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1 Preliminaries

Quantum field theory (QFT) is the language in which we codify our knowledge about the fundamental
laws of nature in a manner compatible with quantum mechanics, relativity, and locality. Its most signif-
icant achievement has been formulating the Standard Model (SM) of strong, weak, and electromagnetic
interactions. This theory summarizes what we know about the physics of the fundamental constituents of
matter. It also delineates our ignorance, providing a glimpse of the known unknowns that will motivate
future research. The story of QFT and the SM has been told many times with various degrees of detail
and depth (see Refs. [1-18] for a necessarily incomplete sample of books on both topics). In the pages
reserved for these lecture notes, it is utterly impossible to provide a detailed account of the towering
achievements accumulated since the discovery of the electron by J. J. Thomson in 1897, whose most
recent milestone was the announcement in 2012 of the discovery of the Higgs boson at CERN. Gener-
ations of physicists and engineers have made possible the formulation of a theory describing the most

fundamental laws of nature known so far.

High energy physics is not the only arena in which QFT has shown its powers. In the nonrel-
ativistic regime, it leads to quantum many body theory, a mathematical framework used in condensed
matter physics to study phenomena such as superconductivity, superfluidity, and metals’ thermal and
electronic properties [21-23]. Furthermore, in the last few decades QFT has also played a central role in

understanding the formation of the large scale structure of the universe [24-26].

Exciting as all these developments are, these lectures will focus on the applications of QFT to
particle physics and particularly the construction of the SM. We will highlight symmetry arguments to

show how virtually all known forms of symmetry realizations play a role in it. But even within this



FIELD THEORY AND THE STANDARD MODEL: A SYMMETRY-ORIENTED APPROACH

restricted scope, space limitations require choosing not just the material to include but also the viewpoint
to adopt. In explaining some of the ideas and techniques in our study of the SM, it is useful to focus on
several key concepts, many of which are related to implementing symmetries in a quantum system with
infinite degrees of freedom. In doing so, we will encounter many surprises and some misconceptions to
be clarified. Explaining physics can be compared to the performance of a well-known piece of music.
Often the performer surprises the audience by accentuating some features of the work that only then are
sufficiently appreciated. In such a vein, we will highlight some important fundamental aspects of the SM
the reader may not have encountered previously, some of which also point to the limitations of the theory.
Although we will not shy away from diving into calculations when needed, our aim here is less giving
a detailed account of the technicalities involved than providing the reader with both essential conceptual

tools and inspiration to further deepen in the study of the topics to be presented.

Having set our plan of action, we turn to physics and begin by reviewing the system of units to be
used throughout the lectures. Since we are dealing with quantum relativistic systems, it is natural to work
with natural units, where the speed of light and the Planck constant are both set to ¢ = A = 1. Doing a bit
of dimensional analysis, it is easy to see that setting these two fundamental constants to 1 means that of
the three fundamental dimensions L (length), T (time), and M (mass) only one is independent. Indeed,
from [c] = LT~ and [R] = M L?>T~" it follows that T = L and M = L~!, meaning that time has the
dimension of length and masses of (length)~!. Alternatively, we may prefer to use energy (F) as the
fundamental dimension, as we will actually do in the following. In this case, from [energy] = M L?T 2
we see that both lengths and times have dimensions of (energy) !, while masses are measured in units

of energy.

Using natural units simplifies expressions by eliminating factors of & and c and brings other ad-
vantages. The most relevant for us is that it provides a simple classification of the operators, or terms,
appearing in the action or Hamiltonian defining a theory. As an example, let us consider the scalar field

action
1 m? A A
_ 4 2 4 4 6 .6
S/dx<2a"¢au¢_2¢ ¢ _6!¢>' (1.1)

Action is measured in the same units as & (not by chance historically known as the quantum of action)
and is therefore dimensionless in natural units. Taking into account that [d*z] = E~% and [9,] = E, we
find from the kinetic term that [¢] = FE, which in turn confirms that [m| = E as behooving a mass. As

for the coupling constants, )\4 is dimensionless while [\g] = E~2.

Terms such as ¢%, whose coupling constants have negative energy dimension, are called higher-
dimensional operators. In the modern (Wilsonian) view of QFT to be discussed in Section 10, they are
seen as induced by physical processes above some energy scale A, much higher than the energy at which
we want to describe the physics using the corresponding action. The presence of higher-dimensional
operators in the action signals that we are dealing with a theory that is not fundamental, but some effective
description valid at energies £ < A, that should eventually be replaced (completed) by some more

fundamental theory at higher energies.

Although the action of an effective field theory (EFT) may contain an infinite number of higher-
dimensional operators of arbitrary high dimension, this does not make it any less predictive at low en-
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ergies [27,28]. To understand this, let us look at a higher-dimensional operator O,,, with [0,,] = E"~*

for n > 4, entering in the action as

g
SO AH—L /d% O, (1.2)
where ¢, is a dimensionless coupling. The correction induced by this term to processes occurring at
energy F scales as (F/A)"~*, so for E < A there is a clear hierarchy among the infinite set of higher-
dimensional operators. The upshot is that using our EFT to ask physical questions at sufficiently low
energies, and taking into account the limited sensitivity of our detectors, only a small number of higher-

dimensional operators have to be considered in the computation of physical observables.

Applying the philosophy of EFT to the action (1.1) leads to identify the theory as an effective
description valid at energies well below the scale set by \g, namely A ~ 1/4/Ag. Nature offers more
interesting implementations of this scheme, some of which we will encounter later on in the context of
the SM. A particularly relevant case is that of general relativity (GR), that we discuss now in some detail.
We start with the Einstein—Hilbert action

1
167G N

/ d*z \/—gR, (1.3)
and consider fluctuations around the Minkowski metric (nonflat background metrics can also be used)
G = N + 26h,, (1.4)
where
k= /371G y. (1.5)

Inserting (1.4) into (1.3) and expanding in powers of h,,,, we get an action defining a theory of interacting
gravitons propagating on flat spacetime [29-31]. Its interaction part contains an infinite number of terms

with the structure
Sint = Y K" / d*z Opialh, 0], (1.6)
n=3

where the operator O,,;2[h, 0], which has energy dimension n + 2, contains n graviton fields and two
derivatives, while from Eq. (1.5) we see that the coupling constant has dimension [x] = E~!. In the
spirit of EFT, this indicates that Einstein’s gravity is not fundamental, but an effective description valid

at energies below its natural energy scale set by the dimensionful gravitational constant, the so-called

Apr= ] € 94 % 10 Gev (1.7)
PL= 8rGn ’ '

where we have restored powers of & and c. To get an idea of the size of this scale, let us just say it is

Planck scale

about 10 times the center-of-mass energy at which LHC currently operates.
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The statement is occasionally encountered in the literature and the media that GR is impossible to
quantize. This needs to be qualified. The effective action (1.6) can be consistently quantized provided
we restrict our physical questions to the range of energies where it can be used, namely £ < Ap;. In
this regime, the quantum fluctuations of the background metric shown in (1.4) are of order E/Ap; and,
therefore, small. Furthermore, powers of this same quantity suppress the induced corrections and, at the
level of accuracy set by our experiments, only a small number of operators in (1.6) need to be retained
to compute physical observables. In other words, below the Planck energy scale quantum gravity is just

a theory of weakly coupled gravitons propagating on a regular background spacetime.

This state of affairs breaks down when the energy gets close to Ap;. At this point the quantum
fluctuations of the geometry become large and the hierarchy of terms in (1.6) breaks down. Physically,
what happens is that our gravitons become strongly coupled and therefore cease to be the appropriate
degrees of freedom to describe a quantum theory of gravity. Thus, the correct statement is not that
there is no consistent theory of quantum gravity, but that we lack one which remains valid at arbitrarily
high energies. The difference is crucial, since it is precisely the latter kind of theory needed to analyze,
for example, what happens close to spacetime singularities, where quantum effects are so large as to
override the semiclassical description provided by GR. Viewed as an EFT, Einstein’s (quantum) gravity is
expected to be subsumed near Ap into another theory, its ultraviolet (UV) completion, which presumably
remains valid to arbitrarily high energies. Among the particle physics community string theory continues

to be the favored candidate for such a framework (see, for instance, Ref. [32,33] for a modern account).

The previous digression on EFTs leads us to the related issue of renormalizability, on which we
will further elaborate in Section 10. All QFTs used in describing elementary particles, particularly the
SM, lead to infinities when computing quantum corrections (terms of order A or higher) to classical
results. The origin of these divergences lies in the behavior of the theory at very high energies. Quantum
fluctuations of very short wavelength actually dominate the result, driving them to infinity. This problem
was tackled already in the 1940s by the procedure of renormalization. To make a long story short,
one begins by regularizing the theory by setting a maximum energy A, a cutoff, so fluctuations with
wavelength smaller than A~! are ignored. This makes all results finite, albeit dependent on the otherwise
arbitrary cutoff. The key observation now is that the parameters in the action (field normalizations,
masses, and coupling constants) can depend on A, so physical observables are cutoff independent. For
this to work, a further ingredient is needed: an operational definition of masses and couplings, which
serves to fix the dependence of the action parameters on the cutoff (for all the details see, for example,
Chapter 8 of Ref. [14] or any other of the QFT textbooks listed in the references).

In carrying out this program, two things may happen. One is that divergences can be removed
with a finite number of operators in the action (most frequently, just those already present in the classical
theory). This is the case of a renormalizable theory. The second situation arises when it is necessary
to add an infinite number of new operators in order to absorb all the divergences in their corresponding
couplings. The theory is then said to be nonrenormalizable. The SM belongs to the first type, while
GR is an example of the second. As a rule of thumb, actions containing operators of dimension equal
or smaller than four define renormalizable theories, while the presence of higher-dimensional operators

renders the theory nonrenormalizable, at least when working in perturbation theory.
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For decades, renormalizability was considered necessary for any decent theory of elementary par-
ticles. The very formulation of the SM and, most particularly, its implementation of the Brout-Englert—
Higgs (BEH) mechanism [34-36] through the Higgs boson was guided by making the theory renormal-
izable. As a token of how important this requirement was perceived to be at the time, let us mention
that the electroweak sector of the SM developed by Sheldon L. Glashow, Steven Weinberg, and Abdus
Salam [37-39] only started to be taken seriously by the particle physics community after Gerard ’t Hooft
and Martinus Veltman mathematically demonstrated its renormalizability [40,41].

From a modern perspective, however, the condition that a theory must be renormalizable is re-
garded as too restrictive, equivalent to requiring that it remains valid at all energies. As a matter of fact,
there is no reason to exclude nonrenormalizable theories from our toolkit. They can be interpreted as
EFTs whose natural energy scale is set by the cutoff A, giving accurate results for processes involving
energies £/ < A. Furthermore, from this viewpoint, the cutoff ceases to be a mere mathematical artefact
to eventually be hidden in the action parameters. Instead, it acquires a physical significance as the energy
threshold of the unknown physics encoded in the higher dimensional operators of our EFTs. Otherwise
expressed, nonrenormalizability has lost its bad reputation and now is taken as a hint that some unknown

physics is lurking at higher energies.

To make the previous discussion more transparent, let us look at the important case of quantum
chromodynamics (QCD), the theory describing the interaction of quarks and gluons. QCD is not just a
renormalizable theory that can be extrapolated to arbitrary energies, but asymptotically free as well. This
means that its coupling constant approaches zero as we go to higher energies, thus making perturbation
theory more and more reliable. The issue, however, is that when studying its low energy dynamics, the
QCD coupling grows as we decrease the energy and the theory becomes strongly coupled. This has to
be handled in a way somehow reminiscent of what we explained when discussing quantum GR near the
Planck scale: below a certain energy scale Aqcp we need to abandon the perturbative QCD (pQCD)
description in terms of quarks and gluons, now strongly coupled, and find the “right”, weakly coupled,
degrees of freedom to build an operative QFT. But, simultaneously, we have a huge advantage w.r.t.
the gravity case. There, the trouble arose in the unexplored region of extremely high energies, where
identifying the appropriate degrees of freedom, their interactions, or just the right framework remains
anybody’s guess (strings? spin foam? causal sets?). By contrast, life is much easier in QCD. The
problematic regime happens at low energies, so to identify the weakly coupled degrees of freedom, we
only need to “look™, i.e., do experiments. From them, we learn that the physics has to be described in
terms of mesons and baryons, whose interactions are largely fixed by symmetries (an issue to which
we will come back later). What is relevant for the present discussion is that the appropriate framework,
chiral perturbation theory (xPT), is a nonrenormalizable QFT whose action contains a plethora of higher-
dimensional operators. Its cutoff, however, is not some arbitrary energy A whose role is just to make the
theory finite, but the physical scale Aqcp at which quarks and gluons get confined into hadrons. The
theory of hadron interactions should then be understood as an EFT valid at energies £ < Aqcp.

The existence of the Planck scale at which quantum gravity is expected to become the dominant
interaction has led to the realization that all quantum field theories have to be regarded as EFTs with a
limited range of validity. This includes even renormalizable theories that, like the SM, are well-defined

in a wide range of energies. However, explaining some experimental facts, such as nonzero neutrino
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Gravity GR
Strong nuclear force xPT pQCD o
Weak nuclear force Fermi’s theory GUT? i
Electroweak theory
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i } } y ' >
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Fig. 1: Simplified cartoon showing the network of EFTs behind our understanding of subatomic physics.

masses, might require adding higher-dimensional operators to the theory, setting the energy scale for
new physics to be explored in future high-energy facilities. At this energy, the SM will be superseded,
maybe by some grand unified theory (GUT), which in turn is expected to break down at Ap;. It is in
this sense that EFTs provide the foundational framework to understand nature at the smallest length

scales (see Fig. 1).

2 From symmetry to physics

Symmetry is a central theme of contemporary physics, although its tracks go back a long way in history.
More or less in disguise, symmetry-based arguments can be found in natural philosophy since classical
times. In his refutation of vacuum in the fourth book of Physics (215a), Aristotle used the homogeneity
of empty space to conclude the principle of inertia, that he however regarded as an inconsistency since it
contradicted his first principle of motion: whatever moves has to be moved by something else. Galileo
Galilei’s assumption that reversing the velocity with which a free-rolling ball arrives at the basis of an
inclined plane would make it climb exactly to the height from which it was released can be also regarded

as an early de facto application of time reversal symmetry.

Although the origins of the mathematical study of symmetry are traced back to the first half of
the 19th century with the groundbreaking works on group theory of Evariste Galois and Niels Henrik
Abel, its golden age was ushered in by Felix Klein’s 1872 Erlangen Program [42,43]. Its core idea
is that different geometries can be fully derived from the knowledge of the group of transformations
preserving its objects (points, angles, figures, etc.). This establishes at the same time a hierarchy among
geometries, determined by the relative generality of their underlying symmetry groups. In this way,
Euclidean, affine, and hyperbolic geometries can be retrieved from projective geometry by restricting its

group of transformations.

As an example, the whole plane Euclidean geometry emerges from the invariance under the com-

bined action of rotations and rigid translations
o = R'a! + d, (2.1)

where Rij € SO(2) and a' is an arbitrary two-dimensional vector. These two transformations build

together the Euclidean group E(2) = ISO(2), leaving invariant the Euclidean distance between two
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Y
A
B
YB — YA
> T
T A B

Fig. 2: Euclidean distance between two points on the plane.

points A and B with Cartesian coordinates A = (2 4,y4) and B = (zp,yB),

d(A, B) = \/(:L‘B—a:A)2+(yB—yA)2, (2.2)

which is just an application of the Pythagorean theorem (see Fig. 2). In a similar fashion, the geometry on

the complex projective line CP! (a.k.a. the Riemann sphere) follows from the invariance of geometrical

objects under the projective linear group PGL(2, C), acting through M&bius transformations on CU{o0}
, az+b

= - 2.3
“ cz+d’ (2:3)

where a, b, c,d € C and ad — bc # 0. Among the invariants in this case are the four-point cross ratios

associated with four points with complex coordinates z1, 22, 23, and zy4

(21 — 23)(22 — 24)

CR(21, 22, 23, 24) = ; (2.4)
| )= o) a)
as well as the chordal distance between two points A and B on the Riemann sphere
B 2|z4 — 28]
d(Aa B)chordal = (2.5)

VI F[zaP) A+ [25)

Mbobius transformations preserve angles and maps circles to circles, so from a Kleinian point of view

they are bona fide geometrical objects on CP!.

Klein’s association of geometry and symmetry (i.e., group theory) revolutionized mathematics
and became a game changer in physics. Beyond all early tacit uses, the systematic implementation of
symmetry in physics had to wait until the end of the 19th century. In 1894 Pierre Curie used group
theoretical methods to study the role of spatial symmetries in physical phenomena [44], thus introducing
mathematical tools so far only applied in crystallography. This inaugurated a trend taken up later by
the emerging fields of relativity and atomic physics, that led to key results like Emmy Noether’s two

celebrated theorems linking symmetries with conserved charges [45] (see Section 5.2).



FIELD THEORY AND THE STANDARD MODEL: A SYMMETRY-ORIENTED APPROACH

2.1 Relativity from geometry

A beautiful example of geometry emerging from symmetry is provided by the geometrization of special
relativity carried out in 1908 by Hermann Minkowski'. Einstein’s formulation of special relativity in
terms of events occurring in some instant ¢ at some position r (as measured by some inertial observer)
leads naturally to introducing the four-dimensional space of all potential events, each represented by
a point with spacetime coordinates (¢,r). Although switching from one inertial observer to another
changes the individual coordinates of the events, the invariance of the speed of light implies the existence
of an invariant. Given two arbitrary events taking place at points r and r + Ar, and separated by a time

lapse At, their “spacetime separation”
As? = At? — (Ar)? (2.6)

remains the same for all inertial observers. The existence of this invariant with respect to the reference
frame transformations introduced by Lorentz, Poincaré, and Einstein (and named after the first one)

makes it natural to endow the space of events, or spacetime for short, with the metric
ds? = dt? — da? — dy?® — d2>. (2.7

This is how spacetime geometry originates from the postulate of invariance of the speed of light.

We can take advantage of the language of tensors and write the line element (2.7) in the form

ds?® = N dat dx” (2.8)

0

where (29, 2!, 22, 2%) = (t,2,y, 2) and 1, = diag(1, —1, —1, —1) is the Minkowski metric. The most

general linear transformation leaving invariant (2.8) [or (2.7)] is written as

o't = A 2 + at, (2.9)
where A¥, satisfies

M = NapA®, A, (2.10)

and o is an arbitrary constant vector. The linear coordinate change (2.9) generates the Poincaré
group, ISO(1, 3), that includes all transformations A%, in the Lorentz group SO(1, 3) in addition to rigid
translations. Notice that A%, is a 4 x 4 matrix with 16 real components, so that the ten conditions (2.10)
reduce to six independent ones. They correspond to the three parameters of a three-dimensional rotation
(e.g., the Euler angles) plus the three velocity components of a generic boost. Adding the four real num-
bers determining a spacetime translation, we conclude that the Poincaré transformation (2.9) depends on

ten independent real parameters.

Besides the invariance of the speed of light, Einstein’s special relativity is also based on a second

postulate, that all laws of physics take the same form for any inertial observer. This can also be recast in

'Einstein actually dubbed Minkowski’s idea iiberflussige Gelehrsamkeit (superfluous erudition) [46], although geometrization
later turned out to be the basis of his general theory of relativity.
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geometric language by demanding that all equations of physics be expressed as tensor identities with the

structure

T () = .

Vlyeesln
Under the generic Poincaré transformation (2.9), the previous equation changes as

T (al) = AP LA TSR ()AL A =0,

V1...Un v,

thus preserving the form 77, "4* (') = 0 it had for the original observer.

2.11)

(2.12)

10
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functions can be alternatively parametrized as

1 |4
cosha = ——, sinha = —, (2.16)
V1-V?2 V1-V?2
where the relation between the boost velocity and its rapidity is given by V' = tanh «. Plugging

these expressions into (2.15), we arrive at the well-known formulae

Vax
_ _ Vi
# = —CQVQ = x—w (2.17)
E 1- 2

where exceptionally we have restored powers of c.

Whereas the Euclidean distance (2.2) tells us about how far apart in space two points lie, the
spacetime geometry (2.7) contains information about the causal relations between events. Let us consider
an arbitrary event that, without loss of generality, we place at the origin of our coordinate system z; =
(0,0). The question arises as to whether some other event x# = (¢, r) may either influence what happens
at z{, or be influenced by it. Since the speed of light is a universal velocity limit, the question is settled by
checking whether it is possible for a signal propagating with velocity v < 1 to travel from (¢, r) to (0, 0),

if £ < 0, or vice-versa for positive ¢. The condition for this to happen is
<1 — 2 —r?>0. (2.18)

The set of events satisfying this condition defines the interior and the surface of the light-cone associated
with the event at (0, 0), that we have depicted in Fig. 3 for a (24 1)-dimensional spacetime. Points in the
causal past of the origin lie inside or on the past light-cone (¢ < 0), whereas those on or inside the future
light-cone (¢ > 0) are causally reachable from (0, 0). By contrast, events outside the light-cone cannot
influence or be influenced by the event at the origin, since this would require superluminal propagation.
What we have said about the origin applies to any other event: every point of the spacetime is endowed

with its light-cone, defining its area of casual influence.

Thus, if two events lie outside each other’s light-cones, they cannot influence one another. Math-
ematically this is characterized by their spacetime separation satisfying As? < 0, so they are said to be
spatially separated. Interestingly, there always exists a reference frame in which both events happen at
the same ¢, i.e. they are simultaneous. This is not possible when one event is inside the other’s light-cone,
in which case As? > 0 and their separation is called timelike. Looking at (2.6) and remembering the
invariant character of As? we see that there can be no frame for which At = 0. Nonetheless, it is always
possible to find an inertial observer for which both events happen at the same point of space, i.e. Ar = 0.
In this case As? is just the (squared) time elapsed between both events, as measured by the observer who
is visiting both. Notice for two events lying on each others light-cone there is no such possibility, since
they can only be joined by signals propagating at the speed of light and no observer can travel at this

velocity.

11
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2-1r2>0

future light cone

2 -r?=0

2 —r’<0

past light cone

Fig. 3: Representation of the light cone at the origin in a (2 + 1)-dimensional spacetime.

12
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(¢',0), while the spacetime metric now reads
ds* = [1 —v(t')*]dt? + 2v(t') - dr’ dt’ — dr", (2.24)

which is no longer the Minkowski metric. To compute the proper time of both twins we use
Eq. (2.19), replacing 7, by the line element (2.24). We then find

t/
AsY) = / P TV L 2V —V(T)E = tp — ta,

ta
@ _ [, 1)
N / dt'/1—v(t')? < Asyp, (2.25)
t
which reproduce the results obtained above. The conclusion is that, if properly analyzed, the de-

scriptions from the points of view of both twins are absolutely consistent and no paradox arises.

As time and space coordinates combine to label a point (event) in the four-dimensional Minkowski
spacetime, so do energy and momentum build up an energy—momentum four-vector p* = (E, p). For a
particle of mass mm moving along an affinely paramerized worldline z* (), the four-momentum is defined
by

m mv
H(s) = maH(s) = , , 2.26
P = min(s) = (2 ) .20
with v the particle’s velocity. A first thing to be noticed here is that the particle’s energy is nonzero even

when its velocity vanishes. Restoring powers of ¢

E
E— 2 m —s me v— 2 (2.27)
C C

we get the famous equation E,.s; = mc?. On the other hand, the particle’s energy diverges as [v| — c.
This shows that the speed of light is a physical limiting velocity for any massive particle, since reach-
ing |v| = ¢ would require pumping an infinite amount of energy into the system. The transformation of
energy and momentum among inertial observers is fixed by p* being a four-vector, whose change under
a Lorentz transformation A", is given by p’* = A",p”. Considering a boost along the = direction with

velocity V' and using the expressions obtained in Box 1 in pages 10-11, we have

E-V -VE
o (2.28)
VI—V2 VI—V2
together with p;, = p, and p, = p.
Equation (2.26) also implies the mass-shell condition”
E? —p?=m2 (2.29)
’In covariant terms, the mass-shell condition reads p,p* = m? and follows from (2.26), remembering that the particle’s

worldline is affinely parametrized, 1., 2" (s)z" (s) = 1.

14
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Fig. 4: Energy—momentum hyperboloid for a particle of mass m # 0 (orange). The energy-momentum
vector of a massless particle lies on the blue cone.

In the four-dimensional energy—momentum space spanned by E and p, the particle’s four-momentum p*
lies on the two-sheeted hyperboloid E = ++/p? 4+ m?2, with the two signs corresponding to the upper
and lower sheet. Interestingly, the mass-shell condition has a smooth limit as m — 0, where the hyper-

boloid degenerates into the cone £? = p?, to which all massive hyperboloids asymptote for large spatial

momentum, |p| > m (see Fig. 4). Unlike Newtonian mechanics, special relativity admits the existence

of zero-mass particles whose four-momenta have the form

" = (|p|, p), (2.30)

where we have chosen the positive energy solution. In terms of its energy and momentum, the velocity

of a massive particle is given by [cf. (2.26) and (2.29)]

ve_ P (2.31)

which as m — 0 gives |v| = 1. Thus, massless particles necessarily propagate at the speed of light.

2.2 Relativity and quantum mechanics

So far, our analysis has left out quantum effects. Special relativity can be combined with quantum
mechanics to formulate relativistic wave equations plagued with trouble. An immediate problem arises
from the energy hyperboloid depicted in Fig. 4. The existence of the lower sheet implies that the system
of a relativistic quantum particle coupled to an electromagnetic field has no ground state, since the
particle has infinitely many available states with arbitrary negative energy to which it could decay by
radiating energy. This fundamental instability of the system is impossible to solve in the context of the

Klein—Gordon wave equation, while in the Dirac equation it can be avoided by “filling” all states in the
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lower sheet of the hyperboloid (the Dirac sea). The Pauli exclusion principle now prevents electrons

from occupying negative energy states, and the system is stable.

