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Scattering interactions between dark matter and Standard Model states mediated by pseudoscalars are
generically challenging to uncover at direct detection experiments due to rates suppressed by powers of the
local dark matter velocity vDM ∼ 10−3c. However, they may be observed in the dark matter-induced heating
of neutron stars, whose steep gravitational potentials prevent such suppression by accelerating infalling
particles to semirelativistic speeds. We investigate this phenomenon in the context of two specific, self-
consistent scenarios for pseudoscalars coupled to dark matter, and compare the sensitivity of neutron star
heating to bounds from direct searches for the mediators and dark matter. The first “lighter” scenario
consists of sub-10 GeV mass dark matter mediated by an axionlike particle, while the second “heavier”
scenario has dark matter above 10 GeV mediated by a dark pseudoscalar that mixes with a pseudoscalar
from a two-Higgs doublet (the so-called 2HDMþ a model). In both frameworks, we show that imminent
measurements of neutron stars will be able to test pseudoscalar-mediated dark matter beyond the reach of
direct dark matter searches as well as bounds on the mediators from flavor observables, beam dump
experiments, and high-energy colliders.
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I. INTRODUCTION

Even as the hunt for dark matter (DM) is continuing on
an unprecedented scale, its identity remains a closely
guarded secret. Direct searches for DM in the form of a
weakly interacting massive particle (WIMP) [1,2] have
placed remarkable limits on DM over the mass range of
emDM ∼ 1 GeV–100 TeV [3–5]. The absence of WIMP
signals in direct detection experiments has also motivated
searches for other DM candidates over a broader range of
masses [6–8]. Notably, direct detection collaborations have
made substantial progress in the “light” DM regime of sub-
GeV masses, where the lower target recoil energies make
scattering more difficult to detect, with current limits down
to mDM ∼ 10 MeV in nuclear recoils and mDM ∼ 100 keV
in electron recoils [9].
Dark matter could also have avoided direct detection

in other ways. For instance, should scattering of DM on

targets proceed inelastically to an excited state (presumably
present in the theory due to an approximate symmetry),
the target recoil rates diminish rapidly with increasing mass
splitting between the dark states [10,11]. Likewise, the
scattering cross section of local DM in a target can be
highly suppressed if the underlying dynamics make it
proportional to positive powers of the DM velocity, vDM ∼
10−3 [12–15]. This latter scenario is realized when DM
connects to visible matter through a pseudoscalar mediator.
A comprehensive program to discover DM via scattering
must necessarily include probes beyond direct detection.
In recent times, signals from DM capture in compact

stars have emerged as a highly promising avenue; for
reviews, see Refs. [16,17]. In particular, capture in neutron
stars (NS), beginning with Ref. [18], has attracted much
attention by virtue of properties favorable to DM capture,
namely their steep gravitational potentials and high den-
sities. One of us recently showed with other collaborators
that old, isolated NSs would heat appreciably by the
transfer of kinetic energy from infalling DM, and that
the phenomenon could be detected with forthcoming
infrared telescopes trained at nearby NSs [19]. The obser-
vation of a population of anomalously warm NSs would
therefore provide evidence for DM, while the discovery of
even a single relatively cold NS could be used to exclude a
broad range of DM candidates. Much theoretical work has
followed this proposal [20–43], exploring several important
particle and nuclear astrophysics aspects.

*jwcoffey@uvic.ca
†mckeen@triumf.ca
‡dmorri@triumf.ca
§nraj@triumf.ca

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 106, 115019 (2022)

2470-0010=2022=106(11)=115019(19) 115019-1 Published by the American Physical Society

https://orcid.org/0000-0001-8949-1333
https://orcid.org/0000-0003-0936-5770
https://orcid.org/0000-0002-4378-1201
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.106.115019&domain=pdf&date_stamp=2022-12-19
https://doi.org/10.1103/PhysRevD.106.115019
https://doi.org/10.1103/PhysRevD.106.115019
https://doi.org/10.1103/PhysRevD.106.115019
https://doi.org/10.1103/PhysRevD.106.115019
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


NS heating by dark matter is also strongly comple-
mentary to other search methods. In particular, this
indirect probe is sensitive to many types of particlelike
DM that are challenging to detect through direct scatte-
ring in the laboratory. This includes lighter sub-GeV DM
[23,29,37,39,40], DM that scatters primarily inelastically
[19,23,25,42], and scenarios where the scattering rate of
DMwith nuclei is suppressed by positive powers of the DM
velocity [22,37,40].
In this study, we examine the sensitivity of the NS kinetic

heating mechanism to DM that connects to the Standard
Model (SM) through a pseudoscalar mediator. As men-
tioned above, pseudoscalar mediation suppresses scattering
cross sections in direct detection by multiple powers of
DM velocity. Neutron star heating overcomes this sup-
pression by virtue of the semirelativistic speeds with
which DM falls into NSs. This fact has been noted before
(in, e.g., Refs. [22,37,40]), but only in the context of a
generic pseudoscalar in the heavy mediator limit, i.e., in an
effective field theory (EFT) regime where the mediator
mass exceeds the momentum transfer. We expand on this
previous work by investigating the sensitivity of NSs to
pseudoscalar-mediated DM within self-consistent, ultra-
violet (UV) complete scenarios. This allows us to extend
beyond the range of EFT validity to cases where the
mediator is light relative to the relevant four-momentum
exchange, and to compare the reach of NS heating
observations to other tests of the DM particle as well as
the mediator itself.

To be concrete, in this work we study fermionic dark
matter χ and two realizations of lighter pseudoscalar
mediators. The first realization is in the form of an
axionlike particle (ALP) that couples primarily to gluons,
for which a UV completion may be specified, and on which
constraints have been placed by a multitude of experiments.
Since the ALP can be naturally light relative to the weak
scale, we focus on ALP mediators in the context of lighter
DM with mχ ≲ 10 GeV. This scenario provides a natural
theory of a very light mediator that extends beyond the
applicability of the EFT approach to NS capture of DM.
The second mediator realization we consider is the well-
studied two Higgs doublet model plus pseudoscalar, the
2HDMþ a, with Type-II couplings to SM fermions. Here,
the lighter pseudoscalar relevant to DM detection couples
primarily to quarks and has a mass that is typically near
the weak scale. We focus on this scenario to study DM in
the traditional WIMP mass range, mχ ≳ 10 GeV. The NS
capture dynamics in this regime can typically be captured
well by an EFT approach, and our analysis provides a way
to compare the approach to direct bounds on this specific
mediator.
In both these scenarios we find regions where the

discovery potential of NS heating is a considerable
improvement over existing constraints. Our primary results
are summarized in Fig. 1 for a benchmark ALP mediator
and in Fig. 2 for a benchmark 2HDMþ a mediator. ALPs
are generically excluded by beam dump searches for
masses below a few 100 MeV, but NS heating would

NS heating: ALP mediator

NS heating: r mediator

direct detection: r mediator

ma /m χ = 1/10 ma /m χ = 1

NS heating: ALP mediator

NS heating: r mediator

direct detection: r mediator

FIG. 1. Sensitivities to the ALP-gluon coupling versus dark matter mass, of neutron star heating from capture of DM mediated by the
ALP (solid lines) and the radial mode r (dashed lines) in our benchmark ALP scenario, for ALP-to-DM mass ratios of 1=10 (left) and 1
(right). The bands represent uncertainties in the mass-radius configurations of candidate neutron stars. Also shown are limits from dark
matter direct searches (brown region) and those on the mediator from beam dumps, rare meson decays, and astrophysics (gray region).
For further details, see Sec. V.
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probe surviving islands of parameter space in this region
as well as higher masses. The 2HDMþ a scenario for
certain parametric ranges remarkably survives a host of
collider and flavor constraints in the so-called alignment
limit, and we identify the regions that NS heating can
exclusively probe.
This paper is organized as follows. Following this intro-

duction, we describe our benchmark ALP and 2HDMþ a
scenarios in Sec. II. Next, in Sec. III we provide expres-
sions for nucleon scattering cross sections in both scenar-
ios. In Sec. IV we review neutron star capture of dark
matter with an emphasis on kinetic heating, and discuss
how these apply specifically to pseudoscalar mediation. In
Sec. V we present our results. Section VI is reserved for
conclusions and outlook. Various technical details under-
lying our main results are presented in Appendixes A, B,
and C.

II. BENCHMARK SCENARIOS

Our investigation focuses on Dirac fermion dark matter χ
that connects to the SM primarily through a lighter
pseudoscalar mediator. We do not attempt to specify the
cosmological origin of the χ abundance, but we note that
it can be consistent with bounds from indirect detection if
its abundance is asymmetric [44–46]. Furthermore, our
assumption of a pseudoscalar mediator also prevents large
nonperturbative enhancements of the annihilation and self-
scattering cross sections, even when the mediator is para-
metrically lighter than the DM state [47].

In our study we consider two benchmark scenarios for
the pseudoscalar mediator. In the first, we investigate light
(i.e., mass well below the weak scale) mediators that can
arise as ALPs from the spontaneous breaking of an
approximate global symmetry. In the second benchmark,
we use the 2HDMþ a model in which a singlet pseudo-
scalar couples to dark matter directly and connects to the
SM by mixing with a heavier pseudoscalar from a two-
Higgs doublet (2HDM) extension of the SM. This second
scenario motivates weak-scale mediator masses. Thus,
takingma ≤ mχ , we focus on the ALP-mediator benchmark
for lighter DM with mχ ≲ 10 GeV and the 2HDMþ a -
mediator benchmark for heavier DM with mχ ≳ 10 GeV.

