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We investigate a scenario where strongly interacting massive particle (SIMP) dark matter interacts with
an axionlike particle (ALP) that couples exclusively to electrons. This minimal setup provides interactions
which enforce thermal equilibrium between dark matter and the standard model (SM) in the early Universe.
We analyze the cosmological evolution of the dark sector and the constraints arising from dark matter
annihilations, ALP laboratory searches and astrophysical observations. Our results show that the allowed
parameter space is wider than previous studies and an ALP with mass ma ∼Oð10Þ MeV can act as a viable
portal between the visible and dark sectors. Interestingly, this mass range overlaps with the parameter space
suggested by the reported X17 anomaly. Furthermore, the introduction of nonvanishing θ angle in the dark
sector of the model opens up the parameter space to heavy ALP masses.
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I. INTRODUCTION

Strongly interacting massive particles (SIMPs) have
emerged as a compelling class of dark-matter candidates
[1–33], offering an alternative to more traditional weakly
interacting scenarios. SIMPs arise in models where the dark
matter production is driven by 3-to-2 annihilations and the
cosmological relic abundance is reproduced for dark matter
masses in the MeV–GeV range. This class of models has
attracted significant interest because it generically predicts
an elastic self–interaction cross section per unit mass
of order Oðcm2=gÞ. Such values can help reconcile the
cuspy central densities predicted by N–body simulations
of collisionless cold dark matter [34–36] with a range of
astrophysical observations that instead favor shallower,
corelike profiles [37–42] (see also [43] for a review on
self-interacting dark matter). A natural realization of the
SIMP setup arises in models of dark pions. These particles
emerge as pseudo-Goldstone bosons of a confining dark
sector analogous to QCD, in which the so-called Wess-
Zumino-Witten (WZW) term provides the required 3-to-2
annihilations.

A crucial aspect of SIMP models is the interaction
between dark matter and Standard Model (SM) particles.
The dark matter production mechanism relies on the
assumption that the dark sector remains in thermal equi-
librium with the SM bath in the early Universe at the same
temperature. Such equilibrium can be maintained through
the presence of a mediator that enables interactions between
the dark and visible sectors. One possibility is that the
mediator is a dark photon (see, for example, [2,21,31]).
Another option is to consider a pseudoscalar portal, as
in [11,18].
In this work, we reconsider the scenario in which a

pseudoscalar particle mediates the interaction between
dark pions and the Standard Model. This mediator may arise
as the pseudo-Goldstone boson of a spontaneously broken
global U(1) symmetry, and we generically denote it as an
axionlike particle (ALP).
We focus specifically on scenarios where the ALP couples

exclusively to electrons [44] (see also [45–49]).1 By contrast,
previous studies [11,18] considered ALP-photon interactions.
Restricting the ALP to couple only to electrons relaxes
several constraints associated with tree-level ALP-photon
couplings and opens new regions of viable parameter space.
We first examine the regime of light ALPs and show that
the allowed parameter space is substantially larger than
previously thought, accommodating ALP masses down
to ∼Oð10Þ MeV.
This possibility is particularly intriguing because, within

this mass range, the ALP could be connected to the tentative
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1The coupling of ALPs to charged leptons has been studied
also in [50–59].
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17 MeV resonance reported by the PADME experiment
[60]. Although the overall significance reaches only
about 2σ, the result remains noteworthy, as it aligns,
within current uncertainties, with the longstanding
ATOMKI anomalies [61–68] observed in nuclear tran-
sitions, which have long hinted at a possible new boson,
commonly denoted X17 [69–78].
Next, we study the impact of a nonvanishing topological

θ angle in the dark sector of our model. Such a parameter is
generically allowed in QCD-like dark sectors and, unlike in
the SM, there is no experimental motivation to set it to zero.
We show that a nonzero θ angle induces additional inter-
actions that offer an alternative mechanism for establishing
thermal equilibriumwith the SM bath. This selects a different
region of the parameter space, permitting ALPs heavier than
the dark matter.
The outline of the paper is the following: we review the

dark matter model in Sec. II. In Sec. III we introduce the
electrophilic ALP portal and discuss the conditions for dark
matter thermalization and the relevant constraints. We also
mention the possibility to identify the ALP with a 17 MeV
resonance. In Sec. IV we examine the consequences of a
nonvanishing θ angle on the available parameter space. We
present our conclusion in Sec. V. We briefly comment on the
prospects of an ALP portal in connection with the dark-
matter model of Ref. [30] in Appendix C.

II. THE DARK MATTER MODEL

We consider the dark matter (DM) model introduced in
Ref. [18], which consists of a QCD-like confining sector
based on an Spð2NcÞ gauge group, with Nc ≥ 2. The matter
content includes 2Nf Weyl fermions qi (with i ¼ 1;…; 2Nf)
transforming in the fundamental representation of the gauge
group. The corresponding Lagrangian is given by

LDM ¼ −
1

4
G2

μν þ q†iσ̄μDμq −
1

2
ðeiθMijqiqj þ H:c:Þ: ð1Þ

HereGμν is the Spð2NcÞ gauge field strength tensor andM is
the fermion mass matrix. We assume a degenerate mass
spectrum Mij ¼ mðγ2Nf

Þij where m > 0 and ðγ2Nf
Þij is the

Spð2NfÞ invariant tensor.2
We include in the mass matrix a physical phase θ. A chiral

rotation of the fermion fields, qi → e−iθ=2qi, removes this
phase from the mass term. However, since the transforma-
tion is anomalous under the Spð2NcÞ gauge interactions, it
generates a topological θGμνG̃

μν term in the Lagrangian.3

In the massless limit m ¼ 0, the Lagrangian in Eq. (1) is
invariant under a global SUð2NfÞ symmetry, corresponding
to independent rotations of each fermion field qi → eiαiqi.
In analogy with ordinary QCD, we expect that gauge
interactions confine at some energy scale Λ, giving rise
to a fermion condensate hqiqji ∝ ðγ2Nf

Þij, which sponta-
neously breaks the global symmetry group of Eq. (1)
as SUð2NfÞ → Spð2NfÞ. This gives rise to Nπ ¼
Nfð2Nf − 1Þ − 1 pseudo-Goldstone bosons πa, from now
on referred to as dark pions. The fermion mass matrix chosen
in Eq. (1) preserves the Spð2NfÞ symmetry and generates a
potential for the pseudo-Goldstone bosons. Their interactions
are described by chiral perturbation theory (ChPT) as (for a
review of standard ChPT techniques see, e.g., [79,80])

