)r (219)

where « () parametrize the vector (axial) transformations. Then the infinitesimal global transformations
are

co—vo—0pB-w , mowT—axnw+ G0,
¥, =, + 5@t 8)- T,
b, (@ B) T, (220)

where a and 3 are infinitesimal vectors. Notice that £; is only invariant under the vector transforma-
tions induced by a. The symetry induced by the vector « is called “vector symmetry”, whereas that
corresponding to the vector 3 is called “axial symmetry”.

Let us denote VZ( ) (vector current) the current associated to the infinitesimal transformations
parameterized by the vector o and A’ ,.() (axial current) the current associated to the transformations
parameterized by the vector 3°. They are given explicitly by

V,= @Z_J'y“%w +7 xo,m,
A, = 1[)’7“75%¢ + 00,7 — 0,0 . (221)

By using Noether theorem, we find the conservation laws
MVix) =0, A (zx) = —ecn'(x). (222)

Therefore the vector symmetry is conserved, whereas the lagrangian £; describes the explicit breaking
of the axial symmetry.

One can show that the vector and axial currents satisfy some group commutation relations, called
current algebra. By using the canonical commutation and anticommutation relations at equal times

5(z —3°) [7' (), 80#(3/)] = Z54( —y)s |
5(z° = 9°) [o(2), % (y)] = i6*(x —y)
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5(2° = 4°) { Yaal@) ¥l ) } = 8 (0 = 1)dasdus (223)

it can be shown that

3(2® — %) [Vi(2), Vi ()] = id* (& — ) * VR (2) + ST
5(x =) [V (), Al (y)] = id*(x — y)e"* AL (x) + S.T.
5(2° —y°) [Al(2), Al (y)] = i6*(x — )" VE(z) +S.T. (224)

where the supplementary terms denoted S.T (from “Schwinger terms”) are only present when 1 # 0 and
are total derivatives of local distributions:

Yy [f(z, )6z —y)] (225)

The relations (224) form the so-called Gell-Mann current algebra and play an important role in the study
of low-energy interactions of pions and nucleons. One can also define the charges:

4 1 , ,
QL) = 5 [ da(Via) £ Aj(z)) . 26)

Using the commutation relations previously established, one can prove the commutation relations
QL QL] =itk [QL.@l] =0 (227)

These relations are precisely those of the Lie algebra SU (2) x SU(2), implementing the chiral symmetry
of the system.

The scalar potential of the linear sigma model is given by

2

V:%( 247 + 2(02—#7&'2)2 —eco. (228)
Before discussing the minimization of the scalar potential, let us first state our expectations based on
symmetry arguments and Goldstone theorem. For e = 0, the scalar potential and actually the whole
lagrangian has the symmetry SO(4) = SU(2);, x SU(2)g. One can treat (m,0) as a vector under
SO(4). We can always use a rotation to choose the vacuum of the system of the form (0,09 = v) ,
which preserves only a SO(3) = SU(2)y subgroup of the original symmetry. This is also easily seen
by using the matrix M, in which case (M) = vlax9, which is invariant under the subgroup Uy, = Up .
We therefore expect three goldstone bosons related to the spontaneous breaking of the axial symmetries
generated by the parameters 3, which will be readily identified with the pions 7r. The symmetry breaking
term £ breaks explicitly the axial symmetries and therefore we expect to give a mass to the pions.
The minimization of the potential can be safely done for = 0. The minimum o of the potential is
determined by the equation

(12 4+ Aod) oy = ec. (229)

The minima of the potential are qualitatively different in the case ¢ > 0 and p? < 0. Indeed,
for 12 > 0 it can easily be checked graphically that there is only one minimum, whereas for y? < 0
there are two minima. More interesting, when ¢ = 0 and p? < 0, the minima are non-symmetric, even if
the Lagrangian is invariant under the axial transformations. We then talk about spontaneous symmetry
breaking of the axial symmetries, a consequence of the general Goldstone theorem we disscused in the
previous paragraph.

In order to work out the physical spectrum, one defines o(x) = s(x) + o9 where oy is the constant
field o in the ground state.

We are primarily interested in the limit € ¢ — 0, where the full Lagrangian is invariant under axial
transformations and
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— if 42 > 0, we have the symmetric case:
o0=0, my=0 , m2=m2=p’ (230)
— if u? < 0, the symmetry of the Lagrangian is spontaneously broken in the ground state and

ot =vi=—p?/\, my = gu, m2 =2x%=—-2%, my=0. (231)

g

The pions are therefore indeed massless, in agreement with the Goldstone theorem. For € £ 0, it can be

readily checked that the pions get a mass from the explicit breaking of the axial symmetries. For small

€, pions mass is given by m, = ev 7_22-

An interesting question is the low-energy interactions of pions, below the mass of the o scalar [19].
Let us therefore take the limit m, > m,. One formal way of taking this limit is by sending u?, A — oo,
while keeping fixed v2 = 2 /). In this limit, one obtains that the fields should satisfy the constraint

o+ w2 =02, (232)

at the quantum level. One talks about the nonlinear sigma model. One can introduce unconstrained
low-energy fields x to be interpreted as the low-energy pions, by the parametrization

1+ X7 1— X2
M=y 20 gy A8 po X (233)
such that MTM = 2. In terms of the low-energy pion fields x, the lagrangian becomes
1 (9x)? - v - i 2
o= 0 gigy - g <1+2wx> v,
1+ %) 1+ X5 v
L) =co—2 (234)
1+ 5
Finally, it is possible by a nucleon field-redefinition
1 — Lystx -~
= 27Xy (235)

2
1+ 2

to convert the non-derivative nucleon-meson couplings into derivative ones. The final (chiral invariant
part of the) lagrangian takes the form

1 (0x)?® | =, -
Lo=5—5— +P>id — gv)¥p
21+ 4XW)2
1 = 1 1 -~
+ 2 d”}/mz |:'758mx - 2X X amX:| '¢ . (236)
14+ 26? 2 |v 2v

The last form of the lagrangian (236) makes transparent the main feature of the low-energy action of
goldstone bosons: they always interact via derivatives interactions . On the other hand, the lagrangian
L1 breaks explicitly the chiral symmetry and gives a mass to the pions, which become pseudo-Goldstone
bosons. As a consequence, it induces non-derivative interactions among the pions as manifestly present
in (234) . These non-derivative interactions are however suppressed by the masses of the pions.

Note finally that, since in the decoupling limit of ¢ the matrix M is of unit norm, there is another,
simpler way to parametrize it in terms of low-energy pions

iTT

M =vew . (237)
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The pion lagrangian can be described by the non-linear sigma model
1
Lor= ZTT(QLMT@’“‘M) . where MM =12, (238)
whereas the interactions with the nucleons is described by

Y5 TTT

Lo=0()—gve > ). (239)

The derivative nature of the pion couplings with the nucleons is transparent with the field redefinition

—iY5TT ~

Y= n Y, (240)

with the nucleons lagrangian becoming

(241)

Y5 TT — Y5 TT ) ~

/31; = @Z(ia - gv)v,Z — gU@Z:rym (eTame %

5.3 The Higgs mechanism

Spontaneous symmetry breaking and Goldstone theorem were successful in explaining the apparent non-
conservation of chiral charges in strong interactions and the small masses of pions in terms of their
pseudo-goldstone nature. On the other hand, exact continuous global symmetries were predicting the
existence of massless scalars, the goldstone bosons. There seem to be no massless scalars in nature,
therefore people started to think of a way to avoid the Goldstone theorem and therefore the goldstone
bosons, but eventually trying to save the mechanism of spontaneous symmetry breaking. On the other
hand, the elegance of Yang-Mills gauge theories was plagued with the problem of zero masses for gauge
bosons, therefore infinite long-range forces, whereas they seemed to be ideally suited to describe nuclear
forces, which are of short range. The natural step was then the analysis of the mechanism of spontaneous
symmetry breaking in the case where the broken symmetry is gauged. The mechanism was proposed
by P. W. Anderson in 1962, in analogy with plasma physics and superconductivity. The final result,
worked out in 1964 by R. Brout and F. Englert, independently by P. Higgs and slightly later on by G.
Guralnik, C.R. Hagen and T. Kibble, and called later on BEH or Higgs mechanism, solved in one shoot
both problems, and actually many more, as one will gradually realizes.

Let us start for simplicity with an abelian gauge theory

L= —%ann + D @* - V(@) , (242)
with D,,, = 0,, + ieA,,, = %(@1 + i®5) and a scalar potential
V= <0+ A(B)? =~ (@3 + 93) + (@3 + 932, )
invariant under the local U (1) gauge transformations
®— @e A, — Ay, — é@moz : (244)

We expand around the vacuum state

2
@0:\/52\%, @(az):\}i(v—l—m—i-idm)- (245)

From the quadratic mass terms in the scalar potential we find m? = 212, my = 0, therefore ¢5 is the
Goldstone boson. New features appear however from the kinetic term

622

1
D@ = 5 (O i) + evAnd™ g + A% 4 (246)
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Indeed, it is manifest from (246) that the gauge boson acquired a mass M?% = e?v®. But this can only

happen if the gauge field absorbed one degree of freedom, since the massive gauge field has three degrees
of freedom, whereas the massless one has only two degrees of freedom. The correct counting of degrees
of freedom is

Am(Ma = 0) + ¢ — Ap(Ma #0) (247)

That this is indeed correct can be seen in various ways:
1) The quadratic term in the lagrangian can be diagonalized by redefining the gauge field

e?v?

1 1
—ZFT?W + 5(amqu)? +V2evAmd™ o + 5 A2

1 2,.2
= (0B — 9 Bum)? + %B; : (248)

where B, = A, + é@mqbg. Therefore ¢2 disappeared from the quadratic part, and is "absorbed" into
the longitudinal component of the gauge field.

ii) The Goldstone can be eliminated altogether from the lagrangian in the so-called unitary gauge. The
corresponding parametrization is

B(x) = —= e (v + p(a) (249)

and the Goldstone is removed by the gauge transformation & — &' = eV D, Ay — A = Ay +
1
=-0m0.
In the unitary gauge, the lagrangian is (homework)
1

E:4

(F! )2+ (O, — ieAl YD (0™ + ie A™)® — 129"* — A"

The spectrum of the model contains therefore a massive gauge boson and the Higgs boson ®', of mass

202 [11].
The Higgs mechanism, non-abelian case

Consider a gauge group G of rank r and scalar fields in some irreducible n-dim. representation

1
L= = o P 4 [[(9, — igT A% — V(@) (250)

4 mn
and H € G the subgroup of rank s leaving the ground state invariant

Tv=0 , a=1---s
Tv#0 , a=s+1---r (251)

In the unitary gauge parametrization
@) p(x)+v
V2 o

where &, are the Goldstone bosons, p(x) the remaining scalar fields, and ({,) = (p) = 0. Moreover,

vg = o', T,v are determined by the normalization of the kinetic terms for the Goldstone bosons &,.

The gauge transformation

D(z) = ¢ La=st1 Ta (252)

; T ga(z)
O(z) = ¥ (2) = UD , with U = e~ Za=st1 o5

Ap = AL = U (A + éam) U-? (253)
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eliminates the Goldstone bosons from the lagrangian. The resulting mass matrix of the vector fields is
then

2
M2, = ¢*(To) (Tyw) = Tol{To, Ty} (254)
In this case r — s gauge bosons become massive
1
A téa = A=Ay = D"+ - (255)

a

where A,,, denote the massless gauge fields, containing two degrees of freedom, whereas A/, denote the
massive gauge fields.
Notice that the number of physical massive Higgs scalars is equal to the number of original scalars,
minus the number of broken gauge generators.

- Gauge boson propagator

Let us discuss the massive gauge boson propagator in the abelian case; the result being the same
in the non-abelian case, the conclusion will holds in both cases.
At tree-level, the photon polarization tensor is given by

i (k) = A+ X (256)

which equals :

, . i , kuky
il (k) = ngUQQW + (_g”)zku(_kl/)m = ig*v? [g,w — k;;_%] . 257)
The free photon propagator in the Feynman gauge  is given by
DI (k) = — 9" (258)
0 k2 +ie’
We call D*” (k) the photon propagator resulting from the summation of IT** (k) at all orders:
DM (k) = DY (k) + Dh* (k) (iTlap (k) DY (k) + - - - (259)
This is a geometric series which becomes trivial if we notice that
Fukia B Kk B ik’
[g“"‘ TR —i—ie] [ga TRt M TR tie (260)
We obtain:
+o0o 2 9 n ko kv
D™ (k) = DI (k)+ DM (k gY v_ _ta
(%) o R+ 0()[,;<k2+ie 9o T R e
i kk, . kPR
_ _ _ 261
k2 — 202 + e [g“” k2 +ie] NCCESPER (261)

where the first term is the propagator of a massive gauge boson of mass m, = gv, whereas the second
term is a longitudinal term depending on the chosen gauge. The longitudinal mode contains now a
physical mode, as expected for a massive gauge boson. An important observation is that the massive
gauge propagator (261) behaves as D* (k) ~ 1/k? in the UV k — oco. This has the crucial consequence
that in the non-abelian case the theory with spontaneous symmetry breaking and massive gauge boson is
renormalizable, unlike its naive version with a mass introduced by hand (177)8.

The momentum of the line attached to (0]¢|0) is zero since the vev’s is spacetime independent.

"The polarization tensor we obtained is transverse. It will therefore not modify the gauge-dependent term if we would work
in a different gauge.

8The massive QED with a mass added by hand, called Proca theory, is however renormalizable. Indeed, the part of the gauge
propagator with bad UV behaviour, prop. to k*k" /k*M?, does not contribute to scattering amplitudes, due to the conservation
of the electromagnetic current. This property does not hold anymore, however, in non-abelian theories.
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5.4 Quantization of spontaneously broken gauge theories : R, gauges

As discussed in details in the previous subsection, spontaneous symmetry breaking via the Higgs mech-
anism introduces a mixing between the would-be Goldstone bosons and the massive gauge fields. Con-
sequently, the corresponding propagators mix, fact that is inconvenient for computation of quantum cor-
rections. An elegant simplified alternative was proposed by G. 't Hooft in 1971, by changing the usual
gauge-fixing term with a different one which eliminates the unwanted mixing. Some subtleties have to
be taken into account due to the Faddeev-Popov quantization procedure, such that even in the abelian
case ghost fields must be included in the theory for a Lorentz covariant formulation. We will discuss in
turn the abelian and the non-abelian cases.

- The abelian case

Let us come back to the Higgs mechanism and start with the abelian case. One can notice from
(246) the mixing between the gauge field and the would-be Goldstone boson. For the quantization of the
theory, it is more convenient to work in a gauge where such a term is absent. From (245) and by defining
&1 = v+ h, P2 = ¢, a convenient gauge fixing term is then

1
Lar. = ~5¢ (OnA™ - cvp)” . (262)
The quadratic part of the lagrangian, which will determine the propagator, becomes in this class of gauges
1 1
Ly = _§Am [—nm”(D + (ev)?) + (1 — g)ama"} A,
1 2 1 2
—Sh@+mhh — SpO+ &), (263)

from which one can deduce the massive gauge field, the higgs and and the goldstone boson propagators

—1 kmk
Amn k) = &7 mn — (1 — - ’
1 1
Dp(k) = E_ml Dy (k) = Vo (264)

where M 4 = ev is the mass of the gauge boson. The gauge parameter £ is unphysical and has to cancel
in the computation of all physical processes. Notice also the unphysical pole in the goldstone propagator
at k* = EM3.

Unlike the case of QED, the ghost fields cannot be completely neglected. Indeed, following the procedure
described in the Appendix, one finds their lagrangian to be

h
Lohosts = ¢ |—0—EMA(1+ e (265)
The ghosts couple therefore to the Higgs and this interaction has to be taken into account in quantum

computations.

The naive massive gauge field propagator (or equivalently, the gauge field propagator in the unitary
gauge) is obtained in the limit ¢ — co. The renormalizability in this limit is clearly subtle and the unitary
gauge is not practical for quantum computations.

- The non-abelian case

For any complex scalar field representation x of a gauge group G, one can define a corresponding
real representation ¢ via ¢’ = v/2(Rey, Imy). The gauge generators T, in this representation are real
and antisymmetric. The starting point lagrangian is

1 1
L= Fnn ™™+ Log + Lgosts + 5 (Dméi)* = V(9) (266)

4 mn
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The gauge covariant derivative and gauge transformations are
Dm¢i = Omoi + gAL TG0 5 06 = —gaaT3d; . (267)

One defines ¢; = v; + ;. For finding the masses and the propagators, one expands the lagrangian to the
quadratic order. In the absence of the gauge fixing term (and the associated ghost lagrangian), one would
find

Lo = Al [ Gl 4 M ) + 0d™0"] AL
+ 3O + gAL (T D)™ — M2 s (268)
where Mil] = %. The R¢ gauge in this case is defined by
Lot = — 215 (0™ AL, — gExTav)* . (269)

As in the abelian case, the mixing Goldstones-gauge field is removed in this case. Following the proce-
dure in the Appendix, one also finds the ghost lagrangian

Lahosts = & [=(0mD™)ap — £6°(Tuv) (Thv + Tix)] ¢ - (270)

Notice that the ghosts acquired also a (non-physical, of course) mass matrix. The propagators of gauge
fields, scalars and ghosts are given by
—1 kmk
Bnll) = iy (= (1= 93528 )
i

k2 — £g*(Tuv)(Tov) — M2’

Dx(k) =

7

Dy(k) = m

Q271)

where all propagators have to be understood as matrices, (M3)a = ¢°(T,v)(Tpv) is the mass matrix
of the gauge bosons. The mass matrix for the scalars is £g2(T,v); (T,v); + (M)%)ZJ, the first term is the
(non)physical mass matrix for Goldstone bosons, whereas the second part is the physical mass matrix
for the massive Higgs-like scalars. They live actually in orthogonal subspaces. Notice that in the unitary
gauge & — oo the Goldstone’s and the ghosts disappear from the spectrum. In the unitary gauge however,
the massive gauge field propagator is given by (155), which is badly behaved in the UV, making this
gauge unpractical for most quantum computations.

Here are some examples of Higgs boson spectra :
- In the Standard Model with one Higgs doublet, there is one physical real Higgs scalar 4 — 3 = 1, where
4 is the number of initial real degrees of freedom contained into an SU(2), scalar doublet, whereas 3 is
the number of broken generators in the Standard Model.
- In the Standard Model with two Higgs doublets (or in the Minimal Supersymmetric Standard Model,
MSSM), there are 8 — 3 = 5 physical Higgs scalars: two neutral scalars h and H°, one pseudoscalar A
and two charged ones H*.
The Higgs mechanism is an elegant and economical way to break electroweak symmetry. However, it
has its own mysteries :
- elementary scalars were never observed in nature until july 2012.
- It is difficult to keep a scalar light after quantum corrections (so-called hierarchy problem). We will
come back later on to quantify this problem.
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Taken into account these observations, it is reasonable to ask if there are other ways of breaking
a gauge (electroweak for our purposes) symmetry. The answer is yes, there are several other options.
Some popular ones are :
- A new confining force (technicolor) with Ar¢ ~ v. The goldstone bosons "eaten up" by the W and Z
gauge bosons are called "technipions"” (see Fig. 9).
- composite Higgs models, in which Higgs is a bound state of fermions. One example is the top-antitop

0.5
o (Q) -
T aa Deep Inelastic Scattering
0.4 LY ce ¢'e Annihilation i
| Hadron Colhisions
1 m Hexq
0.3} 4
0.2} 4
L :
0.1} L oagn
=QCD oMz =0.1189 £0.0010
1 100

" Q[Gev]

Fig. 9: A confining force similar to QCD called technicolor could be responsible for electroweak symmetry break-

_ -3
ing. The electroweak vev is given by a condensate of fermions (T, Tgr) ~ v® = M3 e 2ostc Taken from [22].

condensation, where the Higgs is a top-antitop bound-state h = t, tg.

- symmetry breaking by boundary conditions in extra-dimensional Kaluza-Klein (string) type theories.
Typically these theories have additional light degrees of freedom below the TeV scale; as such, unlike the
standard Higgs mechanism, they are strongly constrained and they have problems to fit the experimental
data. The recent LHC data on the newly discovered boson, its mass and its couplings point for the
time being into the direction of an elementary scalar degrees of freedom like in the Higgs mechanism
described above. Consequently, the alternatives we just described to the Higgs mechanism are currently
disfavored by the experimental data.

6 The electroweak sector of the Standard Model

The Standard model is a "unified" description of weak and electromagnetic interactions, and includes
also the strong interactions in terms of its elementary constituents, the quarks and the gluons. Prior to
1961, QED was already a complete theory, with remarkably successful computations and predictions.
Strong nuclear interactions were described in terms of quantum field theory a la Yukawa, with baryons
(including the nucleons) as matter fields and mesons (including the pions) as mediators. With the discov-
eries of more baryons and mesons and more experimental data to accommodate, the old theory of strong
interactions needed more fields and couplings and became more and more baroque. On the other hand,
weak interactions were described by the four-fermion Fermi theory. With only one universal coupling
GF, all low-energy weak interactions date were remarkably well explained. At high energies of order
E ~ 1//GF however the theory was loosing unitarity, reflecting the non-renormalizable nature of the
theory.
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A first step towards the modern version of the electroweak interactions was undertaken in 1961
by S. Glashow, who proposed that electroweak and electromagnetic interactions originated from a Yang-
Mills theory with gauge group SU(2)r, x U(1l)y, and that masses of gauge bosons (added by hand
at the time) render interactions short ranged. Only the photon remained a massless gauge field and
electromagnetism as an exact gauge invariance. The model predicted, in addition to the charged currents,
which were already present in the Fermi theory, the existence of a neutral current. The Standard Model
was completed in 1967 by S. Weinberg and A. Salam, who started from the SU(2)1, x U(1)y Glashow
gauge group and incorporated the Higgs mechanism. They showed explicitly how three of the four gauge
fields (called W and Z later on) get a mass and that the ground state preserved electromagnetism. They
also introduced leptons into the theory with appropriate quantum numbers, the corresponding Yukawa
couplings and showed that symmetry breaking generate charged lepton masses, whereas gauge invariance
would not allow Dirac mass terms. Quarks, introduced by M. Gell-Mann in 1961, were incorporated
into the theory in 1970 by S.Glashow, J. Iliopoulos and L. Maiani, who also showed the necessity of
completing the quark model of Gell-Mann with a fourth quark, the charm. In a series of papers in 1970-
1972, G. ’t Hooft and M. Veltman showed finally that Yang-Mills theories, with or without spontaneous
symmetry breaking, were renormalizable. Immediately after, several groups showed that the Standard
Model (called initially the Weinberg-Salam model) had no quantum gauge anomalies. In 1973, M.
Koyabashi and T. Maskawa showed that if the existence of a third generation of quarks and leptons was
postulated, then the Standard Model has a source of CP violation in the quarks/hadronic charged current
interactions. The same year, D. Gross and F. Wilczek and H. Politzer proved that (massless) nonabelian
gauge theories are asymptotically-free, i.e. the interactions between quarks become weaker at high-
energies. Finally, still the same year the SU(3). gauge theory of strong interactions was introduced
by M. Gell-Mann, H. Fritzsch and H. Leutwyler. At the same time, the Gargamelle bubble chamber
at CERN presented the first direct evidence of the weak neutral current. Standard Model was born and
started finally to be widely considered as the true theory of electromagnetic, weak and strong interactions.

6.1 Gauge group and matter content
From the Fermi theory of weak interactions with Gr/v/2 = g?/8M2, we know that we need a theory
that contains at least a charged gauge boson W, and the photon A,,,.

e v

Fig. 10: Fermi theory of weak interactions: the beta decay n — pe~ 7. at low energies £ << My can be
described as an effective four-fermion interaction.

Experimentally, there also exists neutral currents discovered in 1973, mediated by a neutral mas-
sive gauge boson, and also coloured strong interactions. The SM gauge group is therefore
Gauge bosons : G4 AL B,

G = SU(B)C XSU(Q)L XU(l)y.

In addition to the gauge bosons, the SM contains matter fermions and the Higgs field, in the gauge group
representations
Leptons : [; = <ZZ> : (172)Y:—1 ,  EiR : (1, ]_)y:_g
L

Uj

Quarks : ¢; = (d) 2 (3,2)y=1y3, wir (3, 1)y—as3, dir + (3,1)y—_93
i/ L
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ot
Higgs field : ® = (CDO) o (1,2)y= .
In the Standard Model, the Higgs doublet vev breaks the electroweak gauge sector down to the
electric charge SU(2)r, x U(1)y — U(1)q.
Notice that only left-handed quarks and leptons interact with SU(2), gauge fields. The SM lagrangian
has the symbolic form’

Lsy = Lyxin — V(P) + Lyvuk. , (272)
where
1 2 1 a 2 2
+W iy D,V + URiny™D,, U , (273)
and
%
DUy = (9 — ig%A% - z'g'?LBm)\IJL
Y,
DpWg = (0 — zg’7RBm)\IIR , (274)

whereas the Higgs potential has the form
V(®) = —p20Td + \(2TD)2 . (275)

The Yukawa sector L. will be discussed later on. With our conventions the electric charge is related
to the third component of the isospin 73 and to the hypercharge Y via

Q = T3+§ (276)

6.2 Weak mixing angles and gauge boson masses

With the help of an SO(4) rotation, the Higgs vev can be written as

0 2
o = ( v > , where v% = % ~ (246 GeV)? (from experimental data) . (277)
V2

Gauge boson masses arise from the covariant derivative (homework)

2 g*v? (1) ;422 v’ (3) ’ 2
|Dm(1)‘ %?|Am _ZAm‘ +§‘9Am _gBm|

2,2 2 12y, 2
— g-v W+7mW,,; + (g + g )'U ZmZm ,
4 8
where the definitions and the masses of gauge bosons are
1 . qgu
W = E(A%) FiAD) , M, = 5
A(g) _ /B
Zpy =900 9 0m Mz:E\/92+g/27
Vg +g® 2
g’A(g) + 9B
A, =21 0 My=0. (278)

Vg?+ g~

“No QCD gluons in what follows. For strong interactions, see the QCD lectures by Stephane Munier.
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We now introduce the electroweak angle

M /
cos B, = 9 _Dw , tan @, = g , (279)
g

?+g* M

that rotates from the weak basis to the mass basis

Zm\ _ [cosB, —sinb, A,(;;) (280)
A, ) \sinf, cosfy, B,, |
Notice that the ratio
M2
p= m = 1 at tree — level in the SM . (281)

The p parameter has quantum corrections in the SM, which are dominated by the top quark. Any ex-
perimental deviation from the SM value is a possible hint of new physics. Conversely, any model of
new physics has to be able to produce a p parameter close to one, which is one of the precision tests
of the Standard Model. This is a killer for most proposals of Beyond the Standard Model physics. For
example, technicolor-like theories have difficulties in this respect (although there is no formal proof that
they cannot accomodate precision data). Finally, the definition of the electric charge is e = g sin 6,,.

The W and Z gauge bosons were discovered in 1983 by the UA1,UA2 collaboration at CERN.
Their masses are My ~ 80.4 GeV, My ~ 91.2 GeV.

6.3 Neutral and charged currents

The neutral and charged currents are defined as the fermion bilinears coupling to the charged (1/)and
neutral (Z) gauge fields. They are worked out starting from the fermionic kinetic terms.
Homework: With the definitions above, show that

Y
Dy, = O, — igA;, ——zng Om — 1eQ A,
+ ig . 2
—Zm(T5 — O 282
2\[(W mT+ T Wht) — cos O (T3 — sin” 0,Q) (282)

The fermionic currents are defined as

L= Ui 0 W; + (W Tt + Wi g™ + Coje Zon B+ eAp ™ (283)

V2

Homework : Using the quantum numbers of the quarks/leptons, show that

Jvn;’+ = ty™el 4 uyy™dy (charged current)
Ty = ey + dpy M
9 _ .
J'n’;ln — éz,yme'l + 3ﬂl,ymul dlrymdl
1 . . 1 . . . .
TP = J3 — sin?0,J", = §I?ZL'yszL + (—5 + sin? Oy, )eL y™el + sin? 0,e57 el
1_2-29 . mi_g-2971 m, i
—l—(2 3 Sin W)Y Uy 5 5in” Oty ug
1 1 = ; 1 - .
(—5 + 3 sin? 0, )ds " d} + 3 sin? 0, dey " d%
1 I .~ )
=3 Z Uiv™ (g1, —g475)¥: ., (neutral current) (284)
i
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where U, denote collectively all fermions (quarks and leptons, in Dirac notation) of the Standard Model
gy =I5 —2Qisin® Ow g4 = I (285)

are the vector and axial fermionic couplings to the Z boson. At low energies £ << My, Mz, the
exchange of W and Z bosons lead to the Fermi charged current four-fermion interaction, plus a similar
neutral current interaction

Lr = —2V2Gp | Ty I+ pJf Imz| (286)

m,

i
M % cos2 Oy
one at tree-level in the Standard Model and plays an important role in quantum corrections and constraints
on new physics.

where we defined the parameter p = which, as we noticed in the previous paragraph, equals

The weak interaction experiments allowed the experimental measure of the electroweak angle.
Measured at energies close to the Z mass, it equals sin® 6, ~ 0.23.

6.4 Fermion masses and the CKM matrix

Dirac mass terms in the SM are not gauge invariant, due to the chiral nature of electroweak interactions.
We can however write Yukawa-type interactions by using the Higgs field
~Lyuk = REGUuRP + h g djp® + bl eRd (287)
- 3’
where : & = " is the charge-conjugate Higgs field and 7,5 = 1,2, 3 are flavor indices. The

Yukawa couplings generate quarks and lepton masses after the electroweak symmetry breaking :

L

—Linass = MyUpup + mfjd’Ldﬁ + my;erey +c.c. (288)

where m;‘j’d’l = h;‘j’d’lv /+/2. We use in what follows for compactness a matrix notation
—Lonass = apm up + dpm®dp + epmler + c.c. , (289)
where m™®! are 3 x 3 mass matrices in the flavor space. We can define the mass eigenstate basis (as

compared to the weak eigenstate basis) with the help of the 3 x 3 unitary transformations'”

/ d / /
urL,r = Vi'gur g, dor = Virdirs eLR = Vi r€LR (290)

such that
(VAIm "Vl = diag (my, me,my) , etc. (291)

In the mass basis, the neutral and the e.m. currents remain the same. To an excellent approximation,
the neutrinos are massless in which case one is free to perform the same unitary transformation on the
neutrinos as their SU(2), charged lepton partners v, = V[ v, . In the new basis, all SM lagrangian
preserves the leptonic number per species L, L, Lr. These conservation laws are indeed observed
experimentally with a great accuracy: no transition of the type p — ey, for example was observed until
now. On the other hand, the story for the quark sector is different. The hadronic charged current becomes

m 1 — m 1 — m 3
(T )quarks — ﬁt/w Vorudy, = o dr, (292)

!0These transformations are not innocent; there is a quantum anomaly that we will discuss later on.
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where Vo y = (VL“)TVLd is the (unitary) CKM matrix [36]. We also defined

R CZL Vud Vus Vub d/L
dr, = Voxmdy, Sp| = | Vea Ves Vb s (293)
br, Via Vis Vw v,

There are therefore flavor changing transitions in the SM : s — uW —, etc. Experimental measurements
give a hierarchical form of Vo g pr of the type (Wolfenstein parametrization)

1—/\72 A . AX3(p — in)
-\ -2 AN? : (294)
AN(1 — p—in) —AN? 1

where A = sin 6. ~ .0.22 is the Cabibbo angle. N. Cabibbo wrote first in 1962 the 2 x 2 version of the

CKM matrix
cosf. sinf.
<— sinf. cos 95> ) (295)

It is simply to check that, after field redefinitions, Vo ps contain three rotation angles and a CP violating
phase''. The fact that a complex phase in the CKM matrix violates the CP symmetry is transparent
from the terms in the lagrangian coupling the charged current to the W gauge boson. Indeed, the CP
transformation of these terms, in vector/matrix notation, are

" Vd Wik +dpy™Viu W, — agy™ VA W+ dpym Vi W, (296)

and therefore CP is violated if the matrix has complex entries V' # V*, which is the case for the phase in
the CKM matrix in the Standard Model with three generations. Notice also that CP violation in the SM
is suppressed by X3 in Vogeas.

The unitarity of the CKM matrix

VieVie =065+ ViiVij = dij (297)

has various important consequences. One of them is the GIM mechanism (Glashow-Iliopoulos-Maiani,
1972), to which we will turn soon.

6.5 Higgs couplings

The Higgs mechanism described above is the minimal option, by using only one Higgs doublet ®. Start-
ing from the Standard Model lagrangian (272), one can easily work out the Higgs boson couplings to
fermions and gauge fields in this gauge, by starting from the unitary gauge, where

o — (&) . (298)
V2

By replacing this into (272), one finds the Higgs couplings to gauge fields, fermions and itself are

h _ h 1 h
Ehiggs couplings — mI2/V(1 + ;)2WJWM7 + m22(1 + Z)QZMZM - §m%<1 + %)2h2

h h - h -
— | DJamtug + (1+ S)dpmdg + (1+ “)lm'eg +hc.| - (299)

''In the case of N generations, a simple counting predicts N (NN — 1) /2 rotation angles and (N — 1)(N — 2)/2 CP violating
phases. In fourth-generation extensions of the Standard Model, we therefore expect new sources of CP violations and apparent
violations of the unitarity of the usual CKM matrix.
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Obviously, the test of the SM nature of the Higgs boson sector is the proportionality between the SM
Higgs boson couplings to the mass of the particles it interacts to. This linear proportionality relation
ceases to be valid if the Higgs sector is non-minimal, containing more doublets or other representations.

Notice also that the diagonalization of the fermion mass matrices in the SM Higgs case diagonalize
simultaneously the Higgs couplings to fermions. There are therefore no flavor transitions mediated for
the minimal case of the SM Higgs doublet, which is very welcome in light of the tight constraints from
FCNC processes. It is straightforward to verify that if two Higgs doublets @1, ®5 couple simultaneously
to the same type type of quarks or leptons, like for example

Lk = Guy(hi @1+ b3 Ds) | (300)

then generically it is not possible anymore to diagonalize simultaneously the fermion mass matrices and
the fermion couplings to the Higgs scalars. The simplest models with no Higgs-induced FCNC effects
in multi-Higgs extensions of the Standard Model are those for which the three generations of the same
type of quarks (or leptons) couple to just one Higgs doublet. For example for two-Higgs doublet models
Hy, Hy, such a model contains Yukawas of the type

—Lyuk = h]qLuRHg + h; qud] Hy + h; lLeR (301)

6.6 The GIM mechanism

FCNC (flavor changing neutral currents) processes are defined by loop processes in which a fermionic
line starts with a quark of a given charge (say the quark d) and ends with another quark of the same
charge (say the quarks s or b). FCNC effects were measured experimentally in the 1960’s to be small
and this was puzzling with the quarks known at that time, u, d, s from the Gell-Mann classification.
Interesting examples of this type involve the neutral mesons, like the K° and K° and their CP linear
combination eigenstates K = %(K Y+ KY, Kg = %(K 0 — K9). For example in the various
decay channels of K7, it was difficult to understand why the decay mode K — p™p~ (which changes
strangeness by one unit AS = 1) has a branching ratio of about 6, 8 x 10~%, whereas the branching ratio
for K, — e is about 40%. This state of affairs persisted until 1970, when it was explained in
the SM by Glashow, Iliopoulos and Maiani and called GIM mechanism [25]. GIM introduces the charm
quark into the Standard Model and defined the 2 x 2 analog of the CKM matrix. They then understood
that unitarity of this matrix enforces a suppression of such FCNC processes, which for example for the
K° — K° mixing is of order (m2? — m?2) /MI%V with respect to the case with three quarks only. From
these contributions and the experimental data, in 1974 M.K. Gaillard and B. Lee succeeded to compute
the mass of the charm quark, which is of order 1.5 GeV.

Let us consider in more details the K — K9 mixing, which arises at the loop-level in the SM. The
amplitude of the process has the form

Agogo ~ = va Z S Vid) F(xs, 5) (302)

2
where z; = ]\TZ—; and F' is a (loop) function depending on the ratio of up-type quark masses and the
w

W mass. Let us define in what follows §; = VsTiVid. Unitarity of the CKM matrix implies >, & = 0.
The computation can be performed in an arbitrary ¢ gauge, taking into account the contribution of
the massive gauge bosons and Goldstone’s in the loop. It turns out however, that due to the good UV
convergence properties and the unitarity of the CKM matrix, it is possible to perform the computation in
the unitary gauge & — oo. To the lowest order in an expansion in the external momenta, the amplitude
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Fig. 11: K°-K° mixing generated at loop level in the Standard Model, with quarks w; = u, c, t running in the
loop.

of the process in the unitary gauge is

7] B kakﬁ 77 k,’uky
1 SR VERR L Ve 1 3
Afogo = Zﬁz@/ [ Us, LY k_mi’YVUd,L] 52— Mi%[/ 2 MI%V Us7L’7Mk — mj’Y Vd,L| -
(303)
If one neglects the up-quark mass, one can replace
1 1 1
S oG = >l - (304)
i=u,c,t % - M i=c,t % i %
After working out the Dirac matrix algebra, one can rewrite the amplitude in the simpler way
—ig4 - " -
Agogo = 53 o > & Fij (tis, 1y ta,) (s, 090a,L) - (305)
W ii=c,t
where , w2y
k2
2 / dk 1= 2%z Yy, omE om) (306)
= 1My .
B )t K2 k:2 Mgv)2 k% —m? k2 —m?
An explicit calculation yields for i # j the symmetric dimensionless function
Flana;) = S99 [(1 90y 4 L22) 0%y ) - 3% (307)
LR —— TN )2 o BTG TG g
and 5 )
3 x; xi(4_111’i+$')
Flor: ) = = Inz, — A 308
(i, 20) = 5 (1 - xz> e 41— ;)2 e
In the limit of equal or vanishing quark masses, the amplitude vanishes due to the unitarity of
Verwm :
AKORON— Zvd Z z,2)=0. (309)
Let us define
Fr = Zmd Z F(xi,7j) . (310)
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Applying the Wolfenstein parametrization for the CKM matrix and neglecting for simplicity the up-quark
mass, one can write
)\2

Fr =M1 - ?)QF(LBC, ze) + 242081 — p+ in)F(ze, z) + A2XN0(1 — p+in)?F (x4, 2¢) . (311)
Numerically the main contribution is proportional to g*A\?(m?2 — m?2)/ M{}V and is in good agreement
with the experimental result. The CP violation in the amplitude comes from a virtual propagator of the
top quark. The Feynman diagram for the K© — K° mixing can also be expressed as a dimension-six
operator

_ G
L5972 = — 2L 2(51y,ndp) (507" dL) Fi - (312)
V2
The mass difference between the physical mass eigenstates is then equal to
—2 = G - ~ _
dmy = —2 Re (K°|£5°=2|K0) = 7; 93 Re (K°|(519mdr) (5.7™dp) | K°) Fi . (313)

The original computation [39] used the vacuum saturation approximation
(K°|(507mdr) (527" d1)|K°) = (K°|(517mdz)[0)(0](57™dL) | K°) (314)

and the pseudo-Goldstone relation

<K0(p) | (EL’YmdL) ’0> = Pm

) 315
OIS (315)
which is similar to (194), where fx is the Kaon decay constant. Due to strong interaction effects, today
one simply adds a fudge factor to the amplitude called By . One therefore finds

fiem?

B

(316)

Gr 9 omg g*\?
5 -_— ~
mg 7\/§BKJCK7”K-FK , Or = T 12872

CP transformations are C P|K°) = —|K0) , CP|KO9) = —|K"). The CP eigenstates are therefore

K8) =5 (1K) = [K%) . cPiit) = Ix5)
!KS)—%(!KOHIK())) . CPIKS) = —|KY). (317)

If CP would be an an exact symmetry of weak interactions, the only possible decay modes would be
KY — 7m, K§ — mrmw. Due to phase space suppression, one would therefore have a relatively long
lived K1, meson decaying into three pions and a short lived one decaying into two pions. In reality, even
CP is slightly violated in weak interactions, and Kg can also decay into three pions after a longtime.
Therefore, the true eigenstates of the hamiltonian of the neutral kaon system are of the type

1 -
KS) = sy i [0+ O = (= QlED)]

1 -
KD = 5y [ KD + (- 9ED) (318)

The experimental data gives a very small mass difference between the two eigenstates, a large hierarchy
between their lifetime and a suppressed CP violation parameter:

Myo(average) = 497TMeV , AM =3.5 x 10712MeV
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T¢~90ps , 7.,~51800ps , Ree~1.65x1073. (319)

A similar analysis can be applied to the B® — B° mixing. The result is
Fp = ANF (20, 1) + 2A2X5(1 — p 4 in) F (2o, ) + A2XNS(1 — p+ i) F(xg, x¢) . (320)

In this case, it is the top quark contribution which dominates the mass difference.
Historical Remark : In 1972, only the u,d and s quarks were known. The GIM mechanism is
considered to be the first convincing proof of the existence of the charm quark.
Homework : Write down explicitly the diagrams for the K — K mixing in the two generation
case, with u and ¢ quarks in the loop.
The unitarity relation
VudVip + VeaVep + ViaViy, = 0 (321)

can be represented geometrically as a triangle in a plane = unitarity triangle. It is customary to rescale
the length of one side, i.e. |[V.4V;| (well-known), to 1 and to align it along the real axis. The angles are
defined as

Ltd Ltz Lud V *b
- _ e = — u 322
and the lengths are
ViaVi, VuaVy,
Ry = tb W = |l ub 323
t ‘ 1 7Cd‘ ZZ ) | 1 er‘ rcz ( )

ub
7Y%

cdVch

7%
Vvud g

(0,0) (1,0)

Fig. 12: The unitarity triangle. From [38].

