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Abstract We illustrate how the Conformal Ward Identities
(CWI) in momentum space for parity-odd correlators deter-
mine the structure of a chiral anomaly interaction, taking the
example of the VVA (vector/vector/axial-vector) and AAA
correlators in momentum space. Only the conservation and
the anomalous WIs, together with the Bose symmetry, are
imposed from the outset for the determination of the cor-
relators. We use a longitudinal/transverse decomposition of
tensor structures and form factors. The longitudinal (L) com-
ponent is fixed by the anomaly content and the anomaly pole,
while in the transverse (T) sector we define a new parame-
terization. We relate the latter both to the Rosenberg original
representation of the VVA and to the longitudinal/transverse
(L/T) one, firstintroduced in the analysis of g —2 of the muon
in the investigation of the diagram in the chiral limit of QCD.
The correlators are completely identified by the conformal
constraints whose solutions are fixed only by the anomaly
coefficient, the residue of the anomaly pole. In both cases, our
CFT result matches the one-loop perturbative expression, as
expected. The CWIs for correlators of mixed chirality Jz J Jg
generate solutions in agreement with the all-orders nonrenor-
malization theorems of perturbative QCD and in the chiral
limit.

1 Introduction

Parity even correlators in d = 4 play a central role in CFT
and have been investigated in coordinate space [1,2] for quite
some time. Parity odd ones, instead, have attracted less atten-
tion, except for the JJJs and J5JsJ5 (or VV A and AAA,
where A and V refer to the axial-vector and to the vector
current respectively) due to the role of the chiral anomaly.

 e-mail: stefano.lionetti @unisalento.it (corresponding author)

The conformal properties of the VVA diagram, in the
coordinate space, have been studied since the 70’s (see for
instance [3,4]). In more recent years, its non-renormalization
property, which affects only its anomaly (longitudinal) part,
as shown by Adler and Bardeen [5], has been redrawn in
a more general context, given its relevance in the anal-
ysis of g — 2 of the muon [6]. The numerical value of
a, = (g—2), = Fm(0), which measures the muon anomaly,
is given by the Pauli form factor at zero momentum transfer,
and involves a soft photon limit on one of the two vector cur-
rents of the VV A diagram, which interpolates with Fy via
electroweak corrections.

In such special kinematic configuration, the correlator is
described by the longitudinal and transverse components wy,
and wr of the diagram. If we adopt such a L/T separation
of the vertex, wy does not receive radiative corrections, as
shown in [5]. Therefore, any constraining relation involving
both wy and wr is bound to identify combinations of form
factors in the T sector, which are protected against radiative
corrections. The conditions under which such nonrenormal-
ization constraints hold, may involve a special kinematics.
For this reason, the analysis of the correlator requires mov-
ing into momentum space.

It has been argued that in the chiral limit of QCD and with
a soft V line, the relation

wyp, =2wr (1)

holds to all orders in the strong coupling constant a [6].
This constraint is indeed reproduced by the bare fermion
loop, which is conformal, and is a byproduct of our analysis
of the CWIs in momentum space as well. Notice that, given
the complete overlap of the CFT result with the perturba-
tive one at the lowest order, identities such as the Crewther—
Broadhurst—Kataev (CBK) relation [7-9], are exactly satis-
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fied in our case as well (see [10]). The CBK identity connects
the Adler function for electron-positron annihilation with the
Bjorken function of deep-inelastic sum rules. Away from the
conformal limit, these relations acquire corrections propor-
tional to the QCD g function at higher orders.

A perturbative analysis of the radiative corrections of the
V'V A correlator in QCD at two-loop level (O («y), showed
that the entire vertex is also non renormalized [11], in agree-
ment with (1). However, at higher orders in o (O(af)), the
nonrenormalization properties of the entire diagram are vio-
lated and conformality is lost. In particular (1) is only limited
to the soft photon limit discussed in [6], as shown in explicit
computations [12].

In our analysis, the constraint in (1) can be viewed also
as a result of conformal symmetry, without resorting to a
perturbative picture, since in the unique solution of the CWIs
from momentum space, such constraint is verified. While the
result is expected, the procedure is novel.

One interesting aspect of the identification of the VV A
or AAA diagrams from the CWIs in momentum space, is
the centrality of the anomaly pole in the longitudinal sec-
tor, that allows to identify every part of the correlator. The
link between such massless state and the nonlocal anomaly
effective action has been stressed in the past in several works,
[13—15]. More recently, these analysis have been extended in
the investigation of chiral density waves, with local actions
[16,17]. These actions play a key role in very different con-
texts where either chiral or conformal anomalies are involved,
such as in topological materials [18,19].

1.1 Conformal analysis in momentum space

In coordinate space the identification of the structure of con-
formal correlators is quite direct, but does not provide much
information on the dynamical properties of those, among
them, which are affected by an anomaly.

In momentum space the vertices of such interactions have
been investigated, in perturbation theory, in terms of differ-
ent (minimal and non minimal) sets of form factors, whose
expressions can be calculated at one-loop level by standard
perturbative methods. At d = 4 the Schouten identities play
an important role in the choice of the most useful represen-
tations of such diagrams, and relate the form factors of the
different parameterizations. For instance, the w; /w7 decom-
position, that plays a fundamental role in the investigations
mentioned above, can be related to other representations of
the corresponding form factors.

Being a free fermion Lagrangian at d = 4 conformal at
tree level, the chiral anomaly fermion loop provides a simple
free field theory realization of the VVA vertex, which is also
conformal. As we have mentioned, the conformal symmetry
is eventually broken by radiative corrections only at order

af, in the strong coupling constant. Anomalies arise from
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the region of the correlator where all the external coordinate
points (x, y, z) coalesce, and for this reason, by a Fourier
transform, their analysis in momentum space has the advan-
tage of including this region rather automatically. While the
conformal contributions to such correlators at d = 4 are
described, as mentioned, by the simple massless fermion
loop, the identification of the kinematical structure of the ver-
tex in momentum space - without any reference to a Feynman
diagram realization and using only the Ward identities (WIs)
of the case — has never been discussed before. This is the goal
of our work.

We are going to close this gap and show how the entire cor-
relator is fixed by the anomaly also if we resort to a momen-
tum space analysis. We will be using a variant of the separa-
tion of the CWIs into primary and secondary equations [20],
in which the anomaly constraint on the longitudinal form
factor is imposed from the beginning. This approach dif-
fers from the cases discussed so far for 3-point and 4-point
functions affected by the conformal anomaly, since in that
case the anomaly emerges from the renormalization proce-
dure, realized by the inclusion of a Weyl squared counterterm
after renormalization (see [21,22] for a Lagrangian formula-
tion). Renormalized parity even correlators, type-A and type-
B Weyl anomalies have been discussed in [23,24]. It is well
known that for a VVA vertex, as for any anomaly interaction
which is purely topological, the process of renormalization
can be entirely bypassed by imposing the anomalous WIs on
the external currents. Our approach extends to chirally odd
three-point functions the methods used in the analysis of the
parity even ones in momentum space [20,25], in the presence
of a chiral anomaly, and can be formulated also for higher
point functions.

Recently novel approaches have been adopted for the con-
struction of parity odd correlation functions. In particular in
[26] it is shown that parity odd CFT 3-point functions can
be obtained by doing epsilon transformation starting from
parity even CFT correlation functions. Moreover, in [27] the
authors use both the momentum space CWIs as well as spin-
raising and weight-shifting operators to fix the form of par-
ity odd correlators. However both [26,27] do not consider
anomalous correlators.

A recent analysis of 3-point functions for parity even cor-
relators with non-conserved currents of arbitrary spin has
been discussed in [28]. Moreover, another recent analysis
on the conformal bootstrap equations in momentum space at
finite volume has been discussed in [29].

1.2 Massless intermediate states in the anomaly: the pivot
The construction of the entire correlator proceeds from the

anomaly pole, that plays a key role in any anomaly diagram.
This takes the role of a pivot in the procedure, and it allows
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to solve for the longitudinal anomalous WI quite straightfor-
wardly.

The tensorial expansion of a chiral vertex is not unique,
due to the presence of Schouten relations among its tensor
components. For instance, an anomaly pole in the virtuality
of the axial-vector current — denoted as 1/ p% in our nota-
tions — can be inserted or removed from a given tensorial
decomposition, just by the use of these relations.

These identities connect two of the most common repre-
sentation of this vertex, the first of them introduced long ago
by Rosenberg [30], expressed in terms of 6 tensor structures
and form factors, and the second one [31], more recent, intro-
duced in the context of the analysis of the g — 2 anomalous
magnetic moment of the muon. The latter, which is the most
valuable from the physical point of view, allows to attribute
the anomaly to the exchange of a pole in the longitudinal
channel [13,32,33].

