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1. Introduction

The breaking of conformal symmetry by the conformal anomaly is a fascinating topic which

has played a key role in d = 2 as well as in higher spacetime dimensions. It is an open issue whether
this phenomenon acquires a significant phenomenological meaning, indicating possible directions
in the search for physics beyond the Standard Model (SM). In this case the issue is far from being
trivial since a dilaton should be part of the spectrum of the scalars, while all the current data seem
to indicate that the Higgs field found at the LHC is correctly accounted for by a single fundamental
scalar. Therefore, the generation of the masses of the SM, which obviously break the conformal
symmetry of a purely quartic Higgs potential, seems to be correctly accounted for by the Higgs
mechanism.
However, there are several issues which remain unexplained, even with the tangible success of the
SM. For example, spontaneous symmetry breaking requires the introduction of a scale in the the-
ory, the Higgs vev v, but there is no specific theoretical reason, except phenomenological, why the
electroweak scale lays around 246 GeV. This is not the only open issue in the SM, as there are oth-
ers which remain unsolved. For instance, there is no simple explanation of the fact that the number
of fermion families is three, unless one considers very special extensions. A rare example is the
331 model [1], which is quite simple and unique, where the embedding of the third generation and
the constraints from anomaly cancelation select the number of families to be exactly three, at the
cost of breaking universality.

1.1 Conformal extension of the SM: the Higgs plus a fundamental dilaton

Given such shortcomings and the puzzle raised by the gauge hierarchy problem, the inclusion

of conformal symmetry may provide an alternative approach for answering at least some of these
puzzles. In a conformal extension motivated at a lower (TeV) scale, one can still envision the SM
with its current field content, preserving the fundamental nature of the Higgs field, but with an
electroweak scale generated by the vev of a second field (¥), whose role is to enforce a larger
(conformal) symmetry in the classical Lagrangian.
In fact, it is possible - and quite simple - at tree level at least, to reconcile conformal symmetry and
the Higgs mechanism by the introduction of an extra scalar field £(x) in such a way to restore this
symmetry. In this case the role of the Higgs remains the usual one, but the new scalar can mix with
the Higgs, giving an ordinary mass eigenstate which would correspond to the SM Higgs, and to a
dilaton. The real problem, in this scenario, is how to break the new symmetry in a simple way. We
recall at this point that the dilaton (7(x)) is related to X via a nonlinear realization with

% ~ Aexp(T(x)/A), (1.1)

where A denotes the conformal symmetry breaking scale. While this is one possibility, in which
the dilaton is generated by enlarging the degrees of freedom of the SM, it is not the only one. A
dynamical solution is also possible, as we are going to elaborate, where the dilaton emerges from
the conformal dynamics in a specific way, as an effective degree of freedom. The arguments that
we bring forward towards a resolution of some conflicting issues related to this topic are not nec-
essarily advocated around the TeV scale, but may also reach very large scales, being generic and



Exact Correlators from Conformal Ward Identities Claudio Coriano

probably more of cosmological relevance than anything else.

In absentia of new physics at the LHC, and with the success of the SM, a way to explain the nat-
urality of the Higgs mass, according to ’t Hooft’ s principle, is to invoke a larger symmetry which
protects the small masses present in the SM from the large quadratic divergences of the scalar sec-
tor [2, 3].

In order to touch ground with the ordinary S-matrix formalism, it is necessary to promote the anal-
ysis of such conformal extensions to momentum space, where several non-perturbative tools, such
as the conformal Ward identities, the operator product expansion and the conformal algebra at op-
eratorial level, may allow to progress towards the analysis of multi-point correlation functions in a
systematic way. One of the advantages of a momentum space analysis is the possibility of identi-
fying new effective degrees of freedom in such theories, and this brings us directly to investigate
the form of the anomaly action, which is usually addressed within perturbation theory.

Given the obvious limitations of the perturbative approach, it is necessary to compare perturbative
and non-perturbative methods in order to shed light on the issue of the nonlocality of the confor-
mal anomaly action, which plays a key role in this context. This provides the main motivation for
turning to a non-perturbative discussion of 3-point functions in momentum space. In particular,
the statement that anomaly poles, which are the perturbative signature of the anomaly, do not cor-
respond to physical states, should be taken with extreme care and correctly interpreted in a wider
context, being a perturbative analysis probably insufficient to come to conclusions, given the com-
plex nature of the phenomenon.

We will argue that in the presence of conformal anomaly poles (and the same occurs for chiral
anomaly poles) a certain theory rearranges its vacuum structure in such a way that the dynamics
of such nonlocal interactions will generate an ordinary asymptotic state. Such a state would be a
quasi Nambu-Goldstone mode in a local effective action and would correspond to a dilaton.

We believe that in this way we can reconcile the two main formulations of the conformal anomaly
action - the nonlocal and the local one - the latter incorporating an asymptotic dilaton, which oth-
erwise appear to be unrelated. However, it is naturally expected that an intermediate potential will
provide a small mass for such Nambu-Goldstone mode. A similar hypothesis has been formulated
in the case of a Stiickelberg field, which carries analogous properties, and that may be rendered
massive by a mechanism of misalignment as for an ordinary Peccei-Quinn axion. Our analysis is
driven by this analogy.

The goal of this review is to clarify some of the issues raised when comparing perturbative and
non-perturbative approaches in theories affected by the conformal anomaly. For 3-point functions,
the nonlocal structure of such action and its expression in terms of anomaly poles has been worked
out directly from the solution of the conformal Ward identities (CWI’s) in momentum space. For
this reason, the comparison between the two descriptions, whenever possible, plays an important
role. However, only in momentum space such combined analysis connect CFT’s with their par-
ticle interpretations and help in clarifying these aspects. We are going to briefly summarise our
arguments.

2. The conformal anomaly action

In a conformal theory in even spacetime dimensions, the conformal symmetry can be broken
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by the conformal anomaly. Anomalies are related to the field content of a given theory and though
apparently very different in their conformal and chiral versions, they are unified by the same phe-
nomenon: the emergence of an anomaly pole, i.e. of a massless exchange in those diagrams which
are held responsible for the origin of the anomaly, which are part of the 1PI (1-particle irreducible)
effective action. They can be identified in a given anomaly vertex if we keep all the tensor struc-
tures of the same vertex uncontracted. By taking a trace or a divergence of an anomaly vertex,
the pole is washed out, while only the residue at the pole remains in the interaction. Given the
perturbative nature of the 1PI action, and its simplicity, this behaviour may well be considered an
artifact of perturbation theory, deprived of any specific meaning.

One of the goals of our analysis will be to show that such effective interactions are present also if
we move away from perturbation theory and discuss the same anomalous vertices using completely
different methods.

In a CFT the CWT’s fix the 3-point functions almost completely, modulo few constants, and it is in
this case that the matching between the perturbative and non-perturbative approaches allows us to
come to conclusions in regards to the emergence of such massless interactions.

2.1 Wess-Zumino versus nonlocal actions

An anomaly action modifies the classical action by the anomaly contribution. For instance,
in the presence of an axial vector current, generated by an external gauge boson B, the anomaly
contribution triggers the transition of such off-shell current into two photons, or into two gluons by
a fermion loop, in QED and QCD respectively. Since an intermediate one-loop AVV interaction is
involved, it is part of a simple 1PI action, and a direct computation shows that the interaction that
ensues is mediated by the exchange of a massless pole [4-7] which takes to a nonlocal action, as
we will discuss in section 6.

However, on the other hand, it is sufficient to couple linearly an axion b(x) to the anomaly in order
to obtain an effective action which now includes a scale (M) and a dimension-5 operator

(b(x)/M)FF .1)

to account for the anomaly, which takes to a local action. Operatorial terms of this type can also be
introduced as counterterms in order to restore a gauge symmetry if an anomalous gauge boson is
also part of the spectrum and not an external source for an axial-vector current.

As in the conformal case, where a similar coupling is present for the dilaton, in the local formu-
lation the axion field b(x) shifts under the local gauge symmetry as a typical Nambu-Goldstone
mode. In the case of an anomalous axial-vector coupling, this construction takes to Stiickelberg
Lagrangians [8, 9], if the axial-vector gauge field is part of the dynamics. The Stiickelberg field,
introduced to cancel a gauge anomaly, turns into a physical gauge invariant component after mixing
with the CP-odd phases of the Higgs sector. This is obtained by a mechanism of vacuum misalign-
ment.

There are some issues which need to be addressed in the analysis of a perturbative anomaly action
which is related to the choice of the regularization scheme, but it is clear that dimensional regular-
ization (DR) plays a special role in this context. Other (mass-dependent) regularization schemes
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do not preserve the conformal symmetry of the theory and as such are not optimal.

The appearance of an anomaly pole in perturbation theory in mass-dependent corrections for any
value of a correcting mass parameter m; is a feature which is typical of DR and not of other schemes.
Indeed, DR allows to separate the anomaly contribution from the explicit mass-dependent correc-
tions of a diagram in a very natural way for any value of the external momentum (p) running in
the loop. This holds even for p> < 4m?, where m is the mass of the fermion in the loop, giving a
non-vanishing contribution to the 8 function of a given theory, and hence to the anomaly for any
value of the external momentum.

Wess-Zumino types of action, the other variant of the conformal anomaly actions, as clear from
the discussion above and from Eq. (2.1), enlarge the number of degrees of freedom by introducing
an axion or a dilaton in order to generate the same anomalies of the original theory. Obviously,
a dilaton is not part of the original Lagrangian, though it is part of the anomaly action, and one
has to view such actions as effective actions which need to be related to UV descriptions of the
same phenomenon using renormalization group/effective field theory arguments. Connecting the
two descriptions requires special care and while this is done by preserving the global symmetries
of a theory in its UV and IR phases, some aspects of this transition may not be easy to disentangle,
as in the case of QCD versus the chiral Lagrangian.

2.2 The compensator and a ghost

There are various ways to generate such actions, typically by the Noether method, where they
are obtained starting from a linear coupling of the dilaton to the anomaly (see for instance [10,11]).
A second approach is to use field-enlarging transformations, where the dilaton is introduced as a
compensator. A compensator is not a dynamical field, and for this reason usually, such actions
are modified by introducing by hand an (extra) kinetic term for the dilaton field. It is important to
observe that if we decided to generate such a term from the Weyl gauging [11, 12] of the Einstein
Lagrangian, the procedure would generate a kinetic term which is ghost-like.
Flipping the sign of this term is a standard procedure, which, however, needs to be motivated since
the inclusion of a Goldstone mode by hand, while possible, should be compared against the de-
scription of the same theory in the (UV) conformal phase. In the UV this degree of freedom is
completely absent and the violation of the conformal symmetry (i.e. the anomaly) appears as a
purely radiative effect. Clearly, the latter is a pure phenomenological approach which allows to
derive a possible final expression of the Lagrangian in a broken conformal phase without address-
ing the nature of the breaking itself. The closest example is the QCD chiral Lagrangian, where the
global symmetries of the two theories in the UV and IR are matched, but the intermediate dynamics
is essentially non-perturbative.
In order to shed some light on this, one possibility is to turn to exact methods, if these are available.
Up to 3-point functions, CFT’s fix the structure of their correlators in an essentially unique way,
except for few constants. It is then clear that the effective action built by combining the correlators
of 2- and 3-point functions - which are solutions of the conformal constraints - naturally determine
the simplest expression of the anomaly action of a certain theory. This action is specifically nonlo-
cal, but obviously, it is not unique. As we are going to discuss next, also in the case of a nonlocal
conformal anomaly action, as well as in the chiral case, once this is rewritten in a local form, it
manifests a kinetic mixing between two scalar degrees of freedom. In the chiral case, the scalars
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are replaced by pseudoscalars. If we try to decouple the two states we need to define a scale M at
which the decoupling takes place. It is then easy to realize that the new decoupled Lagrangian is
characterized by a ghost in its spectrum, at least at the level of trilinear interactions.

As emphasized in previous work, a simple analysis of this Lagrangian - in the case of a chiral theory
- [13] shows that the resolution of the kinetic mixing requires the inclusion of two axions, with one
of them being a ghost. In the unmixed case, a standard Coleman-Weinberg analysis of the potential
for the ghost term shows that the Lagrangian induces a ghost condensation, with the possibility of
a redefinition of the vacuum. We are going to briefly review such features. The analysis has been
done in the case of an external axial-vector coupling, although the result in the case of a dilaton
pole we expect it to be quite similar.

