PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: December 17, 2021
REVISED: April 5, 2022
ACCEPTED: July 11, 2022
PUBLISHED: August 12, 2022

Axion effective action

Jérémie Quevillon, Christopher Smith and Pham Ngoc Hoa Vuong

Laboratoire de Physique Subatomique et de Cosmologie,

Université Grenoble-Alpes, CNRS/IN2P3, Grenoble INP, 38000 Grenoble, France
E-mail: jeremie.quevillon@lpsc.in2p3.fr, chsmith@lpsc.in2p3.fr,
vuong@lpsc.in2p3.fr

ABSTRACT: In this paper, we discuss the construction of Effective Field Theories (EFTs)
in which a chiral fermion, charged under both gauge and global symmetries, is integrated
out. Inspired by typical axion models, these symmetries can be spontaneously broken, and
the global ones might also be anomalous. In this context, particular emphasis is laid on
the derivative couplings of the Goldstone bosons to the fermions, as these lead to severe
divergences and ambiguities when building the EFT. We show how to precisely solve these
difficulties within the path integral formalism, by adapting the anomalous Ward identities
to the EFT context. Our results are very generic, and when applied to axion models,
they reproduce the non-intuitive couplings between the massive SM gauge fields and the
axion. Altogether, this provides an efficient formalism, paving the way for a systematic and
consistent methodology to build entire EFTs involving anomalous symmetries, as required
for axion or ALP searches.
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1 Introduction

The Peccei-Quinn (PQ) mechanism [1, 2] is probably the best solution to the strong CP
problem of the Standard Model (SM) [3]. This solution predicts a new Goldstone boson,
the so-called axion [4, 5], which is hunted by many experiments. Recent constrains from
astrophysics [6, 7] and particle physics [8, 9] imply that the breaking scale of PQ symmetry,
fa, is much larger than the electroweak scale. Due to this large-scale separation, Effective
Field Theory (EFT) is a well-suited framework to describe the interactions between the
axion and other light particles (usually from the SM).

In previous works, some of us have shown [10-12] that axion models exhibit intrinsic
ambiguities in their formulation, and this has a dramatic impact on the coupling of axions



to massive gauge fields. One of the main conclusion of ref. [10] states as follows: when axion
models are specified in a representation in which the axion has only derivative couplings to
SM chiral fermions, such as in DFSZ-like axion models [13, 14],! some chiral reparametri-
sation of the fermionic fields are implicit and lie at the root of the so-called anomalous
axion couplings to gauge field strengths. For vector gauge interactions, it is well known
that derivative couplings to fermions decouple faster than local anomalous operators, which
thus capture the whole axion to gauge boson couplings. By contrast, derivative interactions
do not systematically decouple for chiral gauge interactions, ultimately because the gauge
symmetry is necessarily spontaneously broken when the chiral fermions get their masses.
Importantly, non-decoupling contributions from derivative interactions can arise from the
usual axial coupling to fermions, but also from the vector one. Both can be anomalous in
the presence of chiral gauge interactions. In practice, keeping track of these non-decoupling
effects is crucial to get consistent, parametrisation-independent couplings of the axion to
gauge bosons. Only with them, one can match the results obtained using a linear repre-
sentation of the complex Peccei-Quinn scalar field, in which the axion has pseudoscalar
couplings to chiral fermions, and no anomaly-related ambiguities ever arise.

On a more technical side, these results have been derived by appropriately computing
anomalous triangle diagrams regularised using Weinberg’s method [17, 18] which allow
to parametrise the initial ambiguity inherent to the momentum rooting in the amplitude
integrals. This rigorous treatment allows to obtain generalised Ward identities, in which
one can tune which current is anomalous, or not, which is physically mandatory and not
guaranteed in a more naive computation. The ref. [19] reaches similar conclusions from a
more anomaly matching EFT-oriented point of view, which brings interesting insights to
axion couplings to chiral gauge fields.

In this work, our goal is not only to add up on the understanding and construction
of low energy axion EFTs, but also more generally on the possible interplays or entangle-
ments between spontaneous and anomalous symmetry breaking that can arise when chiral
fermions are integrated out. Further, our goal is to perform this analysis exclusively in a
functional context, by building the low-energy EFT following a step-by-step integration of
the chiral fermion fields, without recourse to triangle Feynman diagrams or Ward identities,
and take advantage of the elegant and convenient techniques developed recently to inte-
grate out heavy fermionic fields [20-30]. The only ingredients will thus be dimensionally-
regulated functional traces, and the order-by-order invariance of the EFT operators under
gauge transformations, when the appropriate would-be-Goldstone bosons are accounted
for. Ultimately, the same non-decoupling of derivative interactions will be observed, in the
sense that the EFT built from them will start with dimension-five operators.

The main novelties of our approach are the following: within the path integral formal-
ism for one-loop matching, we show how to consistently integrate out heavy chiral fermions,
which are charged under both the local and global symmetries. Focusing on the Goldstone-
gauge bosons couplings, we show how to deal with +° within dimensional regularisation

'KSVZ-like models [15, 16] involve vector-like fermions, whose masses are decoupled from the sponta-
neous electroweak symmetry breaking, and the discussion is much simpler.



to properly keep track of the ambiguities arising in the one-loop effective action. In the
functional matching, we show that the gauge invariant combinations of the EFT operators
can be used to fix these ambiguities. Hence, for the first time, with the functional method
for one-loop matching, we can fully control which symmetry currents are anomalous and
which ones are anomaly free. Therefore, the Wilson coefficients can be obtained correctly.
We then derive the universal formula that captures all EF'T couplings of Goldstone bosons
with gauge bosons (both massive and massless) consistently and generically. Our results
can be easily applied to various axion UV models.

The plan of the manuscript is the following: In section 2, we integrate out a chiral
fermion from a toy model to obtain a gauge and Goldstone boson EFT. This section will
mainly concentrate on the physical interpretations so the reader can understand the logic
behind the construction without entering into the details of the calculation. The crucial
point of this section is to show how ambiguous coefficients can be fixed by enforcing the
Ward identities, which are now written in terms of gauge invariant combinations of the
EFT operators. For the reader who is familiar to this topic, one can skip this section and
go directly to the following section.

In section 3, we will detail how to evaluate the one-loop effective action from the
path integral functional approach and how we deal with the ambiguities originating from
the QFT anomalies. The main outcome of this section is eq. (3.29), a master formula
which can be easily used to obtain effective couplings between gauge fields and Goldstone
bosons, and which encapsulates the subtleties occurring when dealing with anomalous
global symmetries in a chiral gauge theory.

In section 4, we apply this master formula to various models starting with a simple
chiral toy model with an additional global U(1) symmetry. We then explicitly apply our
results to axion models and recover, for instance, the non-intuitive axion couplings involv-
ing massive gauge fields in DFSZ-like models. We conclude in section 5 while additional
computational details regarding master integrals can be found in appendix A.

2 EFTs with spontaneously and anomalously broken symmetries

Readers familiar to the topic of anomalous symmetries in the EFT may directly jump
to the following sections. Our goal here is to introduce the formalism using a simplified
setting. More precisely, our goal is to integrate out fermions that can be charged under
both global and local symmetries. Further, those fermions will not be assumed vector-
like: their left- and right-handed components need not have the same charges under these
symmetries. This generates two complications. First, obviously, such fermions can only
acquire a mass, and thus be integrated out, when the chiral components of the symmetries
are spontaneously broken. Second, the classical symmetries cannot all survive quantisation,
and there must be some anomalies. These two effects are entangled, and further, they
induce some freedom in how the fermionic part of the UV Lagrangian is to be parametrised.
So, before any attempt at integrating out the fermions, it is necessary to fix this freedom.
As we will discuss in this section, from a functional point of view, one parametrisation
emerges as the most natural, but requires a specific treatment of anomalous effects and
derivative interactions.



2.1 EFTs and gauge invariance

We start from a generic UV Lagrangian exhibiting some set of local symmetries and in-
volving fermionic degrees of freedom. Typically, the fermionic part of the Lagrangian is of
the form, including for simplicity only one axial and one vector gauge field,

E%{/mion = \i/(ia,{y“ + 9, Vit — gAAM’y“ny’)\I/. (2.1)

Let us first consider abelian gauge symmetries for simplicity.? At the classical level, this
theory is invariant under U(1)y and U(1)4 gauge transformations, which we define as:

1

Uy : V, =V, + gf@,ﬁv , U — exp(if, )V, (2.2)
\4
1

U(l)a : A, — A+ g—@uﬁA , T — exp(—if )V . (2.3)
A

Our goal is to integrate out the fermion to get the tower of effective interactions by perform-
ing an inverse mass expansion.® This obviously means that the fermion to be integrated
out should be massive, which forces the axial gauge symmetry to be spontaneously bro-
ken. To be able to consistently account for this, let us include the complex scalar field
¢4 which, by acquiring a vacuum expectation value v, will spontaneously break the axial
gauge symmetry,

E%{/mion = \il(iaufy“ + g, V¥ — gAA,ﬁ”fP)\I/ — y\p(\ichZ)A\IfR +h.c.), (2.4)

with yg the Yukawa coupling, and two Weyl components Vi = Pr ¥ with Pg; =
(1449)/2

If one wants to focus on manifest gauge invariance, it is convenient to include the
Goldstone boson, 74, and adopt an exponential or polar representation for the complex
scalar field,

v

= \2(1} +04)exp [z 71',4(:5)} . (2.5)

Indeed, thanks to the exponential parametrisation of the Goldstone boson, this theory is
still manifestly gauge invariant provided, together with the transformation of eq. (2.3),

7TA—>7TA+2U9A, (2.6)

while o4 is gauge invariant and plays no réle in that regard. Said differently, with this
representation, it is sufficient to keep only the gauge bosons and the Goldstone fields
explicitly to construct the EFT, which will involve only these fields in a gauge invariant way.

