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SYMMETRIES IN CLASSICAL FIELD THEORY

Canonical formulation

A classical field theory is specified by an action functional:
S — /d% (¢, 8,0)

The equations of motions are given by:

65 _ oL _, oc

T R
The corresponding Hamiltonian has the form:

H = /d3£H<¢, &Ld), 71')

=0

The equations of motions are then rewritten as
oOH OH . o0H OH 87—(




In terms of Poisson brackets, these bhecome

O I

For a generic functional F' on phase space, one finds then:
= {F, H}
P

Conservation laws

A conserved quantity is associated with a current satisfying:

o,J" =0
The corresponding conserved charge reads:
Q = / d3z J°
Assuming that Q does not dependent explicitly on time, one has then:

(.}, =0

P-2



Global symmetries and Noether theorem

Conserved charges are associated to continuous global symmetries of S.
Consider indeed an infinitesimal transformation with parameter d o

o¢p
a¢ - 5a 6a

Using the equations of motion, one finds:
50 S = / d*z 9, (da J4)

where
JH oL 0¢
o 00,,¢ dc
The invariance of S under transformations with constant d« implies thus:
ouJ! =0

The corresponding conserved charge is
Qo = / T ¢
oo
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The charge Q. generates the infinitesimal symmetry transformations in
phase space:

gi {(b’ QQ}P’ g—z - {W’QQ}P

For a generic functional F' on phase space, one finds then:

Z—Z - {F’ Qa}P

If there are several symmetries forming some Lie group with structure
constants f;;r, the corresponding charges Q; realize the group algebra
through Poisson brackets:

{Qz’a Qj}P — fzngk

Note finally that generalized transformations with non-constant da do not
represent an invariance, but induce a simple variation of S’

0,5 = /d4:c oudaJt
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Local symmetries and gauge fields

A theory with fields ¢ possessing a global symmetry can be promoted to
a new theory involving also a gauge field A, with suitable couplings and
transformation laws, in which the symmetry becomes local.

We assume that the action splits into two separately gauge-invartiant parts
Scand Sy as follows:

S = /d4213 ﬁ(} (Aau7 8,_1,Aay) ‘l‘ /d4213 £M (¢a 8/.L¢’ Aauv ap,Aau)

The new field A, Is assumed to transform as:

Aoy =g 10,0

The current of the interacting theory is defined as the source term coming
from Sy in the equation of motion for A,

_1 0S8
Jap = —9 15A(1:/I”
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The equations of motion for the gauge field take then the form:

5S¢
5A., 7 Jop

The current J¥ is conserved, as a consequence of the invariance of Sy
under local transformations with da vanishing at infinity. Indeed, the only
source of non-stationarity of Sy; comes from d, A4, and thus:

SaSn = / d*x ;ji SaAapy = — / d*z J* 8,6

Integrating by parts, we see that the invariance of Syg implies:

8,J" =0

This is the same conservation law as In the global case, except that J£
may now depend also on Aq,,.
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Example: CED

The Lagrangian for a free fermion is:
L =iy duh — mPip

This has the global invariance d,v% = 2 da v, leading to the conserved
current

JH = vty
The gauged version of this theory involves D,, = 9,, —1gA,, and
_ - 1
£ =iy Dy — mipyp — S Fu F*

This has the local invariance §,1% = i da v, d,A,, = g~ 19,0, and the
conserved current is again:

JH = vty

P-7



SYMMETRIES IN QUANTUM FIELD THEORY

Operatorial formulation

In the operatorial formulation of quantum field theory, the fields become
operators ¢ acting on a Hilbert space of particle states |n), and Poisson
brackets become commutators or anticommutators:

The field operators satisfy the differential equations of motion §.5/d¢ = 0
as function of the coordinates:

05 _ 9L 5 0L
5 — 9¢ *98,¢

The time evolution is dictated by the Heisenberg equations of motion, and
for any operator O constructed from the fields one has

O:-ﬂaﬂ]

=0
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The basic objects that one considers at the quantum level are correlation
functions of the type:

(B(x1) -+ p(xn)) = (0|TP(21) - P(21)[0)

The generating functional of all such correlation functions is constructed by
iIntroducing a external source current J for each field ¢:

Z[J] = <0’T exp {i/d4:c J(w)¢(w)}‘0>

Correlation functions satisfy a slightly different type of equations of motion
compared to the field operators.