3. Conformal symmetry and its classical breaking

Let’s come to a brief description of the conformal invariant extension of the SM with a funda-
mental Higgs and a dilaton.
A scale invariant extension of a given Lagrangian can be obtained if we promote all the dimension-
ful constants to dynamical fields. It is natural to ask whether the new degree of freedom introduced
to restore the conformal symmetry of the theory can be generated dynamically, emerging from the
effective interactions which can be held responsible for the generation of an anomaly. We illustrate
this point in the case of a simple interacting scalar field theory incorporating the Higgs mechanism.
At a second stage, we will derive the structure of the dilaton interaction at order 1/A, where A
is the scale characterizing the spontaneous breaking of the dilatation symmetry and discuss some
possible phenomenological constraints on A.

The two equivalent forms of the scalar Higgs potential

, 12 2 u
Vi(H,H) = —pu’H'H+A(H'H)?> = A <HTH_ 2/1) =

2 2
Va(H,HT) = A <HTH— &) 3.1)

generate two different scale-invariant extensions

T we . 1172
Vi(HH'.%) = ~=5-H'H+ A(H'H)
252 2
HH ) =A(HH-E 2
VZ( ) ’ ) A‘( 21[\2) ) (3 )

where H is the Higgs doublet, A is its dimensionless coupling constant, while y has the dimension
of a mass. The constant u* term present in V; which in a non-scale invariant theory can be absorbed
by a redefinition of the Lagrangian, is clearly insignificant in flat space and generates two different
scale-invariant potential, where only the second one is stable.

2 4 4
2 = 3007 -val9) = 3007+ 592 % 1o 63)
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obeying the classical equation of motion
O =p?9—2¢°. (3.4)

This theory is not scale invariant due to the appearance of the mass term (t, as one can easily notice
from the trace of the canonical (¢) energy-momentum (EMT) tensor

1#(9) = 303" Ln* @0y wer 2% A
c - 277 u 2 21 ’
4
T8(9) = (202 —247 92+ 29"+ . (335)

The EMT of a scalar field can be improved so that its trace is proportional only to the scale breaking
parameter, i.e. the mass . This can be achieved by adding an extra contribution 7}“ Y (¢, %) which
is symmetric and conserved

TV (9,x) = x (n*'O9* — 9% 9" ¢?) (3.6)

where the y parameter is specifically choosen. The combination of the canonical plus the improve-
ment EMT, T*V = T}V + T}'" has the off-shell trace

ut

T#u(9,2) = (99)* (6x — 1) =217 9> + A 9" + = + 6769 (3.7)

Using the equation of motion (3.4) and selecting y = 1/6, the trace relation given in the expression
above becomes proportional to the scale-breaking term ut

ué
TH.(9,1/6) = —u*¢* + - (3.8)

The scale-invariant extension of the Lagrangian given in Eq.(3.3) is obtained by promoting the
mass terms to dynamical fields using the replacement

T %Z(X), (3.9)
obtaining
1 2 1 M 5o 0 ¢4_ pt
—2(3(])) +2(8 ) —|—2AZZ¢ 4 47LA4):7 (3.10)

where we have included a kinetic term for the dilaton . The new Lagrangian is dilatation invariant,
as shown from the trace of the EMT

THu(9.2,2.%") = (61— 1) (99)*+ (65’ — 1) (9%)* +6x ¢ (9 + 63’ LOL — 2i 2297+ A¢?
+% [F; 4 (3.11)
an expression that vanishes upon using the equations of motion for the ¥ and ¢ fields,
0 - Eix2 -0,
Oy = /‘éwz—i[‘sz% (3.12)
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and after setting the value of the ), x’ parameters at the special value y = ¥’ = 1/6, corresponding
to conformally coupled scalars. The scalar potential V; triggers the spontaneous breaking of the
scale symmetry around a stable point of minimum. Expanding around the vacuum, parameterized
by the conformal scale A and the Higgs vev v respectively

S=A+p, ¢=v+h (3.13)

one can describe the theory in the broken phase.
For our present purposes, it is enough to expand the Lagrangian (3.10) around the vev for the
dilaton field, as we are interested in the structure of the couplings of its fluctuation p

.,2”:1

|

2, ! 2 M, 9t wt op o ot
(8¢)+2(8p)+2¢ A ,lL¢+7L +..., (3.14)

where we have neglected terms of higher order in 1/A. It is clear, from (3.8) and (3.14), that one
can write a dilaton Lagrangian at order 1/A, as

Ly = (@pP = ET4u(0,1/6) 4., (3.15)

where we have used the equations of motion in order to re-express the trace of the energy momen-
tum tensor.

It is clear, from this simple analysis, that a dilaton, in general, does not couple to the anomaly, but
only to the sources of the explicit breaking of scale invariance, which are proportional to the mass
terms of the action. In V, we parameterize the Higgs around the electroweak vev v as in Eq. (3.13),
and indicate with A the vev of the dilaton field £ = A+ p, with ¢ = ¢ = 0 in the unitary gauge.
Performing a diagonalization of the mass matrix we define the two mass eigenstates py and Ao,
which are given by with the potential V, exhibiting a massless mode due to the existence of a flat
direction. The Higgs and the dilaton will mix according to the mass matrix

<po) :( cosc a> <p> e
ho —sino cos o h

1 1
e Y A — singg = ——o (3.17)

We denote with pg the massless dilaton generated by this potential, while /4y denotes the Higgs

with

scalar whose mass is given by

2 2 Vv 2 u?
m;, = 2Av <1+A2) with v =5, (3.18)

and with mﬁ = 2Av? being the mass of the Standard Model Higgs. Notice that the Higgs mass, in
this case, is corrected by the new scale of the spontaneous breaking of the dilatation symmetry (A),
which remains a free parameter.

Obviously, the presence of a massless dilaton in the spectrum is troublesome, a problem which
send us back to the issue of how to select a single vacuum state from the underlying vacuum
degeneracy. This can be lifted by the introduction of extra (explicit breaking) terms which give a
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N

(a) (b) ()

Figure 1: The triangle diagram in the fermion case (a), the collinear fermion configuration responsible for
the anomaly (b) and a diagrammatic representation of the exchange via an intermediate state (dashed line)

(©).

small mass to the dilaton field. To remove such degeneracy, one can introduce, for instance, the
term 3

f,,,mk:%mf,p%%mg%ju..., (3.19)
where m, represents the dilaton mass. The coupling of a dilaton to an anomaly is necessary, since
the dilaton is the pseudo Nambu-Goldstone mode of the dilatation symmetry and the anomaly is
a source of such breaking. Thus, this coupling has to be introduced by hand and the role of the

conformal anomaly action is to account for it.

4. Phenomenology of a classical scale invariant extension of the Standard Model

In the case of the SM, the dilaton interaction takes the form discussed above

1
Lo = =P Tysu- (4.1)

where T is the EMT of the SM. As usual, it can be easily derived by embedding the SM Lagrangian
in the background metric gy

S=Ssy+S = / d*x/—g Lsu+ & / d*x/—gRAT A, 4.2)
where 77 is the Higgs doublet and R the scalar curvature of the same metric, and then defining
2 O[Ssm + Si]
T X)) = 5 (43)
“’V( ) _g(x) 6g[.1\/(x)
or, in terms of the SM Lagrangian, as
1 I(vV—8Z) 9 I(V—8Z)
=V —8Tyv= — . 44
2V TR T TGy T 9% 9(90ghY) 44)

The complete expression of the energy-momentum tensor can be found in [14]. S; is responsible for
generating a term of improvement (/), which induces a mixing between the Higgs and the dilaton
after spontaneous symmetry breaking. As usual, we parameterize the vacuum J7j in the scalar
sector in terms of the electroweak vev v as

Ho = ( (v) ) 4.5)
V2
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[

(a)

() ® )

Figure 2: Typical amplitudes of triangle and bubble topologies contributing to the pyy, pyZ and pZZ
interactions. They include fermion (F'), gauge bosons (B) and contributions from the term of improvement
(D). Diagrams (a)-(g) contribute to all the three channels while (h)-(k) only in the pZZ case.

and we expand the Higgs doublet in terms of the physical Higgs boson H and the two Goldstone
bosons ¢, ¢ as

W= —ig” 4.6
"\ L0+H+ip) ) (4.6)

obtaining from the term of improvement of the stress-energy tensor the expression

. H? 2

which is responsible for a bilinear vertex

i 12¢& s,,M,
Vol = P

where sy is the Weinberg angle. The trace takes contribution from the massive fields, the fermions
and the electroweak gauge bosons, and from the conformal anomaly in the massless gauge boson
sector, through the 8 functions of the corresponding coupling constants.

One can directly verify the the separation between the anomalous and the explicit mass-related
terms in the expression of the correlators responsible of the conformal anomaly. It has been verified
in QED and in the neutral sector of the SM [15, 16] by explicit computations. Such separation does
not necessarily hold in other regularization schemes. The reason for such difference is related to the
special role of DR compared to other regularization schemes, which explicitly break the conformal
symmetry by introducing a cutoff. This point has been discussed by Bardeen [2] in the context
of ’t Hooft’s naturalness principle applied to the Higgs mass. Also in this case there are strong
arguments that convey a truly specials role to such regularization scheme compared to others. In
the case of the TVV vertex, for instance, by taking a trace one can derive an anomalous Ward
identity of the form

824 (2)

IR (z,%,y) = Nuv <Tﬂv(z)va(x)v/l3 (y)> - m + <T”H(z)V0‘(x)V'ﬁ (y)> . 4.8

10
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where 27 (z) is the anomaly functional, while A, indicates the gauge fields coupled to the current
V*. T'% is a generic dilaton/gauge/gauge vertex, whose Feynman expansion takes a form depicted
in Fig. 2. It is obtained from the TVV’ vertex by tracing the spacetime indices (L v. <7(z) is derived
from the renormalized expression of the vertex by tracing the gravitational counterterms in 4 — €
dimensions (see for instance [10,11])

(Ti') =/ (2), (4.9)
which in a curved background is given by the metric functional
1 2 / 2 2
%(Z):—g 2bC"+2b E—gDR +2cF°|, (4.10)
where b, b’ and ¢ are parameters. For the case of a single fermion in an abelian gauge theory they

are given by b = 1/3207%, b’ = —11/5760 7%, and ¢ = —e?/24 t%. C? is the square of the Weyl
tensor and FE is the Euler density given by

R2
C? = CoruypC™"P = RyyypRMYP — 2Ry RMY + = (4.11)
E = Ryuvp RM*YP = Ryyyp RMYP — 4R, R* + R, (4.12)

In a flat metric background the expression of such functional reduces to the simple form
o (z) = ZE{E“’}(Z) wp(2); (4.13)
4

where f; are clearly the mass-independent 3 functions of the gauge fields and g; the corresponding
coupling constants. Obviously, for a theory which which is quantum conformal invariant, the f3;
vanish. We refer to [17, 18] for more details concerning the phenomenology of such models of
direct LHC relevance.

It is possible, using such effective interaction which couples the dilaton to the anomaly, to address
some phenomenological issues which are can be studied at the LHC.

We show in Figs 3 and 4 some results of a phenomenological analysis of the production and decay
of a dilaton (p) as a function of its mass and branching ratios, together with some comparisons with
the Higgs. In particular Fig. 5 shows the results of an analysis of the bounds on A, the conformal
scale by a comparison with experimental data. In general it is possible to select a value of A in
the few TeV region in such a way that such additional interactions are in agreement with the SM
results. We refer to [18] for further details.

5. Wess Zumino actions with an asymptotic dilaton from a kinetic flip

The inclusion of an asymptotic dilaton, as done above, and the derivation of the corresponding
anomaly action can be performed in various ways. One possibility is to use the procedure of Weyl
gauging (see [12]). It is possible to generate such an action by the application of this procedure
to the anomaly counterterms. In this case one can also show that multiple traces of stress energy

11
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Figure 3: The mass dependence of the branching ratios of the dilaton (a) and of the Higgs boson (b).
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Figure 4: The mass dependence of the dilaton cross-section via gluon fusion (a) and vector boson fusion (b)
for three different choices of the conformal scale, A = 1,5,10 TeV respectively.

tensors are functionally dependent on the first 4 ones in d = 4, the first 6 ones in d = 6 and so on.
More details can be found in [10,11]. We briefly summarize the method in the case of d = 4, before
stressing one crucial aspect of this approach, i.e. the presence of a ghost in the procedure. The
method amounts to a field-enlarging transformation, with the removal of the ghost by flipping the
sign of the kinetic term. In the next sections, once we turn to the analysis of 1PI anomaly actions,
which are not constructed by this formal procedure, but are directly computed either in perturbation
theory or by solving the CWI’s in momentum space, we will point out a similar feature.