The Dirac sea notwithstanding, the interpretation of the Dirac equation as a single-particle rela-
tivistic wave equation is problematic, leading to puzzling results such as the Klein paradox [14,47]. In
fact, all the difficulties we run into when trying to marry quantum mechanics with special relativity stem
from insisting in a single-particle description, as can be seen from a simple heuristic argument. As we
know, Heisenberg’s uncertainty principle correlates quantum fluctuations in the position and momentum

of a particle

St

AxAp, > 5 (2.32)

Looking at physics at small distances requires taming spatial fluctuations below the scale of interest,
which in turn leads to large fluctuations in the particle’s momentum. When the latter reaches the

2 are large enough to allow the

scale Ap, ~ mec, the corresponding energy fluctuations AE ~ mc
creation of particles out of the vacuum and the single-particle description breaks down. Equivalently,

localizing a particle below its Compton wavelength,

Azr< (2.33)

leads to a quantum state characterized by an indefinite number of them. Unlike what happens in non-
relativistic many body physics, in the quantum-relativistic domain particle number is not conserved and
creation-annihilation of particles is a central ingredient of the theory. Thus, the single-particle descrip-
tion inherent to the relativistic wave equation is fundamentally wrong, as indicated by the paradoxes and

inconsistencies it leads to.
Box 3. Antiparticles and causality

One of the consequences of the Klein paradox alluded to above is the impossibility of a consistent
formulation of relativistic quantum mechanics without the inclusion of antiparticles. We can reach
the same conclusion by showing that antiparticles are the unavoidable ingredient to preserve causal-
ity in a relativistic quantum theory. To do so, let us consider a relativistic particle of mass m that

att = 0 is detected at the origin. Its quantum-mechanical propagator is given by

(r|le"TVP M2 | Q) = =itV =V Hm? 5(3) (1), (2.34)

G(t,r)

Physically, this quantity gives the probability amplitude of the particle being detected at a later
time ¢ = 7 at some location r. To explicitly evaluate the propagator, we Fourier transform the
Dirac delta function and compute the resulting integral in terms of a modified Bessel function of the

second kind

3 . .
G(r,r) Z/—(gﬂ];e_’”kumzﬂk'r
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and comparing with the first line in Eq. (2.35), we reinterpret ¢(7, r) as describing a state of mass m
and momentum —k, lying in the lower sheet of the energy hyperboloid, and propagating forward
in time. This represents a hole in the Dirac sea, i.e. an antiparticle of momentum k. Moreover,
from (2.39) we see that if our particle has charge ¢ with respect to some global U(1) symmetry, the

antiparticle necessarily transforms with the opposite charge
¢(Ta I‘)ﬂ — eiq@w(,r, I‘)ﬁ = w(Ta I‘)u — e—iqé),w(,r’ r)l}' (241)

Antiparticles are therefore a necessary ingredient in a relativist theory of quantum pro-
cesses if we want to avoid superluminal effects. They automatically imply the possibility of cre-
ation/annihilation of particle—antiparticle pairs, turning what was intended as single-particle rela-
tivistic quantum mechanics into a multiparticle theory where the number of particles is not even
well defined.

A fundamental consequence of the causal structure of spacetime is that measurement of observ-
ables in regions that are spacelike separated cannot interfere with each other. In quantum theory these
measurements are implemented by local operators O(x) smeared over the spacetime region R where the

measurement takes place

O(R) = / d*z O(z) fr(z), (2.42)
where
1 ifzeR
fr(x) = (2.43)
0 ifz¢ R

is the characteristic function associated with R. In mathematical terms, the noninterference of the mea-
surements carried out in spacelike separated regions [?; and > like those shown in Fig. 5 is expressed

by the vanishing of the commutator of the associated operators
[O(R1),0(R2)] =0 if Ry and R are spacelike separated, (2.44)
or equivalently
[O(z),0(y)] =0 if (z —y)? < 0. (2.45)

This states the principle of microcausality, a profound form of locality that has to be imposed on con-
structing any admissible QFT. To date no consistent theory has been formulated violating this principle.
This is why all theories to be encountered later in these lecture will be local quantum field theories
(LQFTs) in the sense of Eq. (2.44).
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Fig. 5: The two spacelike-separated regions R and Ry cannot causally influence one another.

3 The importance of classical field theory

Maxwell’s electromagnetism is arguably the mother of all classical field theories. Despite its apparent
simplicity, the theory contains a number of symmetries and structures that underlie many other develop-
ments in QFT. This is the reason why it is worthwhile to spend some time extracting some lessons from

classical electromagnetism that we will find useful later in our study of the SM and other theories.

3.1 The symmetries of Maxwell’s theory

Using Heaviside units, and keeping ¢ = 1 all the way, the Maxwell’s equations take the form

V'E:pea
V'B:/)m;
0B
E=—j,— —, 3.1
V x J BT (3.1
OE
VxB=jce+ —.
X _]+8t

Here we have introduced a color code signaling various layers of generality. Setting to zero all terms in
blue and red we get the vacuum Maxwell’s equations governing the evolution of electromagnetic fields
in the absence of any kind of matter. If we keep the terms in blue but remove those in red, the resulting
expressions describe the coupling of electric and magnetic fields to electrically charged matter, where p.
and j., respectively, represent the electric charge density and current. These are the Maxwell’s equations

that can be found in most textbooks on classical electrodynamics (see, for example, Ref. [51]).

Let us postpone a little bit the discussion of the terms in red and concentrate on the second and
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third equations

V-B=0,

VxE:—a;:. (3.2)

They imply that the electric and magnetic fields can be written in terms of a scalar and a vector poten-
tial (¢, A) as
B=VxA,

0A
E=-V¢— —. 33
0- (33)
These potentials, however, are not uniquely defined. The electric and magnetic fields remain unchanged

if we replace

Oe
¢ — ¢+§7
A—A—Ve (3.4)

with €(¢,r) an arbitrary well-behaved function. This gauge invariance is probably the most important
of those structures of the electromagnetic theory that we said were of radical importance for QFT at
large. Although at a classical level it might seem a mere technicality, it has profound implications for the
quantum theory and is the cornerstone of the whole SM. We explore its significance in some detail in the
following. For computational purposes, it is convenient sometimes to (partially) fix the gauge freedom
by imposing certain conditions on ¢ and A. Two popular choices in classical electromagnetism are the
Coulomb gauge V - A = 0 and the temporal (also called Weyl) gauge ¢ = 0. These conditions still
leave a residual invariance, generated in the first case by harmonic functions V2¢(¢,r) = 0 and by time
independent functions €(r) in the second. A covariant alternative is the Lorentz gauge
oo

DA+ 22— .
VAL =0, (3.5)

preserved by gauge functions satisfying the wave equation, Ce(¢,r) = 0.

Gauge invariance introduces a redundancy in the description in terms of the electromagnetic po-
tentials that however cannot be reflected in physically measurable quantities such as the electric and
magnetic fields. These are not the only gauge invariant quantities that can be constructed in terms of ¢
and A. There is also the Wilson loop, defined by

U(y) = exp (—ie%dr . A> , (3.6)
v

where 7 is a closed path in space and e the electric charge. Implementing a gauge transformation on the
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vector potential and using the Stokes theorem, we see that it is indeed gauge invariant

exp (—z’e}l{dr . A) — exp (—ie 7{ dr - A + ie%dr . Ve) = exp <—ie%dr . A) , (37D
gl gl v v

after taking into account that v is closed. Whereas E and B are local observables depending on the
spacetime point where they are measured, the Wilson loop is nonlocal since it “explores” the whole

region enclosed by 7.

It is enlightening to study the consequences of gauge transformations for the dynamics of a quan-
tum particle coupled to an electromagnetic field. In quantum mechanics the prescription of minimal

coupling of a particle with electric charge e to the electromagnetic field
P —p—€A, H — H + e, (3.8)

introduces an explicit dependence of the Schrodinger equation on the electromagnetic potentials

oy |1 2
5 = —2m(v ieA)” +ep| Y. (3.9)

To preserve the gauge invariance of this equation, the transformations (3.7) have to be supplemented by

a phase shift of the wave function
W(t,r) — e Uy (¢ r), (3.10)

which does not affect the probability density |¢)(¢,r)|?. This shows that the gauge transformations in

electromagnetism belong to the Abelian group U(1) of complex rotations, parametrized by elements
U = e—teeltr) (3.11)

in terms of which Eq. (3.4) reads

i-19

6 — o+ U U,

A A-‘utvu (3.12)
e

Box 4. Wilson loops and quantum interference

At the classical level we can live with just local observables, like the electric and magnetic fields,
but not anymore when we introduce quantum effects. In this case the phase transformation of the
wave function may give rise to observable interference phenomena. As we will see now, these are

measured by a Wilson loop U ().

We work for simplicity in the temporal gauge ¢ = 0. The action of a classical charged particle
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Going back to the Maxwell’s equations (3.1), we notice that the vacuum equations (with all blue

and red terms removed) exhibit an interesting symmetry. Combining the electric and magnetic fields into
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Fig. 6: Experimental setup to exhibit the Aharonov—Bohm effect explained in Box 4.

a single complex field E + ¢B, the four equations can be summarized as
V.- (E+iB) =0,

V x (E+z‘B)—z‘§t(E+iB) = 0. (3.21)

Both identities remain invariant under the transformation
E +iB — ¢ (E +iB), (3.22)

with 0 a real global angle. To be more specific, splitting the previous equation into its real and imaginary

parts, we find

E — Ecosf — Bsin¥,

B — Esinf + B cos#, (3.23)

which for § = 7 interchanges electric and magnetic fields (E,B) — (—B, E).

This electric-magnetic duality of the vacuum equations is however broken by the source terms in
the “textbook” Maxwell’s equations [i.e., Eq. (3.1) without the terms in red]. The identities (3.21) are

then recast as
V.- (E+iB) = pe,

V x (E +iB) —igt(E+iB) = ije. (3.24)

Since p. and j. are both real quantities, the only transformations preserving these equations are the trivial
ones which either leave invariant the electric and magnetic fields or reverse their signs (corresponding

respectively to # = 0, ), the latter one also requiring the reversal of the sign of p. and j.. Physically this
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makes sense, since as far as we know there is a fundamental asymmetry in nature between electric and
magnetic fields. While the first are sourced by point charges (electric monopoles) at which field lines
either begin or end, magnetic fields are associated with the motion of electric charges and their field lines
always close on themselves. Restoring electric-magnetic duality in the Maxwell’s equations requires
treating the sources of both fields symmetrically, which means introducing magnetic charge density and

current. These are the terms in red in Eq. (3.1), that we rewrite now as
V- (E+iB) = pe + ipm,

0 (E+iB) = i(je + ijm)- (3.25)

VX (B+iB) iy

These equations remain invariant under electric—magnetic duality (3.22) when supplemented by a corre-
sponding rotation of the sources
Pe + ipm — e’ (pe + i[hn),
je + Z‘jm — 6i9 (je + Z‘jm,) . (326)
For § = 7 the interchange of electric and magnetic fields is accompanied by a swap of the electric and
magnetic sources, (peaje) — (*pmv 7jm) and (pmajm) — (pe,je>-
The consequences of having particles with magnetic charge were first explored by Dirac in

Ref. [53]. Let us assume the existence of a point magnetic source that for simplicity we locate at the

origin, p,, = go (3) (r). The second equation in (3.1) leads to
1
V-B=g®¥r) =  Br)=-—2u, (3.27)
r

which would be a magnetic analog of the Coulomb field. An important point to consider is that, despite
the source’s presence, the magnetic field’s divergence still vanishes everywhere except at the monopole’s

position. As a consequence, away from this point we can still write B = V x A, which is solved by

Ar) = —Ltan <> u,, (3.28)

where we are using spherical coordinates (7, ,#). This vector potential is singular not only at the
monopole location at r = 0, but all along the line # = 7 as well. The existence of this singular Dirac
string should not be a surprise. Were A (r) be regular everywhere outside the origin, we could apply the
Stokes theorem to the integral giving the magnetic flux across a closed surface S enclosing the monopole,
to find

/dS-B:/dS-(VxA):f de-A =0, (3.29)
S S 8s

since S = (). This would contradict the calculation of the same integral applying Gauss’ theorem

/dS-B: V.-B=g+#£0, (3.30)
S Bs
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Dirac string

Fig. 7: Left: Section of a sphere around a Dirac magnetic monopole with charge g, resulting from
cutting out a region around the south pole. Its boundary dS surrounds the singular Dirac string located
along 6 = 7 (in red). Right: Closed path surrounding the Dirac string.

where B3 denotes the three-dimensional region bounded by S and containing the monopole. Notice that
this second calculation is free of trouble, since the magnetic field (3.27) is regular everywhere on S. The
catch, of course, is that the vector potential is singular at § = 7 and the surface S in (3.29) cannot be
closed. As shown on the left of Fig. 7, its boundary is a circle surrounding the singularity and the integral

gives a nonzero result

1 . (50 §o—0
7{ dé-A=_gsindptan | — | —— g, (3.31)
S 2 2

where the last limit corresponds to shrinking the boundary to a point, reproducing the result of Eq. (3.30).

Even if mathematically unavoidable, the existence of a singularity is always a source of concern
in physics. A way to restore our peace of mind in this case might be to make the Dirac string an artefact
that somehow is rendered unobservable. One may think that a way to accomplish this is to apply a gauge
transformation, since the vector potential is not uniquely defined. This, however, does not eliminate the

Dirac string, just changes its location.

Let us look a bit closer at the vector potential (3.28) near the Dirac string. Denoting by o the linear

distance to the string (see the right of Fig. 7), in the limit o — 0 we can write

1yg

~ —Zu,. 32
27rgu¢ (3.32)

This expression should be familiar from elementary electrodynamics, since it represents the vector poten-
tial outside an infinite solenoid. The Dirac string can be pictured then as an infinitely thin solenoid pump-
ing magnetic flux into the monopole which, according to the limiting value of the integral in Eq. (3.31),

is actually equal to the outgoing flux through a closed surface surrounding the monopole.

In Box 4 we learned a way to “detect solenoids” by their imprints on the wave function of charged

quantum particles detectable by interference experiments. The Wilson loop of a particle with electric
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charge e going around the Dirac string is computed from the vector potential (3.32) and gives [see also
Eq. (3.31)]

U(y) = exp (—z’e%dﬁ . A) = e, (3.33)
v

The absence of detectable interference requires this phase to be equal to one for any electrically charged

particle, which amounts to the condition
eqg = 2mn — e=—n. (3.34)

with n an integer. This is a very interesting result, stating that the existence of a single magnetic
monopole anywhere in the universe implies by consistency that electric charges have to be quantized.

The quantization condition (3.34) remains invariant under electric-magnetic duality with § = 7.

Unconfirmed sightings in cosmic rays notwithstanding [54,55], no evidence exists of magnetically
charged particles at the energies explored. They are, however, an almost ubiquitous prediction of many
theories beyond the SM, where they usually emerge as solitonic objects resulting from the spontaneous
breaking in unified field theories leaving behind unbroken U(1)’s. Although they acquire masses of the
order of the symmetry breaking scale, magnetic monopoles should have been created in huge amounts at
the early stages of the universe’s history. One of the original aims of cosmological inflation models was

to dilute their presence in the early universe, thus accounting for their apparent absence.
Box 5. Magnetic monopoles from topology

The origin of all our troubles with the Dirac monopole was after all topological: although the vector
potential of the magnetic monopole is locally well defined anywhere away from the origin, it cannot
be extended globally to the sphere surrounding the monopole. There is however a way to avoid the
singular Dirac string, which was pointed out by Tai Tsun Wu and Chen Ning Yang [56]. When
computing the flux integral (3.30), instead of covering the sphere with a single patch cutting out the
region around the place where the Dirac string crosses the surface (in our case, the south pole), we
can be more sophisticated and use two patches, respectively centered at the north and south poles
and overlapping at the equator. This is what we represent in the picture below, with D the upper

and lower hemispheres glued together along their respective boundaries S1

On both D, and D_ we can write vector potentials whose curls reproduce the expression of the
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monopole. Implementing the quantization condition eg = 27n, the U(1) transformation (3.37)

relating the vector potential of both hemispheres takes the form [cf. (3.11)]
U =ém. (3.40)

Since U(1) is the multiplicative group of complex phases, it can be identified with the unit circle.
As we move once along the equator and the azimuthal angle ¢ changes from 0 to 27, the gauge

transformation (3.40) wraps n times around U(1), as we illustrate here for the particular case n = 3

More technically speaking, when mapping the circle S! onto U(1) we encounter infinitely many
sectors that cannot be smoothly deformed into one another and are distinguished by how many
times the circle wraps around U(1). The corresponding integer is an element of the first homotopy
group 71 [U(1)] = Z classifying the continuous maps U : S — U(1) (see, for example, Refs. [57—
60] for physicist-oriented overviews of basic concepts in differential geometry).

This should not come as a surprise. After all, at face value, our insistence in expressing the
magnetic field as the curl of the vector potential is incompatible with having a nonvanishing value
for V- B as in Eq. (3.27). To reconcile these two facts we have to assume that although B = V x A
is valid on a contractible coordinate patch, there is no vector field A globally defined on the sphere
with this property. This is why in our case the topologically trivial configuration n = 0 corresponds

to zero magnetic charge and a vanishing magnetic field.

Looking at the symmetries of classical electrodynamics, we notice one conspicuously absent from
the Maxwell’s equations (3.1): Galilean invariance. It is amusing that Maxwell composed a fully rela-
tivistic invariant field theory some forty years before Einstein’s formulation of special relativity. It took
the latter’s genius to realize that the tension between classical mechanics and electrodynamics was to be
solved giving full credit to the Maxwell’s equations and their spacetime symmetries. The price to pay
was to modify Newtonian mechanics to make it applicable to systems involving velocities close to the

speed of light.

3.2 Quantum electromagnetism

The easiest way to show the relativistic invariance of the Maxwell’s equations is to rewrite them as
tensor equations with respect to Poincaré transformations. To do so, we combine the scalar and vector

electromagnetic potentials into a single four-vector

A = (¢, A), (3.41)
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while electric and magnetic fields are codified in the field strength two-tensor
F, =0,A, - 0,A,. (3.42)

The latter can be explicitly computed to be

F, = : (3.43)
~E. -B, B, 0

where E = (E,, Ey, E.) and B = (B,, By, B.). The gauge transformations (3.4) are now expressed in

the more compact form
A, — Ay + e, (3.44)

which obviously leave F},,, invariant. It is also convenient to define the dual field strength

- 1
F = iewﬁwﬁ , (3.45)

whose components are obtained from (3.43) by replacing E — B and B — —E. Charge densities and

currents are also merged into four-vectors

Je = (pesde),
it = (Pmsdm)s (3.46)
in terms of which the four Maxwell’s equations (3.1) are recast as
O F" = 3¢,
O M = jv. (3.47)

Some comments about the magnetic current are in order here. It should be noticed that the defini-

tion (3.42) automatically implies the Bianchi identity
oy 1 voaf voaf
O " = 2 OcFop =€ 0,0,A5 = 0, (3.48)

contradicting the second equation in (3.47). In fact, we have already encountered this problem in its
noncovariant version when discussing magnetic monopoles: writing B = V x A is incompatible with
having V - B # 0. The solution given there is also applicable here. What happens is that (3.42) is valid
locally but not globally. Magnetic monopoles can be described using the vector potential A, but the

gauge field configuration needs to be topologically nontrivial.

The tensors F),,, and ﬁuv can be used to construct quantities that are relativistic invariant. By
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contracting them, we find the two invariants
F,F" = E,, F" = —2(E? - B?),
F,,F" = 2E - B. (3.49)
This implies that the complex combinations
(E+iB)’ = E> - B>+ 2iE - B, (3.50)

also remain invariant under the Lorentz group’. The present discussion is very relevant for building an
action principle for classical electrodynamics. In particular, noticing that F| Wﬁ M =20, (A, F*) is a

total derivative, the obvious choice is

1
5= / te <_ 1w P +J‘“Aﬂ>
1
— /dtd?’x [2 (E*—B?) +pp—j- A] , (3.51)

which is also gauge invariant provided charge is conserved, d,j#* = 0. Since from now on we will
ignore the presence of magnetic charges, we drop the color code used so far, as well as the subscript in

the electric density and current.

Although obtaining the Maxwell field equations from the action in (3.51) is straightforward, the
canonical formalism is tricky. The reason is that qﬁ does not appear in the action and as a consequence
the momentum conjugate to Ag is identically zero. Thus, we have a constrained system that has to be
dealt with using Dirac’s formalism (see, for example, Ref. [14] for the details). At a practical level, we

regard A and E as a pair of canonically conjugated variables
{Ai(t,r), Ej(t,x) } o = 6:50P) (r — 1). (3.52)
Using A = —E — V¢, we construct the Hamiltonian
H:/dtd% [A-E %(E2—B2) P¢+j-A]
:/dtd?’x [;(E2+B2)+¢(V-E—p)+j-A}, (3.53)

where the term —E - V¢ has been integrated by parts and the substitution B = V x A is understood.

Gauss’ law V - E = p emerges as a constraint preserved by time evolution
{V-E-pH},=-V-j—p=0, (3.54)

where we follow Dirac’s notation and denote by = identities that are satisfied after the equations of

3They change however under electric—-magnetic duality, which mixes the two quantities introduced in (3.49).

31



LUIS ALVAREZ-GAUME AND MIGUEL A. VAZQUEZ-M0Z0

motions are implemented. It also generates the gauge transformations of the vector potential

SA(t,1) = {A(t, r), / PBrle(t, ) [V - E(t, 1) — plt,1')] }PB — _Velt,r).  (3.55

Solving the vacuum field equations written in terms of the gauge potential
0A, — 0,0,A” =0, (3.56)

requires fixing the gauge freedom (3.44). To preserve relativistic covariance it is convenient to use the
Lorenz gauge 0, A" = 0 introduced in (3.5), so the gauge potential satisfies the wave equation [JA,, = 0.

Trying a plane wave ansatz
Ay(z) ~ ek, N~ Fur”, (3.57)
the wave equation implies that the momentum vector £* is null
ku k" =0 — K0 = +k|. (3.58)

The parameter A in €,,(k, \) labels the number of independent polarization vectors, which the Lorentz

gauge condition force to be transverse
kte,(k,\) = 0. (3.59)

Using this condition we eliminate the temporal polarization in terms of the other three

co(k, \) = |11(|k ce(k, \). (3.60)

In addition, there is a residual gauge freedom preserving the Lorentz condition implemented on the plane

wave solutions by shifts of the polarization vector proportional to the wave momentum
eu(k, A) — ek, A) + a(k)k,. (3.61)

Using this freedom to set £o(k, A) to zero, we are left with just two independent transverse polarizations

satisfying k - e(k, \) = 0. The plane wave solution then reads
A(t,r) ~ ek, \)e iklt+ikr (3.62)

with Ap = 0 and A = =1 labelling the two transverse polarizations, that in the following we will

respectively identify with right—left circular polarizations*, €(k, \)* = &(k, —\). They moreover satisfy

e(k,\) - [k x e(k, X)]| = iA[k[6x_x. (3.63)

*For a massive vector field the Lorentz condition 0, A" = 0 is still satisfied as an integrability condition of the equations of
motion 0, F"" + m2A” = 0 and Eq. (3.60) therefore holds. The key difference lies in that the residual freedom (3.61) is
absent and we have an additional longitudinal polarization (i.e., aligned with k) in addition to the two transverse ones.
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This identity will be useful later on.

Since the field equations are linear, a general solution can be written as a superposition of the plane
wave solutions (3.62) and their complex conjugates. Upon quantization the coefficients in this expansion

become operators and we can write a general expression for the gauge field operator

Bk 1 R i N .
Z / o 32‘1{‘ (k /\)a(k, )\)e |k|t-+ik —i—s(k, /\) a(k, )\)Te |k|t—ik ’ (3.64)

where, with our gauge fixing, go(t, r) = 0. The integration measure appearing in this expression results

from integrating over all four-dimensional momenta lying on the upper light-cone in Fig. 4

4 3
/(;lﬁl; 5(kuk")0(K0)]. . ) :/(gﬂl;?)z\lky[“']’ (3.65)

and is by construction Lorentz invariant. The quantum states of the theory are vectors in the space of
states the operator (3.64) acts on. To determine it and therefore the excitations of the quantum field,
we establish first the algebra of operators and then find a representation. This is done by applying the

canonical quantization prescription replacing classical Poisson brackets with quantum commutators
i{,-tpB — [+7]- (3.66)

Using the definition E= 801&, the electric field operator is computed to be

d?’k —i[k|[t+ik-r 4 tpilklt—ikr
—Iy / Na(k, A)e — e(k, Ak, Me |- e

)\:I:l

Classically, the electric field is canonically conjugate to the vector potential [see Eq. (3.52)], so the

prescription (3.66) gives its equal-time commutator with the gauge field
[Ai(t,r), Ei(t, )] = i6;;0®) (r — 1) (3.68)

that translates into the following commutation relations for the operators a(k, A) and their Hermitian

conjugates

[k, A, a(k’, X)) = (2m)*2[k|oxn @ (k - K),

[a(k, \),a(k’, \)] = [a(k, M), a(k’, X)T] = 0. (3.69)

This algebra is reminiscent of the one of creation—annihilation operators in the quantum harmonic oscil-
lator. Introducing a properly normalized vacuum state |0) to be annihilated by all a(k; \), we define the

vector
k, ) = a(k, \)'0), (3.70)

representing a one-photon state with momentum k and helicity A. These states are covariantly normalized
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according to
(k,AK, N = (27)%2[k|6xn 6 (k — K), (3.71)

as can be seen from Eq. (3.69). Multiple photon states are obtained by successive application of creation

operators
ki, Ars ko, Ao oK, An) = Ak, M) Taks, Ao)T .. @k, An)T]0). (3.72)

From the commutation relation of creation operators given in (3.69) we see that the multi-photon state is

even under the interchange of whatever two photons, as it should be for bosons.

Although we have been talking about photons, we must check that the states (3.70) have the
quantum numbers corresponding to these particles. So, first we compute their energy by writing the
quantum Hamiltonian. Going back to Eq. (3.53), we set the sources to zero (p = 0 and j = 0) and
replace the electric and magnetic field for their corresponding operators. A first thing to notice is that the
electric field (3.67) satisfies the Gauss law V - E=0asa consequence of the transversality condition of

the polarizations vectors. Computing in addition B = V x A and after some algebra, we find

Bk 1 5
Z / o 3] k[a(k, \)Ta(k, \) Z /d k k|6 (3.73)

)\il

The second term on the right-hand side represents the energy of the vacuum state

H|0) = ( > dPkk|e®) )) 0) (3.74)
A==+1

and is doubly divergent. One infinity originates in the delta function and comes about because we are

working at infinite volume, a type of divergence that in QFT is designated as infrared (IR). It can be

regularized by setting our system in a box of volume V, which replaces (27)36(®) (0). Proceeding in this

way, we write the energy density of the vacuum as

VaC d3]€
_Z/zwdll (3.75)

A==1

p vac

This expression has the obvious interpretation of being the result of adding the zero-point energies of
infinitely many harmonic oscillators, each with frequency w = |k|. It is still divergent, and since the
infinity originates in the integration over arbitrarily high momenta, it is called ultraviolet (UV). A way
to get rid of it is assuming that |k| < Agyvy, so that after carrying out the integral, the vacuum energy
density is given by

1
Pvac = WA%V (376)

In the spirit of effective field theory this UV cutoff is physically interpreted as the energy scale at which
our description of the electromagnetic field breaks down and has to be replaced by some more general

34



FIELD THEORY AND THE STANDARD MODEL: A SYMMETRY-ORIENTED APPROACH

theory.

