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ABSTRACT: The Effective Field Theory (EFT) Lagrangian for a generic axion-like particle
(ALP) has many free parameters, and leaves quite some freedom for the expected phe-
nomenology. In this work, we set up more constrained EFTs by enforcing true axion-like
properties for the ALP. Indeed, though the Peccei-Quinn symmetry of the QCD axion is
anomalous, it is so in specific ways, and this shows up as consistency conditions between
the gauge boson and fermion couplings. We propose to enforce such conditions, as inspired
from the DFSZ and KSVZ scenarios, on the generic ALP EFTs. These truly axion-like
ALP EFTs are then particularly well-suited as benchmark scenarios, to be used in the
search for ALPs both at colliders and at low-energy experiments.
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1 Introduction

Despite its astonishing predictive power, the Standard Model (SM) still presents some
issues that require the inclusion of new physics. One of such open problems is the so-called
Strong CP Problem, which stems from the non-observation of CP violation in the strong
interactions in the form of an electric dipole moment for the neutron [1].

The Peccei-Quinn (PQ) mechanism [2] considers the inclusion of a new axial global
symmetry, U(1) pg. Together with its associated Goldstone boson, the axion a [3, 4], they
represent arguably one of the most appealing solutions to this problem. In recent years,
the interest in axions has grown and extended itself to axion-like particles, or ALPs. These
new hypothetical particles share the basic features of axions, being pseudoscalars with
dimension-five couplings to gauge bosons, but as a consequence of some additional explicit
symmetry breaking term, they are free from the relation between mass and symmetry
breaking scale that is predicted for the QCD axions.

Currently, an increasing experimental task force is being born aiming to set bounds on
the several couplings of ALPs to both fermions and gauge bosons of the SM. Additionally,
these particles and their couplings have been extensively studied in the literature [5-23],
following an Effective Field Theory (EFT) approach. Our goal in this paper is to analyze
this formulation, and identify promising benchmarks.



Typically, ALP EFTs are constructed by adding to the SM the kinetic terms for a
massive neutral scalar, and two sets of dimension-five couplings:

1 . z
zALP = 5 (auaa“a — miaa) —1 Z %auaf’)/ﬂf
;e (1.1)
a ~ AU ~
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where the sum runs over all the SM chiral fermions, X" = %5"”0‘5 Xog for X =G, B, W,
xf and N¢ 1y are unknown Wilson coefficients, v, is the ALP decay constant, typically
much larger than the ALP mass m,. The couplings xs could, in principle, be matrices
in flavour space, but for this work we will take them proportional to the identity matrix,
restricting ourselves to flavour conserving and universal scenarios. For this construction,
one assumes the SM gauge symmetries to remain exact, and constrains the ALP couplings
to exhibit only axion-like breaking of the shift symmetry a — a 4+ v,0 for any constant 6.
In other words, the ALP gauge couplings mimic the so-called axion anomalous couplings to
the gauge field strengths, while those to the SM fermions have to be shift-symmetric, thus
involving the derivative of the axion field. Once such an EFT is prescribed at the EW scale,
it is then run down to the m, scale relevant for light ALP searches. At one loop, the gauge
and fermion couplings to an ALP mix via typical triangle graphs, allowing one to set limits
on all the couplings out of the bounds for any of the ALP decay channel. For such analyses,
see refs. [6, 16, 19]. The generic EFT Lagrangian in eq. (1.1) has many free parameters, and
leaves quite some freedom for the expected ALP phenomenology. In the present paper, our
goal is to set up more constrained EFTs, to be used as benchmark scenarios to search for
ALPs. Our guiding principle is to enforce true axion-like properties for the ALP. Indeed,
though the QCD axion PQ symmetry is anomalous, it is so in specific ways, and this
shows up as consistency conditions between the gauge boson and fermion couplings. Its
EFTs are not as generic as that in eq. (1.1). Specifically, in the Dine, Fischler, Srednicki,
Zhitnitsky (DFSZ) [24, 25] scenario, the axion couplings are anomaly-free, in the sense that
the axion couples to ordinary matter only through pseudoscalar couplings to the massive
SM fermions. By contrast, in the Kim, Shifman, Vainshtein, Zakharov (KSVZ) [26, 27]
case, the axion inherits only anomalous gauge couplings from its coupling to some new
heavy coloured fermion at one loop, while those to SM fermions arise only at two loops,
via anomaly-free finite diagrams. These are the constraints we want to impose to construct
DFSZ and KSVZ ALP scenarios. Alleviating these fundamental assumptions, one may face
Ultra-Violet models suffering from serious inconsistencies.

The structure of this letter is the following: in section 2 we will describe the setup for a
generic DFSZ-like ALP scenario, followed by a dedicated discussion of a more constrained
scenario reminiscent of the DFSZ Axion. In each case, we will investigate the true number
of free parameters present in the theory as well as the possible correlations among loop-
induced couplings. Section 3 will follow the same procedure for KSVZ ALPs, starting
with a generic description of its Lagrangian, followed by a detailed discussion of the loop
generated couplings. Finally, section 4 closes our analysis with some concluding remarks.



2 DFSZ-like ALPs

In the original DFSZ scenario, the axion couplings to SM gauge bosons and fermions arise
entirely from new couplings of a complex scalar field ¢ pg to the two Higgs doublets present
in that framework. In practice, this means that at tree level, the axion shows up only in
the Yukawa couplings of the SM fermions. This can be summarized by noting that the
DFSZ axion field simply receives a tiny component aligned with the pseudoscalar Higgs
field of the usual two-Higgs doublet model (2HDM), A. Indeed, provided the PQ symmetry
is active, A is massless, and mixes with the pseudoscalar component of ¢pg. Importantly,
though couplings like aaWj W, gt or aaZ, Z,g"" arise from the kinetic term of the Higgs
doublets, couplings of a single axion to two gauge bosons do not appear at tree level, which
are the ones we will be interested in during the following section.