By contrast, if one insists on manifest renormalisability, the Goldstone boson has to
enter linearly, that is, by writing the scalar field acquiring a vacuum expectation value v
as linear in all its components,

¢A:\}§(U+UA+Z'7FA)- (2.7)

2We will discuss later the peculiarities arising in the non abelian case.
3More precisely we will use convenient Covariant Derivative Expansion (CDE) techniques.




The o4 is no longer gauge invariant since a U(1)4 gauge transformation is nothing but
a SO(2) rotation for the (v + 04,m4) vector. If one insists on manifest gauge invariance,
the difficulty then is that o4 should explicitly appear in E{?{,mion. Even if in the abelian
case, this is quite simple, this would introduce unnecessary model-dependence in the non-
abelian case.

So, at the end of the day, it is legitimate in order to be able to consistently account
for spontaneous breaking of the axial gauge symmetry, to consider the exponential repre-
sentation of the Goldstone boson,

. e LT
E{?I‘leon — W(Z@;ﬂ“ + gy Vufyﬂ — gAA;ﬁM’75 — MeXp |:2 1;475]>‘I/7 (28)

where M = ygv/+/2 stands for the mass of the fermion. Yet, at this stage, a Taylor
expansion? produces the pseudoscalar 74 ¥~°¥ coupling, and is the same as it would be in
the linear representation of ¢ 4. So, the distinction between linear and polar representation
may appear quite academic. Yet, the exponential parametrisation offers an alternative
route. Instead of a Taylor expansion, there is a well-known exact procedure to recover a
linearised Lagrangian that allows to transfer the Goldstone dependence from the Yukawa
sector to the gauge sector. Based on the chiral rotation that is given by eq. (2.3), it suffices
to perform a field-dependent reparametrisation of the fermion fields

U — ¥ = exp {— z'ﬂ‘;(x)'ys} v, (2.9)
v

and the Lagrangian in eq. (2.8) becomes

Ouma(x)

Llermion _ (2‘3#7“ - M+ g, Vot — {gAAM o

wﬁ) . (2.10)

Under this form, V¥ is invariant under the axial gauge transformation U(1)_4, so the mass
term does not cause any trouble even for a chiral gauge symmetry and could easily be
factored out for an EFT mass expansion. The quadratic operator defined in eq. (2.10)
has the virtue of being manifestly gauge invariant. The Goldstone boson itself ensures the
theory stays invariant when A, — A, + é@lﬂ , thanks to m4 — m4 + 200 ,. Evidently, for
that to work, one should not get rid of them by moving to the unitary gauge.

However, as a side effect, the theory is still not manifestly renormalisable since the
Ouma(z) operator is of dimension five. Yet, this form looks particularly well suited for
an inverse mass expansion since M ~ v. Let us stress, though, that one should not be
tempted to conclude that the 0,m4(z) operator is subleading and can be neglected. Such
considerations can only be consistently done after the fermion field has been integrated
out, and as we will see in details in the following, this operator does contribute in general
to the leading terms in the EFT.

4For the purpose of evaluating the one-loop effective action using the Covariant Derivative Expansion
(CDE), truncating this expansion is perfectly consistent since operators at most linear in a given Gold-
stone boson will be considered. Issues related to the apparent non-renormalisability of the exponential
parametrisation will not affect our developments.



2.2 EFTs and anomalies

The Lagrangian in eq. (2.10) looks promising, but to reach it, we had to reparametrise the
fermion field, eq. (2.9), and there is one crucial caveat for that. The fermion being chiral,
this reparametrisation does not leave the path integral fermionic measure invariant. In
general, given that ¥ is coupled to gauge fields, the Jacobian, obtained using the singlet
anomaly result for chiral fermions [18, 31], sums up to additional terms in the Lagrangian
of the form
Jac 1 ma 2 [V 1 2 0
Luv D £UV = @% ngvjuyF‘lj + §9AFA7WF£ , (2.11)

with F§” = 9# X" — ¥ X* the usual field strength tensor applied to the generic gauge field
X and F§ = (1/2)eupo Y its dual field strength tensor with the suffix indicating if this
apply to the vector gauge field (V) or the axial one (A). These terms explicitly break gauge
invariance, since they get shifted under w4 — m4 + 200 ,.

There are two main ways to deal with the anomalous contributions shown in eq. (2.11).
If one wants to hold the interactions to be gauged, a first possibility consists in tuning the
chiral fermionic content such that the total contribution to the anomaly vanishes (as it
happens in the SM). The second possibility is to give up gauge invariance and reconsider
the local symmetry as a global symmetry. We clarify in the following these two cases to
consider:

o For gauge interactions that are meant to exist at the quantum level (then not being
anomalous), the fermionic content is supposed to be just right so that the sum of all
Jacobian terms sum up to zero. As is well known, this is the prototype of the gauge
interactions in the SM, where gauge anomalies cancel out only when all matter fields
are summed over. The important point is that the corresponding Goldstone fields
are allowed to be moved to and from the mass terms without generating a Jacobian
contribution. Indeed, the reparametrisation in eq. (2.9) must not generate Jacobian
terms since a gauge transformation acts like that on fermions, see eq. (2.3). In
this context, the strict equivalence between the W (0, m4v*7°)¥ and W(Mysma/v)¥
couplings can be viewed as the transcription of the non-anomalous Ward identity
O At = 2iM P with At = Uy 45T and P = U°W. Indeed, to the divergence of
any correlation function of the axial gauge current, (0| A*...|0), we can associate
that with 0,74 from eq. (2.10), which can then be equivalently calculated from
eq. (2.8) (after Taylor expanding the exponential term). Regarding the vector gauge
interactions, the situation is simpler since the mass term is gauge invariant. Imposing
V=V, + i@,ﬁv requires the 9,0, piece to cancel out, i.e. any correlation function

of the vector gauge currents V* = U~y*¥ satisfies the non-anomalous Ward identity
0, VH = 0.

e Some of the gauge interactions may simply be absent if their symmetry is kept global.
In that case, one can simply remove the corresponding A, from the Lagrangian,
but keep the Goldstone bosons since they become independent physical degrees of



freedom. These global symmetries may or may not have anomalies, but whenever
they do, one should keep track of the Jacobian when passing from pseudoscalar to
derivative Goldstone boson couplings to fermions. As explained in refs. [10, 11], one
must obtain the same results using either the Lagrangian with pseudoscalar couplings
(after Taylor expanding the exponential term in eq. (2.8)), or that using derivative
couplings, eq. (2.10), provided the local anomalous terms, eq. (2.11), are then also
included. Indeed, the point is that derivative couplings do induce anomalous effects
that precisely cancel those in the local terms of eq. (2.11). In the inverse mass
expansion context, this shows that one must be careful not to perform the limit
M — o0 too soon, that is, discard the derivative interaction in eq. (2.10) on the basis
of its relative O(M?) suppression with respect to the fermion mass term, because it
does provide terms of the same order in M as those in eq. (2.11).

2.3 EFTs with local and global symmetries

The goal of the present paper is to consider scenarios combining both situations we have
discussed so far, that is, with spontaneously broken gauge symmetries and anomalous
global symmetries. Generically, our theory of interest corresponds to

Loy O L%{/mion + ‘CJU%\(/:" (212)
with
Efermion :‘l’|:7,a ’Y‘LL - M+ (V - a}ﬂTV),y,u _ (A _ a,u'“’A)’)“u’}/{i
uv u T oy B 20y
_ (0 _ 8#”5)7# _ (0 _ @ﬂwwys} v, (2.13)
2vug 2vy

and for the Jacobian, using the singlet anomaly result for chiral fermions [18, 31], and
noting that Wy, /r couples to V# £ A* and 0, (ms + 7y ),

1 gy - . - -
£ = 1oz s | P Fa) (B FA) 4 (Fy g = Py (B~ F27)]
1 =g cuy | P Fup P
+16ﬂ_2% (FV7NV+FA7#V>(FV +FA )_(FV7AU‘V_FA7/'LU>( v _FA )
I 7wy ~ ~ 1 =g ~
= ST (By g F2 4 Fy P27 + T2 g Fan L (2.14)

where w4 and 7y have no contact interactions with field strength tensors since these gauge
interactions are assumed anomaly-free. To insist on the fact that g and 7y are Goldstone
bosons associated to global symmetries, we explicitly assign their respective would-be-gauge
fields to 0 in eq. (2.12). In this expression and throughout the rest of this section, we have
set all the couplings to one to unclutter the derivation, but they can be straightforwardly
reintroduced, as we will do in the following sections. This parametrisation of the fermion
sector of the UV theory deserves several important comments:

e The UV theory necessarily involves several complex scalar fields, several species of
fermions to cancel the gauge anomalies, along with some set of scalar and fermion



couplings ensuring the existence of the gauge and global symmetries at the Lagrangian
level. Further, as will be detailed in section 4, the pseudoscalar components of these
scalar fields in general mix, with some combinations eaten by the gauge fields, and
some left over as true physical degrees of freedom. With the above parametrisation,
we single out one of these fermions, and all the other UV features are encoded into
the parameters vg (7, va, 1, which in general involves vacuum expectation values and
some mixing angles, and in the fermion mass term M, which in general arises from
several Yukawa couplings.

e Adopting a non-linear representation for the scalar fields, with its associated loss of
renormalisability, is inevitable if one wishes to leave the details of the whole scalar
sector unspecified and start at the UV scale with an effective theory involving only
the Goldstone bosons. Indeed, those have to be constrained to live on the specific
coset space corresponding to the assumed symmetry breaking pattern. Note that for
an abelian global symmetry, the dynamics of the Goldstone bosons is particularly
simple, as there are no contact interactions among them, and all that remains is the
shift symmetry.