Lπ ¼
f2π
16

Tr½∂μU†
∂
μU� − f2π

8
B0Tr½eiθMU þ H:c:� þ LWZW;

ð2Þ

where we introduced the meson field

U ¼ e2iπ=fπ ðγ2Nf
Þ; π ¼ πaλa: ð3Þ

Here fπ is the dark pion decay constant, B0 is related to the
fermion condensate as hqqi ∼ B0f2π and Λ ∼ 2πfπ . The
matrices λa belong to the coset4 SUð2NfÞ=Spð2NfÞ corre-
sponding to the (spontaneously) broken generators, normal-
ized as Tr½λaλb� ¼ 2δab, so that the mass of the dark pions is
given by m2

π ¼ 2B0m cos θ. The dark pions are the lightest
states of the model and the unbroken flavor Spð2NfÞ
guarantees their stability, so that they are a natural candidate
for dark matter.
The WZW term

LWZW ¼ 8Nc

15π2f5π
ϵμνρσ ϵabcdeπ

a
∂μπ

b
∂νπ

c
∂ρπ

d
∂σπ

e; ð4Þ

induces the 3π → 2π annihilation processes that govern
the thermal evolution of the dark sector. As long as these
interactions remain efficient, the dark pions follow their
equilibrium distribution. This holds until the Universe
cools to the freeze-out temperature Tfo ∼mπ=20, when
the 3 → 2 reaction rate drops below the Hubble expansion
rate and the dark pion abundance freezes out.

2The invariant tensor of Spð2NfÞ is defined as γ2Nf
¼ INf

⊗ iσ2.
Under a generic Spð2NfÞ transformation denoted by V, it satis-
fies VTγ2Nf

V ¼ γ2Nf
, leaving the mass term in Eq. (1) invariant.

3Notice that, with the normalization of Eq. (1), the topological
term is normalized as ðg2=32π2ÞNfθGμνG̃

μν, where g is the gauge
coupling.

4The generators belonging to the coset SUð2NfÞ=Spð2NfÞ are
explicitly given by

1ffiffiffi
2

p Tasym ⊗ σk;
1ffiffiffi
2

p Tsym ⊗ I2;

where fTasym; Tsymg are the antisymmetric and symmetric gen-
erators of SUðNfÞ, respectively. For Nf ¼ 2 we have Tasym ¼ σ2
and Tsym ¼ fσ1; σ3g.
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More precisely, the relic density is obtained by solving
the Boltzmann equation

ṅπ þ 3Hnπ ¼ −ðn3π − n2πn
eq
π Þhσv2i3π→2π; ð5Þ

where nπ is the dark pion number density, neqπ its

equilibrium value, H ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4π3gρ=45

q
T2=MPl is the

Hubble expansion rate (with gρ the number of relativistic
degrees of freedom in the thermal bath, gρ ∼Oð10Þ
within the SM at T ∼MeV − GeV), and hσv2i3π→2π is
the thermally averaged cross section for the WZW-induced
3π → 2π processes. The equilibrium density is given
by neqπ ¼ ðNπm2

πT=2π2ÞK2ðmπ=TÞ.
We solved the Boltzmann equation numerically for several

values of Nc. The observed dark matter relic abundance is
obtained for dark pion masses in the range

mπ ∼ 100 MeV − 1 GeV; ð6Þ

andmπ ≲ 2πfπ , in agreement with Ref. [1]. The exact value
of fπ is fixed by solving the Boltzmann equation for each
choice of dark matter mass. The DM particles undergo
elastic scatterings with cross section per unit mass of order
Oðcm2=gÞ. Constraints derived from observational data
from galaxy clusters [81–86] can be satisfied in the range of
DM masses in Eq. (6) for appropriate values of Nc.

5

III. THE ELECTROPHILIC ALP PORTAL

The Boltzmann equation described above relies on the
crucial assumption that the dark pions remain in thermal
equilibrium with the SM bath at least until DM freeze-out,
such that both sectors share the same temperature T. This
requires the presence of an explicit portal between the dark
sector and the SM. In its absence, number changing
processes within the dark sector would modify the evolu-
tion of the dark sector temperature and the corresponding
dark pion population.
The portal is not unique and many options have been

investigated: Ref. [2] studied a dark photon portal (see also
[21,31]), while Refs. [11,18] discuss a pseudoscalar par-
ticle a coupled to dark pions and photons.6 More specifi-
cally, in Ref. [11] amust have roughly the same mass as the
dark pion,ma ≃mπ , so that the DM cosmological evolution
is dominated by semiannihilations ππ → πa rather than
3π → 2π processes. This assumption is relaxed in Ref. [18]

where a keeps the dark sector and the SM in thermal
equilibrium as long as 100 MeV≲ma < mπ .
In this paper, we reconsider the pseudoscalar portal

scenario, under the assumption that the pseudoscalar particle
is electrophilic, i.e., it only couples to electrons [44].7

A. Coupling to electrons

We consider the electrophilic interaction given by8

La ¼
1

2
∂μa∂μa −

1

2
m2

aa2 − gaeaēiγ5e: ð7Þ

The pseudoscalar particle a can arise as the pseudo-
Goldstone boson of a global Uð1ÞGB symmetry sponta-
neously broken at some UV scale fa. These particles are
usually referred to as ALPs. A well-known example is the
QCD axion [88–90], motivated by the strong CP problem.
A UV-complete model involving extra scalars charged

under Uð1ÞGB can generate the interaction in Eq. (7) from a
Yukawa coupling, which, upon spontaneous symmetry
breaking, gives rise to

−meēLeReiCea=fa þ H:c: ð8Þ

Expanding the exponential function, we reproduce Eq. (7).
Then, the relation between the electron coupling and the
Uð1ÞGB breaking scale is given by Ce=fa ¼ gae=me, where
in typical UV completions Ce ∼Oð1Þ. The mass termma is
introduced as a soft explicit breaking of the Uð1ÞGB
symmetry and its origin depends on the UV completion
of the theory.9

In Eq. (7) there is no UV contribution10 to the
ALP-photon coupling aFμνF̃μν. This is generated at one
loop by a triangle diagram involving the electron inter-
action of Eq. (7), but is strongly suppressed when
ma ≫ me, allowing the model to evade several experimen-
tal bounds [44].
Moreover, performing a field redefinition, the Lagrangian

in Eq. (7) can be equivalently written as

5Notice that, values of DM masses 250 MeV ≲mπ ≲
700 MeV are allowed for any number of colors Nc ≥ 2. Larger
masses, up to mπ ∼ 1 GeV, requires Nc ≳ 4. For lower masses, a
larger number of colors is required to avoid cluster constraints on
self-interactions.

6In Refs. [32,33], a topological portal between the dark and the
visible sectors was considered.

7A leptophilic pseudoscalar portal has been considered in
Ref. [55] in the case of fermionic dark matter. A pseudoscalar
portal for scalar dark matter has also been investigated in [87].