In this second parameterization of the vertex, the decom-
position identifies longitudinal and transverse components

1
(JM(Pl)JMZ(pz)JSM(pﬁ) — W (Wllflllzlts _ W]lflﬂzlﬂ)
2

where Wr is the transverse part, while the longitudinal tensor
structure is given by

L1213 "3 o — M3
WL =wy p} eMtim2p PlpP2e = Wi Pl etim2pip2

3

wy is the anomaly form factor, that in the massless (chiral or
conformal) has a 1/ p% pole. In the case of gauge anomalies,
the cancelation of the anomaly poles is entirely connected
with the particle content of the theory and defines the con-
dition for the elimination of such massless interactions. The
total residue at the pole then identifies the total anomaly of a
certain fermion multiplet.

A similar behaviour holds for conformal correlators with
stress energy tensors, where the residue at the pole coincides
with the S-function of the Lagrangian field theory, and is
determined by the number of massless degrees of freedom
included in the corresponding anomaly vertex, at the scale at
which the perturbative prescription holds [15].

As illustrated in Fig. 1, the pole emerges from the region
of integration in momentum space in the VVA loop when an
effective interaction, mediated by the fermion/antifermion
pair is generated. The two collinear (on-shell) particles
describe an effective pseudoscalar interaction interpolating
between the incoming axial vector and the two outgoing vec-
tor currents.

Away from the conformal limit, when the VVA diagram
is recomputed with the inclusion of a fermion of mass m, one

- L

(a)

Fig. 1 The fermion loop (a); the collinear region (b); the effective
pseudoscalar exchange (c¢)

discovers the presence of a sum rule satisfied by the spectral
density of the form factor wy of the longitudinal channel.
Such form factor (wy ) is characterised by a spectral density
p(s), whose integration in the region 4m> < s < 0o in the
dispersive variable s, related to the virtuality of the axial-
vector current, is mass-independent and given by

/‘00 ds ,o(s,mz) =a 4
4

m2

where a is the anomaly for a single Dirac fermion. For on-
shell vector lines the perturbative vertex reduces only to the
longitudinal component Wy .

The separation into transverse and longitudinal contribu-
tions appears to be ambiguous, in the sense that one could
always add and subtract transverse contributions to the pole
part. However, one can show that such 1/ p% behaviour does
not depend on the parameterization of the fermion loop. This
important point is illustrated in the case of the longitudinal
transverse (L/T) representation, once this representation is
mapped to the Rosenberg representation, as we are going
to comment below. A perturbative reparameterization of the
loop momentum in the anomaly diagram is equivalent to the
inclusion of Chern—Simons terms in the representation of
two of the six form factors (B and B») that we are going to
define in the next sections, but it is independent of them in
the second parameterization (wy, ~ By — By).

Our analysis shows the centrality of the pole in determin-
ing the general solution of the CWIs, that is only fixed by the
anomaly. Some of these points are reviewed in the appendix
for completeness. The procedure follows a decomposition
similar to the one used in the case of correlators of stress
energy tensors. It is based on the parameterization of such
correlators in terms of a transverse traceless and a longitudi-
nal sector. In the conformal case the trace anomaly sector of
the correlator, identified by pole structures similar to the one
that we are going to discuss here, needs to be modified by
the inclusion of traceless Weyl invariant terms [34,35]. These
are necessary to decompose the correlator into two traceless
and trace parts which both satisfy energy momentum con-
servation. In the case of the chiral VVA the procedure is far
simpler.

In the case of the AAA diagram, as we are going to see, we
are going to encounter contributions which are proportional

@ Springer
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Fig. 2 Distribution of the axial
anomaly for the AAA diagram

to Chern—Simons (CS) forms. These are terms linear in two
of the three momenta and allow to move the anomaly form
one vertex to the other. For instance, in a perturbative evalu-
ation of the VV A and AA A diagrams, in the chiral limit, the
anomaly can be moved around the vertices by the inclusion
of such CS terms

—8;”8"”““2“3(171 — P2)a-

&)

(Jr gk sy = (JE g gy +

The term e**1#213(p; — py), corresponds to the Chern—
Simons contribution.

In our analysis we proceed from the V'V A case, then turn-
ing to the AAA and show in both cases how primary and
secondary CWI can be solved quite efficiently in momen-
tum space. As shown in Fig.2, the structure of the AAA is
dictated by symmetry. One can move around the anomaly
content, from the AAA with CS terms in order to obtain the
VVA [36]. Our solutions are then compared with the two
most common representations of such diagrams, the Rosen-
berg and the L/T one. The latter is particularly useful for the
role that provides for the longitudinal component of the cor-
relator. The same representation has been used in the past for
the derivation of new nonrenormalization theorems in pertur-
bative QCD, in the chiral limit. This result has been derived
in [31] and is confirmed by the formal analysis of the CWIs,
once we turn to discuss the relation between an AVV and
a V'V A diagram, whose difference, in our analysis, is found
to be expressed in terms of a CS form. For convenience, we
have included an appendix where some of the more technical
aspects of our derivation are collected.

2 The conformal (VV A) correlator
2.1 Longitudinal/transverse decomposition

The analysis of the conformal constraints for (JJJs), as
already mentioned, is performed by applying the L/T decom-
position to the correlator. We focus our analysis onthed = 4
case, where the conformal dimensions of the conserved cur-
rents J# are A = 3 and the tensorial structures of the correla-
tor will involve the antisymmetric tensor in four dimensions
€"B The procedure to obtain the general structure of the
correlator starts from the conservation Ward identities

Vu(J*)y =0, Vi (JE) = ae'P? Fu Fpo (6)

@ Springer

of the expectation value of the non anomalous J# and anoma-
lous JS’L currents. The vector currents are coupled to the vec-
tor source V,, and the axial-vector current to the source A,.
Applying multiple functional derivatives to (6) with respect
to the source V/,, after a Fourier transform, we find the conser-
vation Ward identities related to the entire correlator which
are given by

Pip; (S (p0)I*2(p2) IS (p3)) =0, i =1,2
P3us (S (1) I (p2)J57 (p3)) = —8aighPhikz (7

where gP1P2H112 = 8“’3“1”2p1ap2ﬂ and the momenta are all
incoming. From this relations we construct the general form
of the correlator, splitting the operators into a transverse and
a longitudinal part as

JE(p) = j*(p) + jl.(P).

%

J= i p) (), wh(p) =8l — Pl
3)
o, p"
Jioe(P) = —=p-J(p)
p

and
JEP) = JE (D) + Jdpe(P),
J¥ =wl(p) J¢ (p), ©

" "
Jsi0e(P) = s p-Js(p)

Due to (7), the correlator is purely transverse in the vector
currents. We then have the following decomposition

(I (p) T2 (p2) JL (p3)) =
M (P j* (p2) j47 (p3)) (10)
+ (JH (P T2 (p2) e (p3))

where the first term is completely transverse with respect to
the momenta p;,;, i = 1,2,3 and the second term is the
longitudinal part that is proper of the anomaly contribution.
Using the anomaly constraint on js;,. we obtain

(T (P12 (P2) J§ e (P3)) =

M3
p
= paay (T (P TP (p2) I (p3)) =

p3

— 8a2i8p1p2mu2 pl313 (11)

P3



Eur. Phys. J. C (2023) 83:502

Page 5 0of 20 502

On the other hand, the transverse part can be formally written
as

Y(p3)) =l (pO)7l2 (p)7l? (p3)

X [Al(pl, p2, p3) eP1p2e1ez plis

20103

G*(p) " (p2) js

+ Aa2(p1, p2, p3) eP1P219 p32

+ A3(p1, p2, p3) 8”1”2"‘2‘131721

+ A4(p1, p2, p3) ghroiaes

+ As(p1, p2, p3) 8[72“1“20‘3]
(12)

where we have made a choice on which independent
momenta to consider for each index, and in particular

o] <> p1, p2, Q2 <> p2, p3, Q3 <> D3, Pl (13)

The correlator has to be symmetric under the exchange of the
two vector currents and this fact is reflected in the symmetry
constraints

As(p1, p2, p3) = —Az2(p1, p2, p3),
As(p1, p2, p3) = —A4(p1, p2, p3),
A1(p1, p2, p3) = —A1(p1, P2, P3) (14)

reducing by two the number of independent form factors.
Furthermore, in d = 4 a class of tensor identities has to be
considered, for instance the Schouten identity

shlar gmaspipal _ (15)

From this type of tensor identities we find that

M1 2 o A3 Al oprp2o2a3 | ] 2 o A3
oy Tay Tas (p2 & > Ty, Toy Ty

X (_(p2 . pl)gmalazm_'_p% 81710!10!20!3_pg3 81’11720!10!2)’ (16)

K1 U2 o 43 A2 IO | Ml 2 A3
oy oy Moy (p3 & > Ty Ty Ty

(= permene g (- prjeraeses — e,
(7)
reducing the number of independent form factors just to two.