The metric tensor g,y (x), the vierbein V,,(x) and the fields ® change under Weyl scalings
according to

Zuv(x) = ¥ gy (),
V/ap(x) = ¢ Vap (x),
@' (x) = e P(x), (5.1)

with o (x) being a dimensionless function parameterizing a local Weyl transformation. Here dg is

12
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Figure 5: The mass bounds on the dilaton from heavy scalar decays to (a) ZZ, (b) WEWT, (c) 77 and (d) to
H H for three different choices of conformal scale, A = 1,5,10 TeV respectively.

the scaling dimension of the generic field @, the latin suffix a in V,, denotes the flat local index,
while the Greek indices are the curved indices of the spacetime manifold. A way to build a Weyl
invariant theory containing the fields in (5.1) consists in making the metric tensor, the vierbein and
the fields @, Weyl invariant through the substitutions

~ _w
Vap(x) = Vap(x) =e & Vip(x),
T(x)

D(x) = dx)=e Px @ (5.2)

and take the form of field-enlarging transformations.
Under a Weyl scaling (5.1), the dilaton 7 is required to shift as a Goldstone mode

'(x) = 1(x) + Ao(x). (5.3)

The Weyl invariant terms may take the form of any scalar contraction of Ryype, Ry and R
and can be classified by their mass dimension. Typical examples are

1 5PN
Fn A2(n=2) /d4x\/§R ’ (5.4)

and so forth, with the case n = 1 describing the relevant operator in the infrared which reproduces
the kinetic term of the dilaton. These terms can be included into a local action of the metric,
I'0[g] =Tolg, 7], extended with the inclusion of 7(x).

Lolg] ~ ). 7.8 (5.5)

13
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The leading contribution to I’y is the kinetic term for the dilaton, which can be obtained in two
ways. The first method is to consider the Weyl-gauged Einstein-Hilbert term

5 e O 0*19
/ddx\/gR - /ddx\/§e<2Ad) [R—2(d—1) TT+(d—1) (d—2) j\z”}
(2-d)t ottoyt
:/ddx ge A [R—(d—l)(d—2) v ] (5.6)
with the inclusion of an appropriate normalization
Ad 2 d 2)
7 = / dx /3R, (5.7)

which reverses the sign in front of the Einstein term. Indeed, the extraction of a conformal factor
(6) from the Einstein-Hilbert term from a fiducial metric gy (guv = g#veé) generates a kinetic
term for (&) which is ghost-like.

An alternative method consists in writing down the usual conformal invariant action for a
scalar field y in a curved background

1 1d-2
ﬂéz)zz/ddx\/gr<g“"8ux8\,x Zd—Rx > (5.3

By the field redefinition ¥ = AT e_(dgii)r Eq. (5.8) becomes

d—2 2
(2 _ AT / d a2 (d—2)" .y 1d-2
S d’x\/ge” i 8 duTONT 47d—1R , (5.9
which, for d = 4, reduces to the familiar form
2 1 4 —2( uv A?
S = 5 /d xyge A | ghvoutoyT— ZR (5.10)

and coincides with the previous expression (5.7), obtained from the formal Weyl invariant con-
struction.

In four dimensions we can build the following possible subleading contributions (in 1/A) to
the effective action which, when gauged, can contribute to the fourth order dilaton action

4 _ /d4x\/§ ((XR“V”GR“VPG +BR* R,y + YR* 4§ DR> . (5.11)

The fourth term (~ CIR) is just a total divergence, whereas two of the remaining three terms can
be traded for the squared Weyl tensor F and the Euler density G. As /g F is Weyl invariant and G
is a topological term, neither of them contributes, when gauged according to (5.2), so that the only
non vanishing four-derivative term in the dilaton effective action in four dimensions is

i 2
—y/d4 fRz—y/d“xf[R 6<DT J Zf“ﬂ , (5.12)

14
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(0)

with y a dimensionless constant. If we also include a possible cosmological constant term, S; /, we
get the final form of the dilaton effective action in d = 4 up to order four in the derivatives of the
metric tensor

d-2 (3
F= 70 L D g /d‘*x\[{ Ad(fl)z)zéﬂzéz}Jr..., (5.13)

where the ellipsis refer to additional operators which are suppressed in 1/A. In flat space (g,v —
Ouv), (5.12) becomes

A
S — /dx[e Aa+§e A8’1737L’6+36}/(DT J f\f”)]Jr... (5.14)

This approach can be extended to the anomaly counterterms as well, by considering the renormal-
ized action I'ien[g, 7]. This takes to a Wess-Zumino (WZ) action which consistently accounts for
the anomaly, at the price of including an extra dynamical degree of freedom and a kinetic flip. The
latter is obtained by the relation

FWZ[g7 T] = Fren[ga T] - f‘ren [g, T] (5.15)

and takes the WZ form
4 T 2 2 A 4 _, 2 A 2
I'wzlg, T /d x\f{ﬁa [A (F—SDR> " ( 2" 10y v+ (O1) >—38 r&,errJrF (8 r&,lr)
2
+Bs [;G 4 <R°‘B I; “ﬁ>8 r&,;r——&lr&,lrljr—k/\— (8%8,@') }}

A2
(5:16)

This action is local and contains an asymptotic dilaton, but does not appear to be equivalent to the
nonlocal action (the Riegert action)

! 2
RZAWNT /d4 —gx E—fDR /dx\/—ng4(xx)[l;(E—3DR)+bC2} (5.17)

where Dy (x,x') = (A;"),v and

2 2 1
A=V, (V“VV +2RMY — 3Rg”v> V, =P +2R¥'V,V, — RO+ VARV (5.18)

is the unique fourth order scalar kinetic operator that is conformally covariant
V=8gM =+/—gA\ (5.19)

under the local conformal reparameterization g,y = %0 Zuv. for an arbitrary rescaling o(x) [19,20].
Such second form of the anomaly action, without an asymptotic dilaton field, is what one rediscov-
ers both from a perturbative analysis and from the solution of the CWI’s for 3-point functions, as
we will be discussing below. We are going to emphasize one key feature of such two actions.
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6. Turning to general issues: The perturbative structure of 1P/ anomaly actions for
chiral and conformal anomalies

The type of actions discussed above, which enlarge the spectrum of the SM by the inclu-
sion of an asymptotic dilaton field, are the most popular ones, and are justified within an ordi-
nary phenomenological approach. Obviously, they do not introduce a dilaton dynamically, but are
viable anyhow, as far as the issue of the explicit breaking of the dilaton mass is accepted on a
purely phenomenological basis. An alternative approach consists in starting from a given classi-
cally conformal invariant theory and investigate the quantum corrections which are responsible for
the generation of the conformal anomaly. In this case, the basic procedure for chiral and conformal
anomalies are quite similar, although for a chiral anomaly the approach is far simpler, since only
a linear coupling of a Nambu-Goldstone mode to the anomaly is sufficient in order to generate
the anomaly contribution. This type of approach is at the core of the Stiickelberg mechanism for
the cancelation of the gauge anomalies generated by a certain anomalous gauge interaction (By).
The method allows to obtain a physical axion only in the presence of a non-perturbative periodic
potential, which can be easily justified under the assumption that at a phase transition the instanton
sector can generate it. We refer to a recent review for a discussion of such a mechanism [9].

6.1 The chiral vertex

For a chiral anomaly, the main features of the 1PI effective actions have been discussed in
detail in [6,7]. They are based on a perturbative representation of the anomaly vertex which is
equivalent to the original description in terms of 6 form factors found on textbooks, but formulated
in terms of longitudinal and transverse components, as we are going to illustrate.

We recall that the AVV amplitude with off-shell external lines is parameterized in the form

Agﬂ" = Vl(kl,]Q)S[k],,U,V,)L] +V2(kl,k2)£[k27.u7val] —I—V3(k1,k2)8[k1,k2,‘u,7t]k1v
+ V4(k17k2)8[k1)k27.u72']k¥+V5(k17k2)8[k17k27v7k]k11’l+V6(k17k2)8[k17k27v72']kl21
(6.1)

where €[k, 1, v,A] = e*VAk, . and so on, with k; and k, the momenta of the two vector lines.
The four invariant amplitudes V; for i > 3 are finite and given by explicit parametric integrals [21]

Va(ki,ka) = —Vo(ka,ki) = =167 (k1. k2), 6.2)
Vi(ki,kz) = —Vs(ko, ki) = 1677 (Lo (k1. k2) — To(k1,k2)] (6.3)
where the general massive I integral is defined by

1 1-w _
Ly (ky ko) = /O dw /O dow'? [2(1 = )3 +w(l —w)i +2wzlkika) —m?] ", (6.4)

Both A; and A; are instead represented by formally divergent integrals, which can be rendered
finite only by imposing the Ward identities on the two vector lines, giving

Vi(ki,ka) = ki -kaVs(ki, ko) + K3 Va(ky,ka), (6.5)
Va(ki,ky) = k3 Vs(ky, ky) + ki - ky Ve (ky, kz), (6.6)
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which allow to re-express the formally divergent amplitudes in terms of the convergent ones. The
Bose symmetry on the two vector vertices with indices y and v is fulfilled thanks to the relations

Vs(ki,ky) = —Va(ka, ki) (6.7)
Vo(ki,ky) = —V3(ka,ky). (6.8)

Coming to the second parameterization of the three-point correlator function, this is the one pre-
sented in [22]. One of the features of this parameterization is the presence of a longitudinal con-
tribution (i.e. of an anomaly pole), apparently for generic virtualities of the external momenta
of the two vector lines. For on-shell photons there is a single form factor with a 1/k* behaviour
(k = k1 + k) in the only longitudinal structure of the vertex. In the general off-shell case several
structures are affected by other poles in their transverse components as well, raising some doubts
about the significance of the longitudinal pole, for general kinematics. The various contributions
and parameterizations can be related one to the other by the Schoutens relations, as discussed in [6].
This second parameterization plays an important role in the description of the anomalous magnetic
moment of the muon [22]. For this reason we start by recalling the structure of such L/T parame-
terization, which separates the longitudinal (L) from the transverse (T) components of the anomaly
vertex, which is given by

1
W?L,uv - [ LAiuv WT/I/,LV , 6.9
) (6.9)
where the longitudinal component
WEAY — v, ke[, v, ki, k)] (6.10)
(with wy = —4i/k?) describes the anomaly pole, while the transverse contributions take the form
W (ki ka) = wit (R03,8) 1), (k1 ko) + wi ) (k2,K8,83) 1)), (ki ko)
+y ) (R R) T, (k k), (6.11)
with the transverse tensors given by
o kk) = kiv e[, A ki ko] — ko €]V, A ki ko] = (ki ko) €[, v, 4, (ki — o))
Kk} + k3 — k?
+% ky €lu, v, ki, k],
(-) K-k
Huvkike) = (ki —ka)y = =25k | €[u, v, ki ko)
;ﬁ;)v(klﬂkz) = k]vs[,u,l,kl,kz] + kZME[v72‘7klak2] - (kl 'k2)8[au7valﬂk]' (6.12)
taking to a parameterization of the vertex in the form
3 3) 16
re® =r +1® (6.13)
with the pole part, coupled to the external axial vector field B, given by
3 1 _
T = =g [ dxd'ya-B@WOLFO) AF() (6.14)
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and the rest (['%)) given by a complicated nonlocal expression which contributes homogeneously
to the Ward identify of the anomaly graph.

All the terms in this parameterization are linked together, and the isolation of a single contribu-
tion from the rest is only possible for specific kinematics. Nevertheless, around the light-cone
(k> — 0) the anomaly can be attributed to the pole-like behaviour of the longitudinal part. Notice
that the absence of the pole structure in Rosenberg’s formulation of the AVV [21] is due to the
redundancy of the latter. Poles can be removed and reinserted in a given parameterization by using
the Schoutens relations, but there is no way one can remove the anomaly pole of W;, consistently.
One can naturally try to to unconver the meaning of such interactions. As we are going to see,
at least from the analysis of 3-point functions, the effective action shows the emergence of some
instabilities, signalling the possibility that the vacuum will be restructured in the presence of such
interactions. This feature is probably shared by the effective actions of both chiral and conformal
anomalies, which get unified in the context of supersymmetric theories. We are going to illustrate
this phenomenon in the chiral case, where it has been worked out in some detail.

