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Axion-like particles (ALPs) are good candidates for mediators to the dark sector. We explore scenarios
in which an ALP mediates interactions between dark matter and electroweak gauge bosons. These models
yield testable electromagnetic signals in astrophysical, cosmological, and terrestrial probes. We find
promising prospects for both indirect detection and accelerator tests, with interesting parameter space
already constrained by current experiments. Our work provides concrete benchmarks for future tests of the

electroweak ALP portal.

DOI: 10.1103/PhysRevD.110.095010

I. INTRODUCTION

Axion-like particles (ALPs) are among the best-
motivated candidates for new particles beyond the
Standard Model (SM). They arise as pseudo-Goldstone
bosons whenever there exist spontaneously broken
(approximate) global symmetries that are anomalous under
SM gauge interactions, also known as Peccei-Quinn (PQ)
symmetries [1-4]. ALPs are generic features of ultraviolet
(UV) theories such as string theory [5-8] and supersym-
metry [9-11]. Although axions were originally hypoth-
esized to explain the absence of CP-violation in quantum
chromodynamics (QCD) [1-4], ALPs have also been
proposed to play a role in explaining the smallness of
the electroweak scale relative to the Planck scale [12].

While the PQ symmetry is spontaneously broken at some
energy scale f, ALPs have masses that are proportional to
the scale of explicit breaking and are therefore naturally
much lighter than f. The approximate shift symmetry
enjoyed by ALPs requires that they couple to other fields
via derivatives, and the strengths of these couplings are
suppressed by powers of lf Consequently, ALPs are ideal

mediators between dark matter (DM) and SM particles
through what has been dubbed the “axion portal” [13-22].

If SM fermions are also charged under the PQ symmetry,
the ALP couples derivatively to the corresponding fermion
current, and the phenomenology resembles that of a spin-0
particle with Yukawa-like couplings [15]. By contrast,
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when only beyond-SM fermions are charged under both
the PQ symmetry and SM gauge interactions, the predomi-
nant ALP coupling to the SM is to pairs of SM gauge
bosons. Recent studies have comprehensively assessed the
status of axion-portal DM with predominant couplings to
gluons [20,21].

We consider instead the scenario in which the ALP
interacts with electroweak gauge bosons. Such a limit is
interesting because it allows direct annihilation of DM into
photon pairs via the ALP mediator, and consequently there
exist strong constraints from indirect detection searches
for photon lines [23]. These bounds on DM annihilation
are complemented by a vast array of direct experimental
searches for ALPs, as well as constraints on other particles
that we have reinterpreted to apply to ALPs [23-61]. We
derive the DM-motivated parameter space for the electro-
weak axion portal scenario, showing the interplay between
indirect detection searches for DM and direct probes of the
ALP mediator. A similarly motivated study, albeit one with
very different phenomenology, was recently performed for
the case where the ALP couples to leptons in addition to
photons [22].

Since the relative sizes of the DM-ALP and SM-ALP
couplings are a priori undetermined, we propose simple
benchmarks with SM gauge anomaly coefficients that are
either “small” or “large” and that parametrize different
well-motivated limits of the parameter space. We find that
current constraints already set meaningful bounds on
parameters predicting the DM abundance through thermal
freeze-out and that improvements of one to two orders of
magnitude in sensitivity to ALP couplings would test a
substantial fraction of the remaining parameter space.
Our benchmarks therefore provide insight into gaps in
current coverage of ALP-mediated DM and motivation for
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future searches. We additionally consider the parameter
space for freeze-in, identifying the relevant processes
driving the abundance in each parameter regime. ALP-
portal freeze-in DM has also been recently considered in
Refs. [20,21,62,63].

We first present the ALP effective field theory and
benchmarks in Sec. II. We then study the predictions for
thermal DM in Sec. III, presenting interplay with indirect
detection constraints in Sec. IV and direct searches for
ALPs in Sec. V. Finally, we consider the motivated
parameter space of and detection prospects for freeze-in
DM in Sec. VL

II. MEDIATOR EFFECTIVE FIELD THEORY

We consider an effecztive field theory (EFT) in which
DM, y, is a Dirac fermion with unit charge under an
anomalous PQ symmetry. If the DM is sufficiently weakly
coupled to the scalar(s) responsible for breaking the PQ
symmetry, only two states remain in the EFT: DM and the
ALP, a. We take the ALP mass to be a free parameter: its
mass could originate either from explicit PQ breaking or
from a confining gauge interaction in the hidden sector. In
any case, M, is technically natural. The validity of the EFT
requires that M, and M, be well below the radial-mode
masses of the symmetry-breaking sector, which are com-
parable to the ALP decay constant, f.

Since the ALP is a pseudo-Goldstone boson, its inter-
actions respect a shift symmetry a — a + 6f for any
constant 6. The EFT should therefore contain only deriva-
tive couplings of the ALP to DM, which are automatically
invariant under this shift symmetry. In the simplest UV
completions, such as the one we present in Appendix C,
the leading-order ALP-DM Lagrangian is

1 _
Lpm-aLp = —ﬁaﬂaﬂﬂﬂ 7’5)( . (1)

We are interested in DM annihilation into ALPs, yy — aa,
whose matrix element is (9(}%) Thus, we might expect

additional higher-order EFT operators to contribute, such
as ad,ayy’y. In the UV completion in Appendix C,
such operators are absent and so we take Eq. (1) as our
full ALP-DM Lagrangian.

It is common in the literature to perform field redefini-
tions (sometimes called ‘“applying the equations of
motion”) to convert the derivative coupling into a poly-
nomial coupling of ALPs to DM, although this leads to
more interaction terms as we discuss in Appendix C. We
therefore find it simpler to work with the single derivative
coupling in Eq. (1). More complicated UV completions
could introduce additional operators, but we expect that
these would have only modest effects on our results.
We neglect additional corrections from PQ-breaking pro-
portional to M, since we expect these are small in the

pseudo-Goldstone limit, although these corrections could
become important for M, ~ f.

In addition to its coupling to DM, the ALP can also
couple to SM fields. We consider the scenario in which SM
fields are neutral under the PQ symmetry; in this case,
the ALP does not couple directly to SM fermions. The
ALP can, however, couple to SM gauge bosons via
intermediate states with masses ~f carrying both PQ
and SM charges. At low energies, the Lagrangian for the
ALP-SM couplings is

C ~ C ~
'Cgauge—ALP = - TaB aB;wBW - %W aW/lZu Wblw

C, -
- GG, (2)

where B, W, and G are respectively the hypercharge,
SU(2),, and QCD gauge fields, and V* =1e"°V,, is
the dual gauge boson field strength. The constants C,y,
depend on the charges of the heavy states to SM gauge
bosons V and are proportional to z—;

In our study, we focus on the couplings between ALPs
and electroweak gauge bosons. After electroweak sym-
metry breaking, the physically relevant couplings are
those to the photon, W*, and Z bosons. The Lagrangian is

Egauge—ALP = - gzw aFle’“’ - gtj% aZWZ””
- gazﬂ aF,, 7" — 9“% aW i, W, (3)
where
Jayy = Cap cOS” Oy + Cpy sin® Oy, (4)
Gazz = Cap SI0* Oy + Cayy cO8* Oy, (5)
Jayz = (Caw — Cyp) sin Oy, cos Oy, (6)
Gaww = Caw, (7)

and 6Oy is the weak mixing angle.

Additional couplings to SM fermions are generated by
renormalization group (RG) evolution from the cutoff of
the EFT (<4zf) down to phenomenologically relevant
scales [64,65]. These additional couplings are UV sensitive
and model dependent, and we generally do not include
them in our calculations. We find that the electroweak ALP
portal predicts relatively low EFT cutoffs, which makes
RG-induced couplings less relevant than they otherwise
might be. However, in our analysis, we highlight where
these RG-induced couplings could have a significant
impact on the phenomenology.
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A. Specific model benchmarks

The undetermined coefficients C,; in Eq. (2) do not
allow a direct correspondence between the DM and gauge
couplings of the ALP. However, it is possible to relate the
couplings in specific UV completions. For example, con-
sider a Dirac fermion ¥ that is a hypercharge singlet but
vectorlike under SU(2), with representation R. ¥ has an
axial charge under the PQ symmetry such that it acquires its
mass through the mechanism that spontaneously breaks
U(1)pq. In this case, ¥ acquires a coupling to the ALP of

(upon applying equations of motion')

(8)

We can then calculate the ALP coupling to SU(2), gauge
bosons explicitly, obtaining

Co = O!WT(R) ’

f

where T(R) is the index of the representation R defined by
Tr(T4T%) = T(R)5, and T4 are generators for the rep-
resentation R. The coupling in Eq. (9) can also be obtained
using anomalous field redefinitions on the corresponding
¢-parameter. Note that 7(CJ) =1 for the fundamental
representation, and this is the minimum that a field ¥
can contribute to the ALP coupling to SU(2), gauge
bosons.

