8 Gauge Field Theories

All the current successful theories of the fundamental forces start from the
premise of invariance of the physical laws to certain coordinate-dependent
transformations. In particular, the quantum field theories of the electromag-
netic, weak, and strong interactions of the fundamental particles all belong
to the class of local gauge theories, so called because they are invariant to
coordinate-dependent transformations on internal space of the particles. We
start this chapter by describing the general relation between symmetries and
interactions. Next, we take up the study of invariance under the Abelian
gauge group U(1), the group of space-time-dependent phase transformations
on charged fields; the resulting gauge theory is electrodynamics. The follow-
ing section is devoted to theories for which the gauge group is non-Abelian.
The results see immediate applications to quantum chromodynamics, a the-
ory based on the color SU(3) group. The last two sections of the chapter
contain a discussion on the mechanism of spontaneous symmetry breaking,
which is an indispensable ingredient in the formulation of the standard the-
ory of the electroweak interaction, the subject of the following chapter.

8.1 Symmetries and Interactions

In previous chapters, we have studied some of the implications of the con-
servation or violation of global symmetries that a theory may have. Under
a symmetry transformation of this kind, fields are changed by an identical
amount that remains fixed throughout space and time, and invariance of the
theory to such changes implies the existence of a conserved quantity.
Generally, when this symmetry is made local, whereby all the particle
fields are altered by an amount that varies with each space-time point, invari-
ance may be preserved provided a set of vector fields (or higher-rank tensor
fields) defined over all space-time is introduced into the theory to cancel the
long-range effects of the vector gradient of the transformation parameter and
to restore the symmetry. In particular, transformations in which this param-
eter is the phase-angle of the particle fields are called gauge transformations
and considered as internal, for they act on the labels of the particles rather
than on their space-time coordinates. If global, they give rise to conserved
charges, of which the electric charge is an example. If local, they may lead to
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an observable force. Three of the four existing fundamental interactions are
believed to be explicable in this fashion: the electric current is the source of
the electromagnetic force; the weak isospin and the weak hypercharge are the
sources of the unified electromagnetic and weak forces; and finally, the quark
colors, the sources of the strong interactions between quarks. It is not under-
stood why only those and no other conserved charges can produce observable
dynamical effects. As for the fourth fundamental force, gravitation, it may
be similarly viewed as arising from a local invariance, with the difference
that the transformations that leave the theory invariant act on space-time
coordinates themselves, and therefore the resulting force field, generated by
the conserved energy-momentum tensor, is tensorial rather than vectorial.
Otherwise, gravitation and gauge theories have close similarities with one
another.

In any nontrivial quantum field theory, divergent integrals may appear
in higher orders of the perturbation expansion of the transition amplitudes.
Renormalization is a procedure of removing these ultraviolet divergences by
adding extra terms, called counterterms, to the Lagrangian of the theory. A
theory is said to be renormalizable when all the counterterms induced by this
procedure are of the same form as terms in the original Lagrangian. A theory
with an interaction of mass dimension greater than four is nonrenormalizable,
although not all theories involving only interactions of mass dimension four or
less are necessarily renormalizable. All three gauge theories mentioned above
respect this simple but highly constraining demand of renormalizability. We
shall return to this topic in Chap. 15.

As mentioned above, the vector gauge fields introduced into the theory to
enforce gauge invariance have an infinite range or, equivalently, have no mass.
The photon, which is supposed to mediate the electromagnetic interaction,
is in effect observed to be massless (m, < 6 x 10716 eV). Experiment is
also consistent with the assumption that the gluons, the gauge fields of the
fundamental strong force, have vanishing masses. However, the weak forces
have always been known since their discovery to have a very short range.
So the gauge fields associated with the conserved weak charges in a gauge-
invariant theory cannot be immediately identified with the observed weak
forces. They must first acquire mass. But we are not allowed to introduce
artificially a mass term in the theory since this would break gauge invariance,
which would in turn make the theory divergent and thus nonpredictive. The
solution to this difficulty is to hide part of the gauge group, that is, to arrange
so that, while remaining exact in the underlying field equations, the gauge
symmetries are not realized in physical states. This spontaneous symmetry
breakdown is similar to the loss of symmetry during certain phase transitions
observed in condensed matter, such as the loss of translational symmetry
when liquid water turns into an ice crystal lattice below 0° C, or the loss of
rotational symmetry when a very large sample of ferromagnet acquires a net
magnetization below the Curie temperature.
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8.2 Abelian Gauge Invariance

In quantum electrodynamics (QED), the interaction of a charged particle
with an electromagnetic field is obtained by coupling the field with the elec-
tromagnetic current for the particle, an empirical rule known in classical
physics as the minimal coupling postulate. This rule can be better under-
stood in terms of a general symmetry principle, called the principle of gauge
invariance, susceptible of generalizations.

Consider, as a representative example of matter, a fermion field. The
Lagrangian density for a free Dirac field of mass m is

Lo =Dy 0, — m)y. (8.1)

It is invariant to the global phase transformation
Y(x) = U (x) = e (), (8.2)

where w is the transformation parameter, an arbitrary constant number,
independent of x. Another constant ¢ has been inserted at this point to
accord with common usage; it will take on the meaning of the particle electric
charge in the present context. All operations (2) form a representation of the
single-parameter Abelian group U(1), which is sometimes written with a
subscript, such as in Ug(1), to emphasize its association with a conserved
quantum number. It is crucial for the invariance of Lo(1, 9,9) to the global
symmetry transformation (2) that the field gradient transforms exactly like
the field itself:

O (z) — 9 () = e law ou(x) . (8.3)

As discussed in Sect. 3.4, this invariance implies the existence of a locally
conserved current,

J*(x) = gty (8.4)

The global transformation (2) can be generalized to the local transforma-
tion

W(z) — ¢ () = e y(x) (8.5)

where w is now a real function of x, i.e. w(z) defines an independent phase
transformation at each space-time point. However, the Lagrangian (1) and,
in general, any free-field Lagrangian cannot be invariant under this local
transformation because the transformation rule for the field gradient differs
from that for the field,

Out(x) — 0 () = e [O1h — iq(Duw) 1], (8.6)
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so that the transformed free-field Lagrangian acquires an extra term which
spoils the invariance:

Lo— L= Lo+ quy" e duw = Lo+ j#Ouw. (8.7)

The presence of a symmetry-violating term in (7) suggests that if we
wish to make the theory invariant under (5), it is necessary to introduce a
vector field A, that couples to the particle current so that this coupling when
transformed may cancel j#0,w. The modified Lagrangian

L= Lo— " A, (8.8)
transforms under (5) as

Ly — Ly =Ly — Al = Lo+ j* Bw — j* A, (8.9)

(since jj, = qa/mﬂ// = ju). Invariance of £; then requires the vector field to
have the property

Ay — A=A+ 0w (8.10)

under the transformation that acts on 1 according to (5). The ‘scale’ of the
vector field has changed. Thus, the quantum theory of electrically charged
particles is said to have local phase-angle independence — referring to the
change of matter field in (5) — or more currently, local gauge invariance
— emphasizing the scale change of the force field in (10). The field A, is
accordingly called a gauge field. Rewriting the Lagrangian as

L= E(i”y“au - m)1/) - QE”YM/)A# = E(i”Y#D,u - m)1/) ) (8-11)
where
D, = 8# + iqA# , (8.12)

we observe that the gauge invariance of £; has been realized by making the
field gradient transform covariantly, that is,

Dy — Dy = e Db, (8.13)

and, for this reason, D, is called a covariant derivative for this gauge group.
To make the vector field an integral part of the dynamic system, it is necessary
to introduce gauge-invariant terms built up from A,, and its derivatives. The
combination

F. =0,A, —-0,A,
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is invariant under (10), whereas
OuAy + 0, A,

is not. Therefore, the Lorentz scalar —%F wFH (with a conventional nor-
malization factor) may be added to the Lagrangian. The mass term A, A* is
not allowed since it is not invariant under (10). So the final gauge-invariant
Lagrangian looks like

— 1
L1 =190y Dy —m)tp — 2 Fu . (8.14)

The term e*¥?? F,, F,,, which is equally gauge-invariant and of dimension
four, need not be included because it may be rewritten as the divergence
of a current, 9, K*, and therefore contributes only as a surface term to the
action. Under the usual assumption that fields vanish at infinity, it may
be discarded. Other higher-dimensional gauge-invariant couplings, such as
anﬂ/) F#¥_ are not allowed by the requirement of renormalizability. When
the fields that appear here are reinterpreted as quantum fields, (14) is just
the familiar form of the QED Lagrangian for a Dirac particle of charge ¢
interacting with the electromagnetic field. It is the most general U(1)-gauge-
invariant dimension-four renormalizable Lagrangian, and it is in extremely
good agreement with experiment.