Indeed, when the term involving ¢ 7 in the equation of motion hits the time
step-functions defining the T'-product, one gets contact terms:

BT ()p(y) = |m(x), p(y) }0(ta — ty)
= —1d(z —y)
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One finds then that the equations of motion from the fields translate into
the foIIowing relations between correlation functions:

< (:v)cb(:cl) - ()
= "fzk< d(x1) -+ d(Tr—1)P(Trt1) - 915(5'371,)>5(5'j — T

The S matrix elements can be obtained through reduction as amputated
correlation functions. They depend only on the most singular part of the
correlation functions, with one pole for each external particle.

S-matrix elements = amputated correlation functions

These satisfy then the classical equations of motion, because the contact
terms always miss at least one of the poles and are not enough singular to
contribute.
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Path integral formulation

The correlation functions can be computed through a functional integral
over all possible paths, weighted by a phase given by the action:

oot /chqs(wl)---as(wn)eis
qul "'qun —
/D¢€is

The generating functional for correlation functions is then given by
Z[J] = /Dqs eiS+i]Ie

In this formulation, the equations of motion satisfied by correlation functions
can be derived more directly, in a way that is similar to the classical case.

One uses a variational approach and considers an arbitrary infinitesimal
field variation d ¢ vanishing at infinity.
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One looks then at the path-integral with some field insertions and view this
transformation as a shift in the dummy integration variables. This should
leave the result unchanged, implying:

5(/D¢¢(m1) as(:cn)eis) =0

Since the Jacobian of the field transformation is 1, so that 6D¢ = 0, this
equation implies:

/Dqs (i 66(x) 53> (m)qs(wl) . p(xn)
+ chp(ml) e 8p(k) o+ Plan) )€ =

Requiring that this should hold for any d¢ and dividing by the path-integral
Without field insertions, one finally recovers:

< (w)ﬁb(wl) - P(xn))
=i) (p(@1) -+ D(@-1)B(@ht1) -+ (@n))0 (2 — k)
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Conservation laws

Naively, it is expected that conserved quantities of the classical theory
should lead to corresponding conserved gquantities in the quantum theory.

More precisely, any classical conservation law should turn into an equation
for the corresponding current operator:

8,J" =0

The symmetry transformations associated to the conserved charge Q. are
realized through operatorial transformations induced by U(a) = e**Q=,
For an infinitesimal transformation, one finds

00

S = 10>Qal

Moreover, conserved charges must commute with H if they do not depend
explicitly on time:

[QQ,H] =0
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Ward identities

As for the equation of motions, which imply some identities for correlation
functions involving the fields, the conservation equation 9, J% = 0 implies
some identities for correlation functions involving the current,

Again, the difference with respect to the operatorial equations consists in
some contact terms, which are relevant off-shell but not on-shell.

In the operatorial formulation, the contact terms arise from the T'-product,
as before. Using the form of the current and the canonical commutation
relations, one finds:

(BT (@) (@1) -+ Ban))
=i (B(@1) - 92 (@r) -+ Bwn))6(x — T)

These identities imply again relations for § matrix elements, but the extra
terms do not contribute, because they are not enough singular, and these
matrix elements satisfy therefore the classical conservation law.
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In the path-integral formulation, these Ward identities can be derived by
proceeding as for the equations of motion, but considering an infinitesimal
symmetry transformation of the type:

_ 5 09
5a¢ = %

If this corresponds to a classical global symmetry, 6,S = 0 for constant
da. However, for non-constant d« vanishing at infinity, one finds:

0aS = /d4a: OudaJl = —/d4:c da 9, JY

Consider then the path integral with some field insertions, and view this
transformation as a change of the dummy integration variables. This should
leave the result unchanged:
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Assuming that the Jacobian of the transformation is 1, as it turns out to

be for most of the relevant symmetries, so that 6, D¢ = 0, this relation
implies:

o (~i [t 0@, 2() (1) - d(an)
30, 0(@1) - Sa(@n) §2 (1) - d(an) ) = 0

Requiring this to hold for any da and dividing by the path-integral without

insertions, one recovers finally the same Ward identity as in the operator
formalism:

(0,05 (2) (1) -+ B(wn))
=i (B(@1) -+ 52 (@) - (wn))(a — )
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Example: QED

Consider the special correlation function (J*(x)v(y1)(y2)) in spinor
electrodynamics. The ward identity gives in this case:

(B J* ()Y (y1)¥(y2)) = — (P (y1)¥(y2))d(x — y1)
+ <¢(y1)";(y2)>5(w — Y2)
The left hand side corresponds to the coupling between one unphysical

gauge boson and two fermions, whereas the right hand side contains the
fermion propagator.