¢ One of the main goal of this work is to build an EFT by integrating out chiral fermions.
As we have discussed, it is then convenient to reparametrise the fermion fields, so that
the Goldstone boson couplings to fermions involve local partial derivative. This first
ensures the gauge and shift symmetries are manifest, but it also makes the fermion
mass term invariant under all symmetries. Though not compulsory, it then allows to
construct the EFT by factoring the mass term out in a symmetry preserving way.

e For the abelian toy model described here, the Goldstone bosons involved in vector cur-
rents, mg and my, actually play no role. Indeed, for the vector gauge interaction, the
alﬂrviwf‘\ll interaction can always be eliminated by a non-anomalous reparametrisa-
tion ¥ — exp (22%"/)\11, which leaves the fermion mass term invariant. Whether it is
spontaneously broken or not is thus irrelevant. For the scalar mg Goldstone boson
associated to a global symmetry, the reparametrisation ¥ — exp (12’;)—53)\11 not only
removes the 0, mgW~*W¥ interaction, but being anomalous, it induces a Jacobian that
precisely kills the mg terms in eq. (2.14). The field 7g thus disappears entirely from
the theory. These two facts are truly peculiar to the abelian gauge symmetry case,
with the fermion in a one-dimensional representation. So, to set up the formalism
to deal with more general theories, like the SM, we keep these fields explicitly in the
UV parametrisation of the fermion couplings.®

So, let us proceed and integrate out the fermion field involving local partial derivatives
in its quadratic operator. Details of the calculation will be presented in the following
section, but let us already discuss some interesting generic features. If one decides to

SFurther, integrating out the fermion starting from eq. (2.13), to verify that the 7s derivative interaction
indeed induces EFT operators that precisely cancel the Jacobian term in eq. (2.14) provides a non-trivial
check for our calculation, see section 4.1.



use Feynman diagrams to integrate out fermions, one will have to deal with divergent
triangle amplitudes that one will have to carefully regularise. Even if this is a standard
manipulation in QF T, the potential spread of the anomaly has to be considered with great
care as discussed in refs. [10, 11]. In the functional approach, that we will follow all along
this work, the fact that the axial vector or vector couplings are anomalous manifests itself
by the presence of ambiguities in the functional trace.%

This means that starting from eq. (2.13), the fermion-less EFT expansion will start

with six dimension-five operators involving the Goldstone bosons 7y and 7g ,”

. 8 U ~ 8 U a TA =~
LEFHN = LI0P =w, 2DV P w0 (A, — 5 ) I

AV 00 Aaa D0 204 A
8}1775' N’L“/ a,LLTrS ay']TA ~/Ll/
T Wyya g V,,FA + WVAV% Ay — H FV . (2.15)

The evaluation of the w; coefficients® involves divergent integrals and after their regular-
isation, those parameters end up fully ambiguous. We thus need to find a strategy to
fix them.

Actually, these ambiguities are the exact analog of those arising for the triangle dia-
grams, whose expressions are ambiguous since they depend on the routing of the momenta
when working at the Feynman diagram level. In that case, the ambiguities are removed
by imposing the appropriate Ward identities, that is, gauge invariance. So, we would like
to do the same here, and impose the vector and axial gauge invariance. However, all
the operators in eq. (2.15) are already gauge invariant! Actually, the would-be-Goldstone
bosons 74 are not even needed to ensure the gauge invariance, and they never contribute
to S-matrix elements. The reason is that their contributions, or the 6, , terms arising
when V,, — V), + 6#0‘ﬁ or A, = A, +9,0,, drop out by integration by parts’ thanks to
the antisymmetry of F\Fj’; and the Bianchi identity.

In the initial Lagrangian of eq. (2.12) we decided to treat both the would-be Goldstone
bosons (my and m4) and the Goldstone bosons (rg and m;7) on equal footing by writing
them with local derivative acting on them. Since this increases the degree of divergence
of integrals one would then be tempted, in order to minimise the number of integrals to
regularise, to preferentially consider the situation where the would-be Goldstone bosons
enter the mass term (let us remind that this can be trivially done since the gauge symmetries
are assumed not to be anomalous). Then, after Taylor expanding the mass term one
obtains,

- - 0, 0
E%I‘VHHOH - |:Z'6H’7M _ M(l + A 175) + V#,yu _ A;ﬂ“75 + uTs ,}//L + uwTU 7#,75 U
vA 2vug vy

(2.16)

SMore precisely the ambiguity is localised in the Dirac matrices trace if one chooses to use dimensional
regularisation, as we will do.

"A priori the only non vanishing dimension five operators have to involve Dirac traces with only one ~°
matrix or with three v° matrices.

8The w; coefficients carry the CP properties of their associated three Lorentz structures. As an example,
Oumy is CP-odd, V,, and F“/“’ are CP-even so the associated coefficient reads wavy.

90ne should note that integration by parts can be performed without any hesitation since the fermion
has been formally integrated out.



Since by construction the U(1)y and U(1) 4 symmetries are gauged, the would-be-Goldstone
bosons, 7y and 74, are not involved in bosonic operators up to dimension five, starting
from eq. (2.16). This means that the fermion-less EFT expansion will start again with four
dimension-five operators involving only the Goldstone bosons mg and 7/,
; oum o,m ~
[’%{/mlon — LerT =Wavy 20y UV F/w Waaa ;UUU AVF,/:V

Dy
ER R LA gy o/

g VAV%A,,F&” . (2.17)

Since w4 drops out of eq. (2.15) under integration by part, we recover exactly the same
effective interactions. Moving the would-be-Goldstone to the fermion mass term, that is,
making it gauge-dependent, does not help to fix the w; coefficients because gauge invariance
is still automatic for the leading dimension-five operators. The only way forward is to
perturb the theory to break this automatic gauge invariance, so that non-trivial constraints
on the w; coeflicients can emerge. One possibility is to associate to the Goldstone bosons,
7s and 7y, auxiliary gauge fields S, and U,,, respectively, as we will now discuss.

2.4 Remove ambiguities with artificial gauging

One way to fix w,,,, w w and w,,, using the constraint of gauge invariance is

10

VVA? VAV
vector and axial vector gauge fields associated to the wg and 7y

to introduce fictitious
Goldstone bosons. These fictitious gauge fields then enter in the effective operators of
eq. (2.15), and prevent gauge invariance from being automatic under partial integration.
They also prevent the contributions involving the would-be-Goldstone bosons of the true
symmetries to vanish. This trick, introduced in ref. [19], is the key to derive non-trivial
constraints and fix the ambiguous coefficients.

One may be a bit uneasy about this gauging of the global symmetries since these are
precisely the symmetries that are anomalous. Actually, in the following, we will never need
to use the fictitious gauge invariance in any form. All that matters is that these fictitious
gauge fields act as background fields for 0,m¢ and 9,7y, so as to upset the automatic
(true) gauge invariances. This is sufficient to derive non-trivial constraints from the true,
non-anomalous gauge symmetries.

Yet, as advocated in ref. [19], it can also be technically interesting to view these
background fields as fictitious gauge fields, because then all the symmetries are treated
on the same footing. As we will detail in section 3, the calculation of the EFT becomes
fully generic. The nice feature is that under this form, one can decide only at the very end
which of the gauge symmetries is to be anomalous, hence fictitious, by imposing the exact
invariance of the EFT under the other gauge symmetries, those that are kept active.

To illustrate all that, let us thus rewrite our initial Lagrangian as

o 9 9
E%\{/n’qfon — |:,L‘8H,YM — M+ (VH _ MWV),},M _ (AM — m),yu,)ﬁ
2uy 2v4

o,m o,
B 7 K GO 0 AR S 619

0At the end of the day, we will still want the global symmetry to stay global and to set to zero these

fictitious vector fields.

~10 -



In this Lagrangian, the 0, my piece is irrelevant, since it can be eliminated by an innocuous
reparametrisation, but let us keep it anyway for now. Integrating out the fermion leads to
the EFT :

11 Oums AN
£t = (80— 22 (v - S50 )

Vg 2uy

Oumy 0TV \ =
T @avy (Uu 2wy > (VV 2y > v

Oums O,ma\ =

_ A, — v
T vay (S” 2ug ) ( 2uy ) v
+w <U - a’”rU) (A - 8”“) v (2.19)
AAA 1% 2UU 14 21),4 A :

with again the ambiguous coefficients w ., Wiy 4, and w, ,, (the details of the cal-

culation will be presented in the next section). All these interactions are still automatically

Wy av
gauge invariant thanks to the presence of the would-be-Goldstone bosons. Now, the key
is to remember that the true gauge interactions are anomaly-free by assumption. This
means the w4 can be freely moved to the mass term by a reparametrisation of the fermion
field, without Jacobian, and as said above, the 0,7y term can be discarded, again without
Jacobian. Thus, the UV Lagrangian can equivalently be written as

Aﬁ%?zihww—M@+zyf)+%W—AMM5

o, 0,

This time, there is no ambiguity in calculating the Wilson coefficients of the operators in-
volving the would-be-Goldstone bosons. The five-dimensional effective interactions become

1loop auWS ~ a“TFU ~
Leprin O Wyva (Su " Dug > VEY +w .y (Uu " oy ) Vi, P
o,Ts o TA =
T Wyay (S“ - 2“ s ) Ay FL" 41,5y aFS,#vF\lj
auT('U ~ TA ~
s (U= LY A ) TAF, B (2.21)
where w, v, Wy 4, W4y and w,,, are ambiguous, but not 7, and 7,,,, since they arise

from convergent integrals. Importantly, under this form, the true U(1)y and U(1)4 gauge
invariances are no longer automatic.

Now, we end up with two equivalent ways to fix the ambiguities. Either we enforce
the matching of eq. (2.21) with eq. (2.19), or we impose gauge invariance on eq. (2.21). In
both cases, the constraints take the same form, but the latter is obviously more economical
from a calculation point of view and will be adopted in the next sections.

For instance, for the vector gauge fields, since 7y is absent from eq. (2.21), matching
with eq. (2.19) requires w,,,,, and w,,,, to vanish. Equivalently, invariance of eq. (2.21) un-
der V,, — V,+0,0,, immediately imposes w,,,, = w,,,,, = 0. This corresponds to the usual
result that for vector gauge interactions, the derivative interactions of a Goldstone boson
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with the fermions contributes only at the subleading order in the mass expansion, other-
wise known as the Sutherland-Veltman theorem. The local Jacobian terms in eq. (2.14)
immediately catch the whole 7y V'V coupling.