Thus, we have shown that, when a free-field theory has an exact global
phase symmetry, it may have the corresponding local phase invariance only
upon becoming an interacting field theory involving a massless vector field
(the photon) which interacts with the charged particle in a well-defined man-
ner. In Abelian theories such as this one, there are no restrictions on the
coupling strength between the gauge field and matter fields; the electron has
charge ¢ = —e while another particle may carry any other charge ¢ = ze.
But the interaction appears in the same form regardless of the nature of the
particle, be it lepton, quark, or hadron. That the interaction derived from
imposing renormalizability and some kind of gauge invariance on the theory
is unique and universal is precisely what has made this symmetry condi-
tion — the gauge invariance principle — so powerful that it has now become
the guiding principle in the search for the theories of interactions in particle
physics.

8.3 Non-Abelian Gauge Invariance

As particles usually come in multiplets, we might wonder what kind of gauge
fields and interactions the principle of gauge invariance would imply in gen-
eral. Suppose, for example, we have a number of Dirac spinor fields ¥ (with
a = 1,...,n describing some internal degree of freedom, such as isospin or
color) that form such a multiplet, 1); that is to say, they have equal masses,
mge = m, and transform into one another by the rule

wa N 1Z)/a _ Uab U)ba (815)
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where U is a unitary n x n matrix. In the following, we will further limit
ourselves to unimodular matrices, so that det U = 1. All such matrices define
some representation of a Lie group, G. To simplify, we also assume that G is
a simple group and 1) belongs to its fundamental representation.

Unitary unimodular matrices U may be parameterized by N = n? — 1
real phase-angles w; in the form

U = exp(—igTiw;) , (8.16)

where, as usual, a sum over repeated indices is implied. The real constant
factor g, common to all terms in the sum, will turn out to be a coupling
constant. Transformations very near the identity are given by 1 — igT;w;,
and for this reason the matrices 7; are called the generators of infinitesimal
transformations. They are Hermitian and traceless, T; =T, and TrT; =0,
as respective consequences of the unitarity and unimodularity of U. They
constitute a basis of a Lie algebra, and must satisfy commutation relations
of the form

[Ty, Ty =ifiju T,  for i,j,k=1,...,N. (8.17)

When not all the structure constants f;;; vanish, these relations define a
non-Abelian algebra. It is convenient to normalize the generators such that

For G=SU(2), the generators in the fundamental representation are given
by the familiar 2 x 2 Pauli matrices, T; = %n, with ¢ = 1, 2, 3, while for
G=SU(3), T; = 3 A\;, with i = 1,..., 8, are the 3 x 3 Gell-Mann matrices.

The free-field Lagrangian, assumed independent of the internal degree of
freedom, is given by

Lo =1, (00 —m)P* = ("0 —m) . (8.19)

In the second equation, the operator contains an implicit unit matrix defined
on the n-dimensional space of the group representation.

The free-field Lagrangian is invariant under the gauge transformation (15)
provided it is a global transformation, independent of space-time coordinates
2. The conserved fermion currents that follow from this invariance are given
by Noether’s theorem:

=gy, (8.20)

For the isospin group SU(2), they are the conserved isospin currents.

On the other hand, if U represents a local transformation, which depends
on the space-time point where it acts, U = U(x), then the free-field La-
grangian will not be invariant in general, but will rather vary as

Lo — L= Lo+Piy"(UT0U)p, (8.21)
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where the symmetry-violating term arises from differences in the transforma-
tion rules for the field and the field gradient:

P — ' = U, (8.22)
Oup — Oup' =U0utp + (0.U)Y. (8.23)

This suggests that we must introduce extra fields with couplings to the
Noether currents similar in form to the second term on the right-hand side
of (21) to compensate for this unwanted term. The modified Lagrangian

Li=Lo—gPp1"Autp, (8.24)

where A, is an n x n Hermitian traceless matrix whose elements are vector
fields, transforms as

Ly — L) =Ly— g+ A’
= Lo+ iy (U0 U)p — g UTAU . (8.25)
The demand that £; be invariant in this operation requires
i (UT0,U)p — gpy* UTAL U = —gipy™ Ay b

Thus, in a gauge transformation that acts on ¢ according to (15), the vector
field has the transformation property

A, — A, = é(aﬂU)UT +UALU' (8.26)
For most practical purposes it suffices to restrict w;(z) to infinitesimal
values so that, to first order,

Ux1-igw, (8.27)
where w = w;T; . To this order, the fermion field transforms as

Y =Up =9+ ¢,

. (8.28)
5¢ = lgw’l:b )
or in components
oY = —igw; (Tj)* "  fora=1,...,n. (8.29)

There are (n? — 1) local gauge fields A;,, which are independent of the
representation of the particle fields 9 and which form the elements of the
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matrices A,. They are chosen so that A, = A;,T;. To first order, the
transformation rule (26) for the gauge field matrix becomes

A;zé@ﬂﬂﬂ+UAﬂszﬂwAw

A, =0w+iglA,, w], (8.30)
or in components

0A;, = Opwi — g fijik Ajp wi fori=1,...,n> —1. (8.31)
If G is Abelian, (31) reduces to

0A;, = Ouw; (Abelian group) .

It corresponds to the first, inhomogeneous term in (31) and implies that the
vector fields A;;, have as sources the currents j!, just as the transformation
rule for the electromagnetic field identifies the electric current as its source.
If, on the other hand, G is a non-Abelian group of global symmetry, the
transformation rule becomes

0Ai = —g fije Ajuwi (global symmetry) .

The right-hand side of this equation is the same in form as the right-hand side
of (29) with (T})® replaced by —if;qs, which indicates that the gauge fields
A;, belong to the adjoint representation of the group; that is, for example,
they transform as an isovector in SU(2) and as an octet in SU(3).

In terms of the covariant derivative for the non-Abelian gauge group G

D, =0,+igA,, (8.32)
which obeys the relation

DUy =UD,, (8.33)
the Lagrangian (24) takes the form

L1=viy" (0, +igAu)Y —mpyp = (iY" Dy —m) 9. (8.34)

To this Lagrangian must be added contributions from the gauge fields them-
selves. In analogy with the identity

[D,ua Du]w:inuuwa (835)

which is satisfied by the electromagnetic field strength, we may define the
field tensor in the non-Abelian case by the generalized relation

Dy, D, | =ig Fuv. (8.36)
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Under the gauge transformation U, the left-hand side of (36) gives
[D,,, D,]Uy =U[Dy, D,|¢ =igUF,,¢,

where (33) has been used, while the right-hand side becomes
igF,, &' =igF,, Ut.

Therefore, identifying the right-hand sides of the last two equations yields
F,, =UF,U"~ F,, +ig[F., w]. (8.37)

Thus, we have learned that the non-Abelian field strength is not invariant,
merely covariant; it transforms under (26) as an adjoint multiplet, just like
A, but without an inhomogeneous term. Since F),, is an n x n matrix, it
decomposes as

F,, =F,,T, (8.38)
where the expression
Fh, = 0,A, = 0,A, — g fin Al AL (8.39)

shows that the field strengths are independent of the fermion representation
chosen in the defining relation (36). The kinetic term in the electromagnetic
Lagrangian admits as non-Abelian generalization

Tr (F,, F"), (8.40)

which is both Lorentz- and gauge-invariant, as it should be. With the help
of the orthonormality relation (18) for T, it may also be rewritten as

Tr (F,, F") = F,, FI" Te(T,T;) = § F,, FI". (8.41)

To summarize, the free-field Lagrangian (19) is invariant in the global
non-Abelian symmetry group (15), but not in the corresponding local gauge
group. Application of the principle of gauge invariance turns it into an in-
teracting field theory when one introduces vector gauge fields, as many fields
as there are generators in the gauge group and appropriately coupled to the
conserved vector currents (20). The first theory of this type [for the case
of the isospin SU(2) group] was constructed by C. N. Yang and R. L. Mills;
for this reason a theory invariant under a local non-Abelian gauge group is
frequently referred to as a Yang—Mills theory.

The full gauge-invariant Lagrangian for Dirac spinor fields interacting
with vector gauge fields is

L=1L+Le, (8.42)



276 8 Gauge Field Theories

where
L= E(i”Y'uD,u - m)"7b
=P (70 —m)P — g Aip T ; (8.43)
and

1
L6 = =3 T (Fu F*™)

1. y . 2
=—1BuB" + gfz'jk By, AL A} — gz fih fiom Aju A Ay AT, (8.44)
together with the definition
B}, = 0,A;, —9,A,. (8.45)

The spinor fields transform as some representation of the gauge group,
but the gauge fields must belong to the adjoint representation. Since it is
not possible to construct gauge-invariant mass terms, the gauge fields are
necessarily massless, just as in the Abelian case. However, in contrast to the
Abelian case, the part of the Lagrangian that describes the gauge fields, Lq,
constitutes by itself a nontrivial interacting theory (pure Yang—Mills theory):
besides the expected kinetic terms, it includes self-couplings stemming from
the nonlinear expression (39), with coupling strengths that depend on the
single constant g. The physical reason for the presence of these couplings
can be easily understood: each non-Abelian gauge field A% carries a charge
characteristic of the group and labeled by the index ¢, and so it must couple to
every field carrying any such charge, including itself and other members of the
gauge multiplet. Exactly for the same reason, gravitation is also an inherently
nonlinear theory because the gravitational field interacts with everything that
has energy density, including itself.