We conclude that the general structure of the transverse part
is given by

(" (D" (p2) jd7 (p3)) = 7wl (p1)7f
X [Al(Pl, p2, p3) eP1P2eer piis

+ Aa(p1, pa, p3) V14124 — Ay (pa, pi, p3)81?20!1a2a3]
(18)

2(p2)1)d (p3)

where A1 (p1, p2, p3) = —A1(p2, p1, p3).

2.2 Dilatation ward identities

We now start to analyse the conformal constraints on the form
factors. In this and the next sections, we closely follows the

methodology adopted in [20]. The invariance of the correlator
under dilatation is reflected in the equation

3 2
0= (ZA,-—M—Z p;‘ap%> X
i=1 i=1 !
(JH (p1) T2 (p2) J57 (p3)) (19)

Considering the decomposition (10) in the previous equation,
then the transverse part of the correlator has to satisfy

3 2
ad
i=1 i=1 !
(*1 (P (p2) 57 (p3)) (20)

By using the chain rule

3
ad apj ad
= E P 2D
Iz g
api j=1 D; 8p]
in term of the invariants p; = | pi2|, we rewrite (19),

considering A1 = Ay = d — 1, for the form factors in order
to obtain

Zp,—_— A3—2—Nj)A; =0, (22)

l

with N; the number of momenta that the form factors multi-
ply in the decomposition (18) and then we have N1 = 3 and
Ny, = 1.

2.3 Special conformal ward identities
The invariance of the correlator with respect to the special

conformal transformations is encoded in the special confor-
mal Ward identities

32 32
= p + p'{
Z apjl( / 8pj ap]K / ap(}l apjoz

j=1
X (JH(p1)J"2 (p2) I3 (p3))
9 9
2 ( sHx -5« Jo JH2(po) k3
+ ( apT 8171#1)( (p)J"*(p2)J5° (p3))

@ Springer
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a
+2 <5M2K apo‘2 _522 % ) (Jul(pl)Jaz(pz)JSM (p3)) + 8P1KM1M2P§*3 + 81?1#1#2#3],2). (30)
2 M2
= K (JM (p) I (p2) 47 (p3)). (23)

The special conformal operator K* acts as an endomorphism
on the transverse sector of the entire correlator. Therefore we
can perform a transverse projection (3 — 7 projection) on all
the indices in order to identify a set of partial differential
equations corresponding to the primary constraints [20]

0= 7}l (pO)m,2(p2)m,2 (p3)x

(/C'((J’“(1!71)J“2(1t72)J5”3 (ps))) (24)

splitting the correlator into its transverse and longitudinal
parts. Using the Schouten identities listed in Appendix A,
we decompose the action of the special conformal operator
on the transverse sector using the transverse projectors. One
can show that the action of the operator is endomorphic in
the transverse sector. Therefore we have

i (P72 (po)m) <p3)<16“ G (P12 (p2) jd° <p3)>)

= 7 (P72 (p2)7)3 (p3) XKHH2Hs, (25)

where the tensor X*/1#213 can be constructed using a set of
possible tensor structures, of the form

MM U3 DT 4K HIMU2U3 P2 K 12 P12 M3 K
e Ppl, & ppl’ & pppl P>

n2 Kk MH1 Kk
8H1M3P1P2p3 i, 8/‘«2#3[’1[’21)2 i, (26)

whose complete list is given in Appendix A. These tensor
structures are not all independent, and are simplified using
some Schouten identites in order to find the minimal number
of tensor structures in which X can be expanded. The first
two identities are

glmamsepr grale _ (27)
glmamseprgurle _ o (28)

that can be contracted with p1, and p, to generate, after the
projection, tensor identities of the form

Mopra A3 [ opikpipns ,H2 ) A Aa A3
”m”uz”m(s P3| = T Ty s

2 KU1 13 IRIH2 U3 K 1K pH2 13
x(—pla’”‘“ - gPIRIRAN ke gPIKHIH

(29)
Mopro A3 [ opikcpopus ,H1 ) A Ao A3
T s s (8 %) ) =T T s
1
2 2 2 K
x (z (07 + 93 — p3) exman

@ Springer

More technical details and a full list of such tensor relations
is given in the Appendix. Combining all the expressions we
obtain the projected equation

i (pOm2 (po)m) (P3)(/CK (" (p1) " (p2)je° <p3>>>
=7/ (p0))2(p2)7)3 (p3) [ Py ( Cyy gh1Hansp)
+ Cpp ghti2m3py 4 Ci3 gumzplpzpi“)
+ pf(Czl gHIRUIPL 4 (Cyy gHIH2U3P2

“3
+ Cyzehirapippl )

+ C318KM|M2M3 + C328KM|M2P1 pll“

+ C338"“"‘2”2p’f3 + C348w1mp25mu3

+C358KM2PIP25MIM3 +C368KM3P1P25M1M2:|’ (3])

where the C;; are scalar differential equations involving the
form factors. In particular, Cy; and C5; are of the second
order, while all the others are first order differential equations.
The action of K on the longitudinal part is then given as

T (P2 (P73 (p3) <IC" (JH (p)J™? (pz)jgf;m(m)))
=7l (P72 (p2) T (p3) [ A g g
= 7 (p) w2 (p2) T3 (p3) [A<€f<uzp1p25mu3

— FHIPIPLGIMS | gk AP plS | SKILlliszpllB)]’

(32)

where

16ai(A;—1)

A=
P3

(33)

is related to the chiral anomaly. Due to the independence
of the tensor structures listed above, the special conformal
equations are written as

Cij=0, i=12 j=123 (34)
C3 =0, 35)
G+ A=0, j=2,3,5 (36)
Cyy—A=0, 37
C3=0 (38)
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the explicit form of the primary equations (34) is

K31 A1 =0,
K3 A; =0,
K31 Ay =0,
4 2 0
K3 Ay =| — — —-— | A2(p1 < p2) + 24,
Py P1Opi
4 2 9
K31 Ax(pro p)=|—5— —-—-)A2—2A1
p5  P20p2
K33 Ax(p1 < p2) =0, (39
where we have defined
d+1—-2A;) 0
K = +¥ Kij =K; — Kj.
ap? pi pi’

(40)

These equations can also be reduced to a set of homogenous
equations by repeatedly applying the operator K;; and we
have

K31 A1 =0,
K31 Ay =0,

K3 A1 =0,

(4D
K3 K3 Ay = 0.

2.4 Solutions of the CWIs

The most general solution of the conformal Ward identities
of the V'V A can be written in terms of integrals involving a
product of three Bessel functions, namely 3K integrals [20].
For a detailed review on the properties of such integrals, see
also [37]. We recall the definition of the general 3K integral

La(p1p23) (pl,pz,pz»):/dxx ]_[p Kg, (pjx)  (42)

where K, is a modified Bessel function of the second kind

w1y (x) — Iy (x)
K ()C) ) W, Vv ¢ Z

I”(x)=< ) ;F(k+l)l"1v+l+k)< )2k

(43)

with the property

Kn(x) = lim Ky1e(x), neZ (44)

We will also use the reduced version of the triple-K integral
defined as

Infiy) = I%—1+N{Aj—%+kj} (45)

where we introduced the condensed notation {k ; }={k1, k2, k3}.
The 3K integral satisfies an equation analogous to the dilata-
tion equation with scaling degree [20]

deg (JN{kj}> = A +k—2d—N (46)
where

ke =ki+ka+ks, Ar=A1+ A+ Az (47)
From this analysis, it is simple to relate the form factors to the
triple-K integrals. Indeed, the dilatation Ward identities tell

us that the form factor A; needs to be written as a combination
of integrals of the following type

IN;+ky k1 K2 ,k3) (48)

where N; is the number of momenta that the form factor
multiplies in the decomposition (18). The special confor-
mal Ward identities fix the remaining indices &y, k; and k3.
Indeed, recalling the following property of the 3K integrals

KomIn(i;) = —2ZknIn1 (-5} + Zkm Ins1{k;—s;,) (49)

we can write the most general solution of the homogeneous
equations (41) as

A1 = a1 J3{0,0,0 (50)
Ar = a3 J1(0,0,0y + @3 J2({0,1,0}- (5D

Applying this general solutions to the non-homogenous
equations (39), we find the constraint

oy = =23 (52)
and the solution reduces to

Ay = a1 J3{0,0,0 (53)
Ay = —2a3 J1(0,0,0y + 3 J2{0,1,0}- (54)

We now consider the first order differential equations (35),

(36), (37) and (38) in their explicit form, ignoring the trivial
ones. We start with

c 4 2 9 A 4 2 9

6=\>3—-—7- |4 |33
p;  P29p2 pi PP
Az2(pr < p2) =241 = (55)

and using the property of the 3K integral

—PnIN+1{kj =5, (56)
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we have
C36 = 2011 J310,0,0y = 0,