For the axial gauge field, matching eq. (2.21) with eq. (2.19) obviously permits to

fix the ambiguous w,, ,,, and w,,, in terms of n,, ¢ and n,,,, which are fully calculable.

Vv
Alternatively, performing a U(1)4 gauge transformation A, — A, + 0,0, together with
TA — Ta+2v40, in eq. (2.21) generates the gauge variation, after integrating by part and

using the Bianchi identity,

1 - 1 -
11
614 (‘CEI?E)I‘I?H) = (QWVAV + 277ASV)0AF5UFV7MV + (2WAAA + 277AUA>6)AF5VFA7NV . (2-22)
Hence, the requirement of gauge invariance asks for
11

oA (‘CEIS:?FI,)II) =0 w, = 4,5 andw,,, = —4n,,, - (2.23)
The effective axion-bosonic Lagrangian is obtained by adding £{3} and Lllalg%pn and finally
setting the fictitious vector fields to zero, this gives the result,

1 my

TS
1672 vgy - Vo v+ [167r2 ~Nava

U ~ 1 -
EFA,uuFﬁV + {8#2 - nASVj| 7FA7MVF5V .

vs
(2.24)

LerT =

Let us stress again that the n,,, and n,., are fully calculable, unambiguous coefficients

originating from convergent integrals. The determination of w and w from the

VAV AAA
requirement of gauge invariance is now transparent, and precisely matches that using Ward
identities in a Feynman diagram context [10]. This is the general procedure we will adopt
in the following to derive our bosonic EFTs. Of course, in the physical case, none of the
interactions parametrised by 7,., and n,,, exist since they require the presence of the
fictitious U, and S, gauge fields as background values.!! Yet, this derivation sheds a new
light on the violation of the Sutherland-Veltman theorem in the presence of spontaneously
broken axial gauge interactions. Ultimately, it is due to the contribution of the associated
would-be-Goldstone boson. The net effect is that the gV A and ny AA couplings are not
fully determined by the corresponding terms in the Jacobian, eq. (2.14), since derivative
interactions do contribute at leading order in the inverse mass expansion.

3 Integrating out chiral fermions

In the previous section we discussed, qualitatively, peculiarities arising when building an
EFT, while integrating out fermionic fields, from a UV theory with exact or spontaneous
gauge symmetries and anomalous global symmetries. In this section we will, quantitatively,
construct these EFTs involving gauge fields and their associated would-be-Goldstone bosons

1T ,00king back, it is clear that gauge invariance under these fictitious symmetries is never imposed in any
form. All that matters is to prevent the would-be-Goldstone bosons from being automatically absent from
both eq. (2.19) and eq. (2.21), and true gauge invariance from being automatic in both EFT Lagrangians.
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and simple Goldstone bosons associated to global symmetries. While the would-be Gold-
stone bosons can display derivative or pseudo-scalar couplings to fermions, since ultimately
this depends on the fermion parametrisation (as we have discussed before), the Goldstone
bosons will have to be taken firmly with local derivative couplings to fermions. Strictly
speaking, from a path integral point of view, those details of the model are not mandatory
to perform the main computation part, meaning forming the operator basis, evaluating
the loop integrals after regularizing them. The symmetry aspects of the model will only
matter at the very last stage when matching a UV theory onto its EFT.

In this section, we will briefly review the core techniques for calculating Wilson coeffi-
cients of EFT higher dimensional operators at the one-loop level by utilizing the functional
approach. Since our interest is about the anomaly structure of specific QFTs, we will con-
centrate, in a general way, on the task of integrating out chiral fermions or fields which
chiraly interact with gauge fields. We will also remind the reader how anomalies arise
depending on how the one-loop effective action is regularised.

3.1 Evaluation of the fermionic effective action

We consider a generic UV theory containing a heavy Dirac fermion ¥ of mass M interacting
bilinearly with a light field ¢, which is encapsulated inside the background function X[¢].!?
The matter Lagrangian of this generic UV theory can be written as follows,

LGP W, 0] D U Py* — M+ X[¢]| ¥ = ¥ Quy[g] ¥, (3.1)

where P, = 10, and introducing Qv [¢] the fermionic quadratic operator. The background
function X[¢] that we will consider throughout this paper is

X[p] = Vuloly" — Auloly"y” — Walglin®, (3.2)

where we decompose X[¢] in terms of vector V), [¢], axial-vector A,[¢] and pseudo-scalar
W1[¢] structures,'® which are all the different types of interactions we will need to match
our “axion motivated” UV theory to an EFT. In order to obtain the fermionic one-loop
effective action, the light field ¢ is treated classically, integrating out the fermion field
U yields™

(SHEPl9] _ / DUDY ¢iSuvI¥- 9]
~ eiSuv[¥e, ¢l /Dﬁ Dn ¢t [ d'enQuvieln _ piSuv[¥e,d] ot Quv|[¢]

_ eiSUV[\Pc,:b]eTrln Quv|[4] 7 (3.3)

2For simplicity, we will consider ¥ and ¢ as singlets but the following procedure is more general and it
is still possible to treat them as multiplets.

13We note that V,,[¢], Au[¢] and Wi[¢] do not contain any Dirac matrices or momentum variables g,.
The structures V,[¢] and A,[¢] can include gauge fields or local derivative of scalar fields.

1 The quantity SQ;’;P corresponds to the fermion 1PI action and it is formally divergent. We will discuss
its gauge variation and its regularisation in the following.
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where in the second line of eq. (3.3) we have expanded the fermion fields around their
classical background values, ¥ = ¥, 4+ n and performed the integration over the quantum
fluctuations 7. Eventually, we have traded the functional determinant for the functional
trace, “Tr”, running over the functional space and internal indices of the quadratic operator,
Quv[¢]. We therefore arrive at the one-loop effective action arising from integrating out a
fermion:

Sppa? = —i TrIn(P — M + Vo [d]y" — Aulo]y"y® — Wiglin®) . (3.4)

Generally, in the functional space, one can write the quadratic operator as a function of
position, &, and momentum, p, operators. Projecting onto position space, these operators
become & = x and p, = i0,. The standard initial step is to evaluate the trace over
functional space by inserting the momentum eigenstate basis together with employing the
canonical quantum mechanical trick of inserting the identity matrix, [d*z|z) (x| =1,

sggz_g/gguﬂqum@mmm
o] &
:—i/d4x
:/d4a:/(2

7 (al ) (x| trIn Quv (&, Py) q)

4 giaw py Quv (z, i@u)efiq'z

d*q
L (=) trin Quv (2,0, — qp) (3.5)

where “tr" now denotes the trace over spinor and internal symmetry indices only. Here
the (x| denotes the eigenstate of local operator in position space, e.g. (x| Quy (&,p) =
Quv (x,i9,) (x|, and the convention for inner product is (z| ¢) = e~®. An “open" deriva-
tive from the kinematic operator will get shifted due to eiqwiaue—iw = 10, + qu. We
perform also a conventional change of integration variable ¢ — —q. As we will study later,
we emphasise that in the case where one has to deal with a local derivative of a bosonic
field, e.g. [9,7(z)], this term will not be shifted under the sandwich of €'4*[9,x(x)]e "4*
since the partial derivative of this coupling is “closed". Therefore, on the computational
side, depending on the vector or axial-vector nature of the local derivative couplings, one
can absorb these terms into the vector (V,[¢]) and axial-vector (A,[¢]) structures of the
UV quadratic operator.'6

Ultimately, the expansion of the logarithm in terms of a series of local operators sup-
pressed by the fermion mass scale can be performed by a variety of techniques,

Lyo® = —i Trin(p — g — M — X[¢])

-wuz - o [WWA P—mmw+@mw¢+wmmﬂ].wm

15For the reader who would like to investigate in details the whole computation steps, we recommend
refs. [20, 22, 25, 32].
16This underlines the practical usefulness of our initial choice of parametrisation made in eq. (3.4).
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The remarkable point at this stage is that the g-momentum integration can be factorised
out from the generic operator structures. Indeed, regardless of the method used to evaluate
the logarithm expansion, it can be done once-and-for-all, and the result is the same and
universal in the sense that the final expression is independent of the details of the UV
Lagrangian, which remain encapsulated in the X matrix of light fields, covariant derivative
P,, and mass matrix M. This leads to the so-called concept of the Universal One-Loop
Effective Action (UOLEA) (see refs. [21, 23, 24, 26, 28]).

Note that in our calculations we will deal with multiple vector, axial vector and pseudo-
scalar interactions so we will consider in all generalities

Vilgl = 9, Vilo'], Aulg] = g, ALle'], While] = g;, Wile'], (3.7)
with an implicit summation over the i index.

3.2 Ambiguities and regularisation of the functional trace

The evaluation of the one-loop effective Lagrangian eq. (3.6) usually encounters divergent
integrals and we use dimensional regularisation [33] to evaluate them along with the MS
scheme for renormalisation. The traces over Dirac matrices have to be performed in d =
4 — e dimensions, and the e-terms resulting from the contractions with the metric tensor
(satisfying then ¢"”g,, = d) must be kept in the computations. These e-terms will then
multiply with the (1/€) pole of the divergent integrals and yield finite contributions. We
emphasise that depending on the regularisation scheme for 7° in d-dimensions, different
results for e-terms in Dirac traces will emerge (see for examples refs. [34-36]). We will
come back shortly to describe in details the prescription we used to evaluate ill-defined
Dirac traces involving +° matrices, in dimensional regularisation.

We now turn back on the ambiguities arising in some of our integrals in the 4-
dimensional space. Usually, when computing one-loop divergent triangle Feynman dia-
grams (corresponding to the Adler—Bell-Jackiw anomaly [37, 38]), it is well-known that,
in d = 4 dimensions, an ambiguity of the loop integral arises. It corresponds to an ar-
bitrariness in the chosen integration variables (see ref. [17]), and actually there can be
surface terms that do depend on the chosen momentum routing. Those surface terms then
contribute to the divergence of vector-currents and axial-vector-currents, and all the naive
Ward identities cannot be satisfied simultaneously. At least some of them will be anoma-
lous. The important point is that the arbitrariness of integral variable can be parametrised
in terms of free parameters (see the standard refs. [17, 18] and the more recent refs. [10, 19]).
By tuning the value of those free parameters, one can decide which symmetry is broken
at the quantum level, and which are kept active. Evidently, to obtain the correct physical
results, all the gauge symmetries must be preserved.