A. Lighter mediator: Axionlike particles

A natural way to realize a light pseudoscalar below the
weak scale is in the form of an ALP that emerges as the
pseudo-Nambu-Goldstone boson from the spontaneous
breaking of an approximate but anomalous global Uð1Þ
symmetry [48–51]. Its mass is set by either the soft
breaking scale of the Uð1Þ or the mass scale of the gauge
sector containing the anomaly, and can be parametrically
small. Our first benchmark for a pseudoscalar mediator for
DM consists of an ALP that couples primarily to gluons.

1. Model and elementary couplings

In this context we consider a light pseudoscalar arising as
the phase of a complex scalar ϕ that couples to DM
according to

FIG. 2. Sensitivities to the angle of mixing between the pseudoscalars in our benchmark 2HDMþ a scenario versus dark matter mass,
of neutron star heating from capture of DM mediated by the pseudoscalar a for a-to-DM mass ratios of 1=3 (left) and 1 (right). The
bands represent uncertainties in the mass-radius configurations of candidate neutron stars. Also shown are limits from dark matter direct
detection (brown region), contours of cross sections within the reach of future detectors, and limits on the 2HDMþ a benchmark from
colliders and flavor observables (gray region). For further details, see Sec. V.
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L ⊃ −gχϕχ̄RχL þ H:c: ð1Þ

This is consistent with a global Uð1ÞPQ symmetry under
which ½ϕ�PQ ¼ 1 and ½χL�PQ − ½χR�PQ ¼ −1. If ϕ develops a
vacuum expectation value (VEV), we can write

ϕ ¼ fffiffiffi
2

p ð1þ r=fÞeia=f ð2Þ

with the real scalar rðxÞ and pseudoscalar ALP aðxÞ. This
leads to a mass for χ,

mχ ¼ gχf=
ffiffiffi
2

p
: ð3Þ

Changing variables such that χL → e−iβLa=fχL and
χR → e−iβRa=fχR with ðβL − βRÞ ¼ 1 removes the pseudo-
scalar from Eq. (1) at the cost of introducing new
interactions [52]:

L ⊃
∂μa

f
½βLχ̄LγμχL þ βRχ̄Rγ

μχR�

¼ ∂μa

2f
½ðβL þ βRÞχ̄γμχ − χ̄γμγ5χ�

¼ ðE:O:M:Þ þmχ
a
f
χ̄iγ5χ; ð4Þ

where (E.O.M.) refers to terms that vanish on-shell when
the equations of motion are satisfied. We also include an
explicit mass term for the ALP aðxÞ that softly breaks the
global Uð1Þ and allows us to treat the ALP mass ma as a
free parameter.
The pseudoscalar ALP can connect to the SM in the

presence of fermions with SM gauge charges that also get
their mass from the VEVof ϕ. To be concrete, we assume a
set of NQ fermions Q with SM charges ð3; 1; 0Þ together
with the coupling [53,54]

L ⊃ −yQϕQ̄RQL þ H:c: ð5Þ

As before, the interaction generates fermion masses mQ ¼
yQf=

ffiffiffi
2

p
as well as couplings of the form of Eq. (4) after

shifting field variables. The change of field variables also
generates an interaction between the pseudoscalar and
gluons [55,56]:

L ⊃
αs
4π

NQ

2

a
f
Ga

μνG̃
aμν

≡ cGG
αs
4π

a
f
Ga

μνG̃
aμν; ð6Þ

with cGG ¼ NQ=2. We note that the ALP literature often
expresses this coupling in terms of fa ¼ f=2cGG [52]. The
interaction of Eq. (6) is the primary connection between the
ALP and the SM.
Additional couplings to the SM will be generated by

running from the matching scale f down to the energies

relevant for DM scattering. Below the electroweak scale,
these take the form [55–58]

L ⊃
∂μa

f
ðf̄LγμkFfL þ f̄RγμkffRÞ; ð7Þ

where fL;R refer to SM fermions and kF and kf are
matrices in flavor space. For the dark matter analysis to
follow, we will be interested mainly in the flavor-diagonal
coupling combinations cii ¼ ðkfii − kFii

Þ. Relative to cGG
defined in Eq. (6), we find cii ∼ 10−2cGG.
Together with the ALP, this model also contains the

radial mode rðxÞ of the complex scalar, ϕðxÞ ¼ ðf= ffiffiffi
2

p Þ×
ð1þ r=fÞeia=f. In contrast to the ALP, however, this state
obtains a mass directly from spontaneous symmetry break-
ing withmr ∝ f. The most important couplings of r for our
analysis are

L ⊃
r
f
ð∂aÞ2 −mχ

r
f
χ̄χ þ αs

6π
cGG

r
f
Ga

μνGaμν; ð8Þ

where the last term is generated by integrating out the
heavy color-charged fermions for mQ ≫ mr.

2. Limits on the ALP Model

The most stringent bounds on the theory typically come
from the ALP mediator itself. Experimental limits on ALP-
type pseudoscalars coupling to the SM primarily through
the operator of Eq. (6) have been studied recently in
Refs. [55–58], while astrophysical limits from supernova
physics are calculated in Refs. [59–61]. We review and
summarize these limits in Appendix A and show the
exclusions as shaded regions in our sensitivity plots.
In addition to the ALP, the theory also contains the

heavier radial mode r and mediator quarks Q with masses
near m ∼ f. These are discussed in Appendix A and can
lead to further bounds on the theory, particularly for ALP
masses above ma ≳ 2 GeV. While the detailed bounds
depend on the specific UV details of the model, we find that
all current limits can be satisfied over the entire ALP mass
region of interest for cGG=f ≳ 10−2 GeV−1.

B. Heavier mediator: 2HDM+ a

As a benchmark model of a heavier pseudoscalar
mediator (ma ≳ 10 GeV), we consider the well-studied
2HDMþ a theory consisting of a two-Higgs doublet
model (2HDM) together with an additional pseudoscalar
a0 that couples to fermionic dark matter χ [62].

1. Model and elementary couplings

In this model a gauge-singlet pseudoscalar a0 interacts
with the Dirac fermion DM field χ via

Lχ ¼ yχa0χ̄iγ5χ: ð9Þ

COFFEY, MCKEEN, MORRISSEY, and RAJ PHYS. REV. D 106, 115019 (2022)

115019-4



The a0 also connects to the SM by coupling to the H1 and
H2 doublets of the 2HDM sector according to

La12 ¼ −iμa12a0H
†
1H2 þ H:c: ð10Þ

Together, the interactions of Eqs. (9) and (10) connect the
DM particle to the SM via the pseudoscalar a0.
The scalar sector of the 2HDMþ a model is described

by the potential

V ¼ V2HDM þ 1

2
m2

a0a
2
0 − La12; ð11Þ

where V2HDM is a standard two-Higgs doublet potential
[63,64]. On its own, the 2HDM gives rise to physical
scalars h and H, a pseudoscalar A0, and a charged complex
scalar H�. The 2HDM parameters in this potential can be
defined in terms of the expectation values v1 and v2 of
the doublets H1 and H2 with v ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p
¼ 246 GeV,

tan β ¼ v2=v1, the CP-even scalar mixing angle α, the
2HDMmassesmh,mH,mA0

,mH� , and the quartic coupling
λ3 connecting jH1j2 and jH2j2. We assume further that the
H1 andH2 doublets couple to the SM fermions in the Type-
II format whereH1 connects only to d- and e-type fermions
and H2 couples exclusively to u-type fermions. Including
the term of Eq. (10) leads to mixing between the a0 and A0

states described by the angle

tan 2θ ¼ −
2μa12v
m2

A −m2
a
; ð12Þ

wherema andmA are the physical masses of the lighter and
heavier pseudoscalars. Together with the angle θ, these
three parameters can be used to specify the theory in place
of ma0 , mA0

, and μa12.
After electroweak symmetry breaking, the physical

pseudoscalar mass eigenstates a and A couple to DM
and SM fermions according to

−LYuk ⊃
X
f

mf

v
ðξfaaþ ξfAAÞf̄iγ5f þ ðξχaaþ ξχAAÞχ̄iγ5χ;

ð13Þ

where for a Type-II 2HDM

ξua ¼ sin θ cot β; ξda ¼ sin θ tan β;

ξuA ¼ − cos θ cot β; ξdA ¼ − cos θ tan β;

ξχa ¼ yχ cos θ; ξχA ¼ yχ sin θ: ð14Þ

2. Limits on the 2HDM+ a model

For the dark matter studies to follow, we will focus on
the model in the limit of ma ≪ mA and jθj ≪ 1 in which

the light pseudoscalar is mostly singlet. The bounds on the
theory in this limit then mostly factorize into those on the
2HDM sector and those on the light pseudoscalar.
As a fixed benchmark for the 2HDM part of the

theory, we set tan β ¼ 3, mH ¼ mH� ¼ mA ¼ 600 GeV,
λ3 ≃m2

h=v
2, and work in the alignment/decoupling limit

of cosðβ − αÞ ¼ 0 such that the lighter h scalar couples
to the rest of the SM in the same way as the SM Higgs
boson [63,64]. As discussed further in Appendix B, in
the absence of pseudoscalar mixing these parameters are
consistent with direct and indirect bounds on the Type-II
2HDM including flavor, precision electroweak and Higgs
measurements, and collider searches. It also satisfies
the requirements of vacuum stability and perturbative
unitarity [65].
Within this 2HDM-sector benchmark we allow for

variations in ma and θ. We briefly summarize the bounds
on this parameter subspace here and discuss them in more
detail in Appendix B.
For ma ≲ 10 GeV flavor constraints arise. For 1 GeV≲

ma ≲ 10 GeV the most important of these come from
the loop-induced b-s-a coupling [66,67]. This effective
coupling leads to rare decays of bottom mesons, such as
Bs → μþμ− and B� → K�ð�Þμþμ−. Limits from the latter
process [68] constrain the mixing angle to be smaller than
Oðfew × 10−3Þ for ma ≲ 4 GeV.
Whenma ≤ mh=2, the decay channel h → aa can have a

significant branching fraction for jθj ≳ 0.05 leading to
bounds on θ of this order from searches for exotic
Higgs boson decays as well as Higgs rate measurements.
The strongest limits for larger ma ≥ 90 GeV come from
LHC searches for H=A → ττ and imply jθj≲ 0.1 up to
ma ≃ 2mt (for tan β ¼ 3). These bounds are shown in Fig. 6
in Appendix B and are summarized by the shaded gray
regions in Fig. 2.