The vacuum energy density (3.76) is at the origin of the cosmological constant problem. Due to its
strong dependence on the UV cutoff, when we add the contributions of all known quantum fields to pyac
the result is many orders of magnitude larger than the one measured through cosmological observations.
The way to handle this mismatch is by assuming the existence of a nonzero cosmological constant A,

contribution to the total vacuum energy of the universe as

Pvac =

e Z Peaciis (3.77)

where the sum is over all quantum fields in nature. Identifying the UV cutoff with the Planck en-
ergy, Auyv =~ Api, the cosmological constant has to be fine tuned over 120 orders of magnitude in order
to cancel the excess contribution of the quantum fields to the vacuum energy density of the universe (see,

for example, Refs. [61-63] for comprehensive reviews).

Let us get rid of the vacuum energy for the time being by subtracting it from the Hamilto-
nian (3.73). Acting with this subtracted Hamiltonian on the multiparticle states (3.72), we find they

are energy eigenstates
Hiki, Aiska, Ao ks M) = (k| + [ko| + 4 [kal) ki As ko, Ao ks M), (3.78)

with the eigenvalue giving the energy of n free photons with momenta ki, ko, . . ., k,,. The field momen-

tum, on the other hand, is given by the Poynting operator
P= /d3rE(t, r) x B(t,r)

Bk 1
= § / 27r32’k|ka(k M Tack, N, (3.79)
A==+1

where, unlike for the Hamiltonian, here there is no vacuum contribution due to the rotational invariance

of |0). Its action on the states (3.72) gives
i:\)|k1, )\1; kQ, )\2; ... ;kn, )\n> = (k1 + k2 + ...+ kn)|k1, )\1; kg, )\2; ... ;kn, )\n>, (380)

showing that the vector k labelling the one-particle states (3.70) is rightly interpreted as the photon

momentum. Finally, we compute the spin momentum operator

§:/d3xz\xﬁ

3
Z / a k22|1k e(k, \) x e(k, X)* a(k, \)fack, A). (3.81)
AN =
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Acting on a one-particle state (3.70), we find

Sk, \) =i > e(k,A) xe(k )|k, ). (3.82)
AN ==£1

We now project this expression on the direction of the photon’s momentum, to find the helicity operator

acting on the single photon state

hlk, ) = L3 S|k, A Z k- [e(k,\) x e(k, \)*] [k, A). (3.83)

‘| )\/\/

Using the relation (3.63) to evaluate the mixed product inside the sum, we arrive at
Rk, A) = Ak, A), (3.84)

which shows that A is indeed the helicity of the photon. We have convinced ourselves that our interpreta-
tion of the quantum numbers describing the Hamiltonian eigenstates was correct, and they describe states
with an arbitrary number of free photons of definite momenta and helicities. Photons therefore emerge

as the elementary excitations of the quantum electromagnetic field.

3.3 Some comments on quantum fields

The previous calculation also teaches an important lesson: the space of states of a free quantum field (in
this case the electromagnetic field) is in fact a Fock space, i.e., the direct sum of Hilbert spaces spanned
by the n-particle states (3.72),

_ é A, (3.85)
n=0

where we take .7 = L{|0)}, the one-dimensional linear space generated by the vacuum state |0). We
have shown that the canonical commutation relations (3.68) admit a representation in the Fock space.
Although we have done this for the free sourceless Maxwell’s theory, it is also the case for any other free
field theory, as we will see in other examples below. Including interactions does not change this, provided
they are sufficiently weak and to be treated in perturbation theory. Thus, the first step in describing a
physical system is to identify the weakly coupled degrees of freedom, whose multiparticle states span the
Fock space representing the asymptotic states in scattering experiments of the type carried out everyday
in high energy facilities around the world. This is well illustrated by the case of QCD discussed in the
Introduction (see page 6), where while the asymptotic states are described by hadrons, the fundamental

interactions taking place are described in terms of weakly coupled quarks and gluons®.

>A technical caveat: Haag’s theorem [64], however, states that for a general interacting QFT there exists no Fock space rep-
resentation of the canonical commutation relation. This is usually interpreted as implying that full interacting QFT is not a
theory of particles [65-67].
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It is time we address another symmetry present in Maxwell’s electrodynamics that is of pivotal

importance for QFT as a whole: scale invariance. Looking at the free electromagnetic action
1 4 %
SEM = 1 d*zx F,,, ", (3.103)

we notice the absence of any dimensionful parameters, unlike in the case of the complex scalar field
action (3.86), where we have a parameter m that turns out to be the mass of its elementary quantum

excitations. It seems that the free Maxwell’s theory should be invariant under changes of scale.

To formulate the idea of scale invaraince in more general and precise mathematical terms, let us

assume a scale transformation of the coordinates

ah — Az, (3.104)
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with A a nonzero real parameter, combined with the following scaling of the fields in the theory
B(z) — NP\ La), (3.105)

where Ag is called the field’s scaling dimension. Applying these transformations to the particular case
of the action (3.103), we find

Spv — A2T2RAGE (3.106)

so that by setting A 4 = 1 the action remains invariant under scale transformations.

We will explore now whether the scale invariance of the free Maxwell’s theory is preserved by
the coupling of the electromagnetic field to charged matter. As an example, let us consider the complex

scalar field we studied in Box 6, but now coupled to an electromagnetic field
1
S = /d4x {8ug0*8“cp —mp*p — ZFWFW +ie [ap*auw — (8,@*)@] AP+ eQLp*goAMA“}
1
= /d4x [(au + ied,)p* (0" —ieA)p — mieo*p — ZFWF’“’ . (3.107)

Here, besides the coupling j,A* suggested by the Maxwell’s equations, we also have the
term 6290*(,014“14'“, that has to be added to preserve the invariance of the whole action under the gauge

transformations®

© — e @, ©* — @) x A, — Ay + 0ue(x). (3.108)

Setting the scaling dimension of the scalar field to one, A, = 1, we easily check that the scale invariance

of the action (3.107) is only broken by the mass term of the scalar field
m/d4x O — >\2m/d4:r: ©r . (3.109)

This confirms our intuition that classical scale invariance is incompatible with the presence of dimen-
sionful parameters in the action. It also shows that taking m = 0 the photon can be coupled to scalar
charged matter preserving the classical scale invariance of the free Maxwell theory. Several essential
field theories share this property besides the example just analyzed, most notably QCD once all quark

masses are set to zero.

The discussion above has emphasized the term classical whenever referring to scale invariance.
The reason is that this is a very fragile symmetry once quantum effects are included. For example, let us
go back to the action (3.107) but now take m = 0. The classical scale invariance is broken by quantum
effects in the sense that, once the quantum corrections induced by interactions are taken into account,
physics depends on the energy scale at which experiments are carried out. One way in which this happens

is by the electric charge of the elementary excitations of the field depending on the energy at which it is

SNotice that the combination (0, — ieA, ) appearing in the second line of Eq. (3.107) transforms as the complex scalar field
itself. It defines the gauge covariant derivative of ¢, its name reflecting its covariant transformation under gauge transforma-
tions, Dy, — €@ D .
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measured’. We will further elaborate on this phenomenon in Section 10.

4 Some group theory and some more wave equations

Scalars and vectors are relatively intuitive objects, which is why we did not need to get into sophisticated
mathematics to handle them. In nature, however, elementary scalar fields are rare (as of today, we know
just one, the Higgs field) and vector fields only describe interactions, not matter. To describe fundamental
physics we need fields whose excitations are particles with spin—%, such as the electron, the muon, and

the quarks. We have to plunge into group theory before we can formulate these objects rigorously.

4.1 Special relativity and group theory

Let us begin by giving a more technical picture of the Lorentz group. We have defined it as the set
of linear transformations of the spacetime coordinates 2’ = A*,z" satisfying (2.10) and therefore

preserving the Minkowski metric. The first thing to be noticed is that this condition implies the inequality

3
(A%)% — Z(NO)2 =1 — A% > 1. 4.1
=1

The sign of A%, indicates whether or not the transformed time coordinate “flows™ in the same direction
as the original one, this being why transformations with AOO > 1 are called orthochronous. At the same

time, Eq. (2.10) also implies
(det A)2 =1 — det A = +1. 4.2)

Since it is not possible to change the signs of AO0 or det A by continuously deforming Lorentz transfor-

mations, the full Lorentz group is seen to be composed of four different connected components:

21 : proper, orthochronous transformations with A% > 1 and det A = 1,
Si : proper, non-orthochronous transformations with AOO < —landdetA =1,
el improper, orthochronous transformations with A% > 1 and det A = —1, 4.3)

et improper, non-orthochronous transformations with AOO < —landdet A = —1.

The set of proper orthochronous transformations 21 contains the identity, while the remaining ones
respectively include the time reversal operation (T : 2 — —29), parity (P : 2 — —2%), and the com-
position of both. As indicated in Fig. 8, these discrete transformations also map the identity’s connected

component to the other three,

T:¢l — g, p:gl — el PT: ¢l — ¢t (4.4)

"Incidentally, most scale invariant QFTs are also invariant under the full conformal group, i.e., the group of coordinate trans-
formations preserving the light cone.

41



LUIS ALVAREZ-GAUME AND MIGUEL A. VAZQUEZ-M0Z0

Fig. 8: The four connected components of the Lorentz group. The matrices indicate the transforma-
tions P, T, and PT mapping the connected component of the identity 21 to the other three.

Thus, to study the irreducible representations (irreps) of the Lorentz group it is enough to restrict our
attention to 21 = SO(1,3).

As discussed in page 9, the proper group Lorentz SO(1,3) is composed by two kinds of transfor-
mations: rotations with angle 0 < ¢ < 27 around an axis defined by the unit vector u and boosts with
rapidity A along the direction set by the unit vector e. Since we are on the connected component of the

identity, the transformations can be written by exponentiation of the Lie algebra generators

R(¢,u) = eioud

B(\e) = e e M (4.5)

where J = (Jy, J2, J3) and M = (M, My, M3) are the generators of rotations and boost, respectively.
They satisfy the algebra®

(i, Jj] = i€iji Tk,
(i, M) = i€ My, (4.6)
[M;, M;] = —i€jjnJy.
Although the calculation leading to them is relatively easy, the previous commutation relations can also
be heuristically understood. The first commutator reproduces the usual algebra of infinitesimal rotations

familiar from elementary quantum mechanics. The second one is the simple statement that the generators

of the boost along the three spatial directions transform as vectors under three-dimensional rotations. The

8The six generators (J;, M;) of the proper Lorentz group can be fit into a rank-2 antisymmetric tensor with components Soi =
M; and Zi; = €1 Jy, satisfying the algebra [ £, Zas] = i0ua Fuvs — iNus Fva + 08 Fua — Mva Fus-
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third identity is the less obvious. It amounts to saying that if we carry out two boosts along the directions
set by unit vectors e; and ez, the ambiguity in the order of the boost is equivalent to a three-dimensional

rotation with respect to the axis defined by e; X es.

We could now try to find irreducible representations of the algebra (4.6). Life gets simpler if we
relate this algebra to the one of a group we are more familiar with. This can be done in this case by
introducing the new set of generators

JE =

7

(Ji £iDM;), 4.7)

N =

in terms of which, the algebra (4.6) reads
[J;_, Jj_] = ifiij+,
[Ji s Ji ] = deijidy, (4.8)

(I, g7 =0.

One thing we gain with this is that we have decoupled an algebra of six generators into two algebras
of three generators each commuting with one another. But the real bonus here is that the individual
algebras are those of SU(2), whose representation theory can be found in any quantum mechanics group.
Thus, SO(1,3) = SU(2), x SU(2)_ and its irreps are obtained by providing a pair of irreps of SU(2),
labeled by their total spins (s;,s_), with sy = 0,3,1,3,..
change under parity transformations, whereas the boost generators M; do reverse sign

. Since J; is a pseudovector, it does not

P:J;, — J;, P: M; — —M,;. 4.9)
As a consequence, parity interchanges the two SU(2) factors
P:(sy,s_) — (s_,sy). (4.10)
Finally, the generators of the group SO(3) =~ SU(2) of spatial rotations are given by
Ji=Jr+J;, 4.11)

so the irrep (s;,s_) decomposes into those of SU(2) with j =s; +s_,s; +s_ —1,...,|sy —s_|.

Let us illustrate this general analysis with some relevant examples. We begin with the trivial
irrep (s4,s—) = (0,0), whose generators are JilL = 0. Fields transforming in this representation are

scalar, which under a Lorentz transformation 2’# = A", z" change according to

¢'(«') = p(a). (4.12)
Another parity invariant representation is (sy,s_) = (3, 3), with generators J; = J; = fo%. Decom-

posing this irrep with respect to those of spatial rotations, we see that they include a scalar (5 = 0) and

a three-vector (j = 1). These correspond respectively to the zero and spatial components of a spin-one
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vector field V#(x) transforming as

VI (') = A*, VY (). (4.13)

%

Finally, we look at (s;,s_) = (1,1). This is decomposed in terms of three irreps of SU(2)
SO@3) with 7 = 2,1,0. Together, they build a rank-two symmetric-traceless tensor field h**(z) =

h**(x), nuh* (x) = 0, transforming as
Wi (a') = A NV ghP (), (4.14)

the three irreps of SU(2) corresponding respectively to h%/ — %5” R, K% = B9 and R0, This is a
spin-two field like the one used to describe a graviton.

We look next at parity-violating representations, starting with (sy,s_) = (%, 0). Its generators

;k = —0 Jk/' — (). ( . )

Hence, objects transforming in this representation have two complex components changing under rota-

tions and boost according to

(pu—iX)-o

X+ —e3 X (4.16)

where A = (A1, A2, A3) is the boost’s rapidity. In particular, we see that y . transforms as a SO(3) spinor.
A field transforming in this representation is a positive helicity Weyl spinor. Very soon we will learn the

reason for its name.

4.2 Chiral (and also nonchiral) fermions

After all these group-theoretical considerations, it is time to start thinking about physics. To construct
an action principle for Weyl spinors, we need to build Lorentz invariant quantities from these fields. To
begin with, we notice that the Hermitian conjugate spinor ui also transforms in the (%, 0) representation
of the Lorentz group, since the representations of SU(2) are real. A general bilinear XLAXJF, on the
other hand, transforms under the group SO(3) ~ SU(2) of three-dimensional rotations in the product

representation % ® % =1 ® 0. Computing the appropriate Clebsh—Gordan coefficients, we find

le = =0,

Xolxe = j=1 4.17)

They represent the time and spatial components of a four-vector

xhotix, (4.18)
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where 0!/ = (1, 0"). With this, we construct an action for the Weyl field as
Sy = / d*z ixiaiﬁw@r. (4.19)

Notice that although XL X+ 1s invariant under rotations it does transform under boosts. Therefore it is

not a Lorentz scalar and cannot be added to the action as a mass term.

As for the (si,s_) = (0,3) irrep of SO(1,3), a negative helicity Weyl spinor, the analysis is
similar to the one just presented and the corresponding expressions are obtained from the ones derived
above by applying a parity transformation. In particular, we find its transformations under rotations and

boosts to be
X (4.20)

showing that they also transform as SO(3) spinors. Their free dynamics is derived from the action
S_ = / d*zix! o™ 0, x_, (4.21)

where ¢ = (1, —c).
Let us analyze in some more detail the physics of Weyl spinor fields. The equations of motion
derived from the actions (4.19) and (4.21) are

ol Oux+ =0 — (0o Fo-V)x+ =0. (4.22)
As in other cases, we search for positive energy (k° > 0) plane wave solutions of the form
X (@) ~ up(k)e *o, (4.23)
where u (k) are (3,0) and (0, %) spinors normalized according to
us (k) o up (k) = 2K41. (4.24)
Using this Ansatz, the wave equations (4.22) then take the form

(ko Fk-o)us(k) =0. (4.25)

Multiplying by ko £ k - o on the left and using k;k;o'0? = k*1, we obtain the dispersion relation of a

massless particle, kg = |k|. Equation (4.25) implies the condition

k k 1
(]l F— 0') usr(k) =0 = ( . s> ut (k) = £-uyp(k), (4.26)
| K| 2
where s = %0' is the spin operator. Helicity is defined as the projection of the particle’s spin on its

direction of motion and the previous identity shows that u. (k) are spinors with positive and negative

helicity, respectively. Since the generic Weyl spinors y+ can be written as a superposition of the plane
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wave solutions (4.23), this explains the terminology introduced above.

To write a general positive (resp. negatively) helicity Weyl spinor, we also need to consider nega-
tive energy plane waves v (k)e "%, where k¥ < 0. Imposing this to solve Eq. (4.22), we find that v (k)
satisfies

(K £k-o)v(k) =0, (4.27)
where we set the normalization
ve (k) Tolvg (k) = 2kH1. (4.28)

In addition, it can also be shown that the positive and negative energy solutions satisfy the orthogonality

relations
u(—k)Tv(k) = v(—k)Tu(k) = 0. (4.29)

These identities will be important later in determining the spectrum of excitations of the free quantum

Weyl spinor field.

Classical Weyl spinors are complex fields and their actions (4.19) and (4.21) are invariant under
global phase rotations y4+ — ¢”’y+. The associated Noether currents (see page 57) are the bilinear
Lorentz vector constructed in Eq. (4.18), and the corresponding expression for negative helicity,

i = xLottxa. (4.30)

Plugging this current into Eq. (3.51) we couple the Weyl spinors to the electromagnetic field

. 1
Sy = /d4x <leai6uxi +ex+olix+ A, — 4FWF‘“’>

1
= / d'z [ixloffc (O — ieA,) X+ — 4FWF“"] , (4.31)

where in the second line we find again the gauge covariant derivative first introduced in Eq. (3.107).
This action is invariant under gauge transformations, acting on the Weyl spinor by local phase rota-
tions x+ — e“(*)x_. Moreover, given the absence of any dimensionful parameter in the action, we

can expect the classical theory to be scale invariant. This is indeed the case, with the Weyl spinors having

scaling dimension A, = %
To quantize the Weyl field, we begin with the computation of the canonical Poisson algebra. The
momentum canonically conjugate to the spinor is given by
0S5+ +

Ty = =ixl, (4.32)
+ 580+ X+
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leading to

{Xtalt.r), X p(t,x) } = =000 (r — 1), (4.33)

where a, b denote the spinor indices and all other Poisson brackets are equal to zero. The Hamiltonian

then reads
Hy = +i / Prxl(o-V)xe. (4.34)

So much for the classical theory. Quantum Weyl spinor fields are written as operator-valued

superpositions of positive- and negative-energy plane wave solutions

ek 1 R N _—
T (t _ b(k k —i|k|t+ik-r d(k 1 Kk)* i|k|t—ik-r . 4.
Xi( ,I') / (271')3 2‘k| [ ( ) )ui( )6 ( ) ) Ui( ) € ( 35)

It is important to remember that the previous operator is not Hermitian. Similarly to what we learned
from the analysis of the complex scalar field, this implies that the operators E(k, +) and &l\(k, +) are
independent and unrelated to each other by Hermitian conjugation. However, we need to be careful
when constructing the algebra of field operators. For example, the spin-statistics theorem states that
particles with half-integer spin are fermions, and their quantum states should be antisymmetric under
the interchange of two of them. To achieve this, the prescription (3.66) has to be modified and Poisson

brackets are replaced by anticommutators instead of commutators
i{,-tpp — {,-}. (4.36)
Accordingly, we impose
{Raalt,r), Xep (1) o = 0apd® (r — 1), (4.37)

which, using the normalization u (k) uy (k) = 2|k| [cf. (4.24)], leads to the operator algebra

o~

{b(k, +),b(K, +)'} = (21)°2/k] 0,56 (r — 1),

{d(k,+),d(K', )T} = (27)%2|k|0,40®) (r — '), (4.38)

with all remaining anticommutators equal to zero. As in the case of the complex scalar field analyzed in
Box 6, here we also get two types of particles generated by the two kinds of creation operators acting on

the vacuum

As expected, the state is antisymmetric under the interchange of two particles of the same type, due to

the anticommutation of the creation operators. Similarly to the complex scalar field, the two types of
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particles are distinguished by the charge operator defined by the conserved current (4.30),

~ R R Qlk; 0)+ = |k; 0)
Q= / Br X+ (t, ) xL(t, 1) — N , (4.40)
Q0;k)+ = —|0;k)+

so the states |0; k)4 are naturally identified as the antiparticles of |k; 0).

The calculation of the Hamiltonian operator follows the lines outlined in previous cases. Replac-
ing classical fields by operators in the Hamiltonian (4.34), and using the properties of the positive and

negative energy solutions u(k) and v(k), we find after some algebra

= Bk 1 ~ ~ ~ ~
H, = f—[kbk,i%k,i kdk,i*dk,i}—/d?'kka(?’)o. 4.41
o= | oy e 7B, ) Ik, £k, £) K5®(0). @4
We see from the first term on the right-hand side that the multiparticle states (4.39) diagonalize the
Hamiltonian, with particles and antiparticles having zero mass, Fy = |k|. In this Hamiltonian we find
once more the UV and IR divergent zero-point contribution, that once regularized gives a vacuum energy
density

1
Pac = —@Aﬁv. (4.42)

Although it will eventually be subtracted, it is worthwhile to stop a moment and compare this with the
expression (3.76). A first thing meeting the eye is the relative factor of two in the Weyl spinor case.
This reflects that while a real scalar field has a single propagating degree of freedom, here we have two,
associated with the complex field’s real and imaginary parts. The second and physically very relevant
feature is the different sign, boiling down to having anticommutators rather than commutators. It implies
that bosons and fermions contribute to the vacuum energy with opposite signs. This is the reason why
supersymmetric theories, which have as many bosonic as fermionic degrees of freedom and therefore
zero vacuum energy, have been invoked to solve the problem of the cosmological constant mentioned in

page 35, or at least to ameliorate it”.

Box 7. Dirac spinors

Although the theory of a single Weyl spinor violates parity, it is possible to construct a parity-
invariant theory by taking together two Weyl spinors with opposite chiralities. They can be combined

W= ( At ) : (4.43)
X_

which obviously transforms in the parity-invariant reducible representation (%, 0) @ (0, %) The

corresponding free action is obtained by adding the ones already written in eqs. (4.19) and (4.19)

into a single object, a Dirac spinor

“Since supersymmetry must be broken at low energies (after all, we do not “see” the same number of bosons as fermions),
there is still a nonvanishing contribution to the vacuum energy proportional to the fourth power of the scale of supersymmetry
breaking, Asusy, rather than the much higher Ap;.
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This is why, when dealing with massless spin-% fermions, both terms can be used indistinctly, al-
though in the case of massive particles one should be very careful in using the one appropriate to the

physical situation under analysis.

To quantize the theory, we write an expansion of the Dirac field operator into its positive and

negative energy solutions

Pk 1 kled ~ e
Z/ 5o b(k, s)u (k,s)e_z|k|t+lk'r+d(k,S)Tv(k,s)*e”k‘tﬂk'r}, (4.56)
k

where the negative energy solutions v(k, s) are defined by the equation (¥ + m)v(k,s) = 0.
The canonical anticommutation relations of the Dirac field with its Hermitian conjugate imply
that b(k, s) and b(k, s)! are a system of fermionic creation—-annihilation operators for particles,
while d(k, s) and d(k, s)! respectively annihilate and create antiparticles out of the vacuum. The
multiparticle states obtained by acting with creation operators on the Fock vacuum are eigenstates
of the Dirac Hamiltonian, with the elementary excitations b(k, s)7|0) and d(k, s)t|0) representing
spin % particles (resp. antiparticles) of momentum k, energy Fy = v'k2 + m2, and spin third com-
ponent s. The details of this analysis are similar to the ones presented above for Weyl fermions and

can be found in any of the QFT textbooks listed in the references.

Finally, let us mention that Dirac spinors can be coupled to the electromagnetic field as we did
in Eq. (4.31) for the Weyl spinors. The Dirac action (4.50) is invariant under a global phase rotation
of the spinor, ¢ — €'®1), leading to the existence of a conserved current due to the first Noether

theorem (see page 57)

i* = Pyt (4.57)

We can use this conserved current to couple fermions to the electromagnetic field and write the QED
action

S = / d'z [—%FWFW + (i —m)y + eA#E’y“w]

— / d*z {—%FWFW + ¢ (ip— m)w] : (4.58)

where once again we encounter the covariant derivative D,, = 0,, — ieA, and the slash notation
introduced in Eq. (4.51) is used. This action describes the interaction of spinors with the electro-
magnetic field, that upon quantization is called quantum electrodynamics (QED). It is an interacting
theory of charged particles (e.g., electrons) and photons that, unlike the free theories we have been
dealing with so far, cannot be exactly solved. One particularly effective way to extract physical in-
formation is perturbation theory. This assumes that the coupling is sufficiently weak, so that physics

can be reliably described in terms of the interaction among the excitations of the free theory.

Before closing our discussion of the irreps of the Lorentz group, let us mention some more rel-

evant examples. The representations (sy,s_) = (1,0) and (s4,s_) = (0,1) correspond to rank-2
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Representation Field Parity
(0,0) Scalar v
(1,0) Positive helicity Weyl spinor X
(0, %) Negative helicity Weyl spinor X
2.1 Vector v

(3,0)® (0,%) | Dirac spinor v
(1,0) Self-dual rank-2 antisymmetric tensor X
(0,1) Anti-self-dual rank-2 antisymmetric tensor X

(1,0) ¢ (0,1) | Antisymmetric rank-2 tensor v
(1,1) Symmetric-traceless rank-2 tensor v

Table 1: Summary of some relevant representations of the Lorentz group and their parity properties.

antisymmetric tensor fields B, = B, respectively satisfying self-dual (+) and anti-self-dual (—)
conditions

1
B, = :I:ieumﬁBaﬁ. (4.59)

An example of the (1,0) and (0, 1) irreps are the complex combinations E + iB that we encountered in
our discussion of electric-magnetic duality in page 24. The two irreps can be added to form the parity-
invariant reducible representation (1,0)® (0, 1), corresponding to a generic rank-2 antisymmetric tensor

field such as the electromagnetic field strength!®.

Finally, multiplying together two vector representations we have

11 11
= — ) =(1,1 1,0 0,1 0,0). 4.60
(2,2>®<2,2> (1,1) & [(1,0)©(0,1)] & (0,0) (4.60)
This is just group theory lingo to express the decomposition of the product V,, W, of two four-vectors

into its symmetric-traceless, antisymmetric, and trace pieces
1 (e 1 «
VW, = | Vi, W,y — ZWUVQW + VW, + ZnuyVaW . (4.61)

This leads to identify the (1, 1) irrep as corresponding to a symmetric-traceless rank-2 tensor field. For
the reader’s benefit, we have summarized in Table 1 the different representations of the Lorentz group

discussed in this section, indicating as well whether or not they preserve parity.