When switching to the d-dimensional space, the ambiguity on the loop integrals does
not arise anymore from dependencies on the chosen momentum routing, but it is now
inherent from the Dirac algebra sector. Indeed, not all the usual properties of the Dirac
matrices can be maintained once in d > 4 dimensions, essentially because 7° and the anti-
symmetric tensor e*’P? are intrinsically four-dimensional objects. Whatever the chosen
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definition, there is no way to consistently preserve both the anticommutativity properties
of 7% matrices, i.e. {y#,7°} = 0, and the trace cyclicity property in d > 4 dimensions. In
the original work of 't Hooft and Veltman [33], they noted that the momentum routing
ambiguity is replaced by an ambiguity in the location of 4% in the Dirac traces. Using
their prescriptions for the Dirac algebra in d > 4 dimensions (see refs. [33, 39]), it is then
possible to introduce free parameters keeping track of all the possible 4° locations in a
given Dirac matrices string [40]. As before, one can then tune these parameters to choose
which symmetry is broken anomalously, and which one have to be preserved. This is the
strategy we will employ to calculate the ambiguous Dirac traces in eq. (3.6).

3.3 Evaluation of the anomaly related operators

We now concentrate on the derivation of the operators which ultimately involve a mixture
of three gauge fields and Goldstone bosons with a derivative acting on them. With our
parametrisation, they arise from combinations of the generic vector V,,[¢] and axial-vector
A, [¢] fields. Due to the presence of 5 Dirac matrices in their Wilson coefficients, they are
truly ambiguous in dimensional regularisation. Then we will proceed with the evaluation
of operators involving one Goldstone boson (without any derivative acting on it), namely
the W1[¢] field in our generic parametrisation. These operators have been evaluated using
the usual Feynman diagrams technique (see refs. [10, 19, 41]). Since those computations
are subtle and lead to confusions, this is legitimate to wonder how one would perform them
from a different point of view, such as within the path integral formalism. Which is what
we present now.

3.3.1 Evaluation of the ambiguous terms

We start with the exercise of computing the divergent terms that naturally arise when
evaluating eq. (3.6). The generic form of these operators is
i ) 1k el 1 nvpo k

G,GLF,, =G,G], € 8[pGa] , (3.8)

where we use the notation GL to denote a generic gauge field and to avoid confusions

with the vector and axial-vector structures in eq. (3.6). We also introduce the upper

indices 1,7,k to keep the computation as general as possible and offer us the possibility to

apply this computations to multiple gauge field configurations later on. Since starting with

eq. (3.6), we chose to deal with vector and axial-vector structures, in order to reconstruct
the ambiguous operators in the EFT, we need

e One insertion of P, to account for the partial derivative and then allow to form a
field strength tensor.

e Several combinations of vector and axial-vector structures. It is clear that to generate
the anti-symmetric tensor e#*?? the product of Dirac matrices must involve an odd
number of 4° matrix. It exists only two possibilities, either an “AVV” contribution
with one 7° or an “AAA” contribution with three ~°.
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While evaluating the one-loop effective Lagrangian of eq. (3.6), several contributions to the
ambiguous effective interaction would arise from the n = 4 polynomial terms

4
LypP Ditr— 1 / [ PEw; ( — Pyt = V[o* + Auldlyy® + Wy [¢h5>]

:)E:jﬁVV PAVV)+:f“m(NPAAA)7 (3.9)

where OP4AVV) denotes the class of operator containing one 4° matrix and QO(FA444) the

one containing three v° matrices.

Evaluation of the O(PAVY) structures. There are three different types of combina-
tion that contribute to the Q(AVY) structure, namely O(VV PA), O(VAPV), O(AVPV).
Each type of combination contains four universal structures, and it is related together via
trace cyclicity. At this stage, due to the ambiguity of +°-positions, one should not use
trace cyclicity to minimise the number of universal structures that need to be evaluated.
To present in detail the evaluation procedure of the Dirac trace and its regularisation, let
us focus on one explicit example out of 12 universal structures included in eq. (3.9)

d _ _ _ _
O(VVPA)Di/(%d b 1 1, -1 |

5
+MV”M¢+MVW g+Mva”g+MAﬂ"v }

Z’ 17
= - [ —AM*T! + 16M2I[q2}ﬂ tr(e“ p”VuV,,PpAo>

4
1 4
+ 36 9" g ! + 9" + 99" tr (v w7 v 11"y ) (Vi Po s )
(3.10)
where the fermion propagators are decomposed into gJ_rle = 7 f/[Mg + qiﬁp. For the

tensorial integrals, we use

ddq g - - gHene S
— M1 H2ne Tl g2ne i 3.11
/ (2m)? (q% — m2)"i (> — m3)"a - 9 [g7"];5.0 (3.11)

where gH1H2ne is the completely symmetric tensor, e.g. gt"P? = gh¥ gP? + gHPg"? + gM? g*P,
and we denote the master integrals as 7 [qQ”C]??fj . The explicit expression and the value of
some useful master integrals are derived in the appendix A. In the second line of eq. (3.10),
all the loop integrals are finite, one can then evaluate the various Dirac traces in the
which

have to be regularised. Let us show how to evaluate such an ambiguous quantity as

usual naive scheme. The last line of eq. (3.10) contains divergent integrals, Z[g%]?,

tr (Vo v 67" fycfyp’ydfy"75) of eq. (3.10). We follow the procedure described earlier in the sec-
tion 3.2. Before evaluating the Dirac trace in d-dimension, we first write down all possible
structures that are equivalent to the original Dirac string by naively anti-commuting ~°,

tr (Yo Wy 1Y VaY’ V%) = artr (Y Y Y YeyP1an”) + astr (Yar vy v Ve vay”)

+ astr (Yo Y e a7 °) + aatr (Yo sy ver*1an )
(3.12)
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where we introduce the four free parameters, a;, to keep track of the position of the s
matrix in eq. (3.12). Let us briefly comment on the fact that

o In d = 4 dimensions, all Dirac structures on the R.H.S of eq. (3.12) are equivalent.

e In d = 4 — ¢ dimensions, by using the Breitenlohner-Maison-'t Hooft-Veltman
(BMHYV) scheme (see refs. [33, 39]), the 4° matrix does not anti-commute anymore
with Dirac y* matrices. Therefore, each Dirac trace will give a different result due to
the different position of 4° matrix. The free parameters a; is a device to keep track
of the y°-positions.

o Enforcing a consistent result in d = 4 and d = 4 — € dimensions requires that
4 —
i=1 a; = ].

After plugging eq. (3.12) into eq. (3.10), one obtains
O(VVPA)

S ﬂ4M4I§" — 16M?T[¢"]} — 24 €(~a1 + ap — a3 + as) Z[g"]} |tr (7 V, VP A, )

1

3272
where in the last line of eq. (3.13), we replace the vector and axial-vector structures by
Vi =g, Vi, Ay = g\ 4,
of (3.13) and highlight the final value of loop integrals and Dirac traces. We remind the

[— 1— @y +as — az + adu[vjvjﬁﬁﬂ , (3.13)

we also omit the gauge couplings to simplify the expression

reader that gﬁ/ and gi will only appear when it is necessary. Also, keep in mind that in

4

eq. (3.13) the e-terms will hit the pole 1 of the divergence integral, Z[¢%]}, and generate

i
finite contributions. We then apply the same method for the other contributions in QFAVV
One should note that since in eq. (3.6), P, = i0,, is the “open" derivative one can therefore
omit the operator structures which start with a P, since they lead to inert boundary terms.
We underline one more time that at this stage, one cannot use the cyclicity property of
the trace to reduce the number of terms that need to compute. Adding all the different

contributions together gives

Egg%p Di(24eayiyiax (g} )tr [Vngﬁﬁk

+i( — AMAT} + 16 M*Z[¢*)} + 24€ ays anyi Z[qY]F )tr [VF{A’“FW}

vt uv
+i(AMAT — 16 M2Z[¢%)} + i 24€ apnyiys L[]} )tr {Aﬁvjﬁﬁ} : (3.14)

Since the a; coefficients are basically free, there are no reasons to give any physical meaning
to the different contributions. For each operator structure, we redefine the total values of
a; by the new free parameters, e.g. ayiyjak , Qyjaryi, Qaryiyi. Readout the value of loop
integrals, the above equation reduces to

Llloop

_ i : ~Ak
EFT D) S?CL‘/ivjAktI' V,uVVjF,ul/

]. _ - k ~V7L
+ @(ZV]'AkvitI' [VJAVF”V:|

1 v
+ g 2darvivitr [AZV,}F/K,J] : (3.15)

~ 18 —



The three operators of eq. (3.15) are not independent and by using integration by parts one
should always end up with two independent operators and then two free parameters. As we
will see later, in practice one decides to remove such or such operator by use of integration
by parts based on the symmetries that are preserved or not since all operators are not
invariant under the same vector or axial symmetries. As an example, if one supposes that,
within our notation, the V* current might be anomalous, one may integrate by parts the
first operator of eq. (3.14), tr (VlfVVj F ;f},k), and after discarding the total derivative operator,
and redefining the free parameters, one obtains

1 o 1 o

At this point, one should comment on the fact that if one would have used the BMHV
scheme without performing the decomposition of eq. (3.12), one would have found each
Wilson coefficients of the operators in eq. (3.14) to vanish. This is ultimately due to the
fact that, by default, vector currents cannot be anomalous while only following the BMHV
procedure. Even if one would have expected to be able to write effective operators as
displayed in eq. (3.15) from the first principle, we have rigorously shown how to obtain it in
dimensional regularisation, i.e the “AVV” interaction can be described by two independent
operators for which it exists two Wilson coefficients which are ambiguous i.e free.