III. DARK MATTER DIRECT DETECTION

In this section we provide expressions for the non-
relativistic nuclear scattering cross sections for DM direct
detection in the two benchmark models presented above.
Both models give rise to spin-dependent (SD) scattering on
nuclei through direct pseudoscalar exchange as well as
subdominant spin-independent (SI) scattering by other
mechanisms. We present the leading contributions to each
channel.

A. ALP model results

The dominant contributions to spin-dependent and spin-
independent scattering in the ALP scenario are shown in
Figs. 3(a) and 3(b), respectively. The former arises from
exchanging the pseudoscalar a together with its mixing
with the neutral pion, and the latter from the radial mode
rðxÞ in the t-channel. Both are dominated by the couplings
of the scalars to gluons rather than to quarks.
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1. ALP spin dependent

The interactions of Eqs. (6) and (7) connect the axion
to nucleons and lead to mixing with the neutral mesons.
Thus, the axion serves as a mediator between DM and
nucleons. To estimate these effects, we work in the limit
of two quark flavors as in Refs. [57,58] (although see
Ref. [69] for a related analysis that includes three flavors).
We estimate that an explicit three-flavor treatment leads
to only small changes at low momentum exchange
Q≡ ffiffiffiffiffiffiffiffi

jq2j
p ≲ 500 MeV, while for higher momenta other

uncertainties are expected to be more important.
The mixing between the axion and the neutral pion in

this context depends on the small parameter

ε≡ fπ
2f

�
cuu − cdd þ 2cGG

�
md −mu

mu þmd

��
; ð15Þ

where fπ ≃ 93 MeV is the pion decay constant. To leading
nontrivial order in ε, axion-pion mixing is described by the
mixing angle α given by

tanð2αÞ ¼ −2ε
minfm2

a;m2
πg

m2
π −m2

a
; ð16Þ

with physical masses

m2
ā;π̄ ¼

1

2

"
ðm2

a þm2
πÞ

∓ ðm2
π −m2

aÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4ε2 minfm4

π; m4
ag

ðm2
π −m2

aÞ2

s #
; ð17Þ

where

m2
π ¼ B0ðmu þmdÞ;

m2
a ¼ m2

a0 þ 4m2
π

mumd

ðmu þmdÞ2
�
fπ
f

�
2

c2GG: ð18Þ

In terms of these parameters, and working to linear order in
ε but to all orders in α (to accommodate m2

a ≃m2
π), we find

the physical axion and neutral pion couplings to nucleons
N ¼ p, n and DM χ to be

L ⊃ N̄γμγ5
�
g0
2
uð0Þμ þ gA

2
σ3uð1Þμ

�
N þ χ̄γμγ5uðχÞμ χ; ð19Þ

with the axial isoscalar coupling gA ¼ Δp
u − Δp

d ≃ 1.246
[70,71], the isovector coupling g0 ¼ Δp

u þ Δp
d ≃ 0.339

[71], and

uðχÞμ ¼ −
1

2f
½ðcα þ ε̃sαÞ∂μāþ ðsα − ε̃cαÞ∂μπ̄�;

uð0Þμ ¼ C0

2f
½ðcα þ ε̃sαÞ∂μāþ ðsα − ε̃cαÞ∂μπ̄�;

uð1Þμ ¼ 1

fπ
½−ðsα − ε̃cαÞ∂μāþ ðcα þ ε̃sαÞ∂μπ̄�; ð20Þ

where C0 ¼ cuu þ cdd þ 2cGG, and ε̃ ¼ εΘðm2
π −m2

aÞ.
The couplings in Eq. (20) imply that DM-nucleon

interactions are mediated by a combination of axion and
neutral pion exchange. The leading Feynman diagrams for
spin-dependent N þ χ → N þ χ scattering are given in
Fig. 3(a), and the corresponding matrix element is

M ¼ ½ūN0iγ5uN �½ūχ0 iγ5uχ �CN
a ; ð21Þ

where

CN
a ¼ mχmN

f2
2cGG

q2 −m2
a
GN

a ðq2Þ; ð22Þ

with the form factor

(a) (b)

(c)

FIG. 3. Feynman diagrams leading to dark matter scattering on
nucleons in our setups. The mediators involved in our ALP and
2HDMþ a pseudoscalar scenarios are respectively labeled in red
and blue. (a) Spin- and velocity-dependent via exchange of ALP
and pion, or 2HDMþ a pseudoscalars. (b) Spin- and velocity-
independent via exchange of ALP radial mode. (c) Spin- and
velocity-independent loops involving 2HDMþ a pseudoscalars.
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4cGGGN
a ðq2Þ

¼
�
g0C0

q2 − c2αm2
π − s2αm2

a − 2ε̃sαcαðm2
π −m2

aÞ
q2 −m2

π

þ σ3NgA

�
2f
fπ

�
½sαcα − ε̃ðc2α − s2αÞ�

m2
π −m2

a

q2 −m2
π

�

→ g0C0 − σ3NgA

�
2f
fπ

�
ε

m2
π

q2 −m2
π
; ð23Þ

where σ3N ¼ �1 for N ¼ p, n and the last expression
applies for jm2

a −m2
πj ≫ εm2

π. For cuu; cdd → 0, this
form factor matches the leading CP-odd gluonic nucleon
form factor presented in Refs. [72,73] and given in
Eq. (31) below.
In the nonrelativistic limit, this matrix element leads to

spin-dependent scattering on nuclei with a per-nucleon
scattering cross section of

dσSD
dQ2

¼ 1

16π

Q4

Q2
maxðmχ þmNÞ2

jCN
a j2; ð24Þ

where Q2 ¼ jq2j is the three-momentum transfer and Q ≤
Qmax ¼ 2μNχvχ for incoming nonrelativistic DM velocity
vχ . A key feature of this result is that the total cross section
is suppressed by four powers of vχ after integrating up
to Q2

max.

2. ALP spin independent

The exchange of the radial mode r leads to nuclear
scattering independent of spin and velocity, via the
t-channel Feynman diagram in Fig. 3(b). Since the radial
mode is heavy, it can be safely integrated out based on the
interactions of Eq. (8) to yield an effective operator of the
form ð9αs=8πÞCGχ̄χGG with

CG ¼ 4cGG
27

mχ

f2m2
r
: ð25Þ

Matching this gluon operator to nucleons yields an effec-
tive SI-nucleon dark matter cross section of

dσSI
dQ2

¼ 1

Q2
max

μ2Nχ

π
jCN

r j2; ð26Þ

whereμNχ is thenucleon-DMreducedmass,CN
r ¼CGmNfNG,

and mNfNG ≃ 0.85 GeV is the CP-even gluon nucleon form
factor [72,73]. Integrating over Q2 gives

σSI≃ð2.0×10−46 cm2Þc2GG
�
μNχmχ

GeV2

�
2
�

f
mr

�
4
�
100GeV

f

�
8

:

Note that we have implicitly normalized the radial mode
massmr to f, a benchmarkwewill use throughout this paper.

B. 2HDM+ a model results

As in the ALP scenario, the 2HDMþ a scenario gives
rise to both spin-dependent and spin-independent nuclear
scattering. The former arises from the exchange of the
pseudoscalars and the latter via quantum loops, as depicted
in Figs. 3(a) and 3(c). A detailed treatment follows.