6.2 A ghost in the spectrum

As an example we consider a gauge boson B coupled to a single chiral fermion which generates
a 1PI effective action of the form

o 1 1 .
L=(i A+g Bys)v— ZFBZJF (ApspBBB) +c20B = FsFy+ .. (6.15)

where the ellipsis refer to additional transverse terms identified in the trilinear BBB vertex, which is
anomalous. We have isolated the longitudinal contribution related to the anomaly pole and we will
focus in this contribution. It is easy to show that the 1/J term can be generated by the introduction
of two pseudoscalar fields a and » which allow to remove the nonlocal contribution of the action

L=V p+g By v— %Fg + (AsssBBB) + c3Fy A Fy(a+b)
+% (3ﬂb—MlBu)2—%(8ﬂa—MlBu)2, (6.16)
where both a and b shift under the gauge symmetry
0b = M, 6(x) OBy, = 9, 6p(x) (6.17)

and where 0p(x) parameterizes a gauge transformation. The inclusion of two pseudoscalars which
acquire Stiickelberg mass terms, given by the second line of the equation above, is a specific fea-
ture of this reformulation, with a Stiickelberg mass M;. The equivalence between (6.15) and (6.16)
can be proven directly from the functional integral, integrating out both a and b, which gives two
gaussian integrations [23]. Notice that b has a positive kinetic term and a is ghost-like. A similar
behaviour obviously holds also in the case of an external axial-vector current coupled to a corre-
sponding classical gauge field if the fermion spectrum is anomalous. In this case the appearance of
a ghost in the effective action indicates the onset of an instability. Notice also that the inclusion of
a Stiickelberg mass term indicates that we need to introduce a suitable scale in order to be able to
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define a local action.

There is a third equivalent formulation of the same action (6.16) which can be defined with the
inclusion of a kinetic mixing between the two pseudoscalars. This has been given for QED (with a
single fermion) coupled to an external axial-vector field %, [7] and takes the form

62

L = a“na#x—xa%urwnﬁ, (6.18)
where F is the field strength of the photon A, while %, takes the role of a source. It is quite
straightforward to relate (6.16) and (6.18). This can be obtained by the field redefinitions

(a+D)
=
X = M(a—b), (6.19)
showing that indeed a mixing term is equivalent to the presence of either an anomaly pole or to two
pseudoscalars in the spectrum of the theory, one of them being a ghost, and the inclusion of a scale
at which to define their decoupling, which is the Stiickelberg scale. Notice that in Eq. (6.19) x is

gauge invariant while 7 is not.

7. The Coleman-Weinberg potential and ghost condensation at trilinear level

We have clarified that a Lagrangian containing a pole counterterm shows some nontrivial fea-
tures. In particular, the presence of the nonlocal dBL1~!FF interaction induced by an anomaly
pole, rewritten in a local version, allows to proceed with some further perturbative analysis which
sheds some light on the character of the effective potential of the ghost field a defined in (6.16).
We can use the Coleman-Weinberg approach, which indicates the presence of an instability in the
action, obtained after integration over all the remaining fields of the model. The instability is sig-
nalled by the presence of a ghost condensate at 1-loop level. To illustrate this formal result we
follow closely the analysis of [13].

Consider the gauge-fixed version of the Lagrangian in (6.16) given by

o I WB*)? &
L=y(i A+e B?’S)W—4FBZ_( #205) +487r2M1

Fp \Fg(a+Db)

1 1
+§(8ﬂb—MlBu)2—5(8ua—MlBﬂ)2 (7.1)

where o is the gauge parameter. We shift the ghost field, separating the classical ghost background
(still denoted as a(x)), from its quantum fluctuating part on which we will integrate, A(x)

a(x) — a(x) +A(x). (7.2)

Dropping the linear terms in the quantum fluctuation field A(x) and taking just the quadratic part
of all the quantum fields we get the quadratic Lagrangian

o 1o (duB") e
= — —F5 — Fg \F)
Lqua =i Jy = Fg ——— + 4gmaag, Ap M
1 1
+§(8b)2 — M0, bB* — 5(8#A)2 +M;B,d"A, (7.3)
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from which we can determine, after an integration by parts, the contribution which is quadratic in
the anomalous gauge field B

3
%/d‘*xBu [g“VD—< )a &+ 7 dqa "V 9, | By. (7.4)

The one loop effective action in the background of the ghost a is obtained by integration over
all the quantum fields in the form

e — [ (DA DY) IDYIDB] D] x
(9BH)?
200

1
exp{i/d4x [1/71’ Ay — ZFB2 - + %(8[))2 — M, 9y bB* — %(aﬂA)2 + M, By d"A
3

+487172M1

Fi /\Fga} } (1.5)

The integration over the quantum fluctuations of the ghost field A gives

/ [DAJexp |i / d*x 1ADA—Mla“B“A)] o

exp |~ 5 [[atad'y (MiduB (D (x—y)M12,B" ) | (76)
h
where Fp ey
Drx=3) = | i e a7

is the propagator for the quantum fluctuations of the ghost field. The integration over the axion b
induces some cancelations of various terms giving

/ [Db]exp i / a*x(- bDb+M18 uB*b) | o exp | / d*xd*yM,3,B* (x)D (x — y)M19,B" (3)]

(7.8)
where we have introduced the propagator of the axion field
d*p ie'Py)
Dp(x—y) = / — 7.
F(x y) (27_[)4 p2+i8 ( 9)

Notice that Dr(x —y) + DL (x —y) vanishes in the limit € — 0, thus the integration in A and b
eliminates the terms (7.6) and (7.8) from the action. Therefore we are just left with the expression

3
il 4 4 . € 4
el o /[DB exp /d FB /d 2(x 1247t2M1 ./d XaFB/\FB}- (7.10)

Defining

63

= e and ¢ = dya, (7.11)
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the effective action of the classical background ghost field is then given by

iTla] = —%Trlog <Dg“v - (1 - ;) 910y +ls“°‘pv¢a8p> (7.12)

where the trace Tr, as usual, must be taken in the functional sense.
To perform the calculation of (7.12) we use the heat kernel method and define the functional
determinant in (7.12) using a { function regularization. We take ¢, to be constant. We have

2s —+oo

. odu ] _
logdetQ = — lim — —— dtt* ' Tr(e "¢ 7.13
ogdetQ 0dsT(s) Jo t(e™™) (7.13)

with the functional trace performed in the plane wave basis

d*k ;
Tre 'Q = /d4xtr<x]e*tQ|x >= /d4xtr/ ) e kg 1Qihx, (7.14)

and with tr denoting the trace on the Lorentz indices. Further manipulations give

i i 1 kMEY
(e M Qe — gl o exp (—itle™, ™ Pukp) + (1 — &) 2 (1—%),  (7.15)
where we have used the relation
gk kKrky o
e tkMky — ,5 kZV(e the 1)
kM g EV P daky — pip (7.16)

We need to consider in (7.15) just the ¢-dependent part. As usual, the Coleman-Weinberg potential
is gauge-dependent. In this case the dependence on the gauge-fixing parameter o can be assimilated
to the constant terms. The functional trace receives contributions only from the terms with n even,
and after some manipulations we obtain

tr(e e Qo) — _2¢'% cosh t11/k292 — (k- ¢)2 + const. (7.17)
Inserting (7.17) into (7.14) we get, apart from a constant factor of infinite volume, the expression
Tre "¢ ~ —2/ 'k % cosh tly /K292 — (k-9)? (7.18)
(2m)* ’ '
giving an effective potential for the background ¢, of the form

L d p» (= [ d'%k g 242 2
v[¢]__}g%dsr(s)/0 dtt /(2”)4e coshtl\/k29% — (k- ¢)2. (7.19)

We can obtain the leading contribution of this effective potential by expanding the integrand in

of the trace

[, i.e. in 1/M;. After performing the expansion and restoring the infinite space-time volume we
obtain the effective action

3 1 37 , 5K 4
S— / it} (=3 -2 ) (9aP + 5o —(9a) (7.20)
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which obviously can be rewritten as

1 504
3 2 4
= —— . 21
s /d xdt{ S 0aP + 52— (9a) } (7.21)
Notice that the polynomial in the integrand
1 504
P(¢) = —=¢* 4 7.22

has a minimum at

1 12872
¢2~72\/75 > 0. (7.23)

To investigate the character of the minimum and of the fluctuations around this minimum, we select
a time-like frame, where the background takes the form

= ¢t. (7.24)

Q

If we now consider small fluctuactions around this configuration of minimum, denoted as 7
a=0¢t+m (7.25)

and expanding (7.21) we obtain the action

S:/d3xdt Y| S pgdg St i+ St vt —/ > Pr|Vr)?+- -
12872 512n27 ' 51272 12872

(7.26)
This action has the same form as in [24] (see formula (4.2)). As in this previous analysis, we do not

get the term |V 7| since its coefficient is proportional to P'(¢) = 0. Clearly, the Lorentz symmetry
is broken, at least at 1-loop level, and is signalling an instability of the local model (6.15) generated
in the infrared region. Notice, in fact, that in the Coleman-Weinberg approach we are closing the
gauge boson loop and we are taking the long wavelength limit of the external background ghost
field. Finally, one should also notice that the dependence of the effective potential on My, in this
approach, is recovered at higher orders. For instance, additional contributions, suppressed by 1/M?,
are obtained by the insertion of the self-energy of the anomalous gauge boson on the lowest order
contribution (the gauge boson loop). These features of actions containing Wess-Zumino terms have
been studied in the past with similar results [25] [26].

There are some conclusions that one can draw from this simple analysis. There are some indications
that the presence of an anomaly pole in a chiral theory, taken face value, generates a vacuum
instability which leads to ghost condensation, and a similar feature is expected from the analysis
of a conformal anomaly pole. It is natural to think that the vacuum gets redefined if the one loop
analysis can be trusted.

8. The 1PI for the 7JJ in QED and QCD

The perturbative character of chiral and conformal anomalies is encoded in both cases in such
singularities, that we will describe jointly in the case of a supersymmetric .4” = 1 theory where they
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Figure 6: The complete 7JJ one-loop vertex (a) given by the sum of the 1PI contributions with triangle (b)
and pinched topologies (c).

i " (p,q)
1 (K¢ —k"k¥) u®f (p.q)
2 (k2g"Y — k1K) w (p.q)
3 (p*g™ —4p*pY) u®F (p.q)
4 (p*g"Y —4p* p¥) w* (p.q)
5 (4°8" —4q"q") u® (p q)
6 (g"¥ —44"q") w* (p.q)
7 [p-q8" —2(¢" p¥ + p"q")]u* (p.q)
8 [p-q8" —2(¢"p" + p“q*)|w* (p.q)
9|(p-qr*—p’q*) [PP (¢"p" + p*q") — p-q(gP'p* + gPHpY)]
10| (p-qa4” — *pP) [4* (4" p¥ + P"q") — P-4 (8™ ¢" + 8" q")]
11 (p-ap®—p*q*) 24P ¢"q" — P (gPY 4" + gP*q")]
12 (p-ad® —a*pP) [2p%p* p¥ — P> (8™ p* + g% p")]
13]  (piq" +p'q")g% +p-q(g* P+ + g™ ghV) — gHVu®P
—(gPVpH + gPHpY)g* — (8% q" + g% q") pP

Table 1: The basis of 13 fourth rank tensors satisfying the vector current conservation on the external lines

with momenta p and q.

appear in a single anomaly multiplet. Before coming to that point, it is convenient to summarize
some basic findings concerning the structure of the 1PI anomaly action in the conformal case,
which allow to extend the considerations presented before in the AVV diagram to the new case.
Once we move to the analysis of the conformal anomaly, the diagrammatic expansion induces at 1-
loop level a trace contribution, identified at lowest order in the gravitational coupling in correlators
with a single insertion of a stress-energy tensor. The T'JJ vertex, in QED, describes the coupling of
a graviton to two photons and provides the simplest realization of this phenomenon. The correlator
is shown in Fig. 7 for QED.

The anatomy of this vertex is due to Giannotti and Mottola [7], who have classified its possible
tensor structures in terms of 13 form factors. On this basis, which is built by imposing on the 7JJ
vertex all the Ward identities derived from diffeomorphism invariance, gauge invariance and Bose
symmetry, the original 43 tensor structures can be reduced to this smaller number (see also the
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k p
y\\/\/\/&; + exch. + ! l-q  + exch
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(a) (b) (©

Figure 7: The complete 7JJ one-loop vertex (a) given by the sum of the 1PI contributions with triangle (b)
and pinched topologies (c).

discussion in [15]. We report them in Table 1. The vertex can be written as
I".ulVlliﬂlS p2 p3 Z F 5381, S2, #1"1#2“3 (p27p3)7 (81)

where the invariant amplitudes F; are functions of the kinematic invariants s = p? 1=+ )2,
= p3, 52 = p3, and the ¢/""""*2!% define the basis of the independent tensor structures.
The set of the 13 tensors #; is linearly independent for generic k%, p?,4* different from zero.