Similarly, we can consider a benchmark where ¥ is
instead an SU(2), singlet with hypercharge Qy. In this
case,

©)

_GYQ%/
=

This motivates us to consider the following benchmarks
in our study:

CaB

(10)

(1): Coy = 0. cagz"’jUQfY, (1)
<2>:caW=“W;§R), Cw=0  (12)

for various choices of R and Qy.

We are interested in a “small coupling” and “large
coupling” for each of the hypercharge and SU(2) couplings.
We choose Qy = 1 and T(R) = 1/2 for the small-coupling
benchmarks and Qy = 10 and T(R) = 110 for the large-
coupling benchmarks.

"This is valid here because, in our analysis, only terms in the
matrix element that are linear in the gauge boson coupling are
relevant.

III. THERMAL DARK MATTER ABUNDANCE

The ALP mediates production and annihilation of DM
to/from SM states. Which of these two processes is most
relevant depends on the DM-ALP mass hierarchy. In this
section, we focus on thermal DM scenarios and we return to
freeze-in in Sec. VI. There are two regimes relevant for our
thermal DM study:

(1) Secluded Scenario. In this scenario, M, <M,

and the dominant annihilation mode is typically
xx — aa. The relic abundance is determined entirely
by the ALP-DM coupling, which scales like %

However, the ALP-SM couplings also scale like %

and the two are therefore related in a manner that is
parametrically different from renormalizable portals.
Thus, the electroweak ALP portal provides relatively
concrete predictions of phenomenological signatures
even in the secluded scenario.

Annihilation to SM. In this scenario, M, > M, and
DM annihilation to ALPs is kinematically forbidden
at zero temperature. The dominant annihilation
mode is instead yy — yy (or other SM gauge boson
pairs). This regime faces strong constraints from
gamma-ray line searches, except when DM annihi-
lates resonantly through the ALP in the early
universe but not in the present [23].

Study Methodology. We determine the viable param-
eter space consistent with the observed DM abun-
dance in the following two ways:

(i) We implement our model into the CalcHEP
format® [66] using FeynRules [67], and we then
use microMEGAs5.2.13 [68] to solve for the DM
abundance.

We derive and solve a thermally averaged
Boltzmann equation for y that includes all
annihilation and decay processes (see Appen-
dixes A and B for more details on our Boltz-
mann equation and rates, respectively). In
thermal scenarios, we can assume that the ALPs
are always in equilibrium.

In our Boltzmann equation, the only ALP-SM interaction is
with the photon, whereas in microMEGAs we include all SM
gauge bosons. We have checked that the predictions for the
DM abundance of the two approaches agree to within 20%
for most parameters within the regime of mutual validity,
M, <M, We find stronger disagreement very close
to resonance, (M, —2M,)/M, < 0.01; in this limit, our
calculation of the thermally averaged cross section agrees
with the prediction in the narrow-width approximation.
For most parameter points, we use microMEGAs because it
includes all gauge interactions. However, very close to
resonance, we use our own solution to the Boltzmann

@

3

(i)

The calchep model files are available at https://github.com/
bshuve/ALP_CalcHEP.
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equations, with the on shell cross section modified by
appropriate powers of the photon branching fraction when
the ALP can decay into multiple gauge bosons.

Because of subtleties in the treatment of annihilation
near resonance, we now provide more details on the
relevant rates in that region of parameter space.

A. DM annihilation near resonance

When M, ~2M,, there is a resonant enhancement of
the DM annihilation cross section. We must evaluate the
thermally averaged cross section,

_ Gayr
10242M2 2 TK,(M,,/T)?

w 82\ 1—4M2
x/ ’ /SKI(\/E/T)ds, (13)
4

w2 (s=M3)* + ML,

(074=rr V)

in this limit, where K and K, are modified spherical Bessel
functions of the second kind and s is the Mandelstam
variable. The correct treatment of resonance depends on
whether DM is heavier or lighter than M,/2; in the latter
case, the parametric dependence of the annihilation cross
section is also sensitive to whether the ALP predominantly
decays into DM or SM gauge bosons. To simplify our analysis,
in this section we restrict our consideration to M, <45 GeV,
in which case the only open annihilation modes to the SM
in the resonance region are to pairs of photons.

Those who are interested only in our quantitative results
can skip to the summary of our findings at the end of this
section. We now provide details of our calculation of
resonant annihilation in various limits.

Above but close to resonance, M, > 2M P the ALP can
decay into both DM and photons. In the narrow-width
approximation, the ALP propagator can be approximated
with a Dirac delta function,

1 n
—
(s—M%)z—l—MgFﬁ Mara

S(s—M2).  (14)

allowing a straightforward evaluation of the thermally
averaged cross section

gﬁyyMg \/ 1 - 4M;2(/M§K1(M0/T)
v) = . (15)

(Oggmrr) =
=y 10242M2T,TK,(M,,/T)>

Because we generally expect the ALP coupling to DM to
be larger than its coupling to photons, the decay width is
dominated by the decay to DM even for M, quite close to
2M,. In this case, we can approximate I', ~ I'(a — 7).
where

MM 4M2
Ia-jy)~ Sﬂfz){ - MZX' (16)

Substituting this into the thermally averaged cross
section gives

<07 1]> ~ ”gtzzyyMZKl (Ma/T)
I 128MyTK (M, /T)?

(17)

Note that this rate depends only on the ALP coupling to SM
fields and not on the DM coupling. It does, however,
implicitly assume that the DM coupling is much larger than
Jayy for the decay to DM to dominate. The parametric
dependence of the cross section in Eq. (17) agrees with that
found in Ref. [23]. In particular, for M, ~ 2M,, and freeze-
out occurring at M, /T ~ 20, this yields

_ Ya :
(ov) ~ (6 x 10720 cm3/s)<l‘2 v IO‘ySyGeV‘1> . (18)

such that g,,,, ~ 1.2 x 107 GeV~" will give a thermal cross
section. This prediction is independent of M, .

The above estimate, however, does not apply very near to
resonance. I'(a — 7y) goes to zero in the limit M, — 2M,
while the decay width to photons,

ey M
I'(a—yr) = “odn (19)
does not. Therefore, sufficiently close to resonance, the
ALP decay to photons dominates over the decay to DM.
When this happens (while continuing to use the delta-
function approximation of the ALP propagator), the ther-

mally averaged cross section depends only on the coupling
to DM

ZM3K, (M, /T)\ /1 = 4M2/ M2
rn ) N G TR, (0, T

(20)

Note that the cross section appears to vanish in the
M, — 2M, limit!.

The reason this appears to go to zero on resonance is that
the delta function only has support at s = M2, but the phase
space also vanishes in this limit. We must therefore be more
careful with the thermal average integral, treating I,
as small but nonvanishing when we take M, — 2M,.
To illustrate our approach, we evaluate the integral exactly
on resonance, M, = 2M,. If the width is narrow, we can
approximate s ~ M2 = 4M? everywhere except in two
places: in the denominator and in the phase space factor
in the numerator

_ gzzzyyMZKl (Ma/T)
2567 f2TK,(%%)?

></°o VI-Mifs o (21)

w2 (s —MZ)* + M;I;

<0)'()(—>7y v > res
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The integral can be evaluated analytically assuming
', < M,, in which case

<07 1]> ~ gtzzyyMtlel (Ma/T) 1
IS T 056 £2TK (Me)? \/2M3T,

As expected, we find the thermally averaged cross section
is nonzero even exactly on resonance.

The nonanalytic dependence on the width gives rise to
interesting scaling behavior. For example, substituting the
ALP decay width to SM photons gives

<0_ 1}> N\/Egay}/MtzzKl(Ma/T)
N2 BT ()

(22)

(23)

with a linear dependence on the coupling to photons.