On the other hand, quarks, leptons masses and the CKM matrix feature strong hierarchies. For
example, from neutrino masses to the top mass there are 10'! orders of magnitude m, ~ 1072 eV <<
me = 0.511 MeV << my ~ 172 GeV !

There is no hint for a solution of this flavor puzzle in the SM, since the Yukawa couplings are
free-parameters and therefore are not predicted. We are clearly missing something : maybe an addi-
tional global or gauge symmetry [37] or maybe this comes from an extra dimensional localization or
environmental selection.
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6.7 The custodial symmetry

The p parameter p = M7, /(M2 cos? 6,,) can also be defined as the relative intensity between the neutral
current interactions and the charged current interactions. At the classical level (i.e. tree-level), Standard
Model predicts p = 1. The experimental mesure gives p ~ 1.1 + 0.001, and small uncertainties in
its value imply that there is little room for new physics contributions in the quantum corrections to
it. Therefore, if the scale of the new physics is in the TeV range, there is a potential danger in large
corrections to the p parameter, that has to be checked carefully.

The tree-level value p = 1 in the Standard Model can be understood as the result of an (approx-
imate) symmetry, called custodial symmetry, proven by Sikivie,Susskind,Voloshin and Zakharov [40],
that can be formulated as:

Theorem : In any theory of electroweak interactions which conserves the electric charge and has an
approximate global SU (2) symmetry under which A%, transform as a triplet, p = 1 at tree-level.

Here approximate means in the limit of zero hypercharge coupling ¢’ = 0 and in the absence of the
Yukawa couplings.

Proof: Under the assumptions above, the gauge boson mass matrix is of the form
M? 0 0 0
0o M?> 0 0
0 0 M? m?
0 0 m? m3

(324)

The masslessness of the photon implies M2m2% — m$ = 0. The resulting W3 — A mass matrix, written
in terms of the W and Z masses, is then of the form :

ME, +Mw /M2 — ME, 325)
+My /M2 — M2, M2 — M3,

It is then easy to check that My = cos 0, M.

On the other hand, in the SM the Higgs potential V(& ®) is invariant under an SO(4) global
symmetry. Indeed, let us write explicitly the four real components of the SM Higgs doublet

4

. P + 1Py ta 2

q>_(®3+iq)4) . then <I><I>_§1<I>i . (326)
1=

It is then transparent that the Higgs potential and kinetic term have an SO(4) = SU(2)r, x SU(2)r
symmetry. The Higgs vev

d = (8) breaks SO(4) — SO(3) = SU(2)p , (327)
NG

which corresponds precisely to the custodial symmetry. From these considerations, it is clear that not
any Higgs representations preserve the custodial symmetry.

What happens for other Higgs representations ? It can be shown that, considering Higgs representations
in weak isospin representations of isospin I, the rho parameter is given by

2

_ 13T+ 1) — I5) (0[]0

= > )
2 >3 13 1{01¢]0)|

It is then easy to check that for an arbitrary number of singlet and higgs doublets, p = 1. On the other

hand, for Higgs triplets for example, the higgs vev generate the breaking SO(3) — SO(2). In this case
there is no custodial symmetry and p # 1.

P (328)
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Strong interactions preserve electric charge and strong isospin. A natural choice for the custodial
symmetry is therefore the strong isospin, which then guarantees that p = 1 to all order in the strong
interactions.

A useful parametrization for estimating the violation of the custodial symmetry is :

or D,

H = (i cp):<_¢* o
+

> ot = %TTHT’H. (329)

V(®T®) is invariant under H — U L”HU;%, with U, g being 2 x 2 unitary matrices implementing
SU(2)r, x SU(2)g transformations. The electroweak symmetry breaking pattern is then

v

I
\/§ 2X2

As anticipated, the hypercharge gauge interactions U(1)y and Yukawa couplings break the custodial
symmetry. However the particular coupling

(H) breaks SU(2) x SU(2)r — SU(2)p . (330)

_ t
Lyae = h (I, br)H (b’;> (331)
is invariant under SU (2) p. This corresponds to the limit of equal masses in the quark doublet h; = hy,.
On the other hand, W and Z boson masses have quantum corrections that lead to calculable deviations
from p = 1. This can be understood as quantum corrections that change the mass matrix (324) to

M2 0 0 O
0 M?> 0 0
" ) 332
0 0 M2 m? (332)
0 0 m? mi
where M? = M? 4+ §M?, etc, S M? being the quantum correction to the corresponding mass. The break-
ing of the custodial SU(2) symmetry in the gauge mass matrix by quantum corrections is an important
test of the quantum structure of the Standard Model. A recomputation of the p parameter in this case
gives .
M? i
= == = 1 - D)
Mg My,
where the mass difference between the charged and the neutral gauge fields component is computed from
the vacuum polarization at zero momentum

P L4 — s3] (0) , (333)

(I, — T153)(0) = 9™ (I — I33)(0) = ™ (M? — M3) . (334)
Here we defined the vacuum polarization tensor starting from the inverse gauge boson propagator

Dy (9) = Dy (@) — T (q) - (335)

Using the expression of the free gauge-field propagator

_ . 1
Don(@) = & | oun(q” = M?) = (1= Dt | (336)
and defining in the case of SU(2) gauge group II?"(0) = 7™"1I1;;(0), one finds
Dy (0) = =iy [M? = iT1(0)] (337)
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therefore one can indeed identify the gauge boson mass corrections as (5Mi2j = —iII;;(0). In the SM, the
leading quantum contributions comes from the third generation of quarks. The one-loop expressions for
the relevant vacuum polarization diagrams are

o 19 |9 d*k ml—7 @ nl=7 1
7" = —3(— T
=30 /(27r>4 f’[’y 2 F—m 2 F-my’

- ig.o [ dk ml= i L, l—5 i
- 32 T t<sb).
33 3(2) /(%)4 T[V 2 %—mﬂ 5 Em + (t <> b) (338)

An explicit evaluation of the relevant traces give

T Lfﬁmn / Ak k2
= @) (- m) (k2 —ml)
3¢° Ak ;2 k2

o — 2 - . 339

3= / @)1 <<k2—m3>2 (12 —m)p 439

After a Wick rotation and and explicit evaluation of the (UV finite) integral, one finds the final
result [42]

392 9 o 2mimi  m? 397 . mpy
5o — — 9 AL LR n T 340
P~ sar2a2, [mt T T 2| T 3en MMy (340)

Notice that the first term on the rhs vanishes in the custodial limit m; = my, as expected. The - -- in
(340) are subleading contributions from the SM or from eventual new physics contributions that have to
be smaller than 103 in order to fit the experimental data [41].

7 Quantum corrections and renormalization

Small distance divergences appeared longtime ago in classical electrodynamics in early attempts to un-
derstand the self-energy of a charged point-like particle like the electron, starting in classical works by
M. Abraham and H. Lorentz. The electron was assigned a "mechanical” mass mg and an "electromag-
netic" mass m, = ﬁ, computed by assuming a spherical shell distribution of radius r. and charge e.
The "mechanical" mass had the interpretation of an attractive force which counterbalance the repulsive
force generated by the shell charge distribution. The total physical mass m = mg + m,. is divergent in
the point-particle limit, unless my is itself divergent in this limit and the two divergences cancel for a
mysterious reason. Even by assuming that the cancelation happens, the electron in this model is subject
to an acausal force, in the sense that the electron accelerates in advance of an application of any force.
Despite many refinements (in particular by P. Dirac) and discussions over the years, it is widely believed
today that such a classical model of the elementary particles is inconsistent. With the advent of relativity,
quantum mechanics and their final synthesis quantum field theory, it was gradually realized that short-
distance (or equivalently UV) divergences are less severe than in the early classical attempts, but they do
not disappear altogether. In particular, in the perturbative approach to Quantum Electrodynamics (QED)
there are logarithmic UV divergences at all loop orders. Quantum corrections in loops are therefore
subtle to incorporate, due to UV divergences appearing for large momenta of virtual particles running in
the loops. Dealing with these divergences was clearly crucial in order to extract physical results. Grad-
ually, it was understood that in some theories a prescription to obtain finite results with high predictive
power is possible. These are called renormalizable theories, major examples in this class being QED,
the modern theory of electroweak interactions (the Standard Model) and of strong interactions (Quantum
Chromodynamics). The prescription, which will be described in more details in examples below, goes

conceptually as follows:
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o In the first step called regularization, UV divergences are handled by introducing an unphysical
cutoff, which can be of various types. Simplest and most used are:
- a momentum cutoff on the euclidian momentum 0 < pgp < A.
- Pauli-Villars regularization: adding fictitious particles with large (unphysical) masses M and
opposite sign (negative norm) contributions to loops, canceling the UV divergence and replacing
it with a dependence on M.
- dimensional regularization: computing the euclidian loop momentum integrals in d = 4 — ¢
spacetime dimensions. The UV divergences manifest as poles in 1/e.

e The second step, called renormalization has several way to implement and interpretations. The ini-
tial and most intuitive one is that the initial parameters in the lagrangian: dimensionless couplings
go (for ex. the electric charge) and masses mg and not directly physical and therefore unphysical.
They are called bare parameters and it is not possible to compute them from first principle. In
particular, it is not possible to compute ab-initio the electric charge or mass of the electron or any
elementary particle. In computing a physical process I'(p;) depending on some external momenta
pi, loop corrections which are (log) UV divergent add up to the tree-level result, depending on
go, mo. As already discussed above, it is not possible to extract a finite result for I" due to its

dependence on UV divergences and gy and mg. However, experimentally measuring the process
(0)

at some fixed momenta I (p;

pgo) and the bare parameters. In some sense, both quantum corrections and the bare parameters
are ill-defined and make no sense individually, but their sum (combination appearing in physical
processes) is perfectly well-defined and taken from experiments. Now the crucial fact is that the
amplitude I at any other energies (external momenta) becomes completely well-defined and finite.
These renormalization prescriptions taken from experiment define the renormalized quantities like
physical couplings g, masses m, which hide in their definition the mysterious cancelation between
their bare values and quantum corrections. A third quantity which is typically divergent is the
wave-function renormalization of various fields, which also renormalize couplings and masses.

A key point of renormalizable theories is that a finite (typically small) total number of parameters
of the original lagrangian have to be renormalized, at an arbitrary order in perturbation theory.

) gives an implicit relation between the UV corrections evaluated at

In other theories called non-renormalizable a similar prescription is not possible, in the sense that
the UV divergences proliferate with the number of loops. Renormalizing physical processes require order
by order in perturbation theory a larger and larger number of couplings to be redefined (equivalently, to
be taken from experiment) and the process never stops. In the end an infinite number of parameters
have to be renormalized and therefore an infinite number of experimental measurements is needed to
define a finite theory at all orders of perturbation theory. Such theories have therefore no predictive
power. Famous examples of non-renormalizable theories are the Fermi theory of weak interactions or
the perturbative formulation of Einstein quantum gravity. On the other hand, this does not mean that such
theories and non-renormalizable theories in general are inconsistent or useless. The Fermi theory of weak
interactions is actually highly successful in reproducing the weak interactions processes at low energies.
The fact that (most, not all) quantum corrections are badly UV divergent means that at high energies
the theory is used in a regime where it is not valid anymore. Indeed, in the Fermi theory defined by the
universal Fermi coupling G, the non-renormalizability manifests in the loss of unitarity of the S-matrix
at energies £ > 1/1/GF and therefore the (momentum, for ex.) cutoff of the theory should be taken as
A ~ 1//GF. For processes computed at lower energies, loop corrections, normalized to the tree-level
values of processes, are proportional to powers of [\12625 or Elzfrf and they are under control. Beyond the
cutoff, one knows now that new degrees of freedom appear, the W and Z gauge bosons and Fermi theory
is superseded by the Standard Model. The same is true for the perturbative quantum gravity. There is no
doubt that Einstein gravity is the correct description of gravitational interactions in weak gravitational
fields, and it can also be used in studying gravity waves and most aspects of formation and dynamics
of black holes. Gravity has however a natural energy cutoff, the Planck mass Mp. For energies of
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order Mp or for some aspects of strong gravitational fields, a fully consistent theory of quantum gravity
should supersedes Einstein gravity, maybe String Theory. From this viewpoint, the Fermi theory of weak
interactions and Einstein gravity are considered as effective theories.

This issue of UV divergences led to the program of renormalization, which was brilliantly con-
firmed by various precision measurements, in particular at the LEP collider. The proof of renormalization
of the Standard Model led to the 1999 Nobel prize of G. 't Hooft and M. Veltman [43].

7.1 UV divergences and regularization.

Let us start now to discus in more details the UV divergences in quantum field theory. We have to keep
an UV cutoff A (which can be implemented in various different ways) in computing physical quantities.
There are three cases that arise :

- Super-renormalizable theories : In this case only a finite number of Feynman diagrams diverge. Beyond
a sufficiently large number of loops, all Green functions are finite.

- Renormalizable theories : a finite number of amplitudes/Green functions diverge, with a number of
external legs below a maximal value ( which is for example four for the ¢* theory, three for QED and
four for Yang-Mills theories). For these amplitudes, the UV divergences arise at all orders in perturbation
theory.

- Non-renormalizable theories : All amplitudes, with an arbitrary number of legs are UV divergent at a
certain order in perturbation theory.

In renormalizable and super-renormalizable theories, UV divergences can be absorbed into rescal-

ing of fields and redefinitions of the various couplings and masses. Taking the couplings/masses from
experimental data and "hiding" the UV cutoff in their redefinitions, we obtain physical quantities free of
UV divergences. In this case, the theory is predictive at any energy scale.
In non-renormalizable theories, we need an infinite number of couplings and masses in order to absorbe
the UV divergences. We would need an infinite amount of experimental data to determine all these cou-
plings. Therefore, at high-energies E£ > A the theory looses its predictive power. However, at low-energy
the theory is perfectly predictive. The typical example of this type is the General Relativity.

7.2 Relevant, marginal and irrelevant couplings

Consider a scalar theory of the form

2 12
Sn = [ dta (;«%)2 T ZW") , (341)

where S is the euclidian action defined with a cutoff A. The couplings A, have (classical) mass dimen-
sions [A,] = 4 — n. Let us consider the theory with two different maximal euclidian cutoff momenta :
) 0<p<A

i) 0<p< AN =¢eA,wheree < 1.

In case ii) the theory has therefore a lower cutoff and it is interpreted as a theory where the high-momenta
of theory i) were integrated out. The theory 1) has the action (341). In the theory ii) the cutoff can be
redefined to be the same as in i) with the help of a scale transformation

=ex , p= 6_1p , ¢ = 6_1¢ . (342)

In terms of the rescaled field and coordinates, the action of theory ii) become
1 m/2 ( ¢/)2
_ 4 1 VAV !/ /
S _/da: (2(6¢) +2+;>\n(¢)” : (343)

where )
m/2 — 7m2 ’ )‘;z — 6n—4 )\n‘ (344)



Notice that the new mass and couplings scale with their classical dimension. We see therefore that the
mass and couplings with positive dimension grow in the IR, whereas couplings with negative dimension
decrease in the IR. It is said that

[An] >0 = relevant couplings ,
[Ar] =0 = marginal couplings ,
[An] <0 = irrelevant couplings . (345)

This point of view on renormalization was introduced by K. Wilson and is summarized, for example,
in [44].

7.3 (Non)renormalizability and couplings dimensions

There is a straight connection between renormalizability and the three type of couplings previously de-

fined :

- relevant couplings =  super-renormalizability.

- marginal couplings = renormalizability.

- irrelevant couplings = non-renormalizability.

It is easy to argue for this by dimensional arguments. Let us consider some simple examples, going back

in Minkowski space :

a) - Relevant coupling

m2 ¢2
2

The coupling has dimension [A3] = +1, so it is relevant. At one-loop, the UV divergent terms lead to

new terms in the lagrangian (homework:)

— A39* . (346)

— Yoo -
£ = 5(09)

SL1 ~ A3A%p 4+ M2p*In A, (347)

which are both of super-renormalizable type. The first leads to a scalar tadpole, whereas the second leads
to a mass renormalization. At two loops, the only UV divergences are a cosmological constant and a
scalar tadpole. At three loops, there is only a log UV divergence in the cosmological constant. No UV
divergences exist at higher loops.
Dimensional argument : By dimensional analysis, the highest UV divergent term in the coupling is the
three-loop vacuum energy

A3 InA . (348)

Higher loops have higher powers in A3 and cannot contribute to the UV divergent terms in the effective
lagrangian.

Observation: 1/m? terms are IR, not UV contributions, so they cannot appear in UV divergent terms.
b) - Irrelevant coupling

1 m2 2
L= 5(09)° - 2¢ — X0’ (349)
The coupling has dimension [\¢] = —2, so it is irrelevant. At one-loop, the UV divergent terms in the
eight-point amplitude lead to (homework) :
T o (0i) ~ A3 A+ (350)

To cancel this divergence, one has to add a new coupling to the original action
0Ly ~ s % (351)
and to adjust the coupling \g such that

s + ¢A2 InA = finite . (352)
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At two-loops, we get new new UV divergences, like the one in the six-point amplitude, proportional to
T3 ops(Pi) ~ ¢ (pipj) A3 In A, (353)
which can be canceled by adding another coupling
0Ly ~ X ¢1(09)* . (354)
such that

Mg + ¢ A2 InA = finite . (355)

The UV divergences proliferate at higher loop orders, generating an infinite tower of operators of higher
and higher dimension.

Dimensional argument: Terms of the type A2 In A, A2 (9¢)?¢** In A have the correct dimension
to be generated for any n. Predictivity at high-energy is lost. Let us however define Ag ~ 1/M?. Then :
In the IR £ < M, the effect of non-renormalizable operators on physical quantities is proportional to
some positive power or E//M and/or m /M, so their effects is negligible.

Effective theories with cutoff A (ex. General relativity, A = Mp) are therefore predictive at energies
E << A.

Another viewpoint on this problem is the following: for Liny = >, Ap,¢", the leading cross-
section for 2 — 2 particle scattering is

_ 1 E
0 =D BT~y en()™ (356)
n n
for A, ~ 1/M™~*. Therefore the predictive power is lost for E > M.

7.4  Coupling constant renormalization for ¢* theory

Consider the ¢* theory of lagrangian
L 2(8¢>) 5 0] 1l o (357)

Let us compute the four-point function at one-loop. By using the Feynman rules for the ¢* theory, we
find, according to the figure in the next page

—idn)?
F(4)(k:1k2k3k:4) — —iXo + ( 120) y
d'p i i '
/ 2m)% p? —m2 (p— k1 — k)2 — m2 + two crossing terms . (358)

After the Wick rotation to euclidian momenta, the result is given by

N2 [ dYp 1 1
T (kg koksky) = —iXg + 20
(1234) o + 2 (27T)4p2+m(2) (p_k’l—k‘z)2+m(2)

+ two crossing terms . (359)

The integral is log divergent in the UV. There are various ways to "renormalize" the integral. Here is a
simple way. Define

[y

— -+ finite , (360)

V(s) = / d*p 1 1 /A d*p
) @m)t pPmg (p -k — k2)? +mf .
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Fig. 13: Diagrams contributing to the renormalization of the self-coupling ) in ¢* theory.

where the energy scale p is arbitrary. We find ( homework)

12
1AG

D) (k1 koksks) = —idg + S WV () + V() +V(w)
3iN3 . A
= —ido+ 20 1y = 4 finite = —iA(u) + finite . (361)
1672 u
What is the physical interpretation of this manipulation ? We can separate the answer into two separate
steps:
i) Ag is not a physical parameter. It can be chosen to depend on A such that
3N A
AMp) = Ao(A) — —% In—= 362
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is independent of A.
ii) Any value of i leads to the same physical result. We can find a differential equation for A by using
the fact that )\ is independent of ;. We obtain

dA 3\2
= _ = B(\ 363

dinp 1642 B(A), (363)
which is called the renormalization group equation (RGE) of \ at one-loop, with B(\) = fgf 5> being the
one-loop RG beta function coefficient. The solution of (363) is ( homework)

_ Apo)
AW = B (364)
1672 1o

7.5 Bare parameters versus counterterms

Notice that there is an equivalent viewpoint to the renormalization procedure just described : to "add" a
local "counterterm” to the lagrangian
L, + 0L =L, (365)

to cancel the UV divergence. In order to illustrate the procedure, let us consider again the ¢* theory of

lagrangian (357). When computing the propagator of the scalar field, the residue of the propagator at the

pole Z, called wave function renormalization, defined as
17

/d4a? e (0|Té(z)p(0)]) = ——— + terms regular at p* = m? (366)
p

—m2
is usually divergent. We can then define a "renormalized" field with unit residue, via ¢ = Z 1247 such
that the lagrangian (357) becomes

1

Zm? VD)
L= 5206, - =308 - =0 (367)

One can avoid talking about bare parameters by splitting the lagrangian into a "renormalized" lagrangian
and "counterterms

_ Lz M2 A
1 dm? P
+502(06,) = =97 — 61 (368)

where
6Z=7Z-1 , om>=Zmd—m? , o\=2%X—-\. (369)

The counterterms in the second line are treated as interactions in perturbation theory and are in order to
satisfy some "renormalization conditions". In the case at hand, they can be defined as
or®
2)(,2 2 2 2

IW(s =dam? t =u=0)=—i\. (370)
Once renormalization conditions are imposed, counterterms are determined and any divergences are
eliminated; physical results expressed in terms of physical parameters are UV finite. This viewpoint
is called renormalized perturbation theory, whereas the previous approach with bare parameters could

be called bare perturbation theory. In analogy with the bare parameters viewpoint, there is no unique
definition of the renormalized coupling A. Another example of definition could be

(s =t=u=4m?/3) = —i\ . (371)
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The ambiguity in defining A is precisely the one leading to the RGE mentioned previously.

The two points of view on renormalization lead to identical results, of course, since they are
actually two different interpretations of the same procedure. In renormalizable theories, a finite number
of counterterms are needed in order to render the theory UV finite. For the same purpose, in non-
renormalizable theories we need an infinite number of counterterms.

7.6 Quantum corrections to scalar mass

Let us now discuss a very delicate point, quantum corrections to a scalar mass, again in the ¢* theory.
We now denote by mg the mass parameter in the lagrangian. We want to evaluate the quantum correction
to the mass

m? = mi +i%, (372)

where X is the (appropriately defined) quantum correction to the two-point Green function

G(p) = Dr(p) + Dr(p) X Dr(p) + DrX Dp(p)X Dp(p) - -
 Dr i
 1-%Dp  p2-mi—i% (373)

After the Wick rotation to euclidian momenta and at one-loop, X equals

1 d*p ]
S = (i . 74
2( iA) / (2m)% p2 — md + ie (374)

Let us evaluate the result with an euclidian momentum cutoff 0 < p% < A2, The result is

by A? p2 by A2
Y= dpt——E = A% —miln —; | . 375
i 327T2/0 pEp2E+m3 592 ( mpln (375)

The one-loop quantum-corrected mass is therefore

2
m? =m2 + 32);r2 <A2 —m2ln %) = mj +om>. (376)
Whereas the cutoff is unphysical for a fundamental theory, it is widely believed, in analogy with the
cutoff interpretation in statistical mechanics, that a quantum computation is valid up to the energy scale
where new physics appears. The mass of the scalar Higgs particle in the Standard Model was recently
measured at LHC to be around 125 GeV. Since in the SM m% = 2)\v? and v is known, it means LHC
measured the self-coupling A. If the scale of new physics is A is very large, quantum corrections to the
mass are also large. In the table below, we display the order of magnitude of quantum corrections to the
scalar mass for a low and a high new physics scale A. If the quantum corrections are much larger than
the physical mass, then there should be a delicate tuning between the bare mass mg and the quantum
correction. Although there is no inconsistency if this would happen, this fine-tuning is considered to be
unlikely to happen in nature.

A 10 TeV |  10'6 GeV
dm? (TeV)? 10%% GeV

In case of theories where the electromagnetic, weak and strong interactions are unified at a high energy
scale A ~ 106 GeV, the fine-tuning is of order 1073° ! This is the so-called high-hierarchy problem of
the Higgs mass in the Standard Model and is one of the main reasons to search for new physics in the
TeV range.
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Let us contrast this situation to the one of the electron (or any other fermion) mass in QED, of
mass M. The quantum correction in QED with the electron/positron and the photon turns out to be given
by ,

oM = %Mln% . (377)
There is a major difference compared to the quantum correction to a scalar mass : the correction is
proportional to the original mass itself and only logarithmically dependent on the cutoff. Even if the
electron mass is tiny and even for a very large cutoff, the correction is always small in a perturbative
theory. The tuning mentioned above for a scalar mass does not therefore exists for a fermion mass. The
reason for this difference is that in the massless limit, the fermion acquires an additionl symmetry, the
axial symmetry introduced in (110),(111). The axial symmetry forces quantum correction to vanish in
the massless limit and protects the electron (fermion) mass from quantum corrections from any large
mass scale. In this sense, small fermion masses are natural, whereas small scalar masses are not and
lead to the hierarchy problem in the Standard Model.

7.7 Renormalization group and running of couplings

In concrete perturbation theory computations at n-loops for a field theory with coupling g, the result
contain the appropriate factor ™, where o = g2/(4), but actually there are logarithmic factors and
there can be up to n logarithmic factors In 7%22’ where ¢ is the typical momentum and m some physical
mass. More precisely, there are of factors of the type

[0 q2 "
il | , 378
<47r . m2> (378)
Such factors invalidate perturbation theory when £ In 73722 is large, which can happen even if « is small

for ¢ >> m or ¢ << m. This problem also arises in massless theories like for example Yang-Mills
theories, in which the mass m is replaced with some renormalization mass scale p. The solution to such
problems is the introduction of coupling constants g(u) depending on the apriori arbitrary renormaliza-
tion scale u, chosen intelligently in order to minimize the effects of such logarithms, i.e. ;1 ~ FE, where
I is the typical energy scale of the process under consideration. We can then do perturbation theory as
long as g(u) are small. In a certain precise sense, these large logarithms are resummed by defining the
running couplings g(u), which are computable in a sense to be defined below.

Let us consider an n-point Green function that appears in computations of physical observables
G(n) (piag7m>,u) = Z% G(n) (pivg(]amOaA) . (379)

The left-hand side contains the renormalized n-point Green function depending on the renormalization
scale p which is independent on the cutoff A. On the other hand, in the right-hand side sits the unrenor-
malized Green function depending on the cutoff A, which knows nothing about the renormalization scale
w. In a renormalizable theory, the two are proportional, with a proportionality factor given by the appro-
priate power of the wave function renormalization Z. Since the unrenormalized function is independent
on the sliding scale p, one can write

d ) ) )
4 ), A) — 9 o 9 ) (). _
uduG (pi> 9o, Mo, A) 0—><u8u+ﬁ(g)ag+7m(g)mam+m(g)>6‘ (pi»g.m, ) =0,
(380)
where ) o1 1 9lnZ
nm n
B(g) = pas == . (381)

o Tm(g) = o 1(g) = 5nu o5
The eqgs. (380) satisfied by the renormalized Green functions are called Callan-Symanzik equations [46].
The role of the functions 3, 7,, and v will be transparent soon. In general they will also depend on ratios
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m/ u, but in some renormalization schemes (minimal subtraction) they depend only on the dimensionless
couplings g. Let us now scale the external momenta J; — Ap;, that we will use in order to study the
asymptotic behaviour of the Green functions. If D is the canonical dimension of G(™), then by using
Euler theorem for homogeneous functions one gets

<)\8)\ + me— + u—alu - Z)) G (Api,g,m, ) =0. (382)

By combining (381) and (382), one obtains

0 0 0
(“3g5 + 80) 5 = (1=l mrla) + D) GO gomap) =0. (383)

Equation (383) allows to find the asymptotic behaviour of the Green functions. For this, one introduce
the A\-dependent functions g(, g) and m(], g) satisfying the equations
dg om

N BG) » Agy =lm(g) —1m. (384)

A (2

and the boundary condition g(1,g) = g, m(1,m) = m. It can be shown that g and m satisfy the
differential equations

0 0 0 0
A — —|glAg)=0 A—+(1— — | m(A =0. 385
gy B a0 =0 [ag s 0 m | mOum) (385
With the help of these momentum-dependent couplings, the Green functions for rescaled momenta can
be expressed as

G (Apy, g,y ) = AP o™ amNA@) G (i, g om, ) (386)

The large logarithms are summed efficiently if, for momenta Ap;, the renormalization scale p is chosen
w ~ AE. The "running" coupling § and masses m are obtained by consistently integrating out the RG
eqs. (385) from the energy £ characteristic of the process with external momenta p; to the energy AE
characteristic of the process with external momenta \p;. They are therefore the appropriate quantities
to be used, in order to (significantly) improve perturbation theory computations, for the processes with
external momenta \p;.

7.8 QED and the running of fine structure constant

We use here the counterterm method for the renormalization of QED. In this case, the initial lagrangian,
the counterterms and their sum is

1 _
L = —ZFﬁm + Uiy ™ O — qy™ Ay, — M)V |
1 _
0L = —7(Zs - DE2, + (Zy — 1)Wiy™0, ¥ ,

—(Z1 = 1)qUy" Ay — (Zy — 1) MOV,
1 _
Lo =L+0L= _Z(F’%“)2 + W (iY ™Dy — qoy™AS, — M) Ty . (387)

The relations between the bare and renormalized quantities are then

V4 4
My=Z2M . a0 =~ d, (388)
2 7y 74
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where Z; comes from the one-loop vertex correction, Zs (Z3) is the fermionic (photon) wave function
renormalization, whereas 2 is the mass renormalization. In QED it can be shown that Z; = Zs, the
so-called Ward identity. Then charge renormalization in QED comes only from vacuum polarization
qo = Zs 1/ 2q. The RG running can be found from

0 dq oln Z3/*

M@QO =0 = plg = N@ = QW- (389)

By an explicit computation in QED with just the electron in the loop and by defining the fine-structure
constant o = ¢%/(47), we find

A
Zz = 1— —ln— + finite , (390)

3r W

where  is an arbitrary, renormalization scale. We then find
3
q 1 1 1@

= = —=———-——In—. 391
Pla) = 54m (@) oGy 3" (@

We found therefore that the fine structure coupling increases with energy ! This can be intuitively inter-
preted due to the screening of the electric charge by electron-positron pairs from the quantum vacuum
(see Figure 14). Experimentally, if at low energies «(0) ~ 1/137, it was measured, in the sense de-
scribed above, that the running electromagnetic coupling for energiesof the order of the Mz mass is
indeed larger, a(Myz) ~ 1/128.

Fig. 14: Screening of electric charges by vacuum polarization provides an intuitive picture of the "running" of
electric charge. Figure taken from [45].

The situation for the strong coupling a3 is different due to the non-abelian nature of the interaction.
The result is an anti-screening due to gluon self-interactions [47].

There is a tantalizing hint of unification of gauge couplings at high-energy, as seen from figure 15,
that could point towards a unified gauge structure at high-energy [48]. Running couplings and renormal-
ization are important everywhere in the SM and its applications. For example :

e In any process the couplings have to be evaluated at the relevant energy scale. Ex :

- In 7" — 77, the fine-structure constant has to be evaluated at the pion mass a:(m).

- Identification of relevant momenta and RGE of operators in QCD is crucial in order to extrapolate per-
turbative quantities down in energy via the renormalization group.

e In the study of electroweak baryogenesis, for example the scalar potential

V(®) ~ — p?((2)[®] + A((®)) |®|* (392)

is to be evaluated at the minimum at the scalar potential.
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Fig. 15: Extrapolation of gauge couplings in the (minimal supersymmetric extension) of the Standard Model
(figure taken from [49]) : hint of unification of couplings at high energy ?

8 Global and gauge anomalies
8.1 General considerations on anomalies

Noether theorem proves that to any continuous symmetry corresponds a conserved current 9™ .J,,,(x) = 0
and a conserved charge Q = [ d3xJo(). At the quantum level this means that all matrix elements of
the divergence of the current should vanish

(p1 -+ pnyout|0™ Jp(2)|q1 - qryin) =0 . (393)

By using the reduction LSZ formula (81)~ one can replace each initial (final) state of momentum p; (g;)
by the insertion of an operator O;(x;) (O;(y;)) in the correlation function. Therefore, this amounts to
the vanishing of a vacuum to vacuum correlation function of the type

(0, 0ut|0™ T () O1 (1) - - - O (20)O1 (1) - - - On ()]0, in) = 0, (394)

to all orders in perturbation theory. Problems arise in gauge theories when external particles are gauge
vectors. The main problem arises for the matrix element between the vacuum and two gauge fields

(0, 0ut|0™ Jom ()6 (q1)Ve(q2), in) =

/d4y1d4y26i(qw1+q2y2) anar — (1 — 2_)7]n7»|:|:| |:8n’87"’ — (]_ — :é[_)r]n/,,‘/lj X
Y1 Y2

x (0, out\Tame(x)Af(yl)Aﬁ, (y2)0, in)e}}(ql)ég/ (g2) , (395)

where €} (q1), € () are the polarization vectors of the two gauge fields. At the one-loop level, there is
a triangle diagram contribution, with fermions running in the loop, obtained by expanding the interaction
lagrangian to the quadratic order

(0, 0ut|0™ Jyn ()| 16(q1)7e(g2), in) =
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1

/d4y1d4y26i(q1y1+qw2) |:8nar —(1- g)nnrm] |:8n/87«/ (- 1
Y1

)nn’r":’] / d*zd*z
Y2

3
X (OITO™ T (2)T2(21)T5 ()00 Dy 31 = 21) Do (2 — 22)6f (el (a2) =
e [ byt e 0 OO ) T T ) 0} )L ) (396)

There is a quantum anomaly in the conservation of the current .J,,, if
(1T O™ Ty () I} (y1) T (y2)]0) # 0 . (397)

The argument above is valid equally well if J,, is the current of a global symmetry or of a local gauge
symmetry. As one will see later on, in the global case anomalies are possible and actually even necessary
to explain some particle decays. In the local gauge case, a violation of the current non-conservation
leads to an inconsistency, since it would imply that the quantum action .S is not gauge invariant, since
oS = f d*z 0™, where 0 is the infinitesimal parameter of the transformation. On the other hand,
gauge invariance is crucial in gauge theories for eliminating the negative-norm states and for the whole
quantization procedure to make sense. One can elaborate more on this point by considering the quantum
effective action for gauge fields, obtained by integrating-out fermions

T A) = (0T S =75 A% o), =

ST [t 0T I3 1) i ) ) AT 1)+ AT ) . (398)

n!

n
In the abelian case, gauge invariance of I'y,,(A) under 0 A,;, = O, leads to the Ward identity
070 T Iy (21) - - - Iy (20)]0) = 0 . (399)

In the non-abelian gauge case, invariance of the quantum action I'y,, under 0 A?, = O, +g f abe pb ¢ =
D, leads, for the particular case of three currents, to the Ward identity

O (OIT T3 () Ty (y) T2 (2)|0) = i f 46 (w—y) (01T T (y) JE (2)|0)+i f*46* (z—2) (OI T Ty () T} (2)]0) -

(400)
The relations (399) and (400) and called naive Ward identities. They can be derived from current algebra
equations of the type

Q% Jh ()] = if*™Js(2) —  [J§(x),J(2)] = if*6%(x — 2)J5,(2) + S.T., 401)

where S.T. in (401) denote Schwinger terms which are irrelevant for the present argument. Using (401)
one can find actually the Ward identity

O (O[T J5" () T3 (y) & (2)10) = (O[T, J5" () Ji' (y) & (2)]0)
+if15 (@ — y) (0TI (y) T2 (2)|0) +if "6 (x — 2) (01T} (y) J5(2)[0) . (402)

which is compatible with the naive Ward identity (400) provided (0|T0% J2* (z)JJ (y)JJE (2)|0) = 0.

The simplest example of a quantum anomaly is for a Dirac fermion coupled to a U (1) gauge field
L =Viy"D, ¥ — MUV . (403)

In the massless limit A/ — 0, the model has a vector and an axial symmetry U(1)y x U(1)4. The
corresponding Noether currents

Jn = Uy, U I3 = Uy 50 (404)
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satisfy classically )
O =0 , ™I =2iMUys¥ . (405)

At the quantum level, these conservation laws are modified. It was shown in [26] that even in the massless
limit it is not possible to preserve simultaneously the vector and the axial symmetry, due to subtleties
coming from triangle graphs, see fig. (16).

MAW re
A,

VW T
Fig. 16: Adler-Bell-Jackiw triangle anomalies.

8.2 Triangle anomalies: the general computation

In what follows we follow closely [6] and we study the quantum anomaly in a system of left-handed and
right-handed fermions coupled to gauge fields via the current

JH = pthytpr + dptByiyp . (406)

We will use a basis for the fermions so that they are all left-handed. In four dimensions this can
always be done with the help of the charge-conjugation matrix C'. Indeed, if  is a Dirac fermion, I_%X

projects into left-handed components in the representation (1/2, 0) of the Lorentz group, whereas H%X
projects into right-handed components in the Lorentz group representation (0,1/2) . We will package

both of them into a single spinor 1) with all components into the representation (1/2,0), which is of the

type
1-—7s X
Y= (1_%5 C) (407)
2 X

where x¢ = Cx7 is the charge-conjugated spinor.
The associated generator (charge operator for U (1) symmetries) for the gauge field Aj, is denoted
by T,. We define the various symmetry currents as

T =Ty (408)
where the symmetry generator T}, acts on the packaged left-handed spinor ¢ as the matrix block

ty 0 ty 0
To= <5 —(tR)*> = <5 —(tR)T> ’ (409

a

where for a given Dirac fermion y the symmetry generators are defined through the infinitesimal trans-
formation

1-— 1
5Xzz'oza[ 275t§+ J;W%f] X. (410)
The three-current correlator we will study is
Lo @y, 2) = (OT(J ()]} (y)JE (2))]0) - @1
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For conserved currents, the naive Ward identity for the divergence of such a correlator is
OuLhyt (2, y, 2) = +ifaad (=) (01T (7 (y) JE (2))|0) +i facad (z=y) (O (J} (y) J] (2))|0) , (412)
where f,; are the group structure constants. The leading contribution at one loop emerges from fermions
going around the loop. The total contribution is obtained by summing over all relevant fermion fields.
There are two diagrams for the correlator that can be evaluated to yield
Py, 2) = Tr[Sp(z —y) Ty PrSr(y — 2)Tey’ PrSp(z — ) Toy" Pr
+Tr [Sp(x — 2)TAPPLSF(z — y)Tyy PLSr(y — o) Tey" Pr] (413)

with

1—~° dp @
P, = = [ 22 ¥  ipz 414
t g - o) / @m) P2 +ie H4)

Substituting one obtains

d*ky d*ky ; ; d*p
THvP — —i(k1+k2)-x+iky-y+ika-z / % 415
iens) = =i [ G (2" @)
p—F +di y Ptd Ptk +di
Tr —y —7 .
(p—ki+a1)>+ie (p+a)®+ie’ (p+ka+a1)?+ie
pobatdr , Ftdy Pkt
(p— ko4 az)?+ie’ (p+a2)?+ie' (p+ ki +az)? +ic
We have shifted the integrated momentum in the two diagrams using two vectors ay ;,, and ag ;. This
reflects an ambiguity of the triangle graph, even if the integrals are actually convergent, and translates
into the definition of the associated current operators, corresponding to a certain freedom to move the
anomaly from one current to another. By using the identities

’)/'MPL] tI‘[TchTa] +

+Tr { WPL] tr[TchTa]} .