1. 2HDM+ a spin dependent

The SD per nucleon cross section with t-channel
mediation by a and A as in Fig. 3(a) may be written as

dσSD
dQ2

¼ 1

16π

Q4

Q2
maxðmχ þmNÞ2

jCN
PSj2 ð27Þ

with

CN
PS ¼

X
q¼u;d;s

CqðGN
q þGN

GÞ þ
X

q¼c;b;t

CqGN
G; ð28Þ

where

Cq ¼
mN

v

�
ξχaξ

q
a

m2
a − q2

þ ξχAξ
q
A

m2
A − q2

�
ð29Þ

and

GN
q ðq2Þ ¼ ΔN

q − q2
�

aNq;π
q2 −m2

π
þ aNq;η
q2 −m2

η

�
; ð30Þ

GN
Gðq2Þ ¼ð−1Þ

X
q¼u;d;s

m̄
mq

GN
q ðq2Þ: ð31Þ

Here, m̄ ¼ ð1=mu þ 1=md þ 1=msÞ−1, mπ ¼ 135 MeV,
mη ¼ 548 GeV, and the remaining coefficients can be
expressed in terms of the quark spin fractions ΔN

q . We
use the values from the recent average of 2þ 1þ 1 lattice
results of Ref. [71],

Δp
u ¼ 0.777; Δp

d ¼ −0.438; Δp
s ¼ −0.053; ð32Þ

with Δn
u ¼ Δp

d , Δn
d ¼ Δp

u , Δn
s ¼ Δp

s , and gA ¼ Δp
u − Δp

d .
The pole coefficients are [72,73]

apu;π ¼ −apd;π ¼
1

2
gA; aps;π ¼ 0;

with anu;π ¼ apd;π, a
n
d;π ¼ apu;π , ans;π ¼ aps;π, and

ap;nu;η ¼ ap;nd;η ¼ −
1

2
ap;ns;η ¼ 1

6
ðΔp

u þ Δp
d − 2Δp

s Þ:

We note that these quantities have moderate uncertainties,
but their effect is significantly less than other uncertainties
related to neutron star capture.
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2. 2HDM+ a spin independent

In the minimal 2HDMþ a model presented above there
is no tree-level contribution to SI nucleon scattering.
However, a velocity-independent SI interaction is generated
at loop level as illustrated in Fig. 3. These contributions
were studied in Refs. [62,66,74] and developed further in
Refs. [75,76].
The SI nucleon cross section can be written as

dσSI
dQ2

¼ 1

Q2
max

μ2Nχ

π
jCN

loopj2; ð33Þ

where

CN
loop ≃ CGmNfNG þ

X
q¼u;d;s

CqmNfNq ;

with the recent lattice determinations [77]

fpu ¼ 0.017; fpd ¼ 0.026; fps ¼ 0.049;

fnu ¼ 0.013; fnd ¼ 0.033; fns ¼ 0.049; ð34Þ

and fNG ¼ 1 −
P

q f
N
q ≃ 0.91.

Explicit expressions for the loop-induced Cq and CG

coefficients in the 2HDMþ a are collected in Ref. [75].
For the model parameters considered in this work, the
dominant loops for SI scattering correspond to the lower
two diagrams in Fig. 3. The Cq coefficients in Eq. (34) are
generated mainly by triangle diagrams of the form shown in
Fig. 3(c). The CG coefficient comes primarily from triangle
and box loops connecting to heavy (c, b, t) quarks. We
consider tan β ¼ 3, but at larger values a contribution from
two-loop diagrams involving gluons can come to dominate
due to a tan4 β enhancement in loops involving bottom
quarks [75]. Higher twist operators are also considered in
Ref. [75], but we find that their numerical contributions
here are very small.
Let us note that similar loop diagrams in the ALP

benchmark contributing to the SI cross section can be
shown to be subleading to the tree-level contribution from
the radial mode presented above formr ≲ 4πf, correspond-
ing to the onset of strong (self-)coupling in the ALP theory.
This can be seen by formulating the ALP theory in terms of
Cartesian field coordinates (rather than the polar form
presented above), in which case the loop calculations in the
2HDMþ a from Ref. [75] can be applied directly. The
dominant diagrams for the ALP theory contribute to CG
and correspond to those shown in Fig. 3(c) with the quark
legs replaced by the mediator Q fermions and closed to
connect to gluons.

IV. NEUTRON STAR HEATING

We turn next to study the heating of neutron stars by the
infall and capture of local χ dark matter based on the two

mediator benchmark scenarios introduced above. First, we
review general features of dark kinetic heating of neutron
stars, and then we specialize to the specific aspects of the
capture and heating when DM connects to the SM through
a light pseudoscalar mediator.

A. Review of dark kinetic heating

For our treatment of DM capture in neutron stars we will
consider the following representative NS configuration:

MNS ¼ 1.5M⊙; RNS ¼ 12.85 km; ð35Þ
giving an escape speed at the surface

vesc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2GMNS

RNS

s
≃ 0.59: ð36Þ

This configuration is obtained from a quark meson cou-
pling (QMC) equation of state (EOS) of matter near nuclear
saturation densities in Ref. [36], where it is also shown
that near-identical results are obtained for the Brussels-
Montreal EOS “BSk24.” The self-interactions of the
nuclear medium in the NS core effectively modify the
neutron mass, mn → m̄n, and in our work we set

m̄n ¼ 719.6 MeV; ð37Þ

obtained by volume averaging the NS radius-dependent
effective mn shown in Ref. [36]. We will use this repre-
sentative NS configuration to illustrate our main effects and
to present the central values of our parametric reaches while
accounting for uncertainties in the (yet unknown) mass and
radius of candidate NSs.
To estimate the sensitivity of NS capture in the coupling-

mass space of the underlying DM theory, we first compute
the fraction of the DM flux incident on the NS that is
gravitationally captured. For local DM density ρχ and
average DM-NS relative speed vrel (which at the solar
position are, respectively, taken as 0.4 GeV=cm3 and
350 km=s [78]), the DM mass capture rate is given by [18]

_M ¼ mχCnχ ¼ ρχvrel × πb2max × pv × pσ; ð38Þ

where bmax ¼ RNSð1þ zÞðvesc=vrelÞ is the maximum
impact parameter of DM traversing the NS, with 1þ z ¼
ð1 − v2escÞ−1=2 a blueshift factor magnifying the NS radius
to a distant observer, and pv is the probability that a
scattered DM particle loses sufficient energy to be cap-
tured; in Appendix C we show that for pseudoscalar
mediation pv ¼ 1 is an excellent approximation throughout
the parameter space we consider. The probability that
incident DM is scattered is given by

pσ ¼ 1 − e−τ ≃ τ

¼ σnχ=σcap; ð39Þ
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where, for optical depth τ, the approximate equality in the
first line holds in the optically thin limit considered here.
The “capture cross section” above which τ > 1 in the NS
core is

σcap ¼

8>><
>>:

σ0ðm̄n=mχÞ; mχ < m̄n;

σ0; m̄n ≤ mχ ≤ PeV;

σ0ðmχ=PeVÞ; mχ > PeV;

ð40Þ

where the NS geometric cross section σ0 ¼ πðm̄n=MNSÞ×
R2
NS ≃ 2.2 × 10−45 cm2. The dependence on mχ in Eq. (40)

is understood by considering the typical DM recoil energy
in the neutron rest frame:

Erec ≃
m̄nm2

χγ
2v2esc

ðm̄2
n þm2

χ þ 2γm̄nmχÞ
; ð41Þ

with γ ¼ 1þ z. For mχ < m̄n, only a fraction ≃3Δp=pF of
degenerate neutrons close enough to their Fermi surface
receive the typical momentum transfer Δp ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2m̄nErec
p

to
scatter1 to above the Fermi momentum pF ≃ 0.4 GeV. This
so-called Pauli blocking gives σcap ∝ E−1=2

rec ∝ m−1
χ . For

m̄n ≤ mχ ≤ 106 GeV, a single scatter suffices for capture:
Erec ≃ m̄nv2escγ2 > KEhalo, the DM halo kinetic energy. For
mχ > PeV, multiple scatters are required for capture, so
that approximately σcap ∝ KEhalo=Erec ∝ mχ.
Under equilibrium, the kinetic power of the infalling

dark matter (the heating rate) equals the rate at which
photons are emitted from the NS surface (the cooling rate,
dominated by such photon emission for NSs older than
∼Myr [81,82]). Assuming blackbody radiation, the NS
luminosity corresponding to a temperature T (in the NS
frame) is then

L ¼ z _M ¼ 4πR2
NST

4: ð42Þ

This luminosity attains a maximum value Lmax for unit
capture probabilities pσ and pv.
Applying these general results to our representative NS

configuration with parameters as in Eq. (35), we find the
maximum luminosity

Lmax ¼ 7.6 × 1024 GeV=s: ð43Þ

This corresponds to a NS temperature seen by a distant
observer T̃ ¼ T=ð1þ zÞ of

T̃ ¼ 1400 K: ð44Þ

Such an NS temperature is measurable within reasonable
integration times at current and imminent infrared telescope
missions [19,22], in particular at the recently launched
James Webb Space Telescope (JWST)2 [84], and the
forthcoming Extremely Large Telescope [85] and Thirty
Meter Telescope [86].
Possible NS-reheating mechanisms that may compete

with DM kinetic heating are the following: (a) the accretion
of interstellar material, likely to be deflected along the NS’s
magnetic field lines such that only a small polar region is
heated, distinguishable from all-surface thermal emission
[87]; (b) rotochemical heating in the case of NSs with very
small (sub-7 ms) initial spin period for certain nucleon
pairing models [28].
While we focus on the heating of neutron stars from the

transfer of kinetic energy by captured dark matter in this
work, which applies to any type of dark matter candidate,
we note that dark matter that annihilates within a NS could
raise its brightness further [88,89] and thereby improve
telescope sensitivities [19,22,83]. This effect depends non-
trivially on whether the DM thermalizes with the NS over
the stellar lifetime [32,90], and we defer its study to a future
analysis.