M M,

Defining x == = 5, which is typically ~15-20 for

thermal freeze-out, we have

4 gayyMaxKl (2)()

<GI/Z—>}/7”>I‘CS ~ \/;W

The linear dependence of the cross section on the
coupling has interesting implications. For example, our
benchmarks in Sec. 1T A all have g,, N,lf- If we want

(24)

Eq. (23) to give a fixed thermal cross section to achieve the

correct relic abundance, we predict a} x ﬁ scaling for the
a

thermal benchmark.

When M, <2M,, the resonance condition cannot be
exactly satisfied. If 0 < (4M3 — M2) < M,T,, the annihi-
lation still occurs close enough to resonance that the above
calculation applies in an approximate manner. Away from
resonance, the cross section plummets rapidly for fixed
couplings and the results are the same as those for
annihilation through an off shell ALP.

For M, Z 90 GeV, additional decay modes open to yZ,
ZZ, and WW depending on the ALP mass. This leads to a
rescaling of the resonant annihilation cross section. Above
resonance, with the ALP predominantly decaying to DM,
I", is unchanged by an increase in the effective coupling
to the SM while the numerator increases due to more
DM annihilation modes. Consequently, (6y,v) increases
by BF(a — yy)~! relative to the photon-only scenario.
Above—but sufficiently close to resonance that the ALP
decays predominantly to SM states— (o7, v) is independent
of the SM coupling and is therefore independent of
BF(a — yy). Finally, exactly on resonance we have that
the cross section scales as BF(a — yy)™"/? due to
the enhancement from additional SM annihilation modes

being partially cancelled by the factor of F;l/ % in the
denominator.

Summary of findings:

(i) When M, <2M, but very close to resonance, the
correct thermally averaged cross section is given
by Eq. (23);

(i) When M, > 2M,,, we determine for the given ALP
mass whether the decay is predominantly to DM or
to photons. If it decays predominantly to DM, then
Eq. (17) applies. Otherwise, Eq. (20) applies.

IV. INDIRECT DETECTION CONSTRAINTS
ON DARK MATTER

A. Overview

Given that no definitive electromagnetic signals of
DM have been discovered to date, indirect detection sets
powerful constraints on DM coupled to photons. In this
section, we apply photon-line searches and CMB ionization
bounds to the electroweak ALP portal, comparing con-
straints to parameters predicted by the DM thermal relic
abundance.

The process yy — yy in the DM halo today leads to a
monochromatic photon-line feature with £, = M,. This is
an s-wave scattering process at low momentum, and
consequently it is unsuppressed at late times. In contrast,
the process yy — aa, when kinematically allowed, occurs
in the p-wave; even in the secluded scenario when this
process determines the DM abundance, the direct annihi-
lation to photons provides the strongest bounds today.

In the limit v — 0, the thermally averaged diphoton cross
section is

_ Gan My 1
O Anf? (4M2 - M2)? + MY

(25)

(074=pr?)

We now discuss constraints on this annihilation rate from
astrophysical and cosmological observables.

Photon-line searches. We apply constraints on (63,_.,, )
from galactic photon-line searches with Fermi-LAT [69,70],
MAGIC [71], H.E.S.S [72], EGRET, and COMPTEL
[73,74].% Because constraints from gamma-ray lines reach
subthermal cross sections, indirect detection bounds are
relevant even when yy — yy is a subdominant DM annihi-
lation mode. These constraints are sensitive to the
DM profile in the Milky Way, especially in the Galactic
center region. For concreteness, we present bounds assuming
a Navarro-Frenk-White profile [76]. Due to uncertain
systematic uncertainties affecting modelling of the photon
continuum in the EGRET dataset, we present both
conservative [74] and optimistic limits [73] from EGRET.
Ref. [74] also includes constraints from COMPTEL.

3Current searches have low sensitivity to gamma rays in the
MeV-GeV energy range. These can be improved with future
telescopes such as e-ASTROGAM [75].
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There are, in principle, constraints on continuum
gamma-ray production, either from DM annihilation to
ALP pairs or, at high masses, to W and Z bosons. Since
these bounds are weaker than those from photon lines (see,
e.g., [77]) we do not include them in our analysis.

Cosmic microwave background. DM annihilation to
photons during recombination leads to distortions in the
cosmic microwave background (CMB) that are incompat-
ible with Planck data [78]. We apply the constraints from
Ref. [79] to our model.

Along with the above constraints, we impose two model-
dependent consistency conditions. For the first, we require
that there exists a perturbative UV completion of the EFT
such that DM annihilation occurs within the regime of
validity of the EFT. Perturbative unitarity bounds the radial
mode of the PQ-breaking scalar to have a mass that is

<V/4zxf, where we take couplings <v/4x for the theory to
remain unitary once group theory multiplicity factors are
taken into account. Furthermore, the typical momentum
flowing through the ALP is 2M,, during late-time annihi-
lation, which together leads to the consistency bound of
M, < \/zf. For the ALP to be the dominant mediator
between DM and the SM, we additionally require

M, < \4xf. Note that these bounds on the validity of
the EFT are approximate and depend to some extent on the
UV completion, with a dedicated study needed to deter-
mine the precise limit of validity.

The second consistency condition comes from the fact
that we have not observed direct production of the charged
fermions, ¥, which mediate interactions between the ALP
and SM gauge bosons. Since the EFT depends only on the
sum of the anomaly coefficients of all such particles, it is
not possible to directly impose such a bound. For the
purposes of comparison, we derive approximate constraints
assuming the existence of a single such fermion with a mass
equal to \/4xf.

For the hypercharge-coupled case and Qy = 1, the Large
Electron-Positron collider (LEP) constrains new charged
fermion masses to be above 90 GeV in minimal models
[80]. For Qy = 10, the new charged states form bound
states that annihilate to photon pairs, and they can be
constrained from an ATLAS search for diphoton resonan-
ces [56,81]; this leads to a stronger constraint than searches
for heavy stable charged particles. Using Ref. [81], we
estimate a bound of 3 TeV on heavy fermion masses,
corresponding to a bound-state mass of 6 TeV.

When the ALP couples predominantly to SU(2), gauge
bosons, the fundamental representation has fermions
of charge :i:% for which a CMS search for fractionally
charged particles constrains masses to be above 600 GeV
[82]. The value T(R) = 110 corresponds to an eleven-plet
with maximum charge of 5, and so the ATLAS diphoton
search constrains the mass to be above approximately
2.2 TeV [56,81].

We reiterate that each of these constraints on new
charged states is highly model dependent, and in many
cases the same ALP-gauge coupling can be approximately
achieved with drastically changed bounds on the
charged state(s).

Finally, we note that direct-detection constraints on DM
are expected to be negligible for DM through the electro-
weak axion portal [83].

B. Secluded scenario results

In Fig. 1, we present our results for the secluded
scenario, M, < M,. When M, < M,, we find that the
results are independent of the precise M, /M, ratio, and so
we choose M, /M, = 1/3 as a benchmark for our study. In
this limit, the DM annihilation cross section to ALPs scales

1
\/ATX
thermal abundance. This scaling can be seen in our
numerical results for the DM abundance curve, although
there are deviations in this scaling for masses in the
1-10 GeV range due to rapid changes in g, with temper-
ature during freeze-out for these masses (this effect also
shows up in other scenarios). Additionally, when large
couplings exist to W and Z bosons (for example, with
SU(2), coupling and T(R) = 110), the annihilation rate
to W and Z bosons can be large enough to induce
deviations in this scaling in the vicinity of the diboson
mass threshold.

In the “small” gauge coupling limit (Qy =1 or
T(R) = 1/2), indirect detection constraints are not yet
powerful enough to constrain much of the DM parameter
space. Improvements to photon-line constraints could
meaningfully probe much of the remaining parameter
space. By contrast, for “large” gauge couplings (Qy = 10
or T(R) = 110), the predicted DM coupling drops slightly
but the constraints get much stronger. Consequently, the
DM parameter space is almost completely excluded, except
for a small corner in the vicinity of M, = 10 TeV. We also
see that the results are similar for the hypercharge- and
SU(2), -coupled scenarios. For the rest of this section, we
only show results for the hypercharge-coupled scenario
although the outcome is similar for both.