Botbo=@+ka+d) -G —Fi+d) =@+l +do) — (— K2+ o) , (416)
one finds
v B d'k1 ARy kg aikyyribes [ 4D
oo = = [ i e i [

[ Pkt da P+di
tr| Ty 1.1, | T —~Y —~P P,
{r[ b |Tr _(p—k:l—I—al)2+ze’y (p+0L1)2—i-ze7 L

P+do Y P+ +do V’)PL_
[(p+a2)?+ic’ (p+ ki +az)?+ie

[ P+ do P+ do :
tr|T. Ty T, | T —~P —~Y P,
Hor[TeTp T r_(p—k2+a2)2+267 (p—i-cLQ)Q—i-ZE7 L_
[ P+da P Ptk +d VVP- 417)
(p+a1)>+ie (pthks+a)2+ie “|[°

It is now convenient to separate the group theory trace into a symmetric and antisymmetric part

—tr[T. 1, T,) Tr

—tr[T,T.T,] Tr

7
tr[TchTa] - dabc + iNfabc 5

1
tr[TchTa] = dape — QNfabc ) (418)
where dgp. = %tr[{Ta, Ty}T¢] is totally symmetric in abe. The contribution of the term proportional to

the group structure constants f,p. precisely reproduce the naive Ward identity (411) and has nothing to
do with the quantum anomaly. The remaining, symmetric part, is

d4]€1 d4/€2 ; i ; d4p
rHve = —dye z(k1+k2)-z+zk1-y+1k2-2/
O ate (4:2) | Gy Gy
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[ Pk +d , Pt
Tr —7 —" P,
L(p—k1+a1)2+ie' (p+a1)?+ie |
Ty [ Pt " P+ K +do pPL-
|(p+a2)?+ic ' (p+ki+a2)?+ie’ 7]
P— Ko +do ,  Ptde vp,

+Tr

k2t a2)? +ie (ptaz)tic ]
[ P+ds P+ Ko +da ] }
-T P VP, . 419
r-(p+a1)2+i€’y (p+k2+a1)2+i€ry L ( )
Grouping together the first two and the last two trace factors, one arrives at
d4k‘1 d4]{32 ; ; ; d4p
Qv - _ —i(k1+k2)-x+iky-y+ike-z
8 Fabc (‘/B?y7z) dabc/ (27T) (27T) =€ / (271_)4 X
1
{TT[’Yk’YV’Y/\V 27 | Iix(a1 — ag — ki, a2, a2 + k1)
]_ .
+Tr [y v " 5 ]IkA(GZ — a1 — ko,a1,a1 +k2)} : (420)
where
d4
Ik,)\(k7ca d) = / (2 ) [fk )\(p+ k ¢, d) fk,/\(p7 ¢, d)] )
and  fia(p, e d) = —— Lt e+ “21)

[(p+¢)? +ie][(p + d)? +ie] |

These integrals can be computed by Taylor expansion in powers of k. It can be shown that each contri-
bution in the Taylor expansion is a surface integral and that only the terms linear and quadratic in & in
the expansion do contribute. After an explicit computation, the result is

[k )\(k C, d) 2k,\ck + 2]€de — k)\dk - kkc)\ - nkAk(k +c+ d)} (422)

96 9672 |
Demanding that there is no anomaly in the vector currents implies that the term without 75 in (420)
vanishes. Due to the symmetry of this term in k&, A and v, p, this term appears in the combination

Iy (a1 —ag — k1, a2,a2 + k1) + Iy p(a1 — ag — k1, a2, a2 + kq)
+p (a2 — a1 — ko, a1,a1 + ko) + Iy k(a2 — a1 — ko, a1, a1 + k2) . (423)

This, and actually also the anomalies in the other currents, vanish for as = —ay, choice that we keep
from now on. The vector a; is therefore parameterizing the leftover scheme dependence of the triangle
graph in question.

We are left with the term in the trace containing ys, for which we use
Tr[y/ Py 5] = —44 €77 . (424)

By using (424), we obtain the following divergence formulae

py _ dabe d4k1 d4k2 —i(k1+k2)-x+iki-y+ike-z vpoT
9 Fabc (J:‘, Y, Z) - {72 (271.)4 (277)46 € al’”(kl + k2)7 (425)

MY — dabe d4k1 d4k2 —i(k1+k2)-x+iky-y+ike-z ppoT
0 Fabc (l’, Y, Z) - ]2 (271')4 (27‘(’)46 € (al + k2)0’(k1)7' (426)
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9, ™ P(x y,z) = _dabc/ d'ki d'ks o i(k1tka) atikyytikez pvoT (k1 — a1)o (k2) (427)

abe A7 2 8n2 | (2m)* (2m)? T
A close investigation of the anomalous structure of the three currents (427) shows that it is not possible
to choose the shift vector a; in order to eliminate the anomaly altogether. The choice a; ~ ki + ko
eliminates the anomaly from the current J,, whereas a; ~ ki — ko (a1 ~ ki £ ko) eliminates the
anomaly from the current J;, (J.). For generic vectors kp, k3 there is no common solution to these three
anomalies. A generic choice of scheme (i.e. a ;) indicates that the divergence structure is asymmetric
among the three vertices of the triangle graph. The choice should be dictated by physical requirements.
In the class investigated in the next subsection, J, is the current of a global symmetry, whereas J, and
J. are currents of gauge symmetries, coupling to gauge fields. In this case, one has to choose a; so that
only J, has an anomaly, which has the unique solution

al = kl — kg . (428)
In this case, the anomaly in the current .J, becomes

004 (y — x) 06% (2 — x) .

1
F#
O oy~ 02P

abc (ZE, Y, Z) = mdabceaﬁyp

(429)

One can interpret this result as a quantum contribution to the current in the presence of gauge fields

<J(l;>q 917290 /d4 d4 ngf(xv Y, )AVA; ) (430)
leading to the anomalous divergence
(OuTt)an = T dapee® 0, AL A 431)

In the non-abelian gauge fields case, there are additional contributions from square and pentagon dia-
grams. In both the abelian and non-abelian case, one obtains the gauge-invariant result

b v
(DT an = 3927’;‘; dapec™ P FY, FS . (432)
Notice that the explicit form of the group-theory coefficient in terms of left and right-handed original
fermions is

1 1
dabc = §T‘r[{taL7tl€}tcL] - iTr[{tfatbR}tE} . (433)

We have therefore shown that Symmetries of the classical action can have anomalies at the quan-
tum level, generated by one-loop triangle diagrams. There are two different cases to consider:
- anomalies in the conservation of a global symmetry current
- anomalies for gauged symmetries.

8.3 Global anomalies

For global symmetries, quantum anomalies do not creates consistency problems; they actually play an
important role in QCD in the so-called 1 problem and in the electromagnetic decay of the pion 7 — 7.
For a global symmetry with Noether current .J;;, of generator 7', the anomaly in operatorial form is given
by

2

ome, = 1gﬂ2 €M (T F Fg)
1
where tr(T"Fpy, Fpy) = itr(Ta{TA,TB}) Fa, F5, (434)
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where g is the gauge coupling of the gauge group with corresponding gauge fields A, = AﬁLTA. In
(434) the trace is computed over all the fermionic spectrum of the theory, considered in this section to
be of Dirac type, i.e. t* = —tf in eq. (433). Let us consider to start with a Dirac fermion coupled to a
U(1) gauge field

L =Viy"D,, U — MUV . (435)

In the massless limit A/ — 0, the model has a vector and an axial symmetry U(1)y x U(1)4. The
corresponding Noether currents

Jn = Uy, I3 = Uy 0 (436)

satisfy
2

1672
where the last term in the second divergence in (437) is the quantum anomaly. Even if the vector and
the axial currents in (437) are both classically conserved in the massless limit M/ = 0, there is no
regularization preserving both the conservation of the vector and of the axial current, as shown in the
previous section. If U(1)y is a gauge symmetry (like the gauge symmetry in electromagnetism), we have
for consistency of the theory to choose a regularization preserving the vector current conservation. As a
consequence, one is forced to accept the existence of an anomaly which violates at the quantum level the
axial current conservation. This explains actually why the 7" meson is not a pseudo-Goldstone boson for
the dynamical chiral symmetry breaking U(2);, x U(2)r = SU(2), x SU2)p x U(1)p x U(1)a =
SU(2)y x U(1)p in QCD. Indeed, in this case the U (1) 4 axial current has the QCD anomaly

amjm =0 , 8mJ75n = QZM\if’}/g)\I’ — emnrd Fon qu y (437)

JYWA = Gy ysu + dymysd

2
mJYMA = 2i(muysu + madysd) — %emnm FAFL, 438)
where F4 is the gluon field strength and g3 is the color SU (3)c gauge coupling . Due to the explicit
breaking of the axial symmetry by quark masses and the nonperturbative instanton effects, the " gets a
mass larger than the pions 7, 70, which are the pseudo-goldstone bosons of the axial SU(2) 4 symmetry.
Another manifestation of the axial anomaly is in the electromagnetic pion decay 7° — ~+. Let us define
the SU(2) currents

T 5 T4
I =Omg a5 I = w554, (439)
where ¢ = (u,d)” and 7% are the Pauli matrices. The fact that the pions are Goldstone bosons of the
axial SU(2) 4 implies that the corresponding currents have a non vanishing matrix element between the

vacuum and a one pion state
(1L (@) 7" (p)) = i pm fr 6% 777, (440)

where the mass parameter f; is called the pion decay constant. The axial isospin currents have no QCD
anomalies since tr(7¢{T4, T2}) = 0 as a result of the isospin symmetry of strong interactions, but .J5;"
have an anomaly from the electromagnetic coupling
1 3 N_e?
omI3 = — @emm’q Frn Fpq tr(ng) = — gg?emm’q Fon Fpy (441)

where Q = diag (2e/3, —e/3) is the matrix of the quark electric charges ¢, = 2¢/3, ¢4 = —e/3 and
N, = 3 is the number of quark colors.

By using (440) and (441) and using that under an axial SU (2) 4 with quarks ¢ = (u, d) transform-
ing as 0q = 7755 ¢, the pion transforms like a Goldstone boson o7 = af,, we obtain that the effect of
the anomaly is to generate an effective pion-photon-photon coupling

0 2
_ Tgmps o _ Nee

Lo — et
=g o m 9672 [,

O™ Pl B Fy (442)
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Fig. 17: The electromagnetic pion desintegration 70 — ~ is related to the axial U (1) 4 anomaly.

In order to obtain (442), we have used the Noether theorem: the variation of the lagrangian under a
transformation generated by the parameter « is equal to 6L = « 0" J,,, where J,, is the correspond-
ing Noether current. The effective lagrangian (442) is its low-energy manifestation; its variation under
the axial transformations precisely repoduces the anomaly of the microscopic lagrangian. Using this
effective coupling, the amplitude of the pion decay is computed to be

M0 = 7)) = =TI,k (443)
T fx
where (p, €,) and (k, €5) are the momenta and polarization of the two photons. By summing over the

photon polarizations
4
™

Do lem e etpuk ? = 2 (pk)? = ZF (444)
pol.
we finally obtain the pion decay width
D0 = 17) = e S M0 5 ) = (445)
32my " 6473 f2 7

which is in excellent agreement with the experimental branching ratio of the pion decay into two photons
L(7% — yy) = (1.19 £ 0.08) x 106571,

Another interesting application of quantum anomalies is to the so-called strong CP problem. There
is no symmetry principle forbidding the following term in the QCD lagrangian

2

Ly = 0 # €9 Ty (i Fog) (446)
where 0 is a real (angular) parameter. Even if this can be shown to be a total derivative, topological
(instanton) configurations in QCD makes this term to have nontrivial consequences. Actually, even if
for some reason the original theta parameter is zero in the QCD lagrangian, it will be generated from
the unitary redefinitions (290) that we were forced to perform in order to diagonalize the quark mass
matrices. Indeed, the U (1) 4 part of these transformations is anomalous, leading to a change in the theta

parameter
0 — 0 + argdet m?, (447)

where det m? = det m* det m¢ is the product of the quark mass matrices. The theta parameter violates

the CP symmetry of strong interactions and the gluonic term generates a neutron dipole moment of order
2

dy ~ 0] S5~ 10716|0| ecm, in conflict with the experimental data unless 6 < 10710, This leads
N

to the so-called strong CP problem. The problem would be absent if the up-quark mass would be zero,
since in this case the theta parameter could be shifted to zero by an up-quark chiral redefinition. The
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masslessness of the up-quark is however probably excluded by now. The (commonly considered as the)
most elegant solution to the strong CP problem is by postulating the existence of a new particle, the axion
a [28]. If

- there is a new abelian U (1) p, spontaneously broken global symmetry, with the corresponding pseudo-
Goldstone boson a called the axion, and with the symmetry breaking scale f,

- such that U (1) pg has triangle anomalies with the QCD gauge group U (1) pgSU(3)?,

then the anomaly generates new couplings in the effective lagrangian which shift the 6 parameter

a(z) a

S0z &g T T (Fn Fi) = e =0+ 64 (448)
where £ is a model-dependent parameter parametrizing the strength of the axion couplings to matter.
The 6 parameter becomes therefore a dynamical quantity that will be dynamically determined by the
minimization of the scalar potential of the axion. On the other hand, non-perturbative QCD instanton
effects generate an axion potential of the type

2

V(a) ~ %A%@ 1 — cos (ga;‘:") 1o . (449)

The minimum of the scalar potential is then reached at

f.f = 0 and the axion massis m, ~ 4\gf37r A?faCD (450)
Let us finish this part with a comment. The quantum anomaly is actually a total derivative :
€"PUTr(Fopn Fpg) = 0™ Ky, (451)
where
K, = 26,08 (AuAaaABA + %fABCAVAAaBABC> = €uvas (AVAF%A _ ngBCAVAAaBABC)
(452)

Despite this, in the non-abelian case, classical Yang-Mills configurations generate highly non-trivial
effects like the appearance of the theta angle in QCD and of the baryon (B) and lepton (L) number non-
conservation. Indeed, the baryonic and leptonic currents for example have an U (1) g x SU(2)% anomaly
they (have also an U(1) g x U(1)2. anomaly, which however plays no role in what follows)

2
Jg =3 Z QiYmQi + Ui RYmUiR + dzR'ym ZR) am JB Nf X 19771_267””]7(] T’I“(an qu) ,
T = Z(lwmzi + eirymeinr) , 0" g = "I (453)
7

where N; = 3 is the number of families, leading to processes with a change in the baryon number

Nfg2
1672

AB = By - B; / dtzo™JB = / d*xe™Pl Tr(Fy,, Fpy) = NyNcs ,

2
g

where Nes = -2 ]{ ish K, (454)

is the so-called Chern-Simons number. Even if the result is a total derivative, the baryon number is

violated by classical gauge field configurations vanishing slowly at infinity. Such configurations are

characterized by zero field strength at the infinity W, = 0 +> W,,, = (i/9)U0,,U 1. The Chern-

Simons number can then be expressed as

Nes = / Br M Tr U U U U URU ) . (455)

1272
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For SU(2) gauge fields, such configurations are classified by gauge transformations U : S% — SU(2)
and define the third homotopy group II3(SU(2)) = Z. Ncg is therefore restricted to integer values and
AB = Ny x integer.

The violation of baryonic symmetry generated by quantum anomalies is expected to play an im-
portant role for generating the observed baryon asymmetry in our universe [33]. Notice that B — L is
however conserved!?. It is therefore possible to convert a leptonic asymmetry into a baryonic one and
vice-versa.

8.4 Gauge anomalies

For gauge symmetries on the other hand, quantum anomalies, if present as in fig. (18) generate inconsis-
tencies [34]. Indeed, they would violate gauge invariance of the theory, since the gauge variation of the
lagrangian from the Noether theorem (8) is

0L ~ oy O™ T}y . (456)
AAYAYAVAVER 1
A,
AVAVAVAVAVERRR 178

Fig. 18: One-loop gauge anomalies, if present, render the theory inconsistent at the quantum level.

On the other hand, gauge invariance at the quantum level is crucial for a consistent quantization of
the theory, in particular for the decoupling of un-physical states. The corresponding gauge currents are
of chiral type

JA = Uy TRV, + Uy TEUR (457)
and according to our computations above their divergence is proportional to
A 9BIC ABC B C
omJL = + 392 d €™M F Py - (458)

The anomaly coefficients that have to vanish are then
2d*PC = tr {14, TPY1°), — tr (T4 TP}T)R = 0, (459)

where the trace is taken over all the fermions in the theory. Notice first that non-chiral (Dirac) fermion
matter does not contribute to gauge anomalies. It can also be shown that fermions in real representations
of the gauge group, for which by definition fermion mass terms are compatible with the gauge invariance,
do not contribute to gauge anomalies. On the other hand, fermions in complex representations of the
gauge group, for which no standard mass terms are possible, do contribute. And this is precisely the
case of the quarks and leptons in the Standard Model. By using properties of the Pauli matrices and
more generally properties of SU(2) representations, it can checked that there are no pure cubic SU(2)?
anomalies. For the Standard Model, it is actually easy to prove that the only possible gauge anomalies
are

SU(22U(l)y , U@ and SUB)UQ1)y . (460)

12This is really true if the Standard Model spectrum is supplemented with three right-handed neutrinos.
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By using the quantum numbers of the known quarks and leptons, the gauge anomaly coefficients in the
Standard Model turn out to be

T Tb ab ab ab NC
tr({z,Q}Y)L—é tr(Y)L—(5 (Yo + N, Y,) =0 (—1+3) -0,

f(Y7) VA N2 YY) = 12(-Ne+3) = 0,
A /\B 1
) e o] <o
L—R
N,
Ne (2Yg = Yup = Yap) +2Y0 = Yo = 55— 1, (461)

where in (461) A are the SU (3) Gell-Mann matrices and the last equation is the mixed U (1)y -gravitational
anomaly. Notice that anomaly cancelation happens precisely for three quark colors N. = 3 ! This seems
to provide a deep connection between quarks and leptons in the Standard Model, and a possible hint
towards Grand Unified Theories. Gauge anomaly cancelation gives generally strong constraints on the
possible spectrum of new chiral particles. For example, it is easy to show that :

- the only flavor-independent, anomaly-free Z’ with the chiral SM spectrum is U (1) _ 1, defined accord-
ing to

Field ¢ | wr| dir l; iR
U(1)p_rcharge % % % -1 -1
only if aright-handed neutrino, with Y, = —1, is also present.

- an extension of the Standard Model with a fourth lepton generation /4, E'r alone (without correspond-
ing quarks), with usual leptonic quantum numbers, is inconsistent with the gauge anomaly cancelation
conditions.

Let us finally discuss some subtleties related to the freedom of choosing the shift vectors or, equiv-
alently, of reshuffling the anomaly among the three currents, present in the abelian case. In this case, the
three currents are on the same footing, and it is natural to consider a symmetric distribution of anomalies
among the three curents. There is a single choice that is fully symmetric, namely

1
= g(kﬁl — k) . (462)

We now proceed to construct the effective action for the gauge fields after integrating out the
fermions. In what follows we consider for simplicity only abelian gauge fields, but the result can be
genralized to the non-abelian case. To cubic order we obtain

1 v a c
Sabe = 3 / diz dly d'z Ty (2,y, 2) As(z) Ab(y) AS(2) (463)

bc:3!

where no summation is assumed on the a, b, ¢ labels.

1 a a a 1
Upon gauge transformations Af, — Aj, + 9,£“ we obtain

1 a v c v a c c v a
OSme = =37 | ["OUTL AL(Y) A5(=) + 0, T AL (@) Af(=) + €0, Tl Al (a) Al(y)| (d464)

If the shift vector a; is a constant independent of momenta then it does not contribute to the gauge
variations. We therefore parameterize the scheme dependence as

a1 = Ak1 + Bks . (465)
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The real numbers A, B can be different for different abc combinations :

dap L
5Sabc = _m / d4x {(A - B)abcga e FlIzVF/fU (Babc + 1) ehtre Fl(qu/fa
~(Aape = 1) 7 Fo,Fl, L (466)
In the case where the currents J, J,. are conserved and the whole anomaly is in J,, then A, = — Bgpe =
1 and one gets
dabc 4 a b c
5Sabc:—242 d'xe® F° \NF°, 467)
/I
where we used .
F*AFY = 1€ R 0 (468)

In the case where all gauge currents are abelian, it is more natural to use the symmetric scheme A, =
—Bape = 1/3. In this case we obtain the gauge variation

— dabc 4 a b c b a c c a b
5Sabc—_3!(12ﬂ_2)/d${6 F/\F+€F/\F+EF/\F}. (469)

In the abelian case, one can sum over the U(1)’s to obtain the full cubic effective action in the
symmetric scheme. Its gauge variation is

da C a C
083 =Y 0Supe = — 247‘;2 / diz s FP A FC (470)

a,b,c
where we have reinstated our summation convention.

If the three currents are abelian, there is clearly an ambiguity in the scheme (choice of the shift
vector a1) in the distribution of the anomaly over the currents. One may study the effect of changing the
scheme of the triangle graphs. This is obtained by setting

1 - 1 -
Agbe = § + Agbe ; Bape = _g + Bape - 471)
The gauge variation now becomes
dabc 4 a b c
583 = — dx{e F/\F} (472)
2472
ab

-5 c /d4 Ape(€9FY A FC — eF9 A Fb) — Bapo(e*Fb A FC — P Fa A FC)}
7T

The extra terms have the same transformation properties as

d b v 1 b >, b
Sacs = _m /d4x el [Aabc AaAf/FpU — Bape AaAVF;a] . (473)
Therefore, in this new scheme, the new effective action is obtained from the old one by adding the
so-called generalized Chern-Simon terms (GCS) terms [51] in (473).

A more direct way to see this is to compute the variation of the effective action between two
different regularisation schemes specified by the shift vectors a‘fbc and a“bc where a%¢ = Ak +
Bapcks -

AT P(z,y,z) =T la, — TP, . 474)

abc abc
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By Taylor expanding

AT P(p, ki, a;) = (@1—al)aa%i,rwp(l%/€i,al)
1
2

Samgger k@) 4 (475)
1 1

1, . -
+§(a1 — al)al (a1 — a1)02
and noticing that OT**P(p, k;, a)/0a® = OT*P(p, k;,a)/Op”, we can cast the scheme difference into
the form
7

AFMW?(Q:’ n Z) = /d4k1d4k2 e*i(k1+k2)x+ik1y+iky(dl N al)a %

abc (271')
0
/d4p tabcaipa. [ngg(pa kl, k25 al) - Fszg(pa k?a kla _al)] + ey (476)
where - -- are contributions at least quadratic in the shift vectors a containing at least second deriva-

tives with respect to the loop momentum p. Since all contributions come from the boundary of the loop
momentum space, we will see in a moment that only the first contribution gives a non-vanishing con-
tribution. Like in the case of the triangle gauge anomalies, the quantity Afgby Cp is given by a surface
contribution. A simple counting of the leading momentum dependence for p — oo shows that only the
leading contribution
TYPH(p kv ke 2 20 vp Vo Pl _ ApHpVpP L in? eV PRO 477

T (pk, 2,a1)%*ﬁ[p(pn + P 4 pPt) — AptptpP + ip*e P p, | (477)
is giving a non-vanishing result and only the last term in (477) contributes to (476). By explicitly com-
puting now the surface integral

71.2

1 1
d'p 9,2 = ——p,. [ d'p*— = -Zop,. 478
/ po o g / p0o p 1o (478)

we finally get the difference of the effective action in two different regularisation schemes to be equal to

an 1 v a c
ASS" = 3 d*z dty d*z ATHP(z,y, 2) Al () Ag(y) A%(2)
1
= gyzdabe (AAge, — ABaye) / AY N AP AR (479)

9 Effective action and the effective potential

A convenient way to define Green function and actually the whole perturbation theory, put forward by J.
Schwinger, that he called "source theory", is by coupling any quantum field theory to a fictitious external
source, appropriately taken to zero at the very end of computations. The starting point is therefore the
addition of an external source J(x) to the lagrangian density

L(¢,0me) — L(¢,0md) + J(z)o(z) . (480)

The generating functional W (.J) of Green functions is
W) = (0,0ut|0,in); = (0,out| e/ =/ @) |0 in). (481)

The expansion of T (.J) in a Taylor functional series generates the connected Green functions G™ (1 - - - z,)

W(J) = Z% / d'zy - dha, G (2 ag) T (@) - T () (482)
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The classical field ¢, is defined as the vacuum expectation value of the quantum field ¢ in the presence

of the external source
OW  (0,out|¢(x)|0,in) s

- 5J(x)  {0,out|0,in);
The effective action I'(¢.) depends on the classical field and is then defined by the Legendre transform

¢e()

(483)

M) = W) - [ J@)o). (484)
from which it follows that ST
S = 7@ (485)

An illuminating intuitive interpretation of I'(¢,) can be found using the path-integral formalism of quan-
tum field theory, according to which

2(J) = W) = / D et L@ +T @)@ (486)
The definition of the effective action (484) used in (486) leads then to

T (Go)+[ d'z J(@)e(a)} _ / D ¢ d'elL@)+T@)6(@)] (487)

Therefore the effective action is that of a classical field ¢.(x) that reproduces the spectrum and inter-
actions of a quantum field ¢(x) of action S[p(z)] = [ d*xzL(¢), in the presence of an external source
J. When the source is switched-off, the effective action correctly captures the extrema of the quantum
system.

Analogously to (482), the expansion of I'(¢.) in a Taylor functional series in the classical field ¢,
generates the one-particle irreducible (1PI) Green functions T (zy - - - x,,)

T(¢) = Z;/d‘lxl---d‘*mn DO (21 ) pel1) - - peln) - (488)

By definition, the 1PI Green functions are Green functions which cannot be separated into two discon-
nected diagrams by cutting one internal line/propagator. In addition, in the corresponding Feynman rules,
the external propagators should be removed. More precisely, we have

T2y xy) = —i (3(x1) -~ A(n)) 11 - (489)

The effective action has an alternative expansion in derivatives

Mo = [d'e|-Vie) + j20@07 + | | (@90)

where - - - denote higher derivative terms. In (490), V' (¢.) is called the effective potential and since it
is the only term which does not contain spacetime derivatives, it can conveniently be computed in the
momentum space by taking all external momenta to zero.

The effective action allows to generalize various results obtained in the classical theory taking into
account the quantum dynamics. One such example is the Goldstone theorem, discussed in Section 5. The
quantum proof follows step by step the classical one. Consider the lagrangian of scalar theory of fields
¢; and a global continuous symmetry group, of generators 1. The invariance of the effective action

L(fei +0¢ci) = T(des) (491)
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under infinitesimal transformations 0¢.; = 0T}, ; of parameters 6 implies also the invariance of

J
the effective potential V' (¢;) and
or

5¢c,i
Differentiating again and taking the vacuum expectation value (vev), i.e. at the extremum of the effective
action, we get

Tidej = 0. (492)

52T

or
— T e + —T5.) =0. 493
S0erdtes 9059 T g ) 3
At the extremum the classical field is spacetime independent and only the effective potential contributes

to eq. (493) . Using the quantum corrected scalar mass matrix squared ./\/lzZ = (%), we finally

obtain

Mi; (T™);i =0, (494)
which is therefore the quantum generalization of the Goldstone theorem: If the vacuum is not invariant
under a symmetry generator T%v # 0, then T%v is an eigenvector of the mass matrix M? of the quantum
effective action, corresponding to a zero mass particle.

In order to express it as a function of the irreducible Green functions, let us Fourier tranform

(n) d'ky d'k, 44 i(kri+-knzn) T(n)
T (xl"'$n): W“.(Qﬂ)él (27T) (5(k‘1+-"/€n)€ ndn) T (k‘lkn) (495)

By using (488), (490) and (495), one finds
V(ge) = = )

where T'(") (0---0) in (496) denote n-point Green functions in the momentum space, with each external
line evaluated for zero external momenta, as already anticipated. The classical limit of the effective
potential is the usual classical scalar potential, but for finite 4, V' (¢.) contains the quantum corrections
to it. As such, it plays an important role since it encodes the quantum corrections to the ground state and
the quantum aspects of spontaneous symmetry breaking. Indeed, from (485) one sees that by switching
off the source J we reach an extremum of the effective action, which for translationally invariant vacua
is equivalent to an extremum of the effective potential

or 0 awv.
0c doc
The computation of the effective action at the loop level will be plagued with UR (and possibly IR) diver-

gences. We will therefore impose renormalisation conditions for masses, couplings and wavefunctions.
In what follows we will use the counterterms method and a simple momentum cutoff regularization .

| =

r™@...0) ¢, (496)

3

0. (497)

Let us first of all show that the quantum expansion of the effective action in powers of A is equiv-
alent to the expansion in the number of loops. In the functional integral quantization, the lagrangian
appears as

L£(9,06). (498)

Let us call P the power of & associated to any graph, that can be expressed as a function of the internal
propagators I and the number of vertices V' of the graph as

P=I1-V, (499)

since every propagator carries a factor of i, while every vertex carries a factor of #~!. On the other hand,
the number of loops is given by
L=I-V+1, (500)
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where the number of loops can be conveniently defined as the number of independent integration mo-
menta. Combining (499) and (500), one finds indeed

P=1I-1, (501)

which proves the equivalence of the semiclassical expansion and the loop expansion.

At the technical level, the computation of the effective potential is simpler in the path integral
formulation. In this approach, one expands the quantum field around a classical value

¢ = ¢+ Oq, (502)

where ¢, describes oscillations of the quantum field around the classical configuration ¢.. One can
write down an exact definition of the effective action, starting from (487) and performing the change of
variables (502) in the path integral. Then from (487) one finds

el(¢e) — / Do, ot [ d*a[L(Petdg)+T (2)dq(2)] (503)
Since one-loop is equivalent to expanding to the quadratic order in the fluctuation, one can then expand
S0)+ [ d'er@)o(e) = S0 + [ d'er()ione) + o)

The linear term in ¢, in (504) vanishes because of (485). Substituting (504) into (487) and performing
the gaussian integral, one finds

1

2 2
HD(Ge)+] da T@)6e(@)} _ i [ dba (LT (@)bele)] o [D t”} 505
‘ ‘ “owsetn| O

or the equivalent relation
i 528

I(¢pe) = S(¢e) + ztrln | ——————| , 506
(00 = 8060+ tr1n | s 00

where in (505) and (506) the determinant and the trace are defined in the functional sense.

Since the linear term in the quantum fluctuation is vanishing, there is another way to write a
formula for the effective action, which is supposed to be valid to all orders in perturbation theory

oi T(ee) — Do, et S d'z L(petdqg) 7 (507)
1PI

where the path integral is evaluated including all graphs, connected or non-connected, in which the
connected graphs are one-particle irreducible.

Note that at the one-loop level one can generalize the above considerations to a more practical
formula. Let us consider a theory containing scalar or fermionic fields y, ¥ and gauge fields A,,,, coupled
to the scalar ¢ for which we want to compute the effective action. Then, at the one-loop order,

eir((bc) — /D((Z)CD X))Z? Am) eiSquadratic(¢c+¢qu=>ZvAm) , (508)

where Squadratic(¥c + @q, X, X» Am) denotes the classical action containing the classical contribution
plus the quadratic terms in the quantum fields. One can writes an explicit form

1 1
Sauadratic(9c + 0, X0 X Am) = S(0e) + 53¢ME(6e)bg + XM (D)X + 5 AmME(6e)A™ , (509)
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where M;(@),etc are field-dependent masses, which reduce to the true mass in the ground state (¢). For
constant fields ¢, one can then find a compact form for the effective potential '?

1 d*k

V(¢C) - V;‘/ree + 2St’l“/ (27r)4

where StrM?(¢.) = Tr(M2)(¢.) — 2T7'(M}Mf)(¢>c) + 3Tr(M2)(¢.) and where My(¢.), My ()

and M,(¢.) denote (real) scalar, (Weyl) fermionic and spin-1 vector field-dependent mass matrices,
respectively.

In(k* + M?(¢c)) , (510)

The computation of the effective potential can be done diagramatically or by the functional meth-
ods described above. In the diagrammatic approach, one starts from (488), for constant classical fields
¢.. Let us consider for definiteness a massless scalar theory with quartic self-interaction, of lagrangian

~ Lae — 2et s Laoe? - e - Lot
L= 5(00) = 56"+ SA09) — JBY — 0" (51

where the last three terms in (511) are counterterms that will be fixed by renormalization conditions. The
simplest, naive renormalization conditions we would like to impose in the effective potential V'(¢.) for
such a massless theory are

d?v dv
—|¢p.=0 =0 — =0 = A 512
d¢g ’Qﬁc—O ) deél ’(;5(;—0 ( )
To lowest-order in perturbation theory, only one graph contributes and
A
Viree = 310c - (513)

At the one-loop level there are an infinity of polygon Feynman diagrams with 2n external lines of scalar
fields ¢., computed at zero external momenta. By adding to them the tree-level contribution (513) and
the counterterms, one finds

A 1 1
V(d)c) = Vtree + Vi—loop = gQﬁg + §B¢g + EC(Zﬁg

[ d'p 1 [ Ag2/2\"
o G (#5%) o1
The numerical factors in (514) have the following explanation:
- the overall factor of 7 comes from the definition of W (.J), eq. (481).
- The factor of 1/2 in A¢? /2 comes from the incomplete cancelation of the 1/4! in the interaction, since
the interchange of the two external lines at the same vertes does not lead to a new graph.
- The factor of 1/2n has a combinatorial origin: rotation or reflection of the polygon with 2n exter-

nal scalar lines does not lead to an independent contraction in the Wick expansion. This leads to an
incomplete cancelation of the 1/n! factor in the perturbation theory formula.

Notice that each term in the one-loop series is severely IR divergent, due to the n massless scalar
propagators. A much better situation is obtained by realizing that one can sum the series. After the Wick
rotation to the Euclidian space, one obtains

A 1 1 1 [ d' ApZ
v :43204/ In(1 ¢ . 515
In the functional approach, for the massless ¢* theory discussed above, the computation is much simpler
and one gets straightforwardly at one-loop

1

_ 2 Ay
£—§(8¢) @

528 - g2
Soem) ~ Bt

3We ignore here the counterterms, that have to be added of course for appropriate renormalization.

)04 (1 — x9) (516)
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and after passing to the momentum space and the Wick rotation, one is led (after adding the counterterms)
to the same effective potential (515) that we found by the diagrammatic method, up to a field-independent
contribution to the vacuum energy.

One can see that the resulting potential (515) has now only a logarithmic singularity at the origin
¢ = 0. The explicit computation with a momentum cutoff A gives the result

(AN N (A1
322 | 2 g " '

A 1 1
V(ge) = 510 + 5B + ;0o + A5 3 (517)
One novelty is that, due to the singularity at the origin, it is not possible to use the renormalization
conditions (512). Instead, one is forced to introduce an arbitrary mass scale M into the theory and to

modify the renormalization conditions according to

d*v d*v

dgzle=0=0 1 orle=m=A. (518)

The new renormalization conditions (518) determine the counterterms

AA2 32 AM?Z 11
B=——— C=-——— — + — 519
3272 3272 <n STe 3> 19
The final renormalized one-loop corrected effective potential becomes then
A, A2 ¢ 25
-2 In 2 — =2 . 520
V(9e) = 1%+ 55602\ 22 ~ (520

As expected for a renormalizable theory, the dependence on the cutoff disappeared in the final renormal-
ized expression (520). As emphasized before, the renormalized mass scale M is arbitrary; the physics
should be independent on it. One can equally well use a different value M’ in the renormalization con-
ditions (518). In this case, one obtains the effective potential

! )\/2(254 ¢2 25
_ 4 c c
V(de) = 1%+ 5562 <ln M2 6) ' (521)

Since the effective potential is a physical quantity, it should be the same for any value used for M. We
obtain therefore a relation between the couplings A and )\’

3\2 s 3P 2
that at the one-loop level can be simplified to
3x2 . M7
r_

It is gratifying that by using the effective potential we obtain the same equation (362) obtained by dia-
grammatic methods, leading to the RG equation (363). The effective potential can therefore be used to
derive in a compact way RG equations for couplings of the theory.

9.1 Renormalization group running of the effective action

The above results on the recovery of the RGE running of coupling constants from the effective potential
suggest that an RGE equation for the full effective action should be possible. Indeed, the value of
the effective action and its derivatives at extrema are physical observables: vacuum energy, masses,
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couplings, and as such they should be independent of the energy scale M at which computations are
done. This invariance can be expressed through the following differential equation

0 ) B
M— + 83— 4 —— | D(¢e) = 24
aMWaAﬂ/dmc(x)m(xJ () =0, (524)
where o\ 1. OlogZ
= —_— = - Og
ﬁ_Ma R 2M 5 (525)

are the beta function of the coupling constant A and the anomalous dimension of the field ¢. One way to
check the validity of (525) is to expand the effective action according to (488). One finds

0 0
(COYPN . =
[MGM + 58)\ + nv} ' (zy--zy,) =0, (526)

which is indeed the standard RG evolution of the 1PI Green functions. If one uses instead the expansion
in powers of the derivatives of the field (490), one finds a renormalization-group equation for the effective
potential

s, 0
<MW+58)\+’Y¢C

0
D
In the ¢* theory discussed previously, the anomalous dimension is non-vanishing starting from the two-

loop level, so it is zero at one-loop. The one-loop restriction of the RG equation (527) explains therefore
the results on the one-loop running of A discussed in eqgs. (522)- (523).

> Vige) =0, (527)

9.2 Application: Running of X in the Standard Model from top loops

The top Yukawa coupling is the only one which is large, very close to one. As such, it has the largest
effect on radiative corrections and in particular in the energy evolution of the other couplings in the
Standard Model. Let us use the effective potential formalism in order to work out the effect of the top
Yukawa on the running of the Higgs self-coupling A. The relevant effective lagrangian in this case is

Lhiggs—top = Liin, — M(®T®)? — (heftg® +hc) + -+ (528)
The Higgs (field)-dependent top mass, to be used in the effective potential computation is
(M} Mp)(@.) = hi®lP. . (529)
According to (510), the top loops induce a one-loop contribution

1 [ d*%
Vi toop = —3 X 4 X 3 / i In(k* 4+ h2aia,) , (530)

where the factor of 3 in front counts the number of colors and 4 is the contribution of a Dirac fermion.
Evaluating explicitly with a UV momentum cutoff, one finds

3020ID.A2 3k R2®i®, 1
Vi toop = —— L (@]®.)? [ In - - (531)

82 1672 A? 2
Adding the tree-level potential and the counterterms, the full one-loop effective potential becomes

V(®.) = _M2|(I)C|2 + )\‘(I)C|4 + B|‘I>C|2 + C|(I)C|4
3h7|®PA% 3kt @' (1n hi|®c* 1 _
872 1672

2 5 (532)
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By imposing the renormalization conditions

% , . oW

T (333
one finds the renormalized effective potential
3h} |®.|?
V(D) = —pi2|®)? + N\ @[t — ﬁ;@0|4 <1nMC2 -3 . (534)

In analogy with (522) and (523), one can find the running of A by imposing the invariance of the effective
potential under changes of the renormalization scale M. One finds

A(M) + 3hi In M? = \(M') + 3hi In M" (535)
1672 B 1672 ’
or equivalently
3h4 M/2
1 — _ t
MM = \(M) 67 In—75 - (536)

The effect of the top loops is therefore a decrease of the self-coupling A by going towards higher energy.
There is the danger that the coupling becomes negative at some scale. We will analyze this phenomenon
in more detail and its interpretation of in the next section.

9.3 Spontaneous symmetry breaking by radiative corrections ?

Starting from the original massless theory with no symmetry breaking pattern, one can show that in the
quantum corrected one-loop theory, a non-trivial minimum is generated leading to spontaneous symmetry
breaking [52]. Indeed, minimization of the one-loop effective potential (520) leads to an extremum for
¢ = (¢) determined by ) ,
(@) 32m= 11X
)\IHW__ 3 —i-?. (537)
The fact that this is a minimum can be seen be computing

d2V >\¢2 3)\2¢2 ¢2 )\2¢2
a5z @ = <2> * 64<772> (m <M>2 _3> - 32<7rZ >0,
_ N o)
(V)=-%5 < 0. (538)

The quantum generated minimum is therefore the absolute ground state of the theory. However, by taking
into account possible higher-order corrections, one realizes that this minimum lies far outside the validity
of the perturbation theory and therefore it is not reliable. As shown in [52] however, in other interesting
theories like for example scalar electrodynamics, such a loop induced spontaneous symmetry breaking
is realized in perturbation theory and lead to the interesting phenomenon of dimensional transmutation.