Taking the Fourier transform of this relation, with momenta k, p1, p2 which
satisfy k = po — p4 by translational invariance, one finds:

kyM*(p1, p2) = S(p2) — S(p1)

This represents a relation between the cubic vertex between a longitudinal
photon and two fermions, and the propagator of the fermions.
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Diagrammatically, this means the following relation between the connected
3-point and 2-point correlation functions:

In order to get the corresponding relation between S matrix elements, one
needs to amputate the two external fermion lines, by writing

M*(p1,p2) = S(p1)(—iT*(p1,p2))S(p2)
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The ward identity becomes then
— ik, T*(p1,p2) = S7H(p1) — 57 (p2)
Finally, one can use the 1Pl decomposition of the propagator

S(p) =

1

p—m — ()

and decompose the vertex as
I'*(p1,p2) = v* + A*(p1, p2)
One arrives then at the following relation:

(P2 — P1)uA¥(P1,P2) = X(p2) — X(P1)

This implies that unphysical longitudinal photons are decoupled on-shell,
and have a simple and rigidly determined effect off-shell. This property is
crucial for the consistency of the quantum theory.
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REGULARIZATION AND ANOMALIES

Regularization and anomalies

In quantum field theory, there are UV divergences. One needs therefore
to regularize the theory with some finite cut-off, renormalize it, and finally
remove the cut-off.

Due to this complication, the formal derivation of the Ward identities can
happen to be invalidated, with the appearence of so-called anomalies. The
classical symmetry is then broken by quantum effects.

Quantum anomalies in a classical symmetry can appear only if there does
not exist any UV regularization of the theory which manifestly preserves
that symmetry.

However, anomalies are actually finite IR effects. They do not dependent
on the regularization method, but only on which symmetries this respects.
They represent thus genuine physical effects.
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The precise way anomalies show up varies with the formalism, but always
rests on some subtlety related to regularization.

Operatorial formalism

In the operatorial formalism, the subtlety Is that the current J£ associated
to a classical symmetry is a composite field, involving products of fields at
the same point, which gives a singular behavior.

Path integral formalism

In the path integral formalism, the subtlety is that the measure D¢ Is a
formal infinite-dimensional product which needs to be properly defined, and
which can give rise to unexpected jacobians under transformations.

Diagrammatic expansion

In a perturbative diagrammatic expansion, the subtlety is that certain loop
diagrams are linearly divergent, and shifting the momentum integration
variables is not trivially allowed.
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Physical effects of anomalies

The effect of an anomaly in a symmetry existing in the classical limit is that
the symmetry disappears at the quantum level. More precisely, it is violated
by specific and computable effects.

For global symmetries, which correspond to true restrictions on the theory,
this is perfectly consistent. It may happen and means that the classical
selection rules are violated at the quantum level in a specific way.

The predicted violation of selection rules associated to these effects has
been verified experimentally in several situations.

For local symmetries, which correspond to fake redundancies of the theory,
this is inconsistent, because unphysical states do not decouple and ruin
unitarity. It must therefore be excluded.

The consistency requirements implied by the absence of such catastrophic
effects are satisfied in a non-trivial way by relevant physical models.
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ANOMALIES IN GLOBAL CHIRAL SYMMETRIES

Chiral symmetry for fermions

Consider the theory of a massless Dirac fermion interacting with an Abelian
gauge field in the standard minimal way through D,, = 9,, — 1gA,,:

§ 1
L =iy Dyup — 5 Fpu F*

This has a U (1) local gauge symmetry associated to group elements of
the form e** and acting as:

oY = idap, 6P = —ido)
§A, =g ‘0,0

The corresponding conserved current is:

JH = pytep
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It also has a U (1)5 global chiral symmetry associated to group elements
of the form e*®*s7s and acting as:

051 = 100575 5515 = ’i504515’75
55AM =0

The corresponding conserved current is:
Jg = 15’)’“’)’57#
At the classical level, both symmetries are present and:
o,J¢t =0, 9,J8 =0

At the quantum level, however, it is impossible to regularize the theory while
preserving both of these symmetries, and one of the two is broken. Using
a regularization preserving Q but not 5, one finds for instance:

(Oud*) =0, (OuJg) #0
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Operatorial computation

In the operatorial formalism, we need to regularize the current operator in
a gauge invariant way. This can be done by the so-called point-splitting
method, defining:

z+e/2
— € € .
I5 (z,€) = (z+ 7"y (2—3) exp {zg/ /dy“’Au(y)}
x—e/2
The Wilson line factor is needed in order for the regularized current to be

Invariant under local gauge transformations.
Using the equations of motion v#9,1% = tgv*1y A, one computes then

the divergence of the current:
x+t+e/2 xr+e/2
— 8u/ dy“Au(y)]

r—e/2 r—e/2

OuJE (z,€) = —igJE (x, €) [Au(y)
At leading order in € this yields:

0,J (x,€) = igJf (x,€)F,, (x)€e”
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Taking the vacuum expectation value of this object, and treating A, (x) as
an external field, one finds:

(0,78 (@, €)) = ig(JE (@, €)) Fyu ()"

The quantity appearing on the right hand side is essentially the fermion
propagator in the background field A, (x). For small €, one finds indeed:

(I (2, €)) = itr[vs7S(A(), )]

This has a singularity, which can be computed by expanding the fermion
propagator in power of the external gauge field A, (x). Diagrammatically,
this corresponds to the following series:

e ———— — P> —|— P> § [ —|—
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The term without insertion is singular, but does not contribute to the trace.
The term with just one insertion is still singular and contributes to the trace.
The terms with more insertions are regular and negligible.

Computing the relevant diagram with one insertion, one finds:

<J§"(:c,€)> = 19 (;iﬂ_’;le—ikw (;iﬂ.)él zpetr{’)’ Y ZéA(k)Zé kg}

_49/ d*k e—z’kaz/ d*p otpe e“aﬁﬁypaAﬁ(k)(P—k)v

(2m)* (2m)* p2 (p—k)*
—_ d4k e—zkaz po Gy ipe Pa
= —4g (27‘1‘)4 kﬁA’Y(k)/( 7_‘_)4 p2(p_k)2

In the limit of small ¢, the integral in p becomes linearly divergent, and one
easily computes, by analytic continuation:

dp ipePa _ _ I €a
(2m)? p? 872 €2
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This leaves:

19 €a pa
(Jg' (@, €)) = 5 5" Fpy ()

For the divergence of the current, this implies:

€x €Y

2
g
<8HJ5(339 €)> — T An? 2 GMQBWFB’Y(CU)FMU(CU)
Finally, one can take the limit e — 0 in a symmetric way, with
e*eP 1
li =5
eir(l) €2 477

This yields a non-trivial finite result:

2

(8Tt (@) = =1 5P Fu () Fap ()

On the other hand, proceeding in the same way one finds

(Oud*(z)) =0
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Path integral computation

In the path-integral formalism, we need to suitably define and regularize
the integration measure. This can be done by expanding the fermion fields
In a basis of eigenmodes of the kinetic operator zIp:

It is useful to temporarily make an analytic continuation to Euclidean space.
Then <I) is Hermitian, and the basis is orthonormal and complete:

a6, @n(@) = bnn s Y, $a@)bl(v) = 5@~ v)

The fields v and 1, which must be treated as independent, can now be
expanded as follows:

The path integral measure is then defined as:
DYDY = || dandan,
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The local version of the chiral transformation, namely d5v9 = 20ag~y5vY
and 851 = idaz1p~ys With non-constant das, acts on the modes as:

dam =y (amn + 6Cmn)an , Sam =) (amn + 5cmn)an
where:
0Cmn = i/d4w dous ()] () y5thn ()
The Jacobian associated to each of these transformations has the form:

J =det(1+4 6C) = exp {tr log(1 + 50)} = exp {tr 56’}
This gives a result of the form:

J = exp {i/d‘lq; 5a5(:13)A(:13)}
where:

A(z) =) ¢ (@)15¢n()
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If A(x) # 0, then J # 1 and an additional term appears in the derivation
of the Ward identity. Indeed, viewing the transformation as a change of

variables, one should have:
55(/1)«,&1)1; ei5> —0

The action transforms as before, but the measure gets rescaled by J—2:

e'® — e exp {i/d4:c das(x) 8MJ“(:13)}

DDy — DD exp {— 2i/d4:c 5a5(:c).A(:c)}
We conclude then that the Ward identity becomes in this case:
(OuJE (z)) = 2 A(z)

The anomalous exponent A is ambiguous and needs to be regularized,
since formally it takes the form:
A(xz) = tr|ys] 6(0) = 0- oo

P-31



One can introduce for this a cut-off A and define:
Az, A) =Y ol (@)1se™ /" 4 (2)
This corresponds to the following trace over the spectrum of states:
A(xz, A) = Ty’ [75 e_(im)z/Az}
To evaluated this, we first use the identity:
i) = ¢ {+* 7" H{Du D} - 3 [+*,9*][Dws D.]