B. Capture via (pseudo)scalar mediation

In Sec. III we computed per nucleon scattering cross
sections relevant for direct detection experiments. To apply
these to DM capture in neutron stars, where the incoming
DM and target nucleons are more energetic and can both be
semirelativistic [34,36,40], we generalize our previous
results in two ways. First, we extend the nucleon matrix
element coefficientsCN

i of Eqs. (23), (25), (29), and (34) by
multiplying them by a dipole form factor [72,73]

CN
i ðtÞ → CN

i ðtÞ ×
1

ð1 − t=M2
DÞ2

ð45Þ

with t ¼ q2 ¼ −Q2 and MD ≃ 1 GeV. This form factor
accounts for the inner structure of the nucleon probed at
higher momenta and corresponds to expanding beyond the
leading nontrivial order in an expansion in t=m2

N [72,73].
Our second modification is to use fully relativistic expres-
sions for the cross sections. In the notation of Sec. III, the
summed, squared, and averaged matrix elements are

1As noted in Ref. [79], for mχ ≲ 35 MeV nucleons in the NS
might not scatter elastically due to a superfluidity energy gap,
leaving DM to capture via collective excitations instead. A
detailed treatment of this effect is beyond the scope of this
work; however, we note that in the DM mass range where it
applies, current limits on our mediator already outdo the future
sensitivity of NS heating: see Fig. 1. For a study of collective
effects in NSs impacting light DM capture in certain models, see
Ref. [80].

2See Ref. [83] for an astronomical study on observing NS
heating at JWST.

NEUTRON STAR OBSERVATIONS OF PSEUDOSCALAR- … PHYS. REV. D 106, 115019 (2022)

115019-9



jMj2¼
(
jCN

i j2ð4m2
χ− tÞð4m2

N− tÞ; scalar;

jCN
i j2t2; pseudoscalar;

ð46Þ

where t ¼ q2 ¼ −Q2 is the usual Mandelstam variable.
Consider now the scattering of DMwith neutrons media-

ted by t-channel pseudoscalar exchange. The dependence
of the cross sections on momentum transfer makes this
effectively unobservable in direct detection, but we dem-
onstrate below that these channels can be dominant for DM
capture in neutron stars. To illustrate how pseudoscalar
mediation can be enhanced in NS capture with a focus on
the impact of the mediator mass, we use a simplified
pseudoscalar model with CN

PS;a → yχyn=ðm2
a − tÞ for effec-

tive DM and neutron couplings yχ and yn. In Fig. 4 we
show contours of constant NS luminosity, corresponding
one-to-one to contours of the capture probability pσ, in
the plane of mχ versus ma=mχ for the fixed coupling
product y2χy2n ¼ 10−14. Here, the entire region below the
contour depicting Lmax corresponds to pσ ¼ 1. The scaling
behavior of these contours can be understood as follows.
For mχ ≪ mn, the typical momentum transfer is Q≃
mχvescð1þ zÞ ≃mχ , so we have

σnχ jmχ≪mn
∝

m4
χ

ðm2
χ þm2

aÞ2
: ð47Þ

Combining this with the fact that for mχ < mn Pauli-
blocking sets pσ ∝ m−1

χ [Eqs. (39) and (40)] we obtain

Ljmχ≪mn
∝ pσ ∝

�
1=mχ ; ma ≪ mχ ;

m3
χ=m4

a; ma ≫ mχ :
ð48Þ

This is indeed the scaling we observe in the ma ≪ mχ and
ma ≫ mχ limits in Fig. 4.
For mχ ≫ mn, the typical momentum transfer is

Q ≃mnvescð1þ zÞ ≃mn, and hence

σnχ jmχ≫mn
∝

1

m2
χðm2

n þm2
aÞ2

: ð49Þ

In this mass range there is no Pauli blocking; hence, we find
these scalings in Fig. 4:

Ljmχ≫mn
∝ pσ ∝

�
1=m2

χ ; ma ≪ mn;

1=m2
χm4

a; ma ≫ mn:
ð50Þ

We will find the above features reflected in the NS heating
sensitivities we estimate below.

V. RESULTS

Having investigated our benchmark pseudoscalar-medi-
ated DM models as well as the general features of DM
kinetic heating of neutron stars, we now present our
specific results in detail.

A. ALP scenario

In Fig. 1 we show in red and purple bands the
sensitivity of NS heating to the dimensionless parameter
cGGmn=f characterizing the ALP-nucleon coupling
strength as a function of the DM mass mχ . The solid
curves are the sensitivities to spin-dependent scattering
on NS nucleons via ALP exchange, whereas the dashed
curves are to spin-independent scattering via exchange of
the radial mode r. The left panel corresponds to fixing
the mediator mass to ma ¼ mχ=10, representative of a
“light mediator” regime, whereas the right panel depicts
ma ¼ mχ to represent an “intermediate mediator mass”
regime.
The bands correspond to the reach over the model

parameter space from the measurement of a NS with
luminosity Lmax given in Eq. (43), where the upper
(lower) boundary is for a NS mass of MNS ¼ 1.5M⊙
(2.16M⊙). In general, the precise mass of the NS under
observation is not known, with heavier NSs yielding a
greater luminosity for a given capture cross section. This
is the largest astrophysical uncertainty in the capture rate,
spanning an order of magnitude and exceeding those
coming from other effects such as the unknown EOS of
NS matter and the superfluid nature of NS nucleons [17].
We estimate that the capture cross section varies by only
a factor of 1.6 across NS mass-radius configurations
across the mass range ½1.5; 2.16�M⊙ [36]. Therefore we
may infer that, for an observed NS luminosity, there is an
uncertainty of Oð10Þ in the minimum ALP-mediated DM

FIG. 4. Contours of constant NS luminosity, logarithmically
equispaced, for effective couplings y2χy2n ¼ 10−14 ¼ 1; here Lmax
is the maximum NS luminosity that may be imparted by kinetic
heating due to incident dark matter flux. Equivalently, these are
contours of y2χy2n corresponding to NS luminosity Lmax, with
values of y2χy2n that increase as we go from inner regions of the
plot to the outer.
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cross section deduced from it.3 In practice we fix this
uncertainty to σuncert ¼ 10, and as the ALP exchange (r
exchange) cross section ∝ f−4 (∝ f−8), the bands spread
vertically over factors of σ1=4uncert (σ

1=8
uncert).

The solid curves are seen to change slope at two different
DM masses: near mχ ¼ 20 MeV in a sharp manner, and
near mχ ¼ GeV more gently. The first feature is due to
cancellations between the isoscalar and isovector terms in
the form factor in Eq. (23) for small momentum transfers.
As we raise mχ above mπ (while keeping mχ < m̄n),
Eq. (23) is dominated by the isoscalar term, and we have
σnχ ∝ jMj2=m̄2

n ∝ f−4m2
χ . In this regime the NS capture

cross section σcap ∝ m−1
χ [Eq. (40)], thus the constraint

on 1=f ∝ m−3=4
χ . As we transition to mχ above m̄n, we

have Q ≃ m̄n, thus the spin-averaged jMj2 ∝ m2
χ=f4=

ðm̄2
n þm2

aÞ2. For ma ¼ mχ, we then have σnχ ∝ jMj2=
m2

χ ∝ f−4m−4
χ . As the NS capture cross section here is mχ

independent, the constraint on 1=f ∼mχ . For ma ¼ mχ=10
the turnover occurs at mχ ¼ a few ×m̄n as expected. We
also see that ALP exchange dominates the sensitivity to NS
capture over exchange of the heavier r-mode, and that the
latter has a different slope due to the simple μ2nχm2

χ=f8

dependence on the cross section.
Comparing across the two panels, we also see that near

mχ ≃ 10 GeV, the constraints on cGGmn=f are about 10
times weaker forma=mχ ¼ 1 than forma=mχ ¼ 1=10. This
is because in this region the cross section goes as f−4m−4

a .
However, as we go to smallermχ, and hence smallerma, the
ALP propagator in Eq. (21) is dominated by Q2 and the
cross section becomes insensitive toma, resulting in similar
limits. There is no change in the dashed curves across the
panels due to the r-exchange cross section being indepen-
dent of ma [Eq. (26)]. The brown region, which also does
not change across the panels, is the upper bound from direct
detection searches at SuperCDMS [93], Xenon-1T [94],
DarkSide-50 [95], and PandaX-4T [5]. These limits are
obtained from the spin-independent r-exchange; the spin-
dependent ALP exchange isQ4 suppressed and yields much
weaker limits. The direct detection limits are seen to be
generically weaker than the NS capture sensitivity due to
their large exclusioncross sections at subnuclearDMmasses,
where these searches are limited by recoil thresholds.
The gray shaded regions in the backgrounds of these

plots are excluded by constraints on the ALP mediator from

meson decay searches in beam dumps and from collider
searches; see Appendix A for particulars. The beam
dump searches lose their sensitivity above ma of
Oð100 MeVÞ–OðGeVÞ due to the kinematic limitation
in producing mesons. Likewise, for ma ≳ GeV a CMS
search for the chromomagnetic dipole moment of the top
quark [96] is limited by backgrounds, yielding an upper
bound of cGGmn=f ≲ 5 × 10−2. Thus NS heating could
emerge the sole probe in this mass regime for cGGmn=f
between ∼10−3 and 0.05, as seen in Fig. 1. A notable
feature in these limits is the islands of parameter space near
ma ¼ 100 MeV unconstrained by beam dumps and col-
liders. We see that the upper island ranging between
cGGmn=f ≃ 7 × 10−4 and 3 × 10−2 will be entirely covered
by NS heating in the light mediator case and mostly
covered in the equal-mass mediator case. The lower islands
around ma ≃ 10−4 may be partially covered by NS heating
in the light mediator case; with improved telescope
sensitivities to lower NS luminosities, it is possible for
some coverage of these islands in both the light and the
equal-mass mediator scenarios.