For nearly the whole parameter space, f cannot be much
above the weak scale and deviations from the predicted
EFT behavior are possible. This requires a dedicated
analysis that is beyond the scope of our work, but our
results show that care must be taken in extrapolating results
of the electroweak axion portal to energies at a TeV
or above.

2
like %, leading to a prediction of J% ~ scaling for the

C. Annihilation to SM far from resonance

In the M, > M,, regime, DM annihilation could proceed
below, on, or above resonance. We defer to the next section
an exploration of the resonance region, and so we now
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choose mass ratios far below (M,/M, = 1.5) and above
(M,/M, = 3) resonance. We show the results of this study
in Fig. 2.

In this limit, the s-wave jyy — yy process occurs at
comparable rates during DM freeze-out and at later times.
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Therefore, the relative relationship between the DM abun-
dance curve and indirect detection constraints is largely
independent of couplings. As expected, we see that indirect
detection searches consistently rule out the thermal relic
parameters.
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FIG.2. DM thermal-relic parameters along with indirect-detection constraints for M, > M, far from resonance. In the left (right)
figure, we show results for DM annihilating below (above) resonance, with M,/M, = 1.5 (M,/M, = 3). All curves and shaded
regions are the same as in Fig. 1; we do not include MAGIC or H.E.S.S. results for the right plot because they lie entirely in the

region of invalid EFT.
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All curves and shaded regions are the same as in Fig. 1.

D. Annihilation on resonance

Perhaps the most interesting scenario is within the
resonance region, M,/M, ~2. When the DM-ALP mass
splitting is such that there is a resonant enhancement of
annihilation to photons in the early Universe but not at later
times, it is possible to achieve the observed relic abundance
consistent with indirect detection bounds; see Fig. 3.
For the parameter space we show, DM annihilation occurs
close to resonance but in the regime where ALP decays
to DM still dominate. In this case, Eq. (17) holds and

a2 0% - . ..
(ov) ~ g2y, ~ ﬂé}%y. Since the thermal relic cross section is a

constant, this gives a thermal scaling relation of %NQLZY’
consistent with the DM abundance curves in Fig. 3.

The smaller predicted DM-ALP coupling lessens the
constraints from indirect detection. Therefore, when anni-
hilating near resonance, we see the opposite of our findings
from the secluded scenario: in that case, larger ALP-gauge
coupling led to strong indirect detection constraints,
whereas here the larger gauge coupling reduces tension
between indirect-detection bounds and the DM abundance.

For most DM masses, the thermal relic curve is approx-
imately independent of M, again in agreement with the
prediction of Eq. (17). This behavior breaks down for
parameters near the boundary of EFT validity, in which

case the ALP coupling is relatively strong and the narrow-
width approximation no longer applies.

V. ACCELERATOR AND COLLIDER
SEARCHES FOR ALPS

In recent years, there have been a plethora of new
searches for ALPs in accelerators and colliders, motivated
by the ubiquity of ALPs in new physics models. Our earlier
results showed that the electroweak axion portal gives rise
to concrete predictions for the ALP mass and coupling
consistent to achieve the correct DM abundance, and we
can therefore compare the DM-motivated parameter space
to constraints from direct searches for ALPs.

Search strategies for ALPs depend on whether or not the
ALP decays predominantly to SM gauge bosons or DM.
In the former case, the ALP invariant mass can be
reconstructed from its decay products, whereas in the latter
case its existence must be inferred through missing
momentum. Except just above resonance, we find that
the ALPs decay visibly for most of the viable parameter
space that is not already ruled out by indirect detection, and
we therefore focus on this scenario. Previous studies have
been done to investigate the phenomenology of invisibly
decaying ALPs [23,42,84], with connections to DM
explored in the resonant annihilation regime [23].
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We find that terrestrial ALP searches already mean-
ingfully constrain ALP portal DM, and improvements in
sensitivity to the coupling by an additional order of
magnitude or two would allow for a discovery or exclusion
of the majority of the parameter space. Just as for indirect
detection, much of the “large” gauge coupling parameter
space is already ruled out, while the “small” gauge
coupling parameter space is more open.

We first provide an overview of the main categories of
ALP searches and then present our results in Sec. V B.

A. Overview of searches

Searches for ALPs fall into one of the following four

broad categories:

(1) Hadron colliders: the large center of mass energy of
hadron colliders means that these experiment pro-
vide the dominant constraints on high-mass ALPs.
However, the large quantity of Z and Higgs
bosons produced at hadron colliders also provides
sensitivity to rare but spectacular decays into
lower-mass ALPs. Heavy-ion collisions at the
LHC further provide a unique window into ALPs
in the 10-100 GeV mass range.

(ii) Electron-positron colliders: ALPs can be directly
produced in et e collisions through a virtual y/Z or
an on shell Z boson. Precision studies of rare Z
boson decay modes at LEP provide excellent sensi-
tivity to ALPs produced in their decays.

(iii) Fixed-target and beam-dump experiments: these
experiments provide limited kinematic reach but
extremely high luminosities, which provide sensi-
tivity to very feebly coupled ALPs at lower masses.

(iv) Flavor experiments: when ALPs couple to W
bosons, they can be emitted in flavor-changing
neutral current (FCNC) decays [42]. The rare
nature of these decays in the SM means that flavor

ATLAS LHC
Z-3y 7Y

T

Z
e

% LHC Heavy Ion
O
Caw =0
0.01 0.10 1 10 100 1000
M, (GeV)

FIG. 4.

experiments have excellent sensitivity to ALPs with
masses below the B-meson mass.
We show the constraints on the hypercharge- and SU(2), -
coupled scenarios in Fig. 4.

We now provide more details on each of the searches.
When needed, signal simulations are done using
MadGraph5_aMC@NLO [85] with a UFO [86] model file that
we created using FeynRules [67].

Hadron colliders: there are dedicated searches by
ATLAS [60] and CMS/TOTEM [61] for photon-coupled
ALPs in proton-proton collisions at the LHC. In these
searches, the ALP is created in light-by-light scattering
with one or both of the protons remaining intact and being
tagged in the forward region. These searches collectively
span the ALP mass range from 150 GeV to 2 TeV. Because
the results provided by the experimental collaborations
are already expressed in terms of the ALP-photon coupling,
we can directly map these constraints to our coupling
benchmarks.

ALPs are also constrained by inclusive diboson searches.
ATLAS has performed an inclusive search for yy reso-
nances [56], reporting their results in terms of the fiducial
cross section times diphoton branching fraction. We sim-
ulate inclusive production of the ALP at parton level,
for which the dominant channels are vector-boson-fusion
(VBF), pp — a+ jj and associated production, pp —
a + V for some gauge boson V. We then decay the ALP
into photons and use our simulated events to calculate the
fiducial cross section, which ranges from 60-80% of the
total cross section. Finally, we translate the ATLAS bounds
onto the ALP coupling parameter space for masses
160 GeV to 3 TeV. This sets the strongest bounds on
the lower part of the mass range. This is true even for the
SU(2), -coupled scenario because the cross section bounds
are stronger than other low-mass diboson searches even
after the smaller yy branching fraction is taken into account.

WWH

Cop=0

0.01 0.10 1 10 100 1000
M, (GeV)

Bounds from accelerator and collider experiments on (left) the hypercharge-coupled scenario; (right) the SU(2), -coupled

scenario. Bounds from hadron colliders are in yellow; heavy ion collisions in purple; high-energy electron-positron colliders in dark
blue; low-energy electron-positron colliders in green; fixed-target and beam-dump experiments in cyan; and flavor experiments in
orange. There is also a sliver of parameter space excluded from supernovae constraints depicted in red. Details of each constraint are

found in the text.
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These limits extend those derived from earlier LHC
searches [33-36].

When the ALP couples to SU(2); gauge bosons, the
coupling to photons is suppressed by tan® y, compared to a
hypercharge coupling. This dramatically weakens the
bounds from light-by-light scattering. This motivates per-
forming additional dedicated ALP searches in WTW~, ZZ,
and yZ final states, which have much larger branching
fractions than yy in this case. To our knowledge, no such
dedicated searches have yet been performed. ATLAS [44]
and CMS [55] have set constraints on VBF production
of a narrow spin-0 WW resonance, however, and we can
directly apply these bounds to the ALP scenario for masses
300 GeV to 4.5 TeV. Since the ALP decay width scales like
M3, the width-to-mass ratio increases monotonically with
M, and so we truncate our plots when I',/M, exceeds
10%, which is approximately the mass resolution of these
searches. The WW bound sets the most powerful constraint
for the SU(2), -coupled scenario for M, = 1.2 TeV.