1%Rank-2 antisymmetric tensor fields are ubiquitous in string theories, including those satisfying the (anti-)self-dual condi-
tion (4.59).
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4.3 Some more group theory

Having got some practice with the language of group theory, we close this section by enlarging our
vocabulary with many important group-theoretic concepts that will become handy later on (see Refs. [68,
69] for some physics oriented textbooks on group theory, or Appendix B of Ref. [14] for a quick survey
of basic facts). Next, we focus on the relevant groups for the SM, namely SU(3), SU(2), and U(1)
associated with the strong and electroweak interactions. We have encountered the Abelian group U(1)
when discussing electromagnetism and learned there that it has a single generator, let us call it @), so its
elements are written as U (1)) = e’"?. This is the only irrep of this group, all others being reducible to a

diagonal form.

Concerning SU(2), its properties are well know from the theory of angular momentum in quantum
mechanics and we have already used many of them in our analysis of the representations of the Lorentz

group. Its three generators satisfy the algebra
(TS, TR] = ie®™T§, (4.62)

where the subscript R denotes the representation. Up to this point, we have labelled the irreps of SU(2)

by their spin s = 0, %, 1,..., although they are also frequently referred to by their dimension 2s + 1, as
it is customary for all unitary groups SU(N). As an example, the fundamental representation s = % is

denoted by 2 and the adjoint s = 1 by 3. In the former case the generators are written in terms of the

three Pauli matrices as Ty = %aa, a fact we used when studying Weyl spinors.

As for the group SU(3), less familiar from elementary physics, it has eight generators satisfying

the Lie algebra
[T&, TR = if*°Ts (a,b,c=1,...,8), (4.63)
where the structure constants are given by

P23 g pMT 156 _ p246 _ 257 _ g345 _ _ 367 _ 1 FA8 _ 078 _ V3

4.64
5’ 5 (469

the remaining ones being either zero or fixed from the ones just given by antisymmetry. The group

elements are written as exponentials of linear combinations of the algebra generators
Ula)r = e Tr, (4.65)

where the condition det U («)r = 1 implies tr 7§ = 0 and the generators can be chosen to satisfy the

orthogonality relations
tr (TRTY) = To(R)5™. (4.66)

Although similar in many aspects, there are however important differences between SU(2)
and SU(3) concerning the character of their irreps. For any Lie algebra representation with genera-

tors T it is very easy to check that —TR" satisfies the same Lie algebra, defining the complex conjugate
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representation denoted by R. A representation is said to be real or pseudoreal whenever it is related to
its complex conjugate irrep by a similarity transformation

Tg = —Tg = S™'TRS, (4.67)

with S either symmetric (real representation) or antisymmetric (pseudoreal representation). For SU(2)
all irreps are real or pseudoreal. This is the reason why we only have one independent irrep of a given
dimension labelled by its spin. The group SU(3), on the other hand, has complex irreps. This is the case
of the fundamental and an antifundamental representations, 3 and 3, whose generators are given by

1 a 1

T5 = 5 and TS = 2A§, (4.68)

010 0 —72 O 1 0 O
AL = 1 0 0|1, Ao = i 0 0 |, A3’=| 0 -1 0 |,
0 0O 0 O 0 0
1 —1 000
Ay = ;A =10 , X=| 0011, (4.69)
) 010
1
0 0 7 0 0
Ay = 0 —i |, Xx=] 0 % 0
: 2

Two instances of the group SU(3) exist in the SM. One is the color gauge symmetry of QCD,
which we will study in some detail in later sections. The second is the global SU(3); flavor symmetry
of the eightfold way, originally formulated by Murray Gell-Mann [70] and Yuval Ne’eman [71]. With
the hindsight provided by the quark model, this classification scheme is based on the assumption that the
strong nuclear force does not distinguish among different quark flavors'!. Let us consider the action for
three quark flavors ¢; (1 = 1, 2, 3),

S = Z /d4xqi(i@—mi)%+51nt

i=u,d,s
— / d'zq(ig1 — m)q + S, 4.70)

where Sy represents interaction terms that we will not care about for the time being and in the second

line we have grouped the quarks into a triplet g and rewrote the action in matrix notation, with m =

" Quarks were proposed as hadron constituents in Refs. [72,73], some three years after the formulation of the eightfold way. The
name, as with quarks, was invented by Gell-Mann drawing this time not from James Joyce but from the Noble Eightfold Path
of Buddhism: Right View, Right Intention, Right Speech, Right Conduct, Right Livelihood, Right Effort, Right Mindfulness,
and Right Meditation.

54



FIELD THEORY AND THE STANDARD MODEL: A SYMMETRY-ORIENTED APPROACH

diag(m., mq, ms). Under SU(3) the quark triplet transforms in the fundamental irrep 3 as ¢ — Uq.

This results in the following transformation of the free action
/ d*zq(ig1l — m)q — / d*zq(ig1 — UmU)q, 4.71)

where m = diag(m,,, mq, ms). Since all three quark masses are different, 1m is not proportional to the
identity and UTmU # m, and the mass term breaks the global SU(3) ¢ invariance. Moreover, the strong
interaction does not distinguish quark flavors and S, remains invariant. Thus, we conclude that SU(3)
is an approximate symmetry of QCD that becomes exact in the limit of equal, in particular zero, quark

masses (also called, for obvious reasons, the chiral limit).

Mesons are bound states of a quark and an antiquark, the later transforming in the antifundamen-
tal 3 irrep. Their classification into SU(3) ; multiplets follows from decomposing into irreps the product

of the fundamental and the antifundamental
33=8@1. 4.72)

The octet contains the 70, 7+, K9, FO, K*, and 13 mesons, while the singlet is the 7; meson. In fact,
the 71 and ng mesons mix together into the 7 and the 1’ mesons, which are the interaction eigenstates
in the electroweak sector of the SM. A similar classification scheme works for the baryons. Being com-
posed of three quarks, the baryon multiplets emerge from decomposing the product of three fundamental

representations

3®3®3=1008C83D1. 4.73)

The proton and the neutron are in one of the octets, together with the YO »* =0 and - particles of

nonzero strangeness. Were SU(3) ; an exact symmetry, the masses of all hadrons within a single multiplet
would be equal. However, the differences in the quark masses induce a mass split, which in the case of
the octet containing the proton and the neutron is about 30% of the average mass. By contrast, the mass
split between the proton and the neutron is only 0.1% of their average mass. The wider mass gap with

the other octet members results from the larger mass of the strange quark, mg > my ~ my.

5 A tale of many symmetries

Symmetry is probably the most important heuristic principle at our disposal in fundamental physics.
The formulation of particle physics models starts with selecting those symmetries/invariances to be im-
plemented in the theory, which usually restrict drastically the types of interactions allowed. In the SM
gauge, for example, invariance plus the condition that the action only contains operators of dimension
four or less fixes the action, up to a relatively small number of numerical parameters to be experimentally

measured in high energy facilities.
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5.1 The symmetries of physics

Our approach to symmetry up to here has been rather casual. It is time to be more precise, beginning

with a discussion of the types of symmetries we encounter in QFT and how they are implemented.

i)

iii)

iv)

V)

vi)

Kinematic (or spacetime) symmetries. They act on the spacetime coordinates and field indices.
This class of symmetries includes Lorentz, Poincaré, scale, and conformal transformations that we

already encountered in previous sections.

Discrete symmetries. They include parity P, charge conjugation C, time reversal T, and the com-
positions CP and CPT. If gravity and electromagnetism were the only interactions in nature, the
universe would be invariant under C, P, and T separately. However, nuclear (both weak and strong)
interactions break P, C, T and CP in different degrees.

CPT, however, turns out to be a symmetry of QFT forced upon us by the basic requirements of
Poincaré invariance and locality. Moreover, it is a completely general result that can be demon-
strated without relying on the specific form of any Hamiltonian (for a detailed proof of this result,
called the CPT theorem, see Chapter 11 of [14]).

Global continuous symmetries. These are transformations depending on a continuous constant
parameter. One example is the invariance of the complex scalar field action (3.86) under spacetime
constant phase rotation (3.98). The current view in QFT is that global symmetries are accidental
properties of the low energy theories, whereas, in the UV, all fundamental symmetries should be

local (see next).

Local (gauge) invariance. Unlike the previous case, the theory is invariant under a set of contin-
uous transformations that vary from point to point in spacetime. The archetypical example is the
gauge invariance of the Maxwell’s equations found in (3.4). Unlike standard quantum mechani-
cal symmetries, gauge invariance does not map one physical state into another, but represents a
redundancy in the labeling of the physical states. This is the price we pay to describe fields with
spin one and two in a way that manifestly preserves locality and Lorentz invariance. To highlight
this fundamental feature, we will refrain from talking about gauge symmetry and stick to gauge

invariance (we will qualify this statement below).

Spontaneously/softly broken symmetries. In all instances discussed above, we have assumed
that the symmetries/invariances are realized at the action level and in the spectrum of the quantum
theory. Classically, it is possible that the symmetries of the action are not reflected in their solu-
tions which implies that in the quantum theory, the spectrum does not remain invariant under the
symmetry. When this happens, we say that the symmetry (or invariance) is spontaneously broken.
Since the breaking takes place by the choice of vacuum, it does not affect the UV behavior of the
theory. Another situation when this also happens is when adding terms to the action that explicitly
break the symmetry but do not modify the UV behavior of the theory (e.g., mass terms). In this
case, the symmetry is softly broken.

Anomalous symmetries. Usually, symmetries are identified in the classical action and then im-
plemented in the quantum theory. This tacitly assumes that all classical symmetries remain after
quantization, and this is not always the case. Sometimes, the classical symmetry is impossible to

implement quantum mechanically, and it is said to be anomalous. Anomalies originate in very
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profound mathematical properties of QFT and they have important physical consequences.

Let us see now how symmetries are implemented in QFT. We know from quantum mechanics
that symmetries are maps among rays in the theory’s Hilbert space that preserve probability amplitudes.
More precisely, for two arbitrary states |a) and |5), a symmetry is implemented by some operator U

acting as
and satisfying the condition that probability amplitudes are preserved

[(alB)| = KUa|UB)|. (5.2)

There are two ways in which this last condition can be achieved. One is that

(alB) = (UalUB), (5.3)

implying that the operator U is unitary. But there also exists a second alternative to fullfil Eq. (5.2),

(UalUB) = (a|B)”. (5.4)

In this case the operator U is said to be antiunitary. Notice that consistency requires that in this case the

operator U implementing the symmetry should be antilinear:
Ul(ala) 4+ b|8)) = a*|Ua) + b*|UBY), (5.5)

for any two states |«) and |3), and a,b € C.

Our discussion has led us to Wigner’s theorem [74]: symmetries are implemented quantum-
mechanically either by unitary or antiunitary operators. In fact, continuous symmetries are always imple-
mented by the first kind. This can be understood by thinking that a family of operators U (), depending
on a continuous parameter, can always be smoothly deformed to the identity, a linear and not an antilin-
ear operator. On the other hand, there are two critical discrete symmetries implemented by antiunitary

operators: time reversal T and CPT.

5.2 Noether’s two theorems

In the case of continuous symmetries, we have the celebrated theorem due to Noether linking them to the
existence of conserved quantities [45]. What is often called “the” Noether theorem is actually the first of
two theorems, dealing with the consequences of global and local symmetries respectively. Let us begin
with the first one considering a classical field theory of n fields whose field equations remain invariant
under infinitesimal variations ¢; — ¢; + d.¢; linearly depending on N continuous parameters € 4. There
are two essential things about the transformations we are talking about. First, they form a group, as
can be seen by noticing that the composition of two symmetries is itself a symmetry and, that for each

transformation, there exists its inverse obtained by reversing the signs of € 4. The second fact is that the
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infinitesimal transformations can be exponentiated to cover all transformations that can be continuously
connected to the identity. The latter statement is rather subtle in the case of diffeomorphisms (i.e.,

coordinate transformations), but we will not worry about them here.

Since the transformations leave invariant the field equations, the theory’s Lagrangian density must

change at most by a total derivative, namely
S = / d*x L(pi, 0,0:) — 5.8 = / d*r 9,K", (5.6)

where K* is linear in the € 4’s. At the same time, a general variation of the action can be written as

- 4 % _ oL ' oL '
s [ (L0, (2 ora (Ese)l @
so equating expressions (5.6) and (5.7), we find
oy [|9L _ 5 (9L . 0L s _ _
for{[3E - (e (5w} o o

which is valid for arbitrary e. From this equation we identify the conserved current

oL

jﬂ(e) - 88“¢Z‘

-k = 900 (55 ) - o

— — | de0; = 0 (5.9
09,01 a@] R

where again we used the Dirac notation first introduced in page 31. Notice that since the expression
of the current is linear in the parameters €4 the current can be written as j*(¢) = €4 jffl, and (5.9) is
satisfied for arbitrary values of € 4, we conclude that there are a total of IV conserved currents 0,,j ﬁ. An
important point glaring in the previous analysis is that current conservation happens on-shell, i.e., once

the equations of motion are implemented.'?

The second Noether theorem deals with local symmetries depending on a number of point-
dependent parameters €4 (z). It is important to keep in mind that the first theorem remains valid in
this case, in the sense that there exists a current j,, whose divergence is proportional to the equations of

motion. To simplify expressions, let us denote the latter as

oL oL
Ei(¢) = Ou <68,m§1> T (5.10)

and consider that our theory is invariant under field transformations involving only € 4(x) and their first

derivatives

dethi = Ria(dr)ea + Ry 4 (dk)Opea. (5.11)

This includes, for example, the gauge transformations of electromagnetism, d.A,, = J,.€ (the argument

'2A note of warning: the term on-shell is employed in physics with at least two different meanings. In the one used here we
say that an identity is valid on-shell whenever it holds after the equations of motion are implemented. The second use applies
to the four-momentum of a particle with mass m. The momentum p* (or the particle carrying it) is said to be on-shell if it
satisfies p> = m?. As an example, particles running in loops in Feynman diagrams are off-shell in this sense.
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here can be easily generalized to include transformations depending up to the k-th derivative of the gauge

functions). The general variation of the action J,S has the structure shown in Eq. (5.8),

/d4:v [ — Ei(8)6.6i + Oﬂj"(e)] —0, (5.12)

with d.¢; given in (5.11) and j* the Noether current implied by the first theorem and defined in Eq. (5.9).
A crucial difference now is that, since j*(e) is linear in € 4, when these parameters vanish at infinity the

boundary term on the right-hand side appearing when integrating by parts is zero

5.5 = /d%; ea(e){ Bia(0n) Bx(or) — 0, [BLs(0n) Bx(o)] (5.13)
Thus, if this is a symmetry, .S = 0 for any €4 (x), we obtain the identities

R a(¢r)Ei(¢r) — O [RZA(¢k)Ei(¢k)} =0, (5.14)

where we should remember that A = 1,..., N, with N the number of gauge functions (i.e., the di-
mension of the symmetry’s Lie algebra). This result is Noether’s second theorem: invariance of a field
theory under local transformations implies the existence of several differential identities among the field

equations, meaning that some are redundant.

As to the existence of conserved currents associated with local invariance, using Eq. (5.14) it can
be shown that

Ou[ea@) R4 (01 Eilon)| = Eilor)octr, (5.15)
from where we read the conserved current
SH(e) = ea() Ry 4(¢x) Ei(¢r) - 9uS*(€) = Ei(¢r)degi ~ 0. (5.16)

This quantity is however trivial, in the sense that it vanishes on-shell, S¥(e) ~ 0. Notice, however, that
the conserved current obtained as the result of the first Noether theorem also applies to the gauge case.

Indeed, considering transformations such that e 4 () does not vanish at infinity, we find from (5.12)
9uj" (€) = Ei(Pr)dcpi =~ 0, (5.17)

where j* is explicitly given by the expression on the left of Eq. (5.9). This shows that for theories with
local invariances the only nontrivial conserved currents are the ones provided by Noether’s first theorem,

associated with transformations that do not vanish at infinity (see also the discussion in Box 9 below).

Together with the conserved current from the first Noether theorem, there exists a conserved charge

defined by its time component,

Qe) = /Zd?’rjo(e), (5.18)

where Y is a three-dimensional spatial section of spacetime. Using current conservation it is easy to see
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that the time derivative of the charge vanishes on-shell

Q(e) w—/zd?’rv-j(e) :/aZdS-j(e) =0, (5.19)

provided the spatial components of the current j(e) are zero at 93 or, equivalently, there is no flux of

charge entering or leaving the spatial sections at infinity.

Applying the first Noether theorem to different symmetries, we get a number of conserved quan-

tities:

- The energy—momentum tensor 7", is the conserved current associated with the invariance of field

theories under spacetime translations, z#* — x* + a*. Its general expression is

o _ 0L

— L SH
v =30, ¢iau¢z oL L, (5.20)

with 9, 7%, = 0. Notice that this canonical is not necessarily symmetric as, for example, in

Maxwell’s electrodynamics

1
TH = —Fr9, A, + 1<55FQ5F@5. (5.21)
It can nevertheless be symmetrized by adding a term of the form 0, K", with K", = —K"?

that does not spoil its conservation [75,76]. In the case of the electromagnetism, the resulting

Belinfante—Rosenfeld energy-momentum tensor reads
~ 1
KM = FMA, — TH = —FHoR, 4 Zé{jFaﬁF‘”B. (5.22)

This modified energy—momentum tensor not only is symmetric but, unlike (5.21), also gauge in-
variant. Notice that since conserved currents are quantities evaluated on-shell, we can apply the
vacuum field equations 0, F'*" = 0.

- Invariance under infinitesimal Lorentz transformations dz* = w", ¥, with Wy = —Wyy, implies

the conservation of the total angular momentum
Jt,, =T v —TH x, + SH, . (5.23)

where J",; = —J",, and 9, J",, = 0. The first two terms on the right-hand side represent the
“orbital” contribution induced by the Lorentz variation of the spacetime coordinates, while S Hoois
the “intrinsic” angular momentum (or spin) coming from the spacetime transformation properties
of the field itself. For a scalar field this last part vanishes'>.

- As a further application, let us mention the invariance of complex fields under phase rotation,
already anticipated in various examples in previous pages. For instance, in the case of the complex

scalar field studied in Box 6, applying (5.9) to infinitesimal variations dy¢ = i, dy¢* = —ido*

3To connect with the notation employed in our discussion of the first Noether theorem, let us indicate that the conserved
current (5.9) associated to the invariance under spacetime translations is written by j*(a’) = T*,a”, whereas j*(w®?) =
JH,,w"? is the current whose conservation follows from Lorentz invariance.
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leads to the conserved current (3.99). The corresponding analysis for Weyl spinors gives (4.30).

5.3 Quantum symmetries: to break or not to break (spontaneously)

In the quantum theory symmetries are realized on the Hilbert space of physical states. In particular, the
charge (5.18) is promoted to a Hermitian operator @ (e) implementing infinitesimal transformations on
the fields

~

Ser = —i[Q(e), B, (5.24)

whereas, due to the conservation equation (5.19), it commutes with the Hamiltonian, [Q(e), H] = 0.
In the case of rigid transformations, the parameters €4 can be taken outside the integral in (5.18) to
write @(e) =€ A@A. Finite transformations in the connected component of the identity are obtained

then by exponentiating the charge operator

—

Ule) = 4@ — ()o@ U () = Unele)du(x), (5.25)

where %;¢(¢) is the representation of the symmetry group acting on the field indices and the Hermiticity
of @ guarantees the unitarity of ?//\(e) The implication for the free theory is that the creation—annihilation
operators transform covariantly under the symmetry. Consequently, to determine the action of ?//\(e) on
the Fock space of the theory, we need to know how the charge acts on the vacuum. Here, we may have

two possibilities corresponding to different realization of the symmetry.

Wigner-Weyl realization: the vacuum state is left invariant by the symmetry
% (€)|0) = 10) = Qal0) = 0. (5.26)

If this is the case, the symmetry is manifest in the spectrum, falling into representations of the symmetry
group. Since the whole Fock space is generated by successive application of the fields quﬁk(x) on the

vacuum, it is enough to know how the symmetry acts on the states |¢y) = ak (2)|0),

U (€)|dr) = Une(€)|0), (5.27)

where %y (¢€) is the representation of the symmetry group introduced in (5.25).

This is what happens, for example, in the hydrogen atom. Its ground state has 7 = 0 and therefore

remains invariant under a generic rotation labelled by the Euler angles ¢, 8, and 1,
Z(6.0,1)]0,0,0) = |0,0,0), (5.28)

while the other states transform in irreps of the rotation group SO(3) ~ SU(2),

R ($,0,9)|n, j,m Z 29 (6,0,9)|n, j.m'), (5.29)

61



LUIS ALVAREZ-GAUME AND MIGUEL A. VAZQUEZ-M0Z0

where 97(5371, (¢, 0,1) is the spin j rotation matrix [77]. From this point of view, the angular momentum
and magnetic quantum numbers introduced to account for certain properties of atomic spectra are just
group theory labels indicating how the atomic state transforms under spatial rotations. Symmetries in
quantum mechanical systems with finite degrees of freedom are usually realized a la Wigner—Weyl,
since tunneling among different vacua results in an invariant ground state. We will return to this issue on
page 64.

Nambu-Goldstone realization: the vacuum state is not invariant under the symmetry. This means that

the conserved charge does not annihilate the vacuum

Q(e)]0) # 0. (5.30)

Whenever this happens, the symmetry is said to be spontaneously broken. Notice that the previous
equation does not imply that @a|0> # 0 for all a. There might be a subset of charges satisfying Qa |0) =
0, with {A} C {a} that we refer to as unbroken generators. It is easy to see that, since [Q 4, Q]|0) = 0,

they must form a closed subalgebra under commutation.

Let us illustrate this mode of realization of the symmetry with the example of /N real scalar

fields ¢° with action

S = /d4x Baﬂcpiéwgoi — V(g | . (5.31)

This theory is invariant under global infinitesimal transformations
S0’ = ea(TF) 4, (5.32)

with T§' the generators in the fundamental representation of SO(/V). Using the standard procedure, we

compute the associated Hamiltonian
3 (1 i 1 i i i i
H= | d°x o +§(ch)-(V90)+V(cp<p) , (5.33)

with 7 = Oy’ the conjugate momenta. From this expression we read the SO(V)-invariant potential

energy
)= [#a |56 (Ve + V(| (534

Its minimum is attained for spatially constant configurations V! = 0 lying at the bottom of the poten-
tial V (¢%¢?). This is known as the vacuum expectation value (vev) of the field and is represented as ().

Its value is determined by

ov
Oy’

=0. (5.35)
oF=(pk)

Once the vev (') is known, we can expand the fields around it by writing ¢ = (%) + £°. Substituting
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in (5.31) we obtain the action for the fluctuations £’ whose quantization gives the elementary excitations

(particle) of the field in this vacuum.

Here we may encounter two possible situations. One is that the vev of the field is SO(/V) invari-
ant, (T¢)' ;(¢?) = 0. In this case the action of the fluctuations & inherits the global symmetry of the
parent theory that is then realized a la Wigner—Weyl. Here we want to explore the second alternative, the
vev breaks at least part of the symmetry. Let us split the SO(/V) generators into 7§ = { K¢, H{‘} such
that

(K§)'(7) # 0, (Hf") ;(¢7) =0, (5.36)

and the global symmetry SO(/V) is spontaneously broken. As argued after Eq. (5.30), the generators
preserving the symmetry must form a Lie subalgebra generating the unbroken subgroup H C SO(V)
and we have the spontaneous symmetry breaking (SSB) pattern SO(N) — H.

Generically, the action for the field fluctuations around the vev can be written as
s= [d (o goret — Loz £l 4 (5.37)
p— .’L‘ 2 u 2 ,[/] ... ) .

where the ellipsis stands for interactions terms and the mass-squared matrix M, fj is given by

0*V
5= 3oia : (5.38)
0P 07| k)
The SO(N) invariance of the potential 4.V = 0 implies
eaa—W(Tf‘l)ngoj =0 = an(Tfa)le +€q Do (T¥)'r = 0, (5.39)

where in the equation on the right we have taken a further derivative with respect to ©*. Evaluating this

expression at the vev, and taking into account eqs. (5.35) and (5.38), we find
M (T§)*3{¢7) = 0. (5.40)

This equation is trivially satisfied for the unbroken generators H ;4, but has very nontrivial physical impli-
cations for K{. It states that there are as many zero eigenvalues of the mass matrix as broken generators,
i.e., the theory contains one massless particle for each generator not preserving the vacuum. This result is
the Goldstone theorem [78,79], and the corresponding massless particles emerging as the result of spon-
taneous symmetry breaking are known as Nambu—Goldstone (NG) modes [80, 81]. Although obtained
here using a particular example and in a classical setup, the result is also valid quantum mechanically
and applicable to any field theory with a global symmetry group G spontaneously broken down to a
subgroup H C G, where the broken part of the symmetry is the coset space G/ H. One way to prove the
Goldstone theorem in the quantum theory is by considering instead of the classical action the quantum
effective action and replacing V (") with the effective potential, including all interactions among the

scalar fields resulting from resumming quantum effects. It can also be shown that the NG modes always
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have zero spin, also known as NG bosons.

Although we are mostly concerned with applications to particle physics, the idea of SSB, in gen-
eral, and the Goldstone theorem, in particular, have critical applications to nonrelativistic systems, partic-
ularly in condensed matter physics.'* In particular, the notion of SSB is intimately related to the theory
of phase transitions [82—84]. It is frequently the case that the phase change is associated with the system
changing its ground state. For example, the translational symmetry present in a liquid is spontaneously
broken at its freezing point when the full group of three-dimensional translation is broken down to the
crystalographic group preserving the lattice in the solid phase. The corresponding NG bosons are the
three species of acoustic phonons. These are massless quasiparticles in the sense that their dispersion

relation at low momentum takes the form Ey ~ c¢4|k|, with ¢ the speed of sound, so it has no mass

gap. Another well-known example is a ferromagnet below the Curie point. The rotationally symmetric
ground state at high temperature is replaced by a lowest energy configuration where atomic magnetic
moments align, generating a macroscopic magnetization that spontaneously breaks rotational symmetry.

Magnetic waves, called magnons, are the associated NG gapless modes.