9 v
—D? + 50" Fuu

We next observe that what matters for large A is the asymptotic tail of large
eigenvalues. We can then expand in powers of A,, and keep only as many

as needed to get a non-zero trace over spinor indices:
2

8 A4

A(x, ) = Tr' [e_D/Az]tr['y5 0'“”0'0‘5] F,.(x)Fa3(x)
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The trace over spinor indices gives tr[ys o o*P] = 4ie*V>P, whereas
the remaining trace over free states gives:

1v[e-o/n"] = [L2 otar - L pa
(2m)4 1672
We are finally left with a finite result when A — oc:

2

A(zx) = _#ewaﬁp’w(w)&ﬁ(w)

This reproduces the same result as before for the anomalous Ward identity:

2
g ro
(0,8 (@) = =155 B, (2) Fap(a)

One the other hand, proceeding similarly one finds:

(OuJH(x)) =0
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Diagrammatic approach

It is instructive to study how the anomaly emerges within a perturbative
approach in terms of Feynmann diagrams. It turns out that it entirely comes
from a linearly divergent one-loop triangle diagram.

Consider the matrix element of J£ between the vacuum and a 2-photon
state, at the one-loop level. This receives contributions from two similar
diagrams:

Note that the second diagram is identical to the first one but with crossed
external photons with (a, k1) <« (3, k2).
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One finds:

wap o of d*l 1 1 1
el = ig” (277)4{“‘[7 g IHéz]

1 1 1
b s l—zézﬂéﬂﬁlwl]}

Taking the divergence of the current corresponds to contract this result with
q, = (k1+k2),. One can then decompose

qu Y ys = (JH¥2)vs + vs(J—¥1) = (J+H#1)vs + vs (] —¥2)

In each term of A®P = qMT“aﬁ there is then one propagator denominator
that cancels, and finally one finds:

a,@_ i d4l 1 ,3 1 1 o 1 3

a=ig <w>4{ =¥ I meﬂ T Ktk t+¢2’7]
-I-tl‘{’)’s L YP—~s 1 ~P 1 }}

- l 6‘524-6‘5 I—atts! J+E

If one could freely shift I, each diagram would be antisymmetric under
(o, k1) < (B, k=) and the result would cancel.
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But the integral is linearly divergent and must be regularized. A finite shift
In the integration variable leaves then a finite surface term:

A(a) = (;141)4[ f+a) = £ /(d4l a8, £ (1) + -]

= — llm abl, 12 f(1)
8mw?i1—

Applying this to the expression for A*? with the appropriate shifts, and

evaluating the spinorial traces, one finds two identical terms adding up:

Aa,@ — g2

27‘_2 EaﬁpaklpkgT

This result implies finally the anomalous Ward identity:

2

(8T8 () = — oz €O Fyu (@) Fap()

A similar computation for the gauge current yields instead:

(Oud*(z)) =0
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Generalization to non-Abelian symmetries

The analysis of chiral anomalies can be extended to theories with several
fermions and more general symmetries, forming a group G with generators
SatiSfying [Taa Tb] — ifabcTc-

Consider for instance a theory with massless Dirac fermions interacting
with non-Abelian gauge fields with D,, = 9,, — 1gAau.Ta:

- 1
L =1py" D, — ZFa“,,Féf"

This has a G local gauge symmetry associated to group elements of the
form e*®«T= and acting as:

0 = idagTo , 0 = —idogTpt)
5Aap, — _18;1,5040, + fabcAbp,(sac
The corresponding covariantly conserved currents are given by:
Jg — "Z’YMTG,’LP
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It also has a G5 global chiral symmetry associated to group elements of
the form e*®s«Ta¥s and acting as:

I59 = 10a5aTuvs5Y , 59 = i0asaP Y57y
65Aau — fabcAbu6a5c

The corresponding covariantly conserved currents are given by:
— 75’7“7511@"#
At the classical level, both symmetries are present and.:
D,J* =0, D,JL, =0

At the quantum level, however, one finds:
2

1671'

<DuJ5> =0, < a> — dabe euya'BFbucha,B

In terms of the symmetric constants:
dgpbe = symtr {T T,T. ]
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Different regularizations

In the previous computations, we have used regularizations preserving
manifestly the local gauge symmetry, and found an anomaly in the global
chiral symmetry.

One can generalize these computations by using families of regularizations
that depend on a continuous parameter &, and which preserve the gauge
symmetry only for & = 0.

The deformation concerns respectively the phase of the Wilson line factor,
the gauge field dependence of the operator used to regulate the trace and
a shift in the loop momentum in the three methods that have been used.

It turns out that such regularizations preserve then the chiral symmetry for
some other non-zero value of the parameter, which we can conventionally
take to be £ = 1.
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One finds in this way that the two Ward identities become:
(D) =28 Aa, (DuJi,)=2(1-§)As

where

2

A = — 3371_2 dabe eﬂua'@Fbucha,B

This shows that it is possible to preserve either the gauge symmetry, for
& = 0, or the chiral symmetry, for & = 1, but not both simultaneously.