Five of the 13 are Bose symmetric,
P (pg) =g p),  i=1,27.8,13, 8.2)

while the remaining eight tensors are Bose symmetric pairwise

57 (pq) =t5 " (q,p), (8.3)
VP (p,q) =P (q,p), (8.4)
18" (p.q) = 11" *(q,p). (8.5)
2P (p,q) = 15P%(q,p). (8.6)
In the set are present two tensor structures
u(p,q) = (p 9)8* —q*pP, (8.7)
w(p,q) = P + (p- @) p°d* — p* PP — P*¢%4P, (8.8)

which appear in #; and #, respectively. Each of them satisfies the Bose symmetry requirement,

u*f (p.q) =uP%(q,p), (8.9)
w (p,q) =wP%(q,p), (8.10)
and vector current conservation,
pat® (p,q) = 0=qgu*’ (p,q), (8.11)
paw® (p,q) =0=qsw*(p.q). (8.12)
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They are obtained from the variation of gauge invariant quantities Fy,F*¥ and (9, F", )(dyF vA)

&> {FuvF*¥(0)}
0 4 4., Jipx+igy & LV HVE - AVJ S
pq /d /dyep qy SAa(X)A5(y) , (8.13)
_ 1 4 4. ip-xtigy 52{8“Fl;,8VFVA (0)}
q) = 2/d x/d ye SAa(VAs0) (8.14)

All the #;’s are transverse in their photon indices

P =0 pPvP o, (8.15)

ty...t13 are traceless, #; and t, have trace parts in d = 4. With this decomposition, the two vector
Ward identities on the photon lines are automatically satisfied by all the amplitudes, as well as the
Bose symmetry.

Diffeomorphism invariance, instead, is automatically satisfied (separately) by the two tensor struc-
tures t; and fp, which are completely transverse, while it has to be imposed on the second set
(t3...113).

In this way it is possible to extract from the 9 traceless tensor structures a (completely) transverse
and traceless set of 5 amplitudes, two of them related by the bosonic symmetry.

To summarize, from the original 13 tensor structures ¢;, split into a set of two transverse and trace
components and a remaining set of 11 partially transverse but traceless ones (in d = 4), one is left
with 7 form factors after imposing the pairing conditions (8.3).

Finally, by imposing the conservations WI’s these are reduced to 4, which are related to the 4 form
factors A;’s introduced in a completely independent reconstruction method [27], based on the so-
lutions of the CWTI’s, with no reference to the perturbative expansion. We will re-investigate this
different decomposition in a following section once we turn to the analysis of the CWI’s of 3-point
functions for the same TJJ vertex and for the T7TT.

The F;’s are functions of the kinematical invariants s = k> = (p +¢)?, s1 = p®, s2 = ¢* and of the
internal mass m. Explicit expressions of these form factors are given in [15]. Also in the massive
case, as already pointed out, in DR one finds a neat separation between the anomaly contribution
and the mass dependent corrections.

In the massless case only few form factors survive and one gets

2
e
F S 1
15:0,0,0) =~ (8.16)
2
e
F3(S,0,0,0) _FS(S7O7O’O)__m’ (817)
Fy(s,0,0,0) = —4F3(s,0,0,0), (8.18)
82 N
F 0,0,0) = —— | 121 35 8.19
13,R(sa )y ) 14477:2 |: Og( ‘U, ) :| ( )

where Fi3 is the only renormalized form factor (Fj3) of the entire amplitude.
The anomaly is entirely given by Fy, which indeed shows the presence of an anomaly pole. Further
details on the organization of the effective action mediated by the trace anomaly can be found in
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[15]. Perturbative investigations of this correlator have shown that the pole contribution is described
in the 1PI effective action by the term

ypole = -

32712 / d*xdy (Oh(x) = uovht (x)) O, Fap () F*P (y), (8.20)
where

RY = Oh(x) — dydvh*Y (x) (8.21)

is the linearized curvature and the background metric has been expanded as at first order in its
fluctuations A*Y.

8.1 An example: The 1PI conformal anomaly action in perturbative QCD

A similar phenomenon, in perturbation theory, occurs in each gauge invariant sector of the
non-abelian TVV correlator, as shown in the case of QCD.
In fact, coming to QCD, the on-shell vertex (the two gluons are taken on-shell), which is the sum
of the quark and pure gauge contributions, can be decomposed by using three appropriate tensor
structures q)i“ vap , given in [4]. The anomaly pole appears in the expansion of quark (F“ vep (p,q))

and gluon (T vop (p,q)) subsets of diagrams

3
TP (p,q) = TRV (p,q) + THY% (p.q) = ¥ @:(5,0,0)8 0/ (p.q),  (822)
i=1

with form factors defined as

rlf
®;(5,0,0) = P; 4(5,0,0) + Y @ 4(5,0,0,m32), (8.23)
j=1

where the sum runs over the ny quark flavors. They are given by

g g 1 2 4mi2
®(s,0,0) = 72 = (20— 11G1) —22‘{ { 2s%(s,o,o,ml.)[ - H (8.24)
82
D, (s,0,0) = —W(”f—CA)
Z + @(soo;n)+ %(soom) 2m; (8.25)
247:2 0 s | [ '
©1(5.0.0) = —&— (11n; —65C,) — A TLL 775 ¢ 01 _ 750, 0) + 5% (5.0.0.0
(5:0,0) = 25 (1ny - 65C3) — & 2 15,0~ B5(0,0) +5%0,(5,0,0,0
g & 1 5 2m?
MS ~ i
87‘[22{ BYS (s,m?) +m? L—i-3s@(00m)+<50(s00m)[+ s”}’
(8.26)

with C4 = N¢. The scalar integrals %’375, 2 and 6 are defined in [4]. Notice the appearance in the
total amplitude of the 1/s pole in ®;, which is present both in the quark and in the gluon sectors,
and which saturates the contribution to the trace anomaly in the massless limit. In this case the
entire trace anomaly is just proportional to this component, which becomes

¢
7212

®,(s,0,0) = (2n;—11Cy). (8.27)
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Further elaborations show that the effective action takes the form
c _
Ste = —¢ [ d'xd'y RV ()T (x,9) Figg Fo0

1 g 11 2 4 4 (1) -1 aB
= 31671:2<_3CA+3nf> /d xd'yR" (x) O (x,y) FagF* (8.28)

and is in agreement with the same action derived from the nonlocal gravitational action proposed
by Riegert long ago. Here R(!) denotes the linearized expression of the Ricci scalar

RV =95 —Oh,  h=nuht (8.29)

and the constant c is related to the non-abelian 8 function as

8

(8.30)

The presence of such effective scalar interactions mediated by the anomaly diagrams show that
only one component of an entire anomaly vertex is responsible for the generation of the anomaly,
which, obviously, cannot be isolated from the entire vertex. It is not an artificial component intro-
duced by a specific decomposition of the same vertex, but it is simply the signature of the same
vertex.

We are going to see conclusively, at least from the point of perturbation theory, that such interac-
tions are generated by a region in the loop integration where the two intermediate particle emerg-
ing from the stress-energy tensor 7' (or from the axial- vector current Jy4, in the chiral case), move
collinearly before reaching the final state, made of two gluons, two photons or, more generally, two
stress-energy tensors, and describe a pairing. This pairing is what is identified Fig. 1 and it is de-
scribed by a spectral density whose support is on a single point in phase space, being proportional
to O(s), with s being the invariant mass of the lines on which T or Jy are inserted.

A similar pairing has been noticed in the case of topological insulators [28] and of Weyl semimet-
als [29], which are materials in which chiral and conformal anomalies play a significant role [30].

9. Non-perturbative solutions of the TJJ and TTT from the CWI’s

The same TJJ vertex andt its anomaly can be completely determined, up to few constants,
in a completely independent way just by solving the CWI’s of a general CFT in d = 4. The goal
of this section will be to show how the results coming from the perturbative analysis and the per-
turbative approach can be merged completely, bringing to conclusive evidence that such massless
interactions are genuinely present in any anomaly vertex. A similar result, in fact, will be shown
to hold also in the TTT case. The result is also in agreement with the prediction coming from a
nonlocal version of the conformal anomaly action given in Eq. (5.17), recently discussed in [31],
which accounts for the same anomaly structure which we are going to discuss here.

9.1 CWTI’s in momentum space

An independent analysis of the features described above requires a momentum space approach
in the solution of the CWTI’s. These have been discussed in several papers [32] [33] and several
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comparisons against the free field theory realizations of the same theories have been discussed
in [34-36]. A systematic discussion of how to move to momentum space from coordinate space in
the analysis of scalar and tensor correlators in CFT’s can be found in [35]. Here we just recall that
the dilatation and the special conformal transformations, in momentum space take the forms

n n—1 0
(ZAj—<n—1>d—Zp7a a)cb(pl,...pn_l,mzo. 1)
j=1 =1 oP;

ni Pl 24, ‘”a o P( on) =0 (9.2)
j=1 pj&p?‘&p;?‘ ap K Pj 8p}_<3p;?! Pis---Pn—1,Dn) = V. )

The latter is the momentum space version of the differential constraint

n o 0
j=1 Xj

Once we move to momentum space, one needs to select the independent momenta, which in our
conventions will be the first n — 1, with the n—th as a dependent one p, = —(p;1 +...pn—1)-

9.2 Example: the scalar solution of the CWI’s and its hypergeometric origin

The simplest case, investigated in the conformal approach is the ® = (O0O), corresponding
to the scalar 3-point function. Here we will sketch the derivation of the equations in this simpler
case. We refer to [32] for more details.

In the case of a scalar correlator all the anomalous conformal WI’s can be re-expressed in scalar
form by taking as independent momenta the magnitude p; = \/;2 as the three independent vari-
ables, the dilatation equation becomes

3
G—M—Zm
i=1

The relation above is derived using the chain rule

1

J
8) ®(p1,p2,p3) =0. 9.4)

0P oD p 0d
L _B2= 9.5
aph pz 81?, p3 Ips’ ©)

where A is the sum of of the scaling dimensions of each operator in the 3-point function. It is
a straightforward but lengthy computation to show that the special (non anomalous) conformal
transformation in d dimensions takes the form, for the scalar component

Kscalaqu) =0 9.6)
with
scalar - Zpl (97)

22 d+1-2A; 0
dpidp; pi  9pi

K, = (9.8)
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with the expression (9.7) which can be split into the two independent equations

0P 1 0® %D 1 0®
+— d+1-2A))— —— — — d+1-2A3)=0 = 1,2. 9.9
dpidpi  pi 8p,~( ! dp3dps  p3dps ( )= l ©9)

The expressions of K* as given in (9.8) has been first defined in [33]. Similar results have been

obtained in [32] using a direct change of variables that reduces the special CWI to a hypergeometric
system of equations.
In the scalar case, defining

Kij=Ki—K; (9.10)

Egs. (9.9) take the homogeneous form
K5®=0 and K33® =0. 9.11)

The solutions of such equations and their reduction to hypergeometric forms is obtained by the
ansatz

®(p1,p2,p3) = P XY F (x,y) (9.12)
Pz l’z

with x = 7 and y = - Here we are taking p; as "pivot" in the expansion, but we could
equivalently choose any of the 3 momentum invariants. @ is required to be homogenous of degree
A — 2d under a scale transformation, according to (9.4), and in (9.12) this is taken into account by
the factor p?’Zd. The use of the scale invariant variables x and y leads to the hypergeometric form
of the solution. One obtains

Karg = dpf 2 ”( (1) aa +(Ax+7);x—2xyai;y—yzai;erDy;yHEJrf))
F(x,y (9.13)
with
A=D=Ay+As—1—2a— 2b—% y(a):2a+§—A2+l
:g(d+2a—2A2)
E:—%(2a+2b—|—2d—A1—Az—Ag)(2a+2b+d—A3—A2+A1). (9.14)

Similar constraints are obtained from the equation K3;P = 0, with the obvious exchanges (a, b, x,y) —
(b,a,y,x)

kg =4t 2 (s S Wy )5 2ot 2 oS+ )
X F(r.y) =0 9.15)
with
A=D =A )/(b):2b+§—A3+1
G’:g(dJerfZAg)
E —E. (9.16)
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The exponents a and b, as shown in [35], are exactly those that allow to remove the 1/x and 1/y
terms in (9.15), which implies that

d
a=0=a or a:Ag—EEal. 9.17)

From the equation K3;® = 0 we obtain a similar condition for b by setting G’ /y = 0, thereby fixing
the two remaining indices

d
b=0=bg or b:A3—§Eb1. (9.18)

The four independent solutions of the CWI’s will all be characterised by the same 4 pairs of indices
(ai,bj) (i,j = 1,2). Setting

a(a,b) :a+b+%—%(A2—|—A3—A1) Bla,b) :a+b+d—%(A1 FAtA)  (9.19)
then
E=E'=—a(a,b)B(a,p) A=D=A"=D"=—(a(a,b)+B(a,b)+1), (9.20)

the solutions take the form

-y (a(a,b),i+j)(B(a,b),itj)x'y/

F4(Ot(a,b),[3(a,b);y(a),}/(b);x,y): . : T

,_g(’),;) (v(a),) (Y'(b),]) il !

where (o,i) =T'(ot+i) /T (o) is the Pochammer symbol. We will refer to «... Y as to the first,.. .,
fourth parameters of F;.