8As emphasized in [44], two distinct electrophilic models can be
considered, depending on whether the interaction term in Eq. (7)
is pseudoscalar a ēγ5e or derivative ∂μaēγμγ5e. In the derivative
scenario, a large coupling to photons is induced at one-loop when
ma ≫ me. Here we concentrate on the “pseudoscalar model” of
Ref. [44].

9A plausible possibility is that quantum-gravity effects induce
Planck-suppressed U(1)-breaking operators that generate the mass
of the ALP.

10A UV contribution to the ALP-photon coupling would come
by loops of heavy fermions, electrically charged and chiral under
the global Uð1ÞGB symmetry [55]. In the absence of such fermions,
no UV contribution is generated.
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La ¼
1

2
∂μa∂μa −

1

2
m2

aa2

þ Ce
∂μa

2fa
ēγμγ5eþ

Ce

fa

αem
4π

aFμνF̃μν: ð9Þ

Now, the invariance of a under shift symmetry (broken by
the anomalous term) is manifest. As noticed in Ref. [44],
Eq. (9) generates the same effective coupling with photons11

of Eq. (7). In the following, we adopt the basis of Eq. (7) to
perform our computations.
The ALP decays into electron-positron pairs a → eþe−

with rate

Γa ¼
g2aema

8π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
e

m2
a

s
; ð10Þ

while the decay rate to photons is negligible. We assume
ma > Oð1Þ MeV, so that its lifetime is much shorter
than 1 sec for gae ≳ 10−10, thus evading all cosmological
constraints. We remain agnostic about the UV completion,
although possible realizations have been discussed in
Ref. [44].
We comment that the choice of electrophilic inter-

actions is mostly due to phenomenological reasons.
Universal ALP-lepton couplings could also be considered
as a viable option. In such a case, the constraints on the
dark sector and its interactions with the SM would be largely
unaffected, whereas laboratory ALP searches would impose
stronger constraints. The model would still be viable, but the
allowed parameter space would be more restricted.

B. Coupling to the dark sector

The ALP couples to the dark fermions as

Laq ¼ −
1

2
ðeiðθþa=faÞMijqiqj þ H:c:Þ: ð11Þ

This operator can arise, for example, from a Yukawa
interaction with a scalar field Φ ∼ faeia=fa , if both Φ and
the dark fermions qi are charged under Uð1ÞGB. In such a
case, a small Yukawa coupling is needed to justify the
hierarchy m ≪ fa.
More generally, a concrete UV model involving extra

fields charged under Uð1ÞGB, similar in spirit to the typical
UV completions for the QCD axion [91], can generate an
anomalous coupling of the ALP to the Spð2NcÞ gauge
bosons, ðg2=32π2ÞNfaGμνG̃

μν=fa, see also [11].
12 Then, at

energies below fa, an anomalous fermion field redefinition,
qi → eia=2faqi, removes the aGμνG̃

μν term and provides
the interaction in Eq. (11), while keeping fa and m as
independent parameters.
Starting from Eq. (11), we can derive the effective

Lagrangian describing the interactions of the ALP with
the dark pions by simply replacingM → eia=faM in Eq. (2).
Notice that for the consistency of the effective Lagrangian
description we require fa ≳ 2πfπ (and thus fa ≳mπ). In
the rest of this section we assume θ ¼ 0, while we will relax
this assumption in Sec. IV.
As first observed in Ref. [18], we specialize in the case

Nf ¼ 2 so that Tr½π3� ¼ 0 (as well as Tr½π5� ¼ 0) and the
DM relic abundance is controlled by 3π → 2π processes
induced by the WZW term.13 The relevant interaction term
in the chiral Lagrangian is

m2
π

8f2a
a2Tr½π2� ¼ m2

π

4f2a
a2πaπa; ð12Þ

which gives rise to elastic scatterings πa → πa as well as
annihilations ππ → aa if mπ > ma. Finally, interactions
with the dark pions generate a contribution to the ALP
mass, namely Δma ¼ 2m2

πf2π=f2a. In order to avoid fine-
tuned cancellations we require that m2

a > Δm2
a.

Up to this point, we have discussed the scenario in which
a is the pseudo-Goldstone boson of a U(1) symmetry. In
the following, we will also consider the option where a is a
generic pseudoscalar particle, for which the coupling gae
and the scale fa are unrelated and can therefore be treated
as independent parameters. From now on, we will refer to
the pseudoscalar particle as an ALP, independently of
its pseudo-Goldstone nature. When it is the case, we will
specify whether the pseudo-Goldstone interpretation is
viable.

C. Dark matter thermalization and constraints

The interactions mediated by the ALP portal must be
sufficiently strong to maintain thermal equilibrium be-
tween the dark pions and the SM particles for as long as
the 3π → 2π processes remain active.
This is achieved in two steps:
(i) elastic scatterings πa → πa transfer energy from the

dark pions to the ALP sector and keep them in
kinetic equilibrium at a common temperature, while

(ii) the ALP thermalizes with the SM bath through
decays a → eþe− and scatterings ae� → γe�, to-
gether with their corresponding inverse processes.

When (i) and (ii) are simultaneously satisfied, the dark
pions, the ALP and the SM bath share the same temperature
T. This must hold until (at least) dark matter freeze-out.

11The tree-level term of aFμνF̃μν is canceled by the one-loop
contribution induced by the derivative interaction.

12In general, there is no reason why the full ALP potential,
determined by UV physics, is aligned with the potential gen-
erated by the GμνG̃

μν term. Thus, the value of the ALP field in
the minimum of its potential is not expected to cancel the θ phase.
We define the ALP field so that the minimum of its potential
corresponds to a ¼ 0.