Let us discuss therefore the first working example of dimensional transmutation, the scalar QED.
The model consists in an abelian gauge field and a complex charged scalar & = %(d)l + i¢), with a
lagrangian

1 1
L=—-F2 — —

A
TFan = 307 A+ 5(Ondn = eAnd0l + 5 Onda-+ edndn)? = J(6F + 62 (539)

2

Computation is simplest in the Landau gauge £ = 0, since photon propagator is transverse k" D, (k) =
0 and derivative vertices (10,02 — OmP1¢2)A™ do not contribute to the effective potential. The one-
loop effective potential can be computed analogously to the previous example, either in the diagrammatic
approach or in the path integral formulation. The result, combined with the counterterms, is given by

A 1 1
V(ge) = 50t + 5 BO: + 506
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dp [1, (. A R 42
o[ () n (e 5) (- 5)] oo

where ¢? = ¢2+¢3. One will use again the naive cutoff regularization, which is enough for our purposes.
The renormalization conditions (518) will be used again. One then find the counterterms

— - A2
5225 TN
1 AM? 11 22 AM? 11 e2M? 11
C=- 3% (1 — 1 36e* (1 — ]| 541
327r2[ <n2A2+3>+3<n6A2+ >+ e<n A2+3)]( )
The final renormalized one-loop corrected effective potential becomes then
5N 3ty > 25
2 . 42

According to our previous discussion in the ¢* theory, if perturbation theory is valid, one can neglect the
term proportional to A\? in the one-loop correction term. Perturbation theory can then be valid provided
one chooses A ~ e*. The ground state is determined by the minimization condition

dvlqsc [ o3 + )¢3 < ;\ZCQ - 11)} lpemiay = 0. (543)

Physical observables are independent on the choice of the renormalization scale M. An inspiring choice
is M = (¢), which leads to the condition

33e*
A= o (544)
Something remarkable happened: the original theory had two dimensionless couplings A, e. The final
renormalized theory has still two parameters, which can be chosen to be e and (¢). This means that a
dimensionless coupling of the initial massless theory is traded for a dimensionfull mass parameter (¢) in

the quantum theory. The final scalar potential

3et 201
Vo) = gt (0 55 - 5) (545

triggers a trustable perturbative spontaneous symmetry breaking. Indeed, it can be easily shown that the
origin ¢, = 0 is a maximum, whereas ¢. = (¢) is a stable minimum. The vev (¢) sets the scale for
physical masses. One finds a massive scalar S = ¢, and a massive spin 1 vector V', with masses

m(S) =V ((9)) = =5 {8)? . m*(V)=e*¢)*. (546)

The model predicts therefore the ratio of masses

m*(5) _ 3¢*
m2(V)  8x2

(547)

The massive (Higgs) scalar is therefore naturally predicted to be lighter than the massive gauge boson.
The full Standard Model extension of the Coleman-Weinberg model predicts a light Higgs boson, which
was already excluded longtime ago by LEP searches. There are however various extensions of the
Standard Model with additional gauge groups and interactions, which change the predictions of the
minimal model and accommodate the measured valued of the Higgs boson mass.

Notice that the original ¢* self-interacting theory has the classical scale invariance

= e Say , ¢ =€ o, (548)
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with ¢ a constant parameter. In the whole Standard Model lagrangian, the only dimensionfull parameter
breaking the scale invariance (548) and acting also on gauge fields A,,, and fermions ¥ as

3

UV =e2W | A =¢ Ay, (549)

I~

is the Higgs mass parameter ;. This mass scale was the responsible for the spontaneous symmetry
breaking SU(2), x U(1)y — U(1)em and the generation of the electroweak scale. But the value of the
electroweak scale v ~ 246 GeV raises the important question of its origin (see also the next Section).
The fact that spontaneous symmetry breaking can also occur in a classically scale-invariant theory opens
the interesting possibility of the generation of the weak scale itself, in analogy with the QCD scale, by
dimensional transmutation.

10 The Higgs / Symmetry breaking sector of the Standard Model

The Higgs boson was the last building block of the Standard Model awaiting its experimental discovery.
There were excellent theoretical reasons to believe in the existence of a relatively light Higgs prior from
its discovery at LHC in 2012. We review here some of the theoretical biases which made theorists to
favor the existence of a light higgs scalar well before its discovery (although there were also scenarios
for a heavier Higgs, that we will not discuss). The first two, the perturbativity and the stability bound,
are obtained by extrapolating the Standard Model to high energy scales and imposing perturbativity of
couplings and stability of the SM ground state, respectively. The third one is related to the breakdown of
unitarity in the longitudinal WW scattering at high-energy if the higgs would have been too heavy (or if
it not have existed altogether).

10.1 Perturbativity bounds

As shown in Section 7, in quantum field theory couplings run. The Higgs mass is then obtained by
knowing the Higgs self-coupling A at the electroweak scale M, ,% = 2X\(v)v2. If this coupling is large
enough, it will hit a Landau pole at a high-energy scale called A in what follows. The RGE for the Higgs
self-coupling in the SM is

= 24\% — (3¢ + 392 — 12h2) X + %(g"JL +2¢%¢? +3¢") —6h} + -, (550)

dA
1672
m dlnp

where - - - denote smaller Yukawas. In the large Higgs mass limit X >> g2, h%, this reduces to

X 3 1 1 3 A
=—dhpy == —=—=+

— —In—. 1
X2 T on? ) - aMA) ety (551)

This can be interpreted in two alternative ways [53] :

i) If the Higgs mass is known, SM has a Landau pole (signal of a non-perturbative regime)
A(A) >> 1 at an energy scale

an2y2

22 a2
A =wvesx =ve®™ | (552)
ii) Conversely, asking for perturbativity up to scale A (say Mayr), we obtain an upper bound on the
Higgs mass (homework)
4r20?
T -
3 hﬂ I

M? < (553)
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10.2 Stability bounds

Standard Model has a potential instability in the small Higgs mass limit [54], since if too small at the
electroweak scale, A can become negative at high-energy by the RG running. If A\ << h?, the relevant
leading RGE’s are

5 dA dhy, 9}

1 = —6h}, 1672 =t 54
om dlnp O, 16m dlnp 2 7 (554
which integrate to (homework)
3hi(A) 1 A
Mu) = MA) o i
1+ 1é7(r2) ln%
hi(A)
W) = —gem (555)
].+ 1é7r2 h’lﬁ

At the one-loop level, the running of A induced by the top loos is the same derived explicitly by the
effective potential method in (536). As in the perturbativity case limit, this can be interpreted in two
ways :

1) For a fixed, known value of the Higgs mass. Let us take ¢ = v. Then, new physics should show up
before the scale A where A(A) = 0,

2,2
sr2a an? M}

A <wvedt = ypedhiv® | (556)

i) Alternatively, for a fixed A, we get a lower bound on the Higgs mass (homework)

3hiv? A 3mi . A
In— = In—. 557
iz 202 (557)

M? >

These theoretical Higgs mass limits are summarized in the plot in Figure 19, which contain more
accurate numerical solution to the RG equations. If the scale A is very low, these bounds are very loose.
On the other hand, if the SM as an effective theory is valid up to the Planck scale, we obtain a pretty tight
mass range 120 < M), < 170 GeV. The discovery of the Higgs boson at LHC with a mass of order 126
GeYV, is pointing into the metastability region. In this case, there is another vacuum deeper in energy and
therefore the real ground state, at very large vev’s of the scalar, whereas the electroweak vacuum is only
locally stable. However, the lifetime of our vacuum is estimated to be way beyond the current age of the
Universe. It remains to be seen if this metastability can have observable consequences.

10.3 W W scattering and unitarity

There is another bound on the higgs mass which does not involve extrapolations of the SM model to very
high energies. It is coming from the unitarity of scattering amplitude for the longitudinal W;W; —
Wi W7, scattering [56].

For a massive W gauge particle of momentum & and mass My, A,,, = €, ¢'**, the three polar-
izations satisfy €,,€” = —1, k;,¢™ = 0. In the rest frame £ = (E, 0,0, k), they are

transverse : €' = (0,1,0,0) , €3'=(0,0,1,0),
k E k™ M
~ o2

— — 558
MW70707MW) M E )7 ( )

longitudinal : €}' = (

the last expressions being valid for k& — oo. Since longitudinal polarization is proportional to the energy,
tree-level amplitude behaves as

E E
— AW (=4 @)= \24... . 559
M AW MW) + A¥( MW) + (559)
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Fig. 19: Perturbativity and stability Higgs mass limits. A is the scale of new physics (from [55]).

Actually, the diagrams a),b) and c) in Figure 27 give M = gQ(M—EW)2. On the other hand, unitarity
constrains the amplitude to stay small enough at any energy. In order to see this, let us consider the
unitarity of the S-matrix S*S = 1. Then

S=14+iM = iM-MHY+MM=0 (560)
By sandwiching this eq. between a two-particle state |i > :
i(M =MD+ [MyP =0, (561)
f

we find the optical theorem : the imaginary part of the forward amplitude of the process 1 — 1 is
proportional to the total cross section of t — anything.
Let us now decompose the scattering amplitude into partial waves

M =) (2l + 1) P(cosb)a , (562)
=0

where a; are partial wave amplitudes of the elastic scattering of two particles. Projecting (561) into the
partial wave [ gives Im a; = |a;|>. This is only possible if

[Rea)| <1/2,0<Imay <1 — |o> <5/4, (563)

which is the unitarity bound we were searching for.

In the case of the SM without the Higgs boson, diagrams a),b) and c) in Fig. 27 lead to

B 92E2
Mg,

ag = unitarity breaks down fory/s ~ 1.2 TeV . (564)

94



W - AWAAAWAANAANNAANAAW

Fig. 20: Tree-level diagrams contributing to W W scattering.

With the Higgs boson present, amplitudes d),e) in Fig. 27 cancel the raising energy term, such that

402,

ag —  unitarity breaks down unless My < 1.2 TeV . (565)

By considering other channels, one get the stronger bound My < 800 GeV.

Intepretation: If LHC would have found no Higgs with a mass My < 800GeV, unitarity of S-matrix
would have been violated. New light degrees of freedom should have then existed in order to restore
unitarity. Most theorists interpreted this result as a no-loose "theorem” for LHC: either LHC finds the
Higgs, or it should find the degrees of freedom replacing it in order to unitarize the WW scattering. 1
personally believe that the second option would have been more exciting since challenging. Unfortu-
nately (or fortunately, depending on the viewpoint), nature did choose the simplest cheapest option, a
light Higgs scalar.

It is important to keep in mind however that most BSM models have invisible higgs decays. For
example, dark matter models can have higgs decays into dark matter particles h — DM DM. In this
case, higgs could be "hidden" due to its non-standard decays. For the last couple of years, the various
Higgs boson decays were measured with better and better accuracy, and nowadays the invisible higgs
decays are more and more constrained by the experimental data.

There are other constraints on the Higgs mass that we not discuss here, coming from precision
tests in the Standard Model (see Fig. 21). Most theorists had longtime a biased towards a light Higgs,
since it did provide a better fit for the SM precision tests. The discovery of the Higgs scalar in 2012 at
LHC-CERN closed the fascinating story of the Higgs mass and its consequences.
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Fig. 21: SM precision tests favor the existence of a light Higgs. Taken from GFitter webpage [57].

10.4 Higgs and the hierarchy problem

Quantum corrections to the Higgs mass in the SM, coming from diagrams in Fig. 22, are quadratically
divergent
3A2

omi ~ W(4m§—4M§V—2M§—m,§). (566)
— —p— ] —pnn —
h h
“ %N
/ \
\
\\.—/
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Fig. 22: Quadratic divergences to the Higgs mass in the SM, leading to the hierarchy problem.

The problem is not really the quadratic dependence on the cutoff A, which is unphysical. As we
saw earlier, what appears typically in the loop computation is the combination A% — m? log 7’,\1—22 In high-
energy theories like GUT’s, or invisible axion, neutrino models or gravity theories with Planck mass
Mp, there are very heavy particles running in the loop and therefore A — m = Mp, Mgyr. It is then
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difficult to understand why

3A2 )

m;, = (mp)? + S (4m? — AMZ, — 2M2 —m?) ~v? << A2 (567)
This is the essence of the hierarchy problem [58].
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Fig. 23: Possible evidence of a Higgs scalar with mass around 125 GeV from ATLAS (left) and CMS (right),
presented at the 2012 Moriond conference [61].

The latest news before this School'4, from "Lepton-Photon" in august 2011 concerning the Higgs
were that both ATLAS and CMS did exclude the SM Higgs at 95 CL for 145 < My < 446 GeV except
288 — 296 GeV. Before the Christmass 2012 however, some excess in the data, first at ATLAS and then
at CMS, has been interpreted as the first possible evidence for a Higgs boson around 125 GeV. The figure
23 summarizes the situation in the Moriond 2012 conference [61]. The evidence of the Higgs boson was
confirmed afterwards and became the discovery we mentioned several times, closing the quest of the last
fundamental brick of the Standard Model.

11 Neutrino masses and mixings
11.1 Dirac and Majorana masses. Seesaw mechanism

As we already discussed in Subsection 3.7, there are two possible types of fermion masses. The first one
is the Dirac mass, which mixes the two chiralities

LDirac mass = _mD\illIl = —mp (@L\I’R + @R\I’L) . (568)

In the case of the Standard Model, Dirac neutrino masses are generated, as for the quarks and leptons,
through the Higgs mechanism and require the existence of sterile (i.e. complete singlets under the SM
gauge group) right-handed neutrinos, degenerate in mass with the left-handed ones. The corresponding

Yukawa couplings are
I/

v
—=ViVR; + h.c. (569)

\/5

"“These lectures were first given in 2011 at the CERN School in Poiana Gradistei, Romania.

hy, l<I>VR]+hc —
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These Yukawa couplings and resulting Dirac neutrino masses break the individual lepton numbers L, L,,, L,
but respect the conservation of the overall leptonic number L.

On the other hand, even without right-handed neutrinos, one can construct Majorana masses using
only left-handed neutrinos, with the help of the charge conjugation matrix C'

£Majorana mass — _% (\i}C\I/ + hC) = _% (\I/TC\I/ + hC) . (570)

_ (D
U= (¢2> , (571)

where 11 and 5 are two-component spinors, very convenient to use in case of Majorana and Weyl
fermions, the Dirac and Majorana masses are given by

LDirac mass = _mD‘T/\Il = —mp (¢1¢2 + 77;1";2) )

M - M - _
ﬁMajorana mass — _? (\PC\II + hC) = _7 [¢1(i72)¢1 + ¢2(—i72>”¢2 + hC] . (572)

In the frequently-used notation

Majorana fermions N are defined by the Majorana condition N = N¢, for which the four-component

fermion is
B (0
N = <—i7’21/1T> . (573)

Originally Majorana introduced his fermions [62] in order to avoid the antiparticles predicted by the
Dirac equation. Indeed, as transparent from (573) Majorana fermions have only two degrees of freedom
and are their own antiparticles. It is nowdays obvious that this is possible only if the Majorana fermions
have no charges of any type, in particular they should be electrically neutral. Majorana understood that
this theory cannot describe the electron, but he thought that it can be relevant for neutral particles like the
neutron. Nowdays one knows that even for the neutron this cannot work, because neutrons carry baryon
number and Majorana masses for the neutron would break baryon number conservation.

In the case of Standard Model (active) neutrinos, Majorana masses are not gauge invariant, but can
be generated after the Higgs mechanism from the dimension-five operators

Cojorana mass = —27hig(€aglf ®) Cle,al]0%) = by (0 8° — e8)T OO — ¢j07) .
(574)
The operator (574), called usually Weinberg operator, is now gauge invariant and after electroweak sym-
metry breaking it generate neutrino mass matrices

2}2

M = Mhij . (575)
Data on neutrino oscillations (see later) and cosmology favor small masses, typically of order 10~2 eV. In
this case, typical values (for Yukawas h’s of order one) of the high mass scale in (574),(575) are of order
M ~ 10'5 GeV, which, interestingly enough are close to the energy scale where gauge couplings tend to
unify. It is often said that neutrino masses are maybe the first hint of a new physics at a very high scale
M. Majorana masses violate the individual and also the overall leptonic number L by two units AL = 2.
This breaking is potentially observable in neutrinoless double beta decays experiments in which nuclei of
atomic number Z and atomic mass A could experience decays of the type (Z, A) — (Z+2, A)+e~ +e™.

An elegant explanation of the appearance of the Weinberg operator is the seesaw mechanism [63],
in which the relevant fermions are the leptonic doublets /; = and three heavy sterile Majorana neutrinos
N; = N{. The relevant lagrangian for neutrino masses is

. 1
Linass = —V2 (\ijN;l;® + h.c.) — §MijNiT CN; . (576)
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After electroweak symmetry breaking, we obtain the mass terms

1 0 Aijv v
Lonass = —— (vE T * J h.c. . 577
=g (0 ) (Az‘jv Mz‘j) <¢j> e C7D
In what follows we define the Dirac mass matrix mg = A;jv. Let us consider for simplicity the one-

generation case, in which case the mass matrix has the two eigenvalues

1
Mz =3 [M + /M2 1 4m2} . (578)

For m << M, the lightest (heaviest) eigenvalue is \; ~ —m2/M (A, = M). For the 3 x 3 case, we
obtain a symmetric mass matrix for the three light active neutrinos

02
MY =A—A\. 7
)\M/\ (579)

The result can be interpreted as the generation of an effective operator after integrating-out the heavy
right-handed neutrinos, leading precisely to the Weinberg operator

1
EMajorana mass — ()\M/\)Zj (lZCI))TC(lj(I)) . (580)

Notice that for Yukawa couplings of order O(1), neutrino masses in the range of interest (1072 — 1) eV
are obtained with heavy Majorana masses M ~ 10 — 10'® GeV. The resulting neutrino mass matrix
(579) can be diagonalized by a unitary transformation U called MNSP matrix

UTMYU = ml,, . (581)

which can be parametrized as U = V K, where

i

C12€13 $12€13 s13€
_ 1) 1) s i i §
V = | —s12¢23 — c12523513€"°  C12C23 — $12523513€" sasc1s |, K =diag (1 e el9249))
i i
512823 — €12€23513€"°  —C12823 — $12€23513€"  C23C13

(582)
where c12 = cos 619, etc. Notice the appearence of two additional complex phases compared to the
corresponding CKM matrix for the quarks. The neutrino sector of the Standard Model, in case they have
a Majorana origin, has therefore potential new sources of CP violation. This is one of the main reason of
a recent ambitious experimental program of investigating in more details the neutrino physics, especially
in United States.

Although there is no consensus, most experts find Majorana neutrinos more natural than the Dirac
neutrinos case. The reason is that, in the Dirac case, interesting values for the neutrino masses require
for extremely tiny Yukawa couplings h”¥ ~ 107! — 10~!3, which is hard to understand (although of
course the electron Yukawa is already very small h¢ ~ 1075 and asks already for an explanation).
Notice that if such values are unnaturally small, they do not not require technically a fine-tuning. The
reason is that Dirac masses are protected by chiral symmetries ¢ — em75¢. Indeed, in the zero Dirac
mass limit such a symmetry becomes classically exact such that quantum correction to a Dirac mass
is proportional to the mass itself. On the other hand, for the case of the Majorana neutrino masses in
its seesaw microscopic realization, the original neutrino Yukawa coupling can be even of order one.
Notice also that a Majorana mass is not protected by chiral symmetries, since a Majorana neutrino does
not have such a symmetry in the limit of zero mass. Therefore a large value for the sterile Majorana
neutrino could easily be driven by radiative corrections with heavy particles in the loop and is therefore
expected theoretically, leading by the seesaw mechanism to a very small active neutrino mass. Moreover,
heavy sterile neutrinos with Majorana masses are naturally obtained in various grand unified theories and
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string theory. However, whereas the Dirac (versus Majorana) nature of the neutrinos is experimentally
testable due to the conservation (respectively violation) of the overall lepton number L, it is not currently
possible to directly test the seesaw mechanism, unless the right-handed sterile neutrinos are much lighter
than their natural mass values, more precisely at or below the electroweak scale. Such a case is less
natural according to the symmetry arguments given above, but has highly predictive power. In particular
sterile neutrinos in the keV mass range could even be a good (cold) dark matter candidate. Since there
is overwhelming evidence for the existence of dark matter in our Universe, such a simple and well-
motivated dark matter particle candidate could maybe be the origin of the missing mass responsible for
the rotation curves of galaxies and clusters of galaxies.

11.2 Neutrino oscillations

One of the long standing puzzles in particles physics was the deficit of neutrino fluxes in reactors. The
sun generates a large electron neutrino flux, produced from its various thermonuclear reactions. Its
estimate was a factor of three larger than the measured electron neutrino flux in (Super)Kamiokande, in
Japan. This puzzle defined the so-called solar neutrino flux deficit. On the other hand, muon and electron
neutrinos are produced in the earth atmosphere, mostly from the decay chain

T = p vyand pm — et veyy, at = ,u+1?u and pt — et

Vely (583)
from which one would expect a ratio of two between the observed earthground flux of atmospheric
neutrinos v, + v, versus v, + U, . The measured flux ratio was also less than the predicted value,
leading to the so-called atmospheric neutrino flux deficit. In both cases, the correct explanation was the
oscillation of neutrinos between different flavors, proposed early on by B. Pontecorvo [64]. As one will
see, for the solar neutrino problem the relevant conversion is v, — v, whereas for the atmospheric
neutrinos, the relevant conversion is v, — v,. We present in what follows the field-theory description of
this phenomenon. The relevant neutrino lagrangian is
L = viigv; — (i M{;Cvj +h.c.) . (584)
Diagonalization of the neutrino mass matrix proceeds through a 3 x 3 unitary transformation U according
to
Vv, = UijV;' y (585)

where 1/} are mass eigenstates, whose wavefunction evolves according to the Schrodinger equation

[V/(t)) = e "Fit|u!). Notice that unitary transformations are needed in order to preserve the orthonormal-
ity of a basis of the Hilbert space in quantum mechanics, equivalently to keep the canonical normalization
of kinetic terms in quantum field theory. Let us start from a neutrino flavor eigenstate vy at time ¢ = 0,
say the time of neutrino emission from the sun. At a later time ¢, say when the neutrinos reaches the
underground Super-Kamiokande detector in Japan, the neutrino state became

lvp(t)) = Uspe Frti) (586)

The probability of oscillation from flavor f to flavor f’ after a propagating time ¢ can then easily be
computed to be

Propi(t) = [wplvg)? =D [UsUpil* + 2 Re{U U, U, Up e BB (587)

1>7

whereas the survival probability of the neutrino flavor f equals

Pros(t) = [(vrlvp () = |Z Uil e Bt (588)
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The energy difference can be estimated in the ultra-relativistic approximation to be F; — F; ~ (mf —

m?)/2p = Am?i /2p. It is customary to define characteristic distances according to

|Am§i|t N \Am?i|L _ ol

589
2p 2pc L’ (589)

where L ~ ct is the distance travelled by the neutrino beam and L;; = 4mp/ |Am§l\ (taking ¢ = 1
as usual) are called the oscillation lengths, which depend therefore on the momentum, equivalently the
energy of the neutrino beam and the square mass difference between the different neutrino species. The
smaller the square mass difference, the larger the oscillation length. Notice also that neutrino oscillation
data only constrain mass square differences and not the absolute value of neutrino masses'>. The simplest
example of neutrino oscillation is in the case of two flavors. Let’s take the example of v, and v, for the
case of neutrinos propagating from the sun to the earth. In this case, the unitary transformation from the
gauge (interaction) basis to the mass eigenstate basis is just the two-dimensional rotation

U— <c059 —sm9> . (590)

sinf cos6

The various nuclear reactions in the sun produce electron neutrinos, with energy in the 1 — 10 MeV
range. The survival probability for an electron neutrino, at a distance L from the source (the sun) is then
given, according to (588), by

2mil L
Py (t) = |(velve(®))]? = | cos? 0 + sin? fe L12 |2 = 1 — sin® 26 sin? z— . (591)
12

The current experimental data on neutrino masses give the numerical values

Am2, ~ 2.4 x 1073eV? (vy —vsr),

atm

Am2, ~ 7.9 x107%eV? (v, —v,). (592)
Adding also the data on the oscillations experiments we find

Amis >~ 0.008 eV, Amgyz ~0.03 —0.07eV
sin® 619 ~ 0.31, 0.29 < sin® 03 < 0.71, sin? 013 ~ 0.023 . (593)

Taking into account the typical neutrino energies of neutrinos coming from the sun £ ~ 10 MeV and of
Amgol, one can estimate the oscillation length for the case of the solar neutrinos to be about L1 ¢o1 ~
2000 km. In the case of the atmospheric neutrinos, taking into account the (much larger) value of Am2,,,
one finds much shorter, km size oscillation lengths L23 atm, Which explain the conversion of v, — v

into the atmosphere.

The analysis above, although it reproduces correctly the experimental data, it is actually naive and
confusing. A careful reader will notice that oscillations between particles of different mass is possible
only if the neutrino beam has a spread in momentum or in energy. First of all, as in any quantum mechan-
ical process, plane waves are an unphysical idealization, and only localized wave packets really make
physical sense. Moreover, for a fixed momentum of the propagating neutrino beam, different neutrino
species have different energies. Oscillations cannot exist then by energy conservation unless the beam
has a spread in energy. Conversely, for a fixed energy of the propagating beam, the different neutrinos
have different momentum. Oscillations can then only exist if the beam has a spread in momentum. Let
us consider for definiteness gaussian wave packets in momentum space, of widths 0. Each momentum

p component propagates with its own group velocity v = %—? = &. The difference in group velocity

15Cosmological data sets however an upper bound on the sum of the neutrino masses of the order >o,mi < leV.
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. . 2 . . .
for different flavors is therefore |Av| ~ %ZE”Z . The neutrino beam looses its coherence when the dis-

tance between different components exceeds the wave packet size |Av|7.o, = o. The coherence length
is therefore L.on, = TeconC = 2&5; . Notice that L.o, = op LQO;C . Since op > 1 for known neutrino
astrophysical sources, L., > Losc. Therefore the decoherence effect due to different group velocities
of neutrinos does not affect the pattern of neutrino oscillations. On the other hand, all known neutrino
sources have an energy spread determined by the nuclear processes producing neutrinos. The oscillation
probability should therefore in practice to be averaged over the energy spectrum. This has the effect of
suppressing oscillations, by replacing the oscillatory functions by their average over a period. For exam-

ple, in the case of v, — v, oscillations, the averaged probability becomes (P (v, — v,)) = 3 sin? 26.

To end our journey into neutrino oscillations phenomenon, it is easy to check that the Majorana
CP violating phases cancel out into the probability of oscillation. Different experiments are therefore
needed in order to test their values and ultimately the nature of the neutrinos, Dirac or Majorana.

12 Symmetries of the Standard Model and SM as an effective theory

Symmetries of the Standard Model are an important tool in constraining the existence of potential new
particles and interactions. From the point of view of discrete symmetries introduced in Section 3 and
from the vast experimental data of particle interactions and decay, one knows that electromagnetic (QED)
and strong (QCD) interactions respect all internal symmetries : space parity P and charge conjugation C.
Weak interactions, on the other hand, break both parity, charge conjugation and even their product C'P.
The experimental data was crucial in the historical construction of the Standard Model as an effective
description of three of the four fundamental forces of nature. For example, we reminder the reader that
the existence of a third generation of fermions could have been anticipated as the necessity of having
a source of CP violation in the electroweak sector, which in the SM comes uniquely from the complex
phase in the CKM matrix coupling the charged W bosons to quarks. The origin of the complex phase
in Vo s can be traced back to complex Yukawa couplings in the quark sector. Even in the Standard
Model however, there are unexplained symmetry properties. For example the conservation of P and
C P by strong interactions clashes with the existence of topological configurations (instantons) and low-
energy chiral lagrangians in QCD, puzzle that will be discussed in the last part (Part Three) of these
lecture notes. All known fundamental interactions conserve the product C'PT, which is believed to be
conserved by any relativistic quantum field theory. Any extension of the Standard Model should therefore
take into account the existing experimental and theoretical constraints on discrete symmetries.

From the viewpoint of ultraviolet divergences, up to and including the operators of dimension four
that we discussed until now, Standard Model is renormalizable. As such, it is highly predictive and it
was experimentally checked with a huge precision at LEP and LHC. It is remarkable and slightly myste-
rious that nature choose for (at least) three fundamental interactions renormalizable theories, determined
by very few number of free parameters. On the other hand, with the quantum numbers of the known
quarks and leptons, the renormalizable SM lagrangian has some automatic (consequences of the gauge
symmetries) global symmetries :

baryon number U(1l)p
lepton numbers U(1). , U(1),, U(1)- . (594)

As discussed in the previous section, the lepton number is conserved species by species in the absence of
neutrino masses. The latter ones are so small however that the only currently observed violations of the
individual lepton numbers L., L,,, L,, are visible in neutrino oscillations where neutrinos travel for long
distances. There are currently no known experimental violations of the baryon number B and the overall
lepton number L. The accidental symmetries of the renormalizable SM are actually very fortunate since
there are very strong experimental constraints on baryon and lepton number violating processes, for
example :

033

proton lifetime 7, > 10°° years,
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BR(u — ey) <24 x 1072 BR(y~ — e e et) < 10710,
BR(B — Xsy) ~ 107 = b sy should be suppressed . (595)

However, despite the complete quantum consistency of the SM, there are various good reasons to con-
sider SM as just a low-energy effective theory, like the Fermi theory of weak interactions before the
advent of the modern gauge theories and the Standard Model. From this perspective, it is conceivable
that UV microscopic physics that respect the Standard Model gauge group violate the global acciden-
tal symmetries we observe at low-energy. In this case, one can parametrize such effects by higher-
dimensional operators that are SM gauge invariant but break explicitly such accidental symmetries. This
happens technically when integrating-out heavy states, whose interactions or masses violate the acciden-
tal symmetries of the SM. Starting from the path integral of the high-energy theory, one can define the
low-energy limit by integrating heavy degrees of freedom

7 — /’D¢light’D¢heaVyeiS[¢light7¢heavy] — /nghghteiseff[(énghd ) (596)
Therefore the low-energy action is given by the path integral
eiSeft [Prignt] / p¢heavy€i5[¢1ight,¢hcavy} ) (597)

The resulting low-energy effective lagrangian can be expanded according to the mass dimension of higher
dimensional operators
4 1
Lomer = LY + S Mo, (598)

An—4
kn>4

where O,gn) are operators of dimension n obtained by integrating-out heavy states. The operators Ol({”

can be generated at tree-level or at loop-level.

)

At the dimension-five level, the only gauge-invariant term is the Weinberg operator leading to
Majorana neutrino masses

v 2
ij (7c v v v
[’gl)\)/l,eff = ij (@) ;@) = mg; = hy W (599)

Tiny values (of order 1072 eV) neutrino masses ask then for 10'2 GeV < M < 10'° GeV. At
the dimension-six level, there are a large number of operators, most of them preserving the accidental
symmetries of the renormalizable SM lagrangian. Some of them violate however B and L. A basis of
the latter operators can be chosen to be

1 1
Lo = 12¢" ealdh) Cugll(@") O + T3 ewl(q™)" Ca™(up)" Cerl
1 2
1 1
e eweedl (@) O ) CF) + 15 (dR) T Cug][(w)T Cer] (600)
3 4

where A; are (potentially different) heavy mass scales and the fields in every operator above can have
arbitrary family indices. Notice that the operators above break actually B + L, whereas the orthogonal
combination B — L is unbroken. This is the same as the one-loop anomalies in the SM discussed
earlier. Therefore, such operators could be of great interest in the baryon-antibaryon observed asymmetry
in our universe (baryogenesis). Indeed, they can convert a microscopic lepton-antilepton asymmetry
into a baryonic asymmetry, mechanism called leptogenesis [66] . On the other hand, such operators, if
they contain complex parameters, can provide additional contributions to CP violation, which are also
needed in a quantitative explanation of the baryon asymmetry of the Universe. Indeed, as shown by
Sakharov [67], a successful generation of the baryon asymmetry needs three independent ingredients:
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— Baryon (B) number violation
— (' and C'P violation
— Departure from thermal equilibrium

Whereas SM has in principle all the required ingredients to satisfy the Sakharov criteria, in practice
the CP violation in the Standard Model from the CKM phase is too small to be viable. In addition,
departure from thermal equilibrium require for a violent phenomenon, like for example a first-order
phase transition, which is not realized in the minimal realization of the Standard Model. On the other
hand, additional CP violating operators and higher-dimension operators in the Higgs sector could trigger
a first-order transition necessary for a quantitative implementation of the baryogenesis criteria.

The experimental limits of the type (595) constrain seriously any higher-dimensional operator
violating flavor, generated by eventual new physics. For example, consider the operator

1 -
@(QVmu%) (Y™ dg) (601)
which generate various proton decay channels p — 7%*, p — 71, etc. Such operators can be
generated for example by the exchange of super-massive gauge bosons with simultaneous quark and
lepton quantum numbers (such particles are generically called lepto-quarks) in grand unified theories.
Simple dimensional arguments (which also apply to all operators in (600)) lead to a proton lifetime of

d e

Proton
U i ,
Pion

~
=
-~
—

Fig. 24: Diagram leading to proton decay p — 7%e* in unified theories. The superheavy X particle is a GUT
gauge boson.

the order 7, ~ M;% / m}r’,, where m,, ~ 0.938 GeV is the proton mass. Current proton stability constrains
then the mass to be heavier than about My > 10'7 GeV. There is a long list of similar effective operators
that are tightly constrained by the data. Another simple example is :

1 - - 1 _

Lt ~ 3 (lrmh) (1y™h) = 55 (Hyme) (€7™e) (602)
that can be generated by a Z’ gauge boson under which the electron and the muon have different charges
(in this case we talk about a flavor-dependent Z' gauge boson). The mass scale M is constrained by the
limits on 4~ — e~ e~ e to be heavier than M > 1000 TeV.

It turns out that almost all SM extensions generate dangerous FCNC and/or too fast proton decay
, unless the microscopic theory has special symmetries and structure. For example, in the minimal
supersymmetric standard model (MSSM) we have to impose
- R-parity, which is a Zs quantum number equal to 1 for all SM particles and —1 for all superpartners
and
- flavor blindness (family-independent more precisely) masses of scalar squarks and sleptons and other
so-called soft terms.
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FCNC diagram in the Standard Model
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FCNC in extensions of the Standard Model

Fig. 25: Typical diagram in theories with a new neutral gauge boson, generating FCNC at tree-level.

12.1 Epilogue : Can Standard Model be the final theory ?
Most people believe that Standard Model is just an effective description, for a lot of various reasons :

- There are no neutrino masses at the renormalizable level in the Standard Model. The neutrino
masses and mixings are often considered as a first hint towards a new mass scale beyond the Standard
Model. The seesaw mechanism points towards heavy Majorana singlet neutrinos, maybe remnants of
Grand Unified Theories.

- The mysterious hierarchies in the quarks/lepton masses and mixings. It is likely that quarks and lep-
tons hierarchies hide the existence of new flavor symmetries or of a geometrical origin related to wave
functions profiles in a higher-dimensional space.

- Standard Model has no viable Dark Matter candidate. This is currently maybe the most pressing prob-
lem: understanding the origin and the properties of the dark matter candidate, which provides about 30%
of the energy density of the Universe.

- The problem with the radiative stability of the electroweak scale ("the hierarchy problem").

- SM has no accurate gauge coupling unification.

The last three problems find together a nice solution in low-energy supersymmetry. The elegant embed-
ding of quarks and leptons into complete representations of SU (5) also point out towards a unified gauge
group structure.

- The strong CP problem. The most popular solution postulates the existence of new light particles, the
axions, which exist in all string theories and often play a central role in their quantum consistency.

- Gravity is not incorporated into a renormalizable framework. The only viable well-studied framework
of quantum gravity to date is string theory.

- The cosmological constant problem A ~ 1074 eV* ~ 107129 M}, This is certainly the biggest
mystery in modern physics.

On the other hand, any theory describing nature has to be validated by experiments. For the time
being, LHC found no signal of new physics, but it completed the Standard Model picture by discover-
ing the Higgs boson with a mass around 125 GeV. It is still early to judge the viability of low-energy
supersymmetry or extra dimensional models. One direction to follow is the couplings of the SM higgs
to fermions, gauge bosons and to itself. If these couplings will show deviations from SM expectations,
it will imply the existence of new forces, particles or resonances at TeV energies. In this case, LHC or
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future colliders should be able to see them after a couple of years of running. On the other hand, there
are various mild indications of deviations from flavor universality in meson decays. If confirmed, due
to the high sensitivity of flavor observables to new physics, they could be interpreted as the existence of
new flavor violating processes induced by new physics in the multi TeV range energies.

In any case, nature will likely reserve us surprises which will challenge our view of fundamen-
tal interactions and symmetries at high energies. It will be your challenge and duty to encover them
and continue our fascinating journey towards the understanding the microscopic laws of our mysterious
universe.

Second part: Supersymmetry

We now turn to supersymmetric extensions of the Standard Model of fundamental interactions.
Supersymmetry was first introduced in 1971 as an extension of Lie algebras by using fermionic gener-
ators and anticommutators by Y.A. Golfand and E.P. Likhtman [68] and by J.L. Gervais and Sakita [69]
as a fermionic symmetry in two dimensions, in the context of dual models which eventually became
String Theory. Followed in 1973 a remarkable proposal by D.V. Volkov and V.P. Akulov [70] which
defined a non-linear supersymmetry transformation with the corresponding Goldstone spinor tentatively
identified with the neutrino, idea being to related the masslessness of neutrinos to the Goldstone theorem
of a new, fermionic symmetry. Aposteriori neutrinos are not exactly massless and cannot be interpreted
as Goldstino fermions for other reasons, related to their interactions and quantum numbers. Finally, in
1973-1974 J. Wess and B. Zumino constructed the first completely explicit four-dimensional supersym-
metric lagrangians, which associated to each fermion a boson and vice-versa.

Supersymmetry is a symmetry transforming fermions into boson and vice-versa, which plays a
central role in String Theory, the best candidate for a quantum theory of gravity. On the other hand,
supersymmetry provides also the best explanation for the so-called hierarchy problem, which is the
mystery of the stability of the electroweak scale with respect to the large quantum corrections from
heavy particles in grand unified theories or in quantum gravity. There are various reasons to believe
that in the microscopic theory supersymmetry is a local gauge theory, called supergravity [72], which
combines supersymmetry with gravity. Indeed, if supersymmetry is promoted to a gauge symmetry, the
corresponding gauge field, the spin 3/2 gravitino, has as superpartner the graviton. Therefore, local
supersymmetry automatically includes Einstein gravity. In the limit of decoupling gravity however,
which is justified at low-energy, global (also called rigid) limit of supersymmetry is the relevant one for
most phenomenological applications. So in what follows we will only discuss global supersymmetry.
For standard reviews and textbook references, see [74], [75], [76], [77], [78], [79].

13 A first encounter with supersymmetry: the supersymmetric quantum mechanical os-
cillator

The free part of quantum field theory is an infinite collection of quantum oscillators, whereas interactions
in quantum field theory would correspond to anharmonic oscillators. Bosonic fields are described by
standard harmonic oscillators whose creation and annihilation operators satisfy commutation relations,
whereas fermionic fields are described by fermionic harmonic oscillators whose creation and annihila-
tion operators satisfy anti-commutation relations. In order to understand the bare-bones properties of
supersymmetric theories, let us consider to start with one bosonic and one fermionic oscillator of the
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same frequency w in quantum mechanics. The starting hamiltonian is therefore

H = g(aTa—i-aaT) + %(bTberbT)
[a,a]=1 , {bd'} =1, {b,b} ={b/,0'} =0. (603)

Using the commutation relations, one can normal order the hamiltonian as

H = w(a'a+ %) + w(d'b — %) : (604)
Interestingly, the zero-point energy cancels between the bosonic and the fermionic oscillator. Since
the smalllness of the cosmological constant is probably the biggest mistery and challenge is modern
theoretical physics, this is a first hint on the potential importance of supersymmetry in our universe.
Knowing that loops of bosons and fermions come with opposite signs, one can also anticipate that this
vacuum energy cancellation will persists in interactive supersymmetric quantum field theories. One can
construct the Fock space of the hamiltonian in eq. (603) in the following way:

Inyp = jmm*)"rm . Hin)p = nwln)p |
1

n)p = ————(a)""W|0) , Hn)p =nwn)p , (605)

V(n—1)!

where the ground state is defined as being annihilated by both the bosonic and the fermionic lowering
operators
al0) =0 , bj0)=0. (606)

Since b, b' are grassmann variables, only one fermionic raising operator can act nontrivially on the ground
state. One can therefore associate to |n) p a bosonic nature and to |n) r a fermionic nature. The bosonic
and fermionic states are degenerate in mass, so one could wonder if there is a symmetry operation
connecting them. The answer is affirmative. Let us define the fermionic operators

Q=vwab' , Q= wba, (607)

that we will call supercharge (Q) and its hermitian conjugate Q. @ has the intuitive understanding
as the operator that converts a bosonic state into a fermionic one. This can also be expressed via the
commutation relations

[QvaT] = \/(;bT ’ {vaT} = Oa
@Q,a] =0 , {Qb} = Vwa. (608)

The action of the supercharges on the Fock space supports the intuitive picture of boson- fermion con-
version

Q|n>B - \/m |n>F 5 Q|n>F =0 5
Q'lnys=0 , Qfn)r=+vnw|n)p. (609)

At all levels of the massive spectrum the spectrum is therefore paired, containing one bosonic and one
fermionic state. The only expception concerns the ground state, which is non-degenerate and annihilated
by the supercharge

Qo) =0 , Qf0) =0. (610)

In terms of the supercharge, the hamiltonian can simply be written
H=QQ"+Q'q. (611)
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The fact that the supercharge is a symmetry of the system is also manifest from its commutation with the
hamiltonian

One turns now to implementation of supersymmetry in quantum field theory. As one will see, the quan-
tum mechanical example above contains already the main ingredients of supersymmetric quantum field
theories.