Besides their intrinsic physical interest, these condensed matter examples are useful in bringing
home a very important aspect of NG bosons: they do not need to be elementary states. Indeed, phonons
and magnons are quasiparticles and, therefore, collective excitations of the system. But also in high
energy physics we encounter situations where the NG bosons are bound states of elementary constituents.
The most relevant example are the pions, appearing as NG bosons associated with the spontaneous

breaking of chiral symmetry in QCD (see Box 8 below).

It is frequently stated that systems with SSB present vacuum degeneracy. Although technically the
theory might possess various vacua, there are important subtleties involved in the infinite volume limit
preventing quantum transitions among them, that would restore the broken symmetry through tunneling.
Let us consider a theory at finite volume V' and with a family of degenerate vacua labelled by a prop-
erly normalized real parameter £. It can be shown that the overlap between any two of these vacua is

exponentially suppressed but nonzero (see Chapter 7 of Ref. [14] for a more detailed analysis)

(€]6)] = e HE=OVE g1y, (5.41)

This means that transitions among Fock states built on different vacua are allowed, resulting in a unique
ground state invariant under the original symmetry. As a consequence, no SSB can happen at finite

volume and symmetries are usually realized & la Wigner—Weyl.

The situation is radically different in the V' — oo limit when the overlap between any two vacua
vanishes, (¢'|¢) — 0. This means that the Fock space of states builds on different vacua are mutually
orthogonal, and no transition among them can occur. At a more heuristic level, what happens is that at
infinite volume switching from one vacuum to another requires a nonlocal operation acting at each space-
time point. Notice, however, that at a practical level if the volume is “large enough” compared with the

system’s microscopic characteristic scale we can consider the vacua as orthogonal for all purposes. This

!“It should be stressed that historically the very notion of SSB and of NG bosons was inspired by solid state physics, as it is
clear in the seminal works by Yoichiro Nambu [80] and Jeffrey Goldstone [78]. Another example of this cross-fertilization
between the fields of condensed matter and high energy physics can be found in the formulation of the Brout-Englert-Higgs
mechanism to be discussed in Section 5.4.
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is why we see SSB in finite samples, as illustrated by the examples of ferromagnets and superconductors.
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eventually become clear. Mathematically speaking, the field 3 parametrizes the coset

SU(Nf),, x SU(Ny),

) (5.55)
SU(Ny)y,
leading to the following transformation under SU(Ny) , x SU(Ny),
> — UrSU]. (5.56)

We specialize the analysis now to the case Ny = 2, with only the u and d quarks. The
unbroken SU(2)y, symmetry is just the good old isospin interchanging both quarks, while the NG
bosons are the three pions 7+ and 7°

1 0 V2rt
W= E ( i O ) . (5.57)

The objection might be raised that pions are not massless particles as the Goldstone theorem re-
quires. Our analysis has ignored the nonvanishing quark masses, explicitly breaking the SU(2) X
SU(2);, global chiral symmetry. Since the u and d quarks are relatively light, we have instead three
pseudo-NG bosons whose masses are not zero but still lighter than other states in the theory. It is
precisely the strong mass hierarchy between the pions and the remaining hadrons what identifies
them as the pseudo-NG bosons associated with chiral symmetry breaking. In the Ny = 3 case,
where we add the strange quark to the two lightest ones, SU(3)y, is Gell-Mann’s eightfold way dis-
cussed on page 54 and the set of pseudo-NG bosons is enriched by the four kaons and the n-meson

in the octet appearing on the right-hand side of Eq. (4.72).

As mentioned in the introduction, quarks and gluons do not exist as asymptotic states and
QCD at low energies is a theory of hadrons. The lowest lying particles are the pion triplet, whose
interactions can be obtained from symmetry considerations alone playing the EFT game. The ques-
tion is how to write the simplest action for NG bosons containing operators with the lowest energy
dimension and compatible at the same time with all the symmetries of the theory. For terms with

just two derivatives, the solution is
Sva = 2 [ date (0,5700x
NG — Z T\ oy

= / T [ltr (@ﬁraﬂﬂ-) _ itr <3M7r[7'r, [, 8N1r]) +.. ] . (5.58)
2 Bl

This chiral effective action contains an infinite sequence of higher-dimensional operators suppressed

by increasing powers of the dimensionful constant f. It determines how pions couple among them-

selves at low energies. Its coupling to the electromagnetic field is obtained by replacing 9, X% by the

adjoint covariant derivative D, 3 = 9,X—iA,[Q, 3] where the charge matrix is given by Q = ec>.

This, however, does not exhaust all their electromagnetic interactions. Neutral pions couple to pho-

tons as a consequence of the anomalous realization of the U(1) 4 symmetry, resulting in the 70 — 2

67



LUIS ALVAREZ-GAUME AND MIGUEL A. VAZQUEZ-M0Z0

Fig. 9: Illustration from Ref. [88] depicting the celebrated Mexican hat potential shown in Eq. (5.61).

decay (see Section 7).

In our analysis of chiral symmetry breaking we encountered two energy scales: A,gsp ap-
pearing in (5.51) as a consequence of the quark condensate having dimensions of (energy)?, and f,
needed to give the pion fields their proper dimensions in Eq. (5.54). Both of them have to be exper-
imentally measured. In the pion EFT itis f, that determines the relative size of the infinite terms in
the effective action (5.58). Operators weighted by f " typically give contributions or order (E/ f)"
with F the characteristic energy of the process under study. In the spirit of EFT, working at a given
experimental precision, only a finite number of terms in the chiral Lagrangian have to be retained,
making the theory fully predictive (see Refs. [85,86] for comprehensive reviews of chiral perturba-
tion theory).

5.4 The Brout-Englert-Higgs mechanism

Besides the ones already discussed, a further instance of SSB in condensed matter connecting with one
of the key concepts in the formulation of the SM is the Brout-Englert-Higgs (BEH) mechanism. In
the Bardeen—Cooper—Schrieffer (BCS) theory of superconductivity the transition from the normal to
the superconductor phase is triggered by the condensation of Cooper pairs, collective excitations of two
electrons bound together by phonon exchange. Having net electric charge, the Cooper pair wave function
transforms under electromagnetic U(1) phase rotations and their condensation spontaneously breaks this
invariance. The physical consequence of this is a screening of magnetic fields inside the superconductor,
the Meissner effect, physically equivalent to the electromagnetic vector potential A(t,r) acquiring an

effective nonzero mass [87].

The main difference between the BCS example and the ones discussed above is that this is not
about spontaneously breaking some global symmetry, but gauge invariance itself. This might look like
risky business, since we know that preserving gauge invariance is crucial to get rid of unwanted physical
states that otherwise would pop up in the theory’s physical spectrum destroying its consistency. As we
will see, due to the magic of SSB gauge invariance is in fact not lost, only hidden. That is why, even if

not manifest, it still protects the theory.

Let us analyze spontaneous symmetry breaking triggered by a complex scalar coupled to the elec-
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tromagnetic field. We start with the action

S:/d4r

where D, = 0,, — ieA,, is the covariant derivative already introduced in the footnote of page 40. This

2\ 2
—iﬂwww+u>@<Dwo—(¢¢—)], (5:59

action is invariant under U(1) gauge transformations acting as
d(x) — € @p(), P(x)* — e @ p(z)*, Ay(z) — Ay(2) + Oue(z).  (5.60)

As shown in Fig. 9, the scalar field potential
. Al 02\ ?
Ve =7 (0005 (5:61)

has the celebrated Mexican hat shape with a valley of minima located at ¢*¢ = % When the scalar field

takes a nonzero vev

_ U i

U(1) invariance is spontaneously broken, since (¢) does not remain invariant, (¢) — e“(¢). The

dynamics of the fluctuations around the vev (5.62) is obtained by plugging

o(z) = \}i[v—i—h( x)] @ (5.63)
into (5.59). The resulting action is
2,2
S = /d4x [—leWFW 62” (A + a 19) (A“ + iaw) + =0,h0"h — ALhQ
A”h?’ A6 [ (A + a 19) (A“ + iaw) (2vh + h2)] : (5.64)

which remains invariant under U(1) gauge transformations, now acting as
Ay — Ay + Ope, ¥ — ¥ — ee, h — h. (5.65)

In fact, the phase field J(z) is the NG boson resulting from the spontaneous breaking of the U(1) sym-
metry by the vev in Eq. (5.62).

At this stage, we still keep a photon with two polarizations while the two real degrees of freedom
of the complex field ¢ have been recast in terms of the field A and the NG boson . We can fix the
gauge freedom (5.65) by setting ¥ = 0. In doing so, the disappearing NG boson transmutes into the

longitudinal component of A,,, as befits a massive gauge field (see the footnote on page 32). We then
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arrive at the gauge-fixed action

S = / dix (—iFWF’“’ + 622” QAMA“ + %Buha“h - Affﬂ
— %hi‘ — %h‘* +e2v A, APh + e;A“A“iF) , (5.66)
where the photon has acquired a nonzero mass'>
my = ev. (5.67)

The real scalar field h gets massive as well,

my, = 1)\/5, (5.68)

and has cubic and quartic self-interactions terms, besides coupling to the photon through terms involving
two gauge fields and one scalar and two gauge fields and two scalars. As we see, no degree of freedom
has gone amiss. We ended up with a massive photon with three physical polarizations and a real scalar,
making up for the four real degrees of freedom we started with. SSB has just rearranged the theory’s

degrees of freedom.

Here we have been only concerned with giving mass to the photon. Imagine now that we would
have two chiral fermions g, ¥y, such that they transform differently under U(1)

Yp(x) — €@y (a), Yr(z) — Yr(@). (5.69)

Due to the theory’s chiral nature, a mass term of the form ;¢ + 1 ptbr, would not be gauge invariant,
so it seems that we need to keep our fermions massless for the sake of consistency. Using the Higgs field,
however, there is a way to construct an action where the fermions couple to the complex scalar field in a

gauge invariant way,

Stmion = [ ' (P + Db = 6Ty — 06T ), (5:70)

where c is some dimensionless constant. This particular form of the coupling between ¢ and the fermions
is called a Yukawa coupling, since it is similar to the one introduced by Hideki Yukawa in his 1935 theory
of nuclear interactions between nucleons and mesons [89]. The interest of this construction is that once

the field ¢ acquires the vev (5.62), and after gauging away the field 1J, the fermion action takes the form

Stermion = /d4$ [inlDwR+i¢LlD¢L_ %(aLwR_ERwL)
— W n — kg ] (5.71)
NSV R B ‘

'SThe same result can be obtained noticing that the action (5.64) contains a term ev? A* 0,9 mixing the NG boson and the
gauge field. Physically, this means that as the photon propagates it transmutes into the NG boson and vice versa. Resumming
these transmutations results in the mass term for A*.
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Thus, the same mechanism giving mass to the photon also results in a mass for the fermion field,
cv
V2

also generated without an explicit breaking of gauge invariance, hidden due to the choice of vacuum

of the complex scalar field. Notice that, owing to symmetry breaking, the now massive Dirac fermion
couples to the remaining scalar degree of freedom h with a strength controlled by the dimensionless
constant % = % This indicates that the higher the mass of the fermion, the stronger it couples to the

Higgs field. This feature, as we will see, has important experimental consequences for the SM.

This Abelian Higgs model illustrates the basic features of the BEH mechanism responsible for
giving masses to the SM particles, with the scalar field h corresponding to the Higgs boson discovered at
CERN in 2012 [19,20]. In its nonrelativistic version it also provides the basis for the Ginzburg-Landau
analysis of the BCS theory of superconductivity, where the free energy in the broken phase has the same

structure as the potential terms in the action (5.59)

o(1)?]’
5

Vo —ic.Agf + 2D

Fpcs = /d3r i(v x A)? + L P P — (5.73)

21 2m

Here ¢(r) is the Cooper pair condensate, x the magnetic permeability of the medium, and m, and e,
the effective mass and charge of the quasiparticles. For T > T, we have v(T") = 0, so at temperatures
above the critical one, the only minimum of the free energy is at (¢) = 0. When T' < T¢, on the other
hand, v(T") # 0 and the U(1) invariance of the theory is spontaneously broken at the |(¢)| = v(T)
minima, while the former one at (¢) = 0 becomes a local maximum. As in the case studied earlier, this
results in a nonzero mass for the vector potential A (r) given by m(7") = e,v(7T'). This provides the order
parameter of the transition and physically accounts for the Meissner effect inside the superconductor [83].
The system also contains a scalar massive excitation, the condensed matter equivalent of the Higgs
boson [90,91].

Box 9. “Large” vs. “small” gauge transformations

We return briefly to the discussion of Noether’s second theorem on page 58. There we paid attention
to gauge transformations in the connected component of the identity and made an important distinc-
tion among those approaching the identity at the spacetime boundary (e4 — 0) and those that do
not. Let us call them “small” and “large” gauge transformations, respectively. To understand the
physical difference between them, we compare (5.17) with (5.16) to see that j#* — S* is conserved

even off-shell, namely that 0,,(j* — S*) is identically zero. This means that we can write
gt =St 4+ 0, k" = 0, kM, (5.74)

where £#¥ is an antisymmetric tensor and we have applied that S* vanishes on-shell. This peculiar

structure of the gauge theory current implies that the gauge charge is determined by an integral over
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integrating by parts we do not pick up a boundary term. This means that % — 1 as |r| — oo.

We have shown that invariance of the physical states under “small” gauge transformations
follows from Gauss’ law (5.77) annihilating them, precisely the condition that factors out the spu-
rious degrees of freedom. The conclusion is that “large” gauge transformations are not necessary
to eliminate the gauge redundancy and can be broken without jeopardizing the consistency of the
theory. This is precisely how the BEH mechanism works. The nonvanishing vacuum expectation
value of the complex scalar field breaks “large” gauge transformations without spoiling Gauss’ law.
This is the reason why we need to qualify our statement in pages 20 and 56 that gauge invariance
is just a redundancy in state labelling: “small” gauge transformations are indeed redundancies, but

“large” gauge transformations are bona fide symmetries.

6 Some more gauge invariances

So far the only gauge theory we dealt with was Maxwell’s electrodynamics, although here and there we
hinted at its non-Abelian generalizations. It is about time to introduce these in a more systematic fashion.
We start with a set of fermions 17 = (1, ..., x) transforming in some representation R of the gauge

group G

Y — " Thep = g(a)y. (6.1)

By now, we know very well how to construct an action that has this symmetry,

S = / d*zap (i — m)ap. (6.2)

The problem arises when we want to make GG a local invariance. In this case, the action we just wrote

fails to be invariant due to the nonvanishing derivatives of a®(z),

O — g0 +i0ug1h = g(Oup +ig 1 0,u9), (6.3)

where, to avoid cluttering expressions, we have omitted the dependence of the group element g on the

parameters o®.

To overcome this problem we have to find a covariant derivative D,,, similarly to the one we

introduced for Maxwell’s theory, with the transformation
Dy — gD,1p. (6.4)
A reasonable Ansatz turns out to be
Dy = (0, — i4,), 6.5)
where we omitted the identity multiplying 0, and A, = A} TR is a field taking values in the algebra of
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generators of G In order to get the transformations (6.4), A,, has to transform according to
Ay — Al =ig ' 0ug + g7 Apg. (6.6)

With this we can turn (6.2) into a locally invariant action by replacing 0,, with D,, defined in Eq. (6.5). In
addition, we must include the dynamics of the new field A,, adding a suitable kinetic term that preserves
the gauge invariance of the fermionic action. The Abelian-informed choice 9,4, — 9, A, for the gauge

field strength will not do, since it does not transform covariantly
Ay — 0yA, — g (0,A) — 0, AL) g + i[9 0ug, 9 Oy
+ (97" Aug. 97 0vg] + [97'0ug, 9 Avg]. (6.7)
This however suggests a wiser choice,
Flu =0, Ay — 0, A, +i[Au, A, (6.8)
with the much nicer (i.e., covariant) transformation
Fu — F,, =g "Fug. (6.9)

Notice that, similar to A, the field strenght F),, takes values in the algebra of generators, so we can

write F),,, = F}j, Ty, with the components given by

Ff, = 0,A% — 9, A% + oAb AC, (6.10)

where £ are the structure constants of the Lie algebra of generators, TH, Tfl’{] =if “bCTﬁ.

We denote by ¢ the set of gauge transformations acting on the fields. Although to fix ideas here,
we have considered transformations (6.1) in the connected component of the identity %, the derived
expressions remain valid for all transformations in ¢, even if they lie in disconnected components (we
saw an example of this in the case of the Lorentz group studied in page 41). For transformations in %,

we can write their infinitesimal form,
g(a) ~ 1 +iaTR, (6.11)
to write the first order transformation of both the gauge field and its field strength
oAl = 00 +if*al A = (Do),
0o Ff, = if*"a"Fy,, (6.12)

where in the first line we expressed the variation of the gauge field in terms of the (adjoint) covariant
derivative of the gauge function. The field strength, in turn, can be also recast as the commutator of two

covariant derivatives, F},,, = [D,, D,].
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After all these preliminaries, we can write a gauge invariant action for fermions coupled to non-

Abelian gauge fields,

So= [ e [y tr (Fu) 4 Bip- m)o]

= / d*z [ i F3,FH 4 4p (i — m)ap + A, m“TRzp] (6.13)

where gy, is the only coupling constant of the theory'®. This non-Abelian generalization of QED was
first formulated by C. N. Yang and Robert L. Mills [92]. Yang—Mills (YM) theories are the backbone
of our understanding of elementary particle physics. Although the action Sy, reduces to that of QED in
Eq. (4.58) for G = U (1), it displays a much richer structure for non-Abelian gauge groups. For starters,
the commutator in the field strength (6.8) is nonzero and the Fj, F****” term in Eq. (6.13) contains cubic
and quartic gauge field self-interaction terms. This indicates that, unlike the photon, non-Abelian gauge

bosons are never free particles even if uncoupled to matter.

The general analysis of gauge invariance follows in many aspects the Abelian case. The corre-
sponding electric and magnetic fields are defined in terms of the gauge potential A¢ = (A§, —A%) by

Aa
E*=-VAj - 68 + freAGAL,
— V X Aa + fabCAb X IAC7 (614)

and, unlike their Abelian counterparts, they are not gauge invariant. The electric field E® is in fact the

momentum canonically conjugate to A,

{A(t,r), B2 (t,x) } oy = 056°26P) (x — '), (6.15)
and the Hamiltonian reads
3 1 a a 1 a a a a
H= | dz 5E~E +§B B+ A§(D-E)"|. (6.16)

Similarly to Maxwell’s electrodynamics, A§ plays the role of a Lagrange multiplier enforcing the Gauss

law constraint, now reading
(D-E)* =V -E* 4 f%A? x E° = 0. (6.17)

In the quantum theory, classical fields are replaced by operators. Using the non-Abelian version

of the temporal gauge, Aj = 0, residual gauge transformations correspond to time-independent gauge

16The factors of gywm in front of the first term in the action can be removed by a rescale A, — gYMAM. In doing so, an
inverse power of the coupling constant appears in the derivative terms in Eq. (6.6) and the first identity in Eq. (6.12), while
the commutator in Eq. (6.8) acquires a power of gywm, as well as the structure constant term in Eq. (6.10).
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functions a®(r) and are generated by D - E,

daA(t,r) =1 [/ d3ra®(r)(D-E)% A(t,r)
= Vo +if?a’A¢ = (Da)?, (6.18)

where we have used the canonical commutation relations derived from Eq. (6.15) and to avoid boundary
terms after integration by parts we need to restrict to “small” gauge transformations where a”(r) vanishes
when |r| — oco. Those in the connected component of the identity % are therefore implemented on the

space of physical states by the operator
U (o)) = exp [i/dgr a’(r)(D-E)*|. (6.19)

As in the Abelian case discussed in Box 9 (see page 71), the invariance under these “small” gauge trans-
formations has to be preserved at all expenses to avoid unphysical states entering the theory’s spectrum.

To achieve this, we require that the Gauss law annihilates physical states:
(D - E)%|phys) = 0. (6.20)

In the presence of non-Abelian sources, (D - E)® gets replaced by (D - E)* — p®, with p® the matter

charge density operator.

We should not forget about “large” gauge transformations whose gauge parameter a*(r) does not

vanish when |r| — oo. Notice that any transformation of this kind can be written as

g(r)large = hg(r)smaIb (621)

where 1 # 1 is a rigid transformation such that g(r)jarge — h as [r| — oo. They build up what can
be called a copy of the group at infinity, G, the global invariance leading to charge conservation by
the first Noether theorem. This is a real symmetry that quantum mechanically can be realized either
a la Wigner—Weyl or a la Nambu-Goldstone. For the SM gauge group SU(3) x SU(2) x U(1), the
color SU(3),, symmetry remains unbroken by the vacuum, whereas due to the BEH mechanism the
electroweak factor [SU(2) x U(1)] is partially realized a la Nambu—Goldstone, with a preserved U(1),

corresponding to the global invariance of electromagnetism'”,

7 Anomalous symmetries

In Section 5, we mentioned the possibility that classical symmetries or invariances could somehow turn
out to be incompatible with the process of quantization but so far did not elaborate any further. Since
anomalous symmetries are crucial in our understanding of a number of physical phenomena, it is about

time to look into anomalies in some detail (see Refs. [93-96] for some reviews on the topic).

17As we will see shortly, the unbroken U(1) generator is a mixture of the two generators of the Cartan subalgebra of the
electroweak SU(2) x U(1) gauge group factor.
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7.1 Symmetry vs. the quantum

Let us go back to the QED action Eq. (4.58). We have already discussed the global phase invariance
leading by the first Noether theorem to the conserved current (4.57). In addition, we can also consider

the transformations
W — €Y, § — e’ (7.1)

where 75 is the chirality matrix defined in Eq. (4.53). Unlike the transformation ) — €™’ rotating
the positive and negative chirality components of the Dirac spinor by the same phase, in Eq. (7.1) they
change by opposite phases. In what follows, we refer to the first type as vector transformations, while the
second we dub as axial-vector. The latter, however, are not a symmetry of the QED action for m # 0,
since 1) — e 54 £ 1)), whereas Ey“@uw is invariant. In fact, using the Dirac field equations it

can be shown that the axial-vector current

JE = Pysytap (7.2)

satisfies the relation

Ougt = 2imiysy) (73)

and for m = 0 gives the conservation equation associated with the invariance of massless QED under
axial-vector transformations. Similar to what we found on Box 8 for the flavor symmetry of QCD, in this
limit the global U(1),, symmetry of QED gets enhanced to U(1)y, x U(1) 4.

In the quantum theory, Noether currents are constructed as products of field operators evaluated
at the same spacetime point. These quantities are typically divergent and it is necessary to introduce
some regularization in order to make sense of them. In the case of QED one way to handle the vector

current j(x) = ¢ (x)y*1(x) is by using point splitting

z+ie
(T, €)reg = ¥ <x — ;e> yHap (ﬂs + ;e> exp (ie/ ’ dx“Au> , (7.4)
z—1te

2

where the divergences appear as poles in € = 0. Notice that since the phases introduced by the gauge
transformations of the two fields are evaluated at different points, an extra Wilson line term is needed
to restore gauge invariance of the regularized current. Alternatively, we can use Pauli—Villars (PV)

regularization, where a number of spurious fermion fields of masses M; are added to the action

1 — S
Sreg = /d4x _ZF“”FW + (i) —m) + Z kUi (ip— M)y |, (7.5)
i=1
with n and ¢ chosen so that the limit
JH(@)reg = lim [w@c’)v*‘w(az) + D nTr(a)y" () (7.6)
k=1
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remains finite (i.e., all poles at x — 2’ = 0 cancel). An important feature of the PV regularization is that
it explicitly preserves gauge invariance. The masses M}, act as regulators, since in the limit M — oo

the PV fermions decouple and the original divergences reapear.

The need to make sense of composite operators is at the core of the potential problems with
current conservation in the quantum domain. The regularization procedure might collide with some of
the classical symmetries of the theory, resulting in its breaking after divergences are properly handled.
This is why our discussion of the regularization of the current operator in QED has been conspicuously
concerned with the issue of gauge invariance of the vector current. The existence of gauge invariant
regularization schemes guarantees that the current coupling to the gauge field can be defined in the
quantum theory without spoiling its conservation 9,,j# = 0 at operator level. Otherwise, we would be
in serious trouble, as we can see by applying the quantization prescription Eq. (3.60) to the stability
condition of the Gauss law Eq. (3.54),

|G, H] = —i0uj", (7.7)

where we have defined G = V -E — j°. If Oug* # 0, the Gauss law condition ensuring the factorization
of redundant states would not be preserved by time evolution. Indeed, imposing the constraint at t = 0

on some state, G|¥(0)) = 0, we would have at first order in dt
G|¥(6t)) = —idtGH|Y(0)) = —0t0,5"|¥(0)) # O, (7.8)

so the constraint is no longer satisfied and unphysical states enter the spectrum. Another sign that some-
thing goes wrong when implementing the Gauss law constraint in theories with gauge anomalies appears
when computing the commutator of two G’s evaluated at different points. In the presence of a gauge

anomaly, it is no longer zero [97-99], but
[G(r),G(r))] = B(r) - V6@ (r — 1), (7.9)

where ¢ # 0 is a constant determined by the value of d,,j*. This result implies that G(r)|phys) = 0
cannot be consistently imposed, since this condition would imply [G(r), G(r')]|phys) = 0 whereas the
right-hand side of Eq. (7.9) gives a nonzero result when acting on the state!®. This being the case, spuri-

ous states cannot be factored out from the spectrum, with the upshot that the theory becomes inconsistent.

This shows that in constructing QFTs, gauge anomalies cannot emerge. This condition is a very
powerful constraint in model building, since it limits both the type of fields that can be allowed in the
actions and also their couplings. As we will see in Box 13 in page 104, in the SM this requirement
completely fixes the hypercharges of quarks and leptons, up to a global normalization (see Ref. [96] for

examples of anomaly cancellation in the SM and beyond).

After this digression, we go back to the quantum mechanical definition of the axial-vector current

Eq. (7.2) and the fate of its (pseudo)conservation Eq. (7.3). To simplify things, we consider the massless

'8Something similar happens in the case of non-Abelian gauge theories that we will discuss in the next section. There, the
commutator of two Gauss law operators acquires a central extension, [G®(r), G®(r')] = if**°G°(r)0® (r—r')+ A% (r, 1),
with G* = (D - E)* — 5°C in this case.
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case where axial-vector transformations Eq. (7.1) are a symmetry of the classical action. A very conve-
nient way to study this problem is to treat the gauge field as a classical external source coupling to the
quantum Dirac field. This is made clear by denoting gauge fields and field strengths using calligraphic
fonts as <7, and .7, respectively. Instead of working with operators, we deal with their vacuum expec-
tation values in the presence of the background field and compute (J') ., = (0|J£'|0) together with its
divergence. This can be done using either the regularized operators introduced above (see, for example,
Ref. [100] for a calculation using point-splitting regularization) or diagrammatic techniques. In the latter

case, we need to compute the celebrated triangle diagrams

)y, Ao,
NS\
JL + JE | (7.10)

where in the left vertex of both diagrams (indicated by a dot) an axial-vector current is inserted, whereas
the other two are coupled to the external gauge field through the vector gauge currents. Since in these
lectures we are not entering into the computation of Feynman graphs, we will not elaborate on how to
calculate these ones. Details can be found in Chapter 9 of Refs. [14] or in [94]. Here we just give the

final result for the anomaly of the axial-vector current,

e2h

(L) o = —@e“mﬁ%u%@ (7.11)

Despite having used all the time natural units with & = 1, in this expression we have restored the powers

of the Planck constant to make explicit the fact that the anomaly is a pure quantum effect.