13For a generic choice of gauge group and number of flavorsNf,
the interaction aTr½π3� is present and gives rise to semiannihila-
tions ππ → πa.
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The condition (i) is independent of the specific inter-
actions between the ALP and the SM sector and has been
studied in [18]. For the reader’s convenience, we briefly
review it. Given the interaction in Eq. (12), the dark pions
elastically scatter off ALPs with cross section

σvðπa → πaÞ ¼ m4
π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m4

a − 2m2
aðm2

π þ sÞ þ ðm2
π − sÞ2

p
8πf4aðs2 − ðm2

π −m2
aÞ2Þ

;

ð13Þ
where v is the relative velocity and the sum (average) over
the degrees of freedom of the final (initial) states has been
performed. To keep the dark pions and the ALP in kinetic
equilibrium at a common temperature, the elastic scatter-
ings have to be fast enough. To ensure this, one needs to
compare: (a) the rate at which energy is transferred through
the elastic scatterings, which tend to establish a common
temperature, (b) the rate of 3π → 2π processes, which
increase the pion temperature by converting mass into
kinetic energy, and (c) the Hubble expansion rate. By
comparing these rates, we find, in agreement with
Ref. [18], that kinetic equilibrium is maintained until the
temperature drops below Tdec ≃mπð

ffiffiffiffiffiffiffiffiffiffi
5πgρ

p
f4a=m3

πMPlÞ1=4
if ma ≪ mπ . If the ALP is nonrelativistic during DM
freeze-out, ma ≳mπ=20, its number density gets sup-
pressed by the Boltzmann factor na ∝ e−ma=T, so that the
rate of elastic scatterings drops exponentially and thermal-
ization is much harder. The precise condition is obtained
by solving the Boltzmann equation for the energy transfer
upon computation of the elastic collision rate, see the
discussion in Appendix A of [18]. To understand the
dependence on the parameters, we observe that close to
the freeze-out temperature the rate of 3π → 2π processes is
of the order of ≃H. Thus, kinetic equilibrium is established
if ðT=mπÞneqa hσviπa ≳H. We require that Tdec ≤ Tfo, so
that kinetic equilibrium is kept until dark matter freeze-out.
On the other hand, Eq. (12) also gives rise to ππ → aa

annihilations. In the nonrelativistic limit, they proceed with
thermally averaged cross section

hσviππ ≡ hσviðππ → aaÞ ≃ m2
π

64πNπf4a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

m2
a

m2
π

s
: ð14Þ

These processes must be subleading compared to the
3π → 2π annihilations, to not modify the computation of
the relic abundance. We simply require that the correspond-
ing interaction rate is smaller than the Hubble rate at the
time of dark matter freeze-out, nπhσviππ ≤ HjT¼Tfo

.
Much more stringent constraints arise from measure-

ments of the cosmic microwave background (CMB) and
indirect detection searches. Indeed, dark matter annihila-
tions ππ → aa are followed by ALP decays a → eþe−. On
the one hand, the electrons and positrons produced by dark
matter annihilations can scatter off the photons of the CMB

and modify the evolution of recombination, leaving an
imprint on the CMB anisotropies. On the other hand, x-ray
telescopes can detect the photons produced via inverse
Compton scattering of background radiation off electrons
originating from DM annihilations. Since ALP decays are
practically instantaneous and proceed with branching ratio
equal to one, the constraints apply directly14 on hσviππ .
CMB measurements set the strongest bounds [92–94]
hσviππ ≲ 5 × 10−29 cm3= sec for dark matter masses below
∼200 MeV. For heavier DM masses, up to ∼5 GeV, the
strongest constraints are provided by x-ray telescopes such
as XMM-Newton telescope [95], hσviππ ≲ 10−28 cm3= sec.
Notice that these constraints are slightly stronger with
respect to those used in [18], where the ALP decays to
photons.
We show the parameter space in the right plot of Fig. 1,

as a function of the scale fa, for two representative values
of the dark matter mass mπ. For each choice of mπ , the
colored area represents the allowed region, which lies
around fa ∼Oð100Þ GeV. Smaller values of fa lead to
stronger dark matter annihilations, which are excluded by
CMB and indirect detection constraints. Notice that dark
matter annihilations to ALPs dominate over 3π → 2π
annihilations only in regions which are already excluded
(above the dashed lines, only visible formπ ¼ 1 GeV in the
plot). On the other hand, for larger values of fa, dark matter
scatterings off ALPs are not efficient enough to establish
kinetic equilibrium. Finally, we notice that a different
choice of mπ , in the range of Eq. (6), would lead to an
allowed region which interpolates between those shown
in Fig. 1.

D. ALP-electron thermalization

In this subsection we address the condition (ii). The
relevant processes are ALP decays a → eþe− and scatter-
ing processes ae → γe, together with their corresponding
inverse reactions.
The ALP decays with thermally averaged decay rate

hΓai ¼ ðK1ðma=TÞ=K2ðma=TÞÞΓa. The inverse decays
eþe− → a proceed with rate hΓIDi ¼ ðneqa =neqe ÞhΓai, which
is exponentially suppressed at temperatures T < ma. Such
rates should be faster than the Hubble expansion at the time
of dark matter freeze-out. This leads to

Γama

4HT
e−ma=2T

����
T¼Tfo

≳ 1; ð15Þ

see the Appendix A for more details.
At the same time, the ALPs scatter off electrons and

positrons converting to photons with thermally averaged
cross section

14All the bounds are obtained for annihilations into eþe−.
Since every annihilation process ππ → aa gives rise to a
eþe−eþe− final state, a small correction could be expected.
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hσvðae� → γe�Þi ¼ γeqae
neqa n

eq
e
; ð16Þ

in terms of the interaction rate density

γeqae ¼ T
32π4

Z
∞

ðmaþmeÞ2
ds

ffiffiffi
s

p
K1

� ffiffiffi
s

p
T

�Z
dt

jMaej2
8πs

; ð17Þ

where in the amplitude we perform the average over the
initial state (denoted by the bar) and the sum over the final
state. In the limit in which the electron mass can be
neglected, the amplitude of the process is given by

jMaej2 ¼ 8παemg2ae
t2 þm4

a

sðsþ t −m2
aÞ
; ð18Þ

where s and t are the usual Mandelstam variables. We
require that the scattering rate is faster than the Hubble rate

Γscatt ¼
X

f¼feþ;e−g
neqf hσvðaf → γfÞi≳H; ð19Þ

at the time of dark matter freeze-out. In our numerical
calculations we adopt a more precise condition, obtained by
solving the Boltzmann equation for the energy transfer rate,
see details in Appendix A. The ALPs are kept in equilibrium
with the SM bath as long as at least one of the conditions in
Eqs. (15) and (19) is satisfied. Decays and inverse decays
are more efficient ifma ≳ Tfo, while scattering processes are
more efficient for very light ALPs,ma ≪ Tfo. Indeed, when
the ALP is relativistic, T ≫ ma, its decay rate is suppressed
by the boost factor ∼ma=T, while the scattering rate is
proportional to the number density ∝ T3.