We have considered so far a simple Lie group as the gauge group: in this
case, the generators of the group transform irreducibly under the action of
the group and therefore must have the same coupling constant g, regardless of
the representation. Basically, g cannot be arbitrarily scaled, its normalization
being fixed by the commutation relations characteristic of the group. This is
in sharp contrast with the Ug(1) case, where there are no such constraints
on the coupling constant ¢, which may assume different values for different
representations. If the gauge group is a direct product of simple group factors,
e.g. SU(m) x SU(n), generators of the different factors do not mix under the
action of the group, and an independent gauge coupling constant comes with
each factor in the product group. Finally, let us note that we may add,
in a simple generalization of the above discussion, any other matter fields
belonging to any other representations of the gauge group with appropriate
matrices T;. In particular, it is possible to have the left- and the right-
handed components of Dirac fields transforming independently as different
representations of the gauge group.
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8.4 Quantum Chromodynamics

Although historically the non-Abelian gauge principle was first used to for-
mulate a unified theory of weak and electromagnetic interactions, the theory
of strong interactions of quarks is the more obvious extension of quantum
electrodynamics because the gauge symmetry on which it is based is a simple
Lie group and also because the symmetry remains manifestly intact through-
out. This theory marks the culmination of significant progress made over
many years on two levels in the study of the physics of elementary particles.
On the one hand, major quantitative advances were achieved by the quark
model in correlating detailed data in hadron spectroscopy (masses, decay
rates, etc.) and by the parton model in describing the scaling phenomenon
as observed in deeply inelastic, large momentum-transfer processes (such as
ep — e+X and ete” — hadrons). Here parton is the generic name given by
Feynman to an independently moving constituent within a hadron, of which
the quark is but an example, and scaling refers to the property, predicted by
J. D. Bjorken, that the structure functions appearing in the cross-sections
of deeply inelastic, hard processes depend only on a certain dimensionless
combination of energy variables. (The structure functions give the probability
of finding a parton inside a hadron carrying a certain fraction of the hadron’s
momentum.) The success of the quark-parton model implies that the hadron,
when viewed in a frame in which its momentum is very large, is composed of
almost-free constituents; in other words, quarks can interact weakly at short
distances (see Chaps. 10, 12). Another key result drawn from these studies is
that quarks have a three-valued quantum number, called color. Observations
require exact color symmetry and the absence of isolated color multiplets
other than singlets; this suggests that the forces between the colored quarks
must be color dependent or, equivalently, they must carry ‘color charges’.
On the other hand, important new ideas emerged from developments in
quantum field theory. These ideas revolve around the demand of renormal-
izability of physical theories and the notion of energy-dependent coupling
strengths. To make sense, a quantum field theory must be finite or can be
made finite (renormalized) by introducing a finite number of counterterms
into the original Lagrangian without changing its basic form. Renormalizabil-
ity in theories involving vector quanta can be ensured by gauge invariance.
In a renormalization procedure, the kinematic point at which the physical
parameters, such as the mass and the coupling constant, are defined is ar-
bitrary. However, since the physical content of the theory should remain
invariant under a mere change of the normalization condition, there must be
relations between physical quantities taken at different reference points. The
coupling constant, for example, should be regarded as a function of the ref-
erence point and, in this sense, is energy and momentum dependent. When
this effective coupling constant decreases as the relevant energy scale grows
(or, equivalently, as distances shrink), the theory is said to be asymptotically
free. Asymptotic freedom offers a possible explanation for Bjorken’s scaling
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and is part of the reason why quarks and other hadronic constituents be-
have as if weakly bound inside a target nucleon, yet are not produced as free
particles in final states of deep inelastic scatterings. This suggests that the
field theory of strong interactions must be asymptotically free. We now know
that all pure Yang-Mills theories based on groups without Abelian factors
are asymptotically free, and theories of non-Abelian gauge fields and fermion
multiplets are asymptotically free only if the theory does not have too many
fermions. This means, for example, if the gauge group is SU(3) the number
of fermion triplets is limited to sixteen or less. Another known result is that
a renormalizable field theory cannot be asymptotically free unless it involves
non-Abelian gauge fields. (A more detailed discussion is found in Chap. 15.)

The QCD Lagrangian. All this leads to the conviction that the strong
interactions should be described by non-Abelian gauge fields and that it is
the color symmetry that should be gauged. The resulting theory is a Yang-
Mills theory based on the color SU(3) group, containing eight vector gauge
bosons called gluons, together with different flavors of quarks, each trans-
forming as the fundamental triplet representation. It is assumed in addition
that the color gauge invariance remains exact, unbroken by any mechanism,
so that the gluons remain massless. The theory, called quantum chromody-
namics (Gross and Wilczek 1973; Fritzsch, Gell-Mann, and Leutwyler 1973;
Weinberg 1973), has a Lagrangian of the form

Ne
1 7 v A .
Lacp =~ Fiu FI" + > " ("D, — ma)p?, (8.46)
A=1
where
F, =0,G}, —0,G!, — gs fije GLGy
D = 0,08 + 595 G (M) 05 (8.47)
The matrices \;, with ¢ = 1,...,8 as internal symmetry index, are the usual

Gell-Mann matrices that satisfy the SU(3) Lie algebra
[Aiy Ajl = 21 fijrAe - (8.48)

The f;;i are the SU(3) structure constants. There are 32 —1 = 8 gluon fields,
G}, and Ny = 6 quark color-triplets, 17 with A = 1,..., N; denoting the
flavors and a = 1,2, 3 denoting the colors. The complete quark content of
the model is

Uy dy €1 51 (31 b1
1/):? (5] ) d2 ) C2 ) S2 ) t2 ) b2 (849)
us ds C3 S3 t3 bs

Since the gluons are flavor-neutral, that is, u, d, s, c, t, and b quarks
have exactly the same strong interactions, the QCD Lagrangian (46) has all
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the flavor symmetries of a free-quark model, which are only broken by a lack
of degeneracy in the quark masses. In particular, it conserves strangeness,
charm, etc.. It also clearly has all the well-known strong interaction symme-
tries, such as invariance under charge conjugation and space inversion.

Approaches to Solutions. The Lagrangian (46) contains Nf 4+ 1 param-
eters: the quark masses, one for each flavor, plus one dimensionless coupling
constant, gs. (Actually there is another parameter hidden, a vacuum angle
related to the possibility of strong CP violation, which is however experi-
mentally found consistent with zero.) With the fields second quantized, (46)
forms the basis for a quantum description of the quark dynamics, and should
in principle describe all the world of strong interactions. This description
separates naturally into two regions: the short-distance (large invariant mo-
mentum transfer) regime in which the effective coupling strength is weak,
and quarks and gluons may be treated as if they were free particles; and the
large-distance (small invariant momentum transfer) regime in which the full
force of the strong coupling comes into play.

In the short-distance regime, asymptotic freedom makes QCD calculable
by perturbative methods under the right circumstances, and that is when
the long-distance effects are irrelevant or can be factored out. Processes
amenable to this kind of treatment include, but are not restricted to, deep
inelastic lepton—hadron scattering (e + p — €'+hadrons), electron—positron
annihilation (ete™ — hadrons), large invariant mass lepton-pair production
(p+p — ptp~+ hadrons) and jet phenomena. The successes of perturbative
QCD in calculating strong interaction corrections beyond the leading order
make quantitative analyses of these processes possible, and contribute to
reinforcing the general belief that QCD is an essentially correct theory of the
strong interaction (see Chaps. 14, 16).

The situation is much more complex in the large-distance domain. If the
gluons are massless, as they are assumed to be in QCD, why have long-range
strong interactions never been detected? If the strong interactions are color
dependent, why are color singlets only ever observed? This is the famous
outstanding problem of color confinement. Many methods have been devised
to deal with this aspect of the strong interaction, among which the most
promising consists in formulating the gauge theory on a lattice, in which
the space-time continuum is discretized. The lattice spacing thus introduced
provides a natural cutoff for momenta and allows for a natural regularization
scheme in the study of the long-range properties of QCD. The gauge fields
appear there as gauge-invariant dynamical variables associated with links
joining adjacent lattice points; because of gauge invariance, link variables
must either form closed loops or begin and end on color sources (see Fig. 8.1).