2.1 Generic setup

Let us now discuss the generic case of an ALP arising in a scenario where U(1)pg is
spontaneously broken by a scalar coupled to the Higgs sector of the theory, which will
remain unspecified, and where the only new light degree of freedom at low energies is the
ALP. Since the UV model is anomaly-free, so are all the couplings of the ALP in this
scenario. Taking these points into account, we can construct a DFSZ-like EFT for the
ALP, valid just below the EW breaking scale, as

1 . m T
ZLprsz = 3 (8Ha8“a - mZaa) —i Y Tfoaf%f, (2.1)
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where the sum is understood to run over the three fermion families.! Additionally, in the
original DF'SZ model, x s are entirely fixed by the ratio of the vacuum expectation values of
the two Higgs doublets. However, we do not specify the UV completion here and consider
therefore the possibility of all of them being independent, meaning that the theory at this
point presents five free parameters, namely v,, m, and the three xy.

One point must be stressed at this stage. Because in the original DFSZ model the
axion emerges only after the EW symmetry breaking (since part of it is made of A), it
is not really adequate to consider a SU(2); ® U(1)y invariant EFT like eq. (1.1). Yet,
it is always possible to switch to such a description by a chiral reparametrization of the
fermion fields. The net effect is then to generate all the anomalous gauge couplings and
derivative fermion couplings out of the pseudoscalar couplings in eq. (2.1). In that case,
not only are the Wilson coefficients in eq. (1.1) correlated, but extreme care is needed when
interpreting the EFT; in particular, the true gauge boson couplings are not directly those
appearing in eq. (1.1). For instance, eq. (1.1) seems to imply that a — v, Zv, ZZ, WTW~—
are correlated since they seem to depend only on two anomalous gauge couplings, but this
is actually not true. The reason for that is the anomalies in the triangle graphs built on
the derivative couplings of the ALP to fermions, see figure 1. The Ward identities for both
the vector and axial couplings are anomalous, and must be dealt with carefully. It is only

'Notice that we are considering the case of massless neutrinos, which will therefore not couple to the
ALP at tree level. Examples of axion models where a Seesaw is implemented can be found in refs. [28-35].
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Figure 1. On the left: ALP coupling to gauge bosons in a DFSZ-like scenario. On the right: ALP
coupling to SM fermions in a KSVZ-like scenario. In both cases, X can be any pair of gauge bosons
in the EW broken phase that respects SU(3)¢ x U(1)gas-

once this is accounted for that the EFT in eq. (2.1) can be matched onto an EFT of the
form of eq. (1.1), as shown in ref. [36].2

In practice, it is much easier to simply use eq. (2.1) as the starting EFT for a DFSZ-
like ALP, and compute the gauge couplings via non-anomalous triangle graphs built on
the pseudoscalar ALP couplings to fermions, figure 1. Actually, this computation is well-
known since it precisely corresponds to that of the usual 2HDM, up to a trivial rescaling
of the final amplitudes, and the arbitrariness in the fermion couplings Xy, 4. Though this
is well-known, let us now provide explicit formulae for the coupling to each pair of gauge

bosons. First, we define

fF a . ~
fgauge = 747“)@ (gaggG““ GZV + o Fy F*
(2.2)

+ gaZ’yZ,uVFlw + gaZZZ,uVZ'uV + gaWWW+HVW;;/) )

where the effective couplings g,v;v;, are actually form-factors, i.e., functions of my; /m, and
my, /mg. Explicitly, these functions can be extracted from ref. [42] as

Javivy = —2imo Y myxs (Qélg‘cQTva(va) + QQIQQQTPAA(mf)) : (2.3)
f=u,d,e
In this expression, the fermion gauge couplings 1/_1f/ (g‘];fy“ — gf;fy“%)zp 7 are
g w gl Z
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where SU(3)c generators T/ are normalized such that Tr(7/ be ) = 1/26% ¢ =
cos By, sy = sinfy, and CKM factors are understood. The parameter o accounts for
the absence of crossed diagrams for WTW~, with ¢ = 1/2 for Vio = W, ¢ = 1 for
Via = g,7,Z. The colour trace for quarks brings a further factor 1/2 for V; 5 = g, and N¢

2See also refs. [32, 37-41] for additional discussions on this matter.



for V12 = W, Z,~. Finally, the loop functions Tﬁgv(mf) and ngv(mf) are

Tpvv(m) = %WCO(WQ) ;
Sm(Co(m?) +2C1 (m?)).

(2.5)
Tpaa(m) =

where the standard three-point Passarino-Veltman scalar loop functions are
C’Z(m}) = C’i(m%ﬁ,m%@,mg,m%,m?g,m}) for Vi = g¢,7,Z, and Ci(m%) =
C’i(m%,v,m%v,mg,m%,m%,,m?), with f’ the SU(2); partner of f for WTW~. Sum-
mation over the three families is understood in eq. (2.3), upon which the CKM factors
disappear. Explicit expressions for the Passarino-Veltman scalar loop functions, as well as
various limiting cases, can be found in ref. [42].