E. ALP constraints

In the parameter space of our interest, electrophilic ALPs
are mostly constrained by laboratory searches, while cos-
mological constraints are not relevant [44]. Indeed, ALPs
heavier than Oð2.5Þ MeV do not contribute to the effective
number of neutrinos Neff . Furthermore, as already pointed
out, the lifetime of our ALP is much shorter than 1 sec,
thus avoiding constraints from big bang nucleosynthesis.
On the other hand, some constraints on electrophilic ALPs
come from the cooling and explosion of the Supernova
SN1987A. However, these affect only low values of
gae=me ≲ 10−3 GeV−1 and are not competitive with labo-
ratory searches (see, for instance [47,96]).
The strongest constraints are set by beam-dump experi-

ments such as E137 [97] performed at SLAC and NA64
[98] (both in the visible and invisible modes) at CERN. The
ALP particle is produced from the interaction of the beam
with the target mostly via dark bremsstrahlung and
Primakoff processes and subsequently decays inside (vis-
ible) or outside (invisible) the detector. Large couplings,
gae=me ≳ 0.1 GeV−1, are also constrained by the BABAR
[99] collaboration, reinterpreting the constraints for dark
photon production and decay15 (eþe− → γa, followed by
a → eþe−) and by searches of rare meson decays πþ →
eþνa [100] and Kþ → eþνa [101]. Finally, the anomalous
magnetic moment of the electron ae ¼ ðge − 2Þ=2 does not
impose any binding constraint to an electrophilic ALP, see
the discussion in Ref. [44].
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FIG. 1. Summary of the constraints for different choices of dark matter mass. Left: thermalization between the ALPs and the SM is
efficient above the solid lines. The maximal value ofma allowed from CMB and indirect detection constraints is shown as a dashed line.
The gray region is excluded from laboratory searches and SN1987A. The available parameter space corresponds to the white region
above the solid line and at the left of the dashed line, as shown by the arrows. Right: the available parameter space corresponds to the
colored regions. These are bounded from above by CMB and indirect detection constraints and from below by the ALP-dark matter
thermalization condition. The red dotted line corresponds to an ALP of mass ma ¼ 17 MeV.

15Notice that for an electrophilic ALP, the bounds are
reinterpreted up to the muon production threshold ma < 2mμ ≃
200 MeV [44].
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We show the available parameter space in the left plot of
Fig. 1, in terms of the ALP-electron coupling gae=me. The
regions shaded in gray are excluded by laboratory searches
for electrophilic ALPs and SN1987A. The solid lines
correspond to the ALP-electron thermalization condition,
namely the weaker of Eqs. (15) and (19), for different
values of dark matter mass mπ. Thermalization is efficient
for values of the coupling above the lines, as indicated by
the arrows. In most of the parameter space, thermal
equilibrium is kept through ALP decays, while scatterings
become more relevant only at low ma, thus explaining the
kink around ma ∼mπ=50. The dashed lines represent the
maximal value of ma allowed by CMB and indirect
detection constraints (see the plot on the right).
In conclusion, for each value of mπ , the allowed

parameter space corresponds to the white region above
the solid line and on the left of the dashed line. On the one
hand, as the dark matter mass grows, the allowed region
gets wider. On the other hand, large values of ma are
excluded. Indeed, whenever the ALP becomes heavier than
the dark matter, its number density—and thus the relevant
rates for thermalization—drops exponentially and thermal-
ization is not achieved. We conclude that the electrophilic
ALP portal works for ma ≲mπ. Compared to previous
studies, the parameter space is enlarged at low values of
the ALP mass. Indeed, masses as low as Oð10Þ MeV are
allowed in our scenario for each choice of DMmass. This is
due to the fact that the electrophilic scenario evades the
most stringent constraints arising from the ALP-photon
coupling. In particular, we highlight that an ALP with mass
of 17 MeV can be accommodated in our setup, as shown by
the red dotted lines in both plots of Fig. 1.
Finally, we note that the allowed region of parameter space

is consistent with interpreting the ALP as a pseudo-Goldstone
boson of a global Uð1Þ symmetry broken at the scale fa.
Indeed, by combining the two panels of Fig. 1, we find that
there exist regions, in particular around ma ¼ 17 MeV,
in which all constraints can be simultaneously satisfied
while preserving the relation gae=me ∼ 1=fa. This is
shown explicitly in Fig. 2, where we impose the condition
gae=me ¼ 1=fa.

F. Hints of an e + e− excess at 17 MeV

Recent PADME data [60] hint at a possible excess in
eþe− annihilation around a center-of-mass energy offfiffiffi
s

p
≈ 16.9 MeV. Although the global significance is only

at the ∼2σ level, the observation is intriguing because it is
consistent, within uncertainties, with the earlier ATOMKI
tensions [61–68] observed in nuclear transitions. This can
be potentially accommodated by introducing a new boson
commonly referred to as X17 [69–78]. Nevertheless, the
broader experimental picture remains highly dynamic,
especially in light of recent MEG II limits [102], and a
definitive confirmation or refutation of the X17 hypothesis
is still lacking.

In this work, we simply comment on the speculative
possibility that a 17 MeV pseudoscalar resonance coupled
to electrons, identified with the electrophilic ALP of our
framework, fits the current hints from PADME. We high-
light this with a dotted red line in Fig. 1 and Fig. 2. This
opens the intriguing possibility that the potential new light
boson may be connected to dark matter, acting as a
mediator between a dark sector and the SM. Some ideas
in this direction were proposed in [45,55,103] and, for a
vector 17 MeV resonance, in [72,104]. See also [105] for a
QCD axion interpretation of the 17 MeV resonance, though
not related to dark matter.
Notice that couplings to quarks could also be introduced

in our framework to simultaneously address the ATOMKI
observations [61–68]. While this would make the analysis
more involved, it would not substantially affect our main
conclusions concerning the role of the ALP as a dark matter
mediator. Indeed, the thermalization between the ALP and
the SM sector would at most benefit from the presence of
new interactions, while the CMB and indirect detection
limits would be at most comparable to those from the
electron-positron channel. On the other hand, laboratory
constraints on the ALP-quark coupling, independent of the
role of the ALP as a dark matter mediator, should be
considered. Given the speculative nature of this potential
resonance, we adopt a minimal approach; a more detailed
investigation of the X17 scenario will become meaningful
once stronger experimental confirmation is available.

Thermalization
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FIG. 2. We show for the pseudo-Goldstone interpretation of
the ALP, gae=me ≡ 1=fa, the combination of all the con-
straints of Fig. 1. The red (green) [blue] area is allowed for
mπ ¼ 0.1ð0.5Þ½1� GeV. The gray area is excluded by laboratory
and SN constraints, while the white region is excluded by
CMB/indirect detection and failure to achieve an efficient
ALP-DM thermalization, see the caption of Fig. 1 and the
main text for details. The value of gae is always sufficiently large
to achieve an efficient ALP-SM thermalization. The red dotted
line corresponds to ma ¼ 17 MeV.
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Indeed, a new PADME data-taking campaign with an
upgraded detector is planned, aiming to significantly im-
prove the sensitivity and determine whether the observed
structure is a statistical fluctuation or a genuine signal of
new physics.