We additionally check an ATLAS search for yZ reso-
nances [87] where the Z decays leptonically. This search is
inclusive with respect to production mode but requires that
the leptons firing the trigger be part of the reconstructed
resonance mass. We include both VBF and associated
production in calculating the ALP constraint, but in the case
of associated production we conservatively require that the
associated gauge boson decay hadronically to avoid the
possibility that the event would be triggered on leptons
from the associated gauge boson. This removes at most
15% of the associated production events. We then map the
cross section bounds to the ALP coupling. We find that the
sensitivity of this search is poorer than in other channels.

Hadron colliders can also probe ALPs much lighter than
the weak scale. Light-by-light scattering in ultraperipheral
heavy-ion collisions is a sensitive probe of lower-mass
ALPs (5-100 GeV) due to the much larger electromagnetic
field sourced by ions of large atomic number [41]. We
apply constraints from ALP searches in heavy-ion colli-
sions at CMS [45] and ATLAS [48].

Additionally, the large rate of Z boson production at
hadron colliders allows them to have substantial sensitivity
to Z — ya,a — yy. Depending on the ALP mass, the two
photons in its decay can either be resolved separately or
merged into a single electromagnetic shower. Bounds on
the ALP coupling have been derived from an ATLAS
search for Z — 3y [39,43]—which has sensitivity above
10 GeV—and a CDF search for Z — 2y, where the
ALP photons are merged for ALP masses below about
75 MeV [37,43].

Finally, CMS has recently performed a search for long-
lived particles decaying in the muon spectrometer [54]. The
muon spectrometer is used as a sampling calorimeter,
giving the search sensitivity to diphoton decays [59].
Ref. [59] did a detailed reinterpretation of the search and
presented results for an ALP coupled to SU(2), bosons for

masses below 200 MeV, and we include these bounds.
They did not do a similar study for ALPs coupled to
hypercharge, although the sensitivity is expected to be
reduced because of the shorter lifetime associated with the
larger diphoton coupling, along with the smaller production
cross section from electroweak boson decays. As this
search affects only a narrow sliver of parameter space,
we leave a reinterpretation of this search to the hyper-
charge-coupled case to future work.

Electron-positron colliders: electron-positron colliders
currently set strong constraints on ALPs below the Z mass.
We apply bounds previously derived from LEP on Z — 3y,
and on Z — yy where the two photons from ALP decay
have been merged [26,27,40]. At smaller ALP masses, it
can be long-lived and decay to photon pairs outside the
detector. In this regime, LEP constraints on Z boson decays
to a photon and an invisible particle put bounds on ALP
parameters [23,28,30,59].

Searches for ALPs decaying to photons have also been
performed at low-energy e"e~ colliders. Belle II has a
search for ALPs below 10 GeV in associated production
with a photon, e"e™ = y* - ya,a — yy [49]. BESIII has
two searches in radiative J/y decays, J/y — ya,a — yy,
which are sensitive to ALP masses below 3 GeV [57,88].

Fixed-target and beam-dump experiments: the kinematic
reach of fixed-target and beam-dump experiments is limited
to sub-GeV ALPs, but these experiments have excellent
sensitivity to smaller couplings and/or longer lifetimes than
other experiments. The strongest constraints from electron
beam dumps come from the E137 experiment at SLAC,
which places bounds on the photon coupling [23,24]. The
NA64 electron fixed-target experiment probed ALP
production via the Primakoff process and subsequent
displaced decay of the ALP, either reconstructed as a
photon pair inside one of the downstream calorimeters or
reconstructed as missing energy if the decay occurs
outside the detector [51].

For proton beam dumps, the strongest constraints come
from the NuCal experiment [25], and the bounds have
recently been updated using improved modelling of ALP
production and decay for the hypercharge and SU(2),
coupling scenarios [58]. There is a sliver of parameter space
at low mass/coupling that is not excluded by NuCal. This is
covered by supernova bounds; see Sec. VIC for a more
detailed discussion of astrophysical and cosmological
bounds on ALPs.

The PrimEx experiment used a photon beam to study
the 7° decay width via the Primakoff effect [32], but the
diphoton spectrum can also be used to look for ALP decays
into photons [47]. We find that PrimEx constraints are
subdominant to other bounds for our benchmarks.

Flavor experiments: when ALPs couple to SU(2),
gauge bosons, they can be emitted in FCNC decays [42].
The most powerful flavor constraint is set by a BABAR
search for BT — K*a,a — yy [53]. At lower ALP
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mass/coupling, there are constraints from E787 and E949
on a K* decaying to a z plus an invisible particle [89-91]
(where the ALP is sufficiently long-lived that it escapes
the detector), as well as on ALP production in FCNC
decays of strange and B mesons at the LHC, followed
by diphoton decay inside of the FASER experiment [92].
Additional constraints on invisible ALP decays from
NA62 and KOTO—and diphoton ALP decays from
E949 and KTeV—are subdominant to the other
bounds [29,31,38,42,46,50,52].

While we have ignored RG-induced couplings because
they are typically subdominant, flavor observables are one
area where they can have a significant effect on bounds,
especially due to the RG-induced ALP-muon coupling. For
example, constraints on the decay B — K Wa,a - ptyu~
[93,94] are several orders of magnitude stronger than
B* — K*a,a — yy and can therefore be competitive with
the BABAR ALP search [42,65]. We do not include
model-dependent dimuon constraints and do not antici-
pate that they dominate for EFT cutoffs at the 100 GeV
to 1 TeV scale, but the interplay of these constraints
should be checked in any specific UV completion of the
ALP EFT.

B. Results

We first present in Fig. 4 the constraints on visibly
decaying ALPs for each of the gauge-coupling scenarios,
independent of any DM considerations. In many parts
of the parameter space, the constraints are comparable
between the two scenarios, but there are several notable
exceptions. First, the gap between 50 MeV and 5 GeV that
is present for the hypercharge-coupled ALP is largely filled
in the SU(2), -coupled scenario because of powerful flavor
constraints. There are a few gaps in the sensitivity of the
BABAR analysis in the vicinity of the SM diphoton
resonances (7°, 17, 7'), but otherwise much of the low-mass
parameter space is already ruled out. At high masses,
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FIG. 5.

dedicated LHC searches for ALPs decaying into photon
pairs more powerfully constrain the hypercharge scenario
than the SU(2), scenario; for the latter, the constraints at
high mass predominantly come from WW searches, which
suffer larger QCD backgrounds than the yy searches.

We next consider the parameters motivated by the
thermal DM abundance. In Figs. 5 and 6, we show the
coupling needed to obtain the observed DM abundance
for fixed DM masses as a function of the ALP mass.
We truncate the DM relic curves when our treatment
of the ALP as a propagating particle is no longer valid,
r,/m,>0.5.

In Fig. 5, we show results for the hypercharge-coupled
scenario with Oy = 1 and 10, corresponding to “small” and
“large” gauge couplings. For the “small” gauge coupling
limit, which is largely unconstrained by indirect detection
searches, we find that most of the DM-motivated parameter
space is beyond current constraints. However, improve-
ments in coupling constraints of one to two orders of
magnitude at future experiments would allow either the
discovery or exclusion of large portions of the electroweak
axion portal parameter space. By contrast, for “large”
gauge coupling, most of the parameter space is excluded
by both indirect detection and accelerator searches except
in the immediate vicinity of resonance. Even the resonantly
enhanced parameter space could be tested with the next
generation of experiments, although for much of this
parameter space the ALP decay into DM is kinematically
allowed and the ALP no longer has a substantial visible
decay fraction. We use dashed lines to indicate the parts of
the DM contours when BF(a — zy) > 50%.

In Fig. 6, we show results for the SU(2),-coupled
scenario. Once again, we have “small” and “large” gauge
coupling limits of T(R) = 1/2 and 110, respectively. The
DM relic curves are qualitatively similar to those for
hypercharge coupling, except that much of the viable
parameter space is ruled out for ALP masses below
5 GeV due to strong flavor constraints. This is true even
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Accelerator and collider bounds on the hypercharge-coupled scenario including thermal-relic contours for various DM masses.