As stressed in ref. [36], the gauge couplings gqv;v;, all vanish in the limit of massless
fermions, as they should since in that case the ALP no longer couples to SM fields in
the DFSZ scenario. Had we started from eq. (1.1), such a vanishing would still occur
of course, but require many delicate cancellations between the tree-level contributions
from the gauge couplings, and loop-level, anomalous contributions from the derivative
couplings. Evidently, such cancellations only occur once the proper correlations among
the Wilson coefficients of eq. (1.1) are enforced. To be more specific and clearly illustrate
the cancellations at play in eq. (1.1), consider the g,zz coupling. From the derivative
interactions in eq. (1.1), there are three different fermion loops corresponding to the axial-
vector-vector, vector-axial-vector, and axial-axial-axial triangles, with the first referring to
the ALP coupling, and the last two to gauge couplings:

AVV .
g5y =-n > xXhol ol < il + @)y Thvy (), (2.6)
f=u,d,e,v
VAV -
asy =-m > x40k, + ghsal ) x ()@ + a2y Ty (2.7)
f=u,d,e,v
AAA .
g =—m > Xhghzohs xila + @)y Tiaa (2.8)
f=u,de,v

where X{/ = x/® + x/t and XQ = x/® — x/t. These loop functions need not be computed,

as their divergences can be worked out using the anomalous Ward identities,

i(q + %)ﬂfﬁ&eﬁsv = 2imTpyy + 27T26BWVC]1MQ2V55€7 ; (2.9)
. * % 1 v * %

i@+ @) Tyoavesel = 272557“ NuG20EBE (2.10)
. * % . 1 v * %

il + QQ)QTXEXEﬁE,Y =2imTpaa + 2—7#6’37“ Q1 pq20E3EY - (2.11)

With this, one recovers the result of eq. (2.3) from the Tpyy and Tpaa pieces. So, the
axion-like DFSZ model requires all the anomalous terms in these loops to precisely cancel
with the local gauge couplings of eq. (1.1), i.e.,

2 2
> Xl ol — 2ol gk s+ Xhah 2ok s = —a (Nt + 6N ) - (212)

Am f=u,de,v



Note that this equation only has a solution when XQ,V are SU(2),®U(1)y symmetric, with
then quite naturally N7, ~ x> +3x% and Ny ~ —1/3x% +4/3x"8 42/3x" — 'L +2x°k,
By contrast, if one takes for example XQ = X{/ = x/, then we must also enforce N7, = 0
and Ny ~ 4/9x% +1/9x? + x¢. Thus, it is clear that one can work in the basis of eq. (1.1),
but this is hardly a convenient choice when a DFSZ-like UV structure is to be imposed.
The fact that the naive SU(2);, ® U(1)y correlations among the electroweak gauge
couplings are broken is most clearly visible in the limit of infinite fermion masses. Thanks

to the overall m; factors, the g,v,1, become constant in that limit and we find:

Yagg = Qs (Xu + Xd)
2701

Jayy = 9 (4NC'Xu + NCXd + 9X6)

(6%
YazZ~r = GCWSW (2NCXu + NCXd + 3Xe) - tha*y’y (213)
9077 = 662 82 (NCX’LL + NCXd + Xe) - 2tha7Z - t%/[/ga’y'y
Wew
(0%
Jaww = 2Ncxu + 2Nexa + 3Xe),

12s%,

with tyy = tanfy. Even though all the couplings depend only on three parameters,
it is not possible to put eq. (2.2) back into an SU(2);, ® U(1)y invariant form. Yet,
phenomenologically, it is in principle possible to reconstruct the pseudoscalar couplings of
the ALP out of the individual measurements of these decay channels since they have no
tree-level contribution in a DFSZ-like scenario.

Let us close this subsection with a phenomenologically oriented discussion. First of all,
we must specify that, though five free parameters appear in the Lagrangian of eq. (2.1), only
the combination x ¢/v, enters the observables. Thus, the number of physical parameters is
in fact four: the three x /v, ratios and m,. This implies that measuring four of the ALP-
gauge boson couplings should be enough to predict all of the remaining ones at tree level.
In other words, if, for example, we were able to experimentally measure gug¢, gayy and gaz-
only one degree of freedom would remain. This implies that in the space spanned by ¢,zz
and g,ww , the correlation would show up as a curve, as opposed to what would happen in
the pure EFT point of view of eq. (1.1), where the measurement of the same three ALP-
gauge boson couplings would restrict the values of ¢,z and g,iww to a single point, as only
two parameters, N7, and Ny, enter those couplings at tree level. If one were to include the
SM fermion loop contribution arising from eq. (1.1), which are indeed explicitly described
by egs. (2.9) to (2.11), the parameters describing fermionic ALP couplings would enter the
1-loop ALP-gauge boson coupling, with the correlation no longer being a point, but being
also different from the one observed in our approach, as the tree level ALP-gauge boson
coupling still exists. If one were to further impose the DFSZ-like behaviour, i.e., eq. (2.12),
even with the starting point of eq. (1.1), we recover exactly the result displayed here.

Taking this freedom into account it is interesting to consider some particular situations.
For example, let us assume the (potentially fine-tuned) photophobic scenario in which

3 As shown in ref. [36], these charges are ambiguous in the DFSZ model because they can all be shifted
by a constant corresponding to either the conserved baryon or lepton number, but this is inessential here.
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Figure 2. Prediction for the ALP-EW gauge boson coupling projected in the planes (gazz, gaz~)
and (gaww, gaz~) (from left to right) and their dependence on the ALP mass m,, in the photophobic
scenario for v, = 1TeV. In this plot we scanned logarithmically all three parameters, mg, X, and
Xd, with both x, and x4 varying between 0.1 and 10, and m, ranging between 1 GeV and 10 TeV.
Note that direct bounds on the ALP-fermion couplings have not been enforced, and may rule out
part of these points.

gayy = 0. Such a constraint in the framework of eq. (1.1) would imply Ny = —Np, with
only one remaining free parameter entering the ALP coupling to EW gauge bosons. In our
sceneario, however, this immediately implies a relation between the four free parameters,
which we can write as

2 A mg
> NeQixsAly am]

_f=q
2 )
A mg
>l (1)

f=t

Xe = (2.14)

where the sum in the numerator runs over all quarks with flavour universal x, and xq4, and
the one in the denominator runs over all three charged leptons, and the function .A‘f‘/Q is
defined in appendix A.