(57
obtaining the constraint

a; =0. (58)

Taking into account this constraint, we consider the other
secondary Ward identity as

0 d
C31=2pr— Ax(p1 < p2) —2p1— Az
ap2 ap1
2(p? + p3 — p3)
+ =5 piA2 — p3 As(pi < p2)
PiDP>

2p1-p2 9 2p1-p2 0
+———A)—————A2(p1 < p2)=0,
P2 Op2 p1 Api
(59)

and this equation with the constraints obtained before on the
coefficients ; is trivially satisfied. The last equation we have
to consider is the one related to the anomaly that takes the
form

2 d 0
(Pz— +pi—+ 2) (Az + Ax(p1 < Pz))
P3 ap ap1

4 29
- ( ) Ax(p1 < p2) — A=0. (60)
pt  pip

This equation can be easily solved by taking the limit p3,, —

0, piu = —p2u = pu-Assumingthato > g, —1and B3 > 0,
we can write [20]
hm Ly(p;y (P> —P> P3) =ph ailea{ﬁj} o
and then
lim Jn ;) (P, =ps P3)
P>
= lim / .
p3—0 %—1+N{Aj_g+kj}(l7 p. p3)
ki+A3—2—N
- Cronfa-goi | )

where

_ 2*TT(By) F<a+ﬂz+1_ﬂ>
i) = Ta— s+ 1) 2 ’

«T <ﬂ +ﬂ1>

2
«T <¢ + 52) r (#) . (63)

@ Springer

With this limit the equation can be solved and we have, with
d = 4 and A3 = 3, the constraint

a3 = 8ia. (64)
In summary, once the conformal constraints are solved, we

find the solution of the transverse part in terms of one coeffi-
cient, proportional to the anomaly and in particular we have

(M (P " (p2)j87 (p3)) = ki (pO7k2 (Pl (p3)

X [Sia( — 2 J110,0,0) + J2{0,1,0}> ghraiones
_ 8ia< -2 Jl{O,O,O} + ]2{1,0’0}> 8P2a1a2a3:| 65)
or in terms of the simplified version of the 3K integrals as

D210,1,00=13(1,2,1}> J2(1,0,00=1302,1,1}-
(66)

J110,0,00=12(1,1,1}»

Explicitly we have

M (p) " (p2)js

X [( — 2L+ 13{1,2,1}) ghre1oes

— (—212{1,1,1} + 13{2,1,1}) 8p2“1“2“3:|~ (67)

*(p3)) = Siaml (pO)7h2 (p2)7f? (p3)

Furthermore, this expression can be reduced by noticing that

2D+ Buany = p3 Guaoas (68)
2 b+ Bpay = piBos (69)
finally giving for (67)

(" (p)Jj" (p2)ji7 (p3)) = Biawl! (p)mf2 (p2) 7l (p3)

X [P% L1,0.1y 91192 — p? 13{0,1,1}8”2“‘“2“3} (70)

3 Reducing the 3K integral in the solution

Using the reduction relations presented in [37,38] we have
that the solution is finite and can be reduced to the standard
perturbation results as

82

0p10p3

I3{1,0,1y = p1 P3 110,00} (71)

where 11(0,0,0) is the master integral related to the three-point
function of the operator ¢? in the theory of free massless
scalar ¢ in d = 4. Indeed through the relation between
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the master integrals and the massless scalar 1-loop 3-point
momentum space integral

I1j0.0.0) = Qm)*Ka 111y = 21)?

y d*k 1
QrYA k2 (k — p1)? (k + p2)?
i 2 2 2
= 47_[_2C0(p]7p27 p3) (72)
where
© [ d% 1
010203 = |0 d (2% (k= p2)® ((k + p2)2)t

(73

By using the relations of the derivative acting on the master
integral presented in [21], and analytically continuing Cy to
d dimensions we find that

0 2 2 2 1
—Co(p?, p3, =—-12(d-3
p33p3 o(p1s P53, P3) T ( )

X |:(p% — p% + p%)BO(P%)
+(p3 + p3 — PDHBo(p3)

- 2p%Bo(p%)]

+[<d—4><p%—p%>2—<d—2)p§‘

+2p3(pi + p%)}

x Co(pt. p3. p%)} (74)
where A is the Killen A-function

A= (p1—p2—p3)(p1+ p2—p3)(p1 — p2+ p3)
x (p1+ p2+p3). (75)

Then

X J 1
—4n%i By 0,1 = pi ax{Z(d - 3)[(.0% — 3+ pHBo(ph)

+ (P + p3 — PDBo(p3) — 2P§Bo(P§)]
+ [(d —&(p} = p3)* — (@ —2)p3 + 205 (] + P%)]
Co(pt. P2 P%)}

_ _w{w - 3)[(17% —p3+ DB

+(p3 + 3 — PDBo(P3) — 2p§Bo<p_%>]

+ [ —(d—=2)p3+2p3(pi + p%)]cow%, p3, p%)}

+ %{2@ -3 [21)% Bop)) + (0% — p} + pd) (d — HBo(p?)

—2p} Bo(p%>] +4pip} Copt. p3. p3)

+ %[ —(d-2)p3+2p3(p + p%)} [2<d -3)

x <<p% +p3 — PDBo(p3) + (P — p3 + P Bo(p3) — 2p%Bo<p%>)

+ (= @=2p!+ 2033 + pD) o0}, P2, p_%)]}

10 —4). (76)

This expression is finite in the expansion around d = 4 and
the result simplifies to the form

I
Loy (Pt p3» p3) = m{ —2pip} [pf (p§ — 217%)
+ 1+ pip —2p5 + pé‘]Co (pf, p3. p%)
2 2 2\? 2.2 4 p%
+ P ((Pl - Pz) +4pyp; — P3> log 2

2
2 2( 2 2 P12
+4pip3 (Pl —P3)10g ?
3

2
P
—~ p%((p% — P +4pip} — pi‘) log (p—i)
3
— APt —p3 + p%)} 77)

with the form factor given by

CFT .
ASED (1, pa. p3) = 8ia p? oy (p3. p3. pD. (78)
3.1 Perturbative realization of the correlator

The same approach that we have investigated in the previous
section, can be redone in the context of a free field theory,
with a single chiral fermion. The steps are the same as above,
with the correlator expanded in the same basis of form fac-
tors identified above using (10) and (12), using a free Dirac
fermion and the only form factor A; is given by

AP _ Tl n
2 2722

2 2\? 2.2 4 Pt
x [(pl —Pz) +4P3P2—P3} log p—§

2
2| 4 2.2 2 2 2 P
+ p3 171—41)1172—(192—193) log 2
3

2
p
+4ptp3(p1 - p3) log (p—;)
3

{—X(pf—p§+p§)+pf
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—2pip3 [p% (pﬁ - 2p§) +pl+ P3Py —2p5 + p?}

x Co (p1. p3. 13) } (79)
On can directly check the complete match between the per-
turbative and the CFT result, once the anomaly coefficient is
chosen of the form

ied

4 The conformal (AAA) correlator

In this section we illustrate how conformal invariance com-
pletely determines the structure of the (Js5J5J5) correlator.
Differently from the (JJ Js5) correlator, a 3K integral regu-
larization is needed in this case. Therefore, we will work in
d = 4 + € and then perform the limite — 0.

4.1 Longitudinal/transverse decomposition

First of all, we consider the anomalous Ward identity

" o__ nvpo A A
Vs =de FivFos

81

where F ,fu is the gauge field coupled to the axial current.
We impose such identity symmetrically on the all the three
external axial-vector currents of the AAA correlator, leading
to the following equations

Piu (JE (P JE2 (p2) JE3 (p3)) = —8a i g1P21213

P2 (JE (p1)JE2 (p2) JE3 (p3)) = 8a' i eP1 72113

D3y (J41 (PO (p2) I (p3)) = =8 i e P212 - (82)

Notice that the equations above are symmetric in the three
momenta, but for technical reasons we prefer to express them
only in terms of p; and p,. Note that, if we contract the
correlator with multiple momenta at the same time, the result
is zero.