A formulation on the lattice makes feasible expansions independent of
the perturbation theory; it turns out that it is in fact simpler to perform
an expansion in powers of 1/¢2, so that the lattice gauge theory can be
treated as a perturbation in the strong coupling limit. It is then possible to
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study various physical quantities by computer simulation based on the Monte
Carlo method in which loop configurations are sampled rather than summed
over. Considerable progress has been made to the point where true precision
hadron mass calculations can be performed for heavy quarkonium systems
and heavy-light quark systems (although the light hadron spectroscopy still
eludes concerted efforts). We will not study the lattice gauge theory or any
other nonperturbative methods of gauge theory in this book, but rather refer
the reader to the series of ‘Lattice’ Conference Proceedings for more recent
developments.

—

(a) (b)
Fig. 8.1. (a) Simplest gluonic bound state; (b) simplest qq bound state in lattice
gauge theory

Feynman Rules for QCD. We will end this section by giving a derivation
of the Feynman rules for the tree diagrams in perturbative QCD. The rules
are written in momentum space, where any field is represented by a Fourier
transform of itself in space-time:

Ap) = / d*z P T A(z). (8.50)

The propagator for a quark is similar to that for the electron found in Chap. 4,
i

i(.5; a0badpa = | ———— Oba0BA - 8.51

1(Sp(p))padbadBa (ﬂ—mA—i-lE)ﬁa badBA (8.51)

Each quark line is associated with three indices: A for family, a for color,
and « for spinor. The quark-gluon coupling contained in (46)

Ai

Ly = —gs (a0 () Gip() (8.52)

contributes i [ d*z L) to the action, which leads to the quark-gluon vertex

. )\1 a
~ig: ()0 P02 5. (5.53)

The pure gauge part of the Lagrangian (46) is

1 .
_ iy
Lg= 1 F,, F;

1 1 v S 7 v s2 v
= — 3G G + % firk Gl GG = & fifiom GiuGru GG, (8.54)
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where
G, =0,G, —0,G},. (8.55)
To derive the gluon propagator, we isolate the kinetic term in (54)

£ = G @) G (x) (8.56)

which corresponds to the action

/ Az L0 = _% / d*29,Gy, (9MGY — 0”GY)

1 [ a , oo\
T2 / (2;))4 Gi(=p)p (gw - pplz) ) Gi(p). (8.57)

The integrand contains the reciprocal of the propagator. In order to invert it,

one would find it convenient to introduce first the transverse and longitudinal
projection operators

T Pup L Pup

P, = Gu — % : P = ;2” : (8.58)

which have the properties

(PL)*=PL; (PL)’=PL; PLPL —0; PL+PL =g, (859)

Then the inverse propagator from (57) may be rewritten as
Dy (9)] ™ = —p* Py, + 0Py, (8.60)

It is a purely transverse, singular operator, and therefore cannot be inverted.
This difficulty stems from the fact that, just as for the photon, not all compo-
nents of the gluon fields are physical. In order to calculate physical quantities,
it is necessary to exclude the unphysical field components and select a definite
gauge in which calculations are to be done. In the Lagrangian formalism, the
gauge selection may be made from the start by introducing an extra term
into the Lagrangian itself. This gauge-fixing term may be chosen as

-1 1

Lor = — 0,GY0,GY = —

GF 25 K> [ 25

where £ is a real parameter corresponding to different gauges (e.g. £ =1 for

Feynman gauge and £ = 0 for Landau gauge) and should not affect physical
quantities. The terms quadratic in the fields in the action then yield

G"0,0,GY + total derivative, (8.61)

4
Jta (e + £ar) = 5 [ 52 61 [+ (1€ o] GE).



282 8 Gauge Field Theories

The inverse gluon propagator can be immediately read off:
D) (p) = —gup® + (1 =& pupy = —p*P), — PPy, (8.62)

It is now nonsingular as long as £ # oo, and admits as its inverse

1 £
D,,(p) = ————PF — PL . 8.63
H (p) p2—|-iE Qv p2—|-i€ Qv ( )
To each gluon internal line, we thus assign the expression
D, (p)di; = — G + 5 8.64
Dy = o | o+ L 5, (5.6

To obtain the Feynman rules for the gluon interaction vertices, we Fourier
transform the remaining terms in (54). For the three-gluon coupling we get

. 1 d*pdiqdir
i /d43: L (three gluons) =3 9sfijk /% @)W p+q+r)

% (9P — gaupn] G (P)GY (@)GY(r) . (8.65)

Using the antisymmetry of f;;x in its indices and the invariance of the whole
expression under simultaneous permutations of its indices, we interchange
i, A, p with j, u, ¢, and i, A\, p with k, v, r to obtain a fully symmetrized
expression

, 1 d*pdiqdir
i / d'a L = gofisn / CPEIE T 5W(p + g+ 1) GHp) G (@) GL(r)

@)
X [g)\l/p,u — I\uPv — GG + Gapdy — G + gmﬂ”)\]
1 d*pdiqd*r
g f, [ ZEE IR T () A v
—grdin [ S 6O+ 0 1) GG (G
X gaw (P = 7))+ 9xu(q = D)o+ G (r — @)a] - (8.66)
The Feynman rule for three-gluon vertex can then be read off:
9s fizk Lo (P = 1)+ gau(@ =)o + g (r — )], (8.67)
subject to four-momentum conservation
p+qg+r=0. (8.68)

A similar symmetrization is applied to the four-gluon coupling:

1 [d*pdiqd*rd?
i/d43: L (four gluons) = 1 /%

x G} (p)GY ()G (r)GY(s) (—ig2) fuij ke GrvGuup

2n)* 6D (p+q+r+s)

1 d4p dtg dtr 4t
/ Tpd adrd’s s, 4 o111 5) GAP)CH(Q)GLAELS)

4 (2m)12
X (_1952) [fnijfnkf(g)\l/g,up - g#l/g)\p) + fnkjfnif(g)\ug,up - g)\,ugup)

+ fnikfnjf(g)\,ugup - g,uug)\p)] . (869)
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Quark i 5 s
propagator Asa “‘I—)*“B,b b—matic ba 0BA

Gluon ‘ ‘ i6: (1= )guas
propagator R e A

—igs7u (T )ba
(p+r—q=0; T = \i/2)

Quark—gluon
vertex

—gsfiik[ 9w (@ — @)v + Guo (@ — T)a
+ gur(r —p)u]

(p+tq+r=0)

Three-gluon

vertex I 14

q
I
f?r
q b
4
a
kv, r
i, AP

—igZ [ figm frem (9rwGuo — Guvgrp)

Four-gluon bpss kv, r + fikm [iem(gruGvp — Guvdrp)

vertex + frjm fiem(GrwGup — 9rugvp)]
iy A, Jilts q

(p+qg+r+s=0)

Fig. 8.2. Feynman rules for QCD tree diagrams

This yields the Feynman rule for the four-gluon vertex:

(_1952) [.fnij.fnkf(g)\ug,up - g,ulfg)\p) + fnkj.fnif(g)\ug,up - g)\,ugup)
+ fnikfnjf(g)\,ugup - g,uug)\p)] (870)

with four-momentum conservation at the vertex
p+qg+r+s=0. (8.71)

The Feynman rules thus derived from the Lagrangian (46) are summa-
rized in Fig. 8.2. However, as rules for QCD, they are not complete. In a
full quantum formulation of QCD in a covariant gauge like (61), an addi-
tional, nonphysical (ghost) field has to be introduced, whose main effect is to
suppress the nontransverse components of real gluons while preserving gauge
invariance (see Chap. 15). A complete list of the Feynman rules for QCD is
given in the Appendix.

8.5 Spontaneous Breaking of Global Symmetries

Experiment shows that quantum electrodynamics is a gauge theory consistent
in all aspects with the principle of gauge invariance applied to the Ug(1)
group. In particular, the photon can be identified with the massless gauge
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field of the group and interacts just as expected with the conserved fermion
current that follows from the gauge symmetry.

On the other hand, in spite of its apparently distinctive properties (e.g. a
much shorter force range, a greater diversity in transition modes), the weak
interaction gives clear hints to its close parentage with the electromagnetic
interaction. In particular, the currents found in many weak processes are
electrically charged and have precisely the form implied by a non-Abelian
symmetry based on a certain semisimple group. It is thus quite possible that
there exists a gauge theory that can describe both weak and electromagnetic
interactions. However, as we have seen earlier in this chapter, the gauge
fields required by gauge invariance must apparently be massless and must
therefore generate long-range forces. In order to construct a gauge theory of
this kind for weak interactions, one is then confronted with the problem of
reconciling the presence of massive gauge fields needed to generate the short-
range weak forces actually observed with the preservation in some sense of
gauge invariance essential for a renormalizable theory.