IV. THE MODEL WITH θ ≠ 0

In this section, we consider the impact of a nonvanishing
θ angle in Eq. (1). We focus on the case of degenerate
fermion masses, while we briefly comment on scenarios
with nondegenerate spectra in Appendix C. The θ angle of
the dark sector is not constrained by any experimental data,
so that θ ∼Oð1Þ is a viable choice. The chiral Lagrangian
in the presence of a sizable θ has been discussed also
in [11,31].
The θ phase induces new CP-violating interactions

among the dark pions and the ALP. More specifically, we
get an extra CP-violating cubic interaction

m2
π tan θ
4fa

aTr½π2� ¼ m2
π tan θ
2fa

aπaπa: ð20Þ

Notice that, since for Nf ¼ 2 both Tr½π3� ¼ 0 and
Tr½π5� ¼ 0, no θ-induced cubic and quintic interaction are
generated. For a generic choice of gauge group andNf, these
interactions are present and may contribute significantly to
the DM relic abundance [11,30].
The operator in Eq. (20) provides a novel channel for the

thermalization of dark matter. Indeed, the elastic scatterings
πe� → πe�, mediated by the t-channel exchange of the
ALP field, lead to a direct energy transfer from the dark
matter sector to the SM, which can be efficient enough to
establish kinetic equilibrium. This allows us to overcome
the two-step thermalization discussed in the previous
section. Furthermore, such thermalization mechanism is
no longer sensitive to the number density of the ALP, which
only acts as an off-shell mediator, so that a heavy ALP no
longer corresponds to an exponentially suppressed rate.
As a result, a sizable θ angle opens the parameter space for
ma > mπ , which is complementary to the one studied in the
previous section. We focus on this regime in the following.
Notice that the same coupling in Eq. (20) gives rise to dark
matter annihilations into electron-positron pairs, mediated
by s-wave exchange of the ALP. These are subject to strong
constraints, especially close to ma ∼ 2mπ.

A. Thermalization

The relevant processes for dark matter thermalization
are the elastic scatterings of dark matter with electrons and
positrons. These occur via the interaction in Eq. (20) and
the t-channel exchange of the ALP. This is similar to what
happens in models where SIMP dark matter interacts with
the SM via a dark photon portal [2,21,31]. The amplitude of
the process is

jMj2t ¼ −
g2aeg2ππat
ðm2

a − tÞ2 ; ð21Þ

where gππa ¼ m2
π tanðθÞ=fa, the bar denotes the average

over the initial state and we sum over the final state. In
the limit of massless leptons and heavy ALP, ma ≫ mπ ,
the corresponding cross section is

σvðπe� → πe�Þ ≃ g2aem2
πp2

e tan2 θ
8πm4

af2a
; ð22Þ

where pe is the momentum of the SM fermion. Dark matter
particles thermalize with the SM bath as long as [2,21]

5ζð5Þ
4

T
mπ

Γscatt ≳H; ð23Þ

where the scattering rate is given by

Γscatt ¼
X

f¼feþ;e−g
neqf hσvðπf → πfÞi: ð24Þ

In the limit of heavy ALP, we get

Γscatt ≃
45ζð5Þg2aem2

πT5tan2θ
8π3m4

af2a
; ð25Þ

while the general expression is obtained by integrating
numerically the cross section. We require that thermal-
ization is efficient at least until dark matter freeze-out,
computing the condition in Eq. (23) for T ¼ Tfo. Notice
that the heavy ALP approximation in Eq. (25) works very
well in all the interesting regions of the parameter space
since t≲OðT2

foÞ and ma ≫ Tfo ∼mπ=20.

B. Constraints

The operator in Eq. (20) also provides a new annihila-
tion channel for dark matter particles, namely the process
ππ → eþe−, which is mediated by the s-wave exchange of
the ALP. The corresponding amplitude is

jMj2s ¼
2g2aeg2ππas

Nπðs −m2
aÞ2

: ð26Þ

In the limit of heavy ALP, this provides the thermally
averaged cross section

hσviππ ≡ hσvðππ → eþe−Þi ≃
ma≫mπ g2aem4

πtan2θ
4πNπm4

af2a
: ð27Þ

This approximation fails close to the resonant region
ma ≳ 2mπ , where Eq. (26) diverges in the nonrelativistic
limit s ≃ 4m2

π , and the propagator must be “dressed,” adding
the extra term m2

aΓ2
a in the denominator. The thermally
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averaged cross section is then obtained upon numerical
integration of the amplitude.
In analogy with the previous section, we must ensure that

dark-matter annihilations into SM fermions remain sub-
leading compared to the 3π → 2π annihilations and do not
alter the relic abundance. This requirement is satisfied as
long as nπhσviππ ≲HjTfo

. Furthermore, the CMB and
indirect detection constraints discussed earlier apply directly
to hσviππ . It is worth noting that, unlike to scenarios with
a dark photon portal, where dark matter annihilations are
typically p-wave suppressed, in our setup the annihilations
proceed via an s − wave cross section and provide the
strongest constraints on the parameter space.
The elastic scattering of dark matter on electrons, relevant

for thermalization, could in principle provide a channel for
the direct detection of sub-GeV dark matter. In the case of
ALPs in Eq. (7), however, the γ5 structure of the electron
coupling suppresses the elastic cross section by the dark-
matter velocity, σπe ∼ v2, placing it far below the sensitivity
of current direct-detection experiments. More precisely, the
DM-electron elastic cross section is given by

σe ≃
α2emg2aeg2ππa

16π

m2
e

m2
πm4

a
; ð28Þ

where we used that the typical electron velocity is
ve ∼ αem > vDM ∼ 10−3 and the mediator is heavy,
ma ≫ me. The strongest constraints are reported in
Ref. [106] and can be recasted providing lower limits on
the scale fa (as a function of ma and mπ). The parameter
space of our interest, depicted in Fig. 3, lies well within the
current limits (in particular, for any choice of DM and ALP

masses shown in Fig. 3, fa is many order of magnitude
larger than the corresponding lower limit).
Finally, the interaction in Eq. (20) gives rise to

ALP decays to dark matter, a → ππ, forbidden if θ ¼ 0.
If ma > 2mπ the decay is kinematically open with rate