As previously discussed, such a situation where g,,, = 0 would imply Ny = =N, in
the naive EFT of eq. (1.1), so the remaining pairs of ALP-EW gauge boson couplings would
be proportional to each other, since they would depend linearly on a single free parameter.
However, as we show in figure 2, the larger number of free parameters, three after fixing
Jayy = 0, allows for more freedom for the different pairs of EW gauge boson couplings to
the ALP, spanning areas, with a spread of not more than an order of magnitude if we avoid
further fine-tuning.

It is particularly interesting to notice that even when the ALP-photon coupling exactly
vanishes, it is possible to have sizeable couplings to all of the remaining EW gauge bosons,
as well as possible hierarchies among them. Notice also that fixing Y. in this scenario does
not imply anything for g4y, which remains with the same freedom as in the unconstrained
scenario.



0.500 0.500

tang=1 tanB=20

0.100 0.100

0.050 0.050 — 99
X — vy
S z

0.010 0.010 i 4

0.005 0.005 -z

— ww

1073 1072 107! 1 10 1073 1072 107! 1 10
m, (TeV) m, (TeV)

Figure 3. Predicted ALP couplings to gauge bosons with = 1 on the left and = = 20 on the right.
The different peaks correspond to kinematic thresholds, namely m, = 2my for different fermions,
which are almost lost in the presence of EW gauge bosons due to their high mass.

2.2 A more constrained scenario

Let us now consider a further reduction of the number of free parameters. There are
indeed many phenomenologically motivated scenarios, like the photophobic one we just
discussed, leptophobic ALPs with vanishing ., or leptophilic ones, where x, = xq = 0. In
this section, however, we will consider an ALP that mimics the DFSZ axion couplings to
fermions (see refs. [43, 44] for reviews on axion models). In that model, two Higgs doublets
are present; H, coupling to up quarks and Hy; coupling to down quarks and charged
leptons (which would correspond to a 2HDM type-II). These two Higgs doublets couple to
an additional scalar ¢ that has a VEV vs much larger than those of the Higgs doublets,
vy and vg. In terms of our Lagrangian from eq. (2.1), this implies that the formerly free
couplings x s now take the following values:

_ z? 1
Xu— 1—|—CL'27 Xd_X(i_ 1-'—1'27

(2.15)
where = = tan = v, /vy is the ratio of the VEVs of the two Higgs doublets. In this setup,
the number of free parameters has been reduced from four to three, namely v,, m, and x.
Notice that, while in the generic case, it is impossible to separately fix x and v,, since
only the ratios x ¢/v, enter observables, it is now possible to do so since specific values are
prescribed for the xy. This means that if we were to measure experimentally two of the
Xy in this setup, we could immediately extract the values of z and, more importantly, the
ALP energy scale v,.

It is interesting to study the possible correlations among EW gauge boson couplings.
Whereas in the usual EFT approach of eq. (1.1), two free parameters enter linearly these
couplings, namely N7, and Ny, and consequently, correlations are expected among the four
ALP-EW gauge boson couplings, in the constrained scenario under consideration now we
have shown that these couplings depend on the ALP mass m, and x non-linearly. This
implies that the correlation among EW couplings is highly non-trivial, unlike what one
would expect from the EFT Lagrangian. In particular, as shown in figure 3, these cou-
plings do depend on the ALP mass, whereas the expected behaviour from eq. (1.1) would
be flat lines. Quite naturally, the predicted couplings present peaks when the ALP mass
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Figure 4. Parameter space for an ALP mimicking DFSZ axion couplings to fermions, with v, =
100 TeV. The colour code on the background shows how the induced ALP-photon coupling depends
on the two free parameters, tan 8 and m,; the DFSZ-like ALP couplings to massive gauge bosons
present a different dependence. This is in contrast to the linear one on Ny and N7, that all ALP-
EW gauge boson coupling present in the pure EFT approach. A naive projection of FCC-ee reach
is shown in white.

approaches 2m for different fermions; in particular, the charm quark, tau lepton, bottom
quark and top quark mass thresholds can be clearly seen for tan 8 = 1. Increasing tan g,
however, makes the loop-induced ALP-gauge boson couplings be dominated by the con-
tributions coming from up-type quarks, eliminating the peaks associated with the bottom
quark and tau lepton. Notice also that the ALP coupling to photons and gluons have
essentially the same dependence on the ALP mass for tan 5 = 20.

Finally, in this same constrained DFSZ scenario, one could try to illustrate how, af-
ter fixing v,, the remaining two-dimensional parameter space formed by tan 8 and m, is
constrained by the ALP-photon coupling. This coupling has been widely discussed in the
literature, through searches for mono-photons with missing energy and tri-photon searches
at LEP [5], as well as tri-photon searches at CDF and LHC [45, 46]. Such bounds would
hold up to roughly v, = 100 GeV, which implies an ALP scale below the EW one, whereas
for higher ALP scales the parameter space of the ALP discussed here is unconstrained in
what regards the ALP-photon coupling.

However, we can look at prospects from future colliders, like the FCC, which will be
able to probe even smaller ALP-photon couplings [9, 47], where at least 4 signal events are
expected of an ALP decaying previous to the electromagnetic calorimeter. The prospects
shown there (see figure 8.18 in ref. [47] and figure 6 inf ref. [9]), however, make some
assumptions that are not fit for our approach. In particular, they assume a vanishing ALP-
W boson coupling, g,ww = 0, as well as Br(a — ) = 1, which are not necessarily true in
our framework. Just for the sake of illustration, we show the parameter space span by tan 8
and m, for v, = 100 TeV in figure 4, with the region probed by the FCC shaded in white.