One way of generating masses for vector bosons without destroying the
underlying gauge symmetry of the theory is by ‘spontaneously’ breaking that
symmetry. This phrase refers to a process in which, from a set of degenerate
minimum energy states that are equivalent by symmetry, one arbitrarily se-
lects a member of the multiplet as the physical ground state of the system in
apparent violation of the underlying symmetry. But in reality the symmetry
is not lost in the process, it is merely hidden and can be recovered through
special relations between masses and couplings. That it is possible to pick the
ground state in this way simply reflects the fact, fairly widespread in nature,
that physical states may exist with a symmetry apparently lower than that
of the basic equations of motion.

8.5.1 The Basic Idea

To understand the idea of spontaneous breakdown of symmetry, let us men-
tally consider a large sample of ferromagnetic material at 0° K in the absence
of any external field. A ferromagnet is viewed in the Heisenberg model as
an infinite regular array of spin—% magnetic dipoles with spin—spin interac-
tions between nearest neighbors such that neighboring dipoles tend to align.
Although the Hamiltonian describing the system is rotationally invariant,
the ground state is not always. At high temperatures, thermal agitations
will make the magnetic moments flutter at random in different directions,
so that there is no net magnetization, which results in a rotationally sym-
metric state endowed with the same symmetry as the law of interaction. If
the ferromagnet is now sufficiently cooled down (below a certain critical tem-
perature, called the Curie temperature), all the atomic dipole moments will
tend to align parallel to each other and to some arbitrary direction, lead-
ing to a nonzero magnetization for the sample. This is one of the infinitely
many degenerate lowest-energy states that exist for an infinite ferromagnet,
and the symmetry resides hidden in the equivalence of these states through
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rotations. Transitions between these states are not possible, because for an
infinite ferromagnet any single transition would require an infinite amount of
energy. The particular ground state the system ‘spontaneously’ falls into as it
cools down cannot be foreseen, and certainly is not symmetric since the mag-
netization points in a definite direction; it corresponds to a magnetization
vector M with magnitude M such that the free energy F' of the ferromagnet
is minimum, as shown in Fig. 8.3.

F

T>T:

T<T:

0 - M

Fig. 8.3. Free energy F' of a ferromagnet as function of magnetization M

We now attempt to transfer this insight to relativistic quantum mechan-
ics, substituting a particle Hamiltonian (or Lagrangian) for the ferromagnet
Hamiltonian, the particle vacuum for the ferromagnet ground state and some
other symmetry for rotational symmetry. Specifically, assuming nature to
possess symmetries that are not manifest to us because we live in an im-
perfectly symmetric universe, we will take the Lagrangian that defines the
particle theory to be invariant in some internal symmetry, but the parti-
cle vacuum to be lacking this symmetry. This asymmetric state is realized
by requiring that the vacuum-to-vacuum expectation value of some field be
nonvanishing, much as the ferromagnetic ground state was determined by
a nonzero magnetization. The field in question cannot have a nonzero spin
because otherwise the vacuum would be characterized by a nonzero angu-
lar momentum and rotational invariance would have been broken. Since the
vacuum is observed to be rotationally invariant the field must be spinless,
and the internal symmetry of the theory must be broken by a scalar field
acquiring a nonzero vacuum expectation value. As translation invariance is
also an observed symmetry of particle physics, this expectation value must
not depend on space-time in the absence of any source. The basic conjecture
is that there exist, beside matter and gauge fields, one or more spin-0 fields,
called the Higgs fields, which would assume uniform nonzero values even in
the vacuum and which could couple to each other and to other, massless
particles to give them masses.

A quantum-mechanical vacuum is a complex state filled with pairs of
virtual particles and antiparticles continuously being created and annihilated.
If those virtual particles interact strongly enough among themselves, they
might form a permanent state of high density, called a vacuum condensate.
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There is a thermodynamic transition point separating the vacuum without a
condensate from the vacuum with a condensate. For a condensate to form,
there must be a strong enough attraction among the particles at low density,
but also a strong enough repulsion at high density to prevent a runaway
situation to occur. It is believed that such a situation exists in the world
of the fundamental particles, where the vacuum is filled with a high density
of Higgs fields, the Higgs condensate. By interacting with the light particles
(bosons and fermions) that populate this vacuum, the condensate drags them
sufficiently down to make them massive. Such is in simplified terms the
physics of the Higgs mechanism, as this mass-generating process is called.

8.5.2 Breakdown of Discrete Symmetry

Let us begin with the simplest model having a discrete symmetry and con-
taining a single massless real scalar field which plays the role of the Higgs
field. The part of the Lagrangian relevant to the present discussion is

Li=3 0,00" -V (9), (8.72)
with a potential parameterized by two real constants, A and u?,

V(6)= 3 i 6+ 5y 6" (8.73)

The corresponding energy density is given by
Hs =3 [(000)" + (V9)*] + V(9). (8.74)
The only internal symmetry of the model is its invariance to field reflection

¢(z) = ¢'(x) = —¢(x) . (8.75)

The energy minimum of the system is determined at the classical level by the
condition

z—‘; =¢ (;ﬁ + %¢2> =0. (8.76)
When A < 0 the potential V(¢) has no stable minima for finite ¢ (see
Fig. 8.4a). We will therefore assume A\ > 0. Then, for y? > 0 the po-
tential has a unique minimum at ¢ = 0 (as shown in Fig. 8.4b) and the
symmetry of the vacuum is manifest. More interesting is the case u? < 0
when V' has minima at the nonzero field values

¢ = £/ —6p2/A (8.77)

(shown in Fig. 8.4c). This is precisely the situation in which V' is attractive
at small values of ¢ but becomes strongly repulsive at large values. The field
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(a) A< 0 (b) A >0, u2 >0 () A>0, u2 <0

Fig. 8.4a—c. Potential for the scalar field with reflection symmetry, for different
values of the parameters

values given in (77) are independent of x and correspond to the quantum-
mechanical vacuum expectation value of the field operator, denoted by (¢)
or (0] ¢1]0). Because of the reflection symmetry (75) of the model, whichever
solution is chosen will lead to the same physics; but once the choice is made,
the symmetry of the system is (spontaneously) broken. Let us arbitrarily
select the positive value of ¢ at minimum V to define the vacuum:

(¢) =v=+—6p>/A. (8.78)

In order to do any calculations beyond the ground state, it is convenient
to introduce a new field

X(@) = ¢(x) — v, (8.79)

which is designed to have a zero vacuum expectation value. It measures
field oscillations about the uniform background ¢ = v. In terms of yx, the
Lagrangian density becomes

1 A 1
Lo=5 [0ux0"x = (=26")x* ] = 55 (40’ +x") = ™0’ (8.80)

It can now be interpreted in the usual way, with no more concern about the
properties of the vacuum, since the dynamic field vanishes in the vacuum,
(x) = 0. It simply describes the dynamics of a spin-0 field with real mass
v/ —2u2. Even though it is the same Lagrangian as before, the presence of
the cubic term x3 gives us no reason to suspect that a symmetry actually lies
in the background.

8.5.3 Breakdown of Abelian Symmetry

We are eventually interested in theories with continuous gauge symmetries.
The simplest model that exhibits such a symmetry is the complex scalar field
theory described by the Lagrangian

L= 0up 00" = V(p,¢*),
Vip,¢*) = 1> oo + 1 A(pe")?, (8.81)
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which is evidently invariant under a global phase transformation with an
arbitrary real constant «.

g ey,
©* - ep* (8.82)

For the same reason as before, we assume A > 0. Then, for ;2 positive,
V' acquires an absolute minimum at ¢ = 0 and the vacuum has manifestly
the same symmetry as the Lagrangian. But if p? is negative, the system has
the lowest energy for

lol? = —2u%/X.

Thus, there is an infinite number of degenerate minima lying on a circle of
radius \/—2u2/)\ (see Fig. 8.5) and differing from one another by a relative
phase factor, but all equivalent through the phase transformations (82) and
all leading to the same physics. Any particular choice of {p) will sponta-
neously break the symmetry; so we may as well let its phase-angle be zero
and select the vacuum such that

)= (8.83)

for v = y/—4p? /. Tt is significant to note that in this choice only the real
part of ¢ acquires a nonzero vacuum expectation value, fixing the direction
of the symmetry breakdown.