Γða → ππÞ ¼ Nπm4
π tan2 θ

32πf2ama

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
π

m2
a

s
: ð29Þ

As long as Γða → 2πÞ ≪ Γða → eþe−Þ, which corre-
sponds to

ffiffiffiffiffiffi
Nπ

p
tan θ=gae ≪ 2mafa=m2

π , the ALP decays
mostly to SM fermions, see the Appendix B for more
details. In such a case, the constraints for electrophilic ALPs
can be safely applied. In particular, large values of gae, up
to the perturbative unitarity limit (gae ≲

ffiffiffiffiffiffiffiffiffiffi
8π=3

p
), are

unconstrained for ma ≳ 250 MeV. In the opposite regime,
namely for large enough values of θ=gae, the ALP domi-
nantly decays to DM particles. The phenomenology is
different, and the strongest constraints for ma in the
0.2–8 GeV range come from missing-energy searches
at BABAR, which set an upper limit gae ≲ 10−4, see
Refs. [45,103,107].
We show the available parameter space in Fig. 3. We

chose values of gae such that all laboratory and astrophysical
constraints are safely evaded. In the gray region, dark matter
scatterings off electrons and positrons via the t-channel
exchange of the ALP are unable to keep kinetic equilibrium
until freeze-out. The orange region is excluded by CMB and
indirect detection constraints. Such constraints become
much stronger as we get closer to the resonant region
ma ≳ 2mπ . Above the orange dashed line, dark matter
annihilation to SM fermions dominates over 3π → 2π
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FIG. 3. Summary of the constraints in the case of a non vanishing θ angle and ma > mπ . The value of gae is chosen so that all
constraints from ALP laboratory searches are satisfied. In the gray region the dark matter does not thermalize with the SM efficiently,
while the orange region is excluded by CMB and indirect detection constraints. The available parameter space corresponds to the white
region. See the main text for details.
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annihilation, which occur only in regions which are already
excluded. Finally, the effective Lagrangian description is not
consistent in the red region, where fa < 2πfπ (only visible
in the plot on the left).
The allowed parameter space corresponds to the white

region. The presence of a sizable θ angle allows the
thermalization of the dark sector through a heavy ALP, with
ma > 2mπ and above the GeV scale, otherwise inaccessible
if θ ¼ 0. Furthermore, values of fa as low as ∼500 MeV are
allowed in this scenario.
In the left plot, mπ ¼ 100 MeV and the ALP decays

mostly to DM. The allowed region of the parameter space is
compatible with the scenario in which the ALP is a pseudo-
Goldstone boson. To emphasize that, we show two dotted
lines corresponding to Ce ¼ gaefa=me ¼ 0.1, 1 and a
dashed line below which ma < fa.
As the dark matter mass increases, larger values of fa

and gae are needed to satisfy the constraints, so that
gae=me ≫ 1=fa. Such large values of gae=me can be
realized if the ALP is not a pseudo-Goldstone boson. In
the right plot we show an example formπ ¼ 1 GeV. For the
chosen values of gae and θ, the ALP decays mostly to
electron-positron pairs.

V. CONCLUSIONS

In this work, we have considered the scenario in which
dark matter is a dark pion emerging from a confining dark
sector, connected to the SM via an ALP mediator. The main
novelties of this work are the hypothesis that the ALP is
electrophilic, i.e., only couples to electrons at tree level, and
the topological θ angle of the dark confining sector is
nonvanishing.
The electrophilic nature of the ALP allows us to relax

the experimental constraints based on the axion-photon
coupling and enlarges the available parameter space for
ALP-mediated SIMP dark matter. In particular, we have
shown that an ALP as light asOð10Þ MeV can successfully
keep the dark matter in kinetic equilibriumwith the SM bath
while evading the most stringent constraints from CMB
measurements, indirect detection and laboratory searches.
We have emphasized that an ALP with mass in the range
ma ∼ 10–20 MeV and coupled to electrons is not only
viable but also particularly motivated, as it overlaps with
the possible 17 MeV resonance reported by the PADME
experiment.
Finally, we have shown that the inclusion of a θ angle

further enlarges the parameter space, allowing ALPs heavier
than the dark matter and above the GeV scale. In such a case,
dark matter thermalization proceeds via elastic scatterings
off electrons and positrons, directly induced by the θ para-
meter itself. In Appendix C, we briefly comment on the
model-building challenges for an ALP-mediator within
the dark matter model of Ref. [30], which deserve further
investigation.
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APPENDIX A: ALP-ELECTRON
THERMALIZATION

In this Appendix we derive the condition for an efficient
ALP-SM thermalization. We follow closely the analysis in
the Appendix C of Ref. [18] adopting their notation. We
review their derivation of Eq. (15) and extend their results
to the case of scatterings ae� → γe�. We denote the SM
temperature as T, while the ALP temperature as Ta. The
equilibrium label denotes quantities evaluated at the SM
temperature T. The relevant Boltzmann equations are

ṅa þ 3Hna ¼ −ðhΓaiTa
na − hΓaiTneqa Þ

− 2neqe ðhσvaeiTa
na − hσvaeiTneqa Þ ðA1Þ

ρ̇a þ 3Hðρa þ PaÞ
¼ −maΓaðna − neqa Þ
− 2neqe ðhσvaeEaiTa

na − hσvaeEaiTneqa Þ; ðA2Þ

where we used the fact that e� follow their equilibrium
distribution and the factor of 2 in front of neqe takes into
account the contribution of both electrons and positrons.
The thermally averaged decay rate is defined as

hΓaiT ¼ ma

hEaiT
Γa ¼

K1ðma=TÞ
K2ðma=TÞ

Γa; ðA3Þ

while

hσvaeiT ¼
T

32π4

R∞
ðmaþmeÞ2 ds

ffiffiffi
s

p
K1ð

ffiffi
s

p
T Þ
R
dt jMaej2

8πs

neqa n
eq
e

; ðA4Þ

FIORENTINO, GUO, LANDINI, and MESCIA PHYS. REV. D 113, 095015 (2026)

095015-10



hσvaeEaiT ¼
T

32π4

R
∞
ðmaþmeÞ2 ds

ffiffiffi
s

p
K1

� ffiffi
s

p
T

� R
dt jMaej2

8πs

�
sþm2

a−m2
e

2
ffiffi
s

p
�

neqa n
eq
e

; ðA5Þ

are the thermally averaged cross section and the energy
transfer rate between the ALP and the SM sector in each
scattering process, where the last factor in parenthesis is the
ALP centre of mass energy.
The Boltzmann equations can be written as

−T
∂na
∂T

þ 3na ¼ −
maΓa

H
na

 
hE−1

a iTa
− hE−1

a iT
neqa
na

!

−
2neqe na
H

 
hσvaeiTa

− hσvaeiT
neqa
na

!

≡ −
maΓa

H
nacDn −

2neqe na
H

cSn; ðA6Þ

− T
∂hEaiTa

na
∂T

þ 3hEaiTa
nað1þ waÞ

¼ −
maΓa

H
na

 
1 −

neqa
na

!

−
2neqe na
H

 
hσvaeEaiTa

− hσvaeEaiT
neqa
na

!