14 Spinors, representations of the supersymmetry algebra

In this second part dedicated to an introduction to supersymmetry, we use the mostly plus convention for
the metric, 7, = diag(—1,1,1,1). We will also use a Weyl (chiral) basis for gamma matrices, very
similar to the one used in the first part, with a sign difference in v°

i 0 7'7; 0 __ O —1
ry - 77_i 0 ) 'Y - 71 0 9

P = inPyly2eB = <_01 (1)> . O = (ZSQ —?’7’2> , (613)
where C' is the charge conjugation matrix defined by
ClymC==-~L ¢ =—-Cct!=-c" =-C". (614)
With these conventions, the Clifford algebra is given by
{Yms Y} = = 20mn - (615)
In what follows one will use the compact notation
= <g(3n “én) , (616)
where 0™ = (0¥ = —1,0° = 7%), 3™ = (¢ = —1,—7") and 7* are Pauli matrices. Clifford algebra
translates then into
™" +o"c" = =201 , "o" +35"c™" =-2n""1, (617)

where the identity matrices in (617) are 2 X 2 matrices.

In the Weyl representation of the Dirac matrices, one can introduce two component Weyl fermions,
starting from a four-component Dirac fermion

T = (%) , (618)
X

where o, & = 1,2. The two component spinors 1, x are related to the four-component left and right
chirality spinors according to

U, = 1_75\1/: <¢a> ’

2 0

145 0
Up=—"0U= ). 1
) (619)

Let us start with discussing the Lorentz transformation properties of spinors. Lorentz transformations
on vectors, for example on the four-momentum P™ = (P° P), act according to P"™ = A™ P", where
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in order for the norm P™ P, to be invariant, the Lorentz transformations matrices A" satisfy the usual
conditions
MmNy A” = 1y - ATnA =7, (620)

where the second writing uses a matrix notation. For infinitesimal transformations A" ~ §;"" +-w, ", this
implies the antisymmetry of the Lorentz parameters wy,, = —Wnm,. From the general theory of Lorentz
representations, one knows that any four-dimensional field is characterized by a pair of angular-momenta
(j1,j2)- The real spin is J = j1 + jo2, with spin eigenvalues ranging from |j; — jo| < j < j1 + jo. The
corresponding particles for integer (half-integer) values of j; 4 jo are bosons (fermions). The number
of degrees of freedom in such a field is (2j; + 1)(2j2 + 1). For a Dirac spinor j; = 1/2,j5 = 0 and
vice-versa, and its transformation under a Lorentz transformation is

i

V(2! = e 29mnd™ W (z) (621)

where the Lorentz group generators in the spinorial representation are
g =i =1 (77T L gngm) (©22)
It is convenient to define also the (antisymmetric in m, n) matrices
o™ =—(c"c" —o"c™) , " =—-(g"c"—-3"c"). (623)

The two component spinor 1 is in the (%, 0) representation of the Lorentz group, whereas x is in the
(0, %) representation. It is clear from (622) that the Lorentz representation of a Dirac fermion is reducible,
and that the two component spinors transform independently according to

(@) = e2mo™ p(z) , X(@) = ez (x). (624)

wmno.rnn

. . . . . 1
By introducing the complex 2 x 2 matrix of unit determinant M = e2
therefore write

, M € SL(2,C), one can

W) = MPys(a)  Xa() = (M) Jxs() . (625)
The fact that the matrix M generates Lorentz transformations can be seen also by starting with a vector
P™ and defining the hermitian matrix

P_Pam_(—Pg—i-ng Pl—iP2>
= Ppo™ = :

P+iP, —PFPy— P (626)

Notice first of all that det P = P2 — P2 is the Lorentzian norm of the four-vector P™. Since M has unit
determinant, the transformed matrix P’ = M PM T lead to a vector with the same norm, so P™ and p'm
should be related by Lorentz transformations. This can easily be shown explicitly by using the identity
(A.36), with Lorentz parameters being wy,,. The two-dimensional analog of the metric ", which is
invariant under Lorentz transformations, is played by the antisymmetric tensors

€af = <(1) 01> =—imy , F= <_01 (1)> =iy, (627)

which satisfy €, 5657 = dq. Their Lorentz invariance derives from the identities
€ap = MIMPes . P = MOMS . (628)
One can define upper fermionic indices
W) = (M) LX) = ()T (@), (629)
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such that one can construct Lorentz invariant fermion bilinears 1“4, and y4x“. Using then eq. (628)
one finds that, in analogy with the four-dimensional metric, the antisymmetric tensor € can be used in
order to raise and lower the spinor indices

P =€y, b = eapd’ (630)

With the definitions (630) and the invariance of the ¢ tensor under Lorentz transformations (628) it
is straightforward to show that one can construct Lorentz invariant bilinears out of a two-component
fermion, or said equivalently, with a fermion of given chirality

Vi = e = €apt®’ XX = XaX® = e Xax - (631)
With the notations above, a Dirac mass term for the Dirac spinor (618) is given by
—mPV = m(Yx +PX) - (632)

A Majorana fermion on the other hand in the Weyl representation is given by

vl = — U = <1/_’g> : (633)
(G
A Majorana mass term is therefore
M - M -
5 (U Fcc) = = (v +¢0) . (634)

The two-component notations with undotted () and dotted (&) indices is called Wan der Waerden nota-
tion.

14.1 Supersymmetry algebra

Symmetries of fundamental interactions are of two types: spacetime symmetries and internal ones. The
continuous spacetime symmetries contain the generators of translations P,,, in the (%, %) representation
of the Lorentz group, and Lorentz transformations of generators J,,,, in the Lorentz group represen-
tations (1,0) + (0, 1), which include rotations of generators J; = %€;;J;1; and boosts of generators
K; = Jjp. The internal symmetries are described by generators 7Ty, in the singlet Lorentz representation
(0,0), spanning a Lie algebra. They commute with all spacetime symmetries. Explicitly, the algebra of

Lorentz and internal symmetries reads

[P = =i (P = P [PTLPT =0,
[Ta7 Tb] = icngC 9 [Ta7 Pm] — O ) [Tav Jmn] — O ) (635)

where Cf, are structure constants of the Lie algebra of internal symmetries. Lie algebras satisfy the
Jacobi identities

[[Tw Tb]? TC} + [[Tb7 TC]? Ta] + [[T07 Ta]? Tb} =0 < Cgchelc + Cglccga + Cgaccelb =0. (636)

Let us remind briefly the representations of the Lorentz part of the algebra. It is easily shown from (635)
that one gets

(i, Jj] = d€ijide o [Jis Kj] =il Ky, K] = —i€grpdy - (637)
The Lorentz algebra can be diagonalized into two angular momentum algebras by defining

1 1
Ji= @ +iK) , J2=_(J-iK), (638)
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such that
[J1i, Jij] = deirJie [Jois Joj] = dejpdor o [Jui, J2i] =0 (639)

Denoting by j1, jo the angular momenta corresponding to J1, J2, one finds that a generic Lorentz repre-
sentation is labelled by (j1, j2) and has dimension (2j; + 1)(2j2 + 1). The true spin of the particle is of
course J = J; + J2, and its possible values are

J=lii—g2l, lj1 = Jel +1, -~ ,j1+ja—1, j1+j2. (640)

A famous theorem due to Coleman and Mandula [80] proves that the most general Lie algebra of
symmetries commuting with the S matrix contains only the generators J,,,, P, and T},. The theorem is
valid under the following assumptions:

- There is an S matrix corresponding to a relativistic quantum field theory in four dimensions

- For any M > 0, there are a finite number of particles associated to one-particle states of mass less or
equal to M

- Any two-particle state undergoes reactions at all energies, except perhaps an isolated set

- The amplitudes for elastic two-body scattering are analytic functions of the scattering angle at almost
all energies and angles

- There is a gap between the vacuum and the one-particle states

The Coleman-Mandula theorem was important in the sixties in proving that any attempt of combin-
ing an internal symmetry (like the Gell-Mann global flavor SU (3)) with spin or another spacetime sym-
metry in a larger symmetry necessarily fails in a relativistic theory. In particular, a natural SU (6) general-
ization of the Gell-Mann SU (3) symmetry obtained by acting on the three quark flavors u, d, s and their
spins, is bound to fail. Later on, after the first supersymmetric models were proposed [68], [70], [71], it
was realized by Haag, Lopuszanski and Sohnius that the Coleman-Mandula theorem can be avoided by
using graded Lie algebras and fermionic symmetry generators [81].

Graded Lie algebras contain generators that we will still call generically 7;,, which can be however
bosonic or fermionic. The basic (anti)commutating relations are

1.1y — (—1)"" T, T, = iC5Te (641)

where 7, = 0 for bosonic generators and 7, = 1 for fermionic generators. The structure constants of the
graded Lie algebra have the properties:

Cy, = —(=1)rmCs . CS% =0 unless n.=1n,+n (mod2) . (642)
The generators satisfy the super-Jacobi identity
(71)7767% [[TGA Tb}7 TC} + (71)77{“7,J [[Tb, TC}7 Ta} + (*1)7%770 HTCa Ta}7 Tb} =0 ) (643)

where [0,0'} = 00" — (=1)"OMO) 'O, The super-Jacobi identities lead to the constraints on the
structure constants

(—1)" CCe + (1) CCy + (—1)""Cg,Cy = 0., (644)

A new (generic) generator can be described as the (ji, jo) Lorentz representation Q%{%Q, whereas its
complex conjugate (Q#1%,,)* is in the (j2, 1) representation. The generator is bosonic (fermionic)
if j1 + jo is integer (half-integer). One will consider fermionic generators and the anticommutator
{QF 1, (QI13n,)* }, which contains bosonic generators up to the largest representation (j1+j2, j1+72)-
Since according to the Coleman-Mandula theorem only the representations (3, 1), (1,0) and (0,1) can
appear in the anticommutator, the only possibility is j; = % J2 = 0 or viceversa, and the correspond-
ing generators will be called Q4 and their complex conjugates Qd, A, where A = 1--- N. By Lorentz

invariance, the anticommutators should be of the type

{Qa, Qs p} =2Np07 Py (645)
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where N ’é‘ is a hermitian and positive definite matrix. After a unitary field redefinition, one finds

{Q4. Qg = 265075 P - (646)
We next consider [Q4, P,]. According to the Lorentz representation decomposition (3,0) ® (3, 3) =

,5) D and the Coleman-Mandula theorem tells us that the representation (1, 5) cannot be a
0,1) @ (1, %) and the Coleman-Mandula th lIs us that the rep 1,3 b

2
symmetry of the S matrix. The commutator has therefore to be of the form
@A, P™) = 240" QY (647)
From the Jacobi identity
[P, [P™, Q41 + Q4. [P, P™]] + [P™, [Qu, P = 4(22%)8 (6™"QY),, = 0., (648)

one finds that Z’% vanishes'®. We next consider {Qé, QﬁB}. From the Lorentz product decomposition
(£,0)® (4,0) = (0,0) @ (1,0), one can write

2 27
{Qa.QFY = €apZ"P + (0™ €)apJmn 2P . (649)
From the Jacobi identity
[P {Qa QF Y — {QF, [P™, Qa1} +{Q4, [QF . Pml} = 0, (650)
one finds that Z’48 = 0, whereas the other Jacobi identities force Z48 = —ZP4 to commute among

themselves and with all the other generators. They are therefore pure constants and are called central
charges.

We finally consider [@2, J™"]. In the product of Lorentz representations (3, 0) ® [(0,1) + (1,0)],
only (%, 0) exists according to the Coleman-Mandula theorem. Therefore the general form of the com-
mutator is

Q4. T = c(a™™)5Q% (651)

with ¢ a constant. From the Jacobi identity [[Q2, J™"], JP"] + [JPT, Q4], J™] + [[J™", JPT], Q4] = 0,
one finds ¢ = 7. The final form of supersymmetry algebra is therefore

{Qﬁv QB,B} = 25§U;ngpm ) {Qév QgB} = Ea,BZAB )
Q4. P =0 , [Q4,J™ =i(c™)/QF . (652)

One immediate consequence of the supersymmetry algebra is [QA P,,P™] = 0, meaning that all par-
ticles in a supermultiplet have the same mass. If |jm) are eigenvectors of the angular momentum
J2jm) = j(j + 1)|im) , J.|jm) = m|jm), using the commutation relation of supercharges with
the angular momenta, one can show that

1 1
J3(Q 1/2|Jm>) (m _i)Qf/2Um> ) J3(Qé1/2|jm>) = (m+§)Qé1/2Um>7

(1/2‘]7”)) (m +%)Q114/2‘Jm> , Jg(Qﬁ/zljm»:(m—%)Qf‘l/zbm% (653)

where we labeled supercharges in terms of their helicity, instead of using the van der Waerden notation.
Egs. (653) imply that the supercharges raise or decrease m by 1/2, therefore changing also the spin by
1/2.

In the absence of central charges, the supersymmetry algebra has an U(/N) symmetry, which is
an R-symmetry, meaning that the R-charges of bosons and fermions in a given multiplet are different.
The case N = 1 corresponds to minimal supersymmetry, in which case central charges are zero by
antisymmetry. For NV > 1 one talks about N-extended supersymmetry.

16 Actually, one must also use (650) contracted with €*? to show that the matrix Z is symmetric, therefore ZZ* = ZZ t,
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14.2 Representations of the supersymmetry algebra of zero mass

Let us start with representations for zero mass particles. Since supercharges commute with the momen-
tum operator, all particles in a supermultiplet have the same momentum, which for massless particles
can be chosen to be P,,, = (—F, 0,0, E). The basic supersymmetry anticommutation relations become

= 4B
{Q4.Qs5) = ( 0 8) 03 - (654)

In what follows we use a notation in which «, & = 1/2, —1/2 denote the helicity of the supercharges, in-
stead of the Van der Waerden notation. The relations (654) generate a projector on the supercharges of he-
licity +1/2. Since {Qé1/2v Q,l/Q,B} is positive definite, (654) implies Qfl/QlM =0) = Qfl/Q,B’M =
0) = 0. Actually since Qf‘l /20 Q_4 /2, anticommute with all supercharges, they will annihilate all he-
licity states and therefore can be set directly to zero. This also implies that central charges vanish for
massless representations. We can then introduce N creation and /N annihilation operators

pA

L Ha i L A A
— , b, = = (bMT 655
2\/EQ1/2 A 2\/EQ1/2’A (b7) (655)
which satisfy the fermionic harmonic oscillator algebra
oy =05, {67y = {01 =0. (656)

The operators bL (b) increase (decrease) the helicity \ by 1/2, where helicity in our case is defined by
J3]j, AY = A|j, A). There is therefore a state of minimal helicity |Ap;,) annihilated by all annihilation
operators bA]/\min> = 0. A state in a multiplet is constructed as

n 1
A At i+ 5) = ﬁbgn c bl [ Amin) - (657)
Due to their anticommutation, the maximum number of fermionic creation operators one can apply on
the right-hand side of (657) equals IN. The total number of such states (more precisely, the number of
on-shell degrees of freedom) in a supermultiplet is

N
> @7 > =2V, (658)

n=0

There is however a subtlety. Any relativistic quantum field theory should respect the CPT theorem,
which states that CPT is always a symmetry of the spectrum and all interactions. CPT transformations
map a state of helicity A into another one of helicity —\. The construction above does not guarantee
that the massless states in a supermultiplet automatically satisfy this requirement. Let us consider as
an explicit example the case of minimal supersymmetry N = 1 with A\;, = —1/2. By acting with
b' one finds a bosonic state with A = 0. The resulting multiplet has 2 = 2 degrees of freedom as
expected from the counting (658), but violates the CPT theorem, since the state A = 1/2 is missing'”.
In order to correct the situation, one has to add to this another multiplet with A;,, = 0, which contains
two states with A = 0 and A\ = 1/2. In the end, one finds two bosonic states with A = 0, which
accomodate a complex scalar z, and two fermionic states with A = £1/2, which correpond to a Weyl
fermion ¢, which is chiral. The corresponding multiplet is called chiral multiplet and will play a crucial
role in supersymmetric extensions of the Standard Model. The second example of great interest for
minimal supersymmetry N = 1 is starting with Ay = —1. By acting with b one finds a fermionic
state with A = —1/2. To be in agreement with the CPT theorem, one needs to add another multiplet
with the states A = 1/2,1. The final multiplet contains a massless gauge boson A,, with helicities

17 Another way of seeing the problem is that there is no fermion in four dimensions with only one on-shell degree of freedom.
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A = =£1 and a fermion (called gaugino) with helicities A = +1/2. One can also conclude that a non-
CPT invariant multiplet lead, after adding the CPT mirror multiplet, to 2¥*! degrees of freedom. As a
last example, let us consider N = 2 extended supersymmetry and consider A\, = —1. Acting with
bg one finds two fermionic states with A\ = —1/2, whereas one more action leads to one more scalar
state %b;bi |A_1) of helicity A = 0. CPT invariance requires to add another multiplet with helicities
A =0,1/2,1. In the end one obtains an N = 2 multiplet with one gauge boson, two fermions (gauginos)
and one scalar. This is the N = 2 vector multiplet. Notice that the two gaugini can be assembled into a
Dirac fermion. An explicit construction of the action shows that the fermion has non-chiral interactions.
This is actually a general result: only minimal supersymmetry N = 1 can accomodate chiral fermions,
whereas chirality is a necessary condition for constructing realistic extensions of the Standard Model.
Therefore, if extended supersymmetry does exist in nature, it is presumably broken at high energy scales
(at or above the typical unification scale of minimal supersymmetric theories Mgyt ~ 2 x 106 GeV)
into an N = 1 supersymmetric theory, or maybe directly to the Standard Model.

The state of maximal helicity in the supermultiplet iS Aypax = Amin + /V/2. Renormalizable
theories are only possible for a maximum spin Sy,ax = 1, implying that renormalizable supersymmetric
theories impose /N < 4. On the other hand, non-renormalizable but consistent theories are possible up
to spin two (the graviton), and therefore Ny, = 8. In this case, consistency require the existence of a
spin 3/2 partner of the graviton, the gravitino, which is a gauge particle for supersymmetry, in analogy
with Yang-Mills gauge bosons for gauge theories. As a result, supersymmetry in theories of this type is
necessarily a local symmetry, and the corresponding theories are called supergravities.

As a matter of terminology, theories with N = 1 supersymmetry are also often called with four
supercharges, those with N = 2 are said to have eight supercharges, and therefore the maximal super-
gravity in four dimensions, corresponding to N = 8, is also said to have thirty-two supercharges.

14.3 Massive representations of the supersymmetry algebra

For massive fields, one can choose to work in the rest frame, where P,, = (—M, 0,0, 0). If there are no
central charges, the supersymmetry algebra becomes

{Qa,Qpp} =2M650,5 , {Q4,QF} = {Qaa, Qyp} = 0. (659)

In this case, one can define 2N creation and annihilation operators

1 1 -
pA A bt = e 660
N T (ba) No Il (660)

satisfying the fermionic harmonic oscillator algebra
{b, 051} =056, {0205} ={(D)T, b5)T} =0. (661)
The vacuum, annihilated by bé, can carry spin |7, j3). States in the multiplet are constructed as follows

1 L
o A, - anAy) = ﬁ(bﬁfﬁ (D25, d3) - (662)

The total number of such states (the number of on-shell degrees of freedom) in a supermultiplet is

2N

> 2i+1) <2ff ) = (25 +1)22V. (663)

n=0

The state of highest spin is obtained by applying only creation operators raising the spin projection, of
the type (b’f‘)T. Due to antisymmetry of the state, only /N such operators can be applied, leading to a
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maximum spin jmax = j + N/2. Because of this, for N > 1 and in the absence of central charges, all
massive multiplets contain states of spin 1 or higher.

Let us take for simplicity the minimal supersymmetry N = 1 and denote the vacuum of spin jg
by |vac). One can then construct the multiplet

[vac) ,  spin jo,

1
b;|vac> . spinjo£1/2 (ifjo> ),

1 - .
bgbyvac):—iedlébgbmva@ . spin jo . (664)

For jo = 0 one obtains one complex scalar and one Weyl fermion, of equal mass. This is the massive
analog of the chiral multiplet that we already encountered in the massless case. For jo = 1/2 one obtains
two Weyl fermions of spin 1/2, one gauge boson of spin projections +1 and one complex scalar. This is
equivalent, via the Higgs mechanism, to one Dirac fermion, one massive gauge boson and one massive
real scalar, all with the same mass. This is the massive N = 1 vector multiplet.

If there are central charges Z4, there are special representations with fewer degrees of freedom,
called "short multiplets". By the polar decomposition theorem, one can write Z = HV, where H is a

positive definite hermitian matrix and V is a unitary matrix. Let us consider!® Qé — €aB VABQ sp and

0< {Qé - EaﬁVABQ687 Qé - Ea'y(V*)ACQ’yC}
=8MN —2Tr(H +H') =8MN —4Tr(ZZ"H"2 . (665)

One finds therefore the inequality
1
M > — Tr(ZzZH/2.
2 5N r(Z27) (666)

For example, for N = 2 supersymmetry Z48 = €487 and one gets M > %\Z |. When the inequality
(666) is saturated, one talks about a BPS condition. In this case, the corresponding "short" multiplets
satisfy the condition

(Qﬁ — ea/gVABQ[gB) |short multiplet) =0 . (667)

The BPS conditions (667) reduce the number of fields in a short multiplet, compared to the long multi-
plets, for which the inequality (666) is not saturated. In particular for N = 2 the short multiplets have
the same content as for the massless representations.

Notice finally that the number of bosonic and fermionic degrees of freedom is the same in all
multiplets. This is actually a generic properties of supersymmetric theories : if supersymmetry is an
exact symmetry, for all fermion of a given mass there should exist corresponding bosons with the same
mass. As an example, if the fermion is a quark or lepton in the Standard Model, the corresponding
bosonic super-partners are spin zero complex scalars called squarks and sleptons.

15 Superfield formalism, chiral and vector multiplets
15.1 On-shell and off-shell multiplets: auxiliary fields

In the previous Section, we saw that in all supersymmetric multiplets, there is an equal number of bosonic
and fermionic degrees of freedom. To be specific, let us discuss the case of minimal supersymmetry
N =1 and the simplest multiplets we have constructed. The chiral multiplet contain a complex scalar z
and a Weyl fermion v, both have two degrees of freedom. There is a subtlety however: a complex Weyl
fermion has off-shell four degrees of freedom, which is halved on-shell by using the Dirac equation.
For writing supersymmetric actions and performing quantum computations, it is technically desirable to
find a formalism in which supersymmetry is manifest off-shell, i.e. without using field equations. In

'8In the argument that follow we will not use the van der Waerden notation.
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an off-shell version, we therefore need to introduce one more complex boson F', which is on-shell not
propagating any degrees of freedom. F'is called an auxiliary field. The off-shell chiral multiplet contains
therefore four fermionic and four bosonic degrees of freedom (z, v, F'). As a second example, consider
the massless N = 1 vector multiplet, containing a gauge boson A,,, and a two-component fermion, the
gaugino A. On-shell, there are two bosonic and two fermionic degrees of freedom. Off-shell, a massless
gauge boson has three degrees of freedom. Indeed, starting with the four components, one degree of
freedom can be removed by a gauge transformation A,, — A,, + Ona. On-shell, one more degree of
freedom is unphysical. Indeed, Maxwell equations [JA,,, — 9,,(0A) = 0 give actually a constraint for
Ay, since the corresponding field equation AAg — Jy(0;A;) = 0 is first order only in time. Off-shell, one
needs therefore one real bosonic auxiliary field D and the off-shell massless vector multiplet, containing
four fermionic and four bosonic degrees of freedom, is (A, A, D).

Notice that from the supersymmetry algebra (652) one finds that the supercharges have mass
dimension 1/2. It is convenient to define fermionic transformation parameters ¢, € of mass dimension
—1/2 such that for any field A (bosonic or fermionic), supersymmetry transformations are implemented
infinitesimally via

5 A = (ieQ +ieQ)A (668)

in which the supercharges @, ) will be realized as differential operators. This allows to express super-
symmetry algebra in terms of only commutators. For example, for minimal supersymmetry N = 1 it
can be written as

[€Q,€Q] = 2e0™E Py, , [Pm,€Q] = [Pm,eQ] =0,
[€Q,€Q] = [FQ,&Q] =0, (669)
implying
(561562 — 562(561) A=-2i (610’m€2 — Egamél) OmA . (670)

Let us discuss briefly the simplest supersymmetric model in four dimensions, describing the interactions
of one massive chiral multiplet, called the Wess-Zumino model in the scientific community [71]. The
lagrangian (which will be derived in the next subsection by superfield techniques) is given by

L= —itho™Omth — [Omz|? — %(W + ) — Mz + 2* ) — [mz + A2 . (671)

Notice that the mass of the fermion and the boson are the same, and that the strength of the Yukawa
interaction ) is related to the strength of the scalar self-interaction A? and to the trilinear scalar vertex
Am. These are the first examples of a generic feature of supersymmetric theories: equal masses of bosons
and fermions in the same multiplet and reduction of the number of independent interaction parameters.
In this case Yukawa couplings and scalar self-interactions are reduced to only one independent coupling
A. Notice also that the lagrangian (671) depends actually on only one holomorphic function

Wz)= D2y 28 (672)
2 3
since it can be written as
_ 1 dPW dW
_ . m 2 2
L= —itpa"Omp — |Omz|” — 5( 1.2 Y +c.c.) — ‘E| . (673)

Supersymmetry algebra and dimensional arguments make intuitively clear that by supersymmetry the
scalar z transform into the fermion ). The standard convention is

6z = V2t . (674)
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The transformation of the fermion is more complicated, but again from dimensional arguments it can
contain the derivative of the scalar. The correct transformation is actually

61 = iV20ME Dz — V2 € (mz* 4+ Az*2) . (675)

In order to check the supersymmetry algebra transformations (670) it turns out that the field equations

for the fermion have to be used i 0,1 + (m + 2A2*)yp = 0. This is related to the fact that we are
using the transformations of the on-shell chiral multiplet, without the auxiliary field.

Exercice : Check the transformation (675). It is useful to use the identities

- 1 . . 1 .
S(@f) = —5(@oma)ont)” , Elay) = 5(@r"e) @) . (676)

Notice also that the supersymmetry transformations are non-linear in the fields (due to the inter-
action M), fact that makes rather difficult to find the correct supersymmetry transformations in general.
We can introduce the off-shell multiplet if one defines the non-dynamical complex auxiliary field F'

according to
ow

9z

With such a definition, one can write the lagrangian and the supersymmetry transformations as

£ = —itb0™ 0t — |92l — T (0 + BP) — Mt + 270)

F* = = —(mz +\2?). (677)

+F*F + F(mz + A\22) + F*(mz* + \z*?) (678)
8z =V 2et)
o) = iV20mE Dz + V2 F |
OF = iV/2e6™ 00 . (679)

Notice that in (678) the complex bosonic field F' has no kinetic term, and it is therefore on-shell a non-
propagating degree of freedom. This is the reason it is called an auxiliary field. F' can be eliminated
from the lagrangian by its classical field equations, which leads to (677) and to the previous lagrangian
(671). There are three significant advantages of the formulation with an auxiliary field (678). The first
is that the supersymmetry invariance is valid off-shell, i.e. without using the field equations. The second
is that supersymmetry is realized linearly, i.e. as a linear map between the components (z, 1, F) of the
off-shell chiral multiplet. The third one will be manifest in the next subsection: such an action can be
constructed rather simply in a systematic way using the superspace and the superfield approach.

15.2 Superspace and superfields

There is a very convenient technical way of working with supersymmetric theories, in which space-
time coordinates z,, are extended to a higher-dimensional space including anticommuting, fermionic
coordinates. For minimal supersymmetry N = 1, a point in the superspace is (™, 0, 0), where 6 is a
two-component constant spinor and 6 its complex conjugate. A superfield in the superspace [82], [83]
can be defined as a power series expansion in 6, 6, which contains a finite number of terms, since 6% = 0
due to the grasmannian anticommuting nature of the spinor. The most general complex superfield one
can define is then

F(z™,0,0) = f(x)+0p(z) +0x(z) + 0*M(z) + >N (x) + 00™0 A, (2)
+ 020X(z) + 620¢(x) + 6%6*D(z) . (680)

The coefficients in the expansion are spacetime fields. If no special symmetry, there are (off-shell)
sixteen real bosonic degrees of freedom (f, M, N, A,,, D) and sixteen fermionic degrees of freedom
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(¥, x, A, €). One can clearly see that a superfield contains an equal number of bosonic and fermionic
degrees of freedom. Such a superfield is called unconstrained, since no condition was imposed on it.
Clearly a linear combination of superfields a.F; 4+ SF5 or a product of superfields F} F5 define another
superfield.

If one wants to represent supersymmetry transformations as in (668)
5 F(x2™,0,0) = (ieQ + ieQ)F (z™,0,0) , (681)

and map a boson into a fermion within the multiplet and vice-versa, one needs the supercharges @, Q to
act as differential operators in the superspace.
Since supersymmetry algebra can be seen as a Lie algebra with anticommuting parameters, one
can introduce the group element
G(z,0,0) = 77" Pmt0Q+0Q) (682)
Using the Hausdorff formula e?e? = eAtBH3IABI+ gng realizing that for our case there are no higher
order terms since [A, B] commutes with A and B, one finds for a product of such group elements

G("L{n, 01, él)G(ﬂjgn, 0, 92) = G(SL‘T + van + i@gamél — i@lomég, 0> + 601, ¢§2 + él) . (683)
Remember that for implementing spacetime translations on a field, one acts according to
6iaP

p()e " = p(z +a) =~ p(x) + ia™ Pup — Py = —i0p, (684)

where to find P,, we considered infinitesimal transformations. Similarly, in our case one can define the
supercharges as differential operators by implementing supertranslations in the superspace

eieQHgQ@(az, 0, éd)e_iEQ_ng = ®(2™ +i00™€ — icc™0,0 + €,0 + €)
~ (1 + ieQ + ieQ) ®(x, 0%, 6%) , (685)

from which by taking infinitesimal parameters one finds

0 0
0= —1—— — m 00[ , 6 = 1—— 90{ m N
Q 7 590~ Ca Om, Qs =1 BT + 40 (686)
By a direct computation one can check the anticommutation relations
{Qa, Qa} = —2i0030m , {Qa,Qs} ={Q4,Qs} =0. (687)

By taking the highest (§26%) component of (681) and using (686) one finds that the highest component of
a superfield always transform under supersymmetry into a total derivative. This fact will be at the roots
of the procedure to construct supersymmetric actions in what follows.

As we saw above, a general superfield has far more degrees of freedom compared to the simplest
supersymmetric representations that we constructed in the previous Sections. In order to find appropriate
superfields describing the simplest representations, the chiral and the vector multiplets, we should find a
way to reduce the number of degrees of freedom in a supermultiplet. This can be achieved by imposing
constraints on the superfields, which are stable under supersymmetry, to which we now turn.

15.3 Chiral superfields

A chiral superfield contains as off-shell components (z, ), F') and will be called ® in what follows. Let
us define the differential operators in superspace

0 _ 0
D R & D. = — _ QM
o= Hoa +iop. 9 Om & 505 10%0 .5 0m (688)
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which satisfy the anticommutation relations

{Da, Da} = =2i0040m {Da,Dg} = {Da, Dg} =0
and {D, or Dg, Qg or QB} =0. (689)

One will then impose the superfield constraint
Dg® =0. (690)

Due to the anticommutation relations in the last line of (689), the condition (690) is invariant under
supersymmetry. As one will see in a moment, the constraint will reduce the number of bosonic and
fermionic components in the superfield ®. In order to write the solution of the constraint (690), it is
simpler to make a change of superspace coordinates, from (2™, 6, 0) to (y™, 6, ), where y™ = 2™ +
ic™f. In the coordinates (y™, 6, #), the relevant operators and supercharges are given by

0 _. 0 _ o
Dy =—— +2i0"0%—— | Dsy=——=,
g T 0l 5 965
0 ~ 0 0
a=—ie— , Qa=i-—sr +20%"— . 691
Q 289"‘ Q 289°‘+ o By (691)
Since
Day™ = Dyb =0, (692)

any function of 7, @ in the (y™, 6, ) coordinates does satisfy the constraint (690). Its general solution is
therefore
©(y,0) = 2(y) + V204(y) + 6*F (y) (693)

or equivalently
v
V2

Notice that we recovered the degrees of freedom of the off-shell chiral multiplet (z, v, F') introduced in
the previous Section. Using the supersymmetry transformations on the chiral superfield

_ _ 1 - _
®(x,0,0) = 2(x) + i00™00,, 2 + 1929@ +V20¢(x) 0%0,,00™0 + 6°F . (694)

0B (y,0) = 0z(y) + V2050 (y) + 075 F (y) = i(eQ + €Q)®(y, ) , (695)

and the explicit expression of the differential operators in the (y, 6, #) coordinates, eq. (691), one recovers
the supersymmetry transformations eqs. (679).

It is often convenient to define the component fields through the relations
Bl=2 , D@ =V2¢, , D?® =—4F, (696)

where the symbol ®| means taking the lowest component of the superfield @, etc. Notice that if ®;
are chiral superfields, then the products ®;®; , ®;®;®;, are also chiral superfields and (®;P;)g2 ,
(®;®;Py)p2 transform under supersymmetry transformations into total derivatives. They can therefore
be used to construct supersymmetric lagrangians. However, as can be explicitly checked, such terms con-
tain masses and interactions, but not kinetic terms. On the other hand the non-chiral product ((I)Zr <I>j) 0262
being the highest component of a superfield, also transform under supersymmetry into a total derivative
and does contain kinetic terms. The most general renormalizable lagrangian constructed out of chiral
superfields is then

1 1
L= (@I‘I’i)ezgz + ()\ZQ’ + EmZJ(I)Z(I)J + g)\ijkq)iq)jq)k)GQ +h.c.| . (697)
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The function ) )
W(®) = \i®; + oM ®i®; + g)\ijkq)iq)jq)k (698)

is called superpotential. The restriction of at most cubic terms in the superpotential comes by requiring
renormalizability of the resulting lagrangian. By expanding the various terms one finds the component
lagrangian

o ma T 9 9 1 0*°W W

L= —io 8m’(/JZ‘ — yﬁmzﬂ + |FZ| + 28 3 wﬂ/J] F + h.c.| . (699)

The auxiliary field can be eliminated via its classical field equation

ow
F=—"0, (700)
02}
leading to the final lagrangian
o ma T 9 1 9*°wW
L= —i);o" Opp; — ‘amzz’ - 2 02 a wzw] +h.c. (701)

15.4 Vector superfields

A legitimate and important question for constructing supersymmetric extensions of the Standard Model is
how to introduce local gauge symmetries and to construct the vector multiplet containing the gauge field.
Let us first start with abelian gauge symmetries. It is intuitively clear that the usual gauge parameter o(x)
should be extended to a superfield. Chiral fermions like the ones in the Standard Model are naturally
incorporated into chiral multiplets constructed in the previous subsection. The supersymmetric version
of the gauge transformation 1; — e~"%%);, with g; the charge of the fermion v;, will then be of the form

d; — e A, (702)

called supergauge transformations, with A a chiral superfield containing as the real part of its lowest
component the gauge parameter . The superpotential will be gauge invariant if each monomial in (698)
is gauge invariant. This implies conditions on the abelian charges

ANi#0—=¢ =0, mij#0—2¢+¢ =0, XNjp#0—2>¢+q¢ +qg=0. (703)

The supersymmetric kinetic terms however are not invariant <I>;[<I>i — @Ieiqi(A—A)(IDi, in analogy with
the fact that standard kinetic terms are not invariant under local gauge transformations. The solution in
the non-supersymmetric case is the replacement of the derivatives 0,, with the covariant derivatives D,,.
Its supersymmetric version is to introduce a real vector superfield V = VT, transforming under gauge
transformations as

V =V +i(A-A) (704)

and changing the kinetic terms of the chiral multiplets according to the minimal prescription
o, - dletV @, (705)

such that the new kinetic terms are gauge invariant. The superfield expansion of the real superfield V'
can be parametrized according to

V(2™ 0,0) = C + iy — ifx + 392(M +iN) — EéQ(M - z‘N) —o™PA,,
+ i020(\ + " Omx) — 10%0(\ + am i X) + 9292(1) + DC) (706)
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In components, the gauge transformations (704) reduce to

C—C+ila—a*) , x—x+V2y,
M +iN —- M +iN +2F | A, — Ay + 0n(a+a”),
A=\, D—=D, (707)

where A(y,0) = a + v/20¢ + 6>F. There is therefore a choice of gauge, called Wess-Zumino gauge in
the literature, in which C, x and M + iN can be gauged away. In this gauge

_ _ __ _ 1 .-
V(z™,0,0) = —0c™0A,, + i0*0) — 620X\ + 592920 . (708)

The degrees of freedom in the Wess-Zumino gauge are (A, A, D), which are precisely the ones of the
off-shell massless vector multiplet we discussed in Section 15.1. Notice that in the Wess-Zumino gauge
the calculations are particularly simple, since

V2= —%92§2AWA’" ., V3=0. (709)

The supersymmetry transformations can be worked out with the standard formula §V = i(eQ + €Q)V.
In the Wess-Zumino gauge, one finds

§A,, = i(€T A\ — ATpme) ,
ON=1ieD + o™ el ,
0D = —ea™ O\ — O \oE . (710)

There is actually a subtlety. Whereas the Wess-Zumino (WZ) gauge still preserves the gauge symmetry,
the solution (708) in the WZ gauge is not preserved by supersymmetry transformations. The transforma-
tions (710) are actually a combination of usual supersymmetry transformations and a particular gauge
transformation

Vivg = i(eQ + &Q)Viyz +i(A — A) , where
A = —ifc™EA,, — 0*(EN) . (711)

Notice, in analogy with the chiral multiplet, that in the off-shell vector multiplet with the auxiliary field
D, the supersymmetry transformations are linear in the fields, whereas as one will see slightly later, they
become nonlinear on-shell, after eliminating the auxiliary field via its field equations. The compensating
gauge transformation (711) in the Wess-Zumino gauge changes also the supersymmetry transformation
of the chiral multiplets in (679). Indeed, the combination supersymmetry plus gauge transformation is
now

60" = i(eQ + €Q)P’ — ig; AD" , (712)

with A given in (711). The compensating gauge transformation changes the supersymmetry transforma-
tion (679) into the gauge covariant expressions

62t = V2et
ot = iV/20™ME Dy’ + V/2e FU
OF = iv/2e6™ D, + gt (EN) 2", (713)
where ) )
Dzl = Ozt — %inmzi . Dyt = O — %inmW . (714)

The next step is to find the supersymmetric generalization of the electromagnetic field strength F,,,;, =
OmAn — On Ap,. The corresponding superfield should be gauge invariant, it should contain F;,,,, in one of
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its components and should lead to the Maxwell kinetic term in the lagrangian. The correct choice turns

out to be the spinorial superfield

1_
W, = —1D2DQV . (715)

Gauge invariance can easily be checked, since D2D, (A — A) = 0 for a chiral superfield A. Notice that
W, is a chiral superfield itself, but not a generic one, since it satisfies the constraints

DgWa=0 , DW, = D W¢. (716)

The first constraint in (716) shows that W, is a chiral superfield, but the second constraint in (716)
reveals that W, is not an arbitrary chiral superfield, but a particular one. In the Wess-Zumino gauge and
in the (y™, 0, 0) superspace coordinate system, one gets

W = —ida(y) + [5§D —i(0™™) L Frn ()] 05 + 020, 8 2 . (717)

Since W, is a chiral superfield, one knows that (W W, )2 transforms under supersymmetry into a
total derivative, therefore it is a good candidate for a generalization of the Maxwell lagrangian. A short
calculation leads to

1
(WeWa)ge = —2iA0™OmA — ~F2 + D? 4 iemnlka”Flk . (718)

2mn

The lagrangian we are searching is therefore
1 a TaRRTL N\ oma vy L2 L2
1 (WWalgz + WaW%g2) = —iAd™ O\ — 1 Fmn+5D% (719)

The lagrangian of (an arbitrary number of) chiral multiplets coupled to the massless U (1) vector multiplet
is then

. 1 1 1
L = <<I>;f€qlv‘1)i>9 P + |:<4WaWa + A\®; + §mij<1)i<1)j + 3)\ijkq>i¢jq>k> + h.C.:| . (720)

02
As before, gauge invariance of the superpotential requires the conditions (703). For a U (1) gauge theory,
there is another possible gauge invariant term, called Fayet-Iliopoulos term:

Ly =26(V)gege = €D, (721)

which indeed according to (710) transforms into a total derivative.