We now define a shifted complex field x such that

p={(p)+ X =70+tx1+ixa). (8.84)

Both real fields x; and x2 have zero vacuum expectation values. They mea-
sure excitations of the fields from the vacuum in the directions radial and
tangential to the circle of degenerate minima. In terms of these fields, we
have for the potential

V= 2.2 Ao 2) 4 2 2 N2U2
= X1+ 1500 +x2) [4ox1 + X1 + 2] + =~ (8.85)
and for the Lagrangian
1 iz 2y,2 1 iz
Lo =5 [0x19"x1 = (=2°)x] + 5 9ux2 9 X2
A 1
(G + x3) (doxa + X7+ x3) — < p?o”. (8.86)

16 4

Evidently, the phase symmetry has been spontaneously broken. The field
X1, which represents fluctuations in the direction of symmetry breakdown,
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Fig. 8.5. Symmetry-breaking ground state in a potential that exhibits invariance
under continuous symmetry transformations

acquires a mass, just as in the real scalar model. But the field x2, which mea-
sures deviations in the direction of symmetry conservation, remains massless
— a new feature, absent when it is a discrete symmetry that breaks down. In
geometrical terms, as the vacuum is selected at some point on the circle of
degenerate minima of V, it is an absolute minimum for the potential curve
in the radial direction, and excitations from such a point always require en-
ergy, which implies massive modes. On the other hand, the selected vacuum
has precisely the same potential energy (—u*/\) as any other minimum, and
deviations in the tangential direction, in which V is flat and the total energy
constant, describe the zero-frequency motion around the minimum circle.
Such massless and spinless modes that arise from a spontaneous breaking of
a continuous symmetry are called the Nambu—-Goldstone bosons in particle
physics. This property is not particular to the present model but is a general
feature of spontaneous breakdown of gauge symmetry.

8.5.4 Breakdown of Non-Abelian Symmetry

Let us turn now to a general non-Abelian gauge symmetry G. Since a complex
representation can always be replaced by a real one by doubling the basis
vectors of the space on which it is defined, we need to consider only real
representations. Thus, we take n real scalar fields, ¢1,...,¢,, to form a
column vector ¢ which transforms as a (generally reducible) representation
of G:

p—¢ =Ug, (8.87)

where U is a real, orthogonal n x n constant matrix. In the usual parame-
terization we write it as

U =el9wili (8.88)

where g and w; are real constants and T; for j = 1,..., N are the n x n
matrices satisfying the Lie algebra associated with the group. These matrices
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are Hermitian, T;f = T}, because U is unitary; as well as imaginary and
antisymmetric, T = TJ'-r = —Tj, because U is also real (an upper index T
denotes a transposed matrix).

The Lagrangian for these fields is taken to be

Li=50,00"¢~V(e),
2
V()= 5120To+ 45 (670) (8.89)
where A > 0. As in previous cases, nothing noteworthy happens when u? is

positive; but when p? turns negative, V acquires an infinite set of degenerate
nonzero minima at

2 _ 4p
" ==~ (8.90)

The group symmetry is spontaneously broken when the vacuum is selected,
such that, for example,

(¢) =, (8.91)

for some real constant n-dimensional vector satisfying |v|? = —4u2/\. Pro-
ceeding as before, we define the shifted field

X=¢—-v, (8.92)

which has a zero vacuum value, (x) = 0. In terms of x the potential becomes

V=i g (X T ()[4 () (X)) (899)

and the Lagrangian assumes the form

1
Ly =3 [8#)((18“)(& - %)\vavb XaXb]

A

- 15 ()[4 (xTv) + (x'x) ] - iuQvQ. (8.94)

The masses of the fields are not apparent from (94) because they reside in
the nondiagonalized quadratic terms which give the squared-mass matrix

(MB),, = s Avavy,  for a,b=1,...,n. (8.95)
To find the allowed eigenvalues of M3, let it operate on any vector T; v:

METiv= %)\v(vTTiv) = %)\v(vTTiv)T

=i\ (W'T ) = -1 Ao (v ' Tiv), (8.96)
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so that

METiv=0, for i=1,...,N. (8.97)
On the other hand, since the symmetry is broken by setting (¢) = v,

v#Uv=v—igwTjv,
and so there must exist at least one T}, such that

Thrv#0. (8.98)
For each such T}, the matrix M% has a zero-eigenvalue, as required by (97);
this zero-eigenvalue corresponds to a Nambu—Goldstone mode.

Let S be the maximum subgroup of G that survives as a symmetry of the

vacuum after the breakdown of G; let M (M < N) be its dimension. We can
always choose the generators T; of G such that the first M generators, T} for

j=1,..., M, generate S. Then, since the vacuum remains invariant under
subgroup S,
T;jv=0, for j=1,...,M; (8.99)

but for the remaining generators,
Trv#0, for k=M+1,...,N, (8.100)

and (97) tells us that M% admits N — M zero-eigenvalues. Since the N — M
vectors Tyv, for k=M +1,..., N, are evidently linearly independent, there
must be N — M massless Nambu—-Goldstone bosons in the theory, one for
each symmetry-breaking generator. The other (n — N + M) bosons in the
system have, in general, nonvanishing masses.

Example 8.1 Orthogonal Group

The orthogonal group G = O(n) has N = in(n — 1) generators. We take
n real scalar fields to form the n-dimensional vector representation ¢, and
let their potential V acquire a minimum for |¢|?> = v?2. Among the infinite
number of possible minima, a particular vector v of squared modulus v? is
chosen to define the vacuum. The vacuum symmetry consists of all rotations
that leave v invariant. These are the rotations that act on a space with
one less dimension, and together form an orthogonal group O(n — 1) with
M = (n —1)(n—2) independent generators. In particular, if we choose the
axes in the representation space such that the vacuum vector v points along
the nth axis, so that v, = vd4y, the elements of O(n — 1) do not mix the nth
component of v with the others. If L;; denote the generators of O(n),

(Lij)ab = —i((gm 5jb — 51'5 5ja> y fOI‘ i,j, a, b = 1, N I
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the vacuum vector v satisfies the conditions

(Lijv), = 0 for 4,j=1,...,n—1;
(Linv), = —iv 0ka for k=1,...,n—1.

It follows that L;; with i,j = 1,...,n — 1 generate the vacuum symmetry
group, while Ly, for k =1,...,n— 1 lead to nontrivial vectors when applied
on v. There are, as expected, N — M = n — 1 massless Nambu—Goldstone
bosons; and since we started out with n fields in all, there remains just one
Higgs boson with mass M3 = Av?/2, given by the single element of M%.
Up to now we have parameterized field deviations from the vacuum in the
obvious way, that is, as in (92). Another possibility which might come handy
can be illustrated by the present example. Let us start with ¢ = v+ x as in

(92), with v, = v dan for a =1,...,n, and construct the n x n matrix
n—1
U(w) = exp (—iz W Lkn> .
k=1

Under this rotation, ¢ transforms into
¢ =U¢=U(v+x).

Assuming that both the fluctuations y, and the transformation parameters
w; are infinitesimal, we obtain up to linear terms

(b; Vg t+ Xa — 12 wk(Lkn)ab Uy
k

~ (V4 xn) 0an + (Xa — vwa)(1 — dan) , a=1,...,n.

Thus, if we choose w, = Xa/v, the transformed field ¢" will align with the
nth axis, in the same direction as v, so that

(25:1 ~ (v + Xn) dan

Inversely, a general vector ¢ may be obtained from the vector with compo-
nents (v + xn) dan by the rotation U(—w). To summarize, an alternative to
(92) is the parameterization

. n—1
¢ = exp (% > §kLkn> P (8.101)
k=1

where ¢ is an n-component vector with a single nonvanishing component,
(@))a = (v+n) dan. The two parameterizations are equivalent to first order,
nxpand &~y fork=1,...,n—1. [ ]
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8.6 Spontaneous Breaking of Local Symmetries

The Nambu-Goldstone bosons have the amazing property that, when it is
a local gauge symmetry that is spontaneously broken, they disappear and
simultaneously the normally massless gauge fields become massive, giving
the associated long-range gauge forces a finite range. This shielding effect
is akin to the Meissner effect in superconductivity, which makes an external
magnetic field attenuate beyond a surface layer inside a superconductor.

8.6.1 Abelian Symmetry

We first study the simple Abelian model of scalar electrodynamics; when
spontaneously broken, it is called the Higgs model. Even though it does not
provide practically useful results, it will illustrate many of the ideas to be
found in a more general model. The model is defined by

* * 1 * 1 v
L= Dup D" = iPpp" = 20 (09")* = 7 Fu P, (8.102)

where ¢ is a complex scalar field, with covariant derivatives

Dy = (9u +igAu)e,
Dy = (0, —iqAu)e”", (8.103)

and F),, is the gauge-invariant field strength associated with the gauge field
A,,. This Lagrangian is, of course, the version of (81) made invariant under
the U(1) local gauge transformations

Ay — Al = Ay + O, (8.104)

p— @ =, (8.105)

When p? is positive the Lagrangian (102) just describes a scalar particle of
mass p and charge ¢ interacting with an electromagnetic field. We are rather
interested in the case of negative y? when the potential develops minima
at the field values |p|? = —2u2/)\. Then the symmetry may be hidden by
selecting the vacuum so that the field acquires the vacuum expectation value

()= v, (8.106)

for the real number v = \/—4u2/A. Now, define the real fields x; and x2
through

p(r) = J5(+x1+ixe). (8.107)

Then the covariant derivative of the field becomes

1 . 1 . .
Do = 7 Aux1 +iqu (A, + w Lux2) +igA, (xa +ixa)| (8.108)
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leading to the expression for the kinetic term
K =D, pD"o"