This crucial result has a long history. The diagrams in Eq. (7.10) were computed in 1949 by
Jack Steinberger [101] and later in 1951 by Julian Schwinger [102], in both cases in the context of the
electromagnetic decay of neutral mesons'®. Almost two decades later, the consequences of the triangle
diagram for the quantum realization of the axial-vector symmetry of QED were pointed out by Stephen
Adler [105], and John S. Bell and Roman Jackiw [106] in what are considered today the foundational

papers of the subject of quantum anomalies.

There are some very important issues that should be mentioned concerning the calculation of the
axial anomaly Eq. (7.11). We have stressed how the anomaly could be seen as originated by the need
to regularize UV (i.e., short distance) divergences in the definition of the current or, alternatively, in
the computation of the triangle diagrams. Nevertheless, using either method, we find a regular result
in the limit in which the regulator is removed. In the language of QFT, we do not need to subtract
and renormalize divergences to find the anomaly of the axial current. At the level of diagrams, what

happens is that, although the integrals are linearly divergent, this only results in an ambiguity in their

Other early calculations of the triangle diagrams were carried out in 1949 by Hiroshi Fukuda and Yoneji Miyamoto [103],
and by S. Ozaki, S. Oneda, and S. Sasaki [104].
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value that is fixed by requiring the gauge (vector) current to be conserved. In the case of the point
splitting calculation, introducing a Wilson line similar to the one inserted in Eq. (7.4) in the regularized
definition of the axial-vector current to preserve gauge invariance we are led to the axial anomaly after

taking the € — 0 limit.

Another important point to be stressed is a tension between the conservation of the gauge and the
axial-vector currents: we can impose the conservation of either of the two, but not of both simultaneously.
After the above discussion of the dire consequences of violating gauge current conservation, the choice

is clear enough.

7.2 The physical power of the anomaly

When studying the global symmetries of QCD, we have also encountered axial transformations [see
Box 8 and in particular Eq. (5.48)] and mentioned that they are anomalous. Now we can be more

explicit. The axial-vector current of interest in this case is given by

JE =gy, (7.12)

where a sum over color indices should be understood. Its anomaly comes from triangle diagrams similar
to the ones shown in Diagram (7.10), this time with quarks running in the loop. But, together with the
triangles coupling to the electromagnetic external potential .27, we also have a pair of triangles where
the vertices on the right couple to an external gluon field .AZ (for this, we also use calligraphic fonts to

indicate that we are dealing with classical sources). This results in the anomaly

Ny
N, N
Ol I ) e n = —16;2< > q})e“mﬁﬂw%g - 1671;2 el Fa Fe, (7.13)
=1

where F;,, is the non-Abelian field strength associated with the external gluon field and /N, is the number
of colors. The coefficient of the first term is obtained by summing the expression of the axial anomaly
given in (7.11) to all quarks running in the loop. As for the second, the quarks couple to the gluon fields

through the gauge current
JH =g~Hr, (7.14)

where 7% are the generators of the fundamental representation of SU(3) acting on the color indices of
each component of g. Since the axial current does not act on color indices, the prefactor is proportional
to (tr 1)(tr {72, 7°}) = N4, with 1 the identity in flavor space.

Anomalies can also affect the global non-Abelian SU(Ny), x SU(Ny), symmetry defined
in (5.49). This global symmetry group can be rearranged in terms of vector and axial transformations
SU(Ny), x SUWNf)p = SU(Ng),, x SU(Ny) 4 acting on the quark fields as

SUNy),, : g — Viiq, SUNy) , : g — €atinsg, (7.15)
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with g and g transforming respectively with the same or opposite SU(Ny) parameters”’.

Vector
currents, however, are always anomaly-free. A simple way to come to this conclusion is to notice that
the PV regularization method introduced above preserved all vector symmetries, since these remain

21

unbroken by fermion mass terms We thus focus on the chiral SU(NVy) , factor, whose associated

axial-vector current is

JI = Gysyitlq, (7.16)

where, again, there is a tacit sum over the quark color index. As in the case of the singlet current (7.12),
there are contributions coming from the photon and gluon couplings of the quarks. Taking into account

that, unlike photons, gluons are flavor-blind, we find

Ny
N, N
A Iy ya = ¢ [E qfc(t{)ff]ewﬁngzaﬂ_ T (trtf) e Fe, Fag. (7.17)
=1

1672 1672

Since all generators of SU(NN) are traceless, the second term is zero but the first one does not necessarily

vanish.
Let be focus on the dynamics of the two lightest quarks « and d, where ¢,, = %e and ¢4 = —%e.
In this case Ny = 2 and the flavor group is generated by th = %0’1 , with o the Pauli matrices. We have
then
2 2 2 9
S Gt =Y ai(t)sr =0, > () = %, (7.18)
f=1 f=1 =1

where NN, is the number of quark colors. This means that Jg’ # is anomalous,

LB Fop. (7.19)

The physical importance of this result lies in that after chiral symmetry breaking (see Box 8 in page 65),

the operator 9,,J5* becomes the interpolating field for pions, creating them out of the vacuum?®?
; 1
(7 (P[0 J5" (2)]0) = frmzd®Pe™ " = m(z) = fiaﬂéf "), (7.20)
Mz

where m is the pion mass and f, the pion decay constant introduced in Eq. (5.54) to parametrize the
matrix of NG bosons resulting from chiral symmetry breaking. Although to compute the anomaly (7.19)

we took the electromagnetic field to be a classical source, the corresponding operator identity implies the

29 A warning note here. Unlike the Abelian U(1) 4, transformations in SU(N 1) 4 do not close and therefore do not form a group.
This can be checked by composing two of them and applying the Baker—Campbell-Hausdorff formula. Our notation has to
be understood in a formal sense.

I"This argument also applies to the SU(3) gauge invariance of QCD, which cannot be anomalous since it acts in the same way
on quarks of both chiralities. As a consequence, the theory can be regularized in a gauge invariant way.

2The first identity follows from (7% (p)|J2* ()|0) ~ p*§?®e~" a direct consequence of the Goldstone theorem [79].
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Fig. 10: Complex p2-plane showing the structure of singularities of the function f(p?) in Eq. (7.24): a
pole at p> = m?2 and a branch cut beginning at p* = 9m2.

existence of a nontrivial overlap between the neutral pion state and the state with two photons,

B e2N,
1272 f,

(1, A3 ko, Ao |70 (p)) (2m)*0W (p — k1 — ko)evaski Ky e® (k1 )€ (ko). (7.21)

The width of the process can be computed from this result to be

2N2 3
@ XM _ 7 73ev, (7.22)

I(r) = 27) = B76n3 /2

which is perfectly consistent with experimental measurements [107]
(% — 29)exp = 7.798 £+ 0.056 (stat.) £ 0.109 (syst.) eV. (7.23)

Incidentally, the presence of f, = 93MeV in Eq. (7.22) gives a rationale for it being called the pion

decay constant.

The electromagnetic decay of the neutral pion is a direct consequence of the existence of the axial
anomaly. On general grounds, it can be argued that the amplitude for the decay process of the 7 into

two photons has the structure

p? — m2

(k1, Ai; ko, A0 (p)) = i 7 m2”p2f(192)(27f)45(4)(p — k1 — k2)euaphl ke (k1)e’ (ka),  (7.24)
™o

with f(p?) a function of the pion squared momentum. We could naively assume f(p?) to be well-

behaved, with a pole singularity at p> = m?2 and a branch cut starting at 9m?2 signalling multi-pion

production (see Fig. 10). Were this the case, the amplitude would be suppressed in the p?> — 0 limit.

Historically, this result was known as the Sutherland—Veltman theorem [108, 109] and essentially ruled

out the existence of the process 7’

— 2, that was nevertheless observed. The catch lies in that the
regularity hypothesis concerning f(p?), called partial conservation of the axial current (PCAC), is wrong

due to the axial anomaly. The calculation of the triangle diagrams (7.10) shows that this function is not
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regular at zero momentum, but actually has a pole

ie2N,. 1

2
f(p*) ~ 127 2

as p— 0. (7.25)

This singularity is precisely responsible for compensating the low-momentum suppression of the am-
plitude (7.24), giving the nonzero result accounting for the 70 — 2+ decay. It is somewhat fascinating
that the anomaly, that we identified from the start as resulting from UV ambiguities in the definition of

the current, is also associated with an IR pole and determined by its residue. This reflects the profound

topological connections of QFT anomalies [93-96].
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8 The strong CP problem and axions

When studying magnetic monopoles in Box 5 (see page 27), we discussed the possibility of having non-
trivial gauge field topologies. In this section, we are going to look deeper into the role played by topology
in non-Abelian gauge field theories and study how nonequivalent topological gauge field configurations

define different vacua of the theory.

8.1 The (infinitely) many vacua of QCD

To fix ideas, let us consider pure YM theory in the temporal gauge A§ = 0, preserved by the set ¢ of
time-independent gauge transformations g(r). Adding to the Euclidean space R? the point at infinity,
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it gets compatified to a three-sphere, R? U {oo} ~ S3. Thus, the residual gauge transformations in ¥

define maps from S® onto the gauge group?>:
9.5 — Q. (8.1)

The space ¢ consists of infinitely topological nonequivalent sectors classified by the third-homotopy
group 73(G) [57-60]. As an example, let us consider a gauge theory with group G = SU(2). This Lie

group is topologically equivalent to a three-dimensional sphere S3, as can be seen by writing
g=n"1+in-o, (8.2)
with n® and n = (n!, n%, n?) real. Both unitarity

g'g =gg' = [(n°) + n?|1 =1, (8.3)

and the requirement of unit determinant

detg=(n")2 +n®=1, (8.4)

lead to the condition
(n)* +n® =1, 8.5)
so (n®,n) parametrizes the unit three-sphere S3. Since 73(S%) = 7, the set of time-independent

SU(2) gauge transformations decomposes into topological nonequivalent sectors

9 =%, (8.6)

ne
where 7 is the winding number of the map S® — S3. For a gauge transformation g(r), its winding

number can be shown to be

1
n —=
2472

/S ety (97 09)(97 09) (97 Ohg)- 8.7)

Moreover, two gauge transformations can be continuously deformed into one another only when they
share the same winding number, with ¢, the identity’s connected component. Additivity is an important

property of the winding number. Given g € %,, and ¢’ € %, their product gg’ has winding number
Ngg' = Ng + Ny, (8.8)

and in particular n,—1 = —n,. This, together with the fact that 1 € %, shows that ¥ is the only sector

g
forming a subgroup.

From the discussion in Section 6, we learn that physical states are preserved by “small” gauge

2 At a more physical level, the compactification of R? to S® amounts to requiring that all fields, as well as gauge transforma-
tions, have well-defined limits as |r| — oo, independent of the direction along which the limit is taken.
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transformations in %, provided they satisfy the Gauss law (6.20). As for transformations in ¥,, with
n # 0, keeping in mind that quantum states are rays in a Hilbert space defined up to a global complex

phase, we conclude that physical invariance under a transformation g; € % requires
g1|phys) = ¢”’|phys), (8.9)

for some 6 € R. This number should be independent of the state, since otherwise gauge transformations
would give rise to observable interference. Another relevant fact to notice is that the value of 6 is also

independent of the transformation in %;. To see this, let us consider g1, ¢; € ¢ and assume that

g1|phys) = ¢”’|phys), g1|phys) = ¢ |phys). (8.10)

Since by additivity of the winding number ¢/ g1 1 € 4%, and transformations in the connected component
of the identity leave the physical states invariant without any complex phase, we immediately conclude

that #” = 6. Using a similar argument it is straightforward to show that for g,, € ¥,
gn|phys) = e |phys). (8.11)

The conclusion is that a single actual number 6 determines the action of all gauge transformations on

physical states.

We can reach the same conclusion about the vacuum structure of YM theories in a different way.

Besides the gauge kinetic term in the action (6.13), there is also a second admissible gauge invariant term

9 4 jd
— F& pakv
0= " 3o, / o F
_ 7 d*z E* - B® (8.12)
82 ’ ’
where ﬁﬁy is the non-Abelian analog of the dual tensor field introduced in Eq. (3.45), defined as
Fo = Lo s 8.13

nv - ieuVOéﬁ . ( . )

What makes the f-term (8.12) interesting is that it is the integral of a total derivative
P FS Fls = 0, 7, (8.14)

ure o

and therefore does not contribute to the field equations. The current on the right-hand side of the previous

equation takes the form (see Box 11 below for a rather simple derivation of this result)

ro a a 1 aoc Aa C
FH = 4etvaB (AyaaAﬁ +f b AVAgAﬁ) : (8.15)
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In the A§ = 0 gauge, we have

e/ﬂzaﬂ a a 4&

a a 1(1(/‘ a Cc
uwtop = 8t[A'(V><A)+3fbA-(Ab><A)}, (8.16)

which, once integrated and with the proper normalization, gives the following expression of the f-term

9 a a 1 abc A a c
S(,:—W{/dgr [A '(VXA)+§fbA -(Abe)] .
—/d3r [Aa~(VxA“)+;f‘leA“-(AbeC)] } (8.17)
t=—0o0

To ensure finiteness, we take the gauge field A = A®TR to approach pure-gauge configurations A =
nggi at ¢ = £oo (see Fig. 11). It is easy to see that the integrands in Eq. (8.17) are not gauge

invariant and therefore the 6-term is nonzero (again, a derivation is outlined in Box 11),

S = 5oz [ e {671V (071 V) x (07 V) ]}

= 24n2

T 242 /dgm{(g—lw—)' [(9i1V9—) x (gilvg-)}}- (8.18)

Comparing with Eq. (8.7), we identify the winding numbers n. of the asymptotic gauge transforma-

tions g, to write
Sp = (ny —n_)0. (8.19)

Thus, non-Abelian gauge field configurations are classified into topological sectors interpolating between
early and late time configurations of definite winding number ny. These sectors are labelled by the
integer n = ny —n_, and when summing in the Feynman path integral over all gauge configurations we

also have to include all possible sectors. Each one is weighted by the same phase,
e = ¢ (8.20)
that we encountered in Eq. (8.11).

Box 11. Gauge fields and differential forms

The analysis of YM theories gets very much simplified in the language of differential forms [57—60].
The gauge field A, = AT can be recast as the Lie algebra valued one-form

A= —iA,dz", (8.21)
while the two-form field strength is given by

F= —%Fw,dm“ Adz’ =dA+ AN A, (8.22)
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time

Fig. 11: Representation of the spacetime interpolating between two pure gauge configurations A =
g+ Vgi att = fo0, in the Ag = 0 gauge.
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Fig. 12: Classical depiction of the neutron and its electric dipolar moment d,,. The components of the
d quarks position vectors r; and ry are written using the coordinate axes shown in the picture, with origin
on the position of the u quark.

theorem [57—-60] and in four dimensions it is given by the integral of the four-form (8.30)

1
ind )= —— FAF, 8.39
ind ) 57 (8-39)
which, as explained above, is itself a topological quantity. By substituting this result into (8.38), we
retrieve the known form of the anomaly, apart from a global factor of ¢ that is the consequence of

working in Euclidean signature.

8.2 Breaking CP strongly

A significant feature of the f-term (8.12) is that it violates both parity and CP, the combination of parity

and charge conjugation,

E*(t,r) — E*(t,—r)
CP: == CP: Sy — —S5p. (8.40)
B%(t,r) — —B®(,—r)

To understand these transformations heuristically, we can use the analogy with Maxwell’s electric and
magnetic fields to conclude that E® is reversed by both parity and charge conjugation, whereas the
pseudovector B? is preserved by the former and reversed by the latter. Notice that since CPT is a

symmetry of QFT, a breaking of CP is equivalent to a violation of time reversal T.

Among the phenomena where CP (or T) violation can manifest in QCD is the existence of a
nonvanishing electric dipole moment of the neutron (see, for example, Refs. [115, 116] for reviews).
To be clear, were neutrons elementary, we would not expect them to have an electric dipolar moment.
But being composed of three valence quarks with different charges, a nonvanishing value may appear

depending on the quark distribution. To estimate its size, let us consider a classical picture of the neutron
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assuming a structure similar to the water molecule (see Fig. 12): the two d quarks are located at a
distance ¢ of the u quark and their position vectors r; and ry span an angle ¢ with each other. Taking
coordinates on the plane defined by the three quarks, the modulus of the electric dipole moment d,, is

readily computed to be

2 0
% geﬁsinf, (8.41)

2
|d,| = geﬁcos 5

where we have introduced the angle § = m — ), controlling the amount of CP violation. To estimate
the prefactor in Eq. (8.41), we recall that the distance ¢ between the quarks is of the order of the pion’s
Compton wavelength

h

9
MyC

{~ (8.42)

where for computational purposes we have restored powers of / and c. Noticing that ic ~ 200 MeV - fm
and m,c? ~ 135MeV, we find

|d,,| ~ 107 sin g e-cm. (8.43)
A comparison with experimental measurements of the neutron electric dipole [117,118]
dplexp S 10720 e - cm, (8.44)
leads then to the bound
6 <1071, (8.45)

This means that the angle v = m — 6 in Fig. 12 is extremely close to 7, making the quark configuration

inside the neutron look like a COs rather than a water molecule.

This cartoon calculation exhibits the basic feature of the so-called strong CP problem: the stringent
experimental bound for the neutron electric dipole moment implies the existence of a dimensionless
parameter that is extremely small without any dynamical reason. Once we rephrase the problem in
the correct language of QCD, we will see that this parameter is precisely the 6 coupling introduced in
Eq. (8.12).

From a QFT point of view the neutron electric dipole emerges from the dimension-five nonminimal

coupling of the neutron to the electromagnetic field
S5 —%\dny / Az oM ysn (8.46)

where n is the neutron field and o#* has been defined in Eq. (4.49). This term is explicitly gauge invariant
but breaks parity, as follows from the presence of ~s. It is, however, invariant under charge conjugation,
which preserves the neutron and gauge fields, and therefore it breaks CP. The operator (8.46) is in fact
an effective interaction emerging from loop diagrams in the EFT of pions and nucleons described by an

extension of the action (5.58). To construct this theory, let us consider QCD with the two light flavors u
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and d. Written in terms of the chiral isospin doublets

u
qRr = ( ol ) ) (8.47)
dr,L

the microscopic action takes the form

0

S = /d4$ (ZquqR + laLquL + aLMqR —I—ﬁRMTqL - WﬁuyaﬁFﬁngg + .. ) ; (8.48)

where D, = 9, — i A}, T denotes the gauge covariant derivative and the mass matrix is given by

M= . (8.49)
0 mq

We have included the 6-term, while the ellipsis indicates other terms not important for the argument. In
writing the action (5.58) we assumed that quarks are massless, and also the NG bosons associated with
chiral SSB, but we now relax this condition. Although the chiral SU(2) x SU(2);, transformations

dr — UrL4R L (8.50)

do not leave the quark action (8.48) invariant, we can restore the symmetry promoting the mass matrix M

to a spurion field transforming as
M — U, MU}, (8.51)

Thus, the original action can be seen as one where chiral symmetry is spontaneously broken by M taking
the value in Eq. (8.49). The transformation of M, together with Eq. (5.56), provides the basic clue to
incorporate masses into the NG action (5.58). An invariant mass term can be built by taking the trace of

the product of the mass and the NG boson matrices
2
Sna = / d*z [{ftr (D,ETDFE) + f2Botr (MTS + 1M | . (8.52)

Here D3 = 0,3 —iA4,[Q, X], with Q = ec? the pion charge matrix, is the electromagnetic covariant
derivative and By is a numerical constant that cannot be determined within the EFT framework?*. Sub-
stituting the explicit expressions of M and ¥, and expanding in powers of the pion fields, we find the

mass term

ASNG = — frBo(my + mq) / d4x[(7r0)2 +2rt |, (8.53)

**The pion effective action Sxg also contains terms induced by the anomalous global symmetries of QCD, which are fully
determined by the mathematical structure of the anomaly (see, for example, Ref. [93]). An example is the term proportional
to (tr log 3 — tr log ET)FWF’”’, accounting for the electromagnetic decay of the neutral pion discussed in page 82.
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from where we read off the pion mass

m2

2 _ 9f Bo(m, + — By=—m 8.54
in = 2Bl ma) = 2l ) (559

Within this approximation, neutral and charged pions have the same mass.

Nucleons can also be added to the chiral Lagrangian (see Refs. [119, 120] for reviews). They are

N:<p>, (8.55)
n

transforming under SU(2), x SU(2);, as outlined in Refs. [121-123]

introduced through the isospin doublet

N — K(Ug, U, 2)N. (8.56)

The so-called compensating field K (Ug, Ur, X) is a SU(2)-valued matrix depending on the NG boson
matrix 3(z), and through it on the spacetime point. It is defined by K (Ug,Ur, ) = ' (z) 1 Uru(x),

2 =

where u(x) (r) and u/(2)? = ¥'(x) = U, RE(x)UL thus providing a nonlinear realization of

the SU(2)p x SU(2), global chiral symmetry acting on the nucleon isospin doublet.

Having established the transformation of nucleons, we add to the effective action the term
AS;y = / d'a N [up _ f(z)] N, (8.57)

with f(3) a matrix-valued function depending on the NG boson matrix and such that P = ) 4 i f(X)
defines a covariant derivative with respect to the local transformation (8.56), » — KPKT. At linear

order in the pion fields, it includes the pion-nucleon vertices
o A . 2
f(X)=mny1+ 2, Y50, + O(1)
K

IA  (mbimyy — Dokt .70 4 A (b & = 4 TyHen O, 8.58
Zﬁfw(m Ysn — Py ysp) O +2ﬂ(m Ysp O™ + Pyt ysn dumT),  (8.58)

=my1+

where m  is the nucleon mass. Incidentally, substituting this expression of f(3) into the action (8.57)
we can integrate by parts and move the derivative from 7 to N and N. For scattering processes with
on-shell nucleons the Dirac equation i N = muyN can be implemented to write the nucleon—pion
interaction term as ig,TNNNtﬁN 7!, with tf the generators in the fundamental representation of SU(2).

Furthermore, the coupling constant gy satisfies by the Goldberger—Treiman relation [124]

JrgaNN = gamN. (8.59)

Notice that, since g4 is real, the couplings in Eq. (8.58) preserve CP.

We would like to study the effects in the chiral Lagrangian of adding the f-term to the quark action.
At this point we should invoke the analysis presented in Box 10 (see page 83) where we saw how, due to

the chiral anomaly, implementing a chiral rotation of the fermions induces a f-term in the action. More
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precisely, performing a chiral rotation of the u-quark
URL — €imuR7L, (8.60)
results in shifting the value of the theta angle

02
SeaBbpe pa 4 ) , (8.6

S = /d4x (iqRJDqR +igPay, +q Map +drMiqy —

and a complex mass matrix
2ia 0
M = ( e M . (8.62)

In particular, setting o = %0 the #-term cancels and all dependence on € is shifted to a phase in the mass
matrix M. In more physical terms, we have transferred the source of CP violation in the quark action

from the A-term to a complex coupling®.

It might seem that, at the level of the chiral effective field theory, the phase in the mass ma-
trix M = diag(e®®m,, my) could be removed by an appropriate chiral transformation of the NG
field ¥(x). In doing so, however, we introduce a #-dependence in f(3, #) defined in (8.57), inducing
additional nucleon—pion couplings. In particular, besides the neutron—proton—pion vertex in Eq. (8.58),
there is a new CP violating vertex contributing to the dimension-five non-minimal electromagnetic cou-
pling in Eq. (8.46)

n n n
SST ST
N N
\ \
\ \
v = P v+ P T (8.63)
// /l
/ /
'l '
- 7T_ - 7-(-_
n n n

The black dots in the diagrams on the right-hand side represent the CP-violating vertex, whereas the
lined blobs indicate the neutron—pion coupling in (8.58). The chiral loop integrals are logarithmically

divergent and once evaluated give the following contribution to the neutron electric dipole moment [125]

1 |g.nNG
|d,| = jw log (ﬂw) 7 (8.64)
47 my My
where
|G v | = 0.027]6| (8.65)

is the coupling of the CP-violating vertex and, in the spirit of EFT, integrals have been cut off at A = m.

P1n fact, it is easy to prove that the quantity @ = 0 + arg det M remains invariant under chiral transformations of the quarks.
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Substituting the value for the CP-preserving pion—nucleon coupling and implementing the experimental
bound (8.44), we find

0] <1071 (8.66)

We see that the amount of fine tuning in the 6 parameter needed to explain experiments is not very far

off the one obtained for the angle # in (8.45) in the classical toy model of the neutron (not by accident

both quantities were denoted by the same Greek letter).

96



FIELD THEORY AND THE STANDARD MODEL: A SYMMETRY-ORIENTED APPROACH




LUIS ALVAREZ-GAUME AND MIGUEL A. VAZQUEZ-M0Z0

Vv (8)

m,-r2 frr2

021

0.0 0
-0.2}
—04}
_06l
-08f \

-1.0p

12 . : s ‘
-10 -5 0 5 10

Fig. 13: Plot of V' (6) in Eq. (8.75) for three different values of the ZLTZ ratio: 1 (blue), 0.3 (orange), and
0.5 (green).

8.3 Enters the axion

We would like to understand the smallness of # in a natural way, i.e., either as following from some sym-
metry principle or by finding out some dynamical reason for its value?®. One possible explanation would
be that m,, = 0, so a chiral rotation of the u-quark field would get rid of the #-term without introducing
CP-violating phases in the chiral Lagrangian. This is however no good, since all experimental evidences

indicate that the u-quark is not massless.