Evaluation of the Q(PA44) gtructures. We now turn to the second class of operator,

OWPAA4) “that contains three 4° matrices. Similarly to the previous case with Q(FA4VV),

we start here by giving an explicit example for an operator that belongs to this class,

1 [ dig -1 1 -1 -1
QA4PA 5 1/ @) tr [ AP AN

4
, P P Ao- o5
TR Ve R TR R M]
1
=i [4M'T} + 160 T[] tr (47 A, AL Py A )

1 ag
+ 2 g g+ 9" 6"+ 99" |tr (Yar" VP 17 VP rer 177 ) (A Au PpAs )

4
(3.17)
we then parameterise the ambiguous Dirac trace, tr (’ya7“'y5fyb*y”’y5’ycfyp'yd’y" 75), by using

tr (Ya Y Y1y Vv vay )
— bitr (Ya V" VY ¥V vaY”) + batr (Ve v 1wy Y ey vy’ )
+ bstr (Ya ¥ 1Y VeV VaY) + batr (Yo ¥ Y ey 1a ) - (3.18)

Afterwards, evaluating in d = 4 — ¢ dimensions with BMHV’s scheme, we obtain

@AAPA

») i [AMAT + 16MP T[]} + 24€ (= by + by — by + ba) Z[g")} |tr (77 4,4, P, A, )

1 1 - - — — PR
:3271_2[3+bl—bg+b3—b4:|tr[AﬂAf,F/ﬁ, , (3.19)
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where in the last step of the computation we evaluate the value of loop integrals, express
Ay = Ai. We also note that gi will appear when it is necessary. The computation for the
other operators belonging to O(©444) are similar and the full result reads

6}1;?%1) D) (Z 24€BAiAjAk I[qﬂ? )tI' |:Al A‘IZFAVIC} + (Z 24€I;AjAkAi I[ ] )tr |:A‘7 AkFAZ}

vt pv

+ (i 24¢b g 4o s Zla' ]} e[ AR ALE | (3.20)

vt ouv

which basically resumes to

1 S ETC R i
11 A
Lpt 2 ggbaiasarts (AL A Fa | + Sabaaraits (AL AL

1 _
+ —bAkAiAjtr[A Al FAJ] . (3.21)

82 veny

These three operators in eq. (3.21) are not independent and one is free to remove
one by the use of integration by parts. Consequently, in dimensional regularisation, the
“AAA” interaction can be described by two independent operators attached to two free
Wilson coefficients reflecting ambiguities in the evaluations of such interactions.

3.3.2 Evaluation of the pseudo-scalar unambiguous terms

We are now looking for to evaluate operators involving a pseudo-scalar ¢ (without local
partial derivative acting on it) and two field strength tensors. The generic operator form
is given by
1 ,
k v k
ng[wFW =¢ 3 Sauled (8[uGi])(8[pGU]) ) (3.22)

To reconstruct the pseudo-scalar terms from the expansion of eq. (3.6), we need

e Two insertions of P, to account for the two partial derivatives, then forming field
strength tensors.

o One insertion of Wj[¢] to account for the pseudo-scalar field ¢.

o To account for the two gauge fields, we need V'V and AA structures. Since Wi[¢] con-
tains a v°, the combination with AV structure will not contribute to the final result.

We collect the relevant classes of operators that contribute to the Wilson coefficients of
these pseudo-scalar terms,

5
Lipt D tr*/ LH 17 (= Bt = Valoly? + Aulohy” + W1[¢]i75)]

>y Mol P2V2W1> + £y oA, (3.23)
N

The evaluation of the class of operator QF *VEWL and OPA*W1 can be done very efficiently
by using the One-Loop Universal Effective Action (UOLEA) .!7 One obtains

loo 1 Voo 1
‘C]{DFTP ) 787TTMU“ etr (Wl [PM7 VV][PP7 VU] + ng [PM’ AV] [Ppa AU])

= 1672M

(Wl FlJEY + 3

1 e
SWiFY Flﬁ,k> : (3.24)

" These operators have been explicitly evaluated and are then available in the fermionic UOLEA in
ref. [28].
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where we form the field strength tensors by using

.9 )
7 [Py VAP VE] = e (0, V3) (O, V) = — S FY L (3.25)

and similarly for the axial currents. We note that if j # k, one needs to sum over the
exchange of j, k indices to avoid the factor 2 problem.

3.4 Summary and master formula

We summarise the computations and the main outcome of section 3. Starting with a
massive fermion which bilinearly involves some, yet undetermined, vector V,,[¢], axial vector
A, [#] and pseudo scalar Wi [¢] interactions,

L»fermlon[ ¢} 5 0 [737"8” — M+ Vu[(ﬁhﬂu _ A,u[(b]'}”u'}/g) — W [gb]z,yﬂ v, (3.26)

one obtains after integrating out the fermion field i.e evaluate the one-loop effective action
by expanding the functional trace with CDE techniques,

lloop
B = it z L[

where in practice, the vector, axial-vector and pseudo-scalar structures are expressed as

q+ M (= 807" = Vir + A"y + Wm5)] . (327)

Vilgl = 9, Vilo'], Auld] = g, ALle'], While] = g, Wile'], (3.28)

with an implicit summation over the ¢ index. One can proceed and form the low energy
effective operators and evaluate their associated Wilson coefficients which are regularised
in dimensional regularisation. After regularisation, it is important to identify ambiguities
of some Wilson coefficients resulting from the fact that the gauge or anomalous aspects of
the symmetries have not been addressed yet. The generic one-loop effective Lagrangian,
still involving redundant operators as well as the ambiguous a’s and b’s coefficients, reads

1 ]. _ . -~ Ak ]. _ 7
ﬁllal?oTp D) @avivjAktr V,U%VI/]F/fV + WavjAkvitr |:VJAI£F;X/
1 A R
+ S5 aakyiyitr AZVV’FIYVJ} + @bAiAjAktr A AIJ/FIﬁ/

8

1 - 1 -
+8ﬂ_2bAjAkAitr|:ApA1]jF/ﬁ/:| S 2bAkAiAth‘|:A A;Fﬁj}

WiE) EVY + WlFA] FA’“) . (3.29)

1
—t
t 16200 r( 3

This master formula is generic and encapsulates all the needed computations. Indeed, at
this stage, imposing the EFT to respect specific gauge invariance relations will link several
of these operators together and allow to fix the ambiguities of any free Wilson coefficients
in a very simple and elegant way. Since doing so, presuppose having a concrete model
in mind or set of symmetries, we now turn back to more phenomenological investigations
where this master formula is applied to various models.
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4 Application to axions

In this section, we use the results obtained in section 3 to build EFT involving would-
be-Goldstone bosons of spontaneously broken symmetries and Goldstone bosons of global
symmetries. As a first application, we apply the master formula of eq. (3.29) to concretely
build the intuited EFT of eq. (2.15) from the toy model presented in section 2. We will
then concentrate on more realistic constructions, e.g. building EF'T involving the SM gauge
fields and an axion or ALP. This task might precisely imply to integrate out chiral fermions
which obtain their mass while the electroweak gauge symmetry is spontaneously broken,
the global PQ symmetry being spontaneously and anomalously broken. We provide a
simple expression adapted to SM gauge groups, and provide explicit use of it to derive
axion couplings to massive gauge fields in the original 2HDM setup as proposed by Peccei
and Quinn and in a more phenomenologically relevant version of it, the invisible axion
DFSZ model [13, 14].

4.1 A chiral toy model

So far, we have evaluated the operators involving three vector structures (which can also
incorporate derivative couplings) and the operators involving a pseudo-scalar field which
couples with two field strength tensors. We now give an example how to use the results of
the previous section to derive the EFT resulting from integrating out the chiral fermion of
the toy model of section 2. We remind the fermionic quadratic operator of this toy model,

E‘{Jo\y/—model — {ia,ﬁ“ — M+ V;[Y‘u _ AN’YM’Y5 _ Wli’}/5:| N, (41)

where the vector, axial-vector, and pseudo-scalar structures decompose as

o,mg umy
I

}, Wi=M"2 (4.2)
VA

and the gauge couplings are omitted for simplicity. Making use of our master formula given
in eq. (3.29), one can straightforwardly obtain

Oums ~ Oy ~
ElElg%p =Wyay [Su - ;US ] AVF\;/W T Wyaa [Uu - QM’UU A F1Y
TA 'R TA ‘RN
+ Nasv an’“yF"/‘ ] + Nava aFU,;wFf : (4'3)
At this stage, w4, Wyaa a0d 1,4, N4pa Tead,
1 - 1 _ 1 1
Wyay = @( —b), Wy, = _Wa; Nasv = Sn2’ Nava = YECR (4.4)

with @ and b the two free parameters. As presented in section 2, we now implement the
consistency between the UV model of eq. (4.1) and the associated EFT of eq. (4.3) by
fixing the nature of each symmetries i.e gauge or anomalous. We identify the precise value
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of the parameters @ and b by requiring axial gauge invariance (leaving then the possibility
that the other transformations, only, could be anomalous)

0 . 1 .
54 (wVAV [SM - 2";5 ] A FH WZ;‘FS,WFg”) ~0, and
o, - 1 =« -
0a (WAAA {Uu - AVF,QW + 2472 ,l)jFU,HVFgV> =0, (4.5)

where we perform the gauge variation of the axial current, 644, = 0,04, the would-
be-Goldstone, dama = 2v404, integrate by parts and combine the various contributions
proportional to (9,04)U, F W and (0,0 A)S,,F"j”. This straightforwardly leads to,
1 = 1 _ 4
wVAv:_ﬁ@b:E’; WAAA:_@@QZE‘ (4.6)
Finally, one can set to zero the artificial vector fields S, and U, and write the non-
ambiguous dimension-five bosonic operators, simply as

1 oHtr - 1 o#m -
11 S U
EEI(*:?_[‘lp = ﬁ 2US v VUV + 6? 2,UU AVFAH‘“’
1 ms .., - 1 7wy ~
_ _@EFQL v T 53 EFI‘W - (4.7)

This is the one-loop contributions to the EFT Lagrangian obtained by integrating out a
chiral massive fermion in our toy model. To obtain the full EFT Lagrangian, one must add
the Jacobian terms given by eq. (2.14) with the one-loop terms of eq. (4.7),

1 7wy 1

ﬁEFT = (FV,MVF{&V + 3FA7HVF5V) . (48)

1672 vy
We note that integrating out the fermion in a one-dimensional representation starting from
eq. (4.1), we obtain that the mg derivative interaction induces EFT operators that precisely
cancel the Jacobian term in eq. (2.14) as expected starting from an abelian gauge theory,
as discussed earlier, and this provides a non-trivial check for our calculation. We should
also remark that the 7y V'V coupling entirely arises from the Jacobian term, as predicted
by the Sutherland-Veltman theorem. However, the my AA coupling does not and displays
an additional factor of 1/3 due to the one-loop contribution.