1 1
=3 (Oux1 — qAux2)” + 3 (Buxa + quA, + A, x1)° (8.109)

As in the complex scalar model with global symmetry, here x1 acquires a
mass too, but a clear interpretation of x2 and A, is difficult to have because
they are coupled together in the second order. What is significant is that this
coupling comes as part of the expression

1 1 1
B (qv)* (Au + q_va“x2> (A” + q—vau)(z) ; (8.110)
which could be regarded as a mass term for a redefined vector field
, 1
A=A+ q—vauxg . (8.111)

This field redefinition appears as a gauge transformation (104) of A, with
the local transformation parameter w = x2/qu; it tells us that x2 has no
real physical significance and might be eliminated by an appropriate gauge
transformation. With this in mind, let us rewrite the gauge transformation
(105) for the real fields x; :

X1 — Xi = —v+ (cosqw)(v + x1) + (sinqw)xz
X2 — X5 = (cosqw)xz — (sinqw)(v + x1) . (8.112)

For an infinitesimal w this gives

/
X1~ X1+ qwxe,
X2 R X2~ qWX1 — qwU. (8.113)

We see that the field y2 transforms with an inhomogeneous term, just like
A, so that separately neither can have a direct physical meaning. In fact
the gauge invariance of the theory allows us to make a gauge transformation
that completely removes x2. It suffices to choose as parameter

1 _ X2 ]
w(z) = =tan?! ) 8.114
( ) q [U+X1 ( )

In this gauge, only two fields survive: x, which will be renamed H, and

1
A, =A +owr A+ q—vauxg + higher-order terms, (8.115)
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which will be simply called A,,. We then have, for the potential,
22, 1 2 2 L 59
V:_“H+E)‘H (4vH—|—H)—|—Z,uv, (8.116)
and, for the Lagrangian,

1 1 1
£:§ [8#H8”H+2/L2H2] _ ZF,U,UF#U_F 5((]’())2/1#/1”

1 1 1
+ §q2A#A“ H(H + 2v) — 1—6)\H3(H—|—4v) - 1“2“2' (8.117)

This result can now be naturally interpreted as the Lagrangian for a
neutral scalar particle of mass /—2u? and a massive vector particle with
mass Ma = qu, conveniently decoupled from each other in the second order.
The would-be Goldstone boson is completely gone; it has been gauged away,
absorbed as the newly formed longitudinal polarization state of the vector
field, as indicated by (115). Thus, two massless particles have been disposed
of: the vector meson has gained mass and the Goldstone boson has been
eliminated. Instead of a massless gauge boson with its two transverse modes
and a complex scalar field composed of two real components, we have, after
the symmetry breaking, a single real spin-0 field H and a massive spin-1
meson with three spin states (two transverse and one longitudinal). The
number of degrees of freedom has not changed; it remains four.

In the gauge specified by (114) all fields that survive the symmetry break-
down are physical fields; fictitious particles, whose Green’s functions would
have singularities that violate unitarity, are absent. But the Lagrangian
(117) contains a massive vector field, whose propagator for large momentum
grows as 1/M3 rather than as k? characteristic of massless vector fields and,
therefore, does not lead to an obviously renormalizable theory. This gauge,
manifestly unitary but not manifestly renormalizable, is called the unitary
(or U) gauge. A surprising result, obtained by G. ’t Hooft, is that the renor-
malizability of the theory, though not manifest in (117), has in fact been
preserved in the spontaneous symmetry breaking; it is not apparent simply
because of the particular gauge being used. 't Hooft’s proof of renormalizabil-
ity of spontaneously broken gauge theories relies on the discovery that it is
useful to adopt a class of more general gauges, called R¢, which even though
not manifestly unitary, are explicitly renormalizable; that is, the ultraviolet
divergences that arise will behave no worse than those occurring in QED.

The R¢-gauges may be enforced by adding to the Lagrangian (117) the
gauge-fixing term

Lar = —3¢ (0,4" - 1
— 3¢ OuA" + 20,47 £ = 32, (8.118)
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where £ is a positive real constant that defines the gauge, while f will be
chosen so as to cancel the awkward quadratic coupling of A, and x2 found
in (109). This is done by requiring

EN 0 A") f+ qu AP O, x2 =0,
which is satisfied up to a total derivative, provided that

Together with the gauge-fixing term, the Lagrangian becomes in this
gauge

1
L= =[(0ux1)* + (0ux2)* + (qv)2A2 + 2qu A0y x

2
+2¢ A (x10,x2 — X20ux1) + ¢ A2 (2ux1 + X7 + x3)]
— PR = 5 A" = Selean) 13
+u?x® - %(x? +x3)(dvxs +x3 +x3) — ”2402
= 5100 +2633] + 5 [Oxa)? — a3
- iFiv - % (0, A")? + %(qv)2Ai + higher-order terms. (8.120)

Thus, in a general R¢-gauge three fields are involved, decoupled from each
other in the second order: the vector field of mass M4 = qv, the Higgs boson
of mass My = /—2u?, and the former Goldstone boson now with mass
VEMy,. The dependence of the latter on the gauge parameter reveals the
inherently nonphysical character of the Goldstone field.

The propagators of these fields can now be found from their respective
quadratic terms in (120). Thus, the Goldstone mode has the propagator

Ap, EMy) = [p* — EMZ] ™, (8.121)
and the Higgs boson has the propagator
A(p, M) = [p® — M +ie] ™", (8.122)

To find the propagator for the vector field, we consider the quadratic terms
in A, in the Lagrangian which are, up to total derivatives,

1

1
_ 2?2 _
4" 2

= L A (@ 4 ) — (1 -7 8,0,] A7, (8.123)

1
(9, A")° + 5 (qv)* A7
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from which the inverse propagator can be immediately read off:

Dy (0)] " = g (=0 + M) + (1= &) pupy (8.124)

or in terms of projection operators,

(D (p)] ™ = =(p* = M) (gw - pZ—Z;) — e p? - em3)E ‘;5” .

The propagator itself is then

CN— PuPv _1Pubv
D) = ~(5" = 33 +16) ™ (g — 222 — 062 - 013222
which reduces to

“Ypv 1- v 2 — M2
Dy (p) = =2 +(p2§)§\)§§—|{(ii §MR) (8.125)

Note that the poles at p? = M3 in (121) and (125) are unphysical and need
not be defined with an ie term. They will be canceled out in any physical
transition amplitude (as shown by ’t Hooft).

When M4 = 0, one recovers the propagator for the photon or gluon,

—guv + (1 = Opupy/p?
D,.(p) = > . 8.126
o () i (3.126)
Familiar gauges correspond to special values of £&. With £ = 1, we recover
the Feynman gauge often used in QED,

— G
D =0 8.127
) = (3.127)
while for £ = 0, it is the Landau gauge, in which the propagator depends
only on the transverse projection operator,

. —9uv + p,upu/p2

D#u(p) = P2 — Mﬁ Tie (8.128)

We can see that for any finite value of &, the propagator at large momentum
behaves as 1/p?, just as in the massless case, and the corresponding gauge
is manifestly renormalizable. But as £ — oo, (125) tends to the ordinary
propagator for a massive vector field

—Guv + Pupu /M3
Dy (p) = p‘; —ME s (8.129)

while the propagator for the erstwhile Nambu-Goldstone mode in (121) tends
to zero, suggesting that this field will drop out of the system. The gauge
& — oo coincides with the unitary gauge.
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8.6.2 Non-Abelian Symmetry

We now generalize the above considerations to local gauge symmetry by
introducing the general Yang-Mills fields to make the model of Sect. 8.5.4
invariant under a local gauge group G. We consider a real n-dimensional
representation of G spanned by n-component scalar fields ¢ and in which
the transformations are generated by N imaginary and antisymmetric n x n
matrices T; for ¢ = 1,..., N. To each generator corresponds a vector gauge
field, A;,, so as to satisfy G gauge invariance (by which we mean gauge
invariance under the symmetry group G ). Thus, we consider the Lagrangian

L= 1 (D)D"~ V(9) ~ Py FI". (8.130)

with the G-covariant derivative
D, ¢ = (0, +igA,) ¢ = (0 +1ig4;,.T5) ¢,

and the G-covariant field tensors associated with the gauge fields
FI'" =0t AY — 0V Al' — g fijk A;‘AZ .