We can then decompose the correlator into the following
transverse and longitudinal parts

(787752 85 ) + (o 487 J57)

{15 8 Te 757 ) 175 75 5 e )

(/5" 52 J57) =
(83)

@ Springer

The longitudinal parts are completely fixed by the anomalous
Ward identity above in the form

/.
a ZEPIPZM-ZILS M1
2 Py

P
a'i

PID2II 3 5, M2
7 ¢ 1%

1%}

(JEY (p1) JE2 (p2) &5 . (p3)) = —

(J¥oe (p1) JE2 (p2) jL7 (p3)) = —

(JE (p) JEL. (p2) &7 (p3)) =

a'l
PLP2 12 4 13
5 € P37

p3
(84)

On the other hand, the transverse part can be expressed as

(J&" (pv) JE* (p2) &7 (p3)) = 7l (p1) ml?
x [A(pl’ P2 p3)5mp2alazp(f3+A(P1, p2, p3)el1erers

—A(p2, p1, p3)81720¢1012a3:|'

(p2) 7l (p3)

(85)

Differently from the (J J J5) correlator, there is an additional
Bose symmetry condition we have to consider: {p1, 1} <
{p3, n3}. Therefore, in this case, there is only one indepen-
dent form factor. Indeed we have

A(p1, p2, p3) =
A(Pl D2, p3)+A(P2 P% P1)+A(P3 P, P2) (86)
P] + Pz + I’3
and moreover
A(p1, p2, P3)
_ (i =P+ PDAWPs. pa. p1)*2p2A(p1 P3. p2) — 2p3A(p2. p1, p3)
P1 + Pz + P3
(87)

For now on we will ignore such relations and we will treat
A and A as independent quantities. We can still check later
that our final result is invariant under the exchange of the
currents.

4.2 Dilatation and special conformal ward identities

The dilatation Ward identities of the transverse part are not
affected by the longitudinal terms. Therefore the constraints
are the same of the (J J Js) correlator

Y .
D pin-—(85=5A=0
im Di

Zm——(Aa—S)A—o

(88)
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The invariance of the correlator with respect to the special
conformal transformations is encoded in the following rela-
tion

0 ==}l (p0) )2 (p2) )3 (p3) K
5420 (o 22 8°)+ U e 1)
(s 5 5 oc )]- (89)

We procede in a manner similar to the (JJJs5) correlator,
using the same Schouten identities. We can then decompose
the contribution of the transverse part into the following form
factors

i (P72 (po)m) <p3)<16”<j“' (P " (p2)j° <p3)>)
= (pl)nﬁg(pz)nﬁg(m)[pf ( Cyy gh1H2k3P)
+Cp2 gh1Hal3py 4 Ciz 8#1#2/’1/’2])?‘3)
+p§ < C21 8#1#«2/43171 + C22 8M1M2M3P2

3
+ C23 8M1H2P1P2p1 >

+C318KM1M2M3 + C328KM1M2P1pllL3

+C338KM1M2P2P§L3 + C348Ku1mp25ﬂw3

FCs5ei2PIP2 g1 | C%Sw,zmpzamuz}

where the explicit expression for the form factor is the same
of the (JJJs5). However, both the primary and secondary
equations will contain anomalous terms from the longitudinal
parts of the correlators. Indeed, the primary Ward identities
are given by

16(d — 2)d'i
Cu=0 GCu=—-——F5—
Pi
16(d — 2)d'i
Cop=——7F—" Cn=0
P3
Ci3=0 (=0 (90)

while the secondary equations can be written as

_8id'(d = 2)(p1 — p2)(p1 + p2) (PT + P} — P3)

C3 =
pip;
32id’  16id'(d — 2)
P3 P1
32ia’  16id'(d —2)
Cy3=—5— 2
P3 12
32ia’ 16ia’(d — 2)
Cu=-——3 2
P3 1%}

16ia’(d —2) 32id
C35 = — 2 2
Pq pP3
16ia’(d — 2)(p1 — p2)(p1 + p2)
Cse = — P2 21’ 14 1% 1)
PiD>

The explicit form of the primary special conformal Ward
identity is

K31 A =0,
KpnA=0,
K31 A =0,
d—2 1 0
K3 A =2 7 — — o |A(p1 < p2)
PT p1p1
_ 164d'i (d —2)
+2A4 ——=
P
d—2 1 0
K3yt A(pr < p)=2{—7F——7—]4
P3 P2 9p2
-~ l16ad'i(d -2
_2A+%’
D3
K3 A(p1 < p2) =0 (92)

These equations can also be reduced to a set of homogenous
equations by repeatedly applying the operator K;;

K3 A= 0, 93)
K3 K3 A =0, 94)
K31K31 A(p1 <> p2) =0 (95)

K31 A =0,
K31 A=0,
K32 A(p1 < p2) =0,

As we can see, the presence of anomalous terms in the pri-
mary equations does not affect the structure of the homoge-
nous equations which are exactly the same of the (JJJs)
correlator.

4.3 Solutions of the CWIs

The solutions of the primary homogeneous equations can be
written in terms of the following 3K integrals, extending the
previous approach of the VV A

A= a1 30,000 =1 ld pd g d g d gy (96)
A = a2 J110,0,0) + @3 J200,1,0) = 0!21%{%_1,%_1,%_1}
tosly go14.4-1) ©7)

Inserting our solutions back to the non-homogeneous equa-
tions, in the limit p3 — 0 we find

J_4 ia/297% (@ - 2)sin (%)
— o =- +o +a3(d—2).

2T (% + 1)
(98)
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We then focus on the first two secondary equations in (91).
The explicit form of the first equation is

PPy

p2
— 3{ PIP3A+(d—2)
P P2

x [p%A — p3A(py < p1) + 8id (p} - p%)]}

1 9
p1)— ——A
P2 0p2

d d
—2p1—A+2p2—A(p2 < p1) 99)
ap1 p2

1 3

2 2 2

+(p +p —p)(ffA(pz
P2 ) pyapy

which leads to the condition

ia'20-% sin (%)) .
(5 +1)

The explicit form of the second equation in (91) is

2pt4(d -2 2
0=—2—p1 ( )p3A(p ep1)+2( p—‘z)

ar=(d—-2) (—Ol3 + (100)

P1P3 P3
19 2p1 9
X A o P = T
p1p 3 0p1
2ps 3 2py 0
AT Ay o p) -
P3 p2 P3 d 3
it pidp) o g
p3 api
L p2(Cpitri=3p3) 8 5 2(2pi-2p3+p3) A
p3 9p2 r3

(101)

d—2 2
P P3

which leads to the constraint

c raT=% 5 . (md
az = fa 2 td lzlsm( 2 ) (102)
m(d -4 (5+1)

The other secondary equations don’t impose any other con-
straints. We insert such conditions into our solution and use
the following property of the 3K integral

1

[SES

+1{4-1,¢.4-13 = P21d+1{‘171 4241

+(d — 2)1%{%_1’%_1’%_” (103)

in order to arrive to the following expressionind =4 + €

A=0,
A= 24ia/p513{1,0,1} +8ide ]2_‘_%{14_%,1_‘_%,14_%}. (104)

@ Springer

Note that we are keeping the second term of A because the
3K integral has a pole in €. In the end we have

(s (p0) J5* (p2) J5~ (p3) =

it (p1) mh? (pz)ng;(p3)24ia’x

. (105
[(13{1,0,1}192 +t3 2+§{1+g,1+§,1+§}) griencas - (109)

2 € oo
—(thJ}Pr+§ H€U+§H§J+%)8ml Zﬂ

4.4 Connection with the (V' V A) correlator

Recalling that a’ = a/3, our results are in accordance with
the formula

1

o sy L
(i )=3

&g i (<j§“j“2j“3)+(j“‘j;zj“3>+<j“1j“2jg3))

(106)
In order to prove such formula we use the relation

("1 (p) J** (p2) 57 (p3)) = 7l (p1) 7l (p2) 7l (p3)

% 24id [13{]’0‘1} ]J% g1y B0.1.1) P} 81?2(110120!3]
(107)

At this stage, exchanging the second current with the third,
we have

M (p1) J§2 (p2) J (p3)) = ml (p0) mli2 (p2) 7wl (p3)

x24id [— (P% Byo.1,1) + p3 13{1,1,0}) ghreanes

2
- pi o1 81720!10!2(13’]

(108)

while, exchanging the first current with the third one, we
obtain

(J&" (p1) J" (p2) J™ (p3)) = 7l (p1) Th2 (p2) Y (p3)
x24id I:pg I310,1 ghra1xaes

+ (p% Loy + 3 13{1,1,0}) 8”2“‘“2“3]
(109)

Summing the last three equations and using the following
identity of the 3K integrals

2 2 2
P10 +paBuon 36,10y = —€ hicis 145,149

(110)

we arrive at Eq. (105).
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5 Comparison with other parameterizations

Having established the agreement between the perturbative
(lowest order) and the non-perturbative computation of the
correlator, we try to relate the result of the expansion intro-
duced in (12) with the two most popular parameterizations
of the same vertex.