We now move on to more concrete axion models for which we will compute one-loop
induced effective couplings between axions and gauge bosons, with a particular interest for
those involving massive gauge fields.!®.

4.2 Axion couplings to gauge fields

The axion field is a relic of the spontaneous symmetry breaking of a global U(1)pg sym-
metry. A realistic model involving the QCD axion or an ALP, being a pseudo-scalar field
a(x), basically couples to fermions (of the SM or not) which have to be charged under
the Global U(1)pg group but also other abelian or non-abelian groups such as the one of

8These results should and will reproduce those derived, using different techniques, in refs. [10, 19].
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the SM. For a massive chiral fermion, its bilinear form, after gauge symmetry breaking,
generically reads

Luy = LB+ T [zaﬂ — M+ V4" — Ayiy® — Wlify‘r’} v, (4.9)

where vector, axial-vector and pseudo-scalar structures include®
i
i i P P i qi P P T
V= (g Vi a7 90ua = VI, Ay = (g AL 9500~ AL}, W= M2, (1.10)
with V}f, AL stand for vector and axial-vector components of a generic chiral gauge field
GL, the term 772 (x) stands for the would-be-Goldstone boson in the case where GL obtains
its mass from gauge spontaneous symmetry breaking. VMP Q and Aij are the fictitious
auxiliary gauge fields associated to the global PQ symmetry. Writing eq. (4.9) presupposes
a chiral fermion reparametrisation which induces a Jacobian term, EJaC This contribution,
before gauge spontaneous symmetry breaking, reads

L3 = o 2f ———Npga(x )Fﬁy[ri,uu, (4.11)

where the i-index only runs for the gauge field strength tensors. The anomaly coefficient
can be generally expressed as,

Neg= Y t[PQ¥)®G(¥)®G(w)|, (4.12)

_ t
V=g Wi

with PQ(¥) and G(V) the PQ and gauge charge of the chiral fermion W. Integrating out
the chiral fermion and making use of the master formula eq. (3.29), one obtains

Lixt =wvar [ 900,00 (5 SVEQALE [gf “g.g), (Oua— AL) A FAH |

1 P VPQ VI P AFPQ 5AT
+8 (nggv) F V7 +24F2(9AQ9A) F A
1 i J
=~ (ngglgv)aFWFW’“ — 153 (9190, 00) a Fiy B2 (4.13)

In order to get the last line of the above equation, we imposed the crucial axial gauge
invariance, used integration by parts and Bianchi identity, neglected the surface terms,
and at the end of the computation, we removed the fictitious fields Vf Q and Aﬁ Q. Adding
all together, we are now able to build the axion-bosonic effective Lagrangian described
by Lerr = LHS + Lllalg%p where the generic formula of £{3 and Lllalg%p are given by
egs. (4.11), (4.13).

4.2.1 SM gauge and PQ symmetries

We now present two examples where the axion field couples with the SM gauge fields.
Our first example will be the original Peccei and Quinn scenario in which the axion is the

9Note that for convenience, we have used a different normalisation convention for the PQ charges than
the one used for gauge charges.
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pseudo-scalar component of a Two Higgs Doublet Model (2HDM). Our second application
will be to consider the so-called DFSZ axion model [13, 14]. To illustrate the results and
properties discussed in the previous sections, we will integrate out only one generation of
quarks, let us say (u d). This computation was performed in ref. [10] by Feynman diagram
technique, accompanied by Pauli-Villars regularisation. We will recover some of its results

by using the functional method for one-loop matching.
We begin with the Jacobian terms which induce tree-level axion couplings to the SM
gauge fields,
£ = fgor (N0 aGu G + PN aWi, W 4 PNy aB B ) (114)

with the anomaly coefficients N; computable as follows,

Ne = Z CSU(s)c (\I/) dSU(2)L (\Il) PQ(\II) )

\I}:qIﬂuRvdR
Ni = Z dSU(s)C () CSU(Q)L (V) PQ(V),
W=qp; 1}
Ny = Z dSU(S)c () dSU(2)L (\IJ)CU(UY (V) PQ(Y), (4.15)

\IIZQE JUR,AR; l}/ »€R

where we closely followed the conventions and notations of ref. [10] with dg,, (¥),
Ay, (V) and Oy (V), Oy, (¥) are respectively the SU(3). and SU(2)z dimensions
and quadratic Casimir invariant of the representation carried by the chiral fermion field
U. Besides, PQ(WV) is the PQ charge of the fermion ¥ which is model-dependent. We will
come back to these PQ charges when discussing a peculiar axion model.

The one-loop effective Lagrangian resulting from integrating out the SM chiral

fermion is

-1 Z ~yv 7 1 Z ~AZ
LR 5 3 g | (00 0al)! (a bl PV 0) 4 (080020 () F0)
f

~ 1 ~
+ (720 ) (a R B ) 4+ 50000 o) (a B FAT )
+ (0% (o FZ?VZFW’W)] ’ (4.16)

\4

where ng, gf Q are axion-fermion-fermion couplings written in terms of Dirac bilinear
form. A summary of the gauge charges of SM fermions can be found in table 1.

The only thing that remains to be determined in egs. (4.14), (4.15), (4.16) are the
fermions PQ charge, that we discuss now for several axion models.

4.2.2 PQ axion model

We first consider the original P(Q scenario where the QCD axion is identified as the orthog-
onal state of the would-be-Goldstone of the Z boson in a 2HDM model (see refs. [1, 2]).
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1 g \\% v Z

: g g .
() | 9T L1 eqf Sesd (T — 2sin? 0,,Q7)
w

inS f g f
0 —T. 0 T.
(gA) 2c080, °

Table 1. SM fermion couplings to the SM gauge fields, where T}, T: 3f ., QF, 0, are respectively the
SU(3)¢ generators, the eigenvalue of the isospin operator, the electromagnetic charge and the weak
mixing angle.

The starting point is a fermion-Higgs Yukawa interaction, that we assume of type II, which
can be written as

L3N = = [Yuitn ®1 g + Yadg ®} qr| — Yeer ®} 1 + hec.. (4.17)

Yukawa

The two complex scalar fields can be written as

1 ;m [0 1 ;m22 (0
(b — v @ e v 418
VR <1> SERVeR <2> s

where 71, 19 are Goldstone bosons of the scalar fields ®; and ®2. The vacuum expectation
value of the scalar fields, v; and vy are related by vi+v3 = v? ~ (246 GeV)Q, and one usually
introduces the § angle such that v; = vsin 3, v = vcos and vo/v1 = (1/tan ) = z.
The next step is to identify the would-be-Goldstone boson (that generates the mass of the
Z-boson) from its orthogonal state, defining then the axion. One has the following relations

GY _ [ cosp sinf) [n2
( a ) B (— sin 3 cos ﬁ) (771) : (4.19)

The Higgs doublets can be re-written as

1 Zcio - a 1 ’LQ i(—= )%
@1:56 vlemv<0>7<1>2:\/§6 “2el< flc)“<0), (4.20)
U1 V2

where G is PQ neutral and the Higgs doublets carry the following PQ charge, PQ(®1) = z
and PQ(®2) = —1/x. In order to identify the PQ axion model with eq. (4.9), we first make
the Yukawa Lagrangian becomes PQ-invariant by performing the chiral rotation,

U — PRIy (4.21)
The PQ charges for one generation of quarks (u d) are assigned, such as

1
PQ(qr;ur,dr) = (a; a+x, o+ x) . (4.22)

a is a free parameter that corresponds to the conservation of the baryon number.?? The
chiral rotation leads to the derivative coupling of axion with SM fermions as defined in

20For a general setup including also the lepton sector see refs. [10, 11].
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eq. (4.9) and the axion couplings to fermions read

(99" = —%(M ra), (08" = ar (697 = —21(2a + 913) (g59)" = 1<1> :

2v v 2v\zx
(4.23)
Plugging eq. (4.22) into eq. (4.14) and rotating the electroweak gauge fields from their
interaction basis to their physical mass basis using ij = cwsy + swAy, By = =542, +

cwA, along with e = gs,, = ¢'cy, one obtains the following Lagrangian for the Jacobian
contribution

2
{ ’d} — 1 -g 1 ~ SV 2 4 1 [V
EJZC =162 (25 {:v + x} aGZVGa MY 4 e N, [9:6 + o aF,, F"

2 + 17—V 2¢ 1 2 4 1 ANy
—[g Nca]aWWW e N, §a+sw §a:+9—x aZ,F
wew
e? 9\ O 4 (4 1 o
+ 62 52 NC|:_ (]. — 281”)5 + Sw <9$ + %)]GZMVZ ) N (424)
wTw

where N, = 3. Plugging eq. (4.23) into eq. (4.16) and performing the same electroweak
rotation lead to the following one-loop effective Lagrangian,

_ 1 L i
E}lz*};?_[‘p {uvd} _ <Q2Nc |:a + 6 (x + x>:| aW/»j;Wiﬂuy

16720

+62N[+(1+1>}2FW (4.25)
CwSw | 37 T er )| '
e? o a1 1 5 (1 1 .