A supersymmetric lagrangian can have two types of internal symmetries:

— Internal symmetries U commuting with supersymmetry, [Q, U] = 0. In this case, all components
of a supermultiplet have the same charge and the invariance of the action imposes the superpoten-
tial to be invariant

(2, )) = e74i% (2, 9) < Bl(x,0,0) = e Dy(x, 6, 6)
W'(@) = W(®) . (722)
— R-symmetries R which do not commute with supersymmetry, [@Q, R] # 0. In this case, com-

ponents in a supermultiplet have different charges and the invariance of the action imposes the
superpotential to have a definite charge

O =c20.0=c20 , W) =ePW(@,),

7
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Z = eiP 4, , = ei(”_‘g/z)ﬁ@bi < D, 5’) = ei”a@n(w, 0, 5) ,
A=A N =eFA & Wi (e, 0,0)=e% Walz,0,0). (723)

In the off-shell formulation, the auxiliary fields transform as
Fl=i=38p D'=D. (724)

Supercharges also transform under R-symmetries, implying the commutation relations

3ip

@=cQ , RQ=-20
Q=c7q , [R,Q]ZSQ. (725)

The superpotential will transform appropriately to make the lagrangian invariant if each term in it
has the R-charge equal to three

AN#O0—>r; =3 mij#0—>ri—|—rj:3 R Aijk#0—>ri+rj+rk:3. (726)

16 Supersymmetric gauge theories

We are now ready to discuss the supersymmetric generalization of Yang-Mills theories, the analog of the
Higgs mechanism in supersymmetry and the spontaneous breaking of supersymmetry. One can anticipate
from supersymmetry transformations that the gauge couplings will also determine some scalar-fermion-
fermion interactions and some quartic scalar self-interactions. Consequently, the whole scalar potential
will be determined in terms of gauge couplings and Yukawa couplings, fact that will have important
consequences for the Higgs sector in the supersymmetric extensions of the Standard Model.

16.1 Super-QED, symmetry breaking and super-Higgs mechanism

The supersymmetric extension of QED [87] contains an electron of charge e, the corresponding scalar
superpartners, a U (1) gauge field A,,, and its fermionic superpartner, the gaugino. The on-shell multiplet

structure is p
[ A+ [ A= . m
=) =G =) e

where the corresponding superfields . are chiral, whereas V' is a real vector superfield. As already
discussed, off-shell the chiral multiplets contain complex auxiliary fields Fly and the vector superfield
contain a real auxiliary field D.

In superfield notation, the super-QED lagrangian is given by
1
Lsorp = /d49 (@Le2€vq>+ + <I>T_e*2€VcI>_) + {/d20 (4Wawa + m<I>+<I>_> + h.c.} . (728)
Notice that since a Dirac electron is described by two Weyl fermions, the corresponding superpartners

(four real degrees of freedom) are assembled into two complex scalars zy,z_. In components, the
lagrangian amounts to

Lsorp = —|(Om + ieAn)z > — (O — ieAm)z—|* — Y1 0™(i0m + eAp )y — Y0 (10 — €A )P

1 - 1 o
—ZFﬁm — AT O\ + | F|? + | F-|* + 5D2 —m(Pph_ +Pyb ) +m(zy F- + 2 Fy +he.)
—iV2e(24 94 X — 25 A — 2 b A+ 25 N +e|zy P — [ P)D
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Elimination of auxiliary fields lead to
Fo=-mz* | Fo=-mzi, , D=—e(le]*—|2-}). (730)

Inserting back into the lagrangian, one finds the final lagrangian

Lsorp = —|(0m +ieAp) 21 |? — |(Om — ieApm)2—|* — 4 0™ (10m + eAp)thy — h_0"(i0m — eAm )1

1 . o
_ZFT%m — iAo I A — (- + Pipo) = mP (|24 + [z )
2

—iV2e(24 Py X — 22PN — 2o X+ 2P N) — %

(2 = o).

The ground state has zero vacuum expectation values (z1) = (z_) = 0, therefore the gauge symmetry
remain unbroken. The electron and its scalar superpartners have all an equal mass m. The corresponding
massive multiplet has the same content as a hypermultiplet of N = 2 extended supersymmetry. The
interactive part include gauge and Yukawa interactions as well as scalar self-interactions, all governed
by the unique, dimensionless, gauge coupling.

Let us now turn to the Higgs mechanism in minimal N = 1 supersymmetric theories. Remember
that in abelian gauge theories, a U (1) gauge field A,,, combine with a charged scalar ® = (¢1 + i2)v/2
which breaks spontaneously the symmetry. The pseudoscalar ¢ is providing the longitudinal compo-
nent of the massive gauge field, whereas ¢; is a physical massive scalar, the Higgs boson. In N = 1
supersymmetry, one gets schematically

; Ap+ 2

— Z1tizo m 2

<AAm> + (Z V2 > — 2 , (732)
v At

where )\, form a Dirac fermion and all particles in the supermultiplet have the same mass m = ev,
where v = (z1). One model which realizes the super-Higgs mechanism can be obtained starting from
the super-QED action with massless particles and adding a Fayet-Iliopoulos term of parameter £, chosen
without loosing generality to be positive. The resulting lagrangian, after elimination of auxiliary fields,
is given by

Lsqoep = —|(Om + ieAp)ze|* — [(Om — ieAm)2—[* — Y1 0™(i0m + eAp )Py

—tp_ 0™ (10 — eAp)ih_ — g2 INT O\

4mn

2
(lz > = 2= > + &) (733)

—ivV2e(23 04 A — 2N — 2o A 2P \) — %

The lagrangian (733) has a particularity which is rather recurrent in supersymmetric theories: the ground
state is not unique and has actually a continuous flat direction, |(z4)|*> — |(z_)|? + & = 0 along which
the scalar potential vanishes. The existence of a flat direction implies that there is a massless scalar
particle associated to quantum fluctuations along it. The physics for any choice of the vacuum is however
identical, so one choose a particular value (z_) = v = /¢, (z4) = 0. Parametrizing z_ = %em/ v and
expanding the lagrangian up to the quadratic order, one finds the mass terms

1 - eZy?

Lmass = =5 (Omn + evAp)? Fiev(h X — 1 _\) — ThQ : (734)
One has therefore a massive vector multiplet with m4 = my,_,5 = mj = ev and one massless chiral
multiplet m,, = my, = 0. The existence of the massless chiral multiplet is due to the flat direction of

the theory, as explained above, and to the fact that supersymmetry is unbroken in the vacuum.
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16.2 Supersymmetric Yang-Mills theories

We turn now to the construction of non-abelian supersymmetric gauge theories. Similarly to the replace-
ment of gauge fields by matrices, we construct matrix valued vector superfields V' = V,, 7% and similarly
for the gauge parameters A = A,7T*. Chiral matter superfields ®, containing components ®; transform
in various representations of the gauge group. For example, if they are in the fundamental representation,
they transform like

D e | df o @l (735)

A kinetic term ®Te29V @ is invariant if
29V s gTiA 29V giA (736)

By extending the usual adjoint representation transformation of the Yang-Mills field strength, one has to
define a chiral superfield containing £}, transforming as

W, — e MW, et | (737)

such that tr(W*W,,) is gauge invariant. The correct definition turns out to be

1_
2gWo = —ZDQ(e_ngDaeQQV). (738)

In the Wess-Zumino gauge the vector superfield is
Ve(x™, 0,0) = —c™IAL, + 020X — i02O\ + %925217“ . (739)
and the chiral superfield field strength reduces to
W, = —%DQDQV + %DQ[V, DoV]. (740)
Its component expansion in superspace coordinates (y, , 6) turns out to be
Wa = —i)d + [5§D“ — (™) fF;gn} 05 + 020, Dy AT (741)

where
Ff, = OmAfy — 0 Ay — gf ™AL A DA = 0 X* — gf*A) N (742)

and where f;. are the structure constants of the nonabelian gauge group. The most general lagrangian
describing the interaction of a matter chiral multiplet ®° = (2%, %, F") with the Yang-Mills supermulti-
plet is described by the lagrangian

L= /d49 o2V o 4 (/ d?0 [itr(wawa) + W((I))] —i—h.c.) : (743)

If there are U(1) factors, one also add Fayet-Iliopoulos terms 2§,V ®. In components, one finds the
component lagrangian

A A _ 1 -1
L= —|Dpnz')? — i)' c™ Dyl + |FY? — Z(Fgm)2 — i\ Dy X" + S D D"
_ o o 1 82W . . 1 W - _
s a . a Z{ J - * a ] ya = (N - . .
V29N (T 27 + iv/2g25 (T A 59970 — 5 527 az;wzwj
zaW R 8W */aNg i a a
+F +Fi7822< +g§a:zj(T /2D + ¢,D% (744)
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where summation over repeated indices are implicit and
Dz’ = Oz’ +igAL (T*)52) | Dyt = Optp’ + igAl, (T*) 507 . (745)
The auxiliary fields are determined algebraically by their classical field equations
oW
0zf

)

Fl =

, D" =gz (T — ¢, (746)

where as just mentioned above the Fayet-Iliopoulos terms £ only exist for for abelian generators. After
elimination of the auxiliary fields F**, D®, one finds the component lagrangian

) _ 1 _
L= —|Dpz'|* — ith;c™ Dypib; — Z(Rf;m)2 — XD\

_ o o 1 02W . . 1 0*W - -
_ a,l . a\? ,J - * aj'za_i (N Y NN
V29" (T)527 + iv/2925 (T*) A 597950 ¢ 28z;82;¢1wj
oW g * 3,412
|57 - 2;[2]. (T2 (747)
Supersymmetry transformations in the Wess-Zumino gauge are given by
62" =V 2et
St = iV/20™E D2t + V/2e FP
SF" = iV2e6" D)’ + 2ig(T*)527eN”
§A% = i(EG,, A" — NGpe)
ON* = ieD* + oc™"eFy,
6D* = —ec™ Dy A* — Dy N0 "€ . (748)

Notice that in this gauged case auxiliary fields F* and D® do not transform anymore into total derivatives,
for D this happening only in the nonabelian case. This implies in particular that, unlike the abelian case,
Fayet-Iliopoulos terms are not gauge invariant in the nonabelian Yang-Mills case. The most general
renormalizable superpotential is again of the form (698), where only gauge invariant operators should
be considered, analogously to the abelian case in (703). The scalar potential, defined by the last line in
(747), can be written in terms of the auxiliary fields (746) as

7

. 4 1
V(' 2) = |FP + 3 > DD, (749)

Notice that, in analogy with the abelian super-QED example discussed previously, gauge couplings gov-
ern also some Yukawa couplings of charged fermions and quartic interactions for charged scalars. As a
final remark, notice that in searching for supersymmetric vacua, there is no need to solve classical field
equations for scalar fields. Indeed, if a solution to the equations

Fi=D*=0, (750)

which are equations for the scalar fields, does exist, then it is automatically an extremum of the scalar
potential. Since the corresponding vacuum energy is zero, whereas any solution breaking supersymmetry
has positive energy, such a solution is a stable minimum. Supersymmetric vacua are then easier to find
compared to an arbitrary non-supersymmetry theory, since using the explicit form of auxiliary fields
(746), it is relatively easy to find supersymmetry minima, if they exist, or to prove that supersymmetry is
broken, in the case where (750) have no solution.
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16.3 Exact results: the non-renormalization theorem, exact beta function

Supersymmetric theories have very special UV properties in perturbation theory. There are only loga-
rithmic divergences, in particular there are no quadratic divergences to scalar masses. This is due to a
special property: the superpotential is not renormalized in perturbation theory [98] . This could be un-
derstood heuristically with the following argument [84], [85]. In the superpotential of a theory of chiral
multiplets ®* and couplings g%, W (®*, g%), it is convenient to consider the couplings g as background
(non-dynamical) fields. One furthermore postulate the following assumptions:

— Consider the larger set of symmetries of the theory by assigning transformation rules to the back-
ground fields g*
— The superpotential is holomorphic in the couplings/background fields, i.e. it does not depend on

—a

g
— The superpotential can be analyzed at weak coupling, where one knows the perturbative results.

The simplest example at hand is the Wess-Zumino model, with tree-level superpotential

A
Wo = %@2 + 500 751)

By considering the couplings m, A as background fields, the model has two relevant symmetries

U(l) | x U)r
P 1 1
m -2
A -3 -1

The symmetries above and the holomorphy of the superpotential restricts the exact superpotential to be
of the form \D
m
Wesacr = 5 @*f(2 = ). (752)
m

We know the result in the weak-coupling limit, so let us take the limit A — 0, m — 0, with fixed ratio.
In this limit Wexact — Wo and therefore f(z) = 1 4+ %z However, z is arbitrary in this argument and
therefore this perturbative value of f(z) is exact to all orders in perturbation theory.

After quantum corrections, the general lagrangian describing the interaction of a matter chiral
multiplet ®° with the Yang-Mills supermultiplet is described by the lagrangian

1
Ly = /d49 Z o1V 4 (/ d6 [4 S tr(WOWe) + W@,g“)] +h.c.> : (753)
Iw
If this effective action is defined by integrating out heavy degrees of freedom from a UV scale M
down to a scale p, it is called Wilsonian action. In this case, the Wilsonian gauge coupling gy is also
holomorphic. It experiences also a non-renormalization theorem, that states that it is only renormalized
up to one loop. This means that the one-loop running of the gauge coupling
1 1 3T(G)—T(R), M

— - =, (754)
gi(n) gy (Mo) 8 p

has no higher-order corrections and is exact in perturbation theory. In the formula above TrgrTATB =
§4BT(R) defines the Dynkin index in the gauge group representation R. The effective action obtained by
integrating over all momenta, on the other hand, is different. In particular, the physical gauge coupling
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is non-holomorphic and its beta function has contributions from all orders in perturbation theory. Its
evolution with energy is governed by the equation [86]

L1 Tw) <M0> _3T(G) (MO [92(“)}3 7 (755)

D A T 82 po| g

where the additional factors of Z and ¢g?(u) in eq. (755) can be understood by the rescalings of the
matter fields and the gauge fields due to renormalization effects. Taking the derivative of the physical
coupling with respect to In p in eq. (755) defines the beta function. One obtains the all-loop exact beta

function [86]
g° 3T(G) —T(R)(1 - r)

Blg) = — ; (756)
)= ~162 1-T(G) &,
where 910 Z
n
YR = — 9in j (757)

is the anomalous dimension of the chiral field ®, transforming in the representation R of the gauge group.

On the other hand, it is well-known that non-perturbative effects can generate a superpotential, but
we will not discuss such effects in these lectures. The non-renormalization theorem is therefore valid in
perturbation theory.

16.4 Spontaneous breaking of supersymmetry

If supersymmetry is an exact symmetry of nature, it predicts equal masses for bosons and fermions in the
same multiplet. In particular, there should exist massless fermionic superpartners of the photon (photino)
and of the gluons (gluinos), and light scalar partners of the quarks (squarks) and leptons (sleptons), which
is excluded experimentally. It has therefore to be a broken symmetry. There are various reasons to believe
that in the ultraviolet, supersymmetry is a local gauge symmetry, in which case the breaking should be
spontaneous. From the Goldstone theorem one knows that the characteristic signature of a Goldstone
boson 7 is its non-linear shift under symmetry transformations of parameter o, 61 = va, where v is the
order parameter (vacuum expectation value) of the symmetry breaking. The mapping between a usual
global symmetry and supersymmetry goes as follows:

bosonic global symmetry N =1 global supersymmetry
symm. transf. parameter a SUSY transf. parameter ¢ (spinor)
Goldstone boson n Goldstino n*(fermion)
V.ev. v (F") and/or (D?) . (758)

The reason for identifying the auxiliary fields with the order parameters for supersymmetry breaking is
transparent from the transformations of the fermions in (748). Taking the vacuum expectation value in a
Lorentz invariant vacuum, one finds

(60Y) = V2e (FY (6AY) = ie(DY) (759)

and the analogy with the transformation of Goldstone bosons leads to the identification of auxiliary
fields with order parameters for supersymmetry breakdown. Let us now turn to the Goldstone theorem
in supersymmetric theories. In analogy with the usual Goldstone theorem, one has two cases:

Q4/0) =0 — unbroken supersymmetry ,
R4]|0) #0 —  broken supersymmetry . (760)
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Notice that from the supersymmetry algebra, one can express the hamiltonian in terms of the super-

charges
1 ~ _
H = 4 Z (Qa@a + QaQa) ) (761)

a=1,2

where in (761) one didn’t use the Van der Waerden notation. Both from (749) and (761) one finds
therefore that if supersymmetry is unbroken, the vacuum energy is zero, whereas if supersymmetry is
broken vacuum energy is positive. In global supersymmetry the origin of vacuum energy is actually a
convention, since a pure constant in the lagrangian is invariant under supersymmetry. The convention
widely used is to ignore a pure constant in globally supersymmetric lagrangians. In its local version,
supergravity, it turns out that a constant is actually not invariant anymore, whereas it is still true that
supersymmetry breaking adds a positive contribution to the vacuum energy.

The minimization of the scalar potential can be written as

ov - O*W ;
— _FJ _ anatiayd
9. = F 921047 gD%z; (T*); =0. (762)
On the other hand, the gauge invariance of the superpotential gives a second equation
5Wi—aW'“T“j—o — BTzl =0, 2H(T*)F =0 763
() = G ria®(T)j2) = (T2 =0, 2H@F =0 (763)
One can group the two equations into the matrix form
PPW ; T J
( i Db) 9:707 —iV29%(T")7 _ (0 0). (764)
VBT )\ —iv/agel (1Y) 0
On the other hand, the fermionic mass matrix can be found from the quadratic part in the lagrangian

L =

1 aQW i 1.J . *aNg iy a
~5 509 VY V202 (T ¥

_ Loy e iV (W)
=5 AW;N%JGW 0 ol - (765)

Therefore, if (F*) = (D®) = 0, there is no constraint on the fermionic mass matrix. On the other hand,
if (F%) # 0 or (D%) # 0, there is an eigenvector of the mass matrix with zero mass, called Goldstino,
whose expression is

1 1
=T NG
where the scale of supersymmetry breaking F is defined as F? = (| F*|? + %D“Da). Notice the connec-
tion between F' and the vacuum energy at the minimum Vy = F'2. Taking into account the Goldstone and
Higgs theorem, one have four different cases for the breaking of a gauge symmetry and supersymmetry,
which are displayed in Figure 26.

n=—((FY' +—(D"\"), (766)

Notice that a general problem for global supersymmetric models is the existence of a massless
fermion, the goldstino. If it is charged under Standard Model gauge symmetries, this is certainly excluded
by particle physics experiments and cosmology. If it is a gauge singlet, one must ensure that its couplings
to the Standard Model fields are very suppressed. Even in this case, a massless fermion is in general
excluded by cosmological considerations. In supergravity, on the other hand, the Goldstino is absorbed
by the partner of the graviton, the spin 3/2 gravitino, which is massive after supersymmetry breaking.
Indeed, a massless spin 3/2 gravitino has two degrees of freedom (helicity states +3/2), whereas a
massive spin 3/2 gravitino has four degrees of freedom (helicity states +3/2,+1/2). At low energy,
the global supersymmetric limit is in most cases a good approximation, modulo some effects that we
will comment later on, whereas the goldstino should be understood as the longitudinal component of the
gravitino, in the super-Higgs extension of the usual Higgs mechanism.
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Fig. 26: The four different cases for gauge and supersymmetry breaking.

16.5 D-term breaking: the Fayet-Iliopoulos model

The Fayet-Iliopoulos model [88] is the first example proposed in the literature with broken supersymme-
try. It has the super-QED lagrangian for a massive charged fermion and its scalar superpartners, to which
one adds a Fayet-Iliopoulos term

Lr1 = Lsqep(m) +£D . (767)

In superfields, the lagrangian is

1
Lsoep = /d40 (qﬁe?evm + ol e 2V 4 ng) + {/d29 <4WO‘WQ + m<I>+<I>> + h.c.} ,

(768)
whereas in components and after elimination of the auxiliary fields, it is given by

Lrr = —|(Om + ieApm) 2z > = [0 — ieAm)z_|* — Yy o™ (i0m + €Ay )by
. - 1 \ ma 1 - -
0 (10— €A — L FR, X0 0 — ml b ) — (|2 [z

—iV2e(24 04 X — 25N — 2 p N+ 25 N) — % le(lz4? = |2 ®) + 5]2 . (769)

The scalar potential is
1 2
V(zg, 22) = m* (|l + |2 ) + 5 [e(l24* = [2-1*) + €] (770)
and the auxiliary fields are given by

D= —e(lz ] — 2-) = €,

Fi=-mz* | F_=-mz]. (771)
As easily checked, there is no solution satisfying (F;) = (F_) = (D) = 0. Supersymmetry is there-
fore necessarily broken. Let us take by convention £ > 0. There are two qualitatively different cases,
depending on the relative values of the parameters of the model:
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e m? > ef. In this case, the origin with zero vacuum expectation values is the global minimum

of the scalar potential, therefore (Fy) = (F_) = 0, (D) = —¢ . The gauge symmetry remains
unbroken, whereas supersymmetry is broken, with a vacuum energy V' = £2/2. This corresponds
to the upper-right figure in Fig. 26. The spectrum of the model in this region of parameter space is

Z+ : mass squared m? + e€ , z_ : masssquared m? — e€ , Yi : massm,
Ay, A massless . (772)

Since (0A) = ie(D) # 0, the Goldstino is the gaugino A, which is compatible with the fact that
the gaugino is massless in this case. Notice that one of the scalars z_ is lighter than the fermions
1+, whereas the other scalar z, is heavier, such that one gets the sum rule m? Lt m? = mep.

e m? < e£. In this case the scalar z_ has a tachyonic mass at the origin, in which case one expe-
riences gauge symmetry breaking, in addition to supersymmetry breaking. The vacuum structure,
determined by the minimization of the scalar potential, gives

v e*v? 9
(z4)=0 <z,>:\ﬁ,where 5 +m”—e£=0. (773)

Notice that in this case (F_) = 0, (F.) = —(mwv)/v/2, (D) = —m?/e. By shifting the vacuum
according to z_ = (v + ¢1 + i¢2)/+/2, one finds the quadratic part of the lagrangian

2,2 2,2
£® = —%AmAm —om2|z |2 — %ﬁ
(Y- +Pyo) —dev(YX —Y_X) . (774)
From this mass matrix one finds the physical masses mg4 = mgy, = ev, m,, = V2m. The
fermions lead to a Dirac mass structure —m,;1)11)2, where
1
my =vVm2+e2? | pr=9Y_ | Y= —————=(mih; +iev)). (775)
m? + e2v?

The scalar ¢» is absorbed by the gauge field A,, according to the Higgs mechanism, whereas the
massless Goldstino is defined to be orthogonal to 12, giving therefore

1
= vVm?2 4 eZp?

which is also equivalent to the general formula (766). For phenomenological reasons, the abelian
symmetry above cannot be the hypercharge U (1)y of the Standard Model, but an additional gauge
symmetry U (1) x. The reason is that charged scalar fields get contributions to their masses from
the auxiliary field D, given by

(m\ —ievipy) , (776)

om? = X;(D) , (777)

where X is the U(1) x charge of the multiplet containing the scalar, for example a quark or lepton
multiplet. Since in the Standard Model there are fields with hypercharges of both signs, some of
them will inevitably be tachyonic, breaking spontaneously the color or the electric charge, which
is forbidden phenomenologically.

This case of gauge and supersymmetry breaking corresponds to the lower-right figure in Fig. 26.

There is a useful definition for considerations of supersymmetry breaking and for the computation
of quantum corrections

Str M? = (1Y (2j + )TrM; = TrMg — 2T M), My 5 + 3T M3 (778)
i
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where j is the spin, M is the scalar mass matrix, M/, is the spin 1/2 Weyl fermionic mass matrix,
whereas M is the mass matrix for the spin 1 gauge fields. Intuitively, StrM? measure the average
masses for the bosons minus the average masses for the fermions. Notice that in both cases discussed
above, StrM? = 0, fact that generically creates problems with the requirement of raising the mass of
the superpartners compared to the particles in the Standard Model.

16.6 F-term breaking: The Fayet-O’Raifeartaigh models

In the basic Fayet-Iliopoulos model, supersymmetry was broken in the presence of gauge interactions.
It is actually possible to break supersymmetry even in the absence of gauge interactions, in models with
only chiral multiplets. The corresponding models are called of Fayet-O’Raifeartaigh type or F-term
breaking models. There are several versions of the Fayet-O’Raifeartaigh (O’R) models [89], [90]. The
simplest such models have three chiral multiplets, with a superpotential of the type

W = @1 f1(P2) + P3f2(P2) , (779)

with f1, fo two holomorphic functions whose zeroes are at different values of ®,. This will have as
consequence that the auxiliary fields

—F = fi(z) , —F3= fa(2) (780)

cannot vanish simultaneously and therefore supersymmetry is necessarily broken. One particularity of
O’R models is the existence of a flat direction. Indeed, the scalar potential is given by

V = 1f1(22)]> + | fa(22)* + |21 f1(22) + 231 (22)]* . (781)

It is then clear that only a linear combination of z; and z3 is determined by the minimization, whereas
the orthogonal direction remains flat, implying the existence of a massless scalar at tree-level. Quantum
corrections will lift the flat direction, give a mass to the corresponding scalar and determine the quantum
ground state.

Two renormalizable examples of O’R models are

Wi = hlq)lq)g + (I)g(hgq)% — )\2) ,
Wy = m® Oy + $3(ha®2 — \?) . (782)

Let us discuss briefly the second model in (782). Its (tree-level) scalar potential
Vo = m?| 20| + |hozs — N2|? + |mzy 4 2hozo23)? (783)

determine its (valley of) minima depending on the parameter range. For m? > hoA?, the minimum is at
the origin and supersymmetry is broken since (F) = —A% For m? < hoA?, the minimum is displaced
from the origin and therefore both (F7), (F3) # 0.

Both Fayet-Iliopoulos and Fayet-O’Raifeartaigh type models have continuous R-symmetries. For
the FI model, up to gauge transformations, one can choose Rg, = 3, Rp_ = 0. R-symmetry is not
spontaneously broken in the ground state. For the O’R models, one can choose Ry, = Re, = 3,
Ry, = 0. R-symmetry is also unbroken in the ground state. The existence of an unbroken R-symmetry
implies inevitably the vanishing of a Majorana gaugino mass — (M /2)A\. Indeed, since the gaugino
transform under R-symmetry according to (723), a gaugino Majorana mass cannot be generated at any
order in perturbation theory. More refined models are therefore needed in order to produce a realistic
particle physics spectrum. As one will see in the next subsection, the problem is actually quite difficult
to solve.
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16.7 Tree-level mass formulae, problems of renormalizable supersymmetric extensions of the
Standard Model

It is important in understand general features of supersymmetry breaking in renormalizable extensions
of the Standard Model, without discussing particular models. In such models, the observable sector
containing the Standard Model particles and superpartners interact via renormalizable interactions with
a sector breaking supersymmetry. Supersymmetry breaking could happen at tree-level, as in Fayet-
Iliopoulos and Fayet-O’Raifeartaigh, or it happen via nonperturbative dynamical effects, as put forward
by Witten in 1981.

Of particular relevance is the mass of the superpartners, therefore in what follows one enters in
more details of the masses of scalars, fermions and gauge fields in generic supersymmetric models. The
goal is to understand if it is possible to raise the mass of the superpartners compared to that of the
Standard Model fields, especially taking into account the current LHC bounds on superpartners, of the
order of 2-3 TeV. Realistic models should therefore satisfy

Msuperpartners -2 MSM particles - (784)

The first logical approach is by studying the tree-level masses. Let us first of all introduce some simpli-
fying notations

ow . oW

'/]/4 — ‘/‘/’L [
T Gzi ) - azj etc )
oD° . . 9D® o
Di=—4r= —gzl(T*)] . D% = rr —g(T*)2" . (785)

2

With this notation, and with the usual implicit summation convention, the scalar potential (749) is
V(' 2) = W + %D“D“ . (786)
We will be in particular interested in the supertrace of the mass matrix in (778).
In this notation, the vector mass matrix is given by
(M) = 2g2 (21 T°Tb2) = 2(D¢DY)  —  3Tr M3 = 6(DID™Y) . (787)
The fermionic mass matrix in (765) in this notation reads

o (W) iV2A(DY)

Scalar mass matrix in a complex basis is defined according to

) — =2 M My = —2(WU W) — 8(DED™) . (788)

| i (ororr) (o)
Escalar masses — _5 (Zz Z;) M% <Z'Il€> R where M2 = 8;2%’“ ;2‘/2 . (789)
i <8228z£ > <8z;821 >
One finds )
oV —ij ; ;
TrM3=2(-——) =2 (<mjw“ + DID% 4 Da(Da);>) . (790)
02'0z;
Putting the three pieces together, one finds
StrM? =23 (D)(D")i) = =2 ga(DTrT*, (791)
a a
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where in (791) we reinstalled the sum over the gauge group generators 7“. One can pause to make some
comments here. First of all, a non-zero value for Str M? implies, according to the Coleman-Weinberg
effective potential, that there will be quadratic divergences for charged scalars masses at one-loop. This
is the only exception to the absence of quadratic divergences in supersymmetric theories, arising when
there are abelian generators with 771 # (. On the other hand, most of the contributions to the masses
are supersymmetric, i.e. the same for bosons and fermions. Supersymmetry breaking contributions are
easily identifiable as being proportional to auxiliary fields. It turns out then that fermions and spin 1
masses are completely supersymmetric, whereas the only supersymmetry breaking contributions to the
scalar masses are contained in the terms

M% = (M%)SUSY + (M(%)susy—breaking ) where

(M§)susy = (WauWWJ* & DED™) (D7 D)
<DazDal> <Wk:7jWZl + DgDal> ’

(792)

(M%)susy—breaking = <<Da(DQ)§> <Wilel> ) .

W'Wi) (DYDY

e Let us consider first the case of F-breaking, like in O’R models, (F;) # 0, (D?) = 0.

In this case, StrM? = 0. Taking into account the off-diagonal form of the supersymmetry-

breaking terms in (792), one can anticipate negative contributions to the mass squared for scalars.

By defining 2 = (A; + iB;)/v/2, one finds the supersymmetry-breaking mass contributions

_%<W”ka> [A;A; — BiB; — i(A;B;j + A;B))] + hoc. = (Wi Fi) (— AiA; + BiB;) , (793)

where in the last equality we considered for simplicity real values for (W3 Fy). This means
that the real scalars A; get a positive contributions and B; get an equal but negative contribution
(or vice-versa, depending on the sign of (Wiijk)). Such a spectrum is not realistic for scalar
partners of quarks (the squarks) and leptons (sleptons). Indeed, for light quarks and leptons, the
corresponding squarks and sleptons would become tachyonic in this case, breaking spontaneously
the color and the electric charge.

e Let us now consider D-term breaking, like in some parameter range values in FI models, (F;) = 0,
(D) 0,
In this case one can get StrM? # 0 if TrX® # 0, where X are the abelian gauge group
generators. The supersymmetry-breaking contributions to the scalar masses are

294(D) 2" (T*)] 2] = 29, (D*) X¢|2'? = go (D) X{ (A2 + B) . (794)

This case would be realistic if all charges would have the same sign. This would require in particular
TrX® # 0. However, construction of realistic models of this type is complicated due to the cancellation
of gauge anomalies. Indeed, in order to transmit supersymmetry breaking at tree-level to the observable
scalar superpartners of quarks and leptons, the corresponding multiplets have to be charged under the
new U(1)x gauge symmetry. Due to the D-term mass contributions of the type (777), one would need
that all observable fields have the same sign of the charge, in order to avoid tachyons. Anomaly cance-
lation would then imply adding additional exotic charged fields of opposite charge cancelling the gauge
anomalies, which get additional contributions to their mass from F-terms. While there is no no-go theo-
rem stating the impossibility of constructing such a model, there is no known realistic model constructed
along these lines up to date.

Gaugino masses are another problem for building realistic supersymmetric extensions of the Stan-
dard Model. Indeed, if O’R models above are coupled to gauge theories, the fields ®; are gauge singlets
and therefore there will be no gaugino mass generated in perturbation theory. In FI models, if the gauge
symmetry is broken, as we saw in (775) gaugino pairs to form a Dirac mass, but due to the reasons
discussed above it is difficult to construct realistic models.
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17 General supersymmetric theories, soft breaking terms

The difficulty of generating a realistic spectrum with only renormalizable interactions require for more
sophisticated avenues for model building. There are generically two classes of solutions in order to
reconcile supersymmetry breaking with phenomenology:

— Using non-renormalizable interactions

The most elegant example in this class is called Gravity mediation [91], in which the sector break-
ing supersymmetry, called hidden sector in what follows, couples to the observable sector only
through non-renormalizable interactions generated by the coupling to gravity. One can find quali-
tatively the correct pattern of supersymmetry breaking terms at the level of global supersymmetry,
by parametrizing the hidden sector fields by superfields with no dynamics (i.e. no kinetic terms)
but with non-vanishing values for their auxiliary fields. The effects of supersymmetry breaking are
captured by supersymmetric couplings of spurions with the observable sector, typically not renor-
malizable. They are suppressed by a heavy mass scale, called M in what follows, which equals
the Planck mass Mp in the case of supergravity.

— Gauge mediation

In this case the mass scale M < Mp and the couplings between the spurion hidden sector fields
and the observable fields are generated through standard field theory loops [92].

The hidden sector generically breaks supersymmetry dynamically, by nonperturbative dynamics,
whose understanding is improved compared to non-supersymmetric theories due to holomorphy
and non-renormalization properties in supersymmetry. Therefore in both cases of gravity and
gauge mediation, one needs to go beyond perturbative renormalizable interactions.

17.1 Beyond renormalizable interactions

General non-renormalizable supersymmetric theories turn out to have a beautiful mathematical structure,
related to so-called Kahler geometry and corresponding manifolds [94]. Kahler manifolds are complex
manifolds in which coordinates are complexified z¢, 2/ on which is defined a real function called Kahler
potential K (2%, 2/). The metric on a Kahler manifold is

K

i 795
024077 (795)

9i5 =
which is manifestly invariant under the so-called Kahler transformations K — K + h(z*) + h(z), with
h a holomorphic function of the coordinates z*. Usual reparametrization invariance in general relativity
is replaced by holomorphic reparametrization of the coordinates z%. Such a metric satisfies conditions of
the type
agij . agkj
ozk 9z
It is easy to check that the only non-vanishing components of the connection are purely holomorphic and
purely anti-holomorphic and given by

(796)

T =g"0g; T = 9" . (797)

In analogy with general relativity, one can define a Kahler covariant derivative, which define tensors
which preserves the holomorphic structure of the manifold. For example, if V; is a vector field with a
holomorphic index ¢, then

ViV =0V, TV , ViV =0V . (798)

2 K3
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One can define the Riemann tensor of the Kahler manifold in the same way as in general relativity

Vi, ViV = R Vi [V, VilVi = Rip Vi (799)

The Kahler metric is used to raise and lower indices, for example
Vi=g9V; . Rgg=gRY,, etc. (800)

It can then be checked by an explicit calculation that the only non-vanishing components of the Riemann
tensor are R;5;; and its complex conjugate. Moreover, from the usual definition of the Riemann tensor,
one finds

pe _ 00 a0 0 9,
ik = 520 5z 9k — 9 92 Imi D20 Jki = Gmi a7 ko
R = —Rigne = —Rjier = Ry, - (801)

Expressed in terms of the derivatives of the Kahler metric K’;; and its inverse K i the connection and
the Riemann tensor are given by
k _ poklzr _ R npr
Let us now come back to the supersymmetric lagrangians and start first with only chiral multiplets

®?. The most general non-renormalizable lagrangian describing their supersymmetric interactions is of
the form

L= /d4¢9 K(®',®7) + (/ d?0 W (oY) +h.c.> : (803)

where the real function K (®?, &) is called Kahler potential and W is the superpotential. Reality of K
means K (&%, ®7) = K (P, d7). Whereas in renormalizable theories, K = ®®? and W is at most
cubic in the fields, no restriction on their form will be made in this section. Notice that such models have
intrinsic mass scales, which will be implicit in what follows. For convenience we will use the notations

2
Ki:%7 ij — 8'K7"
0zt T 02107
: _
Wi W oy~ IV I e (804)

920 02'0z7 7 Y Pz

In order to find the component lagrangian, by using the superspace techniques, one expands the super-
potential and the Kahler potential to their highest components

/d29 W(®) = F'W; — %WWWU ;
/ 449 K (0, V) = K: (—amziamzi — pIGM Dy + FF3>
~ S KT gt — KL FGgR + LK g il (805)
where we defined the Kahler covariant derivative
Dyt = Optp + Ty Ozt (806)

which preserves the holomorphic reparametrization of the contravariant fermion ¢, Adding the two
terms together in (805), one finds the off-shell lagrangian. The on-shell version can be found after
eliminating the auxilary fields via their field equations

i 1 i 772
K" = S Kl + W5 =0. (807)
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Substituting back into (803), (805) one finds the final on-shell lagrangian

. = - ) 1 ) -
L=K; <—8mzzamzf - W&”me’) + ZRg,kﬂMJ’le
1 1 - - _
—§DiDjWWW — §D5D5WWW — K”DiWDjW , (808)
where K is the inverse Kahler metric and we defined

D;W =W; , D;D;W =W;; —TEW,, (809)

which define covariant vectors preserving the holomorphic reparametrization invariance of the Kahler
manifold. Since the final lagrangian depends only on the Kahler metric and its derivatives, the connection
and the Riemann tensor, it is manifestly invariant under Kahler transformations and their superfield
version

K(z,%2) = K(z,2)+ h(z) + h(z) , K(®, ") = K(®,") 4+ h(®)+ h(d7). (810)
One can now add gauge fields of a gauge group G. If the original Kahler potential and the superpotential

were invariant under the global version of G, then it is enough to replace & — ®Te29Y and add kinetic
terms for the gauge fields

L= /d49 K(®, (®Te29V)) + U d6 (ifab@i)wgwa,bwv(qﬂ)) +he|, (811)

where f,;,(®%) is a holomorphic function of the chiral superfields called gauge kinetic function. The
gauge part of the lagrangian can be expanded and the result is

1 .
Lgauge = /d2‘9 Zfab(q)Z)W(?Wa,b +h.c =
1a b,mn ya __m ib 1 a b 1 a pbmn
Refa —ZanF’ — A0 D, A +§D D) — ilmfamenF’
A . ) 1 o
+ [ Fabi (i\@wuapb Yy Ly qub) + 5L NNV +he| | 812)

where F&mn — %em”erZ‘},, and fup; = O; fap, etc. The matter part of the lagrangian, the gauged version
of (805), can be obtained by a large extent by replacing the derivative with gauge (and Kahler) covariant
derivatives for the fermions:

Lonatter = / 4’0 W () + / dOK (D', (@Te))) =
K;: (—sziszj - %@E;ammei + %Dm@ﬁ&mwi + FZFJ)
i [ j 1 I 7,9,k
+ | F*W; — §¢ VWi — §K5FJ"<F P p* 4+ h.c.
1 R . , N .
+1Ki37sz¢k¢ng +iV2g Ky 2 TN — iV2g K2/ T\ + g2’ T*K; D, (813)
where the gauge and Kahler covariant derivatives for the fermions are

Dyt = O’ — ig AL T + T 0,27 00"
Do = 0’ — ig A, T + D402, (814)
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whereas for scalars D,, 2" are standard gauge covariant derivatives. The sum Lgange + Lmatter cOmpletes
the most general supersymmetric off-shell lagrangian with chiral and vector multiplets. Auxiliary fields
can be eliminated via their field eqs.

i ij (7 1 - <axb
F'= —KY (Wj = K" = a2 ) ,
D% = —(Ref) ! ( ZTVK; + Lf APINC — L

ab \ 9 i 2\/§ be,i 2\/5

Inserting back leads to the on-shell final lagrangian. Notice that the final scalar potential can again be
written as a sum of two positive terms, one coming from F-terms and the second from the gauge D-terms

fbc,zw‘) : (815)

2
T ~1 a5
V=Vr+Vp=KIW,W;+ g(Ref)abl(z TK;)(7T'K;) . (816)

The form of the auxiliary fields in (815) allows for more refined ways of breaking supersymmetry. In par-
ticular, the bilinear in matter fermions ¥ and gauginos A A\ can condense nonperturbatively, in analogy
with the quark condensates in QCD, and break supersymmetry. There are various arguments suggesting
that dynamical breaking of supersymmetry can be realized under some conditions [96] in a so-called
hidden sector at some nonperturbatively generated mass scale. Supersymmetry breaking in the hidden
sector is then transmitted to the observable sector via some messengers, like in figure 27. The messengers
can be provided by gravity in supergravity theories where the transmission arises at tree-level through
non-renormalizable couplings. Alternatively, it can be provided by additional fields via quantum loops.
The paradigm of the hidden sector played a central role in supersymmetric extensions of the Standard
Model and models derived from string theory in the last couple of decades.