Since the gauge symmetry is local and the chiral symmetry is global, we
are forced by consistency to choose the option where gauge invariance is
preserved and chiral symmetry is sacrificed.
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ANOMALIES IN LOCAL GAUGE SYMMETRIES

Gauged chiral symmetry

Much as an ordinary gauge symmetry is local thanks to a vector gauge
field A,, a global chiral symmetry can be made local by introducing an
additional axial gauge field As,, .

Consider then a theory with massless Dirac fermions interacting vectorially
with gauge fields A,,, and axially with gauge fields As,,,, with couplings
determined by D,, = 8,, — 1gAqs,Ta — 1975 AsauTa:

1 1

L = Z?,E’)’”D“’l,b — ZFauquu — ZF5GMUF;aU

This theory has two independent groups G and G5 of local symmetries,
associated to the currents:

JH = pyH T
Jt = PP ysTap
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The occurrence of an anomaly implies now a breakdown of gauge-invariance
for the quantum effective action of the gauge fields:

T[A, As] = —ilog(eiS[¥:A4d])
Indeed, under infinitesimal gauge transformation one gets:

ST[A, Ag] = /d% Scra () (DT (z))

O5T[A, As] = /d4a3 dase () (D, JE, (x))

In the presence of a non-trivial anomaly, these cannot be made both zero,
and the theory becomes therefore unavoidably inconsistent.

A change In regularization allows to shift but not to eliminate the anomaly.
It corresponds to adding to the action a local non-invariant counter-term:

AT'[¢, A, As] = local counter-term

The anomalous correlations are those with an odd number of ~5: (JsJJ)
and (JsJsJ5). The standard choice it to preserve G and give up Gs.
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One can reformulate this theory in a more symmetric way in terms of two
chiral sectors, with:
1
Yre=g(1£%)¢, Al p=AlxAL
The symmetries get then reshuffled to G, and G g, with currents

Jcl;,LL,R — %(Jg + Jga)

In this language, the anomalous correlations are those with only L or R
fields: (JLJLJL> and <JRJRJR>.

Notice now that 11, r IS equivalent to Y& 1 and one can thus reinterpret
this theory as a chiral fermion interacting with a gauge field with group
G X Ggr in arepresentation of the type (R, 1) & (1, R°).

In this formulation, it becomes clear that this theory can be generalize to
less symmetric situations, with an arbitrary gauge group and chiral fields in
arbitrary representations.
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Gauge symmetry for chiral fermions

Consider first the theory of a massless Weyl fermion interacting with an
Abelian gauge field in the standard way with D,, = 0,, — 1gA,,:

: 1
L =ixy"D,x — ZF’WF“V

This has a U (1) local gauge symmetry associated to group elements of
the form e*® and acting as:

ox =10y , OX = —10a)
0A, = _18”504

The corresponding conserved current is:
J* = x7"x

There are no extra global symmetries in this case
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At the classical level, the symmetry is present and.:

8,J" =0

At the quantum level, however, it is impossible to regularize the theory while
preserving this symmetry, because of the chiral nature of the fermion field.
One finds:

(OuJ*) #0
Computation of the anomaly

The precise form of the gauge anomaly can be computed in the same way
as for the chiral anomaly, in all the three different approaches that we have
seen.

The fact that x is a Weyl fermion of some definite chirality n = 41 implies
that one can rewrite it as a projection of a Dirac fermion :
1

X = 5(1 + 1ys) ¢
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One can then rewrite the current as:
1, — _
It = (P + ndrirsy)
From the form of this expression, we see that the computation is almost
identical, except for a factor ?7/2 and the result is:

n g ro
(8, ) = — 1L e, (2) Fap (@)

Generalization to non-Abelian symmetries

Consider now similarly a more general theory with massless Weyl fermions

interacting with a non-Abelian gauge field with D, = 9,, — 1gAq4,T%:
1

ZFau,,F(i“’

This possesses a local gauge symmetry associated to group elements of
the form e*®=Te and acting as:

L =1ixv"D,x —

oxX = 10aTax , OX = —10a,T,X
5Aap, — g_lap,daa + fabcAbp,dac
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The corresponding covariantly conserved currents are given by:
Jo = x7"Tax

As before, the theory does not posses any additional and independent
global symmetries.

At the classical level, the symmetry is present and.:

D,J" =0

At the quantum level, however, one finds:

ng° ver
(D, J*) = — 203 5 dabe €7 P Fopw Feop

In terms of the symmetric constants:

dapbe = symtr {TaTch}
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Conditions for anomaly cancellation

Gauge anomalies must be avoided, since they ruin the consistency of the
theory. Chiral gauge theories can thus be consistent only if the various
contributions to gauge anomalies cancel out.