We stress, however, that the approach of ref. [9] may cause the prospect presented there
to not be applicable at face value in many situations, which is why we point at the need
of more generic analyses. Notice as well that the absence of other bounds does not imply
that the remaining parameter space is free: indeed, dedicated analyses considering the free
parameters presented in this section should be performed to fully constrain the parameter
space. This means considering bounds also on the ALP couplings to SM fermions, like
those studied in refs. [6, 16, 19], but using the expressions given in this paper for the ALP-
gauge boson couplings. Such an analysis, though of the utmost interest for the community,
remains beyond the scope of this letter, where our goal is to simply put forward the building
blocks of a DFSZ-like ALP EFT.

3 KSVZ-like ALPs

In this section, we proceed to carry a similar analysis to the one performed in the previous
case but taking the KSVZ scenario as a guide. For the true QCD axion, the KSVZ scenario
is built by introducing a new heavy coloured fermion, vector-like under the SM gauge
symmetries, but not under U(1)pg. As none of the SM fields are charged under U(1)pq,
the low-energy axion effective theory obtained after integrating out the heavy fermion
contains only anomalous SU(2); ® U(1)y invariant couplings of the axion to the gauge
fields. So, based on this, we construct a generic KSVZ-like ALP effective Lagrangian as

1
Lrsyz = = (@Laaua — mgaa)

2 ) o , ) (3.1)
(92NeGy, G 4 PNLW, W™ 4 g Ny B, B )

L@
1672w, i

without any of the derivative couplings of the axion to SM fermions. After EWSB, this
Lagrangian can be projected onto the broken basis for the gauge bosons, giving back
eq. (2.2) with

Jagg = asNC,

Jayy = & (N +MNy) ,

Jaryz = 2ax (—NL/tW + tw/\/y) ,

(3.2)
Gazz = @ (/\/L/t%y + t%/]/NY> ,

2c
JaWWw = TNL-
Sw

Contrary to the DFSZ-like ALP scenario, the ALP mass does not appear in these couplings
as a free parameter, and the correlations are different, being linearly dependent on the free
parameters Ny and N7, in the KSVZ case.

Though the ALP does not couple at tree-level to the SM fermions, they are induced at
one loop via the diagram shown on the right of figure 1. Since the gauge couplings explicitly
break the ALP shift symmetry, the induced ALP-fermion interaction should match onto

m —
"g/ﬂegrmion = Z Jcafaf'}’tif . (33)
f=u,de %

~10 -



As before, summation over fermion flavors is understood. We can explicitly compute the
different amplitudes to find the following expression for the coupling c,:

2 N t2 + t2 N
Caf—16<04 Qf(NL+NY)+Oé Nc>I _ o L/52Wc2 W Y)IZZ
wew
(3.4
160Q (T} — 2Qys7y) (=N /tw + twNy) 4o NL )
+ Iz — > Vipdww,
SWew sW I

where ()¢ is the electric charge of the fermion f under consideration, Vy is the fermion
mixing matrix (CKM in the quark sector and identity in the case of massless neutrinos for
leptons), while the scalar integrals are:

- | dk K2 — (k- p)?/m?

(2m)d k2(p — k)2 ((p1 k)2 m%) .
PE. d%k K2 — (k- p)?/m?
TS - M) k)2 (01— k)2 —m2)
IZZ:/ 'k ((k-p) —2(k- p1)+2ka2)—2Ff(k p)*/m;

V(= k)2 —m3) (k2 = M2) ((p— k)2 — M)
J— / ddk (k p) —2(k - p1)+2k2)—2(k p)?/m?2
— k)2 = m3,) (K = M) (0 — k)? — M)

with p and p; the ALP and fermion momenta respectively, m s the mass of the SU(2)r

)

9

partner of the fermion f and Fy =1 —4|Qy| s}, + 8 \Qf]2 syy- These integrals are written
explicitly in terms of the Passarino-Veltman functions in appendix B. With these expres-
sions we can illustrate the bounds on the ALP-photon coupling. In order to do so, we will
consider a simplified scenario where No = N, = Ny = Nx and the only free parameters
in the theory are the ratio Nx /v, and the ALP mass m,.

Figure 5 shows how the parameter space for this simplified KSVZ scenario is
constrained, with the colour code in the background representing now the induced ALP-
fermion couplings, while the shaded dark region is obtained by limits on the ALP-photon
coupling through searches for mono-photons with missing energy and tri-photon searches
at LEP [5], as well as tri-photon searches at CDF and LHC [45, 46]. As in the DFSZ
case, we stress that this does not aim to be a full analysis on all the existing bounds, and
further study would be required to include all bounds. This section, however, represents
a guideline for dealing with a KSVZ-like ALP, with particular attention on the scalar
integrals involved in the ALP-fermion couplings. These functions, however, are not UV
finite, which raises two issues concerning renormalization scale and scheme, especially
given the explicit presence of the four-dimensional Levi-Civita symbol in the gauge
couplings. Let us now discuss these matters more in depth.

3.1 On the ~5 scheme

Through the loop calculation, the Levi-Civita tensors in the gauge couplings of eq. (3.1)
must translate into the 75 couplings to the fermions in the effective Lagrangian eq. (3.3).
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Figure 5. Parameter space for a KSVZ-like ALP coupling with the same strength to all gauge
bosons in the unbroken phase for v, = 1TeV. The colour code shows the induced fermion coupling,
with the electron, top and down from left to right. The shadowed region is excluded due to limits
on the ALP coupling to photons [5, 45, 46]. The results in the m, ~ 1 TeV should be taken carefully
due to the possible non-validity of the EFT. The loop integrals were evaluated numerically using
LoopTools [48, 49].

Both these objects are intrinsically four dimensional, so there are ambiguities when dealing
with them in dimensional regularization. Fixing these ambiguities as in refs. [6, 19] adds
some scheme-dependence that, as we now show, can be alleviated.