A very popular solution to the CP problem is the one proposed by Roberto Peccei and Helen
Quinn [127, 128] consisting in making the #-parameter the vev of a pseudoscalar field a(z), the ax-
ion [129,130], whose potential would drive it to (0|a(x)|0) = 0. To be more precise, let us consider the

action

_ _ _ _ 1 o
S = /d4:v <zqR$qR +ig e, +a, Mgy +qpM'q, — WGF[LFW ) ) (8.78)
a

where f, is an energy scale introduced so the axion field has the canonical dimenension of energy. We
can now play the old game of shifting the last term in the action (8.78) to a complex phase in the mass
matrix. In the low-energy effective field theory, this phase can be absorbed into the NG bosons matrix

by the field redefinition (cf. the analysis presented in Box 12)

— 3 i
s (e V) e 0. (8.79)
0 1 0 1

In the absence of a mass term for the NG bosons, 3 only has derivative couplings and the theory

is invariant under constant shifts of the axion field, a(z) — a(z) + constant. The presence of the
term f3Bgtr (M (DS 315V ), however, induces a potential that can be read off Eq. (8.75) with 6 re-

%The fact that in the CO2 molecule the angle @ is zero is a consequence of the dynamics of the atomic orbitals and is therefore
“natural”.
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Fig. 14: Exclusion plot from Ref. [134] for the axion parameters f, (resp. gan) and m,. The yellow
line represents the relation given in Eq. (8.81).

Planck+BAO

GeV ]

placed by a/ f,. Expanding around the minimum at a = 0, we find

m2f2  mymg
Via) = —2=8 u 2y, 8.80

where we have dropped constant terms and the ellipsis indicates higher-order axion self-interactions.

This gives the axion mass

- 109 GeV
m, = Mrdr Ve (&) eV 831)
fa my, + My fa

The field redefinition (8.79) also induces axion interactions with mesons, baryons, leptons, and photons.

For example,

1 1 ~
Saxion Dl / d4l’ (EgaP'YaﬁO-MV’YE)pF#V + §gan7aﬁ0'“”'y5nFuV + gCZ’Y aFHl/Flw> ) (882)

where gany = —Gapy ~ fo 2 and Gavy ~ fo 1. The last non-minimal electromagnetic coupling of
the axion comes from the anomaly-induced term in the chiral Lagrangian pointed out in the footnote
on page 93. In a strong magnetic field, this term allows the conversion of a photon into an axion and
vice versa, one of the main astrophysical signatures of the axion and also the target process of the light-

shining-through-walls experiments [131].

Among other candidates for dark matter (sterile neutrinos, supersymmetric particles, etc.) axions
are currently one of the most popular candidates to account for the missing matter in the universe [132,
133]. Cosmological and astrophysical phenomena provide a wide class of observational windows for
these kind of particles, ranging from CMB physics to stellar astrophysics and black holes (see Fig. 14).

Observations so far have been used to constrain the parameter space for axion-like particles (ALPs),
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leaving a wide allowed region including most of the values of the QCD axion. A comprehensive overview
of current axion experiments and the bounds on different parameters can be found in the review [116],

as well as in Ref. [117] (see also Ref. [134] for a collection of exclusion plots for various parameters).

9 The electroweak theory

It is time we look into the electroweak sector of the SM. As already mentioned several times in these
lectures, our current understanding of the electromagnetic and weak forces is based on a gauge theory
with group SU(2) x U(1)y. This theory has subtle differences with respect to the color SU(3) QCD gauge
group used to describe strong interactions. The basic one is that it is a chiral theory in which left- and
right-handed fermions transform in different representations of the gauge group. Closely related to this is
that the SU(2) x U(1)y gauge invariance is spontaneously broken at low energies by an implementation
of the BEH mechanism explained in Section 5. This feature, that for decades was the shakiest part of
the electroweak theory, was finally confirmed in July 2012 when the detection of the Higgs boson was

announced at CERN, thus fitting the final piece into the jigsaw puzzle.

Whereas only hadrons (i.e., quarks) partake of the strong interaction, the weak force affects both
quarks and leptons. Its chiral character is reflected in that the weak interaction violate parity, a fact
discovered in the late 1950s in the study of 5-decay and other processes mediated by the weak force [135—
138]. Unlike gluons, which couple to quarks through a vector current J(SCD = q"q, the carriers of the
weak force interact with matter via the V. — A current J¥ | = ¢y*(1 — 5)v, with 1 either a lepton or
a quark field [139, 140].

9.1 Implementing SU2) X U(1)y

To be more precise, 3-decay transmutes left-handed electrons into left-handed electron neutrinos (and
vice versa), while u-quarks (resp. d-quarks) transform into d quarks (resp. u-quarks). This suggests

grouping left-handed electrons/neutrinos and quarks into doublets

1% u
L={ ° ], Q—( ) : 9.1)
(6 )L d L

and assume they transform in the fundamental representation 2 of the SU(2) algebra. At the same time,
since right-handed electrons and quarks do not undergo 3-decay, their components are taken to be SU(2)

singlets

éRzeR, UREUR, DREdR. (9.2)

Moreover, since there is no experimental evidence of the existence of right-handed neutrinos, we do not

include them in the description (at least for now; we will return to this issue later).

The whole picture is complicated because the weak force mixes with the electromagnetic inter-

action. In fact, the U(1)y of the electroweak gauge group is not the U(1) of Maxwell’s theory. The
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Leptons
1=1 =2 1=3 th, Yr
L e ) ( Vi > ( vr ) 18| 1
¢ JL wJL T /L
WR €R JIrs TR 0 -1
Quarks
i U c t 1.3 1
« (), ), G e e
U}i2 UR CR tr 0 %
Dy, dr SR br 0 -3

Table 2: Transformation properties of leptons and quarks in the electroweak sector of the SM. In addition
to the indicated representations of SU(2) x U(1)y-, quarks transform in the fundamental 3 irrep of SU(3),
whereas leptons are singled under this group.

generator YR of the former, called the weak hypercharge, satisfies the Gell-Mann—Nishijima relation
Q= Yr + t, (9.3)

where () is the charge of the field in units of e and t?ﬁ is the Cartan generator of SU(2) in the representa-
tion R. As an example, for L in Eq. (9.1) we have t3 = 102 = diag(3, —3) and @ = diag(0, —1), so
we have Y (L) = —%]L. Repeating this for all lepton and quark fields, we find
2 1

Y(Ur)=3, Y(Dr)=-3, (9.4)
where for the SU(2) singlets we have t?l’ = 0. Notice that for U(1)y- we have YR = Y1, so the represen-
tation of U(1)y is fully determined by the hypercharge Y .

We might be tempted to believe that with this we have determined how a// matter fields in the SM
transform under the gauge group SU(2) x U(1)y-. However, for reasons that we so far ignore, nature has
decided to have three copies of the structure just described. In addition to the electron, its neutrino, and

the u- and d-quarks there are two more replicas or families. The second family includes the muon (1)
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and its neutrino (), together with the charm (c) and strange (s) quarks. The third family, on the other
hand, contains the 7~ lepton, its neutrino (v, ), and the top (¢) and bottom (b) quarks. Apart from an
increasing hierarchy of masses, each extra family exactly replicates the transformation properties of the
fields in the first one. To include this feature in our description, we add an index ¢ = 1,2, 3 to the
doublet {L’, Q'} and singlet {¢%,, U%, D%} fields introduced above, summarizing in Table 2 the three-
family structure with the corresponding representations of SU(2) x U(1)y.. We should not forget that,
besides the electroweak quantum numbers, leptons are singlets with respect to color SU(3), whereas

quarks are triplets transforming in the fundamental representation of this group.

Once the matter content of the SM is determined, as well as how the fields transform under the

electroweak gauge group, we fix our attention on the gauge bosons. In the case of SU(2), it is convenient

to use the {tﬁ, t?ﬁ} basis, so the corresponding gauge field is written as>’

W, = Wtg + W, th + Wig, (9.5)
whereas for the Abelian gauge field associated with U(1)y-, we have
B, =B,Y1. (9.6)
The covariant derivative needed to construct the matter action is then given by
D, =09, —igW, —igB,
= Oy — igW, [ty — igW tf —igWitk —ig'B,Y1, 9.7)

where g and ¢’ are the coupling constants associated with the two factors of the electroweak gauge group.

We should not forget, however, that the electric charge @, the hypercharge Y1, and the SU(2)
Cartan generator t?ﬁ are not independent, but connected by the Gell-Mann—Nishijima relation (9.3). It is

therefore useful to consider the combinations

A, = By cosb, + Wi’ sin 6,

Zy = —Bysinby, + WS cos by, (9.8)

where A, is to be identified with the electromagnetic field, whose gauge group will be denoted by U(1),,,
to distinguish it from the one associated with the gauge field B,. The parameter 0,, is called the weak
mixing angle and sometimes also the Weinberg angle, although it was first introduced by Glashow in

Ref. [37]. Expressing the covariant derivative (9.7) in terms of the {W,jc, A, Z,} gauge fields, we find
D,=0,— igW:tf{ — igWu_tJﬁ — 1A, (g sin Hwt?f{ + ¢’ cos GwYIL)

— iz, (g sin 0wt3R — ¢ cos HwY]l). (9.9)

>In terms of the generators tlj{ =tk = itk, the SU(2) algebra reads [t%, t;td = :I:tﬁ, [t&,tr] = 2t%. This is just the algebra
of ladder operators familiar from the theory of angular momentum in quantum mechanics.
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Now, if A, is to be identified with the electromagnetic field, it has to couple to the electric charge

matrix e(). Consistency with the Gell-Mann—Nishijima relation (9.3) implies then
gsingy, = ¢ cosfy = e — tan 0, = 2. (9.10)
g

This relation shows that the weak mixing angle not only measures the mixing among the Abelian gauge
fields associated with the U(1)y- and the Cartan generator of SU(2), but also of the relative strength of
the interactions associated with the two factors of the electroweak gauge group. Implementing all the
previous relations, the covariant derivative reads

2ie
sin(26,,)

_ e T e
Du_au——W“tR——

— _l’_ .
sin 0, Wity —ieduQ =

Z,(th — Qsin?6,,), 9.11)

sin 0,

where we have eliminated Y, g, and ¢’ in favor of Q, e, and 6,,. With this, the SM matter action reads
5 —k —k —k —k —k
Smatter = » / diz (z’L DLF il ey, +iQ  DQF + iU R PUY +iD R@D%). (9.12)
k=1
Next we look at the gauge action

Sgauge = —% / d*z [tr (W, W) + tr (B, B*)], (9.13)

where W, and B, are the field strengths of W, and B, respectively. Recasting it in terms of the
electromagnetic and Z,, gauge fields defined in Eq. (9.8), we have

1 1 , 1 L, e o
Sgauge = —/d4${4WJyW s +ZZWZM + ZFWFﬂ — §C0t0wWJW1/ AL

2

W (W W) (W, W k) — (W W) } SENCRES

2sin 6,

where 72, = 0,2, — 0,2,,, F},, = 0, A, — 0, A,,, and we have defined
Wi, = 0,W; = 0,W; Fe(WiA, — WA, Fiecot by (W2, — W Z,). (9.15)

The SM gauge couplings can be now read off eqs. (9.11), (9.12), (9.14), and (9.15). The first thing
to notice from the last two equations is that the Wlf gauge fields have electric charge +e and also couple
to the Z,, gauge field, which has itself zero electric charge. A look at the matter action also shows that
the two components of the SU(2) doublets are transmuted into one another by the emission/absorption of
a W boson. As to the Z0, it can be emitted/absorbed by quarks and leptons with couplings that depend
on their SU(2) x U(1)y- quantum numbers (see Chapter 5 of Ref. [14] or any other SM textbook for the
details). As a practical example, the neutron $-decay n — pTe~ ¥, proceeds by the emission of a W~

by one of the neutron’s d quarks, turning itself into a u quark (and the neutron into a proton). The W~
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then decays into an electron and an electronic antineutrino.

nludd] — p*[uud] + e~ + 7, = d Ve (9.16)

As a second example, we also have lepton—neutrino scattering mediated by the interchange of a Z°

Ve Vg

4+ — 0+ - 70 9.17)

0 I
where ¢ stands for e, 1 or 7. The existence of weak processes without transfer of electric charge is a
distinctive prediction of the Glashow—Weinberg—Salam model. The discovery of these so-called neutral
weak currents in the Gargamelle bubble chamber at CERN in 1973 [141] was solid experimental evidence
in favor of the electroweak theory (see also Ref. [142] for a historical account). Let us also mention
that Shatter + Sgauge includes QED, and therefore describes all electromagnetic-mediated processes

among leptons and quarks.

Box 13. Hypercharges and anomaly cancellation

Our discussion in Section 7 has very much stressed the need to eliminate anomalies affecting gauge
invariance. Gauge anomalies come from the same triangle diagrams we encountered in our discus-
sion of the chiral anomaly, namely those shown in Eq. (7.10). The only difference is that, instead
of having an axial-vector current on the left and two vector currents on the right, now we have three

gauge currents, one at each vertex.

Fortunately, to decide whether the SM is anomaly free we do not need to compute the dia-
grams themselves. It is enough to look at the group theory factor and check that the result is zero
once we sum over all chiral fermions running in the loop. To compute this factor we consider the
gauge generator at each vertex (7§ );;, where the indices i, j are associated with the gauge index of
the incoming/outgoing fermion entering/leaving the vertex, while a is the index of the gauge field
attached to it. Thus, for a given fermion species in the loop, the group theory factor multiplying the

sum of the two triangles in (7.10) is given by

(T8)i5 (TR) k(TR ki + (TR)i; (Th )k (TR)ki = tr (TR{Th, TR})- (9.18)
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the so-called mixed gauge-gravitational anomalies) cancel in the SM, and that they do so within each
family. And second, that the anomaly cancellation condition is a very powerful way of constraining
viable models in particle physics: in the SM it fixes, up to a global normalization, the U(1)y- charges

of all chiral fermions in the theory.

9.2 But, where are the masses?

Adding together eqs. (9.12) and (9.14), we still do not get the full action of the electroweak sector of the
SM model. The reason is that all fermion species in the SM have nonvanishing masses and, therefore, we
need to add the corresponding mass terms to the matter action. This is, however, a very risky business in
a chiral theory like the electroweak model. As we learned in Box 7 (see page 48), fermion mass terms
mix left- and right-handed components. In our case, since they transform in different representations of
the SU(2) x U(1)y gauge group, adding such terms spoils gauge invariance and with that all hell breaks
loose.

Fermion masses are not the only problem. Weak interactions are short ranged, something that can
only be explained if the intermediate bosons W= and Z° have masses of the order of tens of GeV. Mass
terms of the form m%Vlec W*H and mQZZMZ“ also violate gauge invariance, so it seems that we are
facing double trouble.

The theory resulting from adding all needed mass terms to Smatter + Sgauge 18 the original model
proposed in 1961 by Glashow [37], where gauge invariance in explicitly broken. The inclusion of masses
in the SM in a manner compatible with gauge invariance was achieved by Weinberg and Salam [38, 39]
and requires the implementation of the BEH mechanism [34-36] studied in Section 5 in its Abelian

version. In the case at hand, we need to introduce a SU(2) complex scalar doublet

+
H:(I;(J), (9.30)

with Y(H) = %]l, so using the Gell-Mann—Nishijima relation (9.3) we find that H+ has charge e and H°

is neutral. We consider then the action

2\ 2
SHiggs = /d4x [(DMH)TDNH — 2 <HTH - 1)2> ] , (9.31)

where the covariant derivative is defined in (9.11). Although the action is fully SU(2) x U(1)y invariant,
the potential has the Mexican hat shape shown in Fig. 9 and the field H gets a nonzero vev, that by a

suitable gauge transformation can always be brought to the form

1 {0
(H) = 7 ( ) ) : (9.32)

This vev obviously breaks SU(2) and, having nonzero hypercharge, also U(1)y-. However, since (H1) =

0 it nevertheless preserves the gauge invariance of electromagnetism. We have then the SSB pattern
SUR2) x U(1)y — U(D)gy- (9.33)
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The masses of the gauge bosons are obtained by substituting the vev (9.32) into the action (9.31)
and collecting the terms quadratic in the gauge fields. With this, we see that the W and Z bosons acquire

nonzero masses given, respectively, by

ev €ev

T S O’ mz = sin(26,,)’

(9.34)

and satisfying the custodial relation myy = myz cos 0,,.

Interestingly, the scale v is related to the Fermi constant Gy, a quantity that can be measured at
low energies. Considering the neutron S-decay process in Eq. (9.16) at energies below the mass of the W

boson and comparing with the result obtained from the Fermi interaction

Steemi = f/g / 2 Teyp(1 = 75)e dy*(1 — 5)u, 9.35)

we get the relation

V2 €2 1

G = — — s
F=g mZ, sin? 6, /202

(9.36)

where the expression of my given in Eq. (9.34) has been used. Substituting now the experimental value
of the Fermi constant Gy = 1.166 x 10~° GeV? [117], we find

v~ 246 GeV. 9.37)

In order to give mass to the fermions, we need to follow the strategy explained in page 70 and

write the appropriate Yukawa couplings, which in this case read

Svukawa = — 3 / d%(Cff)sz% + O\ AL + CYQHDY, + C\ D Q!
i,j=1

+ COQAUY, + @(g)*ﬁéﬁf@) (9.38)

The two terms in the second line involve the conjugate field

~ Ht* HO*
2 _
H=io ( 0 ) = ( gt ) , (9.39)

which has Y (H) = — 31 and can be seen to transform also as a SU(2) doublet. Given the transformation
properties of all fields involved, it is very easy to check that the action (9.38) is SU(2) x U(1)y gauge
invariant. Notice that here we are assuming that neutrino masses are not due to the BEH mechanism.
This is the reason why lepton doublets only couple to the Higgs doublet H, whose upper component
has zero vev. In the case of quarks, however, we need to generate masses for both the upper and lower

components of Q. This is why they couple to the conjugate field H, whose upper component acquires a

109



LUIS ALVAREZ-GAUME AND MIGUEL A. VAZQUEZ-M0Z0

nonzero vev

~ 1 )
(H) = 7 < 0 ) : (9.40)

To find the expression of the fermion masses generated by the BEH mechanism, we substitute in the
Yukawa action the field H and its conjugate H by their vevs (9.32) and (9.40). The resulting mass terms

have the form

(723 dR
Stmass = — / d'z |, g, 7o) MY | pr | + (.50, 00) M@ | sp
TR br
UR
+ (ﬂL,EL,fL)M(q) CR + H.c.|, 9.41)
tr
where the mass matrices are given in term of the couplings in Eq. (9.38) by
MO = Y c® M9 = Y@ MY = 0. (9.42)

17 \/ﬁ g 1] \@ ij 1] \/5

These complex matrices are however not necessarily diagonal, although they can be diagonalized through

bi-unitary transformations
vt OUY = diag(me, my, m,),
V[(/q)TM(q) V};q) — diag(md, ms, mb)7 (9.43)

‘7L(q)T]\7(q) 17}&1) = diag(my, me, my),

where the eigenvalues are the leptons and quarks masses. Notice that fermion masses are determined
by both the Higgs vev scale v and the dimensionless Yukawa couplings C’Z-(f), CZ»(jq), and @(jq), which are
experimentally determined.

Let us focus for the time being on the quark sector (leptons will be dealt with below in section 9.4).
Since VL(?I)%, 1~/L(ql)% are constant unitary matrices we could use them to redefine the quark and lepton triplets

in the total action

Uy g UL,R dy, r dr,r

_ @t _ At
c’L7R = VL7R cLr | 3’L7R = VL7R sLr | (9.44)
LR tL,R by r )

in such a way that the new fields are mass eigenstates, i.e., their free kinetic terms in the action have the
standard diagonal form. A problem however arises when implementing this field redefinition in the in-
teraction terms between the quarks and the W'+ gauge bosons, mixing the lower with upper components

of the SU(2) doublets. The issue is that, unlike in the kinetic terms, the matrices implementing the field
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redefinition do not cancel

dr, d,
S5 / d'z (ay, e, i)V | sp | W= / d'z (@, e, ) VOV | s | Wi (9.45)
br. b,

where, to simplify the expression, the overall coupling is omitted and the corresponding coupling of the

quarks to the W~ boson is obtained by taking the Hermitian conjugate of this term. The combination
VIO = Vogw (9.46)

defines the Cabibbo—Kobayashi-Maskawa (CKM) matrix [143] and determines the mixing among the
quarks families. It is an experimental fact that this matrix is nondiagonal, so the emission/absorption
of a W boson does not merely transform the upper into the lower fields (or vice versa) within a sin-
gle SU(2) quark doublet, but can also “jump” into another family. This gives rise to processes known as
flavor changing charged currents. For example, there is a nonzero probability that a u quark turns into
a s quark by the emission of a W, or vice versa with a W, accounting for decays like A — pte 7.
What happens inside the A° baryon (uds) is that the strange quark emits a W~ and transforms into
a u-quark, thus converting the A" into a proton (uud). The W~ then decays into an electron and its

antineutrino.

It is an interesting feature of the electroweak sector of the SM that there are no flavor changing
neutral currents at tree level. In the case of electromagnetic-mediated processes, this follows from the
fact that the field redefinitions induced by the matrices VL(?])% and VL(QI)% mix fields with the same electric
charge, so they commute with the charge matrix () and cancel from the quark electromagnetic couplings.
In the case of the weak neutral currents (mediated by the Z°) the same happens, though maybe it is less
obvious. Indeed, looking at the form of the covariant derivative (9.11) we find the following couplings

between the quarks and the Z°:

ury, dL
4 L2 .9 — 3 1 1 ., - -
SO | d*zx 3 gsm Ow | (@r,er,to)Y" | e | — 3 gsm Ow | (dr, S, b)Y | st
L br
2 o 1 5
+3 sin® 0, (Ug, Cr. tR)V | cr | — 3 sin® 0, (dg, 3R, bR)Y" | sg ; (9.47)
tr br

where again we have dropped an overall constant which is irrelevant for the argument. What matters for
our discussion is that, after the field redefinition, we get the combinations VL(?I)%T VL(?J)% =1= \N/L(?I)J {7L(‘11)%
and no mixing matrix is left behind. This shows that there are no flavor changing neutral currents at tree

level?8.

20nce quantum effects are included, flavor changing neutral currents are suppressed due to the flavor mixing brought about by
the Cabibbo—Kobayashi-Maskawa matrix, via the so-called GIM (Glashow-Iliopoulos—Maiani) mechanism [144].
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Box 14. SSB or QCD?

We have seen how the BEH mechanism provides the rationale to understand how the particles in
the SM acquire their masses, a scenario ultimately confirmed by the experimental detection of the
Higgs boson. But, does the BEH mechanism really explains the mass of everything we see around
us, from the paper in our hands to the sun over our heads? The answer is no. As we will see, the
fraction of the mass of macroscopic objects that we can assign to the Higgs boson acquiring a vev is
really tiny.

We know that the masses of protons and neutrons are very similar to one another, and much

larger than the mass of the electron
my >~ my =~ 1836 me. (9.48)
In turn, the mass of a (A, Z) nucleus is
M(A,Z)=Zmy+ (A—Z)m, + AM(A, Z), (9.49)

with AM (A, Z) the binding energy, which varies from a bit over 1% for deuterium to around 10%
for %Ni. Taking Eq. (9.48) into account and to a fairly good approximation, the mass of an atom

can be written in terms of its mass number alone
m(A, Z) ~ Amy, (9.50)

The point of this argument is to show that in order to explain the mass around us we essentially
need to explain the mass of the proton. But here we run into trouble if we want to trace back m,,
to the BEH mechanism. The values of the masses of the v and d quarks accounted for by the BEH

mechanism (the so-called current algebra masses) are
my, ~ 2.2 MeV, mgq = 4.7 MeV. (9.51)

Comparing with mp[uud] ~ 938.3 MeV and mg[udd] = 939.6 MeV, we see that quark masses
only explain about 1% of the nucleon mass. Thus, close to 99% of the mass in atomic form in the

universe is not due to the BEH mechanism.

Where does this mass/energy come from? Actually, from QCD effects. Protons and neutrons
are not only made out of their three valence quarks, but they are filled with a plethora of virtual
quarks and gluons fluctuating in and out of existence whose energy make up the missing 99%.
These effects can be computed numerically using lattice field theory [145, 146]. Here, however,
we just want to offer some general arguments pointing to the origin of the difficulties in describing

protons and neutrons in terms of their constituent quarks.

Let us begin with a very simple argument. We know that because of the strong dynamics

of QCD at low energies quarks get confined into hadrons in a region whose linear size is of the
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order AQED. Applying Heisenberg’s uncertainty principle, we can estimate the size of their mo-

mentum fluctuations to be about

If fluctuations are isotropic the statistical average of the quark momentum vanishes, (p) = 0.

Since (Ap)? = (p?) — (p)?, we determine the averaged quark momentum squared to be

(p?) ~ Adcp- (9.53)

Now, Aqcp is of the order of a few hundred MeV, so the masses of the u and d quarks sat-
isfy my,, mq < Aqcp. This means that the linear momenta of the valence quarks inside protons and
neutrons is much larger than their masses, so they are relativistic particles. Moreover, since their
typical energy is of order Aqcp, they are in the low energy regime of QCD where the dynamics is

strongly coupled.

What we said about the u and d quarks does not apply however to the top (m; ~ 173.7 GeV),
bottom (mp =~ 4.6 GeV), and charm (m. ~ 1.3 GeV) quarks, which under the same conditions
would behave as nonrelativistic particles. Besides, since their energies are dominated by their
masses, which are well above Aqcp, their QCD interactions are weakly coupled. This is why
heavy quark bounds states (quarkonium) can be analytically studied using perturbation theory, un-
like the bound states of light quarks (u, d, and s) that have to be treated numerically. The difficulties

in describing quarks inside protons and neutrons boils down to them being ultrarelativistic particles.

The moral of the story is that the popular line that the BEH mechanism “explains” mass is
simply not correct. Most of our own mass and the mass of every object we see around us (and this
includes the Earth, the Sun, the Moon, and the stars in the sky) has nothing to do with the Higgs
field and is the result of the quantum behavior of the strong interaction. Even in a universe where
the up and down quarks were massless, the proton and the neutron would still have nonzero masses

and moreover very similar to the ones in our world.