A fermion of chirality n in a representation R is equivalent to a fermion of
opposite chiralilty —n in the conjugate representation R¢. These give the
same contribution to the anomaly, because dgpe(R) = —dgpe ().

A chiral fermion in a real representation does not contribute to the anomaly,
because in this case d,,. = 0. As a consequence, only massless fermions
can contribute to the anomaly.

Anomaly cancellation implies then a non-trivial restriction on the allowed
spectrum of massless chiral fermions:

ZRT]R dabc(R) =0
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GENERAL STRUCTURE OF ANOMALIES

Gauge theories and differential forms
Using differential forms, and rescaling the coupling g, one can describe a
Yang-mills theory with arbitrary group G in terms of the following forms:

A= A,,T, dz"

1
F = EFa,WTa dxtdx”

J = JouTs dxt

The covariant derivative can be represented with the help of the exterior
derivative d, which when applied to a p-form produces a (p + 1)-form:

p=d+[a,-], D*=[F-]

The relation between F' and A implies that:

F=dA + A?
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Using the Hodge dual operation *, which converts any p-form into a dual
(4 — p)-form, the Bianchi identity, the equations of motion and the classical
conservation law can be written as:

DF =0, DF=-*, D=0
For the particular case of an Abelian theory with group U (1), the above
formulae simplify, because:

D=d, D?=0

The field strength is then just:
F =dA

and the Bianchi identity, equations of motion and classical conservation law
become:

dF =0, d*F=-*J, dJ=0
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Mathematical interpretation of the chiral anomaly

Consider now the theory of a massless Dirac fermion with a generic G
local gauge symmetry and the minimal U (1)5 global chiral symmetry. This
IS the prototypical example where anomalies arise.

The anomaly is encoded in the following gauge-invariant 4-form constructed

out of the 2-form F':

1
A= ——"_trF?
872

The local version of the conservation law takes the form of a deformed
continuity equation ruling the flow of charge and can be written as:

d*J5 — 2A

The integrated version of this conservation law defines instead the total
variation of charge between asymptotic past and future:

AQ5:2/A
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It turns out that the anomaly Is a closed form, by the Bianchi identity:
dA =0

It is also exact, in the sense that if F' can be expressed in terms of A, then
it can be rewritten as
1
A= ———dC
872

In terms of a Chern-Simons 3-form depending on the 1-form A:
C=AdA+ §A3

The local conservation law is violated by any non-zero F'. Note that one
can define a new current Js = Js — 2*C which is conserved: d*Js = 0,
but this is not gauge invariant.

The global conservation law is preserved for any F' that can be written in
terms of an A. But, it is violated by an integer for topologically non-trivial
fiber bundles, where F' cannot be described by a globally defined A.
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More precisely, the Atyah-Singer index theorem states that the integral of
A is the index of the Dirac operator, which counts the difference between
the numbers nr, and ng of its L-handed and R-handed zero-modes:

/A = dimker (¢)p Pr) — dim ker (¢I) Pr)
=N —NRr

This difference can be non-zero only in a topologically non-trivial back-
ground F', which somehow distinguishes the two chiralities.

The eigenmodes of 2Ip with non-zero eigenvalues occur in pairs of opposite
chirality and eigenvalues. The index can then be written also as:

[A=[d% " vi@rsen(@
= Tr [5] ’

From this writing, we see that the path-integral evaluation of the anomaly
represents a physicist proof of the Atyah-Singer theorem.

P-53



IMPLICATIONS OF ANOMALIES IN PARTICLE PHYSICS

Global anomalies in the standard model

Consider the SU (3) x U (1) gauge theory of strong and electromagnetic
interactions, in the limit where the SU (2) week interactions are neglected.
This is a vectorial theory, with no axial couplings distinguishing chiralities.

Neglecting the masses and the electromagnetic coupling of the first family
of quarks g = (u, d), the model has an approximate SU (2)r X SU(2)r
symmetry, rotating independently q, = (ur,dr) and gr = (ugr,dRr).
In the axial-vector nomenclature, we have then the following symmetries
and currents:
SU(2): J! = qvy"1aq (isospin symmetry)
SU(2)s : J! = qgvy"1avsq (chiral symmetry)

The isospin symmetry is observed to approximately hold true, whereas the
chiral symmetry is not observed at all.
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The interpretation is that the vacuum contains a quark condensate {(gq)
and spontaneously breaks this symmetry. The Goldstone bosons are gq’
bound states identified with the pion triplet # = (7T, 7=, w°).