These contours assume (left) Qy = 1; (right) Qy = 10. The dashed line indicates the DM parameters for which BF(a — Jy) > 50%.
DM curves are truncated when our treatment of the ALP as a propagating particle is no longer valid, I',/M, > 0.5. There is also a sliver
of parameter space excluded from supernovae constraints depicted in red.
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FIG. 6. Accelerator and collider bounds on the SU(2), -coupled scenario including thermal-relic contours for various DM masses.
These contours assume (left) T(R) = 1/2; (right) T(R) = 110. The dashed line indicates the DM parameters for which
BF(a — yy) > 50%. DM curves are truncated when our treatment of the ALP as a propagating particle is no longer valid,
I',/M, > 0.5. There is also a sliver of parameter space excluded from supernovae constraints depicted in red.

in the immediate vicinity of resonances, provided the decay
to visible states still dominates the ALP decay width.
Finally, we comment on the coupling peak (or, more
accurately, dip) of the resonant annihilation region. As
argued in Sec. IIT A, the coupling needed to obtain a
thermal abundance is independent of M, for annihilation

slightly above resonance, but scales like M;""? for anni-
hilation exactly on resonance. Consequently, we find at
lower ALP masses that the smallest allowed coupling near
resonance is associated with annihilation just above reso-
nance and the peaks are of similar height, modulated only
by the fact that g, changes steeply for 7'~ 0.1-10 GeV
and therefore the couplings predicted by freeze-out vary
slightly due to this effect. At larger ALP masses, annihi-
lation exactly on resonance becomes more important due

to the M;l/ 3 scaling of the coupling on resonance, and
consequently deeper troughs are predicted at larger M.

VI. FREEZE-IN DARK MATTER

For sufficiently small couplings, DM never reaches
thermal equilibrium and its abundance is established
through freeze-in [95,96]. In this case, it is also possible
that the ALP is out of equilibrium for some or most of the
relevant cosmic history during which DM is produced.

However, since ALPs are produced at O(g2,,) ~ - and

f2

DM is produced at O(q;#) ~ # the ALP thermalizes in a
large share of the DM freeze-in parameter space.

Because ALPs are pseudo-Goldstone bosons, their
couplings arise from higher-dimensional operators. The
additional degree of momentum-dependence in ALP-
mediated reaction densities results in larger scattering rates
relative to Hubble expansion at earlier times, and this leads
to UV freeze-in [96,97]. Predictions of UV freeze-in
models are sensitive to the reheat temperature, Tgry,
although as we will see there are also freeze-in modes
that occur predominantly in the infrared (IR).

We assume an instantaneous reheating such that the DM
and ALP abundances are zero at Try. When freeze-in
proceeds through an EFT operator of dimension-7 or lower,
as is the case for the axion portal, the instantaneous
approximation largely agrees with results from more care-
ful implementations of reheating [98]. However, the
approximation breaks down for masses close to or exceed-
ing the reheat temperature, and so we only show numerical
results for M,,, M, < Tgy.

Our findings qualitatively agree with the regimes iden-
tified in previous studies of ALP-portal freeze-in that made
different coupling assumptions [20,21,62,63]. We restrict
ourselves to the hypercharge-coupled scenario since we
expect results with SU(2); coupling to be similar. We find
inconsistencies with the results from the freeze-in module
of microMEGAs, however, and so we use our own Boltzmann
equations to study freeze-in.

A. Calculation of DM abundance

We solve the same Boltzmann equations as before,
although we relax the assumption that the ALP and/or
DM begin in thermal equilibrium. This means we track the
ALP abundance in addition to the DM abundance. DM can
be directly produced in yy — jyy collisions via an inter-
mediate virtual ALP and from within the hidden sector
through ALP decays (a — jyy) and scattering (aa — Jy).
ALPs are produced through inverse decays (yy — a) and
scattering processes (such as ete™ — ya and e7y — e a)
involving SM gauge bosons. The latter are suppressed
by agy relative to inverse decays, but their contribution to
the ALP abundance is enhanced by Tgry/M,, which can
dominate for higher reheat temperatures.

The ALP production rate through 2 — 2 scattering
processes depends on which charged species are present
in the plasma and is therefore sensitive to various SM mass
thresholds. A full treatment of all the mass-dependent
effects of every species would be involved and would
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likely have negligible impact on the results when the reheat
temperature is far from any mass thresholds due to the UV
dominance of scattering. We adopt a simplified treatment
where we include only scattering involving charged SM
fermions, both leptons and quarks (ff — ya, fy — fa, and
fy — fa). We neglect fermion masses in these rates except
for when they act as regulators for 7-channel logarithmic
divergences, and we only include scattering involving a
fermion f for temperatures 7 > M f.4 We have checked that
using the massless rates for the reaction densities agrees
well with the full rates for T 2 M ; the rates are in any case
Boltzmann-suppressed for smaller temperatures. This treat-
ment allows us to efficiently obtain results over a wide
parameter space to accuracy in the couplings to better than
O(1) precision.

Our Boltzmann equations assume that the only ALP-SM
coupling is to photons: this is perfectly fine for reheat
temperatures below the electroweak scale. For reheat
temperatures well above the electroweak scale, the correct
treatment in the hypercharge-coupled scenario replaces
a photon with a hypercharge boson, and so we can
simply replace g,,, = C,p. In this limit, we additionally
include a — yZ and a — ZZ decays when calculating the
ALP width.

We provide more details of the Boltzmann equations in
Appendix A.

B. Regimes of Freeze-In

The dominant mode of DM production depends on
the relative values of M,, M,, and Tgy, as well as on
the relative strength of the ALP coupling to SM gauge
bosons vs DM. We choose the same coupling benchmarks
as outlined in Sec. II A. We adopt the following approach:
we fix Try and M, and then study how the freeze-in
coupling depends on M,. We then repeat for different
values of Ty and M,.

Starting from M, < M, and then gradually increasing
M, we find the following regimes for freeze-in:

M, below DM decay threshold: in this limit, M, < 2M,,
the @ — yy decay is kinematically forbidden and the
ALP always decays visibly. DM is produced via
scattering at (’)(#) and to obtain an appreciable

DM abundance the coupling is large enough to
thermalize a (whose production rate is Nf%). The

dominant DM production mechanism is typically
aa — jyy and occurs most rapidly just after reheating.
If Try > M,,M,, then this DM production cross
%
f_4
Consequently, we see an essentially flat dependence
of the freeze-in coupling with increasing M, in

section scales like and is independent of M,.

*We use the kaon mass for the strange quark threshold and the
pion mass for the up and down quark thresholds.
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this regime, while C,p ~ g varies with DM mass

like M.

M, just above DM decay threshold: as M, increases

above 2M,,, the DM production channel a — jy opens
up. For our benchmarks, the ALP coupling to SM
gauge bosons is smaller than that to DM, so the ALP
does not need to be much above threshold before
BF(a — jy) becomes nearly 100%. Since ALPs are
produced at (’)(f%) and every ALP decays into a y and

a y, the DM abundance is now also established at
(’)(#) Consequently, the only viable parameter space
has both DM and the ALP out of equilibrium, and the
coupling needed to achieve the correct DM abundance
plummets by many orders of magnitude. The fact that
the ALP decays invisibly in this regime also affects
certain terrestrial and cosmological constraints on
ALPs.

The predicted freeze-in coupling is largely inde-
pendent of M, in this limit because the ALP pro-
duction rate is also largely independent of M, with a
minor dependence on M, arising from the fact that
the inverse decay rate yy — a depends on M, but is
typically subdominant to 2 — 2 scattering (along with
a mild logarithmic dependence on M, for scattering

processes with a #-channel singularity). Since

fier d before d .
Yy W =y, m W the DM abundance remains

fixed for fixed coupling independent of M.