The basic idea is to project from the start the amplitude into the right fermion state.
Since the fermion pair must be in a pseudoscalar J¥¢ = 0~ state, this is done with [50]

1 1
_ 0 P 51V 2
Ps—o = NS (—56,;0#”(19110% — piph)ot + (p™ — 2my(p, +p2))75) . (36)

with " = i(y*y” — 4¥~*) and p, p; and py the ALP, fermion and anti-fermion momenta
respectively. With this projector, we can extract:

M(a = FF) = a(p)T(a — £ F)o(p2) = a(pr)1s0(p2) Fla — £1), (3.7)
w%ﬂﬂ%ﬂTw%fﬁ% (3.8)

This results in all the Dirac structure factoring out of the loop integral, in particular

Fla— ff) =

the 75, and the remaining scalar integral can be regularized without any ambiguities.
Though in some sense, one could view this whole procedure as an alternative scheme to
treat s in dimensional regularization, it is now based directly on the physical properties
of the process and, in particular, on the conservation of energy-momentum and angular
momentum. This same procedure is typically employed in dealing with the topologically
similar K7, — vy — p*p~ amplitude, and permits meaningful matching with modelling of
the short-distance dynamics hidden in the K7, — 7 vertex (see for example ref. [51]).
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+f

Figure 6. ALP coupling to SM fermions in a KSVZ-like scenario, where @ are the heavy fermions
carrying PQ charge.

Let us be a bit more quantitative and illustrate the property of the projector scheme in
the case of the photon contributions in the triangle graph on the right of figure 1. Looking
only at the leading logarithm and finite constant term that arise from the divergent loop
integrals, the scheme of refs. [6, 19], where Larin’s scheme [52] is implemented, leads to

2
0 4
where ¢ = cha2 (NL +Ny) /(47?), D, is the usual d — 4 pole and constants of the M S
scheme, and the ‘+ . ..” stands for the functional dependencies on the masses. The projector
scheme rather leads to [51]

7Y pos
caf—c(De—Hnm?—i-P)—&—.... (3.10)
The prefactors, logarithms and remainders (the ‘+...”) match, but not the finite terms.
Though similar in magnitude, they appear with opposite signs, and induce a different
asymptotic value for the ¢,y coefficient in the limit m, < my. As said before, we think
the projector provides a more physically meaningful regularization scheme and should be
preferred. To confirm this though, it is necessary to go beyond the triangle graph and
consider the matching with the full theory. This is done in the next section.

3.2 On the renormalization scale

If one considers the Lagrangian in eq. (3.1) as the EFT valid at the electroweak scale, the
form of eq. (3.10) would suggest first to set the renormalization scale p to My, and add
the fermionic effective operators of eq. (3.3) with bare parameters 2 s to those in eq. (3.1)
(or more precisely, to the EFT just below the EW scale, once the EW symmetry is broken).
Those would absorb the D, divergences of eq. (3.10), but would add to the final physical
Caf sOme unknown ¢ ~ O(1) contributions. Though this is perfectly sound and follows
standard EFT procedures, it goes contrary to the KSVZ-like assumption. In other words, a
truly KSVZ-like scenario must not lead to ¢,y coefficients of O(1) at the electroweak scale.

In a true KSVZ-like scenario, the fermionic couplings do arise, but from finite two-loop
processes, through a loop of heavy quarks @ (see figure 6). To explore the consequences,
in terms of constraints on the one-loop results of eq. (3.3), let us first consider a simpler
situation in which a — ff arises only from two-loop processes with intermediate photons.
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That amplitude has been calculated long ago in the context of neutral meson decays to
lepton pairs, and can be found in ref. [53] (see also ref. [54]). In the limit of vanishing ALP
mass, it has the expansion

mg 17 5 mi_ mg 11m
7’lec(()JranrJrfan+ f+...>. (3.11)
mi 6 27 m$  54m

The first three terms are to be compared to eq. (3.9) and eq. (3.10). Obviously, there is no
divergence here, while the scale is naturally set by the heavy quark mass, u = mg. The
true finite term ends up being very close to that of eq. (3.10). Note well that here, there
is no scheme dependence of any sort since the amplitude is finite. This, in our opinion,
justifies our earlier claim that using the projector eq. (3.6) allows for a physically more
meaningful treatment of s.

The correspondence with the EFT approach would suggest to split the logarithm in

q. (3.11) at the My scale and define the renormalized Cqf' to appear just below the
electroweak scale as ¢ = cln(mQ /MW) Given that ¢ 1ncludes all the typical two-loop
suppression factors, chc” is clearly not of O(1), even for mg > My . Though this is
illustrated with the v+ intermediate state, the other cases should exhibit the same behav-
iors, there should be no significant tree-level contributions to the ALP-fermion couplings
in a KSVZ-like ALP scenario. In practice, since we do not have the full two-loop result
for intermediate weak bosons, we will use the one-loop results of eq. (3.5), set the scale
at © = v, = mg considering how the heavy quarks receive their mass, and rely on the
projector eq. (3.6) to give reasonable finite terms.

To close this section, let us give a different take on why one should set p = v, & mg in
the one-loop results. This is clearly different from what one finds in the literature, seems to
go against the EFT paradigm, and may be a bit puzzling given that SM fermions are mass-
less above the EW scale. Naively, anything happening above My looks irrelevant since the
two-loop process is proportional to the fermion mass. There are two ways of understanding
this. First, notice that in the KSVZ scenario, the electroweak and PQ symmetry breaking
mechanisms are totally separated. So, in principle, the two-loop calculation can be done
in the EW broken phase, there is no need to first integrate out the heavy fermions. The
leading logarithm ln(mé / m?c) then arises naturally.