The chiral symmetry currents J£. have non-zero matrix elements between
the vacuum and the pion states, which is parametrized as:

(0754 (0) |75 (P)) = —tfrp*dab
This implies:
(018, JE,(0)|7a(p)) = frm i dab

The approximate operatorial conservation law for the chiral symmetry must
therefore be of the type:

0 Jb () = M2 frma(@) + 2 Ag()

The first term is proportional to m . and encodes the small explicit breaking
of the symmetry. The second is a possible anomaly, to be computed.
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To compute the anomalous contribution, we just need to apply the general
results, for the case of an SU(2)5 global symmetry interfering with an

SU (3) x U(1) local gauge symmetry. The result is:
92
Aa,(w) - - Z m daBC’ EMVQ'BFBMUFCQ,B

groups

where in this case:
daBC = tr [TaTBTc]

For the SU (3) part, the matrices T4 act on a different space than the
matrices 1, and the trace factorizes and vanishes: d,ag = O.

For the U (1) part, one has T = v/2 diag(2/3, —1/3) for each color, and
this gives a non-zero trace with 73 =diag(1/2, —1/2): dagg = das3.
Finally, one finds:

Ao(@) = =803 e O F,, Fup
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This means that the conservation law of J&; corresponding to the #© is
anomalous, whereas those of J£; , corresponding to the 7 are regular.

A remarkable implication of this anomaly is that it is the dominant reason
for the observed decay #°® — ~~. To see this, we can consider the low-
energy effective theory for the pions w, and the photon ~.

According to the derived Ward identities, the effective action I'[w, A] must
behave under infinitesimal SU (2) and SU (2)s5 transformations as:

or'(m,A] =0
05 [, A] = —/d4w dase () [mif,rﬂ'a(m) + 2 Aa(w)]
At the linearized level, the 7, and A, fields transforms as follows:

0Tq = €qbc00pTe, O0A, =0
55770, — 5aaf7r ’ 55Ap, =0
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In order to reproduce the violations of the chiral symmetry by the mass and
anomaly terms, I'[7r, A] must contain the following two breaking terms:

a [ 1 Qem T3
I‘[ﬂ',A]D/d _ 2m T + ar 1.

The second term gives a contribution to the #® — ~~ decay rate, which is
equal to:

T3 enveBp R ]

2 3
xom T

6473 f2
This turns out to be in very good agreement with experiment, within a few
percent of error. This was also one of the first pieces of evidence for the
fact that there are 3 colors of quarks.

Gauge anomalies in the standard model

Consider now the full SU(3) x SU(2) x U(1) theory of strong, week
and electromagnetic interactions, with the 3 generations of all the known
guarks and leptons.
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This is a chiral gauge theory, and it therefore potentially suffers from gauge
anomalies. However, it turns out that the contributions from the various
matter fermions cancel, within each family.

The quantum numbers of a family of quarks and leptons are the following:

Uy Uz U U
e : (3,2)1/6 » t(1,2)_q2
dy ds ds . l .

(ul (1) ’LL3>R . (»_5), 1)_2/3 I/E . (1, 1)0
’

(dl d2 d3)R . (g, 1)1/3 l% . (1, 1)1
The coefficients of the various anomalies are given by:

Cave = Y dave(R) = Y _symtr| T, TyT., .

A non-trivial anomaly can arise only when there are 0, 2 or 3 non-Abelian
generators, and any number of Abelian generators. This leaves 5 potential
types of anomalies, which all cancel.
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SU((3) — SU(3) — SU(3)

Only triplets contribute: C ~ 2 — 2 = 0.

SU(2) — SU(2) — SU(2)

Even doublets do not contribute, because they are real: C = 0.
U()-U(1)-U(@)

All fields contribute proportionally to the cube of they hypercharge:
C ~6-(1/6)%>+3-(-2/3)3+3-(1/3)%+ 2-(-1/2)3+ (1) = 0.
SU3)—-SU3)—-U@1)

Only triplets contribute proportionally to their hypercharge, so that
C~2.(1/6)+(-2/3)+(1/3) = 0.
SU(2)—-SU(2)—-U@1)

Only doublets contribute proportionally to their hypercharge, and
C ~3-(1/6)+ (-1/2) = 0.
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Thus all the dangerous gauge anomalies cancel in the standard model.
The need for this cancellation led to the prediction of the existence of the ¢
quark, before its discovery.

Another remarkable fact is that the gauge group SU(3) x SU(2) x U(1)
of the standard model can be unified in the larger simple group SO(10),
with all the 15+ 1 fermions of a family becoming a single 16 representation.

Anomaly cancellation follows then simply from the fact that the 16 spinorial
representation is real, and can thus not give anomalies.
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