B. 2HDM+ a scenario

In Fig. 2 we show in red and purple bands the sensitivity
of NS heating to the a − A mixing angle θ as a function of
the DM mass mχ ; we cut off the plot at θ ¼ π=4 in order to
keep the lighter eigenstate a (heavier eigenstate A) mostly
the interacting field a0 (A0) after electroweak symmetry
breaking. The left (right) panel corresponds to a “light”
(“intermediate”) mediator withma=mχ ¼1=3 (ma=mχ ¼ 1).
As in the previous subsection, the bands represent the
uncertainty in NS mass-radius configurations, taken to be
σuncert ¼ 10. As the per nucleon scattering cross section
σnχ ∝ sin2 2θ [Eq. (27)], the bands spread vertically over a
factor of

ffiffiffiffiffiffiffiffiffiffiffiffi
σuncert

p
for small θ. Further, as σnχ ∝ m−6

χ for
fixed ma=mχ ratios, and as the NS capture cross section is
mχ independent in this regime [see Eq. (40)], the limits on
θ ∝ m3

χ for small θ, as seen in Fig. 2. As the mediator mass
exceeds the momentum transfer, it is possible to map our
results in this scenario to the EFT approach of Ref. [22].
The brown region in both panels is excluded by the most

recent limits from direct detection searches at PandaX-4T
[5] and Xenon-1T [4], using the spin-independent loop-
induced cross section we derive in Sec. III B 2. These
correspond to exclusion cross sections that range roughly
between 4 × 10−47 cm2 and 4 × 10−46 cm2. The loops that
result in SI scattering in direct detection result also in SI
scattering in NSs (see, e.g., Ref. [97] for implications for
NS cooling), but due to modest Q dependence the NS
heating reach (for σcap ≃ 2 × 10−45 cm2) is weaker than the
direct detection limits; thus we do not present it here. We
display contours of constant (spin-independent) σnχ ¼
10−47; 10−48; 10−49 cm2, depicting the approximate march
of progress expected of direct detection experiments of the

3If a candidate NS sufficiently old and cold is identified in the
sky, it is possible to constrain its mass and radius by various
techniques, especially if it is part of a binary system [91]. It is then
conceivable that the uncertainty on the DM capture rate from the
unknown NS mass and radius would then become subleading to
that from the unknown EOS of NS matter, which may be Oð1Þ
[17,26]. We note in passing that the DM capture rate in a binary
system is expected to be enhanced with respect to an isolated NS
by a factor of a few [92].
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next two generations until the so-called neutrino floor is
reached [98]. The gray regions in the background are
excluded by a host of collider and flavor data as detailed in
Appendix B.
Comparing across the two panels, we find that the NS

heating sensitivities on θ are about 10 times weaker in the
right panel, where a is thrice heavier. This is just as
expected from the scaling σnχ ∝ sin2 2θ=m4

a in Eq. (27),
implying that the exclusion on θ ∝ m2

a for small θ. Our NS
heating reach is seen to be stronger than the B → K�μμ
limits on the mediator, applicable to ma ≲ 4 GeV, for
mχ=ma ¼ 1=3 in the left panel. In this panel we also outdo
collider limits on the mediator from ττμμ searches for
12 GeV≲mχ ≲ 25 GeV. Whether we outdo ATLAS lim-
its from undetected final states depends on the unknown
mass of the NS observed: a 1.5M⊙ NS does not, whereas
greater masses yielding greater NS luminosity (depicted by
the red band) do. In the right panel with mχ=ma ¼ 1, our
reach is stronger than these limits by only a small margin
near mχ ¼ 10 GeV for a 1.5M⊙ NS, while outdoing them
for up to mχ ≃ 16 GeV as we increase the NS mass
to 2.16M⊙.
As for SI direct detection, we observe that these limits

are generally weaker than those from flavor and colliders
on the mediator, except for mχð¼ maÞ≳ 62 GeV in the
right panel, where there is a gap in collider limits from a
combination of kinematic limitations on Higgs decay and
lack of analysis on bb → A → ττ below mττ ¼ 90 GeV. In
any case, due to weak dependence on DMmass in the loop-
induced SI limits on θ contrasted with the rapid climb
(θ ∝ m3

χ) in the NS heating reach, we are generally stronger
than direct detection for small mχ in the mass range
displayed and weaker for higher mχ. It is interesting to
note that in low mass regions NS heating can reach smaller
couplings than future direct DM searches, even after the SI
neutrino floor is encountered in the latter. Thus in these
regions (mχ ≲ 30 GeV for mχ=ma ¼ 1=3 and mχ ≲
15 GeV for mχ=ma ¼ 1) NS heating may emerge a main,
if not sole, means to test the 2HDMþ a framework.

VI. CONCLUSIONS AND OUTLOOK

In this study we have shown that kinetic heating of
neutron stars by dark matter is a leading probe of dark
matter candidates that connect to the SM primarily through
pseudoscalar mediators. We have done so within the
context of two well-motivated, self-consistent pseudoscalar
mediator frameworks: axionlike particles for sub-10 GeV
DM masses, and the 2HDMþ a model for larger DM
masses. Our results are summarized in Figs. 1 and 2. These
plots demonstrate a strong complementarity between NS
heating tests of these scenarios and direct searches for DM
and their associated mediators.
Our work motivates generalizations in a number of new

directions:

(i) It would be interesting to explore other pseudoscalar
mediator frameworks beyond the specific ALP and
2HDMþ a scenarios presented here. In particular,
while we have considered a Kim-Shifman-Vain-
shtein-Zakharov (KSVZ)-type ALP that couples
exclusively to gluons (and DM) at the Peccei-Quinn
breaking scale f, other ALP scenarios with addi-
tional couplings to the SM would invoke further
constraints [58] and modify the effective nucleon
coupling and hence the sensitivity to NS heating.
This could be realized in the context of Dine-
Fischler-Srednicki-Zhitnitsky (DFSZ)-type ALPs
[99,100] that could induce direct couplings to quarks
or leptons. In particular, primarily leptonic ALP
couplings could lead to DM capture via scattering
with the large population of leptons present in
neutron stars [26,37–41].

(ii) The motivation of this work is to identify and
investigate self-consistent scenarios unfriendly to
direct detection but susceptible to NS capture.
Pseudoscalar mediation is one such important pos-
sibility. However, there are other ones explored in
the literature: models of inelastic DM (thermal
Higgsinos [19,23] and other electroweak multiplets
[101]), and muon-philic DM in a gauged Lμ − Lτ

model [38]. Yet more possibilities include DM in the
keV–GeV mass range with small scattering cross
sections, DM with large nuclear cross sections
shielded by the rock overburden, composite DM
with super-Planckian masses yielding too small a
flux for direct searches [7,8,102–104], and models
that lead to appreciable clustering of DM so that the
Earth encounters DM clumps too infrequently [79].
We leave these avenues of exploration to future
authors.

(iii) Certain model-specific assumptions here may be
relaxed, leading to a richer phenomenology that we
leave to future work. For instance, we chose the
maximummediator mass to be the DMmass in order
to avoid invisible decay modes; however, a recasting
of collider and flavor constraints incorporating such
decays would be an interesting exercise. Similarly,
while we had taken DM to be asymmetric, turning
on (even tiny) annihilation rates could not only
increase the resultant NS luminosity (see, e.g.,
Ref. [88]) but also invoke limits from indirect
detection. An interesting computation in this case
would be of the timescale for DM thermalization
with the NS. In particular, in regions leading to NS
capture via SI scattering via radial mode mediation
(regions above the dashed line in Fig. 1), repeated
scatters with NS nucleons would slow down DM
particles and the Q4-dependent ALP-mediated SD
cross section may get smaller than the SI cross
section, leading to the intriguing possibility that
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thermalization is driven initially by SD scattering but
later by SI scattering.

(iv) We have assumed here that either of our scenarios
makes up the entire DMpopulation.Were it instead to
constitute a fraction, the limits on the direct detection
cross section would weaken proportionally, but this
does not necessarily apply to NS heating. Rather, the
DM-heated NS’ luminosity would be proportionally
smaller, and hence a detailed astronomical treatment
such as in Refs. [19,22,83] must be carried out to
determine the most optimal filter, integration times,
and so forth.

As with the overheating of neutron stars in complete
models of exotic baryons [105–107], their overheating by
the capture of dark matter in complete models of the
mediator provides for upcoming astronomical missions the
added motivation of directly probing fundamental physics.
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APPENDIX A: LIMITS ON THE ALP MODEL

In this appendix we elaborate on the various limits on the
ALP mediator as shown in Fig. 5.