As we have already mentioned in the introduction, the
original parameterization of the V'V A was presented in [30].
Lorentz symmetry and parity fix the correlation function in
the form

(JH(p1)J*2(p2)JE7 (p3)) = Bi(p1, pa)el #1121
§ Bo(p1, pa)eP2 IS 4 By (py ) pa)el PRI p 12
+ B4(p1, pz)gmpzmmpgz + Bs(p1, p2)8P1P2M2M3pi‘1
+ Be(p1, pa)eP1P2H2ms phit, (111)

with By and B, divergent by power counting. If we use a
diagrammatic evaluation of the correlator, the four invariant
amplitudes B; for i > 3 are given by explicit parametric
integrals [30]

B3(p1, p2) = —Bs(p2, p1) = 167111 (p1, p2),

Ba(p1, p2) = —Bs(pa, p1) = —1672 [120(171, p2)

— Lo(p1, P2)], (112)

where the general massive I, integral is defined by
1 1—w
L (p1, p2) 2/ dwf dzw'z' [z(l—z)m2
0 0

—1
+uml—uop§+2wzun-zu)—nﬁ] _(113)

Both B; and B» can be rendered finite by imposing the Ward
identities on the two vector lines, giving

(114)
(115)

Bi(p1, p2) = p1 - p2 B3(p1, p2) + p3 Ba(p1, p2),
By(p1, p2) = pi Bs(p1, p2) + pi1 - p2 Be(p1. p2),

which allow to re-express the formally divergent amplitudes
in terms of the convergent ones. The Bose symmetry on the
two vector vertices is fulfilled thanks to the relations

Bs (p1, p2) = —B4 (p2, p1)

(116)
Bs (p1, p2) = —B3 (p2, p1) .

Using the conservation W1Is for the vector currents, we obtain
the convergent expansion [39]

<JM1J;L215MS) = B3(p; .ngpmmzus _,_plllzgmmuma)

+ B4(p2 . ngplﬂlll'ZN«?; _i_ngg[]lpz'ul”_})
+ Bs(py - p1eP2HHems 4 pllﬂsplpzmus)
+ Bo(p1 - poeP?H1H2ks 4 plit gP1P212its)
= B3 ng‘l#ZMS(pl, p2) =+ B4 775:1#2#3(171, p2)

+ Bsns "3 (p1, p2) + Beng " (p1. p2),
(117)

where in the last step we have introduced four tensor struc-
tures that are mapped into one another under the Bose sym-
metry of the two vector lines. One can identifies six of them,
as indicated in Table 1, but two of them

M2 13 M3
n) (p1, p2) = Pl gP1paming

né“’”’”(pl, ) = plzu ghipamine (118)

are related by the Schouten relations to the other four,
N3, ...Ne. Indeed one has

" (pr, p2) = 05 (p, pa) — 0§ (py, o),
(119)

2 (1, p2) = 0 (prs pa) — g (1 p2).
(120)

The remaining tensor structures are inter-related by the Bose
symmetry

ny "2 (pr, p2) = —ng M (pa, p1)

ni " (pr. p2) = =05 (pa, po). (121)

The correct counting of the independent form factors/tensor
structures can be done only after we split each of them into
their symmetric and antisymmetric components

HIK2M3 S H12 M3 A pipaps
i =1 +;

5/A 1
77i/ Hip2p3 E (nlmuzm (p1, p2)

0! (py, p1))

+
=7 W1p2 143 (122)
with i > 3, giving

n3 (p1, p2) = ng (p1, p2)
(123)

n7 (p1. p2) = —ng (p1, p2)

n4 (p1, p2) = n5 (p1, p2)-
(124)

nf (p1. p2) = —n3 (p1. p2)

where we omitted all the tensorial indices which are in the

order 1¢1 up n3. We can then re-express the correlator as
(VVA) = Bf o + Byny + Binf + By n; (125)

in terms of four tensor structures of definite symmetry times
4 independent form factors.
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Table 1 Tensor structures of odd parity in the expansion of the VV A
with conserved vector currents

m p’f} gP1P211 2
m pé” gP1P21 2
03 p1 - paePrmirans pfzgmpzulm
n P2 - paePIHIR2Is pé‘ngpzmm
05 p1 - preP2rimans 4 p!lﬂgplpzuzm
N6 p1 - paeP2fians 4 pé‘lsmpzuzus

5.1 L/T decomposition

An alternative parameterization of the VV A correlator,
which allows to set a direct comparison with the one that
we have introduced in the previous sections is given by [31]

(JH1(p1) T2 (p2) 57 (p3))

1

= — (WLumzuz _ Wrmuzm)
8

where the longitudinal component is specified in Eq. (3),

while the transverse component is given by

(126)

B s
w2 by pa, p3)

= wi" (pf, 3. p%) RIS (1 po)
+ wi” (pf, 3, p%) 1V HIRES (b po)

+ @ (ph s p3) TRy ), (12D)

This decomposition automatically account for all the sym-
metries of the correlator with the transverse tensors given
by

n2 m
tH s (p pyy = pi? el1ispip2 _ pltt gl2i3pip

— (p1 - po) eMH2k3(P1=p2)

2 2 2
pi+p;—p
+ 4 % 3 (p1 + pa)H3 gh12pip2
r3

(IR () py) =

2 2
Py —p
gH1H2p1P2 |:(P1 — p)H3 — 1722 (p1 + P2)“{|
r3

~(— 1223 1
FO s (p | py) = pi? el1isPiP2 4 pltt gl2i3pip2

— (p1 - po) eMH2k3(pi+p2)

The map between the Rosenberg representation and the cur-
rent one is given by the relations

1 &) Pit+Dp
B3(p1, p2) = ) |:wL - w(T ) - %W(Tﬂ
3

S ; (128)

2

“p2+ _

9 P1-p2 pzw() ’
D3
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P2 wP
Wy

1
B4(p1, p2) = 871_2|:w +2 2

3

2
1-p2+ _
RYALAL )} , (129
and viceversa
2 2 2 8
wr(py, Py, p3) = 7 [B1 — B:] (130
3

or, after the imposition of the Ward identities in Eqgs. (114,
115),

wr(pl, p3, p3) = 8;22 [(33 — Be)p1 - p2 + By p3 — Bs pf] ,

’ (131)

(+><p1, p3.p3) = —4n® (By — By + Bs — Be). (132)
wi” (p}. p3. p}) = 4n> By + Bs) | (133)
&7 (ph, p3, p3) = —4n? (By + By + Bs + Bg) , (134)

where B; = B;(p1, p2). As already mentioned, (130) is a
special relation, since it shows that the pole is not affected
by Chern—Simons forms, telling us of the physical character
of this part of the interaction.

Also in this case, the counting of the form factor is four,
one for the longitudinal pole part and 3 for the transverse part.
Notice that all of them are either symmetric or antisymmetric
by construction.

wr(pi, p3, p3) = wi(p3, pi» p3)
+ +
( )(p]apz p3)_ ( )(p25p17p3)
wT )(Pla P2, P3) = _wT )(Pz Pls P3)
05 (pi. p3, p3) = =By (p3, pi. PR). (135)

To relate this decomposition to our, we apply the transverse
projectors and obtain

T (pO)m2 (P27 (p3><W“1“2”3(p1, 23 P3))

=, (Pl)ﬂ,ﬁ(l?z)ﬂ,ﬁ(m)[( O+ W) g enesin
) w(f) P?G £1Q2pIp)
+) _ ( )
+( wr )1’

_ (w(T+) _ w;‘))(m .pz)salazaspz],

£ 1 (w; 04 wT )(Pl " p2)

(136)

X123 pi

and by using the Schouten identities

W12 3 [ 00 pIp2eaas | o 43
Tay oy Tz (P2 eh? >_7[0!1 oz a3 <_ ([72‘[71)

(137)

2 a
81725(1012053 + D3 8[’1051012013 + p13 8[’11720110(2)’
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W12 3 [ 02 pipaenes | o2 103 [ 2 opaaianas
oy Ty Ty (p3 & ) =Ty, Ty Ty ( Pié

T (p1 - pa)eneeass _ pi‘ﬁewm), (138)

we obtain

i (pOm 2 (p)m) (P3)<WT“'“2’”(P1, P2, P3))

=7 (p 2 (p)m <p3>{ — PR (P + B eprnenes

g e 2@ 4 ) s

(139)

We then identify the form factors of our decomposition and
the current L/T one in the form

[ =)
1 e
Ar=—o (it — ). (140)

Notice that A; is antisymmetric in the exchange of the two
vector lines and counts for one independent form factor, while
Aj contains both symmetric and antisymmetric components
and counts as two. Combined with wy , we again find that our
form factors are four in the general case, before enforcing the
conformal WIs on the parameterization. One can check from
the solution of the special CWIs that this number is reduced
by one in both representations, since in this case

oy = —wy (141)
for the L/T one. In our case the form factor A vanishes

A =0, (142)
and we are left with three form factors in both cases.

Proceeding in a similar manner, we can also map the
Rosenberg parametrization into the one we worked in. The
results are

Ay = B3 — Bg

(143)
Az = p3(Bs + By).