Hidden Observable

sector sector

Fig. 27: Hidden sector communicating supersymmetry breaking to the visible sector

17.2  Soft breaking terms

At energies below the scale of the sector breaking supersymmetry, and in the decoupling limit of hidden
sector interactions, the observable sector is described by a renormalizable theory, to which one has to add
remnants of supersymmetry breaking transmission in our sector, called soft breaking terms. Due to the
difficulties of the constructing renormalizable models of the transmission of supersymmetry breaking, it
is assumed that the transmission/mediation is induced via non-renormalizable operators. This is indeed
the case in explicit models like gravity mediation and gauge mediation. The effective lagrangian can
be conveniently captured by a spurion analysis, to which we now turn. To illustrate the procedure in
a simpler example, we start with the non-supersymmetric O(N) linear model, where the global O(N)
symmetry is broken spontaneously to O(/N — 1) by the vev of a scalar in the fundamental representation
of O(N), (®) = ®( = v, where one can choose v; = vd; . We know that this vector contains a massive
scalar field and N — 1 Goldstone bosons. If one takes the limit of a heavy scalar and one ignores for the
time being the coupling with the Goldstone bosons, one can literally replace ® — v in the lagrangian and
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call it a spurion. If one now couples the spurion to an "observable" light field Z, say also an N-vector and
assume by analogy with the supersymmetry case that the interaction is governed by non-renormalizable
operators, one can write

&2 VA 1
L= ,Co(Z) — Clﬁ%(q)oZ)z — CQW(QQZ)Q — C3W((I>OZ)4 —+ - (817)

where c¢; are numerical coefficients which depend on the specific microscopic model, and M >> v is
the mediation scale. We consider now the specific limit M, v — oo, with mg = v?/M kept fixed. In
gravity mediation for example M = Mp ~ 10'9 GeV , whereas the scale v of the symmetry breaking
could be an intermediate scale v ~ 10! GeV, so that mg ~ TeV. In this limit, one finds

L=Ly(Z)— crmiZ3 (818)

S0 one generates a mass term leading to a mass splitting between Z and the the other components of the
scalar field Z. For supersymmetry, the most general set of explicit supersymmetry breaking terms which,
added to the supersymmetric lagrangian do not introduce quadratic divergences in quantum corrections,
was found in [97]. They can be found conveniently in a spurion analysis, introducing the spurion field

X =6%*my (dimension zero) or
X =6?f (dimension one) with mg = é . (819)
Using the first option in eq. (819), the soft terms in a supersymmetric gauge theory can be uncovered via

the spurion couplings
. 1
Lo = /d46 [(1 +exTX) @ZeZquﬂ} +/d294(1 s X)) (WOW,) +

{/d26 [(;Mu — by X)0'®7 + %(1 — Aiij)Aijk@qﬂq)’f)} + h.c.} : (820)

This generates the soft terms in the lagrangian
; 1 | o
Loty = —cim?)]zz\Q — [smgtr()\)\) + Ebij,uijmgzlz] + gAijk)\ijkmozzzjzk + h.c.] ) (821)

The soft terms are non-holomorphic scalar masses in the chiral multiplets, Majorana gaugino masses
and holomorphic terms in the scalar potential of the same form as the superpotential itself. The spurion
analysis give a simple rationale for their form.

More generally, one can introduce two types of spurions: chiral ones ¢, and vectors V7, with
superfield components

1 .-
T VI=—§9202dz, (822)

where in eq. (822) one includes also the possibility of vev’s of scalar fields in the chiral spurions. In
the low-energy lagrangian, one assumes that the hidden sector dynamics generates the auxiliary fields in
(822). Therefore one can ignore the hidden sector dynamics and concentrate on the couplings between
the two sectors. This means that the vacuum expectation values and the auxiliary fields in (822) are
considered as fixed parameters, given by the high-energy dynamics, and not dynamical fields at low-
energy. Physically, the hypothesis here is that the supersymmetry breaking sector has large masses and
therefore can be integrated out at lower energies. At a first naive thinking, such a sector should completely
decouple and leave no effects on low-energy physics. However, there is no full decoupling, in the sense
that with a well-defined low energy limit that will be specified below, supersymmetry breaking persists
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in the observable sector. The effective lagrangian coupling the observable sector to the hidden sector, in
the decoupling limit in which one can neglect the dynamics of the hidden sector, can be written as

. . 1 a
Lot = / d* 0K (p, p) @] 28V +201 X Vigi 4 { / d*9 [4f(f4)tr(W“Wa>

L Pavgi L Lo Pasgiei 1S Pasiciak
TN+ S (TP 4 A ()PP DF| ey (823)

As anticipated, the lagrangian (823) contains non-renormalizable interactions to the hidden sector, in
addition to standard gauge interactions. The origin of such interactions can be of various nature: super-
gravity interactions, tree-level exchange of massive fields, or standard field theory loops. The low energy
limit is taken in a specific way

Jfa

M — oo , with fixed (M)Q’ dr ~mZy - (824)

The mass M can be considered as the mass scale of the hidden sector breaking supersymmetry. The
limit above is consistent if f,, d; < M?, such that my, ft < M defining the mass scale of superpartners
can be a low-energy scale, eventually in the (multi) TeV range for low-energy supersymmetric models.
Strictly speaking, (%)2 and d; could be different mass scales, leading to some hierarchy in the super-
partner spectra [93], [95], but the simplest and traditional hypothesis is that there is only one mass scale
governing all superpartner masses. Notice that the auxiliary fields f¢, d; have standard (by now) mass
dimension two. At energies below the heavy mass scale M, one gets

L= LSUSY((I)iy V) + Lsusy—breaking(ziv )\) 5 (825)

where the supersymmetric lagrangian is given by
, 1
Lsusy = / d*09!e29V o' + < / d*6 [4tr(WaWa)
i1 i L i &I Bk
+A P + iluijq) o)+ g)\ijkq) P/ D" + h.c. , (826)

with the low-energy couplings related to the high-energy ones via

1 Vg, 1 ~1/27 U ~1/2,--1/2~ U
el Ref(ﬂa)? ;A= K )\i(Ma) Loy =K K;; Mij(Ma) ;
_ _ “1/2% U
Aije = K I/Qijl/QKkklm)\ijk(Ma) . (827)
The supersymmetry breaking part is
. 1 T o
Lsusy—breaking = —m?|2* - [Ml/Qtr()\)\) + Az + QBijzzzj + gAijkzlz]zk +he |, (828
where
a f£b

m? = K;;! (gIXZ-IdI - &lagKm;!vaW

1 a - N a
> ) Ml/? = Zaaﬂvafﬂ > A; = Kii 1/28a>\i|vafﬁ s

a
M bl

—1/2,-—1/2 4 =~ f —1/2—1/2 --1/2 4 X
By = Kii K P Oafisglon 15+ A = K3 RGP RGP0, (829)
and where the derivatives of the functions f, 5\1‘, fij, :\ijk are taken with respect to their arguments. The
parameters m?, A, Bij, Agji, My /2 are called soft supersymmetry breaking terms or in short soft terms.

The reason for their name is that they are the most general set of explicit supersymmetry breaking terms
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which, added to the supersymmetric lagrangian (826), do not introduce quadratic divergences in quantum
corrections [97]. This will be shown explicitly in an example in the next subsection. The heuristic reason
for this improved UV behaviour is that, since they are found starting from a microscopic supersymmetric
lagrangian, they are a result of spontaneous breaking of supersymmetry. And spontaneous breaking
of a symmetry introduces generically very soft divergences, keeping the main UV properties of the
parent theory. Notice that mz2 are non-holomorphic scalar masses, M/, are Majorana gaugino masses,
whereas A;, B;j, Aj;i, are holomorphic terms having the same form as the corresponding terms in the
superpotential.

Interestingly enough, as will be commented more explicitly in the next subsection, supersymmetry
breaking masses for the fermions in chiral multiplets are not soft. The reason is that fermion masses in
the chiral multiplets are determined by parameters in the superpotential which also appear in Yukawa
and trilinear scalar interactions. A change in fermion masses in chiral multiplets would change these
relations and upset the cancelation of quadratic divergences. Similarly, supersymmetry breaking terms
of the type z'27 z,i or 2’z z,t le are also hard, introducing generically quadratic divergences.

Soft terms, added to a supersymmetric lagrangian, can lead to realistic spectra. Indeed, non-
holomorphic scalar mass terms m? can raise the mass of squark and sleptons compared to the quarks and
leptons, whereas Majorana gaugino masses can raise the mass of the gluinos, photino and electrowikinos
compared to the mass of the corresponding gauge partners.

17.3 Supersymmetry and the hierarchy problem

Quantum corrections to a fermion mass are protected by chiral symmetries. Indeed, as discussed in
Section 7.6 quantum corrections to a fermion mass m,;, are proportional to the mass itself. The reason
is that, as my, — 0, the theory acquires the continuous chiral symmetry 7, — eByr, pr — e Bip,
which protects the fermion mass to all orders of perturbation theory. There is no such symmetry for a
boson, which explains why in Section 7.6 we found quadratically divergent corrections to the scalar mass.
As commented there, the real problem is not the quadratic divergence itself which is actually unphysical,
but the contributions from physical heavy mass scales appearing in many beyond the Standard Model
extensions, like unified theories with typical masses of order 10'® GeV or in models with intermediate
energy scales 1010714 GeV typical for right-handed neutrinos or axion models.

In supersymmetric models on the other hand, due to the symmetry fermions <+ bosons, the chiral
protection from fermions extend also to the scalar sector, as long as supersymmetry stays unbroken. We
consider here for illustration the simplest example, the Wess-Zumino model introduced in Section 15.1,
to which one adds soft breaking terms. By taking this example one can checks first that the supersym-
metric part of the lagrangian has no quadratic divergences, and in addition that the soft terms introduced
in the previous Section do not add quadratic divergences either.

The Wess-Zumino lagrangian and its corresponding soft-breaking terms add up to the following
terms in a superspace compact writing

M B
L= /d40 TP+ [/d29(2<1>2+ %@3) — (7“,22+AAZ3) +h.e. —md|z*] . (830)

The component lagrangian is then

£ = 0™ Ot — |2 — () + ) — Nz + 2") — M+ AP

— [m3|z]2+ %(22+22)+A,\(z3+23) . (831)
Defining the real and the imaginary part of the complex scalar according to z = % (A +iB), one finds

£ = —itb0™ 0,00 = (0 AP = (0B = G+ 9) = = [(A+iB)ww + (A= i)
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Fig. 28: Quantum corrections to the mass of the scalar A

A A\2B2 _mg—l—BMAQ_mg—BMBQ_é
V2 2 2 2 V2

The propagators of bosons A, B and fermion %, in the momentum space, with the conventions of the

supersymmetric part of these lectures (opposite metric compared to the Standard Model part), are given
by

)? +

_%(A2 LB (M + (A% — 3AB?) . (832)

—i —1
A = A =
AP = pymit, 0 MW P B,
—i T'on M
A S . 833
F(p) pg + M2 < M O_npn) ( )

The diagrams contributing to the potentially quadratically divergent quantum corrections to the mass of
the scalar A are depicted in Figure 28. Notice first of all that the A term does not contribute to quadratic
divergences, since it leads to diagrams that are only logarithmically divergent. Since we are interested
only in the corrections to the scalar mass, one can set the external momentum to zero.

The three diagrams give respectively the contributions

—iA d*p (—i)2(6™o™prpn + M? d* 2 Mm?
0P [ G SRR =0 [ G amy

—i\? ) —1 9 d*p 1
4 x4 x3 V) 2 V2L B =-3 21V 2 L M2 2.,
(2m)4 p?2 +m§ + M? + B, (2m)* p* + M? + mg + By

i / d'p ! — )2 / d'p 1 . (834
2 (2m)tp2+ M2%2+m — B, (2m)4 p2 + M?2 +m — B,

Summing the three contributions, one easily finds that the quadratic divergence cancels for all values of

B,, and m3 . Actually, one can also check that by adding the diagrams only contributing to logarithmic

divergences (coming from the cubic interactions proportional to MAA(A% + B2)), for zero external

momentum and in the exact supersymmetric limit B, = mg = A, = 0, the corrections to the scalar

mass exactly cancel. This is one of the famous non-renormalization theorems in supersymmetry : the
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non-renormalization of the superpotential, stating that there are no perturbative quantum corrections to
the superpotential to all orders in perturbation theory [98] .

On the other hand, a non-supersymmetric contribution to a fermion mass in a chiral multiplet

0Ly = —%(5m¢(¢w + 1;1;) —  my = M + dmy (835)

is not soft and does generate quadratic divergences to the tadpole diagrams in Figure 29. Indeed, the

Fig. 29: Tadpole diagrams for the scalar field A

contributions of the three diagrams in Figure 29 to the tadpole of the scalar A are given by

—i(MA+ A)) y 3/ d*p —i B —3(M/\+AA)/ d*p 1
V2 2m)4p2+ M2+ mi + B, V2 (2m)4p2 + M2+ mi+ B, ’
—i(MX — 34,) / d*p —i (M- 3AA)/ d*p 1
V2 (2m)*p? + M2 +m§ — B, V2 (2m)1p? + M2 +m§ — B’
—iA d'p — 1My, d'p 1
2% (=1)—=T = 2v2my\ _—. 836
<0 | g 2 | G (536

Summing the three contributions, one learns that in this case the quadratic divergence cancels only if
m,, = M. Therefore a non-supersymmetric fermion mass term dm., represents a hard breaking of super-
symmetry. Unlike a non-supersymmetric mass for a fermion in chiral multiplets, a non-supersymmetric
Majorana mass M /5 for the gauginos is soft. The reason should be clear from the arguments above. The
propagator for gauginos, including Majorana masses, is

A == . 837
)\(p) p2 +M12/2 (M1/2 O.npn ( )

Unlike fermions in chiral multiplets however, gaugino masses do not appear in vertices, but only in
the propagators. The origin of the hard breaking nature of non-supersymmetric fermion masses in chiral
multiplets was precisely the fact that they appeared in vertices, therefore gaugino masses do not introduce
quadratic divergences and are soft.
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The absence of quadratic divergences in supersymmetric theories turns out to be general and ex-
plained, as mentioned at the beginning of this Section, by the fact that protection of fermion masses due
to chiral symmetries is extended due to supersymmetry to the scalar partners of the fermions. Soft terms
are defined such to preserve this protection. Quantum corrections to scalar masses in supersymmetric
theories are therefore either proportional to the supersymmetric mass or to the soft mass parameters,
multiplied eventually by logarithmically divergent terms which have the standard quantum field theory
interpretation and are renormalized in the usual way in quantum field theory. This implies generically
that, if one wants to have a scalar (Higgs) mass in the electroweak range and avoid large cancellations
between different terms, both the supersymmetric mass and the soft masses should have values of order
the electroweak scale (or TeV range), but not much higher. If soft terms are in the TeV range, this implies
that superpartner masses are also in the TeV range and should be accessible at LHC. This was one of
the main motivations for building LHC (in addition to discovering the Higgs scalar) and for low-energy
supersymmetry.

18 The Minimal Supersymmetric Standard Model

The minimal supersymmetric extension of the Standard Model (MSSM) associates a complex scalar to
each left and right handed lepton and quark fermions, called sleptons and squarks respectively, a spin
1/2 Majorana fermion, called generically gauginos for each of the gauge fields and a Weyl fermion
partner for the Higgs field, called Higgsino. All fermions are described as left-handed. For right-handed
fermions in the Standard Model, this can be done by using their charge conjugate spinors, which changes
the chirality and complex conjugates all quantum numbers. The full spectrum of MSSM is displayed
below.

)

. L ~. 7
Left-handed lepton multiplets: L; : [* = <V> , It = <Z> in (1,2)y——_1
L L

Right-handed lepton multiplets: E% : ¢, ¢ in (1,1)y—o
Left-handed Quark multiplets : Q" : ¢* = (le> = Cjﬁl) in (3,2)y—1/3
L L
Right-handed up-quark multiplets : U™ : v, @ in  (3,1)y__43
Right-handed down-quark multiplets D¢ : di¢ | d¢ in (3,1)y—2/3
Gauge multiplets : Vi : (B, A1), Va @ (A%,09), V3 @ (G4, M)
0 0
Higgs multiplets : Hy : h; = (Zl) NETIES <$’E> in (1,2)y=—1.
1 hi

hy e\
Hy : hy = <h0> , 1/);12 = <1/102> in (1,2)y:1 .
2 ha
In the table above, i = 1,2, 3 counts the three generations and all charged conjugate fermionic
fields originate from right-handed fermions, for ex. u*¢ = (u%)c, etc. Their corresponding complex
scalars have the same notation, for simplicity. Notice that there are two Higgs doublets in MSSM. There
are several reasons for that. The simplest is that the fermionic Higgs partner (higgsino) is chiral and
contributes to gauge anomalies. With only one Higgs multiplet, MSSM would have gauge anomalies
and would be therefore inconsistent. Let us introduce the following notations for vector multiplets :
A a
V3=V3A% L V=V, (838)
where A, 7¢ are Gell-Mann and Pauli matrices, respectively. With these notations, the full lagrangian
of MSSM has the following structure:

Lyissm = Lga + Lg2 + Lgofs (839)
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where
Lo = /d49 [QiT€293V3+292V2+%91V1Qi + UiCTe—ngast—%g1V1Uic + DiCTe—293V3+§y1V1DiC
+Lite292Va—aVipi  pict 21Vi pic HI6292V2—91V1H1 + H;f€292V2+91V1H2] (840)

and
1 1 1
Loz = /d29 {2TTW3QW37OC + §T7"W20£W27a + ZWlan’a + WMSSM:| +h.c.. (841)

The superpotential of MSSM is given by
Whssm = hi;Q'U°Hy — h(;Q"DI°Hy — h{; L' E?°Hy + pH H, . (842)

The notation is compact and gauge invariance is of course implicit. For example, since Hi, Ho are
both in the 2 of SU(2)r, in the product 2 x 2 = 3 4+ 1 one has to select the singlet component,
therefore in (842) one has Hy Hy = e;; Hi H) = HOHY — Hy Hy. Similarly Q' Hy = u’, HY — di Hy,
Q'H, = u’LH 1 — diLH 9. Electroweak symmetry breaking is now realized with two Higgs doublets. In
order not to break electromagnetism, the only allowed vev’s are

(h)) =v1 , (K)) =wvs. (843)
After the electroweak breaking, the superpotential (842) generates the supersymmetric mass terms
Winass = hisvaufu?® + vy dj di + h§oil'ed® + puH H, . (844)

The MSSM superpotential (842) contains the Yukawa couplings

— L85 = hiq'why — hisq'd?°hy — hS1e°hy (845)
where the various fields in (845) are components fields and not the superfields. Notice that compared
to the Standard Model Yukawas, the right-handed quarks were replaced by their charge conjugates. In
addition, two Higgs doublets are used instead of the single Higgs doublet of the Standard Model.

The holomorphic nature of the superpotential gives another rationale for the need of two Higgs
doublets. Indeed, in the Standard Model all fermion masses were provided by a single Higgs doublet,
because we were allowed to use both ® and the charge conjugate field d = ®°. But in supersymmetry
this is not allowed due to holomorphy of the superpotential. One is therefore forced to introduce two
Higgs doublets in order to give masses to all quarks and leptons.

MSSM is also defined by the corresponding soft terms. They are needed to give large enough
masses to superpartners and are supposed to be generated by supergravity or by field theory loops, trans-
mitted from the (hidden) sector breaking supersymmetry. Their form is

l~i|2 +m2Ye

Lot = mg 1 g TP 4 P 4 W g o ol
+ (Buh1h2 + A G W hy — Agéiczjchl — AYliEIeh,

M M M
+ 71)\1)\1 + 72A§A% + 73A§A§ + h.c.) . (846)

Here we took for simplicity a diagonal form in the family/generation space for the non-holomorphic
soft-scalar masses. More generally, these are 3 X 3 mass matrices, for example mé” — mz’” . We will
come back to this more general case later on.

The only scalars that should get a vev are the two neutral components of the Higgs doublets. We
need therefore to work out their scalar potential. The only quartic couplings come from the D-terms,
whose Higgs content is

/
Dy = Gl = lhaf’) . D= = ({r"hy £ Wr"hs). 347
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Using standard identities for Pauli matrices T%T,gl = 2010k — 0;;j0k1, one finds the D-term contribution
to the scalar potential

1 1 2 + 12 2
Vp = 5D} +3D"D" = %(h{hl — hho)? + %(h{@)(h;hl) . (848)

The total Higgs sector scalar potential is therefore

V= (,u2 + m%l)hihl + (,UJ2 + m%z)hghz + B#Eij(hilh% + Baﬁ%)

2, 2 2
_l’_
+ £ (bl = hhha)? + L (hlhe) ()
— (2 V(RS + B 2) 4 (a2 i, (P 10Y) + Bu(hSh — hi b + hec.)
P +9% 00 12 2 022 1 9217014 L T2 012
+ ST 0P 4 g P — g P — BGPY? + S (RhE + A RGP, (349)

Only the neutral higgs components are involved in electroweak symmetry breaking. The relevant scalar
potential to be minimized is therefore the one for the neutral part of the two Higgs doublets, which is
given by

V= (u® +mi RSP + (6 + mi,)|hgf* + Byu(hihs + hih) + (1IR3 — [h3*)*, (850)

92 4 9/2
8

where for brevity we denoted || by 2. Notice that the quartic terms are governed uniquely by gauge
couplings, fact that will have direct consequences for the Higgs mass. Quartic terms have also a flat
direction, for h§ = ¢**hi°. Along the flat direction, the Higgs potential becomes simply (242 + m,%l +
m%w + 2B, cos )| hq|%. The potential is bounded from below at infinity if this term is positive for any
«, leading to the condition

2p% +mj, +mj, > 2|B,. (851)

On the other hand, electroweak symmetry is broken if the quadratic form in the Higgs fields in the scalar
potential has a negative eigenvalue (due to the condition (851) both eigenvalues cannot be negative). This
happens if

(miy, + 1) (mi, + 1) < B (852)
The two conditions (851) and (852) are compatible with each other if my, # my,. Supersymmetry
breaking in the Higgs sector is therefore necessary for obtaining electroweak symmetry breaking and
avoid the Higgs potential to be unbounded from below.

Notice that in (850) the only possibly complex term is B,,, which can therefore be made real by a
phase redefinition of 49, hY. Minimization of the scalar potential leads to

2 s, 9+ 4"” RO — 1h912)| 10 & B A% — 0
md, 4+ ST P 1) | W+ Bk =0,
2. 12
+ *
[mé+ﬁ—g4gﬂ%P—m%ﬂ@+BM?=0- (853)
It is then clear, after defining
(W) =v1 , (h3) = w2, (854)

that v1vo can be chosen to be real. Therefore, the ground state of MSSM is CP conserving. Moreover,
one can use hypercharge transformations, under which h; and ho carry opposite charges, in order to
choose both v1,v5 to be real and positive. In what follows one defines

tan g = 2 (855)
(%1}

146



such that the minimization conditions become

2, 2
9°+g
miy, + %+ == (B — W) + Butan =0,
2 2
2 2 9 tg 02 02 B,
i, = LI (AP ) + s =0 (856)
By summing the two eqs. one obtains
2B
sin28 = — r . (857)

m%bl + m%z + 22

Notice that the gauge boson masses are given by

2 2 2
9ty 9
My === (i +v3) , My =" (vf +03), (858)

such that the minimization conditions (856) become

1
mil +M2+§M%C082ﬂ+BMtan,8=O7

1
my, + p® — ng cos 28 + tan“ 5= (859)
Therefore the Mz mass is computed to be
2 2
m m
M2 — —m2 —m2 — 92,2 ha hi 860
z My = My = 207+ — % (860)

18.1 R-parity

In the Standard Model, baryon and lepton number are accidental symmetries, i.e. they are conserved
classically as a consequence of the gauge symmetry and the matter content. Unlike the Standard Model,
in supersymmetric theories in general and MSSM in particular baryon and lepton number conservation
are not guaranteed at the renormalizable level. Indeed, the superpotential couplings

Wprarity breaking — M;LzHQ + )\;/ijiCchDCk + )‘;]kLlQ]DCk + )\ijkLiLjECk (861)

are renormalizable and do violate the baryon number B (the X' couplings) and the lepton number L ( 1,
Xand A\ couplings). In (861) as usual the notation is compact and hides SU(2),, and SU(3). indices.
In particular all SU(2)[, representations are either doublets (no anti-doublets) and singlets, such that for
example L'Hy = N'HY — EzHSr is a gauge invariant, where we denoted by N’ the chiral superfields
containing the neutrinos v/* and their scalar partners (sneutrinos) 7*. Taking this into account, one finds
that the R-parity violating couplings have the (anti-symmetry) properties

Aijk = —Njik )\;/Jk = *)\;/kj (862)
Notice that even in the Standard Model B and L are violated by quantum ABJ triangle anomalies.
However, there is no sizable proton decay generated by such violations. The couplings (861) on the
other hand, generate proton decay through the product of couplings AN\, like the decay p — et Y.

Indeed, the superpotential (861) lead in the lagrangian to couplings of the type
LR parity breaking D 2A;;5u'dd" — X el d* (863)

(where as always in our supersymmetric part of the lectures the fermions are two-component ones),
leading to the diagram displayed in the Figure 30.
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Fig. 30: Proton decay in MSSM with R-parity violation

An order of magnitude estimate of such a process gives a branching ratio

p—>e+7r0 ~ Z 4 i |A112A112‘ (864)
= 23

which would be well below a second for couplings )‘/111'7 Xllh- of order one and squark masses in the
TeV range. At the beginning of low-energy supersymmetry model building, it was therefore crucial to
eliminate such terms by supplementing MSSM with an additional symmetry. There are two popular
possibilities in the literature [99]:

e Matter parity R, = (—1)3(5-1)
With this definition, all quarks and lepton multiplets have R,,, = —1, whereas the Higgs multiplets
and the gauge multiplets (which do not carry baryon or lepton number) have R,, = 1.

e R-parity R, = (—1)3B~1)+25 where s is the spin of particles.
In this case, the rule is even simpler: all superpartners of quarks,leptons, Higgs and gauge fields
have R, = —1, whereas all Standard Model fields : quarks,leptons, gauge fields and the Higgs
scalars have R, = 1.

Notice first of all that since (—1)2* is a symmetry by itself, matter parity is actually equivalent to R-parity,
so one can just use one of them in our discussion, say R-parity. R-parity forbids therefore the unwanted
couplings (861), while allowing the usual MSSM superpotential. Secondly, they are discrete Z like
symmetries, which are multiplicative. So the product of R-parity of fields entering into an interaction
vertex should equal one. This implies also that in MSSM with R-parity conservation, in collision of
Standard Model particles, like at LHC, the initial state has R = 1. Therefore the final state should also
has R = 1 and then superpartners can only be produced in pairs. On the other hand, it is conceivable
and dedicated works showed that it is indeed possible to allow some small amount of R-parity violating
couplings [100]. In this case, a single superpartner can be produced in the final state. The phenomenology
with R-parity conservation and R-parity violation are therefore different and collider signatures have
significant differences [100].

It is important to realize that R-parity allows not only the MSSM superpotential but also its asso-
ciated soft-breaking terms. In particular gaugino masses M; ;2 A\ which would have been forbidden by
a continuous R-symmetry, are allowed by a Z5 symmetry like R-parity. Notice that the R-parity break-
ing mass parameters /i, generate a mass for one neutrino. Since neutrino masses are small, these mass
parameters are consequently also constrained to be small.
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The most important consequence of imposing R-parity as exact symmetry in MSSM or its exten-
sions is that the lightest superpartner (LSP) particle is stable. Indeed, being the lightest superpartner, it
can only decay kinematically into Standard Model particles. But this is forbidden by R-parity. Being
stable and if electrically neutral, the LSP is a good dark matter candidate [101] if its mass is in the TeV
range, in the class of particles generically called WIMP (Weakly Interacting Massive Particle).

18.2 Higgs boson masses

The two Higgs doublets contain eight real degrees of freedom. Three of them will be absorbed in the
Higgs mechanism: one pseudoscalar is absorbed by Z and one complex pseudoscalar is absorbed by .
This leaves five physical degrees of freedom. These are two neutral scalars h, H, where i by convention
is the lightest, a pseudoscalar A and a charged Higgs scalar H*. Let us start with the electrically neutral
sector. We parametrize the two neutral Higgs doublets components according to

1o ¢; + 1a; . ©; +ia;
72 \/§ K3 \/§ bl

with (¢;) = (a;) = 0. In terms of the real fields ¢;, a; the scalar potential, obtained by setting charged
higgses to zero, is given by

i=1,2, (865)

g—i—g
(67 —p5+ai—a3)>.

(866)
Since (a;) = 0, the scalar and the pseudoscalar 2 x 2 mass matrices decouple and can be easily worked
out. The results are the following:

1 1
V =5 (0 +mi ) (07 +al) + 5 (0 +mi, ) (93 +63) + Bu($ra—aras) + 7

e Pseudoscalar masses
The 2 x 2 mass matrix for the pseudoscalars a1, as is

2 12
M2 [ e C ) -B, _ (—Butan,B -B, )
g —By, mj,, + = +g (vf — v3) —Bu —Bj,cot 8
(867)

One of the eigenvalues of the mass matrix (867) is zero and the corresponding pseudoscalar is
absorbed by the longitudinal component of Z in the Higgs mechanism, whereas the other pseu-
doscalar A is physical and has a mass

2B
2 0
= 2 868
AT T 25 LT mh2 + 247 (868)
e Scalar masses
The 2 x 2 mass matrix for the scalars 1, @2 is
2 2 2 2
M2 m,2l1+u2+92+T9/2(3v%—v§) B, — +29 V102
B, — 4 Zg v1v2 mhg + p? — +g (vf — 303)
(M3 sin? B+ MZ cos® 8 —%(Mf1 + M2)sin 23 (869)
T\ —3(M%+ M32)sin28 M3cos? B+ Misin?B)
The eigenvectors h, H of this matrix have physical masses
1 .
M} = 5 [Mi + Mz - \/(Mg — M%)? + 4sin? 25M§M§} :
1 .
M = 5 [Mj + MZ + \/ (M3 — M2)? + 4sin® 25M§1M§} : (870)
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Notice in particular the important result that at tree-level in MSSM the lightest Higgs boson is
lighter than the Z boson
M, < My . (871)

The reason for (871) is that, unlike the Standard Model, MSSM has no independent self-coupling
for the Higgs sector; Higgs self-couplings are actually determined by the square of gauge couplings
and therefore Higgs mass can be related to gauge boson masses. This result was one of the main
reasons for building the LEP collider at CERN. As well known by now, LEP which started running
in 1989 failed to find the Higgs boson since its mass, as measured at LHC in 2012 is actually
higher, around 125 GeV, than the energy that was available at LEP. However, it turns out that the
quantum corrections to the Higgs mass in MSSM are important. The reasons are two-fold: first of
all, the Higgs quartic coupling in MSSM, being a gauge coupling squared, is anomalously small
and therefore quantum corrections can change the tree-level result significantly. Secondly, the
quantum corrections are proportional to the masses of squarks and gluinos. Since they were not
yet discovered at LHC, current limits on their mass, or order of 2 TeV or higher, raise the quantum
corrections to the Higgs mass to values which are compatible with its experimentally measured
value.
e Charged Higgs scalar masses

The charged Higgs scalar mass matrix is obtained starting from the scalar potential (849). Due
to electric charge conservation, it is decoupled from the neutral scalar masses and is obtained by
replacing the neutral scalars by their vev’s in (849) and by keeping the quadratic terms in the
charged scalars. One obtains the mass terms

(1 +mi Ay [P + (u? +mi,)[h3 | = Bu(hy hy +h.c.)
2 /2
g~ +g

2
_ g T
oW =) (R [P =[RS + T forhd + vohy 2 (872)

+
from which one can write the 2 X 2 mass matrix for the charged scalars

202 2 /2 2
2 2 9 v g9°+g 2 2 g
M, H IS T (v — v3) ~Bu + Tuvy )
g 2 2, 97V _ g*+g” 2 2
—Bu—k?vlvg mh2+u +T_T(Ul —1)2)

2 —
Mcharged - (

) R (873)
_BH + %’Ul’l)g _tanuﬁ + 2 .

g*v3 g
_ (_Bu tan 8 + 5% —B, + 2111@2)

The determinant of M%harged is zero, reflecting the presence of a massless charged would-be
Goldstone boson, absorbed by the W gauge boson in the Higgs mechanism. A remaining charged

scalar is physical and has a mass given by

2
1
MI%I:E = TTMzharged = %(U% + U%) - Bu(tanﬁ + m) = MI%V + Mi : (874)

18.3 The spectrum of MSSM

The spectrum and interactions of MSSM are rather involved and we will not get into all its details.
However, we will discuss here some general important features. The mass spectrum can be classified
into five types of particles:

e Standard Model particles, with a two Higgs doublets sector
e Squarks qt, a'c, Jic, sleptons [i, gic

e Gluinos \4
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e Neutral fermionic superpartners ¢, , ¢ , A1, A3 —  four neutralinos

e Charged fermionic superpartners 9, , w;;, A, A\, — four charginos

The index ¢ = 1, 2, 3 here and in what follows denote the three generations of quarks and leptons.
We already discussed the scalar Higgs spectrum, and there is nothing special to discuss about gluinos,
since the only contribution to their mass comes from the Majorana masses called M3 in (846). Let us
therefore discuss more specifically squarks and sleptons, the neutralino sector and the charginos.

— Squarks and sleptons

Let us discuss in some details the squarks masses. The contributions to their masses in MSSM
come from three sources: soft scalar masses, cubic interactions in the superpotential, responsible
also for Yukawa couplings, and A-terms. The three contributions are summarized in the following
terms

LD =" mY g —aromy i ci*icmfz’ij e
(hwq W Fy, — WG dI°Fy, — ALy + ALG dhy + hec. ) (875

where Fj,, = —p(imohd) + -+, Fp, = u(imh}) + - - are auxiliary fields of the two Higgses
and - - - are quadratic terms in squarks and sleptons which contribute to interactions but not to the
masses that we are searching for. Inserting the values of auxiliary fields and the vev’s of the two
neutral Higgses, one gets the squarks mass terms

(mass)

2,1 ~j 2,15 ~jc Txic, 2,47 Fjc
Squarks—q m ¢+ a* ‘mg W+ d m; d’

+ ( a m;‘jfciL&jc + ptan BmngiLcijc + A%vgﬂgﬂjc + A%vlciiLchc + h.c.>

tan 8
m> E_mb + A%v 7
_ (a*l azc) q tan 8 ij2 T2 ur,
L hgmt + Ay mz7" a*e
2,17 i
i ms pmsg; dtan B + A &
+ (dLZ dw) (Ium tanqﬁ N A mz’ﬂ ) <J*§C ) (876)
with mi = h“ vg, me, = hd v1 the up-quark and down-quark mass matrices, respectively. It is

convenient to work in a ba51s (called super-CKM) in which one uses the same unitary transforma-
tions which diagonalize fermion masses for their corresponding scalar partners, i.e.

up = Vi, ap=Viah, o, uwC= (Ve | at=wHiae , ete.  (877)

With these definitions and after unitary field redefinitions, fermion mass matrices are diagonalized
via

(VEym (V) =mlie + (VOm(VET =m, . (VE)'m(VE) =mG,, - (878)

The super-CKM basis has the advantage that the scalar-fermion-gaugino couplings are diagonal in
family/generation space, for example for the couplings to gluinos one has

—iV2 g3 GFTAGN = —iv/2 g3 {HTA¢ TN (879)

In the super-CKM basis, one gets the squarks mass matrices

2 ZJ © u Au’
s ! 7
E(masslz _ (ﬁzll ﬂ/ic) uL tanﬁmz 5Z2J + Azg v2 L
squarks ' ,Jt a* "je
tanﬁm 9055 + Ajil}g mey
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L
, g -
,um;?ltan de] + A;-lil}l m2~’JZ d*Je

2,ij d - o
ATy ms, pmitan 80;; + Afvy j
+(d d¥) ( a ’ ! dj , (880)
d/

where the non-holomorphic soft scalar mass matrices and the A-term matrices are related to the
original ones by the unitary transformations

m%,L = (VL“)ngVL“ , m?l-,L = (VLd)TmEVLd ,
ma = VEma(VHT . m2, = VEAmA(VA)T,
AY = (virar vyt AT = (vHtAYvHT. (881)

The case of sleptons is very similar to the one of down-type quarks. After unitary field redefini-
tions which diagonalize the mass of charged leptons, the non-holomorphic slepton mass matrices
mg,L , m?,,L, mg, and A-terms A€ are given by expressions similar to (881) with obvious notational
changes.

Some important comments are in order. The non-holomorphic soft scalar mass matrices are her-
mitian and the A-term matrices are general 3 X 3 complex matrices. Without a microscopic under-
standing of their origin from the supersymmetry breaking sector, there is no reason to believe that
they have a specific structure. In particular, in the super-CKM basis there is no reason to believe
that they are diagonal or real. If they are not diagonal, they will provide new sources of flavor
changing neutral currents (FCNC), in addition to the Standard Model one in the CKM matrix. The
potential complex phases generate new sources of CP violation. Both FCNC and CP violation
are strongly constrained by experimental data. If there is no particular structure in these matrices,
experimental constraints push the masses of squarks and sleptons to above 103 TeV, even in the
absence of CP violation. If there are complex phases, CP violation data raise the constraints to
about 10° TeV ! Figure 31 shows a one-loop contribution to the AF = 2 FCNC K — e mixing

with gluino-quarks-squarks vertices. In the leptonic sector, the strongest constraints come typi-

d -’]f z &

K ) Kv

®
s § d d

Fig. 31: Gluinos-squarks diagrams contributing to K° — K mixing

cally from (the non-observation of) the decay p — e7y. In order to avoid the tight experimental
constraints, usually simplifying assumptions are made. The simplest of all is to assume that all
squarks and slepton non-holomorphic scalar mass matrices are proportional to the identity ma-
trix and governed by only one mass scale mg. For A-terms, since they are diagonalized by the
same unitary matrices as the corresponding fermion mass matrices, if they are proportional to the
Yukawa couplings, their contribution to FCNC also vanish. Again, the simplest example is when
all A-terms are given by just one parameter, A, leading therefore to

o .92 _ 92 _ 9 _
mq—ma—md—ml—m

2

& =

mal ,  AW®e = pudeq, (882)

Such simple examples avoiding experimental constraints arise naturally in gauge mediation mod-
els of supersymmetry breaking and in simplified models of gravity mediation.
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— Neutralinos and charginos

The neutralinos and the charginos are the eigenstates of the mass matrix mixing the two higgsinos
with the SU(2), x U(1)y gauginos/bino. The relevant terms in the lagrangian are

1
LD pthpbp, — E(Ml)q)q + MaAGAS) +
/

iV2g(i T, + 3T %) g+z‘\%<yhlhwm Y hitn,) A + e, (883)

leading after electroweak symmetry breaking to the mass terms

1
L5 = by, ny — 5 (MiA1 A + M2aA5A3) +

2
1 . _ _
ﬁw& — 0o, ) (9A3 — g'A1) +ig(niAS ¢, + v ) +hee., (884)
where 1
A = =M FiA). (885)

V2

The result can be recast in the matrix form

ig’ _ig’
S A
_ 19 49
£mass:_1 ()\1 )\3 ¢0 1/}0) 9 MQ \/5'01 \/5’02 /\%
9 2 Yh1 Yho ig’ _ 19 0 — )
\/51)1 \/501 2 81
—%’Ug %’Ug — U 0 Uiy
M- —1iqu Ao
—(\f < 72 91><3>+h.c.. 886
I e B O (886)

The first line in (886) describes the neutral fermionic superpartner mass matrix, whereas the sec-
ond line describes the masses of charged fermionic superpartners. The eigenvectors of the first
are called neutralinos, and are typically denoted X(1)v Xg, Xg, Xg, with masses by convention in in-
creasing order MY < MY, < MY < M) . If one considers the reasonable assumption that
electroweak entries are smaller compared to the parameters M7, Mo, u, one finds that the neu-
tralino masses have values close to M7, Moa, +|u|, the latest being actually better described as a
Dirac mass ||. The lightest of neutralinos is usually the LSP and the ideal candidate to be the dark
matter, if R-parity is conserved. Very often, in the limit discussed above, in traditional models of
supersymmetry breaking and after renormalization group running to low-energy, the LSP turns out
to be predominantly bino.