9.3 The Higgs boson

In order to analyze mass generation in the electroweak sector of the SM, it was enough to replace the
scalar doublet H by its vev. However, as we learned in Section 5.4 for the Abelian case, the system
has excitations around the minimum of the potential corresponding to a propagating scalar degree of

freedom. To analyze the dynamics of this field, the Higgs boson, we write the Higgs doublet H as

1 . 1/ N1 0
H(z) = ——€'@ @ 9.54
(@) ‘ ( v+ h(x) ) ’ ©-54)

where a!(x) and h(z) are the four real degrees of freedom encoding the two complex components
in (9.30). In fact, as in the Abelian case of Section 5.4, we can use the gauge invariance of Shiggs +

Svukawa to eliminate the global SU(2) global factor, after which we are left with a single real degree of
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freedom representing the Higgs boson [36]. Substituting into (9.31) and expanding, we get

AU A o2m?
o 7]13 o 7h4 W
4 16 + v

1 Av?
SHiges = /d4x [f%ha#h - %hQ W#_W'H‘h 9.35)

2 2 2 2
My yr—wtep2 o Mz mz 2 2 s o "z
+ 7WN W Mh + TZ.U‘Zuh =+ ﬁZlJ‘Zuh + mWWu W K + TZ“ZM s
where in the last two terms we recognize the masses for the W+ and Z" gauge bosons. The first thing to

be noticed is that the mass of the Higgs boson is determined by the vev v and the strength A of the Higgs

quartic self-couplings,

A
my = v\/; = (125.25 +0.17) GeV, (9.56)

where the current average experimental value is quoted [117]. The action (9.55) also contains the cou-

pling between the Higgs boson and the W+ and Z° intermediate bosons, giving rise to the interaction

vertices
w#, z0 w#, 20 h
miy ,’/ w,z
______ o~ Y ~ — (9.57)
\\\
w+, 20 w+, 20 h

In both cases, the strength of the coupling is proportional to the mass squared of the corresponding

intermediate bosons.

As to the coupling of the Higgs boson to fermions, this is obtained by replacing (9.54) into the
Yukawa action (9.38),

1
Syukawa = —/d4ﬂf (éLuHLv?L) <UM(Z)> MR h (9.58)
TR
) dr ) uR
+ (dr,5L,b1) (vM(Q)) sp | h+ (ur,cL,tr) <Uﬁ(q)> cr | h+Hec.
bR tr

This, upon switching to mass eigenstates, takes the general form

m _
SYukawa = - Z Tf / d4$ ffh7 (959)
!

where f = (e/, 1/, 7', v/, d', ¢, s, ¢, ') runs over all the fermion mass eigenstates, apart from the three
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neutrinos that we will treat separately. The corresponding interaction vertices are

______ ho~ (9.60)

That the coupling of the Higgs boson to the fermions is proportional to their masses has important exper-
imental consequences. Given the value of the Higgs vev energy scale found in (9.37), only the heaviest
fermions have sizeable Higgs couplings, in particular the top quark with mass m; = 173.3 GeV [117].
This fact is at the heart of the experimental strategy that culminated with the observation of the Higgs
boson at CERN. In a hadron collider such as the LHC, there are plenty of gluons produced during the

collision that can fuse through a top quark loop to produce a Higgs boson

g

t ---h 9.61)

9

The Higgs boson produced in the gluon fusion process can decay in various distinctive ways. One of

them is by a second top loop with emission of two photons

~
~—
t
h --- At (9.62)
t
I~
y

Alternatively, the Higgs boson may produce a pair of Z° bosons that in turn decay into two lepton—

antilepton pairs

70 /
P 0 (9.63)
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These were precisely the decay channels that led to the discovery of the Higgs boson by the ATLAS and
CMS collaborations at the LHC [19, 20].

9.4 Neutrino masses

We have been postponing the issue of neutrinos masses. It is however an experimental fact that neutrinos
have nonzero masses and this is something we have to incorporate in the SM action. One way to do it
is to extend the SM to include right-handed sterile neutrinos Vf,% transforming as (1, 1) under SU(3) x
SU(2) x U(1)y (see the notation introduced on page 105), adding then the following terms to the Yukawa

action
3 ~ y ~ . ~ . ~ .
ASvukawa = — / d*z (O(VTHV;-é +C )*%HLJ). (9.64)
i=1

Once the Higgs field gets a vev, this term generates a mass term of the form

R
ASyukawa = — / Az | er, Uur, 7o) MY | 1op | +He.|, (9.65)
V3R
with
W) _ YV =)
MY = ﬁcﬁ . (9.66)

Being singlets under all SM gauge groups, the sterile neutrinos only interact gravitationally with other

particles.
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tromagnetic field. This is to be expected, since the Majorana condition identifies particles with
antiparticles that, as we saw in Box 7, have opposite electric charge. In more precise terms what

happens is that the associated Noether current vanishes

I 1 X
e e (xiaim + x{aiTM) =0. (9.75)

This can be also seen as a consequence of the incompatibility of the Majorana condition (9.71) with
a global U(1) phase rotation of the spinor 1) — €*”4). In particular, the Majorana mass term in (9.74)

does not conserve the U(1) charge

PGy + P — EPYsyy + e 20y 9, (9.76)

a very important feature for the accidental symmetries of the SM such as lepton number.

The addition of sterile neutrinos to generate neutrino masses is only partly satisfactory. One ob-
vious problem is its lack of economy, since it requires the addition of extra species to the SM that
nevertheless do not partake in its interactions. But the solution is also unnatural. Due to the smallness of
the neutrino masses, the new Yukawa couplings have to be many orders of magnitude smaller than the

ones for charged leptons.

Generating a Dirac mass term is not the only possibility of accounting for neutrino masses. Having
zero electric charge, they are the only fermions in the SM that can be of Majorana type. If this were the

case, their mass terms in the action would be build from the left components alone, as we saw in Box 15

3
AS=-3" / d*z <;Mijl/iil/i + H.c.> , (9.77)

ij=1

where because of Fermi statistics VT‘LVi = VTiVZL and the mass matrix Mi(jl-j) can be taken to be sym-
metric. The problem now lies in how to generate a Majorana mass from a coupling of the neutrinos to
the Higgs field, since both L’ and its charge conjugate are SU(2) doublets and there is no way to con-
struct a gauge invariant dimension four operator involving L?, L, and H (or fI). A group-theoretical
way to see this is by noticing that the product representation 2 ® 2 ® 2 = 4 @ 2 @ 2 does not con-
tain any SU(2) singlet. This changes if we admit a dimension-five operator with two Higgs doublets,
a left-handed fermion and its charge conjugate. Now it is possible to construct a gauge invariant term
since2®2®2®2=5463$93% 3% 1c 1. For example,

AS = —% ]i:l / d'z |c) (Temr) (A'L) + He (9.78)

is invariant under SU(2) x U(1)y-. This operator in the action has to be understood, in the spirit of EFT,

as the result of some new physics appearing at the energy scale M > v, with v the Higgs vev.

When the Higgs field acquires its vev, the coupling (9.78) generates a Majorana mass term for the
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neutrinos,

3
AS = —% 3 / d'e (M Vo] + He.), 9.79)

ij=1

where the neutrino mass matrix is given by

2
v) _ YV~
M7 = MC’Z.j . (9.80)
The entries of this matrix are suppressed by the factor v/M < 1, naturally producing neutrinos with
masses well below the ones of the charged leptons. Thus, Majorana neutrinos not only are the most
economical solution, making unnecessary adding new fermion species, but also avoids the unnaturalness
of the neutrino Yukawa couplings. Incidentally, the Majorana mass term (9.79) violates lepton number,

since 1/% and E transform with the same phase [cf. (9.76)].

Neutrinos are regarded as one of the most promising windows to physics beyond the SM, being
the main reason why neutrino physics has remained for decades one of the most exciting fields in (as-
tro)particle physics and cosmology [147-149]. As to the question of whether the neutrino is a Dirac or a
Majorana particle, however, the jury is still out. Some processes can only take place if the neutrino is its
own antiparticle, most notably neutrinoless double 3 decay [150, 151]. A nucleus with mass and atomic
numbers (A, Z) can undergo double 3-decay and transmute into the nucleus (A, Z + 2) with emission
of two electrons and two antineutrinos:

(A,Z2) — (A Z+1)+ e + 7,
. (9.81)
L, (A, Z+2) + e + Ve
If the neutrino is a Majorana particle there is an alternative. The neutrino produced in the first decay may

interact with a neutron in the nucleus, turning it into a proton with the emission of an electron,
V(= T e 9.82
Ve(Eve)+n—p" +e, (9.82)

so no neutrino is emitted in the process (A, Z) — (A, Z 4+ 2) + 2e~. This is described by the diagram
(Aa Z+ 2) e

(A, Z+1) 9.83)

(A, Z) e~

where the double-arrowed line represents the Majorana neutrino. The detection of neutrinoless double
[B-decay would decide the question of the Dirac or Majorana character of the neutrino. A lot of exper-
imental effort is being dedicated to this problem, so far without definite results (see Ref. [152] for an

updated overview of past, present, and future experiments).
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Box 16. CP violation and the CKM and PMNS matrices

When studying the strong CP problem in Section 8.2, we hinted at the fact that CP violation is as-
sociated with the existence of complex couplings in the action. This is shown easily, taking into
account that the CP transformation acting on an operator & transforms it into its Hermitian conju-
gate, CPO(CP)~! = ¢. Hence, a term in the Hamiltonian of the form g& + g* 01, although being
Hermitian, leads to CP violation unless the coupling is real, g = ¢g*. This is why when exploiting the
axial anomaly to move the 6 dependence in the QCD action from the #-term into a complex phase
in the fermion mass matrix we said that we were shifting the source of CP-violation to a complex
coupling.

Besides the #-term in the QCD action, it is a fact that CP symmetry is broken in the elec-
troweak sector of the SM, for example in neutral kaon decays. Its origin is found in the unitary
CKM matrix

Vud Vus Vub
Vekm = | Vea Ves Vi (9.84)
Viae Vis Vi

introduced in (9.46) since, as we will see now, it contains a complex phase that cannot be removed
by redefinition of the quark fields. Let us be general and analyze the case of a SM with n families.
An n X n unitary matrix depends on n? real parameters (the 2n? real parameter of a general complex
matrix reduced by the n? conditions imposed by unitarity). In addition to this, we can play with
the phases of the 2n quarks, keeping in mind the invariance of the action under a common phase
redefinition of all quark fields leading to (perturbative) baryon number conservation. This means
that 2n — 1 of the n? real parameters can be absorbed in the phases of the quark fields, and we are
left with n? — 2n + 1 = (n — 1)? independent ones. The question is how many of them correspond
to complex phases. To decide this, let us recall that were the CKM matrix real it would be an SO(N)
matrix depending on %n(n — 1) real angles. Subtracting this number from the total number of
independent real parameters computed above, we get the final number of complex phases in the

CKM matrix to be

n2—2n+1—%n(n—1)=%(n—l)(n—Q). (9.85)

For three families (n = 3) the matrix depends on a single complex phase ¢ and three real

angles 612, 013, and 0>3. In terms of them, the CKM matrix is usually parametrized as

0

C12C13 $12C13 S13€
Verm = | —s12023 — c12523513€%°  c1aco3 — S12503513€  sazciz | (9.86)
0 i
512823 — C12€23513€"°  —C12523 — $12C23513€"°  €23C13

where s;; = sinf;; and ¢;; = cos0;;. The modulus of the entries can be measured through the

observation of various weak interaction mediated decays and scattering processes (see for example
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data) give the following 3o ranges for the absolute values of the entries of the PMNS matrix [159]

0.801 — 0.845 0.513 — 0.579 0.143 — 0.155
Ul =1 0.234 — 0.500 0.471 — 0.689 0.637 — 0.776 | . (9.95)
0.271 — 0.525 0.477 — 0.694 0.613 — 0.756

It is interesting to compare the textures of the matrices (9.88) and (9.95). As already mentioned, for
quarks the matrix is of order 1 at the diagonal, ) for the second diagonal, and \? in the upper right
and lower left corners. There seems to be a hierarchical pattern (this is a bit of wishful thinking,
clearly). In the case of neutrinos, however, it seems that there is democracy in all its entries, and
a crude approximation to (9.95) would be to set all its entries to 1. This is a matrix with a single
nonzero eigenvalue and two degenerate zeros, reminiscent of the normal or inverted hierarchies in
the fit of the neutrino masses. Both textures are so different that it is difficult to imagine that they

have a common origin. A major mystery, whose clarification is beyond the SM.

10 Scale invariance and renormalization

Renormalization appeared in physics as a way to make sense of the divergent results in QFT. In quantum
mechanics, infinities are usually handled by invoking a normal ordering prescription, and even in QFT,
they are absent when computing semiclassical contributions to processes in perturbation theory?. The
trouble comes when calculating quantum corrections, associated in the perturbative expansion to Feyn-
man diagrams with closed loops. These contain integrals over all independent momenta running in the

loops that are frequently divergent.

We will not enter into the many details and subtleties involved in the study of divergences in
QFT and the philosophy and practicalities of renormalization. They are explained in all major textbooks
on the subject and a concise and not too technical overview can be found in Chapter 8 of Ref. [14].
The first step is to make the divergent integrals finite in order to handle them mathematically. This is
done by introducing a proper regulator, that can either be a scale where loop momenta are cut off or a
more abstract procedure to render the integrals finite, such as playing with the dimension of spacetime
or introducing PV fermions. In any case, regularization implies the introduction of an energy scale A,
called the cutoff for short. The basic point is that this cutoff is an artefact of the calculation and cannot

appear in any physical quantity that we compute.

Roughly speaking, renormalization consists on getting rid of the cutoff. The key point to do this
is the realization that the masses, couplings, and the fields themselves appearing in the classical action
are not physical quantities. Therefore, there is nothing wrong with them depending on A. What must
be cutoff independent are the physical quantities that we compute and can (and will) be compared with
experiments. These quantities are operationally defined, in the sense that their definition within the

theory’s framework is given in terms of the process to be used to measure them. An example is the

*Here we are going to be concerned with UV divergences associated with the high energy regime of the theory. IR divergences,
which appear in the limit of low momenta, cancel once the physical question is properly posed and all contributions to the
given process are taken into account.
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self-interacting scalar theory

1 m? A
S= [ d'z | 50,000 — —¢* — St 10.1
where we would like to define the physical coupling Apnys. We could identify it as the value of the
scattering amplitude for four scalar particles when all p? are equal

D1 P4
Aphys = , (10.2)

D2 p3 Ipi=p?

where the blob stands for all diagrams contributing at a given order in perturbation theory and p is the
energy scale of the process. The dependence of the action parameters on A is then chosen so this renor-
malization condition remains cutoff independent. Once this is done not just for the coupling constant but
also for all physical quantities (e.g., masses), the theory is renormalized and everything can be computed

in terms of experimentally defined physical couplings and masses.

In the case of the scalar theory defined by the action (10.1), as well as in other physically relevant
theories like QED, QCD or the SM as a whole, it is possible to get rid of the cutoff dependence in
any physical process by “hiding” it in a finite number of parameters. Those theories for which this can
be accomplished are called renormalizable. Nonrenormalizable theories, on the other hand, require the
introduction of an infinite number of parameters to absorb the cutoff dependence, that in turn means
that we need to specify an infinite number of operationally-defined physical quantities. In this picture,
nonrenormalizability seems quite a disaster, since it seems that to compute physical observables we need
to specify an infinite number of physical renormalization conditions. This is the reason why, historically,

nonrenormalizable theories were considered to be no good for physics.

Regularization and renormalization may have important consequences for classical symmetries,
and we have seen examples of this in Section 7. One of the immediate consequences of regularization
is the necessity of introducing a cutoff in the theory and therefore an energy scale. This has the result
that, after renormalization, the physical couplings acquire a dependence on the energy scale where they
are measured. This scale dependence is codified in the 5 function, containing information on how the

coupling constant g depends on the scale where it is measured,

Blg) = p——. (10.3)

This function can be computed order by order in perturbation theory. In QCD S(g) < 0, which means
that the coupling constant decreases as the energy grows, a property known as asymptotic freedom. Be-
sides, the theory dynamically generates an energy scale Aqcp below which it becomes strongly coupled,
with quarks and gluons confined into mesons and baryons. Asymptotic freedom is the reason behind
QCD’s success as a description of strong interactions. It allows us to understand, for example, why in

deep inelastic scattering experiments electrons seem to interact with quasifree partons inside the proton.
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To summarize, we can say that generically classical scale invariance is anomalous, in the sense

that it disappears as the result of renormalization’”.

The [-function is just one example of a set of
functions describing how couplings and masses change with the energy scale. Together, they build the
coefficients of a set of first-order differential equations satisfied by the theory’s correlation functions and

other quantities and known as the renormalization group equations.

The cartoon description of renormalization presented above might lead to thinking that it is just a
smart trick, somehow justifying Feynman’s dictum that renormalization is sweeping the infinities under
the rug [160]. We have come, however, a long way from there. The current understanding of renormal-
ization, dating back to the groundbreaking work of Kenneth Wilson [161-163], goes much deeper and
beyond the mere mathematics of shifting the cutoff dependence from one place to another. It is also
closely related to the idea of EFTs, so now we can revisit our discussion on pages 3-7 in more precise

terms.

Everything boils down to making a physical interpretation of the cutoff. Instead of seeing it as an
artificial scale introduced to render integrals finite, we can regard it as the upper energy scale at which
our theory is defined. At energies above A, new physics may pop up, but we do not really care too much,

since all we need to know are the values of the masses m;(A) and dimensionless couplings g;(A).

Now we ask ourselves how the theory looks at some lower energy scale u < A. To answer, we
need to “integrate out” all physical processes taking place in the range 4 < E' < A, which results in a new
field theory now defined at scale i and expressed in terms of some “renormalized” fields. Generically,
the masses and couplings of this theory will differ from the original ones, so we have m; (1) # m;(A)
and g;(u) # gi(A). But, in addition to this, the new theory might also contain additional couplings not
present at the scale A, in principle an infinite number of them. Using the language of path integrals, we

symbolically summarize all this by writing

/ PP e'50lPol — (iS1P] (10.4)
p<E<A

where ® collectively denotes the fields of the original theory and & their renormalized counterparts,
while S[®] is the action of the new theory defined at the energy scale p. On general grounds, it can be

written as
/
S[®] = Sp[®] + Z M/d% O,[?]. (10.5)

In this expression Sy[®] is the action of the original theory with all fields, masses, and couplings replaced
by the corresponding renormalized quantities, and O, [®] are new operators with dimensions greater than
or equal to four induced by the physics integrated out between the scales A and p. Their couplings g/, ()
are dimensionless and we see that higher-dimensional operators are suppressed by inverse powers of the

high energy scale A.

In this Wilsonian picture of renormalization the dependence of the coupling constants with the

3This happens, for example, in QCD with massless quarks. There are however a few examples of theories for which this does
not happen, most notably A/ = 4 supersymmetric Yang Mills theory in four dimensions. Due to its large symmetry, classical
conformal invariance is preserved by quantization.
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scale has a clear physical meaning: as we go to lower energies, their changing values incorporate the
physics that we are integrating out at intermediate scales. But not only this, also the difference between
renormalizable and nonrenormalizable theories gets blurred. All theories are defined at a given energy
scale A. In order to describe the physics above this scale, the theory would have to be “completed” with
additional degrees of freedom and/or interactions. What is special in renormalizable theories is that they
are their own UV completion, in the sense that they can be extended to arbitrarily high energies without

running into trouble, although technically this only makes sense for asymptotically free theories.

Nonrenormalizable theories need to be completed in the UV to make sense of them above A. Let
us look at the example of Fermi’s theory of weak interaction. It has a natural cutoff given by A =
myy, and if we try to go beyond this energy we run into trouble. For example, the theory violates
unitarity at high energies. The theory, however, can be completed in the UV by the electroweak model
studied in Section 9, which being renormalizable can in principle be extended to higher energies without

inconsistencies.

Another case of nonrenormalizable theories encountered in section 5 is the chiral Lagrangian (see
page 67). Again, the theory is endowed with a physical cutoff, in this case Aqcp, above which the
description in terms of pions is no longer valid. In fact, we can see the chiral Lagrangian as resulting
from Wilsonian renormalization applied to QCD: by integrating out the physics of strongly coupled
quarks and gluons we get a low energy action for the new fields (the pions) and their interactions. Since
the resulting theory does not make sense above Aqcp there is no problem with the divergences appearing

in loops. After all, before the momenta running in them can reach infinity the pion as such ceases to exist.

The final instance of a nonrenormalizable theory we discuss is gravity, which, as explained in
section 1, has to be completed above the Planck scale (1.7). But here we have to remember that everything
couples to gravity, including the SM. Thus, we are led to conclude that despite being renormalizable,
the SM itself has to be regarded as an effective description to be supplemented at the Planck scale, if
not earlier. In fact, phenomena like the nonzero neutrino masses strongly indicate new physics lurking

somewhere between the electroweak scale and the Planck scale.

The bottomline of our discussion is that nonrenormalizability is just a sign that we are dealing
with an EFT and that the ubiquitous presence of gravity in nature forces us to regard all QFTs as EFTs
(have a look again at Fig. 1 in page 7). Nonrenormalizable theories are not anymore those sinister objects
they were when renormalization was seen as nothing but infinites removal. They are perfectly reasonable
theories, provided we are aware of what they are and of what they are good for (and they are indeed very

good for quite many things!).
Box 17. The Planck chimney

Let us go back to the Higgs action (9.31) and particularly to the potential

2

2
V(H,HT) = 2 (HTH -~ %) : (10.6)

We have seen that after symmetry breaking the parameter A directly relates to the Higgs mass (9.56)

and determines its self couplings in the action (9.55). Since after quantization masses and couplings
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get a dependence on the energy scale, we would like to know how \(u) or the Higgs mass m g (1)
depend on the scale . At this point we should recall that the strength of the coupling of the Higgs
boson to fermions is proportional to the latter’s masses [see Eq. (9.60)], so its interactions with the
matter fields are dominated by the top quark. Thus the renormalization group equations determining

the evolution of A(x) and pu gy (1) with the energy scale should also involve the top quark mass 7 ().

An important question is whether the evolution of these parameters with the scale changes
in a significant way the shape of the Mexican hat potential and, most importantly, whether this
jeopardizes the existence of a stable Higgs vacuum (see [164] and references therein). It might be
that the sombrero’s brim get flattened at higher energies, or even inverted like in the case shown

here:

V(H'H)

HH

If this happens, the Higgs vacuum becomes metastable or outright unstable.

Since the renormalization group equations are first order, we need to specify some “initial
conditions”. In this case they are the values of the Higgs and top masses measured at the LHC.
Assuming that the SM correctly describes the physics all the way to Apj, the bounds to be satisfied
by the masses in order to preserve the stability of the Higgs vacuum are [165-167]

my > (129.1 + 1.5) GeV,

me < (171.53 & 0.42) GeV. (10.7)

Comparing with the experimental values my = (125.25 + 0.17) GeV and m; = (172.69 +
0.30) GeV [117], we see that the SM lies slightly outside the stability zone. In fact, the SM seems
to be metastable, with the Higgs boson trapped in a false vacuum. The energy scale where the in-
stability appears turns out to be of the order of the geometric mean of the W mass and the Planck
scale Ajugt ~ v/my Apy. This is quite a discovery made at the LHC!

The instability of the Higgs vacuum is indeed no good news. Of course, living in a metastable
universe is no major problem if its tunneling probability is so low that its decay time turns out to
be much larger than the age of the universe, around 13.6 Gyr. But we have to remember that the
bounds (10.7) are obtained with the proviso that there are no new degrees of freedom between the
electroweak and the Planck scales. This is yet another reason to expect some physics beyond the

SM making the universe stable.
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The apparent metastability of the Higgs vacuum highlights a very important feature of the
renormalization group. We can run it from high to low energies with total confidence. Knowing the
degrees of freedom and interactions at a certain scale A, everything is determined at energies u < A.
The worst thing that may happen is that the degrees of freedom get “rearranged”, as it happens in
QCD where mesons and baryons replace quarks and gluons at low energies. But if the aim is getting
information about what is going on at ;1 > A, additional assumptions are required: either that no
new degrees of freedom emerge above A, or that there is some UV completion whose details are
necessarily an educated guess. After all, this is why particle physics is hard. Whatever happens
above the energies we explore is blurred in the parameters of the theory we test. The best we can
do is to play the model building game to reproduce this blurriness, and hopefully predict distinct

signals that could be detected in some future facility.

11 Closing remarks

The SM is a vast and complex subject, providing the best description of particle physics and its ap-
plications at energies below a few TeV. It explains a large amount of phenomena in microphysics and
in cosmology. However, its precise formulation delineates some of its limitation, as illustrated by the

following list:

The SM does not predict the values for the masses and mixing angles of quarks and leptons (in-

cluding neutrino masses).

The SM does not provide adequate candidates to explain dark matter.

The only real progress in the study of dark energy has been to change its name from the previous

one: the cosmological constant.

We know that CP needs to be violated in the universe in order to generate a matter—antimatter
asymmetry. Thus, three families are the minimum needed to generate a CP violating angle, apart
from the QCD vacuum angle. Unfortunately, CP violation from the CKM matrix is not enough
to generate the observed asymmetry. The equivalent angle in the neutrino sector has not yet been
measured. It would be ironical if the ultimate origin of “humans” was related to properties of
the ghostly neutrinos. Theories beyond the Standard Model provide many scenarios with larger
amounts of CP violation.

- The currently preferred paradigm in cosmology is inflation. We still do not have a convincing
candidate for what the inflaton is, or how the big bang was triggered, if that question makes any
sense at all. There are still many open questions in cosmology, including what is the correct

paradigm.

This is just a sample of the most pressing issues for which the SM cannot provide a satisfactory answer.
For decades now the scientific community has been trying to address these problems through exten-
sions of the SM, from minimal ones inspired by supersymmetry to radical proposals rethinking the very

structure of the elementary constituents, like string theory.

So far the experiments have not given any positive indication as to where the answers to the open

questions might lie. Despite transient anomalies or data bumps, the more we probe the Higgs particle
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the more it looks like its “vanilla version”. It is truly fascinating that, in order to give masses to the SM
particles, nature has chosen the simplest solution we came up with, the Higgs field. The SM’s definite
triumph, the discovery of the Higgs particle in 2012, was also a disappointment, because it apparently

closed the door to more exciting possibilities with a clear bearing on new physics.

One of the reasons for the impasse might be that we are at the end of a cycle and the current con-
ceptual framework based on symmetry and locality has been exhausted, or maybe the idea of naturalness,
a basic guiding principle in our understanding of particle physics, is after all a red herring. We still need
to bring gravity into the SM and this opens a plethora of problems and questions, some of them touching

notions like landscapes or multiverses loaded with philosophical or just metascientific ideas.

Cosmology and astroparticle physics might offer some hope. In recent years, we have witnessed
important discoveries, from the first direct detection of gravitational waves in 2015 [168] to the “photo”
of the black hole at the center of the M87 galaxy [169] in 2019. The rapidly developing field of gravita-
tional wave astronomy opens up new windows to phenomena up to now out of observational reach, and
it may allow unprecedented glimpses into the physics of compact astrophysical objects or the very early

universe.

We should not give up hope. Maybe we are on the verge of a golden era of discoveries that will
leave us gasping with awe and laughing with joy in amazement of a new vision of the universe. One

never knows, and dreaming is for free.
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