6 Nonrenormalization theorems

In this section we establish a connection between the con-
formal solutions of correlators of mixed chirality and the
perturbative results previously derived for them in the chiral
limit of QCD. They take the form of non-renormalization
theorems, originally presented in [31].

They are a direct consequence of the fact that correlators
of currents of different chiralities vanish in such limit. Also
in this case one identifies constraints between wy , the pole
part, and combinations of transverse form factors, which are
not affected by radiative corrections.

From the perturbative picture, these theorems can be
understood quite easily at diagrammatic level. The reason
lays in the absence of explicit mass insertions in the pertur-
bative expansion of a (J, J Jr) correlator, if computed in the
chiral limit. In this case, chirality flips on the fermion lines of
the the contour of the diagram in Fig. 1 are prohibited, and the
vector-like nature of the QCD interactions with the fermions
does the rest, guaranteeing the vanishing of the correlator.

As just mentioned, the theorems in [31] are derived from
the (Jp J Jg) vertex, where J; and Jg are left and right chiral
currents

1
JL =

= (144)

1
J = Js), JREE(J+J5)

while J is vector-like. The building block of (Jr J Jg) is the
JJJs (or VV A) correlator. All the other diagrams, in the
chiral limit, such asthe AVV or VAV or AAA, are trivially
related to the V'V A due to the anticommuting property of ys
and the symmetry constrain

1
AAA = 5(AVV+VAV+VVA) (145)

as illustrated in Fig.2. In perturbation theory, the anomaly
(a’) content of the AAA, for instance, can be determined on
the basis of symmetry, assuming an equal sharing (a/3) of the
anomaly for each external axial-vector line. The constraint
can be used as a starting point for moving the anomaly around
the vertices, by the inclusion of appropriate Chern—Simons
terms. In the Rosenberg representation [30] they amount to
shifts of the form factors B; and B, (see also the appendix).
In [31], the authors analyzed the (J J Jg) correlator

(JLdJR) = %[(VVV) —(AVV) — (AVA) + (VVA)].
(146)

Using the charge conjugation invariance, they set the parity-
even contribution (VV V) and (AV A) to zero. Alternatively,
we can assume the correlator is conformally invariant and
arrive to the same conclusion [20]. We start from this point.

Conformal invariance requires the abelian even-parity cor-
relator (JJ J) to be zero in any dimension. In order to show
that, first we impose the following conservation Ward iden-
tities

Pip; (M (p)JH2(p2) 3 (p3)) =0,  i=1,2,3 (147)
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Therefore the correlator is purely transverse and can be
expressed as

(JH1(p1) JH2 (p2) J13 (p3)) = mllt (p1) 2 (p2) 7l (p3)
x [A1(p1, p2. ps)pg‘p?p‘f“
+ A2(p1, P2, p3) 812 p? + Az (p3, p1. p2)
x 8% pi? + Az (p2, p3, p1) 8% p3'].
(148)

The A form factor is completely antisymmetric for any per-
mutation of the momenta while the form factor A, is anti-
symmetricunder (p; <> p>). We now consider the conformal
constraints on the form factors. The dilatation Ward identities
are

3
9041
Zp,— —(d—6)A; =0,
R (149)
dA»
Zp,— —(d -4 A =0,
The primary special conformal Ward identities are
KipA1 =0, K13A1 =0,
1241 1341 (150)
Ki2Ay =0, Ki3A; =2A;.

The solution to such equations can be written in terms of the
following 3K integrals

A1 = a1J3{000)

(151)
Ay = ay 24001y + a2 J1{000}
The secondary special conformal Ward identities are
L3[A1(p1, p2, p3)] + 2R[A2(p1, p2, p3)
— A2(p3, p1, p2)1 =0
(152)

L1[A2(p2, p3, p)] +2p Ax(p3, p1, p2)
—2pTAa(p1, p2, p3) =0

where we defined the following operators

3 5 D
— +2pip2—
ap1 1 aps

+ [(Zd—A] — 285+ N) p? 4 (24 — d)(

Ly = p1 (p%er%—p%)

-73)]

0
R=p13——(2A1 —d)
P1

(153)

Inserting our solution (151) into such equations, we arrive to
the conditions o] = ap = 0.

@ Springer

Since (AV A) is not anomalous, one can prove in the same
way that this correlator vanishes too. Therefore, we are left
with

1

(JLJJg) = Z((VVA) —(Aavv)). (154)
The authors of [31] assumed that the (J; J Jg) correlator is
simply a Chern—Simons term, in order to prove the nonrenor-
malization theorems. Using our conformal solution, we can
directly write the expression for the (Jz J Jg) correlator and
prove their statement. Indeed for the longitudinal part we can
write

Mn3
<VVA)ZOC (AVV>IOC = 81a|:p32 gP1P2 1142
P3

P1
— 8P1P2M-2VA:| (155)

P

while for the transverse part, after contracting the projectors
in our solution, we have

(VVA)transv — (AVV)iransv = 8iae 12.:,_5,{1_;,_%,1_;_%,14_%}

x [gpzmuzm p3 b3 pipapamn 1’12 gmpzuzua]

P3 P1

- _8,~a[51)zmuzm _ p3 ePIP2IH Pi 81?11?2#2#3}
r Pt
(156)

where in the last row we used the explicit expression of the
3K integral. Adding the contributions together, we arrive to
(JLJJR) = (VVA) — (AVV) = —8igeP1r2k3 — (157)
which tells us that the (Jz J Jg) correlator is simply given by
a Chern—Simons term, as expected. Note that, proceeding in
a similar manner, one can prove Eq. (5) too.

Of course, one can also check that our conformal solution
directly satisfies the following nonrenormalization theorems,
originally derived in the chiral limit of perturbative QCD

0= {[ M Ll )] (qlz, a3, (q1 +612)2> —~

O (R
T q1 T 4q2) 592,49

pQCD

0= ”u?({) + w(T_)] <QI2’ a3, (q1 + q2)2> +
(159)
[ + 0] (@0 + 2 a3 a7) |

pQCD
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and

([ + 30 (.63 @1+ 2?)
+[wf” + 7] (@1 + 0?43 4})

—wy, ((q1 +927.43. 4} }
( 2 1) 2OCD (160)

2093 + 41 92)
=- {ZTW(TH ((cn +a2)? . a3, q%)
1

q1 - 92
) 5

wi) ((q1 +9)° .43 6112) }

q1 pQCD

7 Conclusions

In this work we have illustrated how the CWIs in momen-
tun space can be used to determine the structure of chiral
anomaly diagrams in an autonomous way respect to coordi-
nate space. This shows that anomalies in CFT can be treated
consistently in this specific framework, that allows to estab-
lish a link between such correlators and the ordinary per-
turbative amplitudes. Parity-odd correlators are important in
many physical context, and in this case we have shown how
the conformal properties of previous perturbative analysis,
performed in free field theory in the chiral limit, are the result
of conformal symmetry and of its constraints. Our derivation
does not rely on any Lagrangian realization.

The analysis of parity odd correlators, especially for 4-
point functions, is still under investigation, given its complex-
ity, and the inclusion of the anomaly content is for certainly
an interesting aspect that deserves a closer attention. It may
be possible in the future to consider mixed conformal/chiral
anomalies in the same framework. We hope to come back to
the investigation of these points in future work.
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Appendix A: Schouten identities

M2 U3 DT 4K H1MU2U3 P2 K L2 P12 M3 K
& P &€ P p1, € pp P1 P>

plv
1U3P1P2 2 K 2U3PLD2 1 K
Euuppp3 P, Suupppz P,
8“”‘2“3”1p2,

K W12 U3 P2 K W12 P12 M3 K
€ P Py, €& pppl 2%

K13 P1DP2 M2 K
& prp p3 p29
gM2H3PIPY SHIK

M2U3 P12 1 K
& pip p2 p21
gHM3PIP2 gli2k 8#1#21’11’25#3’(’

K K M3 K M3 K Mn2
e ltlll~2lt37 e Mlﬂzplpl , € M1M2P2p1 , € M1M3[71p3 ,

KT 3 P2 o, M2 K23 P14, M1 K213 P2 4, M1

€ P Py, € P 2 P Py

K K M2 3 K

gimPIP2 g3 o M1P1P2p3 pie, e H2p1P2 11
K2 p1p2 M1 13

& pip p2 pl )

K K Ml M2
ghkmapip2 gty o M3P1P2p2 Py

(161)

These tensor structures are not all independent, indeed we
are going to show what are the Schouten identites one has
to consider in order to find the minimal number of tensor
structures. The first two identites are

glranakpigiile _ o (162)
glranskp giile — o (163)

that can be contracted with p1, and py, and taking the pro-
jectors in front we obtain the four tensor identities