The eigenvectors of the charged mass matrix above are called charginos Xf, Xét, of masses M;—Ll <
M; Chargino mass matrix is simple enough to work them out more explicitly. We will not do
this, but just notice that one can define

B-e ) (2)-()
<X;»L L qb}z ’ X;R R w}:l ) (887)

where Z1,, Zr are unitary matrices. The chargino mass matrix is then diagonalized according to

M —igm) i (Mi 0 )
77 . AN Xt . 888
L <—zgvg I R 0 Mé (888)
If the supersymmetric mass parameters Mo, ;1 are much bigger than the electroweak entries in

the chargino mass matrix, then the chargino masses are approximately p, M2 and one chargino is
predominantly higgsino, whereas the other one is predominantly wino.
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In addition to providing a solution to the hierarchy problem and a WIMP (weekly interacting mas-
sive particle) dark matter candidate, low-energy supersymmetry has also the remarkable property
of unifying the gauge couplings with a high accuracy at energies of order Mgyt ~ 2 — 3 x 106
GeV. As such, it is probably the only extension of the Standard Model providing simultaneously an
accurate unification of couplings compatible with a grand unified gauge group structure, a solution
to the hierarchy problem and a natural dark matter candidate. More generally, supersymmetry au-
tomatically contains gravity when gauged, and plays a central role in the construction and stability
of String Theory and its compactifications. For all these reasons, supersymmetry, in its low-energy
incarnation, is the main target of the Large Hadron Collider at CERN, after the Higgs discovery.
For the time being however, there are no clear experimental signs of supersymmetry and generally
of new physics at LHC. The non-observation of superpartners sets lower limits on their masses.
For colored particles like gluinos and squarks, the cross-sections of productions are large by the
strong coupling in QCD and the current experimental limits are in the multi-TeV range (with some
caveats). For non-colored particles on the other hand, like electro-weakinos, neutralinos and addi-
tional scalar Higgs boson, the production cross-sections are smaller and the current limits on their
masses are in the 200 — 500 GeV range. Current direct detection dark matter experiments are also
carving significant portions of WIMP’s parameter space. Most of these limits hold for R-parity
conservation and by assuming a naturally large mass difference between the LSP and the next to
the lightest supersymmetric partner (NLSP). The experimental searches become much more chal-
lenging by allowing some R-parity violation, which lead to single superpartner particle production,
or for almost degenerate LSP and NLSP, in which the "missing energy" searches in colliders are
considerably more difficult.
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Part three: Introduction to axion physics

19 The strong CP problem and the QCD axion
19.1 The strong CP problem

As we briefly discussed in Section 8, there is no symmetry principle forbidding the following term in the
QCD lagrangian
2
Lo = 0 % €L T (G Gg) - (889)
Even if this can be shown to be a total derivative, topological (instanton) configurations in QCD makes
this term to have nontrivial physical consequences. QCD has topological field configurations described
by the integer number

2
_ g3 4 ~ymn
= 6.2 /d z Tr(Gmn G™) € Z, (890)
where 1
G = §em"qupq (891)

is the Hodge dual field strength. The topological configurations in eq. (890) correspond to self-dual
or anti self-dual configurations in euclidian space Gy, = +Gpyn. They can be seen to minimize the
classical action from the following argument. Consider

~ 2
(Gmn + Gmn)2 = 2(G%"m + GmnGmn) >0 — S = ;/d4$ TT(Gmn Gmn) > SLQ‘N‘ . (892)
93

This shows that 6 is a real (angular) parameter § = 6 + 27. Instanton (anti-instanton) configurations
corrrespond to the simplest self-dual (anti self-dual) solutions with N = 1 (N = —1). Topological
configurations lead then to physical CP violating effects of the 6 parameter. Actually, even if for some
reason the original theta parameter is zero in the QCD lagrangian, it will be generated from the unitary
redefinitions (290) that we were forced to perform in order to diagonalize the quark mass matrices.
Indeed, after the diagonalization of fermion masses one gets mass terms of the type

Linass = — 3 (mgemmguz% + mdeiod di diy + - - ) . (893)

i

The U(1) chiral rotations

NP L N QS AL (894)
have a color anomaly
2 ~
5L = 12; > > (@l + )T (G G™) (895)

(2

This leads to a change in the theta parameter

0=0 + Z(a? +ad) =6 + arg det m? , (896)

where det m? = det m* det m? is the product of the quark mass matrices. The effective theta parameter
violates the CP symmetry of strong interactions and the gluonic term generates a neutron dipole moment

of order dy, ~ |0 fZg’T ~ 10716|9| ecm, in conflict with the experimental data unless # < 10719, It
N
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is unlikely that the two contributions to 6, the QCD one and the electroweak contribution coming from
the anomalous chiral transformation (894), of completely different origin, conspire to cancel to such a
high accuracy. This leads to the so-called strong CP problem. The problem would be absent if the up-
quark mass would be zero, since in this case the theta parameter could be shifted to zero by an up-quark
chiral redefinition. The masslessness of the up-quark is however probably excluded by now by recent
lattice simulations. There are several potential solutions to the strong CP problem. In what follows
we concentrate on arguably the most popular one, involving the existence of a new approximate global
symmetry, whose realization needs a new light pseudoscalar in the spectrum, called the axion.

Since this part is related to the first part of these notes dedicated to anomalies, one will use the
same conventions, in particular the metric is (+, —, —, —).

19.2 The Peccei-Quinn solution: U (1) pg and the QCD axion

The (commonly considered as the) most elegant solution to the strong CP problem postulates the exis-
tence of a new approximate global symmetry [27] , leading to a light corresponding pseudo-Goldstone
boson, the axion [28]. More precisely, the Peccei-Quinn solution involves :
-anew abelian U (1) pg, spontaneously broken global symmetry, with the corresponding pseudo-Goldstone
boson a called the axion, and with the symmetry breaking scale f,
- such that U(1) pg has triangle anomalies with the QCD gauge group U(1) poSU (3)2, meaning that
Tr(XpqTATA) # 0.

Then the anomaly generates new couplings in the effective lagrangian which shift the 6 parameter

g al@)

3272 f, €"PUTr(Fyn Fpg) = Oet = 0 +¢

a
fa’
where £ is a model-dependent parameter parametrizing the strength of the axion couplings to matter. The
0 parameter becomes therefore a dynamical quantity that will be determined by the minimization of the
scalar potential of the axion. A general theorem due to Vafa and Witten [29] proves than the minimum

of the energy in QCD (more generally in a vector-like theory) always correspond to (feg) = 0, solving
therefore the strong CP problem if 6.4 becomes dynamical .

(897)

Let us give an explicit example, the the so-called invisible axion or the KSVZ model [30]. The
model contains super-heavy colored fermions ¥, vector-like from the strong interactions viewpoint, get-
ting mass from a Yukawa coupling with a complex scalar ® obtaining a very large vacuum expectation
value. The relevant terms in the effective action are

_ 1 _ _ g2 -
Licsvz = Uiy Dy ¥+ 3 (0 ®)? ~h(T 18U +hc) — V(@) +8 12{372 Tr (G G™) 4+ -, (898)

with the scalar potential and therefore the whole lagrangian classically invariant under the global chiral
symmetry U(1)pg acting as

U ey P e 20y (899)

The symmetry is broken spontaneously well above the electroweak scale & = % > v. One can
parametrize the complex scalar as & = efa (f“%) where a parametrizes the Goldstone boson of the

chiral symmetry U(1)pg and ¢ is a very heavy scalar which can trivially be integrated-out and ignored
for the low-energy dynamics of the axion a. The resulting low-energy action takes the form

9

oz T (Gon G™) -+ (900)

= 1 - ia _
Lrsvz = ‘I/’L’ymDm\I/ + 5(6ma)2 — mq/(\I/Lefa U+ hC) +6

One can remove the axion coupling to the heavy fermions by a field redefinition ¥ — ¢~ 2/a 0. This
field redefinition acts like a chiral transformation and has an anomaly. Assuming for simplicity that the
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heavy fermions ¥ are in the fundamental representation of SU(3)., one gets the transformed action

2

EKSVZ = ﬁkm — m\p\Tl\If + (9_ + g) 93 2T7“(Gmn van) =+ LamCL\T/"}/m’)/S\If —+ e (901)

fa” 167 2fa

Notice that in this form the # parameter can be removed by a shift of the axion a — a — 6f,. If the heavy
fermions ¥ have nontrivial hypercharge, they will lead to anomalous axion couplings to the photon and
the Z boson, whereas if they transform also in a nontrivial representation of SU (2) 1, they generate axion
couplings to the W= gauge bosons. Consequently, the invisible axion typically couples to gauge fields.
Notice that for the time being the axion seems to be a truly Goldstone boson and therefore to be massless.
One will see in the next section that actually the axion will get a tiny mass from QCD nonperturbative
effects. At low-energy one can also ignore the heavy fermions W and concentrate on the axion, SM gauge
fields and light quarks. Notice that one can reshuffle the KSVZ low-energy action by shifting the axion
couplings to gluons into axion couplings to the light w, d quarks. This can be achieved with the chiral
field redefinition

(Z) s 2725 <Z> . with TrQ, =1, (902)
leading to the equivalent low-energy action
L= Ekin. — {(I_LL JL) e;}laQa (TT(l)u ﬂ3d> G%Qa (zg) + hC}
1 m m.5 u
T Oma(@ 7" Qal ) - (903)

This last form is more suited for the chiral lagrangian approach containing axion-pions couplings, to
which we now turn.

19.3 The chiral lagrangian and the axion potential

One will see in this section that the QCD axion is typically very light. Consequently, the low-energy
axion mass and interactions with hadrons is better described in an effective field theory description of
axion coupling to mesons, which are the lightest hadrons, ignoring any other heavier fields. The appro-
priate low-energy action is then the chiral lagrangian, which is the limit of the sigma-model lagrangian
of Section 5.2 in which the mass of the sigma particle is sent to infinity. The mesonic degrees of freedom
are described by a 2 x 2 unitary matrix X defined and transforming under SU(2);, x SU(2)r chiral
symmetries as

S—e=""™ . NS UsUL (904)

where U, g € SU(2)r,r- The low-energy lagrangian is then

2 2
L= Z“Tr(amzxamz—l) + é(@ma)Q + %moTr(ETM + M), (905)

where mg is a mass parameter that will determine the pion masses. In (905), the meson kinetic term
is invariant under SU(2), x SU(2)r chiral symmetries, whereas the linear term in X breaks the chiral
symmetry and describes the up and down quark mass terms of QCD. The quark mass matrix contains,
after the chiral redefinition (902), the axion field and is explicitly given by

M = 279 <"8“ Tg > 279 with TrQ,=1. (906)
d

The charged pions do not play an important role in what follows and can be consistently set to zero for
our purposes. We will also restrict for simplicity to a diagonal ), matrix and will check that the axion
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potential is independent on its eigenvalues. We will therefore compute the axion mass and potential by
restricting ourselves to

370 Qe 0
E—)efw s Qa:<0 Qg

The scalar potential derived from (905) is then easily computed to be

) . with Q*+Qi=1. (907)

0
V(a, ) = —f>my {mu cos(— - QL— a )+ mgq cos( +QI— a4 )} (908)
fﬂ' fa fﬂ' fa
The minimum of the scalar potential for generic Q%, Q% is (%) = (a) = 0. The mass matrix is then
given by
_/\/l2 m My + My (Qdmd - Qumu) (909)
= 0 )
L2 (Qdmg — Quma) % [(Q“) ma + (Q4)?mq]
which in the physically relevant limit f, > f; leads to the masses
2,2
m = mo(my A mg) , m2= T Jxlln (910)

(mu + md)2 f(g

Notice that the axion mass becomes zero in the chiral limit m, — 0, as expected. Since we work in
the limit m, > m,, one can integrate-out the pion field in order to find the low-energy potential of the
axion. This can be readily done by ignoring the quantum fluctuations of the pion, therefore solving the
classical field equation of the axion and plugging it back into the scalar potential. The solution of the
classical pion field eq. is

)
-

Plugging this solution back into the scalar potential (908) one finds the final low-energy axion potential

(31]
29 _ dm,my .9 @
Via) = fwmﬁ\/l T+ )2 sin T (912)

0 my, sin(QY-+) — my sin(Qg
tan — = z

ua
af
fr my cos(Qy+-) + mg cos(Qg

911)

e

Some comments are in order. First of all, this scalar potential is different compared to the popular one
appearing in the literature (449). It has the same periodicity a — a + 27 f,;, but its shape is different, in
particular the quartic axion self-coupling is significantly different. It is clear that it is more reliable than
(449), in particular it becomes trivial in the limit of massless up quark. It reproduces also correctly the
axion mass computed earlier in (910).

19.4 Axion models and couplings

The earliest axionic model was the Kim hadronic axion and the generalization to generic invisible axions
by Shifman, Vainshtein and Zakharov [30]. In such models, the Standard Model fermions are not charged
under the Peccei-Quinn symmetry, and the main couplings of the QCD axion are to gluons and eventually,
if the heavy fermions defining the model are charged under the electroweak gauge group, to the photon.
Different class of models are those in which Standard Model quarks and leptons are charged under the
Peccei-Quinn symmetry. The simplest viable model of this type is the DFSZ one [32], which is described
in the following.

The simplest realization of a Peccei-Quinn symmetry was actually proposed in the original PQ
papers [27], which extended the Standard Model to two Higgs doublets hj, ha, in order to to be able
to obtain an additional global symmetry. The two doublets are parametrized like in MSSM, Section
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18, and contain five real physical degrees of freedom, after the Higgs mechanism. Since in this model,
analogously to MSSM, the electroweak vev is given by v? = v? + v3 = (246GeV)? and the axion is a
linear combination of the two neutral pseudoscalar fields contained in Im A{, Tm A9, its couplings will
be determined and of the order of the electroweak scale, fact that was soon excluded afterwards by axion
experiment searches.

The DFSZ model is an extension of the original Peccei-Quinn model, including a scalar singlet ®
with a very large vacuum expectation value Vpg > v. Under the PQ chiral symmetry, one can assign
charge 1 to all quarks and leptons, charge —2 to hq, ho and charge +2 to ®. The Yukawa couplings are

— Ly = QNUrhy + QN\’Drhy + LA°Eghi +h.c. , (913)
where U = (u, ¢, t), etc. Therefore the classical lagrangian is invariant under the transformations
U —eBY | hyg—e 2%hyy , B — XD, (914)

where W denotes here the collection of all quarks and leptons of the Standard Model. For correct identi-
fication of the axion field and of its couplings, one needs essentially the neutral pseudoscalar fields. One
(linear combination) of them will be absorbed by the Z gauge boson and the orthogonal combination
will be the physical axion. By ignoring all other fields, which will be much heavier, we start then with
the parametrization

(6 0 . 0 9 .
R0 _ U1 i(%2+52) 0_ Y2 i(-%+0) _VpPg it

— . h)= , ;

where V? = VﬁQ —H)% —H)% ~ Vng. To correctly identify the goldstone boson ¢ absorbed by the Z gauge
boson and the axion a, one should write more explicitly the scalar kinetic terms and paying attention to
the mixing of the Goldstone 6 with Z. By setting all irrelevant fields (for our purposes) to zero, using the
standard definition tan 5 = v9 /v and expressing the covariant derivatives as D,,h; = (Op, — 1§ Zm)h1,
Dyho = (Om + 1GZm ) ha, where g = ﬁ, one finds

(915)

| 1
Dinfs? + [ Dhol? + 0m® P = 5 (@0n0)? + 5 (Oma)? + %cos 28 0, 0,0™0,

o U2 §2U2 .
52" 0 (00, + - 0828 0,) + L= 2, 2™ (916)

Diagonalizing and normalizing the kinetic terms, one finds the canonically normalized fields

~ 1 v ~ 1 v
Uy =[5+ 5700828 (0 +0a) , Wo= /35— 5o 00528 (6, — 6a) O17)

in terms of which

v ~ v = v
H(x)w1/1—&—?00825\1/1—1—1/1—Vcos25ﬁ/2~9y+vcos259a,
(2) ~ /1= 20528 Ty — /1 + 2 cos28 T J1o 2 o op 6 (918)
a(x 77 o8 1 77 cos 2 772 €8 o

In (918) we did not write for simplicity the exact normalization factors. In the unitary gauge one sets
(x) = 0 and therefore 6, = —{; cos 236,. The physical axion composition of the three scalars of the
model is then worked out to be

- a

B = Y1 2isin® B o = Y2 2icos? B . D= VPQe—zV ~

y
V2 ’ V2 V2 V2

<

—iy (919)
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The relevant terms for the strong CP problem in the low-energy Standard Model lagrangian are then

_ 1 _ g2 -
LD \I/L7Ri’ym8m\l/[/’pb + i(ama)z +6 12;_2 TT(Gmn Gmn)

_ (ULmUGQisiHQ 'B%UR + DLmD62iCOSQ B%DR + ELmE62iCOSQ B%ER + h.c.) , (920)

where we used a compact notation where W denotes the set of all SM fermions. One now performs a
chiral field redefinition to remove the axion from the fermionic mass matrices

U— e s’y Dy emseos?fyp | p oy e’y 921)

The chiral transformation (921) generates tree-level derivative couplings of the axion to SM fermions
and has a one-loop color and electric charge quantum anomaly. After the chiral transformation, the
low-energy lagrangian becomes

2
n a g3 mn a Oem E mn
— Luin 2N 7) Tr (G 4 Qem 2 p o f
£ £k~+(9+ 1) gz TG G+ 3 S0 N
_ (UmUU + DmpD + EmEE) + %&njl% , (922)

where Ny (= 3 in the SM model) is the number of fermion generations, £/N is the electromagnetic
over the color anomaly ratio, equal to 8/3 in the SM (and more generally for SU(5) complete fermion
representations) and

Jpg = sin? BU~™y5U + cos? B(DY™y5D + Ey™sE) (923)

defines the PQ current. The fermionic PQ current is model-dependent, for example it changes if there are
additional heavy_fermions like in the KSVZ model. Since the lagrangian (922) has the shift symmetry
a — a + 3, the O parameter can be removed.

The most general couplings of the QCD axion to the gluons, photon and the SM fermions can
therefore be parametrized as

a O a Qem F

L= Liin, + = —Tr(Gpp G™ = Fpp F™
k'+fa47r ( )+fa 8t N
— (UmyU + DmpD + EmgE) + %awfffm : (924)

where oy = g?z) /4w and Jgg )PQ is a model-dependent PQ current. In order to use the chiral lagrangian

axion-meson formulation presented in the last subsection, one can now perform a chiral field redefinition
(1902) on the first generation up and down quarks which removes the axion coupling to the gluons and
shifts it into the light quark mass matrix. After the chiral field redefinition and by restricting ourlselves
to the axion couplings to the lightest (up and down) quarks and the photon, the lagrangian becomes

_ -\ e v 0 da .
ﬁ == ﬁkln — {('U,L dL) e?fu.Qa' <Tr(; md) leu.Q <ZZ> + hC}

1 1 -
+f78ma Jm,PQ + Za gav’yan Fm (925)
where
o FE
a = |=- 6T a 2
Gayy o f, [N T(QQ)]v
1, m U
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where @ = diag(2/3,—1/3) is the charge matrix of the up/down quarks.

Notice that the typical derivative coupling of the axion to fermions can be also written, if the
fermions are on-shell, and after an integration by parts, as

my

fa

The DFSZ model introduces several new parameters in the scalar sector, whose most general form

1 _ _
0" a Yy s = —2i——a Pysi) . (927)

is
V = M(hihs —v})? + Aa(hlhg — v3)? + As|€ hiihgj|? + Aa|hihol?
25(|107 — V)2 + (A6€7 hihg;® + hc.) + (A\rhlhy + Ashbho)|®% + .. (928)

There are therefore many new parameters in the scalar potential of this model, compared to the two
parameters of the Higgs sector of the minimal Higgs sector in the Standard Model !

In addition to their potential of solving the strong CP problem, axions are also excellent dark mat-
ter candidates, even for typical values of their masses and couplings to matter. Axions are intensively
searched experimentally since the 80’s. They have particular couplings to gauge fields and to fermions,
as we discussed above. In particular, in the presence of electromagnetic fields, they can convert into pho-
tons. This led to simple proposals for dark matter detection experiments of the "light shinning through the
wall" type, using cavities containing large magnetic fields inside. Since axions have highly suppressed
couplings to matter, they can easily pass through the wall cavities, whereas inside a strong magnetic
field can convert them into photons, the so-called Primakoff processes. Whereas originally the typical
QCD axion parameters were considered to be 107° < m, < 1072 eV and 10° < f, < 10'2 GeV,
significant recent activity, both on the experimental side and on the theoretical model building, enlarged
considerably the axions parameter space. Axions as light as 10724 eV are studied as "fuzzy dark mat-
ter" candidates with wavelengths of the size of galaxies, and light axions with large decay constants
fa ~ 1016 — 10'7 GeV were shown to naturally arise in string theory constructions. Axions which are
(or not) dark matter candidates have interesting astrophysical, cosmological and experimental signatures
even if they do not have the right properties to solve the strong CP problem. For such axions, their mass
mg and decay constants f, are not tied as in eq. (910), but they are rather considered as independent
free parameters. Such axions are typically called ALP’s (axion-like particles), whereas the name of QCD
axion is reserved to the "chosen one" which (hopefully) solves the strong CP problem. On the theoretical
side, axions are also present in most SUSY and other extensions of the SM and play a crucial role in
supergravities and string theories, from various point of view, as e.g. gauge and gravitational anomaly
cancelation and stabilization of moduli fields describing the geometry of the internal space.

Finally, we display in fig. 32 some recent constraints in the plane (gqy-,Mq), Where gq-, is the
axion-photon coupling.

20 Introduction to Supergravity

Combining supersymmetry with gravity turns it into a local symmetry within an elegant class of theories
that are generically called supergravity [72] (for reviews, see [75,79]). The corresponding gauge fields,
one or more spin—3/2 gravitini, accompany in them the spin-2 field of General Relativity. Supersym-
metry also plays a key role, in several respects, in the formulation of String Theory, which is the most
serious candidate to unify gravity with the other interactions in the quantum realm and makes its presence
inevitable. At low energies, where gravitational interactions between fundamental particles become very
weak, one can decouple gravity altogether. In this fashion, the global (or rigid) limit of supersymmetry
acquires an important role on its own in applications to Particle Physics, as we have seen. We can now
review some properties of the gravity multiplet and of four—dimensional N = 1 supergravity, which is
based on it.
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Fig. 32: Axion searches and constraints in the plane g, (the axion-photon coupling) versus the axion mass. See
for example [50] for more details.

20.1 The Rarita—Schwinger Field

In supergravity, the graviton is part of a multiplet that also includes one or more (Majorana) gravitini
W,,. In a four-dimensional supersymmetric vacuum, both the graviton and a Majorana gravitino have
two degrees of freedom on-shell.

Before providing some details on N = 1 supergravity in four dimensions, it is perhaps useful
to recall some properties of the Rarita—Schwinger action for the gravitino in flat space. Let us begin
by considering the case of a massless Dirac gravitino in D—dimensional Minkowski space, which is
described by

S = —z'/de\IerMNPaN\IJP, (929)

in a generic number D of dimensions. Here TM~? s totally antisymmetric in (M, N, P), and if M #
N # P
MNP — pM NP (930)

In four dimensions, the gravitino field can be subject to a Majorana or Weyl constraint, while in ten
dimensions, where they are independent, it can be even subject to both.

The Lagrangian is invariant under
OV = Oye, (931)

where € is a local supersymmetry parameter, which is a spinor field subject to the same projections as the
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gravitino field ¥ ;. The Rarita—Schwinger equation of motion reads
MNP oy Tp =0, (932)

and its y trace is
TN 9y Ty = 0. (933)

The counterpart of the Lorentz gauge of Electrodynamics for this case is the condition
™y, =o0, (934)

which can be reached by solving a Dirac equation, and when combined with eq. (933) yields the second
constraint
oMUy = 0. (935)

Making use of these results in the equation of motion (932) then reduces it to the Dirac equation
0¥y =0, (936)
which implies the massless Klein—-Gordon equation

Oy =0. (937)

Selecting a light-like momentum, one can repeat almost verbatim the steps that associate D — 2
polarizations to a massless vector. In the present case, taking into account the presence of a residual on—
shell gauge transformation, one can eliminate ¥+ leaving only (D — 2) transverse ¥,;. However, only
(D — 3) of them are independent, in view of eq. (934), and finally the Dirac equation halves, on shell, the
remaining components. These arguments thus show that a massless Dirac gravitino has (D — 3) 2lP/2]
degrees of freedom, a number that can be further reduced by Majorana and/or Weyl projections, when
these are possible.

The massive Rarita—Schwinger action is
S = /d% [— iUy MNP O Up — im Uy TMN Wy | (938)

and now the equation of motion is
MNP oy Up + mTMN oy = 0. (939)

Its divergence now yields (933), and combining it with its I'-trace one obtains eqs. (934) and (935).
Taking these results into account, one is finally led to the massive Dirac equation

-0+ m) Uy =0, (940)

which implies the massive Klein—~Gordon equation. Taking a rest—frame momentum P = (m, 0, ...,0),
one can now conclude that U° = 0, so that the field contains (D — 2) 2!°/2 degrees of freedom, in view
of eq. (934). Note that these degrees of freedom are as many as those of a massless gravitino and a
massless fermion in D + 1 dimensions.

20.2 Pure N = 1 Supergravity in Four Dimensions

We can now briefly discuss N = 1 Supergravity in four dimensions [72, 75, 79], and the first step to
this end involves a combination of the Einstein—Hilbert term in the vielbein formalism and a covariant
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completion of the Rarita—Schwinger action for the gravitino field ¥,,, here written in Majorana notation,
in terms of a yet unspecified spin connection w,

Sle,w,¥] = d*z e (ema ey Ripn™ — i 0,, [P Vin(w) \Ilp) , (941)

212
where R,,,,%" is given in terms of the spin connection w,,%" by

Rimn®™ (W) = 0p wn® — Opwm® + wm® wne’ — wn® wn® . (942)
The I'™"*? are curved and related to the flat v matrices according to
7" =", (943)

where middle-alphabet latin indices m,n refer to curved indices, whereas beginning of the alphabet
indices a, b refer to Lorentz indices. The inverse vierbein e™,, which is necessary in order to define
spinors in curved spacetime, is the inverse of the matrix e, defined as the "square-root" of the metric

Gon = Nap &2 ¢, (944)

such that Clifford algebra in flat space is mapped into the appropriate one in curved space
{’Vaa')/b} =—2ng < {'Yma’)’n} =—29gmn - (945)

Ineq. (941) e = det e,. On the other hand, the spin connexion is obtained from the covariantly
constant postulate of the vierbein

Ve, = Ome, +w,%el —TP e =0, (946)

mn©p

which leads to the (antisymmetrized) vielbein postulate
Omen® — Onem® + wm @eny — wn @ep = 0. 947)

Many formulae in gravity and supergravity are written more elegantly in a form language, introduced by
Cartan. For example, the vierbein is naturally described by a one-form e“, the spin connexion is naturally
described by a one-form w9, whereas the Riemann tensor is described by a two-form R,

e =epdz™ | WY =w,de™ | % = R%ndx™dz™ (948)

such that eqs. (947) and (942) are elegantly written as
T =de®+wiAe® =0 , RY=dw’ +w' AwSy, (949)

the first equality above being called the Maurer-Cartan equation. The covariant derivative of the gravitino
takes into account its both vector and spinor character

1
V(@) U = On ¥ + = wmn®yap U — T8, ¥ (950)

4 mn =P
although due to the antisymmetry in mn in the Rarita-Schwinger action one can ignore the Christofell
connection term in eq. (950). One can prove that the action (941) is invariant under the supersymmetry
transformation

dem” = €'Yy, 0V, = Dyw)e, (951)

where

1
Diy () W = O U + 7 wm™ Yab U - (952)
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N = 1 supergravity admits an important deformation [73], which comprises the addition of a gravitino
mass term and a correlated negative cosmological constant that are encoded in

1 i - 6
AL = — [dze|—=pT™Y, + — | .
L 5 2 /d xe<L U, Un + LZ) (953)

The supersymmetry transformations are also deformed, and become

1
€' U, 0¥ = Du(w)e + 7 Tme. (954)

dent =

The mass term thus added is precisely needed to describe a gauge invariant spin—% in an AdSy back-
ground.

The supersymmetry algebra only closes on shell for the N = 1 supergravity action that we wrote
above. We will not discuss here off-shell formulations of supergravity, which in full analogy with global
supersymmetry, require the introduction of auxiliary fields.
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Appendices

A Path integral quantization
A.1 Path integral quantization in quantum mechanics
Let us consider a quantum mechanical system of coordinates and momenta g, p, of hamiltonian
H= p—Q +V(q). (A.1)
2m

The transition amplitude in quantum mechanics can be written as a sum over all possible paths, with a
weight provided by the classical action

iH(Ty—Ty)
(Q2, Tolai, Ty) = (qole™ a1 /Dq [a(t)] | (A.2)

where the integral is over all paths q(¢) with the boundary conditions q(¢1) = qi1, q(t2) = q2, and where
the classical action is

T T
Sttt = [ arziaw) = [ e[t -via) . (A3
T1 Tl
The classical action that satisfies 5?2%%)] = 0 contributes most to the transition amplitude, but all other

classically forbidden paths contribute in a precised way. The natural question is of course what is the
measure one is integrating upon. A mathematically heuristic, but intuitively clear definition is of dis-
cretizing the time propagation into small time intervals

toZTl,tl,tQ,-"tN:TQ s Withti—ti,lzeand]\fe:T,
and q(t;)) =q;, q(T1) = a1, a(T2) = qz - (A4)

The path integral is then an (appropriately normalized) ordinary integrals over the intermediate coordi-

nates qg,
u/Dq@)AfII/Eqk. (A.5)
k

The next step is to split the evolution propagator into the small intermediate time propagations
_iH(Ty—Ty) _ 1He
e 0 :He Hl—— (A.6)
i
and introduce an intermediate set of states in each of the propagation time intervals e

1=H/Mmmm. (A7)

By the superposition principle, the transition amplitude can therefore be written as

N-1

iHe
(a2, T2la1, T1) = lim / H day [ (arsale™ " ax) - (A.8)

qi=1 ki=0

The transition amplitude involves then matrix elements of the type (qx41|e” e |ax). For an appropriate
order (called Weyl ordering) of the operators in the hamiltonian, the result is (we set 4 = 1 from now on)

d A+1+t9% iy, o i i
(Arpr]e™lax) = H/ P e (5% )i, ok~ (A.9)
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and the whole transition amplitude becomes
<q27T2|q1,T1 H /d / ZZk (Z pk(qk+1 qk) GH(‘qk+§+qk 7p§c)> . (AlO)

Notice that this is the discretized version of the path integral expression

. T .

Coming back to the discretized form, the integral over momenta is gaussian and can be carried out
explicitly, leading to the final explicit expression

m(Qk+1_qk)2 Ak+1+9k
dq ZZ - —eV( )
(@2, Tolar, T1) = H/ BT >, (A.12)

where N(e) = (/= 2’“ . Further simplification takes place by considering periodic boundary conditions
q(T1) =q(T2) = qo and integrating over qo

- / dq (qole™ " |qp) = / dao / Dq(t) erSlat) . (A.13)
Indeed, by inserting a complete set of states |n), it can easily be shown that
Z = Z e tEnAT (A.14)

Formulae (A.13,A.14) allow often for the determination of the quantum mechanicsl energy levels E,,, by
computing the "partition function " Z under suitable approximations. The analogy of Z with the partition
function in statistical physics is clearly seen by Wick rotation to euclidian time AT = i8. In this case,
one gets the path integral formulae for the partition function of a quantum system

Zengn _ / dao / Dq(t) e Sl (A.15)

supplemented with the boundary condition q(i3) = q(0) = qp.

In practice we are interesting in quantum transition amplitudes from initial to final hamiltonian
eigenstates in a collision or transition, cross sections or particle lifetimes, instead of the amplitude dis-
cussed above. The transition from an initial state |1);) at a remote time (where is no interaction) t = —7'/2
to a final one |¢;) at a future time t = +7"/2 is given by

Agi = (p(T/2)i(=T/2)) = (yle™ ) = /dqdq’ (Wrla'Md'le™ " |a){alvi) . (A16)

Using (A.11), one can express the transition amplitude as

. o T/2 .
Agi = / dgdq ¥(d) / Daq(?) / Dp(t) ¢ oyt ARy, () (a17)
a(=T/2)=q,q(T/2)=¢'

This is actually equivalent to perform a unconstrained functional integral over ¢(t), with the arguments
of the initial (final) wavefunctions evaluated at the initial (final) time

. oT/2 .
Agi = / Dq(t) / Dp(t) (g -1/ PHEPDy, ) (A.18)

For a hamiltonian quadratic in momenta (with coefficient independent of ¢) as in the canonical case
(A.1) and up to a irrelevant (for most practical purposes) multiplicative constant, this is equivalent to the
lagrangian expression

.~ T/2 .
Agi = / Da(t) vi(g) e =12 Dy (g (A.19)
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A.2 Path integral quantization in field theory

The starting point in the path-integral formalism in field theory is the vacuum-to-vacuum amplitude in
the presence of an external field

(0, 0ut|0,in); = Z(J) = ") = / D¢ et d'eL@+T(@)d(@)] (A.20)

It can be shown that the time-ordered correlation functions, which appear in Feynman rules in perturba-
tion theory, can be computed according to

0T ¢(x1) - - - d(n)]0) = /D¢ (1) - Blag) e AT @AD] (A.21)

The interest of introducing the vacuum-to-vacuum amplitudes is that they allow to compute Green func-
tions via functional differentiation

oot -6 0 = (§ 5705 ) (S 570 ) 200

G (21 -+ xy) = (0|Th(21) - - - P(0)]0)e = 6J?x1) .-.fon)wu), (A.22)

where G (x - - - x,,) are connected n-point Green functions. Z(.J) can be computed in perturbation
theory by separating the free lagrangian from the interation

1.9
1

2(J) = / D et PolLo@ L@+ I @ota)] _ i S ol (35555) 7,07 (A.23)

where
Zo(J) = /D¢ ot [ d*alLo(@)+T(@)p(x)] _ o5 [ d*zd*yJ(z)DF(z—y)J(y) ’ (A.24)

where Dp(x — y) is the Feynman propagator, in the case of scalar fields given by (89). The egs. (A.22),
(A.23),(A.24) define perturbation theory and Feynman diagrams.

A.3 Path integral quantization in non-abelian gauge theories: the Faddeev-Popov lagrangian

The naive vacuum-to-vacuum amplitude for zero external source in nonabelian gauge theories is
i [d'a (—LE%Y)
Z(0) = [ DAe atmn) (A.25)

where D A is the measure over all possible gauge fields configurations (Lorentz and internal indices are
suppressed for simplicity). Things are not so simple in this case, however. Even in the abelian case, the
quadratic lagrangian has no inverse due to the gauge invariance. The same is true for the non-abelian
case, with a further subtlety that we will encounter. In order to quantize the theory, one has to choose a
gauge-fixing condition, F(A) = 0. One can insert then in the path-integral (A.25) the following identity

- / Do) 6(F(A®)) det <5f (aAa)> , (A.26)
where . .
A% = U(a)(Am + éam)U_l(a) S (A%) o~ AT ;Dma“ , (A.27)

is the gauge transform of the gauge field A,, = A% T, with T}, generators of the corresponding gauge
field Lie group. The last line in (A.27) refers to the infinitesimal transformations, of parameters a* and
Dpa® = 908 4 gfcAb of,
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By gauge invariance S[A] = —%F#fl = S[A“]. The path-integral measure is also invariant to the

replacement A — A®. Then one can replace Z(0) with

OF(A%) ) . (A.28)

Z(0) = /Da/DA S 5(F(A)) det< Sar

Let us consider covariant gauge fixing conditions of the form F%(A) = 0™ A%, — w®(z). Since physical
observables should not depend on changes in the gauge fixing conditions, one cold just integrate over w
with a gaussian weight

2
. ws (x)
/Dw o Al

SO AL, —wa()) = N(¢) e S @457 (A29)

with N () an irrelevant constant that will cancel out in physical computations. For Yang-Mills theories,
one can find
OF(A%)
da

1 1 .,
= -90™D,, , det(=0™D,,) = / D(cq, &) €' 41 Ea (=07 Dimca) (A.30)
g g

where cg, ¢, are scalar fields in the adjoint representation of the gauge group, but are anticommuting !
They therefore violate the spin-statistics theorem and cannot be physical; for this reason they are called
Faddeev-Popov ghosts [16]. The integrand in (A.28) is independent on the gauge group elements o
and therefore the corresponding integral gives an irrelevant (though infinite) constant which will cancel
upon dividing the various correlation functions by the vacuum-to-vacuum amplitudes, i.e. considering
connected diagrams. The final generating functional takes therefore the form

Z(0) = /D(A, c,8) et 'L (A31)
where 1 1
L= - (F)" - 2?(6’"‘%1?,1)2 + Ca(=0" Dinca) - (A.32)

Since the ghosts are unphysical, they cannot be propagating asymptotic states. This can be proven with
the help of the BRST symmetry [65], but this it is beyond the scope of these notes. The lagrangian
(A.32) sets the ground for the Lorentz-covariant perturbation theory and Feynman diagrams displayed in
Section 4.4.

A.4 Useful identities in Dirac algebra in two component notation

0

One defines 0™ = (0¥ = —1,0" = 7%), 6™ = (6 = —1, —7%), where 7¢ are Pauli matrices. The two

matrices are related via .
g = eo‘ﬁeo‘ﬁaglﬁ- & "= —(ea™e)t. (A.33)

The generators of the Lorentz group in the spinorial representations (%, 0) and (0, %) are

o™ =—(c"e" —-0o"d"™) , "= 1(5’”0" —a"o™). (A.34)
Some very useful identities are
omg" +o"c™m ==2n""1 , """ +a"c" = =2n""1, (A.35)
P — l(nmnnpr _ npnnmr + Z-Empnr)o_
2 T
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_ 1
o"d"™ = —

(nnpnmr _ nnmnpr + Z»Enmpr)o_r ,
cMF"gP = (_nmnnpr + nmpnnr . nnpnmr + iemnpr)o,r 7
oGP — (_nmnnpr + nmpnnr o nnpnmr _ Z‘emnpr)a,r 7

[O,mn’ O,pr] — nmpo,nr _ nmro,np _ 7Inpo,mr + nnro,mp 7 (A.36)

[\)

tro™a" = —-2n™" | JQZ&% = —25§5§ ,
tT(UmpUna'T) _ npnnmr o nmnnpr — jempnr ,

tT(0m5an5'r) — Q(Umnnpr _ nmpnm" + nmrnnp o iemnpr) ,

1 4
tr(ampgnr) _ _§(nmn77pr N nmrnpn + %mpm“) 7
(O_mn)t = egMe ’ Fmn — —E(Jmn)*E ,
(O.mn)T — _gmn , (O_mne)t — ™M ’ (&mne)t — 5™ . (A.37)

A.5 Integration in superspace

Let us consider a Grassmann variable #, such that #? = 0. A general function of § can then be expanded
according to

f(0) = fo+ f10. (A.38)

The integration rules for Grassmann variables are then

/d@zO ) /d99:1. (A.39)

0
[r@as = =55 [ a0 so.
o7

This imply

—Ldo=0. A4
89d9 0 (A.40)

The first equality in the first line of (A.40) shows that integration and differentiation are equivalent for
Grassmann variables, whereas the second line proves that any integration by parts is possible.

Let us now consider Weyl spinors in the Van der Waerden notation and define

1 1
d?0 = —Zeagdﬁo‘dﬁﬁ = 5delde2 ,

420 = —iedf}dé@déﬁ- - —%déldH_Q CdY = d20d%0 . (A.41)
With these definitions and by also defining, in analogy with the Weyl fermions
02 =0%0, , 6°=0:,0°, (A.42)
one gets
/ 02d%0 =1 = / 02420 . (A.43)

Like for the simplest Grassmann variable discussed before, for the Weyl spinors the integration and the
differentiation are equivalent. More precisely,

1 1
2 2 a
~—=-D?=—--D“D
&'~ —7 I o
_ 1 _ 1. _.
d%0 ~ —ZD2 = —ZDdD‘“ . (A.44)
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A.6 Useful identities for fermionic superspace coordinates and differential operators in super-
space

If ¢ is a two-component spinor (for ex. fermionic superspace coordinate), then the following identities

hold

« 1 « ]'
008 = —5¢ P02 a0 = Zeapb?,

2

IO o 1
apB _ Z 0Bp2 D — _—¢. -p2
00 = 5¢ - Haﬁﬁf 2€a,39 ,
(05™0)(0o™0) = —%nmw?e‘? ,

0 0 o 0 0 0 =
ag ¥ Y 04,8772:4 = 2 P2y
“on = a6, o opnoed’ T %4890, 00, !

1
(09)(O0x) = =50%(x) , Yo"x =XV . (A.45)
Differential operators used to define chiral superfields are defined as
0 s _ 0
Dy, = —— +iol% 0% Dy =—— — 0% 0m , A4
o= 5a +10,5,0%0m & 504 10%0 50, (A.46)

and satisfy the (anti)commutation and other relations
{Da,Da} = —2i0330m , {Da,Dg} ={Da, Ds} =0,
| = —4ic™, DY), ,
[D?, D?| = —8iD“ ™, D%0,, — 1600 = 8i D™, D9, + 1607,
9 _ o _ 9 _
D%0? = —4 4+ 4i00™0—— — 6%6°0 |, D%*0?> = —4 — 4i0c™0—— — 626’01 . (A.47)
oz ox™
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