9.21)

The 4 independent solutions are then all of the form x“y”F, where the hypergeometric functions
will take some specific values for its parameters, with a and b fixed by (9.17) and (9.18). Specifi-
cally we have

D(p1,p2,p3) = i1y c(a,b,A)xy Fa(a(a,b), B(a,b);v(a), Y (b);x,y) (9.22)
a,b

where the sum runs over the four values a;,b; i = 0,1 with arbitrary constants c(a,b,z), with

—

A = (A1,A2,A3). Eq. (9.22) is a very compact way to write down the solution, which can be made
more explicit. For this reason it is convenient to define

d M+A3—A A +A+A
OtoEa(aoabo)Z*—w, 130513(170)261—7lJr 2t &
2 2 2
d d
’}/OE’}/(ao)ZE—i-]—Az, %)E’}/(b0>:§+l_A3 (923)

as the 4 basic (fixed) hypergeometric parameters. All the remaining solutions are defined by shifts
with respect to these. The 4 independent solutions can be re-expressed in terms of the parameters
above as

e e ) ey e (@04 ) (Boit ) Xy
S](Olo,ﬁo,'}’o,'){),x,y)—F4((X{),BQ,}’0,%),X7)7) 1220];0 (YOvi) (}6,]) il j!

(9.24)
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and

SZ(aOaBO;’}/m%);)Qy) = XI_YOF4(a0—70+1,ﬁO—Y0+1;2—?’0,}’(');367)’)7
S3(00, Bo: 10, Wi x.y) = ¥ B Fy(oo— %+ 1, Bo— 1+ 190, 2— %ix.y)
S4(“O;BO;?’O’%);X7)’) = xliyoyli%)Fh(aO_VO_,%)—i_zyﬁo_’}/0_%)_'_2;2_’}/072_%);)67)))'

Notice that in the scalar case, one is allowed to impose the complete symmetry of the correlator
under the exchange of the 3 external momenta and scaling dimensions, as discussed in [32]. This
reduces the four constants to just one.

We are going first to extend this analysis to the case of the A} — A4 form factors of the TJJ. In-
terestingly, this approach can be generalized to 4-point functions, showing that at large energy and
momentum transfers, scatterings at fixed angle are characterized by similar solutions, with some
generalizations, taking to Lauricella’s functions [37].

9.3 Transverse traceless basis for the 7./J and the matching to perturbation theory

The solution in the case of the TJJ is far more involved compared to the scalar case and it
requires a completely new approach. A way to solve the CWI’s for tensor correlators has been
formulated in [27]. In order to establish a link between the perturbative approach of the previous
sections and the non-perturbative one based on [27], we start by stating the special CWI satisfied
by this correlator

2 d Jd d d d
2(A;—d) 5 —2p% == =+ (p) ) meg = | (THY1(p1)J*2 (p2) J* (p
j;l [ ( J )Bp}‘ Dj 8p;?‘ ap}‘ (pj) ap?z apja] { (p1)J*"(p2) I (p3))
d )
+4 <5K(u1 57 ~ 8k 5l(u|apl> (T (p)J* (p2) J* (p3)) 9.25)
1 1
42 (89T g5 (PR ()% () ) = O
apz apz

The first line in the equation above corresponds to the scalar action K*, while the second and
the third lines are the contributions coming from the spin parts. The correlator is decomposed into
its transverse traceless ((#1V1 j#2 j#3)) and longitudinal (local) parts in the form

(THVL JH2 JHY — (V1 b sy g (THIVE gR J;(‘i) +(THM jﬁfc./“3> + <tl#01CV1 JH2 gHs)
T ) ) — ) A 026
with
_ pv
™ =" +1,,. (9.27)

with the longitudinal/trace terms given by

u \ oV uv
w, NPT v P oy PP T 0 WUV
tloc(p)_?Q +?Q s Q+d_1(T*;) =Xyl P

Q# = PvT“V) T= SuvTﬂvv 0= Pvp/.LT#v- (9.28)
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The decompositon above allows to separate the equations into primary and secondary constraints,
the secondary ones involving equations with the inclusion of two-point functions.

At the core of the decomposition there is the transverse traceless sector, which is parameterized by
a minimal set of form factors, as proposed in [27].

It is possible to show that these amplitudes are in a one-to-one correspondence with the form
factors A; (j = 1,...4) introduced in the parameterization of the 7'JJ correlator presented in [27].
In that work the full 3-point function is parameterized in terms of transverse (with respect to all the
external momenta) traceless components plus extra terms identified via longitudinal Ward identities
of the TJJ (the so-called local or semi local) characterised by pinched topologies

((THv1 gHo JH3YY — (Ve ji2 j#3Y)) 4 Jocal terms. (9.29)

Here we have switched to a symmetric notation for the external momenta, with (pi, p2,p3) =
(k,p,q), and with the transverse traceless parts expanded in terms of a set of the form factors A
mentioned above

(1 (p1) 1 (p2) 1" (p3)) = T ot sty (A1 S Pl S pif + Aa 8% pft phit 44 842 ph
HAs(py <> p3) 84D pP p% 44, 50‘1“350‘231). (9.30)

The equation above provides the basic decomposition of the 7'JJ in terms of a minimal set of form
factors which can be mapped into the set of the F}'s presented in the previous sections. We are going
to show that the 1/k* behaviour found in the anomaly form factor (F;) is in agreement with the
explicit expressions obtained from the solutions of the CWI’s, which fix the A;. But before coming
to this point, we briefly comment on the form of the equations obtained.

In this expression ng] E' is a transverse and traceless projector built out of momentum p;, while

7172052 and 7'[3 ; denote transverse projectors with respect to the momenta p, and ps.
Coming to the explicit form of the A, they are extracted from the solution of the scalar CWI’s

0=_Ch = KA, 0=_Co =K31A,

0=Ca =Ky Ar—24, 0=Crn = K31A2 — 24,

0=_Ci3 = Ky1As 0=Crs = K31A3+4A, (9.31)
0= Ci4 = K21A3(p2 <> p3) +44, 0 =Co4 = K3143(p2 < p3)

0="Cs = K»1As+ 243 0= Cas = K31A4+2A3(p2 <> p3),

which can be obtained in two ways. The approach of [27,38,39] expresses such solutions in terms
of 3-K integrals, i.e. integrals of three Bessel functions, and can be related to specific combinations
of hypergeometric functions Fj, also known as Appell functions. An equivalent method can be
formulated which allows to work out the explicit form of the solutions using properties of the
functions Fy [35]. The two approaches have been combined, more recently, in the analysis of scalar
4-point functions, with the introduction of 4K integrals [37].

9.4 Connection between the F' and the A bases

We have taken into consideration two separate bases in the analysis of the 7JJ. In the F basis
only one form factors needs to be renormalized, which is Fj3, by dimensional counting. We can
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show that the renormalization of F13 is responsible for the emergence of a 1/k? pole in the insertion
of the T operator. Also, the singularities of Fj3 are mirrored by the singular behaviour of the A;
form factors which contain such form factor, following the map shown below in Eq. (9.33).

Let’s see how these points can be proven, following the discussion of [34].

The TJJ correlator in QED is conformal in d dimension, with finite form factors which are
not affected by the conformal anomaly, being dimensionally regulated. We can use the F-basis of
the 13 form factors F; introduced before and tensor structures #; to parameterize them.

Notice that the separation of these 13 structures into trace-free and trace parts is valid only in d =4
for most of the structures, except for f9,¢19,711 and ¢, which remain traceless in d dimensions.
conctractions with the metric tensor are, at this point, performed in d dimensions with a metric
guv(d). The 4-dimensional metric, instead, will be denoted as g,y (4).

For example, a contraction of #; and ; in d- dimensions will give

guv(d)ty VP~ (d—4)PuP (p,q)
guv( )P = (d —4)IPw* (p,q), (9.32)

and similarly for all the other structures, except for those mentioned above, which are trace-free in
any dimensions.

Using the completeness of the F-basis we can identify the mapping between the form factors of
such basis and those of the A-basis which parameterize the transverse-traceless contributions in
the reconstruction method of [27]. They are conveniently expressed in terms of the momenta

(k,p,q) = (p1,p2,p3) in the form

4(F—F;—F5) —2p3Fy — 2p3Fyo

Ay = 2(pi —ps — p3)(F1 — Fs — F3) — 4p3p3(Fs — Fy + Fi) — 23

p3(pt — p3 — p3)Fio — 2p3 p3Fi2 — 2Fi3

Ay = (pi—p3—P3)Fis, (9.33)

which are transverse and traceless, with A1, A, and A4 symmetric.

9.5 The TJJ anomaly pole from renormalization

Starting from d-dimension and using the F'-basis, we require that this correlator has no trace
(i.e. be anomaly free) in d dimensions. The anomaly will emerge in dimensional regularization as
we take the d — 4 limit. The trace WI's provide the two key conditions that we need. In fact we
obtain

d—4
F = ( )) [Fis—p3Fs— p3Fs — p2- p3 5 (9.34)

pi(d—1

and

—4) PaFa+piFs+p2-p3Fyl. (9.35)

ErEnL

_Nf\

(
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Both equations are crucial in order to understand the way the renormalization procedure works for
such correlator. From Eq. (9.35) it is clear that by sending d — 4, F, vanishes,

> [P3Fs+ p3Fs+p2 p3Fs] — 0, (9.36)

Ph=——
(d—l)l?l

since all the form factors Fy, Fg and Fg are finite for dimensional reasons, and therefore F5 is indeed
zero in this limit, since the right-hand side of (9.35) has no poles in € =d — 4.

At this stage, after the limiting procedure, at d = 4 we are left in the F —basis with 4 independent
combinations of form factors from the original seven, given in (9.33), which are sufficient to de-
scribe the complete transverse traceless sector of the theory, plus an additional form factor Fj.
Therefore, by taking the d — 4 limit, the ' —set contains only one single tensor structure of nonzero
trace and associated form factor, which should account for the anomaly in d = 4. This result is ob-
viously confirmed in perturbation theory in QED [15].

As already mentioned, Fi3 is the only form factor that needs to be renormalized in the F-set and
it is characterized by the appearance of a single pole in 1/€ in dimensional regularization. The
fact that such singularity will be at all orders of the form 1 /¢ and not higher is a crucial ingredient
in the entire construction, and is due to conformal symmetry. Such assumption is consistent with
the analysis in conformal field theory since the only available counterterm to regulate the theory is
given by

1
: / d*x/gFy F* (9.37)

which renormalizes the 2-point function (JJ) and henceforth Fi3. An explicit computations in QED
gives the result

1
Fis = Go(p1,p3,p3) — 5 [T(p3) + T1(p3)] (9.38)

with Gg being a lengthy expression which remains finite as d — 4. Therefore, the origin of the sin-
gularity is traced back to the scalar form factor IT(p?) of the photon 2-point function. Concerning
the fact that the singularity in TI(p?) stops at 1/€, we just recall that the structure of the two-point
function of two conserved vector currents of scaling dimensions 717 and 1), is given by [32]

n?? T(d/)2 - @ ph _
GyP (p) = Sy cvi (d/ m>nW_g% (pHym=—4/2, (9.39)

am=d/2 T (m) P

with cy 2 being an arbitrary constant. It requires the two currents to share the same dimensions
and manifests only a single pole in 1/€. In dimensional regularization, in fact, the divergence can
be regulated with d — d — 2&. Expanding the product I'(d /2 — 1) (p*)7~%/2, which appears in the

two-point function, in a Laurent series around d/2 — 11 = —n (integer) gives the single pole in 1/€
behaviour [32]
-1)" 1
ra-m = S (Lepr o) . 0

where y(z) is the logarithmic derivative of the Gamma function, and € takes into account the
divergence of the two-point correlator for particular values of the scale dimension 1) and of the
space-time dimension d. Therefore, the divergence in Fj3 is then given by a single pole in € is of
the form
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1
Fi3=——Fs+F 9.41
3=, +Fi3p 9.41)
In QED, for instance, one finds by an explicit computation that Fi3 = —e?/(67%) at one-loop and
Fiz 7 1s finite [15] and gets renormalized into Fi3z only in its photon self-energy contributions [15]

(s = p?, s1=p3,50=p3)

1
Fi3r(s;s1,52,0) = _5[HR(5170)+HR(5270)]+G0(5751752) (9.42)
with
&2 5 s
HR(S,O):—lzn_z |:3—10g <_‘u2>:| s (943)

denoting the renormalized scalar form factor of the JJ correlator at one-loop and with Gy implicitly
defined in (9.38).
Inserting (9.41) into (9.34) we obtain

d—4) [ 1
pﬁd—1)<d4

k= Fi3 +F13f—P%F3—P§F5—Pz'P3F7>, (9.44)

which in the d — 4 limit gives, in general

FL=— (9.45)
3p7
and specifically, in QED
o2

(s = k*) showing that the anomaly pole in F} is indeed generated by the renormalization of the
single divergent form factor F3. In the case of QED, the relation between the prefactor in front
of the 1/s pole and its relation to the QED B-function has been extensively discussed in [7, 15],
to which we refer for further details. In performing the limit we have used the finiteness of the
remaining form factors.