M _ha A3 prepgps 2 M A2 A3 2 K[ U213
TuiTpa s | € P37 ) =T T s | T PTE

L] UL K K H3
+8P1111213p1 — Pl M1M2p1 >

A Ay A3 K w) _ a_r a1/ o 22
T TS T (€pl 1213 py )-”m”uz”us(i Py +py—p3

MM | gPIRILI pH3 | oPIRIRZKS p12c>

M _Ar_ A pokcpypy M2\ A _Ax A3 1 2 2 2
T Tz | € P37 ) =T T s\ 5 \PT P2 P

gKHIHAU3 | cP2HIH2I3 P'f _ ghaknrinz pflb3>

A ro A3 pakpops JH1\ _ A1 Aa A3 2 KL 213
T Tz | € Py | =T Tup s\ T P2¢
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4 gP2KIII2 pi‘S 4 gP2R1H213 p5> (164)
Then, considering the identity
glramspipaguila _ (165)

and contracting with 8}, p1, and po, we find

2., .2 2
A2 M _pipaaps B2\ _ _A1_k2_23 pi+pPy—p3
Tt Tuz | € I R (S S T | e S

gPLIIM2NS _ pfspzﬂmzlw — gplpzmuzpé’%)
il (smmn gt ) = ity (M0
gP2l1M213 pggpwwzm _,_5171172#1#21,/1‘3)
T s T3 = Ty Tup 3

A Ao k3<sP1P2M1M25W3)_ A Ay )‘3<_€P2H1M2M3p'1<

S ePUHIHIS K PIP2HINS GIT g gmpzumsng). (166)

Furthermore, we need to consider the identity

glraxkpiprguile _ (167)

that once it is contracted with p1, and ppq we have
M _A2_A3( pipakp o\ _ o a1 o 2 2
”m”m”m(g Pyt ) = mn mgmes | 5 (P12 - s
ePIRHIND 4 p2ePaKiIi +8P1P2u1/42p11<),
M Ao A3 “ M Ay A Ly, 2 o
”/t{”u%”m <51’1P2K“2p2 1) = ”[L%”M%ﬂﬂg < —5 (i +p5—p3

(168)

eP2KmIn2 pggmwwz +gmﬂzuwzp5)’

and it is worth mentioning that the possible contraction with
81 give again an identity that is not independent taking in
consideration the previous tensor identities found.

Finally, we have

glkmapipa gialpe — 0, (169)
glcmapipa g2l 0, (170)
giving
Ay Ay A3 Ar_Aa A3 12}
Tpb 23 (PP gk ) — il 23 ((ePakiis p
4 ePIP2KI3 SR _ gmpzkm(guzus)
A ra A3 prpapopzsiic N = oA A2 A3 prepous M
T Tz | € 8 =T Ty s | )
4 ePIP2KMU3 sl _ EPIPZKMZ(;HIH})’ (171)
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and the two identities

clknspip pé“] =0, (172)
elknapipa p’fZ] =0, (173)

giving the only independent symmetric constraint

Mo ho A3 [ op1p2kp3  H1 K2
T T s\ & Py P3
1

1
A A A 2 2 2\ pikpop3 M1
_”ui”uinug{i[_g( [+ py — p3) eP1rs py

2 P2k U2 ML 1P2H2I3 K I 1 P2k M3
— plePaKHI P _ PPN pK I g PLP2KH phi3 I

L, 2 2 2
_ 5 (Pl +p5— pS)gmkmusp/;z _ pzsmwmspl;z

(174)

L) K w3 12
+ 8P1P2M1M3p2 p3 — ghP1p2 Hlpl p3 ]}

In summary, from the analysis above, we conclude that the
minimal number of tensor structures to describe X“#11213 in
(25) is twelve and in particular we have

A Y Y . ) .
T (o () (p3) (ICK G (p1) 772 (po) L5 <p3>>) -
A Py A
=, (P75 (P27, (P3)[P'f(cll gM1r2K3 P
13
+ Cpp eMRMIPY 4 €5 gh1H2PIP2 p >

+ p§<C21 MM2MIPL | Cpy gMIH2H3P2 | Oy Sumzpmzp/lﬂ)

+ C31e¥HIH2H3 4 Cap ek 1H2PI plf3

+ C33eKHIH2P2 pHS 4 3y gKRIPIP2SIINS 4 O35 IH2PIP2SHINS

(175)

+ C368Ku3p1p23u1u2],

Appendix B: Discontinuities in 3-point functions

The presence of a sum rule related to the anomaly is con-
nected with the behaviour of the spectral density for the tri-
angle diagram and its scalar 3-point function Cop

Coli, m) 1 / d*l
9 m =
’ in? ] P=md)(—k)T=m2)(I—p)P—m?
(176)

with the spectral density
1

p(k2, m?) = TDiscCO(kz, m?), (177)
1
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computed from its discontinuity with the usual ie prescrip-
tion (¢ > 0)

Disc Co(k%, m?) = Co(k> +ie, m*) —Co(k* —ie, m?). (178)

We can use the unitarity cutting rules to compute it

Disc Co(k%, m?)

1 2 27i84 (17 — m*)2mwidy (I — k)*> —m?)
in? (I —p)?—m?+ie

27'[ 1 + RV, T(kz, mz) 2 2

_2]0g _— 9(]( —4m ),

ik 1 — (2, m2)

where 7 (k%, m?) = /1 — 4m2/k2. An alternative computa-

tion is to derive the discontinuity from the general expression
of Co(k?, m?)

(179)

Co(k> £ ie, m?)

k2,m2)+1
L qog?2 VKM for k2 <0,
2k T(k2,m2)—1

for 0 < k? < 4m?,

2 2 1
— 2 arctan? ————
- k2 /7.[(k2’m2) 5
2 2
# (log vremd) o n) for k% > 4m?.

1—/7(k2,m?2)
From the two branches encountered with the +ie prescrip-
tions, the discontinuity is then present only for k> > 4m?>
and agrees with Eq. (179). The dispersive representation of
Co(k?, m?) in this case is written as

1 o0 2
Co(kz, mz) — _f dsM,
T Ja2 s —k?

(180)

(181)

with p (s, m?) given by Eqgs. (177) and (179). The equation
above allows to reconstruct the scalar integral Co(k2, m?)
from its dispersive part. One can prove the sum rule in (4)
by direct integration of p. The area under the integral is con-
served and in the chiral limit p(s, m) — 3(s).

Appendix C: Chern-Simons terms
Introducing external gauge fields By and A, the effective

action for a chiral anomaly interaction, expressed in terms of
such external fields can be modifed by CS terms of the form

Ves EifdxA)‘(x)B“(x)F;‘U(x)s“W. (182)

By a simple manipulation

N dki  dks
Ves = [ dxdyd -2 A 4
cs / Ty Z’(axa aw)( Qn)* 2n)

x e*ipl(x*z)*ipz(y*z)> B)”(z)A“(x)A”(y)s)‘“W

= (—i) / dxdydz§(x —2)8(y — 2)B*(z)

x( 0 At (x)A"(y) — iA“(y)M(x)) ghtve
ox* ayY

dkidpy —ip, —2)-ip2 -2 g2 )

= (—i)/dxdydz 20y

x <iA“<x>A”<y> - iA”(y)A"(x)) ghtver
ax* ay«

_ dpy dp> —ip1(x—2)—ip2(y—2)
= /dx dydz 2n)f 2n)?
X (K — k) B () AM () A" () (183)
with
SA;/,va (ptlx _ pg) (184)

identifying the CS vertex. If we proceed with a specific
momentum parameterization of the loop, in a given parame-
terization, we obtain

PV (pr, p2) = are”™ p¢ pf

P (i, pa) = areHP pg p?
P (p1, p2) = aze™™ p ph, (185)
where

I I I (186)

a = —— =—— =——7.

! 872 872 472
Notice that a; = ap, as expected from the Bose symme-

try of the two V lines. It is also well known that the total
anomaly aj + a> + a3 = a, is regularization scheme inde-
pendent. We recall that a shift of the momentum in the inte-
grand (p — p + a) where a is the most general momentum
written in terms of the two independent external momenta of
the triangle diagram (¢ = «(p1+ p2) + B(p1 — p2)) induces
on A changes that appear only through a dependence on one
of the two parameters characterizing a, that is

i
WHY (B, p1, p2)=W"" (p1, pz)—mﬂek’“" (P1o—P20) -

(187)

We have introduced the notation W**V(B, p1, p2) to
denote the shifted 3-point function, while Whitv (p1, p2)
denotes the original one, with a vanishing shift.

ALY [ 0! _ i,B/ rwap o B
pLu WY (B, p1. p2) = <a1 — H)E Pip;,

ig'
szW)\.;Ll)(ﬂ/’ D1, pz) =a— — Ekﬂaﬁpgpf’
472

l' /
WM (B, p1. p2) = <a3 + i)sw"ﬁp‘fpf- (188)

22
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