1. Collider and beam dump limits

Many of the limits we display were described in
Ref. [58] in the space of cGG=f vs ma; we reproduce
them here in the cGGmn=f vs ma plane by making the
substitution cGG → T2ðrÞ ¼ 1=2. (Some recent collider
limits overlap with these bounds [108–110], which we
do not display.) The key phenomenological divider here is
the QCD scale ∼mπ . A nonzero cGG induces sizable ALP
couplings to the photon via the QCD anomaly, cγγ ≃
−1.92cGG [56], so that for ma < mπ the diphoton mode
a → γγ dominates the ALP decay width. For ma > mπ the
branching to hadrons dominates, but decays to muons a →
lþl− at the subpercent level turn out to be important.
For ma < mπ the strongest terrestrial constraints come

from searches for Kþ → πþ þ Xinv at NA62 [111], with
Xinv an invisible state. In this range ofma the a → γγ decay
length exceeds the 10 m detector size and is thus unseen
[58]. Limits from KL → π0Xinv at KOTO [112] are weaker
due to suppressed CP-conserving couplings, and even
weaker limits are set by B → K�Xinv at Belle [113] and
πþ → aeþνe at PIENU [114]. For somewhat large ma and
cGG the a → γγ mode becomes visible, and limits are
obtained from Kþ → πþγγ andKL → π0γγ at E949, NA48,
NA62, and KTeV [115–118].
For 2mμ < ma < mB limits from Bþ → KþaðμμÞ and

B0 → K�aðμμÞ at LHCb [68,119] apply, and forma ≳ GeV
the strongest limits come from those placed by CMS [96]
on the chromomagnetic dipole moment of the top μ̂t,
defined by the effective operator

L ∈ −μ̂t
gs
2mt

t̄σμνTatGa
μν: ðA1Þ

The ALP contributes to μ̂t at one-loop order via diagrams
proportional to c2tt and cttcGG, and via wave function
renormalization of the external gluon ∝ c2GG [58]. For
ΛQCD ≲ma < 800 MeV we have limits from the visible
mode a → γγ at the CHARM beam dump [120], recast by
Kling in Ref. [121]. Near ma ¼ mη0 ≃ 500 MeV, due to
strong ALP-η0 mixing the ALP decay length falls short of
the detector distance, resulting in a gap in the limits.

2. Supernova limits

For small values of cGGmn=f limits from data on
supernovae come into play. For ma up to around
200 MeV, the classic limit from the overcooling of SN
1897A by the application of the so-called Raffelt criterion
is shown in Fig. 5. Here we have used the limit derived in
Ref. [59] assuming ALPs are produced in the supernova via
bremsstrahlung in nucleon scattering due to nonzero cGG.
In principle, ALPs are also produced by Primakoff con-
version, γp → ap; however, the limits from this process
assuming nonzero cγγ (trivializing all other couplings)
turn out to be much weaker than those from nucleon

FIG. 5. Limits on the ALP mediator in the plane of the effective
ALP-nucleon coupling versus the ALP mass, from beam dump,
flavor, collider, and astrophysical measurements. See text for
further details.
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bremsstrahlung [59], and therefore using just the latter is
a good approximation here. We also show limits from
the nonobservation at the SMM satellite of gamma rays
produced by long-lived ALPs decaying to photons outside
the proto-neutron star of SN 1987A, the so-called “ALP
burst” [61]. Both the cooling and ALP burst limits have a
ceiling from the fact that for sufficiently large couplings the
ALP is trapped within the proto-neutron star. Finally, we
also display limits recently placed in Ref. [60] by consid-
ering the boost in explosion energy from a → γγ in several
low-energy supernovae observed. We note that other
astrophysical limits apply for coupling ranges below our
description above in the ma ≲ 100 MeV region [61], but
we do not display them here as the limits we show are
already stronger than the NS heating sensitivities in this
mass range (see Fig. 1).

3. Bounds on the UV model

Our ALP model also contains heavy vectorlike mediator
quarks Q and the radial mode rðxÞ. Both imply additional
but model-dependent bounds on the theory.
With the minimal quantum numbers ð3; 1; 0Þ we have

considered so far, theNQ mediator quarksQ are stable. This
makes them dangerous if they were fully thermalized in the
early universe. Such states can annihilate very efficiently to
produce small relic densities relative to darkmatter formQ ≲
10 TeV [122–125]. After QCD confinement, the heavy
quarks form bound color-neutral states with themselves as
well as with ordinary quarks. The analysis of Ref. [124]
argues that rearrangement reactions convert the vast majority
of Q-SM mixed states to more deeply bound, neutral QQQ
and QQ̄ modes. Despite these multiple depletion mecha-
nisms, a small relic population of mixedQ-SM bound states
is left over. These carry noninteger electric charges and face
extremely strong constraints of nQ-SM=nB ≲ 10−21 from
searches for fractional charges in oil drop experiments using
standard andmeteoritic materials [126,127]. Sincewe do not
address the cosmological history of dark matter or the
mediators in this work, we do not pursue these limits further
and assume implicitly that no significant relic density of Qs
was created.
Direct collider searches for stableQ quarks place bounds

that are independent of cosmology. Following QQ̄ pair
production, the heavy quarks would be expected to
hadronize and lose energy as they pass through the detector

]128 ], in analogy to long-lived R-hadrons considered in
the context of (very) split supersymmetry [129–131].
Generalizing the calculations of Ref. [132] to color-triplet
fermions, we estimate that the LHC searches of
Refs. [133,134] translate into mQ ≳ 1500 GeV. Note that
since mQ=ðf=cGGÞ ¼ yQNQ=2

ffiffiffi
2

p
, this can be achieved

for cGG=f ≲ 10−2 GeV−1.
Collider searches also test the ALP and its related radial

mode. Both produce jet final states but in different ways.
For the ALP masses ma ≤ 10 GeV considered the

dominant ALP decay mode is to dijets or hadrons, and the
signal becomes very challenging at hadron colliders due to
backgrounds. At ma ¼ 10 GeV, the leptophobic Z0 search
of Ref. [135] translates into the bound cGG=f ≲ 3×
10−2 GeV−1, but we do not know of any useful bounds
at lower masses. The heavier radial mode with mr ∼ f
decays primarily via r → aa, leading to pairs of highly
boosted dijets. Assuming that each of these pairs is
reconstructed as a single jet, the dijet search of
Ref. [136] gives no bound for NQ ¼ 1 and cGG=f ≲ 2 ×
10−2 GeV−1 for NQ ¼ 10 and mr ¼ f. We estimate that
monojetlike searches for r → χχ̄ decays such as Ref. [137]
would give a similar sensitivity.
Motivated by the very strong bounds on stable mediator

quarks, we also consider a second scenario in which they
also carry hypercharge Y ¼ 1=3. This permits a small mass
mixing with dR-type quarks that allows their decays.
Hypercharging the mediators also leads to couplings of
the ALP and radial scalars to photons of the form

Leff ⊃
α

4π
ð2NcY2ÞcGG

a
f
FμνF̃μν

þ α

2π

�
4NcY2

3

�
cGG

r
f
FμνFμν: ðA2Þ

For the ALP, this corresponds to gaγγ ¼ 2αcGG=ð3πfÞ ≃
1.7 × 10−3cGG=f in the standard notation [52].
On their own, these couplings to photons (or hypercharge

vector bosons more generally) do not give stronger con-
straints on the ALP than the gluon couplings we have
considered [57]. When both photon and gluon interactions
are present, as we have here, bounds that rely on on-shell
a → γγ are weakened further by competing decays to
hadrons while collider limits can become much stronger
[138–140]. Extrapolating the recent LHC boosted diphoton
search of Ref. [141] to this scenario, we find cGG=f ≲ 5 ×
10−4 GeV−1 for ma ¼ 10 GeV. Unfortunately, this study
does not extend to lower ALP masses, and therefore we do
not obtain a related limit in thema ∈ ½2; 10Þ GeVmass range
of primary interest. The data scouting method proposed in
Ref. [140] is projected to have sensitivity to cGG=f ∼ 2×
10−3 GeV−1. We have also studied the impact of the induced
couplings of the radial mode to photons of Eq. (A2), but we
do not find any limits that are stronger than the dijet bounds
discussed already because of the dominance of the r → aa
decay mode together with the very small branching ratio for
a → γγ. Finally, we note that direct searches for pair-
produced heavy quarks give bounds that are similar to or
slightly weaker than mQ ≳ 1500 GeV [142–144].

APPENDIX B: LIMITS ON THE
2HDM+ a MODEL

The 2HDMþ a model consists of a 2HDM sector
together with an additional singlet pseudoscalar a0. This
latter state mixes with the A0 pseudoscalar from the 2HDM
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to produce two physical CP-odd mass eigenstates a and A
with mixing angle θ. In our dark matter analysis we
concentrate primarily on the limit of ma≪mA with jθj≪1
such that the lighter state is mostly singlet. As a benchmark
for our study, we fix mA ¼ mH ¼ mHþ ¼ 600 GeV,
tan β ¼ 3, λ3 ≃m2

h=v, and cosðβ − αÞ ¼ 0 corresponding
to the so-called alignment/decoupling limit [63,64]. The
dark matter dynamics then depend on ma and θ, which we
scan over.
These benchmark parameters fix the properties of most

of the 2HDM sector, and they allow this sector to be
consistent with direct and indirect bounds on it. For
tan β ¼ 3, the heavy Higgs masses are large enough to
be consistent with flavor bounds from B → Xsγ [145] and
Bs → μμ [75,146], as well as collider searches such as
Hþ → tb̄ [147] and H=A → ττ̄ [148,149]. Furthermore,
taking mH ¼ mHþ implies a residual custodial symmetry
that allows the model to reproduce the precision electro-
weak predictions of the SM to a very good approximation
[150]. Similarly, the alignment limit yields an SM-like
Higgs boson with production and decay rates effectively
identical to the SM [63,64].
While the 2HDM sector is largely safe in this bench-

mark, the presence of a lighter pseudoscalar implies bounds
on the mixing angle jθj for a given mass ma. As mentioned
in Sec. II B 2, flavor bounds can be important in this bench-
mark as well for ma ≲ 10 GeV. In our region of parameter
space, these are dominated by the flavor-changing coupling
of a to a bottom and strange quark induced at one loop [66].
Using the results of [67], we compute the rate for B� →
K�ð�Þða → μþμ−Þ and compare to the LHCb search for
promptly decaying bosons in this channel [68]. In addition,
there is a subdominant constraint that comes from requiring
that the branching fraction for Bs → μþμ− agree with the
world average of ð3.01� 0.35Þ × 10−9 [70]. The resulting
limits on θ from these processes are shown in Fig. 6.
Pseudoscalar masses ma ≲mh=2 are also strongly con-

strained by searches for rare SM Higgs decays. The decay
width for h → aa in our benchmark is [62,75,150]