A second way of understanding this, in line with the EFT picture, is to remember that
not all effective operators are included in the Lagrangian eq. (3.1). If we were to precisely
match a KSVZ scenario onto operators at the EW scale, we should add to eq. (3.1) the
dimension-five shift-symmetry-breaking (but SU(2); ® U(1)y invariant) operators

a S o * T *
Lrsvz = Lrsvz + ;(CauQLYuURH + CaaQrYadrH* + coeLrYcerH*) . (3.12)
a
The diagrams contributing to these operators are simply obtained from those in figure 6 by
adding a Higgs tadpole on the final fermion propagator (it cannot be attached anywhere
else since the amplitude vanishes for my = 0). These processes are finite, and adding
these operators would simply induce the small ;7" = cln(mg? /M3,) < O(1) corrections
discussed before. So, an exact calculation from mg down to the Myy scale in the unbroken
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phase, followed by a calculation from My, down to m; in the broken phase, would not
change our results.

4 Conclusions

In this letter we have detailed the computation of loop generated ALP couplings in two
possible scenarios. In a DFSZ-like ALP scenario, the SM fermions couple to the ALP
at tree level, and the gauge bosons coupling arise at the one-loop level. Conversely, in a
KSVZ-like ALP scenario, the SM gauge bosons are coupled to the ALP at tree level, and
the SM fermion coupling to the ALP arise at the one-loop level. These basic patterns,
inspired by those arising for the respective QCD axion models, are then quite constrained,
and permit to identify simplified benchmarks for ALP searches.

In a DFSZ-like ALP model, the computation has been carried out in the non-derivative
basis for the ALP-fermion couplings, to avoid consistency issues when computing loop cou-
plings to gauge bosons. With this basis being manifestly renormalizable, neither diver-
gences nor anomalies show up, and the calculation is completely analogous to the one per-
formed in a 2HDM for the pseudoscalar Higgs decay to gauge bosons. The ALP-fermionic
interactions introduce new parameters (X in our notation) which on top of the ALP mass
mg and decay constant v,, allow to entirely describe the ALP-gauge sector, independently
of the ALP-scalar sector. As it is known from ref. [36], the physical DFSZ-like ALP-gauge
couplings do have an ALP-mass dependence unlike what is often inferred from usual generic
ALP EFT (or simplified models). When the ALP-fermion interactions strictly follow the
type II 2HDM pattern, the resulting DFSZ-like ALP sector can be fully described by three
parameters (mg,vq,tan 8). Again, the ALP-gauge sector is fully described by this simple
parameter space, and ALP-gauge couplings do depend on the physical ALP mass. We gave
an example on how one could easily use this parametrization to set bounds on DFSZ-like
ALPs, considering only constraints on the ALP-photon coupling, which however do not
set bounds on the constrained scenario presented when v, = 100 GeV. This, together with
the naive prospect of FCC-ee reach shown here, reinforces the need for a full analysis of
current and future experimental limits for this framework.

In a KSVZ-like ALP model, the axion-gauge sector is parametrized by three parame-
ters, (N¢, Ny, Np) on top of the ALP mass m, and decay constant v,. These couplings
imply a linear correlation among the gauge couplings in the EW broken phase and, unlike
the DFSZ-like ALP scenario, the ALP mass does not appear in them. Regarding the ALP-
fermionic sector, a KSVZ-like ALP does not couple at tree-level to the SM fermions, but
these couplings are induced at one loop. There are two issues concerning these ALP-fermion
couplings to consider.

First, the ALP-fermion couplings generated at one-loop by the ALP gauge couplings
are divergent. Thus, bare ALP-fermion couplings have to be added to the EFT to absorb
these divergences. This adds some unknown O(1) contribution to the final physical
ALP-fermion couplings. Though this is perfectly sound and follows standard EFT
procedures, it goes contrary to the KSVZ-like assumption. A truly KSVZ-like scenario
must not lead to sizable ALP-fermion couplings of O(1) at the electroweak scale, because
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such couplings can only arise at two loops in a full KSVZ-like theory. Actually, the
renormalized coefficients which appear just below the electroweak scale should better be
identified with the logarithm of the ratio of the two scales at play, In(vZ/M3), times
some loop suppression factors. We have checked this explicitly for the ALP-two-photon
coupling, for which the two-loop amplitude is known, and found that the net effect is
simply to push the renormalization scale from p = My, to v, in the one-loop effective
calculation. After taking into account the loop suppression factors, this results in a
change of the ALP-fermion couplings far smaller than O(1), even for v, > My,. For
the intermediate weak gauge boson contributions to the ALP-fermion couplings, the full
two-loop amplitudes are not known but we expect them to behave similarly. So, we
enforced our prescription and simply set p = v, in the usual one-loop EFT results.

A second issue is related to the Levi-Civita tensors present in the ALP-gauge boson
couplings. Since the gauge-boson loops are divergent in the EFT, some scheme dependence
enters when these tensors are interpreted in dimensional regularization. A convenient way
to alleviate this scheme dependence is to project the amplitude onto the 0~ fermion state.
In this way, the ~5 of the ALP-fermion couplings is factored out from the start, all loop
integrals are scalar, and they give finite terms in good agreement with the full two-loop
computation (which is finite, hence free of such scheme dependence).

Using this procedure, together with the prescription for the renormalization scale dis-
cussed above, the ALP-fermionic sector is fully described by the five dimensional parameter
space (mg, vq, No, Ny, N1), and no new free parameters enter. For illustration, we have
recasted the bounds on the ALP-photon coupling in this simplified parameter space, taking
all tree-level ALP-gauge boson couplings to be the same.