An explicit form of V' in terms of ¢ is not essential, all we need is that
it respects the G symmetry and develops degenerate minima at nonzero con-
stant field values |¢|? = v?. Then, the gauge invariance is spontaneously
broken when the system arbitrarily selects for itself a vacuum state such that
(¢) is some constant vector v, which we call the vacuum vector, satisfying the
condition that ¥? minimizes V. Now we suppose that the symmetry breaking
leaves the vacuum invariant under a subgroup S of G and that the genera-
tors T; of G are chosen so that Tj, for j =1,...,M and M < N, generate
S . Since by assumption v is invariant under S but noninvariant under its
complement in G, we have

Tjo=0, j=1,...,M; (8.131)
Tw#0, k=M+1,...,N. (8.132)

Just as the algebra g of G is defined by all the linear combinations Zi\;l Ty,
so too is the algebra gg of the subgroup S defined by all the combinations
Zjle ¢;T;. Subalgebra gs has dimension M it annihilates the vacuum. The
orthogonal complement to gg in g has dimension N — M its elements applied
on the vacuum vector yield N — M-dimensional vectors, Ziv: w41 Ck Tk,
which span the space of the Nambu—-Goldstone modes.

Taking advantage of the gauge invariance of (130), we may perform a
gauge transformation on all the fields without changing the underlying physics.

The particular gauge transformation U is so chosen to cancel the quadratic
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coupling between the gauge fields and the scalar fields, which is equivalent
to requiring

(U$)T(2)T;w) =0 for all i and all 2. (8.133)

That such a (unitary) gauge always exists was proved by Weinberg. Given
this general result, let us define an n-component field H(z) orthogonal to
all Tyv for k = M+ 1,...,N. As T; are antisymmetric matrices (as in
Sect. 8.5.4), we also have (vT Tjv) = 0, and therefore,

(v+H)T Tyw) =0, k=M+1,...,N, (8.134)
in addition to the identity
(v+H)'Tjv) =0, j=1,....M, (8.135)

which holds because of the invariance of the vacuum vector under S. Taken
together, these relations yield

(v+H)"Tiv) =0, i=1,...,N. (8.136)

As we will now see, it proves useful to adopt a parameterization of fields
similar in form to (101):

. N
¢ = exp (% > §ka> (v+H). (8.137)

k=M+1

In this parameterization, the independent fields are the N — M would-be
Nambu—-Goldstone modes &, with k = M +1,...,N, and the n — N + M
independent components of H representing the Higgs bosons. It now becomes
clear that the transformation U needed to satisfy (133) or (136) is

. N
U = exp (-% 3 §ka> . (8.138)

k=M+1

Since the Lagrangian (130) is invariant under the local group G, it remains
unchanged with the fields written in the new gauge

¢ =Up=v+H,
i
A, =UA U+ 5(8#U)UT ,
F,, =UF,U". (8.139)
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Thus, in this U-gauge, the fields & have completely vanished, and (130)
involves only H and A’ ,, which we will now simply write A;,,,

Ju
1 1
L= 5 (Dy(v+ H)" D"(v+ H)-V(v+ H) — 5 OuAin (0" A7 — 0" AY).
(8.140)
The ‘kinetic’ part can be expanded as
(D,(v+ H))" D"(v+ H)
- (a#HT +ig(v+ H)T A" ) (9"H + igA" (v + H))

=0,H"O"H +2ig0,H" A*(v+ H) + ¢*(v+ H)TA,A" (v + H).
(8.141)

We observe that the quadratic mixing term of A, and H can now be disposed
of, as expected from (136),

2ig 9, H" A'v =2ig Ay, O"H Tiv=0. (8.142)
The Lagrangian then reduces to
L= % (0.H™ 0" H — H" M3 H)
- % Op iy (0" AY — 0" ALY + %ngTA#A“ v
+igd,H" A*H + ¢*v" A, A"H + % PH A, A'H + ..., (8.143)
where ... indicates the cubic and quartic self-coupling terms in H, whose

details depend on the assumed potential V. The surviving real scalar Higgs
fields are massive, with squared masses determined by the matrix

02V
M) = ——— . 8.144
( B)ab 8¢a 8¢b p=v ( )
The squared-mass matrix for the vector mesons
G (VT Ty v) (8.145)

is real, symmetric, and positive-definite, and is nonvanishing for ¢, k = M+1,

.., N. Of all the gauge fields, only those associated with the symmetry-
breaking part of G, that is, A} with k = M +1,..., N, acquire masses and
longitudinal components, as shown by the presence of the inhomogeneous
terms in the variations under the transformation (139):

1 1
5Ak,u - g_’U ,ué.k - ;fkmEAm,ufE; (8146)
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whereas the others, Ag‘ with j = 1,..., M, associated with the surviving
symmetry, remain massless, transversely polarized, and transform homoge-
neously under (139). The number of independent degrees of freedom remains
the same before and after the symmetry breaking. The original n real scalar
fields and N massless gauge mesons, producing altogether n + 2N degrees
of freedom, are replaced after the symmetry breaking by n — N + M Higgs
bosons, M massless vector fields, and N — M massive vector fields for a total
ofn— N+ M+2M+3(N—M)=n+2N degrees of freedom.

As we have discussed above, a unitary gauge leads to a formalism that is
simple to interpret, but has the disadvantage of not being manifestly renor-
malizable. It is more useful for practical calculations to adopt a manifestly
renormalizable gauge so that the powerful techniques developed for renormal-
izable theories can be applied. This can be accomplished by a generalization
of the gauge-fixing Lagrangian (118),

Lar = —o- (0, A1 — igtg" Tiv)?, (8.147)

1
2€
designed so that the quadratic mixing terms between A;, and J,¢ found
here and in the Lagrangian (130) exactly cancel out.

We have limited ourselves in this chapter to a discussion of the mass gen-
eration of gauge bosons. When matter fields are introduced, they may not be
allowed by gauge invariance to have explicit masses in the basic Lagrangian.
It is possible however to induce their masses by coupling matter fields to the
Higgs fields in a gauge-invariant way. We will study how this mechanism can
make quarks and leptons massive in the context of the standard model of the
electroweak interaction.

Problems

8.1 Equations of motion. Show that the equations of motion corre-
sponding to the Lagrangian (42) are

(1")/‘“D#—m)1/):0,
D#F,uu = 91/)%Tj1/) .

8.2 Group multiplication in gauge groups. Show that, for any element
h of the gauge group, the transformation rule for the gauge field

hiA,— A, =UAU + ;(@LU)UT

satisfies the group multiplication law, that is, if h : A, — A}, and h': A}, —
Al then b : A, — A, where h" = I'h.

‘U,,
8.3 The linear c—m model. Consider a model for a real field o, trans-
forming as an isosinglet and three real scalar fields ¢;, forming an isotriplet.
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Call the conjugate momenta of fields 7TL = 0y, ﬁ = 0,0 and their time
components 7§ = 7; and 7§ = m4. The fields are quantum operators satisfy-
ing the canonical commutation relations at equal times. The Lagrangian of
the model is given by

1 .
Ls = 5(016:0" 0" + 0,00" ) — V(gp* +a?). (1)

(a) Show that the model is invariant under the following two global transfor-

mations of their internal degrees of freedom (o0 — o + §;0,¢ — ¢ + 6;0):

— isospin rotation:

d;i0 =0; 8;¢; = €ijpwidr, (N0 sum over i). (2)
— chiral transformation:

0i0 = w;idi; 09 = —d;jw;o, (no sum over 7). (3)
(b) Show that the associated conserved isospin and axial currents are V;, =

eijkqﬁjwl’j, and A;, = 7TLO’ - wﬁqﬁi; and that the corresponding conserved
charges, Q; and Q? satisfy

[Q’ia QJ] = ie'L'jk Qk )

[Qia Q?] = i€k Q2 )

[Q7, Q7] = i€ijn Q-
Show that Q; = 1(Q; + QF) and Q; = 1(Q; — QF) form two independent
commuting SU(2) algebras, so that the algebra of the model is a semisimple
algebra, SU(2) x SU(2).
(c) Assuming that V = 3p2(02+¢%)+ 1) (0% +¢7)2, where A > 0 and 42 < 0.
The potential V has minima for fields satisfying 02 + ¢ = —pu?/\. Select
the vacuum such that (¢;) =0, and (o) =v = /—p?/A, thus provoking
a symmetry breakdown. Now define ¢/ = ¢ — v. Calculate the masses of ¢;
and o’. Calculate the commutation relations of @; and Q? with ¢’ and ¢;,
and show that Q? generate a symmetry that is broken in the vacuum.

(d) To L, add the following Lagrangian for an isodoublet of fermions, inter-
acting with ¢ and ¢;,

Ly =P(iy- 0 —mo)p — g (o +imjiys)¢ - (4)
Together L5 and Ly define the Gell-Mann-Levy model. The isospin and
chiral transformations (2) and (3) are supplemented by the following for :

0 = %iwinw, (no sum over 7).

0 = %iwﬂfyy/), (no sum over 7).

Show that L is invariant to isospin rotations for m arbitrary, but is invariant
to chiral transformation only for mg = 0. Assume now mg = 0. Consider the
full system described by Lg + Lr, and show that when there is spontaneous

symmetry breaking by (8), the fermion acquires a mass, m = gv. Express
the parameters p2, A, and v in terms of g, m, and mq.
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