+ %Nc [(1 = 25w)§ + 12<x+ x) — s, (3:1: + 6UCHCLZWZ’“’) .

The effective axion-bosonic Lagrangian is obtained by adding ﬁg:&d} and ﬁgg%p_{u’d} and

gives the compact result,

Eafbosonic_ 1 g;z _‘_l G éavlw_|_ 2N % —|—i F, F'U'V
EFT T Pga2p\ 2 [T 5] CNelgt T gy |V

1 1 -

+ ¢°N, 5 {x + :J a W;;W e
e? 1 1 4 1 -

bVl (ot )~ (gt gy ) oz (4.26)
w 2w

e? 1 1 5 (1 1 e 1 .
= il il I - il = il pv
+c%Us%UNC{12(m+x> sw<3x+6x>—l—sw(gx—kgaﬂ)}aZ,wZ )

4.2.3 DFSZ axion model

Concerning the case of the more realistic axion DFSZ model [13, 14], the Yukawa couplings
are the same as in the 2HDM model, but now the scalar potential is modified. Typically,
the 2HDM model is extended by a gauge-singlet complex scalar field ¢, with the scalar
potential

Vorsz = Varpwm + Veerpm + Vopg + Vs (4.27)
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where we have

Varpm = a1(¢1¢) (@1@1) + a2 (¢T¢)(‘I’£@2) ;
Vipg = M2(¢1¢)@1d, + hec. (4.28)
Vo = 12(610) + A(679)”.

Similarly to ®; of eq. (4.20), one can also write the new complex scalar field ¢ as

¢ = ﬁe fa <fa> . (429)

In summary, for the DFSZ axion model, one obtains the PQ-charges and the breaking-scale
of the PQ-symmetry by rescaling their values in the axion PQ model, simply as follows,

222 1

T— ——— == ——— v
241" =z 241

. (4.30)

The effective DFSZ axion-bosonic Lagrangian, obtained by adding [,}Z(’:d} and Eg;%pf{u’d},
is given by

Lafbosonic _ <92 aGY Gaal“’ + €2N 81'27—1—2& F F,uu
EFT 1672, \Js v “9(xz+1) M
9 2 2 2 2
PN, o e 3+ 6x% —4s2 (422 + 1) ~
W Wk N, L F
e2 1 222 4+ 1 8% +2 -
= N o2 T 4} Z ZW). 4.31
Tt 6[6 3@ 1) Tvem ) P 3y

These results do agree with those derived in refs. [10], using the more traditional
approach of Feynman diagram computations.

It is certainly a good moment to pause and appreciate the difference in strategy with
this last reference. The main and obvious distinction is that in this work, we favored the
path integral method to evaluate one-loop processes. However, we believe that another
elegant and insightful feature of this axionic EFT derivation is due to the direct and
consistent way of dealing with gauge and anomalous symmetries. Indeed, one needs not to
use the anomalous Ward-identities to alleviate ambiguities inherent to anomalies in QF Ts.
Equivalently, one can use the interplay between higher-dimensional operators involving the
axion and the would-be-Goldstone bosons in order to consistently and easily derive axion
EFTs. This offers a neat method to also explore other sectors of axion EFTs.

5 Conclusion

In this work, we have considered the task of building EFTs by integrating out fermions
charged under both local and global symmetries. These symmetries can be spontaneously
broken, and the global ones might also be anomalously broken. This setting is typically
that encountered in axion models, where a new global but anomalous symmetry, U(1)pg,
is spontaneously broken, so as to generate a Goldstone boson, the axion, coupled to gluons.
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The main novelties of our approach are twofold. First, the heavy fermion to be in-
tegrated out is allowed to have chiral charges for both the local and global symmetries.
The analysis is then much more intricate because of the presence of anomalies in various
currents, and because the fermion can only have a mass when all the chiral symmetries
are spontaneously broken. Second, we perform our analysis in a functional approach, by
systematically building EFTs using an inverse mass expansion, that is, identifying leading
operators and calculating their Wilson coefficients with the help of Covariant Derivative
Expansion. Our calculations are adaptable to various UV models and allow us to correctly
treat QFT anomalies.

In more details, our main results are the following:

e It exists many motivations for introducing Goldstone bosons of global symmetries
using a polar representation. Once this choice has been made, we have identified an
appropriate parametrisation of the fermionic part of the UV Lagrangian. Essentially,
with the purpose of an inverse mass expansion, if one wants to perform an exact
computation without truncating the initial UV theory, it is desirable to write the
fermion mass term as an invariant quantity under the various symmetries, even for
a chiral fermion. This requires some fermion field redefinitions. Only then one can
clearly identify the fermion bilinear operator to be inverted.

e Usually, Ward identities are used to enforce the desired gauge symmetries. When
dealing with anomalous quantities, these constraints are crucial to remove the am-
biguities that creep in through the regularisation process. But in our functional
approach, this cannot be immediately implemented because the leading operators in
the EFT end up being automatically gauge invariant. The only way forward is to
perturb the theory to upset this automatic gauge invariance. This is done with the
help of background fields, in a way very similar as in ref. [19]. Then, the necessary
Ward identity constraints can be recovered thanks to EFT operators involving the
would-be-Goldstone bosons of the exact gauge symmetries.

e The parametrisation of the fermion bilinear operator involves derivative interactions
with scalar and pseudoscalar fields. To our knowledge, a precise description of how
to perform the calculation of the determinant of such operators has never been pre-
sented. It should be noted that in that calculation, regularisation is necessary. For
that, we adopt dimensional regularisation and follow the 't Hooft-Veltman prescrip-
tion. We show that the two-parameter ambiguities, well known in the context of
triangle Feynman diagrams, can be recovered. Those are crucial to allow one to
enforce all the gauge constraints in a consistent way.

o We recover in the functional context the results of refs. [10, 11, 19], that is, that
the derivative coupling of the Goldstone boson 7 to the fermions, \Tl((?uﬂ YHyP ) and
\Tl(@m )W, do not necessarily vanish in the infinite mass limit. They do contribute
to the leading EFT operator VA, mAA, but not #VV. In other words, this last
coupling satisfies the Sutherland-Veltman theorem, and is fully driven by the anomaly,
but not the other two.
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In this paper we have presented how to deal with scenarios combining both spontaneous
and anomalous symmetry breaking. When building an EFT by integrating out chiral
fermions charged under those various symmetries it is legitimate to keep local partial
derivative interactions instead of traditional pseudo-scalar ones, but this has a cost. Now
the anomaly is spread into several contributions which have to be recombined with high care
when evaluating the S-matrix (see also refs. [10, 11, 19]). We have integrated these peculiar
fermions in the elegant and minimal functional approach and showed how to remove the
ambiguities one has to face to evaluate the functional trace in dimensional regularisation.
Inevitably, this corresponds to implement the anomalous Ward identities in a consistent
way within the path integral formalism. We did so by introducing fictitious vector fields
associated to the global symmetries so one can cure potential ambiguities undermining
the theory while enforcing gauge invariance. More generally, this work shows a possible,
neat and systematic path to follow to consistently build an entire EFT involving anomalous
symmetries. It should also be very useful to derive other EFT higher dimensional operators.
All in all, this procedure allowed us to compute in a transparent and in a very generic way
the Wilson coefficients of higher dimensional operators involving Goldstone bosons, this is
encapsulated in the master formula eq. (3.29). Furthermore, we showed how to apply this
master formula to the case of SM gauge interactions. Ultimately, we applied these results
to the axion Goldstone boson (in the general sense i.e being the QCD axion or simply an
ALP). We obtained in a closed form the higher dimensional operators involving the axion
and SM gauge fields and collected them so that one can recover the non-intuitive physical
coupling between axions and massive SM gauge fields which have been recently derived by
some of us in ref. [10]. The phenomenological relevance of these couplings are of particular
interest for collider ALPs searches but also their imprints in the early universe.

Acknowledgments

We thank Quentin Bonnefoy and Christophe Grojean for helpful discussions. J.Q. and
P.N.H.V. have benefited from fruitful discussions and collaborations with Sebastian Ellis,
Tevong You and Zhengkang Zhang on several past works on functional matching. This work
is supported by the IN2P3 Master project “Axions from Particle Physics to Cosmology”.
J.Q/s work is also supported by the IN2P3 Master project Théorie-BSMGA and the IN2P3
Master project UCMN. J.Q. acknowledges support by Institut Pascal at Université Paris-
Saclay during the Paris-Saclay Astroparticle Symposium 2021, with the support of the
P2I0O Laboratory of Excellence (program “Investissements d’avenir” ANR-11-IDEX-0003-
01 Paris-Saclay and ANR-10-LABX-0038), the P2I axis of the Graduate School Physics of
Université Paris-Saclay, as well as IJCLab, CEA, IPhT, APPEC and EuCAPT.

— 30 —



Z[g?ne] ne=>0 ne=1 ne =2
n; =1 M? (1 —log Aﬁ) ]\? (% —log ]‘jf ]\2/15 (%1 — log ]\532)
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Table 2. Commonly-used master integrals with degenerate heavy particle masses. Z = Z/ ﬁ and
the % — v + log 47 contributions are dropped.

A Master integrals

In this appendix, we discuss the master integrals and tabulate some of them that are useful
in practice. In this paper our results are written in terms of master integrals Z, defined by

ddq q,ul .. .q“an o T
. : — g#l"'P«anI q Ne ZJ Al
/ (27r)d (q2 _ Mzz)m (q2 _ Mf)"? . [ ]7,] ( )
with;
I[anc]m _ { (_ 2)2+nc—ni 1 F(% —2—nc+ nZ)
b 1672 ! 2ne(n; — 1)! I'(s)

2 M?

X < — v+ logdnm — log 2’) , (A.2)
€ H

where d = 4 — € is the space-time dimension, and y is the renormalisation scale. In the MS

2 2
scheme, we replace, (% —~v + log4m —log 1\52" ) by (—log J‘fg’ ) in the final result. We factor

out the common prefactor, Z = #f and present a table of 7 [¢*"<]? for various n. and
n;, needed in our computations, in table 2.
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