≡ −
maΓa

H
nacDρ −

2neqe na
H

cSρ; ðA7Þ

where wa is the ALP equation of state. In the following we
focus on very light ALPs, ma ≪ TðaÞ, which are relativistic
and satisfy wa ¼ 1=3. Combining the two equations above
and defining hE−1

a iTa
≡ αðTaÞ=hEaiTa

we get

∂hEaiTa

∂T
¼ hEaiTa

T
þmaΓa

HT

"
ð1− αÞ− neqa

na

 
1− α

hEaiTa

hEaiT

!#

−
2neqe
HT

½hEaiTa
cSn − cSρ�: ðA8Þ

The first term in the right-hand side (rhs) represents the
expansion of the Universe, which tends to cool the ALP bath,
while the second term corresponds to the interactions which
push toward thermal equilibrium. Thus, in order to guar-
antee an efficient thermalization, the second term must
overcome the first one. We assume that the ALP is close to
thermal equilibrium na ≃ neqa ðTaÞ and we expand the
previous equation for Ta ≃ T, so that

∂hEai
∂T

¼ hEai
T

−
�
maΓa

HT
ð2α − 3Þ

þ 6neqe
HT

ðhσvaeihEai − hσvaeEaiÞ
	�

Ta − T
T

�
;

ðA9Þ
where h…i ¼ h…iTa

≃ h…iT .
Decays and inverse processes dominate over scattering if

ma ≳ Tfo, so that thermalization is efficient as long as

maΓa

HT
≳ hEai
ð2α − 3ÞT ≃ 4; ðA10Þ

where we used that for a relativistic particle
α ¼ π6=360ζð3Þ2. We recover the result of [18], which
can be generalized to the case of heavier ALPs as in Eq. (15).
For lighter ALPs,ma ≪ Tfo, the decay rate is suppressed

by the boost factor ma=T, while scatterings are more
efficient. Since the ALP is very light in this regime we
can always rely on the relativistic approximation, so that
thermalization is efficient as long as

neqe
HT

ðhσvaeihEai − hσvaeEaiÞ≳ hEai
6T

≃ 0.45; ðA11Þ

which generalizes Eq. (19).
Notice that, we have assumed that ALPs are described

by an equilibrium distribution with a temperature Ta,
despite the fact that ALPs self-scatterings are quite sup-
pressed with respect to all the other relevant processes.
This approach is still justified as long as the interactions of
the ALPs with the SM bath are strong enough to keep them
always very close to thermal equilibrium, as required in our
setup. Furthermore, even if the ALP distribution deviates
from the equilibrium shape, there are no velocity-dependent
processes at the relevant energies that would significantly
influence the heat transfer between the sectors or the
evolution of the dark pion number density.

APPENDIX B: ALP DECAY MODES

As long asma < 2mπ , the ALP can only decay to visible
states, a → eþe−, with the decay rate given in Eq. (10).
Moreover, if θ ¼ 0, even if ma > 2mπ , the ALP couples to
the dark pions only quadratically, so that the decay into two
pions remains forbidden.
The situation changes once θ ≠ 0 and ma > 2mπ. In this

case, the θ angle induces the interaction in Eq. (20), which
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is linear in the ALP field, and the decay a → ππ becomes
kinematically allowed.
The decay rate to dark pions is given in Eq. (29). The

ALP decays mostly to visible states as long as

tan θ
gae

≪
2ffiffiffiffiffiffi
Nπ

p ma

mπ

fa
mπ

�
1 − 4m2

e=m2
a

1 − 4m2
π=m2

a

�1
4

: ðB1Þ

In Fig. 4, we show contours of the branching ratio
BRða → eþe−Þ as a function of gae and θ for two repre-
sentative benchmark points.

APPENDIX C: A COMMENT ON
THE MODEL OF REF. [30]

As a final remark, we briefly comment on the scenario of
nondegenerate quark masses. It has been shown recently
that a SUðNcÞ gauge sector with 3 light Dirac quarks
of different masses (m1 ≠ m2 ≠ m3) and a nonvanishing
θ angle can give rise to a meson spectrum with a resonance
[30,31]. More precisely, the spectrum of the pseudo-
Goldstone mesons resembles the one of ordinary QCD.
The lightest state, dubbed π0, constitutes the dark matter
candidate of the model, while the heaviest state, dubbed η,
satisfies mη ¼ ð2þ ϵÞmπ0 with ϵ ≪ 1. This setup is par-
ticularly interesting since the presence of the η resonance
and the θ angle can simultaneously explain the dark matter
relic abundance and provide velocity-dependent dark mat-
ter self-interactions in astrophysical halos. Most precisely,
dark matter self-interactions are characterized by a sharp
velocity dependence, which predicts large self-interacting
cross sections in small astrophysical halos, while evading
the stringent constraints derived from observational data
from galaxy clusters [81–84,86]. Reference [31] showed
that, within this “resonant model,” the presence of a dark

photon portal successfully establishes thermal equilibrium
between the dark matter and the SM bath in the early
Universe, ensures the dark matter stability and evades
indirect detection limits. An interesting question is whether
the ALP portal is also a viable option.
Here we highlight the main challenges for model-building:

first, nondegenerate quark masses unavoidably predict a
nonvanishing mixing between the dark matter particle and
the ALP [no symmetry prevents it, unlike the model of the
main text, which is protected by the global Spð2NfÞ]. This
can lead to dark matter decays (to eþe− if the ALP is
electrophilic or to photons otherwise) which may be too fast
to ensure cosmological stability of dark matter, unless some
cancellation in the mixing angle is provided. Furthermore, a
nonvanishing mixing between the ALP and the η resonance
is also present. This may lead to a resonant production of
SM particles via ππ → ðηÞ → eþe− in astrophysical halos,
where the self-scattering ππ → ðηÞ → ππ, mediated by an
on-shell η meson, is resonantly enhanced. This is severely
constrained by indirect detection limits which require a
small a − η mixing. Finally, if the ALP is lighter than the
dark matter, the a − η mixing also predicts ππ → πa anni-
hilations, which are enhanced with respect to ππ → aa by a
factor of ðfa=fπÞ2. As a result, the subsequent ALP decays
lead to indirect detection limits stronger than the ones
depicted in Fig. 1.
To summarize, the ALP portal faces some potential

issues which require dedicated model-building strategies.
One interesting possibility is to consider a variant of the
model of [30], with a degenerate quark spectrum and a
η0-like meson playing the role of the resonance. In such
a setup, dark matter would be absolutely stable, while
indirect detection constraints from η0 − a mixing would
represent the main challenge to be addressed.
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FIG. 4. The value of branching ratio for the process a → eþe− is shown for two representative benchmark points.
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