The ALP is visible again: as M, continues to increase,

its visible branching fraction also increases until it

dominates the decay width. To see why this is the

2
case, note that BF(a — jy) ~ M and decreases with

M
fier d
larger ALP masses. We now have Yy & 7 =

before decay

BF(a = jyy)Ya , and consequently a larger
ALP-photon coupling is needed for larger ALP
masses to produce more ALPs in order to compensate
for the diminished DM branching fraction. According
to this argument, we predict a scaling C,z ~M,.
Somewhat counterintuitively, the ALP also decays
visibly in experiments, even though its decay to DM is
kinematically allowed. The value of M, at which we
enter this regime depends on the relative coupling
strength to DM vs photons: a smaller coupling to
photons implies larger values of M, for the transition
to visible decays.

The ALP reaches equilibrium: the scaling in the previous

regime continues until the ALP reaches equilibrium at
reheating. At this point, increasing the SM coupling to
ALPs no longer increases the ALP abundance since
Y, saturates at Yg'. The result is a small range of ALP
masses over which the freeze-in coupling can vary
by many orders of magnitude since its effect on the
ALP abundance (and consequently the DM abun-
dance) has little effect in the approach to equilibrium.
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This transition region can appear as a sharp kink or a
mild wiggle depending on the relative values of
various parameters.

For Tgry > M, the fact that the ALP reaches
equilibrium at the time of reheating does not
mean that it stays in equilibrium throughout its
history since the 2 — 2 scattering rate falls sharply
as the Universe cools. For sufficiently large couplings,
it also maintains equilibrium at 7 ~ M, through
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(inverse) decays to photons. This qualitatively
changes the DM prediction: whereas before we had
Y;ﬂer decay o ybefore decay 1w the ALP abundance is
continually replenished from the SM bath as it decays
into DM. The result is that the DM abundance depends
on I'(a — jy) (not the branching fraction) integrated
over time. We can approximate this integrated quan-

tity as I'(a — jyy)/H(T = M,), which scales as ﬁ
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FIG. 7. Estimated couplings for DM freeze-in along with observational constraints. In all plots, C, = 0, and we take Qy =1
(Qy = 10) in the left (right) column. We assume a different reheat temperature in each row: (top) 1 TeV; (middle) 1 GeV; (bottom)
10 MeV. In this figure, we consider only masses satisfying M,, M, < Try. Cosmological constraints are shown in red, supernova
cooling in green, gamma rays and axion-sourced fireballs from supernovae and neutron star mergers in blue, and accelerator/collider
constraints in orange. The DM abundance curves are dashed when BF(a — yy) > 50%; in these regions, most accelerator/collider,

cosmological, and gamma-ray/fireball constraints are relaxed.
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We therefore predict that the coupling C,z ~ % ~/M,
in this regime.

The ALP mass exceeds the reheat temperature:
when M, > Tgry, the DM production rate from
ALP decays becomes Boltzmann suppressed. The
result is that DM is produced from photon scattering

via a virtual intermediate ALP with a maximum rate
L, ~ % Consequently, arbitrarily large val-
ues of C,p are viable for freeze-in provided
Try < M,. At the same time, the ALP EFT might
break down in this limit and so care is needed to
interpret any results. We do not quantitatively pursue
this regime in any further detail but nevertheless point

it out as a phenomenological possibility.

C. Numerical Results

To illustrate the regimes outlined in the previous
section and to numerically compare the DM parameter
space with current bounds, we select several reheat
temperatures and DM masses, and for each combination
of Try and M, we show the DM-motivated coupling as a
function of the ALP mass. We consider reheat temper-
atures of 1 TeV, 1 GeV, and 10 MeV, with the latter
approximating the lowest value of Ty consistent with
big bang nucleosynthesis (BBN). We study DM masses
ranging from 100 keV (chosen to be consistent with
structure-formation constraints on warm freeze-in
DM [99]) to 100 GeV and ALP masses ranging from
1 MeV to 1 TeV. We present results for the hypercharge-
coupled scenario with Qy = 1 and 10.

We show our results in Fig. 7. Collectively, each of the
freeze-in regimes from the previous section is present in our
results (for example: the sharp drop in coupling predicted
at M, =2M,, the sharp increase in coupling predicted
well above 2M, where the ALP equilibrates, the various
coupling-mass scaling relations, etc.). We see, as expected,
that the range of ALP masses for which BF(a — 7y) ~
100% is much smaller for Oy = 10 than for Qy = 1, and
consequently the value of M, at which the ALP comes into
equilibrium above the DM threshold is lower at higher Qy.
It is evident that freeze-in DM is consistent with a very
wide range of DM masses, ALP masses, and coupling
strengths.

We also show constraints on the ALP assuming that it
decays visibly, which is true for most ALP masses even
above the DM threshold. The accelerator and collider
constraints are the same as those derived in Sec. V. We
impose constraints from BBN on primordial element
abundances [100] and from Planck on new relativistic
degrees of freedom [78]; these were derived in Ref. [101]
for ALP freeze-in with various reheat temperatures. We
also include astrophysical constraints from supernova
cooling [91], gamma rays, and fireballs from ALP
bursts produced in supernovae [102-105], low-energy

supernova [106], and axion-sourced fireballs produced
during neutron stars mergers [107]. We use the tabulated
bounds in AXIONLIMITS when applying astrophysical con-
straints [108]. Note that most of the constraints apart from
supernova cooling are relaxed when the ALP decays
invisibly. Indirect-detection bounds are not typically strong
enough to constrain the freeze-in parameter space.

Taken together, we see that the freeze-in scenario is
somewhat constrained for ALP masses below 100 MeV,
although there is still viable parameter space depending on
the DM mass and reheat temperature, especially when the
ALP decays invisibly. For larger ALP masses, there are
essentially no constraints on freeze-in: the predicted cou-
plings are sufficiently small that it will be challenging for
even future experiments to achieve sensitivity.

VII. DISCUSSION AND CONCLUSIONS

We have systematically studied the cosmology and
phenomenology of electroweak ALP portal DM. For
thermal DM, we find the parameter space already mean-
ingfully constrained by a combination of indirect detection
of DM annihilation into photon lines and direct exper-
imental searches for ALPs. There remains a substantial
viable parameter space, much of which will be tested in
future experiments. In particular, closing the well-known
MeV-GeV gap in gamma ray searches could significantly
improve sensitivity to DM masses in this range.

Interestingly, over much of the thermal parameter space
we find that the validity of the EFT is somewhat marginal,
with the PQ-breaking scale typically constrained to
f <1 TeV. The radial mode(s) of the PQ-breaking sector
and heavy fermions mediating ALP-gauge interactions, all
of which we have neglected, could play an appreciable role
in the model’s cosmology and phenomenology. This is
particularly important for LHC searches since deviations
from the EFT will first appear at high-energy colliders.
A future detailed study is warranted of how ALP phenom-
enology changes in UV completions of the model, along
with the interplay between ALP constraints and direct
searches for new heavy states.

We have also investigated the possibility of freeze-in
DM, finding that some parameter space, particularly at low
ALP masses, is constrained by a combination of astro-
physical and cosmological bounds. However, the predicted
couplings are sufficiently small that there are few mean-
ingful constraints on freeze-in for ALP masses above
100 MeV. We adopted a simple, instantaneous model of
reheating, and it is possible that some of our DM-motivated
parameters would change with a more realistic treatment of
reheating.
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APPENDIX A: BOLTZMANN EQUATIONS

In this Appendix, we present the coupled Boltzmann
equations for our model. The cross section and decay rates
can be found in Appendix B.

1. Freeze-out

For thermal DM, most of the DM-coupling curve is
derived using microMEGAs. However, we use the Boltzmann
equations presented below to validate results from
microMEGAs. We also use solutions to our Boltzmann
equations in the vicinity of the ALP resonance due to
greater numerical stability. We include only ALP-photon
couplings, although in Sec. III A we have described how the
cross section on resonance can be modified to take into
account decays to weak gauge bosons as well.