The analysis presented above proves the consistency of the conjecture concerning the origin of
the anomaly pole which is attributed to the renormalization of the 7'JJ correlator as we reach the
physical dimensions. At the same time, the agreement with perturbation theory, in QED, holds
only at 1-loop, where the theory is conformal. But this is sufficient to establish a link between a
general CFT result and a specific perturbative realization of a given correlator in free field theory.
The consistency between the results obtained in the F basis and the transverse-traceless one of the
A; can be easily figured out from a cursory look at (9.33). One can show that the singularities of
the A; are in direct correspondence with the presence of Fi3 in their relations to the F basis. For
instance A,,A3 and A4 need to be renormalized, while A does not.
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TH1T AANARS,

Thsvs

Figure 8: Typical one-loop scalar diagrams for the three-graviton vertex.

10. The 3-graviton vertex from the CWI’s

As we move to the TTT vertex, the analysis gets more involved but it remains substantially
unchanged. Similarly to the 7JJ, the longitudinal/transverse-traceless decomposition takes the
form

<TM1 Vi TH2V2 TH3V3> — <tl~l1 Vi 2 V2 tﬂ3V3> + <tl:‘élcvl eV t#3V3> + <t#1V1 t;(‘JZCVZ t#3V3> + <tI41V1 V2 t;:)iv3>
vy MoV lusvs vy HaVa s nivy M2vVa U3V3 HiVi H2V2 U3V3
+ <tloc tloc 4 > + <tluc tloc 4 > + <t tloc tl()c > + <tloc tloc ! loc >
(10.1)

with the (##11 1422 t#3V3) parameterized by five form factors (A;) in their transverse traceless sector.
All the primary CWTI’s can be solved in terms of the general 3K integral

(e} 3
Ia{ﬁlﬁzﬁ3}(P17P27P3) = /O dxx* l—IIP?jKB_/ (pjx), (10.2)
j:

where K, is a Bessel K function. This integral depends on four parameters, namely the power o of
the integration variable x, and the three Bessel function indices f3;.

d d
azE_I—HV’ ﬁj:Aj_§+kj, j=1,2,3. (10.3)

Here we assume that we concentrate on some particular 3-point function and the conformal dimen-
sions A;, j = 1,2,3 are therefore fixed. By defining

INGy = 1d g via—d 1) (10.4)
with {k;} = {ki,k2,k3}, the solutions are expressed in the form [27,39]

A1 = {000} s (10.5)
Az = 4051001} + %2Ja{000} (10.6)
Az = 20144002y + 02430001} + ®3J2{000} » (10.7)
Agq = 8auJyq110y — 20030001} + 0aJ2{000} » (10.8)
As = 8ai 311y 200 (Lag110) (1011 +oqo11)) + 005000} (10.9)
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in terms of 3K integrals. One important issue is how to relate these explicit solutions to free-field
theory.

10.1 Matching the general CFT solution to free field theory

We can show that such solutions can be perfectly matched in perturbation theory by introduc-
ing three independent sectors, a scalar, a fermion and spin one [36].
Also in this case, as for the 7'JJ, one performs a parallel analysis of the decomposition of the cor-
relator in free field theory using each such three sectors. In d = 4 the complete correlation function
can then be written as

(T (p) T (p2) THY (pa)) = np (THY (p1)THY (p2) T (p3)) - (10.10)
I=F.G,S

For the triangle V and contact topologies W, the latter take the form
(Y (p)e=2 (p2)rt " (p3))y = T gl (p)TIEE 2 (p2)TI B (p3)

3
% _V[lxlﬁlazﬁzasﬁ.%(pl . p3)+ZW/IO{1ﬁ|tX2ﬁza3I33(pl P2, p3)
P25 i s P2
i=1

(10.11)

where we have included all the three sectors (7). Both the longitudinal and the transverse sectors
are characterized by divergences in the forms of single poles in 1/€ (¢ = (4 —d)/2) which needs
to be removed by renormalization. The singular contributions of the A; in DR take the form

2

AP 47;8 [26nG — Tng — 2ns] (10.12a)
2

A?W = 797(1;8 [3(S+S1) (6I’LF +ng+ 12]’1(;) +s2(11nF —|—62nG—|—nS)] (10.12b)
2
: T

AR = 52 (s 51) (29n +98nG +4ns) +53(43nr + 460G+ 8ns) (10.12¢)

2

Aé""’ = 1;;08 {nF (43s2 — 14s(s1 +52) +43s% — 145152 +43s%)

+2[nG (23s2 +26s(s1 +52) —}—23s% + 265157 —|—23s%) + 2ng (2s2 —s(s1+52) —|—2s% — 5152 —|—2S%) ] }
(10.12d)

and are renormalized by the addition of two counterterms in the defining Lagrangian. In perturba-
tion theory the one loop counterterm Lagrangian is

Scount:*1 Z nl/ddxm(ﬁa(l)cz+ﬁb(1)E> (1013)

€ 1_Fs.G

corresponding to the Weyl tensor squared and the Euler density, omitting the extra R> operator
which is responsible for the (IR term in (4.13), having choosen the local part of anomaly (~ B.CJR)
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vanishing (B, = 0). More details concerning this point can be found in [40]. The corresponding
vertex counterterms are

(THY (p1)THY2 (p2) TV (D3)) coun =

1
= p T (B ) BV )
I-F5.G

(10.14)

and can be separated in their transverse-traceless components and their longitudinal ones. The A;’s
are renormalized by the first, while the second renormalize the longitudinal components of the
TTT. The approach has been detailed in [40]. The method consists in taking the transverse trace-
less projectors (with (open indices) as d-dimensional tensors and in expanding their d-dependence
as (d —4)+4, generating new tensors which are transverse traceless only in d = 4, plus a remainder.
All the index contractions are performed with a d-dimensional metric tensor, while the inclusion
of the counterterms generated by (10.13) allows to remove the 1/¢ terms. At the final stage the
expression of the renormalized vertex is given only by the 4-dimensional component of such a final
tensor, which can be traced as an ordinary 4-d tensor, thereby generating an anomaly.

An extensive analysis shows that the entire 4-d solution of the CWI’s A; can be reconctructed
just by a superposition of the three perturbative sectors mentioned above. In [33] the general 3K
solution is uniquely parameterized in terms of some constants o, and cr. If we choose, for
instance

o — 73 (ns — 4nr) o = TnF . 7371'5/2
b= 480 2T 76 7= 28

(ns+4nr), cg=0 (10.15)

valid for d = 3, we can match perturbative and non-perturbative results in the same dimension. It
is then clear that, given the rather complex structure of the 3K integrals, the use of perturbation
theory and the matching allow to re-express such integrals in a very simple form, using only the
scalar 2- and 3-point functions of the ordinary Feynman expansion as a basis. This implies that
the general hypergeometric solution in d = 4 should drastically simplify, in order to agree with the
perturbative one. In d = 4 an explicit match as in d = 3, for instance, can be worked out only at
numerical level, since the procedure developed for the renormalization of such integrals is rather
involved. The general expressions of the A; in d = 4, valid non-perturbatively, can be found in [36].
It is interesting to observe how the structure of the anomalous contributions of the correlator appear
in this formulation. They are associated to terms which develop a nonvanishing single, double and
triple trace, with massless exchanges in the three separate legs of the correlator, as shown in Fig. 9,
which generalizes the behaviour of Fig. 1. Such anomalous ({..),) terms are given by
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Figure 9: The anomaly contribution in the TTT correlator due to massless exchanges on each separate leg,
represented by dashed lines.

v 1152%} Hu3v3 R (Pl) Hava Hzv3
(T (p1) T (p2)T (p3)>a=73p2 (T(p1)TH"(p2) T (p3))a
1
fHava fH3V3
T 3p(f 2 T ()T ()T () o+ 3;2”3) (TH (p1) T (p2)T (p3))a
2 3

Y (p1) 22" (p2)

) (T ()T (p2) T ()}~ TP P2

(T (pO)T (P2)T (P3))a

9pIp3 9p3p3
AHIVI AHV3 (5 AHIVI fH2V2 AHV3 (5
IR PORBR ) i () T () T POTR PR DS ) 7 () ()
Opip; 27pip3p3
(10.16)

As shown in [31], they can be reobtained from the nonlocal anomaly action (5.17) .

11. Moving to supersymmetry: Anomalies and sum rules for the anomaly
supermultiplet

The kinematical features characterizing chiral and conformal anomalies become standard once
we turn to consider a supersymmetric context. Supersymmetry, indeed, provides a unification of the
phenomenon discussed above, identified in perturbation theory, as shown in the case of an .4/ =1
super Yang-Mills theory.

In the 1PI anomaly action of this theory, one identifies three specific contributions which are re-
sponsible for the generation of the anomaly supermultiplet, in the form of three poles in the three
separate channels. Conformal and chiral anomalies are then unified by the same perturbative be-
haviour. We are going to summarize this result, based on the analysis presented in [41].

There is a related phenomenon in this case, which can be identified by moving away from the con-
formal limit. This can be achieved by the inclusion of mass terms in the Lagrangian at a first stage,
which can be used to discuss the structure of the anomaly vertices as a function of m. As in the
previous cases, we will adopt dimensional regularization.
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Figure 10: Typical contributions to the one-loop perturbative expansion of the (RVV) (SVF) (TJJ) dia-
grams

The anomaly form factors are characterized by a unique function () for which one can write down
a spectral representation in terms of a spectral density p (s,m?) supported by a single branch cut

l oo p%(s7m2)

2 2\
2K m?) = — s (11.1)

corresponding to the ordinary threshold at k*> = 4m?, with

2mm? log (1 ++/(s,m?)

52 1 —+/t(s,m?)

1
px(svmz) = EDiSCX(&mz) =

)9(s—4m2). (11.2)

A crucial feature of these spectral densities is the existence of a sum rule, given by

oo

1
- d =1 11.3
T 4m2 pr(sam ) 9 ( )

where the right hand side has been normalized to 1. In general, it equals the anomaly. Generically,
it is given in the form

1 /= 5 B
= | pGmtyds = 1. (11.4)

with the constant f independent of any mass (or other) parameter which characterizes the thresholds
or the strengths of the resonant states eventually present in the integration region (s > 0).

It is quite straightforward to show that Eq. (11.4) is a constraint on the asymptotic behaviour of
the related form factor. The proof is obtained by observing that the dispersion relation for a form
factor in the spacelike region (Q? = —k? > 0)

1 oo 2
F(Q*.m?) :E/o dsi(ian), (11.5)
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once we expand the denominator in Q” as . +1Q2 = é - ésé + ... and make use of Eq. (11.4),

induces the following asymptotic behaviour on F(Q?, m?)

lim Q*F(Q* m*) = f. (11.6)
02—
The F ~ f/Q? behaviour at large Q?, with f independent of m, shows the pole dominance of F for
Q? — 0. Indeed, the resonant (pole) behaviour of such spectral density is obtained in the m — 0
limit

lim p, (s,m*) = lim
m—>0px(7 ) m—0 S2

1 —+/7(s,m?)