We stress that the goal of this letter is to provide ALP parametrizations inspired from
the two most common QCD axion models, DFSZ and KSVZ. Different correlations are
present in each case, paving the way for a comprehensive and complete analysis. It is not
our goal here to perform such a dedicated study, which includes all available bounds on
ALP couplings and recasts as well the existing searches for 2HDM into the DFSZ-like ALP
parameter spaces. Such an endeavour, together with the study of observables that may
include ALP-Higgs couplings, is left for a future work. We believe also that the proposed
ALP-benchmarks should be of interest for the experimental community when displaying
their results for pseudo-scalar searches as they offer a comprehensive way to probe the truly
axion-like ALP parameter space.
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A DFSZ-like ALP couplings to gauge bosons

The gav,v, effective couplings to gauge bosons appearing in eq. (2.2) have the general
expression in eq. (2.3). For ease of use, in this appendix, explicit expressions for these loop
functions are collected for each final state. Note that all of these expressions can be found
or deduced from the literature, in particular from ref. [42].

Coupling to photons. From eq. (2.24) in ref. [55], the pseudoscalar Higgs decay width
to two photons in a 2HDM reads

2
: (A1)

2,3

[0
e =) = g

mg
ZNCQ?‘gaffA{‘/Q < 2)
f

4mf

where Ng and @y are the number of colours and electric charge of the fermion being
considered, gqorf = (v/v4)x ¢, and the amplitude .A‘l% is defined as follows:

A 1 arcsin? \/x r<1,
Avpp(@) =227 f(x), flz) =4 | (lo — _m)g . (A.2)
1108 1 =T :
By comparing this expression with our effective coupling, we find
2 A my
Jayy = & Z NoQix A am2 | (A.3)
! !

Coupling to Z~. From ref. [42] we know the expression for the decay width of a 2HDM
pseudoscalar into a photon and a Z boson:

a?m? M2 ’
Pla—27y) = 12877311;312,1/ L m2

2

> %NchgaffC (Mz.0m7)| . (A4)

f

where 0y = 2TJ§’ —4Q f312/V7 with T})’ the weak isospin of the fermion considered and sy and
cw being the sine and cosine respectively of the weak mixing angle. The form factor in
this case reads:

2m? 2 M2
M2 0:m2) = f Me | Z
C( Z7O’mf) - omZ— M2 (f <4m?c> / <4m§c>> ' (A.5)

Again, by comparing the explicit expression of the decay width with that we would
find using our effective coupling we identify g,z to be

~ 2 2 2
Uif mf my _ MZ
e i (1 (i) - (mi))" o

20

Z = —
GaZ~ sy
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Coupling to WTW ~. The expression for the decay width of ref. [42] is:

2,3 2\ 3/2
T(a— WHw—)=_""a <1—4MW> A2,

- 2973sd 02 m2 (A7)
Ap = Zm?chgaff (C (mi;M%;m?,m?;) +J (mg, M%;m?,mf;)) .
f
The functions C and J are defined as the integrals:
1 x 1
C (mi;M&V;m?,mz) = / dx/ dy—,
I 0 0 D (A 8)
2042 .2 92 ! d v du? '
j(ma,MW,mf,mf) = —/0 :U/O yﬁ,
where the function D reads
D =mg(1—z)(x —y) + Miy(l —y) —mj(l —y) —m7y. (A.9)

In all the previous formulae f refers to the fermion to which the ALP couples, whereas f
corresponds to its SU(2) partner, while My corresponds to the mass of the vector boson
involved in the process.

From this, we can identify our effective coupling to the W bosons as:

e (€ (s o)+ (o o) A0

«
GaWW = 55—
287y

Coupling to ZZ. The explicit expression for the pesudoscalar decay to two Z bosons
is [42]:

2m3 anz\*?
T(a— Z2) = ——ata (1— Z>
C

210730253, ¢ m2 (A.11)
< [Nemigags (Fye (m2: M3im3) + 7 (m2: M3:m3))[.
From here, we thus identify:
Jaz7 = 2'32;0‘2/‘/ ZmﬁfNCXf (FfC (mi,M%,m%) +J (mZ,M%,m%))‘ ) (A.12)
f

Coupling to gluons. From ref. [55], the pseudoscalar decay width to two gluons is:

2

2,3
a , (A.13)

oasm

3 A mg
§ :*gaQQAl/Q ( 2)
0 4 4mf

where the function Af/2 is defined in eq. (A.2). Thus, we can identify the coupling
constant as:

2
gagg = ?S y (A 14)

3 m?2
Z ZXQAf/z ( )
Q

a
2
4mQ

~ 18 —



B Loop integrals for the KSVZ-like ALP

In this appendix we present the scalar loop integrals, shown in eq. (3.5), that enter the
ALP couplings to gauge bosons in the KSVZ-like framework. Their expression in terms of
Passarino-Veltman functions allows for their easy evaluation using numerical packages like
Looptools [48, 49] as we did in this paper.

-2
1T
Iy = 74m30 (3Ag(mfc) + mfc (2 — m2Cy(m2, m?c,mft, 0,0,m;))) ) (B.1)
im?
I = gy (2 m = M) + 22— MZ) Ao(o) — 2 Ao(M3) (5.2
mamy
+ (2mgm + (m3 + 2m3)Mz) Bo(m}, m3, M)
~ 2m(m — MZ)Cy (m2,md ik, 0. M5 m3) ),
in’ 2 2 12 g2 2 2 ar2
Izz = 5 (2m} (Bo(m?, M3, M3) — Bo(mj,m}, M3)) (B.3)
My
+ Fy(Ao(m3) — Ao(M7) + (2m5F + M) Bo(m, m§, M3))
+m} (1= Fym? = 2(1 = 2F)M3) Co (m2,m§,m}, M, MZ,m}) )
im?
T = g (Aol = Ao(My) + 2 Bom My, M) (B.4)
i

+ (m3 —m} + M) Bo(m3,m¥, M)
+2m3 (3, —m? 4+ M3, ) Co (m2,m?,m3, My, Mf,,m) )
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