For thermal DM, we can assume the ALP is always in
equilibrium, while y is in kinetic (but not necessarily
chemical) equilibrium. We use Maxwell-Boltzmann sta-
tistics and neglect quantum statistical factors in the
Boltzmann equation. We use Y, =n,/s to track the y
comoving number density and x = M, /T as a dimension-
less time variable. The Boltzmann equation for y is:

& s< O ) (V) [ 17 _
dx H(x) {< vy 1]
_ < )()(—>uav>(yeq)
<H(x) {<Y;‘*>2 1}
)y

YZ
BF 7y | —=2——1]. Al
e BF@ =701
In deriving these equations, we have used the real-
intermediate-state (RIS) subtraction scheme [109-111] to
remove double-counting from the portion of the yy — yy
process in which the ALP is on shell,

<5)?)(—>77”>SUb
Yyl
= (V) —W<FQ>BF(a = 7x)BF(a—yy). (A2)
bt

2. Freeze-in

For freeze-in, we can no longer assume the ALP is in
equilibrium. We now solve a system of Boltzmann equa-
tions for Y,(x) and Y,(x). Because 2 — 2 scattering
predominantly occurs in the UV at T ~ Try while inverse
decays into ALPs occur in the IR at T ~ M, the phase
space of these processes does not appreciably overlap
and this eliminates the need for the RIS subtraction. The
Boltzmann equations are:

ay, (L)Y Y,
y el TH () BF(a —>yy)<Y 1>

(F)Ys A [Ya Y2
- HO BF(a — jyx) [Yzq—( Yoy } (A3)
25(0gat) P [ V2 12
xH(x) {(Y;q)z - (Y?zq)z]
_ S<GSMa—>le\;iS(l\)/IC)U>YS?VIYZq <;§q - 1>, (A4)
dy,  s{ogp_, (Y[ Y;
dx  xH(») [(Yi“)z l]
$(65-aa) (Y2 [ Y5 e ]
o ey 89
r, Yol B Y)z( Ya-
- <xH>(X) BF(a = 11) [(Yi}qv v 9

For the production of ALPs from SM 2 — 2 scattering,
we include the processes ff — ya, fy — fa,and fy — fa
for all charged SM fermions. These rates are weighted by
appropriate squared-charge and color factors, and at tem-
perature 7 we include all charged fermion species with
masses below T.

For Try = 10 MeV and 1 GeV, we can neglect inter-
actions with the weak gauge bosons. For Tgry = 1 TeV,
however, we must include these effects. Since we only
consider the hypercharge-coupled scenario for freeze-in,
and the 2 — 2 scattering rates above are UV dominated, we
can simply replace the photon with a hypercharge boson in
the above rates, which is equivalent to taking g,,, = Cgp.
For (inverse) ALP decays, we include decay rates to all
SM boson pairs.

APPENDIX B: CROSS SECTIONS
AND DECAY RATES

Here, we present various decay rates and cross sections
implemented in our Boltzmann equations.
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The ALP partial widths are

Mla— 70 =g\ 1= @)
I'(a —yy) = gg&ztf’ (B2)

Mla - y2) = gﬁ;;fg (1 - Aﬂﬁf (B3)
T(a - 2Z) = gigifi (1 - 4;2) T

2 3 2\ 3/2
. PawM 4M
I(a— WWw-) = Vgﬂ (1 - M2W> (BS)

for the decay modes shown in Fig. 8. All couplings are
defined in Sec. II. The thermally averaged decay width is
related to the zero-temperature decay width via

KI(Ma/T)

= kon,ry (o

where K| (x) and K,(x) are modified Bessel functions of
the second kind.

DM can annihilate into a pair of SM bosons via an on- or
off-shell axion as shown in Fig. 9. Its cross section in the
narrow-width approximation is

The cross section for DM annihilation to ALPs is

2
M 1

X
I a____
X
- |4
\
S
\
|4

FIG. 8. Top: ALP decay to a pair of dark matter and anti-dark
matter. Bottom: ALP decay into a pair of electroweak bosons
Vv elyy, WW=,ZZ,yZ} via a loop of massive charged fer-
mions V. In the effective field theory, the loop can be collapsed
into the aVV vertex with coupling strength g,y .

X

X %

FIG. 9. DM annihilates into a pair of electroweak bosons
Vv e{yy, WW=,ZZ,yZ} via an on or off shell axion.

oo — ™My 1 s>
P A8t [y apgys (s = MO+ METG

where s here is the Mandelstam variable, not the entropy
density.

(B7)

Tn=aa = 6an (1T 1 — 4AM2 /s

2MZ(s* — 4M2%s* + 2M7,)

s —2M%+ /s —AM2 /s — AM;

MZs? —AMAMZs + M(s — 2M2) 2 5
MZs — 4M2MZ + M V=4 -4
X a"x a

s —2M?

s—2M§—\/s—4M§,/s—4M§

, (B8)

with the relevant Feynman diagrams illustrated in Fig. 10. The squared matrix elements for some of the processes were

calculated with the assistance of FeynCalc9.3 [112].

In both cases, the thermally averaged cross section is found from the cross section using [113]

(o7,0) =

1
SMITK, (M, /T)? 7 aasts —aM (s/m)as.

(B9)
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X X a

FIG. 10. Two Feynman diagrams contributing to DM annihi-
lating into a pair of ALPs.

For freeze-in, we also need to calculate the rates of ALP
production. In the limit of approximately massless ALP and
fermions, we have

2
ag, ayy

Oyag—etes = 12 (BIO)
3/2
aga s
Oc a—sey — 2”1 (M Mg)' (Bll)

The thermally averaged cross sections for these processes
in the massless limit are found using:

(osmav) = (B12)

1 0
ﬁ/o USMaS3/2K1(\/§/T)dS

The thermal average integrals can be evaluated in closed
form, giving

2
agy
<07a—>e+e‘ 1)> = 12”/ > (Bl?’)
2 3
ag; 60.2T
(Ceaqmey V) R 2” log <M M2>‘ (B14)

We include SM fermion thermal masses in the log-
divergent term of the cross section when they dominate
over tree-level masses:

2
Mo g5 39 g

77 3 16 144 (B13)
Aﬁk—%+%, (B17)
%zi—%ﬁ%, (B18)

A;%R:gz%, (B19)

where g3, ¢», and g; are the SU(3),, SU(2),, and U(1),
gauge couplings, respectively. We neglect Yukawa cou-
plings in these calculations: they are only relevant for the
top quark, which gives only a small contribution to the
overall ALP production rate.

APPENDIX C: A UV COMPLETION
OF ALP-DM INTERACTION

We consider a massless Dirac fermion DM field, y and a
complex scalar field, ®. The theory is classically invariant
under a global axial U(1)pq, transformation given by

7 — ey and ® — ¢ 2®, with interaction

L =—y®yry + H.c. (C1)

The symmetry is spontaneously broken with (®) = %

and this gives DM a mass, M, \y/f- If the symmetry is

exact, then there exists a massless Goldstone boson, a,
along with a massive radial mode, ¢. It is convenient to

_ (+o)
V2

parametrize the complex scalar field as @ > e’, such

that the shift symmetry a - a — 20f is manifestly pre-
served and so that both real scalar fields have canonical
normalization. If the symmetry is explicitly broken, then a
is not exactly a Goldstone boson, but this decomposition
remains approximately aligned with the mass eigenstates
provided M, < f.

When M, < M,
a with Lagrangian

, there exists an EFT that includes y and

L =—M,elppy +He. (C2)

The €7 can be removed by a field redefinition, y — eé_j"’s zs
in which case the ALP is removed from the Yukawa
coupling in Eq. (C2) but then reappears in the DM kinetic
term. After expanding out derivatives, we obtain the
standard ALP-DM derivative coupling

L= 0,a71"r 1. (C3)

2f”

This manifestly preserves the ALP shift symmetry with a
single ALP-DM coupling.

Alternatively, we could have worked directly with
Eq. (C2) by expanding e/ as a Taylor series. The leading
term in the result is zM* ayy’y, although we note that this
term on its own does not obey the shift symmetry. Indeed,
we need an infinite sum to fully preserve the shift
symmetry, although in practice we can truncate the sum
at whatever order in the EFT that we are working For
example, if we wish to calculate amplitudes to (’)( ;) using
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nonderivative couplings, then we must keep powers of @ in
the exponential up to quadratic, which results in an addi-
. . . M, o_
tional contact interaction S ATA

The results obtained using either method are identical,

but we find it simpler to work with the single derivative
interaction in Eq. (C3).

There exist additional terms obtained by integrating out
the radial mode, ¢. For example, there exists an a —a — ¢

vertex, which induces an operator ﬁaﬂaa“ajy in the
P

EFT, although this is a higher-dimension operator than the
leading terms giving rise to yy — aa annihilation and can
therefore be neglected in our analysis.
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