2
2 1 oe (H V(s ) —4m?) = 75 (s), (11.7)

where p converges to a delta function. Clearly, it is the region around the light cone (s ~ 0) which
dominates the sum rule and it amounts to a resonant contribution.

Therefore, the presence of a 1/Q? term in the anomaly form factors is a property of the entire
flow which converges to a localized massless state (i.e. p(s) ~ 6(s)) as m — 0, while the presence
of a non vanishing sum rule guarantees the validity of the asymptotic constraint illustrated in Eq.
(11.6). Notice that although for conformal deformations driven by a single mass parameter the
independence of the asymptotic value f on m is a simple consequence of the scaling behaviour of
F(Q?% m?), it holds quite generally even for a completely off-shell kinematics [7].

11.1 The case of an ./ = 1 theory
To illustrate this result, let’s consider the Lagrangian of an .4 = 1 theory

1 i b
Diﬂ = —ZF;LIVFQIJV—Fl)L Gu‘@ublb‘i‘(@fj(b]) ( zku¢k)+l)(]0u.@ xl.

—V2g (Zalz 0, —HPTT%“ ) —V(p,0")— 3 (%i%j%j(q)) +hec.), (11.8)

where the gauge covariant derivatives on the matter fields and on the gaugino are defined respec-
tively as

= §;0" +igAF T, D = 5% — g1 A} (11.9)

with 9%¢ the structure constants of the adjoint representation, and the scalar potential is given by

i tot L2 (oirag)’
V(9.0") = (") i(0) + 3¢ (6] T205) (11.10)
For the derivatives of the superpotential we have been used the following definitions
oW (D) *W (D)
Wi(9) = —— Wii(0) = == 11.11
(0= 582 A0)= Gae (i
where the symbol | on the right indicates that the quantity is evaluated at § = 6 = 0.
Having defined the model, we can introduce the Ferrara-Zumino hypercurrent
_ 1_T< _ o«
Fai =Tr[Wie"Wae™"] — 3P [VA ¢'Va—e"D;Va+ VD, ev} D, (11.12)
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Figure 11: Representatives of the family of spectral densities p"T(s) plotted versus s in units of m?. The
family "flows" towards the s = 0 region becoming a & () function as m? goes to zero.

where V4 is the gauge-covariant derivative in the superfield formalism whose action on chiral
superfields is given by

Vi@ =e"Dy("®), Vi®=e"Di(eP). (11.13)

The conservation equation for the hypercurrent ¢, ; is

. 2
DA fpi = 2Da |15 (3T (4) ~ T(R) TW? — Ly (@ @) + (mcp) _¢‘W§§’”)] ,
(11.14)

where 7 is the anomalous dimension of the chiral superfield.

The first two terms in Eq. (11.14) describe the quantum anomaly of the hypercurrent, while the last
is of classical origin and it is entirely given by the superpotential. In particular, for a classical scale
invariant theory, in which % is cubic in the superfields or identically zero, this term identically
vanishes. If, on the other hand, the superpotential is quadratic, the conservation equation of the
hypercurrent acquires a non-zero contribution even at classical level. This describes the explicit
breaking of the conformal symmetry. By projecting the hypercurrent _#,; defined in Eq.(11.12)
onto its components we get the explicit expressions of the three anomaly equations.

The lowest component is given by the R* current, the 6 term is associated with the supercurrent
Sf:, while the 86 component contains the energy-momentum tensor 7%V, 1In the .4 = 1 super
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Figure 12: The collinear diagrams corresponding to the exchange of a composite axion (top right), a dilatino
(top left) and the two sectors of an intermediate dilaton (bottom). Dashed lines denote intermediate scalars.

||
N
I

Yang-Mills theory described by the Lagrangian in Eq. (11.8), these three currents are defined as

RM = A9GHA% + ( G i+ 2i0] 70, — 2i( 7)) q),), (11.15)
Sh = i(6¥P 0" AY)aFy, —V2(0, 6" 1) a(2350))" — iV2(c* 1) #; (97)
— ig(¢]T,) (0" A%)a + 51, | (11.16)

P — _ —
TRV — _Fa,upFavp_’_i |:A'a6,u(8ac 9V _gtabcAbV)lc_i_lac—y,u(_sac 9V —gl‘abCAbv)A,C-f-([J o V)
+(250) (T +(2559;) (Zh o) + [%10“ (8," +igT A )2,
+ 6" (=& aV +igTHAYY )y + (u < v)] -z +TH, (11.17)

where .Z is given in Eq.(11.8) and S;‘ and TI” v are the terms of improvement in d = 4 of the
supercurrent and of the EMT respectively. As in the non-supersymmetric case, these terms are
necessary only for a scalar field and therefore receive contributions only from the chiral multiplet.
They are explicitly given by

Mo
SIA_

4‘[ [cﬂvav(w )]A, (11.18)

lev _ %(nuvaz_auaV) ¢iT¢i' (11.19)

The terms of improvement are automatically conserved and guarantee, for # (®) = 0, upon
using the equations of motion, the vanishing of the classical trace of 7"V and of the classical
gamma-trace of the supercurrent Sﬁ . The anomaly equations in the component formalism, which
can be projected out from Eq. (11.14), are

2 1
OuR! =~ <T(A)—3T(R)> FUvES, (11.20)
~ o -382 1 7 a1V a
OuSy = —ig 5 T(A)—gT(R) (A%GHY)  Fiy (11.21)
v 3g2 1 auyv ra
T = =255 (T(4) — 3 T(R) | FVEY, . (11.22)
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The first and the last equations are respectively extracted from the imaginary and the real part of
the 6 component of Eq.(11.14), while the gamma-trace of the supercurrent comes from the lowest
component.

We define the three correlation functions, I' ), I'(s) and I'(7) as

5P TP (p.g) = (RM(K)A“*(p) AR (q))  (RVV),
3Tl y(pa) = (S5(0A“(P)AR(g))  (SVF),
8T (p.g) = (TR () A (p) A" (q))  (TVV), (11.23)

with k = p + ¢ and where we have factorized, for the sake of simplicity, the Kronecker delta on the
adjoint indices. These correlation functions have been computed at one-loop order in the dimen-
sional reduction scheme (DRed) using the

2
& T(R) k!
Fl(lRO)CB(p7Q):_l 1275:2)188[11’61’&’[3]’ (1124)

The correlator in Eq.(11.24) satisfies the vector current conservation constraints and the anomalous
equation of Eq.(11.20)
2

. g
ik Dl (.9) = "5 elp.a. . Bl. (11.25)
Therefore, in the on-shell case and for massless fermions we recover the usual structure of the

(AVV) diagram. In general we obtain

el (p.g) = 'g24T(§4)]Z;£[p g, ], (11.26)
L) (P-a) = gzjz;(]i) i gzz(é) V()" (11.27)
i (p.q) = nz(k;t{l v (p,q)+gi;$) k) (pq), (11.28)
where
V(k*) = —343.%0(0,0) — 3 By (k*,0) — 2k* € (k*,0). (11.29)

and with %,(k?,0) and %y (k?,0) denoting the scalar 2- and 3-point functions computing in the
massless case. Notice that the two vector lines are kept on-shell for simplicity. The structure of the
correlators is then given by

2
& T(R ket
FfLRO)‘B(M) =i 12752) ®1(k2,m2)ﬁ8[p,q,a,ﬁ], (11.30)
2 2
Ho _ .8 T(R) 2 2\ uo .8 T(R) 2 2\ MO
sy (P2a) = i35 @1k m7) s =52 Pa (K m7) 557 (11.31)
2 2
g TR g°T(R
O 00) = S @ R (.0 + ST 0 i), 1132
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with

O (KP,m?) = —1—=2m* Gy (k*,m?),
D, (K, m?) = 1 — Bo(0,m*) + Bo(k*,m*) + 2m* G (k*,m?), (11.33)

and with the anomalous broken Ward identities taking the form

2
. g°T(R
ik Tl (p.) = —lziz)cbl(kz,mz)t?[mq,a,ﬁ], (11.34)
2
_ g°T(R _
OuTs) (Pa) = - 4752 o, (12.)5 . (1135)
2
g°T(R
v TP (p.g) = S 7r(2 Lo, (2, m?)u® (p,g) . (11.36)
A similar result holds also for the Konishi current
W= aun! +i0" (2u9”) —i(Zu9) o (11.37)
2
8" T(Ry) k#
F‘g]?ff( ) ) - _szf¢1<k27m2)k78[p7Q7a7B] ) (1 138)

with & (k?,m?) given in Eq. (11.33), in full analogy with the result for the correlator of the R
current.
Defining

2 (2,m?) = &y (K2, m?) /K2, (11.39)

the discontinuity of the anomalous form factor x (k*,m?) is then given by

2 2
Disc x (K*,m*) = 2 (k* +ie,m*) — x (i — ie,m*) = —Disc <1> — 2m”Disc (ka)>

K2 2
(11.40)
giving
2 1 2 12
Disc (2, m?) = dix-"— log LV EEM) g 4o g0y (11.41)

()2 71— /t(k,m?)

The total discontinuity of y (k?,m?), as seen from the result above, is characterized just by a single
cut for k> > 4m?, since the §(k?) (massless resonance) contributions cancel between the first and
the second term of Eq. (11.40). This result proves the decoupling of the anomaly pole at k> = 0 in
the massive case due to the disappearance of the resonant state. In the conformal limit, it is clear
that the partially on-shell action takes the form

Sanom = Saxion + Sdilatino + Sdilaton (1 1-42)
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Figure 13: The UV/IR RG flow with a possible intermediate non-perturbative potential for the generation
of ultralight masses for axions and dilatons

where
2
g _T(R 11 8
Suin = 5 ( 3> d'2d*x0 By () 5 3 Fap (P (1
2 EX
T R) B 1
Sdilatino = % ( g)/ 4zd x[av ulz )G’“’GPD—’) G“ﬁl(x)EFaﬁ(x)—i-h.c.
X
2 _T(R) 11
Sdilaton = - £ ) ( d4Zd4 /’l(Z) _a'uavhlvlv(z)) = jlap (X)Faﬁ ()C)
87 O, 4

(11.43)

The complete symmetry of the massless exchange present in each channel is evident.

12. Comments

There are obvious questions that one can ask, by looking at these results. One of them concerns
the possible physical meaning of such massless exchanges, which have motivated our analysis. The
presence of ghosts in each anomaly channel seems to indicate that a mechanism of ghost conden-
sation could take place, which causes a redefinition of the vacuum. On the other hand, there are
limitations to our analysis, the first being that it relies on the computation of a simple Coleman-
Weinberg potential. The second one is its limitation to 3-point functions, i.e. at trilinear level,
although at this level all the features of the anomaly functional are reproduced by the candidate
action, at least in d = 4, except for non anomalous contributions which require higher point func-
tions.

The physical excitations that emerge from such a vacuum rearrangement would be ultralight and
should play a role in cosmology, especially in the context of dark matter and/or dark energy stud-
ies, for being Nambu-Goldstone modes which are dynamically generated by the superconformal
anomaly. Obviously, such a speculative hypothesis requires further investigations in order to pro-
vide solid predictions. We stress once again that this picture allows to reconcile two different
approaches in the analysis of anomaly actions, the nonlocal one, based on a variational solution of
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the anomalous Ward identities, and the local one, based on the inclusion of a Nambu-Goldstone
mode to account for the broken symmetry.
In a supersymmetric context, this extension is realized by the inclusion of a supermultiplet, with
an axion, an axino and a dilaton in the spectrum of the 1PI anomaly action. Lagrangians with such
field content have been discussed in the past [42—44]. In general, one expects a mechanism of vac-
uum misalignment to take place at a large scale in the generation of ultralight particles [9,45] and
it is conceivable that a similar mechanism could be induced also by the conformal anomaly, due
to the presence of a topological contribution. This scenario would then be summarized as in Fig.
13. The UV and IR descriptions at the two upper and lower ends of this figure would correspond
to the two versions of the anomaly action that we have analyzed, with an intermediate dynamical
potential generated non-perturbatively at an intermediate scale, and connected by an RG flow. Such
potential would be responsible for generating a mass for the dilatons. For instance, an ultralight
axion/dilaton pair would be of remarkable cosmological significance and would define a new pos-
sibility for gravitational physics in the far infrared, although other scenarios a‘t this stage cannot be
excluded. In the case of Stuckelberg models, for instance, such potential is generated by a vacuum
misalignment and can be attributed to instanton effects at a certain phase transition [9], which can
be tiny in its size. This and other challenging aspects of such class of models are left for future
investigations.
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