Γðh → aaÞ ¼ λ2haa
32π

mh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ð2ma=mhÞ2

q
; ðB1Þ

where

λhaa ¼
ðm2

A −m2
aÞ

2mhv
sin2 2θ: ðB2Þ

With mA ¼ 600 GeV this width exceeds the total SM
Higgs width for jθj≳ 0.05, and thus Higgs measurements
imply bounds on the mixing angle near this level. Since
we focus on ma ≤ mχ , the a pseudoscalar decays visibly
through its mixing with the 2HDM pseudoscalar A.
Expressions for the widths of the a state are collected in
Refs. [150,151]. Exotic decays of the SM Higgs have been
searched for by LHC Collaborations [152], and in Fig. 6 we

show estimated limits from ATLAS searches for h → aa →
bbμμ [153] and h → aa → ττμμ [154] as well as CMS
searches for h → aa → bbττ [155] and h → aa → 4μ
[156]. Nonstandard Higgs decays are also constrained by
Higgs rate measurements if they do not contribute to
the standard SM Higgs search channels. Global fits to
ATLAS Higgs measurements put a limit on undetected
Higgs decays of BRund < 0.15 [157,158]. We also show
the corresponding limit on jθj≲ 0.04 in Fig. 6 under the
assumptions of unmodified SM Higgs production and that
h → aa decays do not significantly pollute SM Higgs rates.
Direct searches at the LHC become more important for

pseudoscalar masses above the Higgs decay threshold.
Collider bounds on the 2HDMþ a model have been
studied extensively for ma > 2mχ with dominant a → χχ̄
decays [66,146,151,159], but they have not been inves-
tigated in as much detail when this channel is closed and the
pseudoscalar decays visibly (but see Ref. [160]). We find
that LHC searches for H=A → ττ can be reinterpreted to
give the strongest limits on this scenario at higher amasses.
For our benchmark of tan β ¼ 3, the most important
production channel is in association with bottom quarks.
We estimate the production cross section by rescaling the
bbϕ cross sections tabulated in Ref. [161] by the appro-
priate factor of ðtan β sin θÞ2, and we derive bounds on jθj
by comparing to the limits obtained from ϕ → ττ searches
at ATLAS [149] and CMS [148]. The exclusions we find
based on these studies are shown in Fig. 6.

FIG. 6. Derived limits on the 2HDMþ a model in terms of the
light pseudoscalar massma and the pseudoscalar mixing angle jθj
from flavor tests, Higgs measurements, and collider searches. The
other 2HDMþ a model parameters are kept fixed at the bench-
mark values discussed in the text with Type-II couplings to
fermions, tan β ¼ 3, and mH ¼ mA ¼ mHþ ¼ 600 GeV.

NEUTRON STAR OBSERVATIONS OF PSEUDOSCALAR- … PHYS. REV. D 106, 115019 (2022)

115019-15



APPENDIX C: LIGHT MEDIATOR KINEMATICS
AND NS CAPTURE

In this appendix we show that the fraction of DM
scattering events in the NS that do not result in capture
is highly negligible in our scenario, i.e., pv → 1 in Eq. (38).
The case of pv ≪ 1 could potentially occur if the mediator
is much lighter than the momentum transfer, favoring
forward scatters with small energy losses insufficient for
capture. This can be seen in the normalized event distri-
bution with respect to the scattering angle variable
z≡ cos2 θlab ¼ ð1 − cos θCMÞ=2,

sðzÞ≡ 1

σ

dσ
dz

; ðC1Þ

plotted in the top panels of Fig. 7 with the left (right) panel
corresponding to mediation by a CP-odd (CP-even)
scalar of mass mϕ. Here we show distributions for various
values of mϕ=ð2μnχÞ scanning between the “light” and
“heavy” mediator regimes, since the momentum transfer
Q ≃ 2μnχ cos θlab. We find agreement for the CP-even
scalar case with Ref. [31].
We see that real scalar mediation is biased toward forward

events with small z as the mediator gets lighter, as expected
for dσ=dz ∝ ðQ2 þm2

ϕÞ−2. However, for pseudoscalar

mediation we see that events are biased toward larger z as
the mediator gets lighter, with sðzÞ getting flatter. This is
because here dσ=dz ∝ Q4=ðQ2 þm2

ϕÞ2; asmϕ is decreased,
backward events are more favored, and the sensitivity to z is
lost for mϕ ≪ q.
Capture in the NS is guaranteed if scattering on its

constituents depletes DM of its halo kinetic energy.
Thus the probability of postscattering capture is defined
by [31]

pv ¼
Z

1

zmin

dzsðzÞ;

zmin ¼
ðmχ þmnÞ2
4mχmn

v2halo
v2halo þ v2esc

; ðC2Þ

where we set vhalo ¼ 10−3c and vesc ¼ 0.59c in practice. In
the bottom panels of Fig. 7 we plot the probability of
not capturing, 1 − pv, for both the CP-odd and CP-even
mediators in the light regime. As a result of events weighted
toward z ¼ 1, we find 1 − pv negligible; i.e., pv ¼ 1 is
an excellent approximation in our treatment. This is not
the case for CP-even scalar mediators, where we see
that it is possible for an Oð1Þ fraction of scattering events
to evade capture for mϕ=ð2μnχÞ ≤ 0.01, as also shown
in Ref. [31].

FIG. 7. Top: Event distributions with respect to DM-nucleon scattering angle variable z≡ cos2 θlab. Bottom: Probability of not
capturing in the NS following DM-nucleon scattering. Left: Pseudoscalar mediation. Right: Real scalar mediation. Because of the q4

dependence in the cross section, the case of pseudoscalar mediators does not prefer forward scatters with low-energy transfers, unlike
light scalar mediators. This results in almost all scatters resulting in capture. See Appendix C for further details.

COFFEY, MCKEEN, MORRISSEY, and RAJ PHYS. REV. D 106, 115019 (2022)

115019-16



[1] M.W. Goodman and E. Witten, Phys. Rev. D 31, 3059
(1985).

[2] G. Jungman, M. Kamionkowski, and K. Griest, Phys. Rep.
267, 195 (1996).

[3] D. S. Akerib et al. (LUX Collaboration), Phys. Rev. Lett.
118, 021303 (2017).

[4] E. Aprile et al. (XENON Collaboration), Phys. Rev. Lett.
121, 111302 (2018).

[5] Y. Meng et al. (PandaX-4T Collaboration), Phys. Rev.
Lett. 127, 261802 (2021).

[6] A. Mitridate, T. Trickle, Z. Zhang, and K. M. Zurek, in
2022 Snowmass Summer Study (2022), arXiv:2203
.07492.

[7] P. Adhikari et al. (DEAP Collaboration), Phys. Rev. Lett.
128, 011801 (2022).

[8] D. Carney et al., arXiv:2203.06508.
[9] Y. Kahn and T. Lin, Rep. Prog. Phys. 85, 066901 (2022).

[10] D. Tucker-Smith and N. Weiner, Phys. Rev. D 64, 043502
(2001).

[11] D. Tucker-Smith and N. Weiner, Phys. Rev. D 72, 063509
(2005).

[12] J. Fan, M. Reece, and L.-T. Wang, J. Cosmol. Astropart.
Phys. 11 (2010) 042.

[13] M. Freytsis and Z. Ligeti, Phys. Rev. D 83, 115009 (2011).
[14] A. L. Fitzpatrick, W. Haxton, E. Katz, N. Lubbers, and Y.

Xu, J. Cosmol. Astropart. Phys. 02 (2013) 004.
[15] K. R. Dienes, J. Kumar, B. Thomas, and D. Yaylali, Phys.

Rev. D 90, 015012 (2014).
[16] P. Tinyakov, M. Pshirkov, and S. Popov, Universe 7, 401

(2021).
[17] E. Berti et al., in 2022 Snowmass Summer Study (2022),

arXiv:2203.07984.
[18] I. Goldman and S. Nussinov, Phys. Rev. D 40, 3221

(1989).
[19] M. Baryakhtar, J. Bramante, S. W. Li, T. Linden, and N.

Raj, Phys. Rev. Lett. 119, 131801 (2017).
[20] J. Bramante, A. Delgado, and A. Martin, Phys. Rev. D 96,

063002 (2017).
[21] C. Ilie, J. Pilawa, and S. Zhang, Phys. Rev. D 102, 048301

(2020).
[22] N. Raj, P. Tanedo, and H.-B. Yu, Phys. Rev. D 97, 043006

(2018).
[23] J. F. Acevedo, J. Bramante, R. K. Leane, and N. Raj,

J. Cosmol. Astropart. Phys. 03 (2020) 038.
[24] C.-S. Chen and Y.-H. Lin, J. High Energy Phys. 08 (2018)

069.
[25] N. F. Bell, G. Busoni, and S. Robles, J. Cosmol. Astropart.

Phys. 09 (2018) 018.
[26] R. Garani, Y. Genolini, and T. Hambye, J. Cosmol.

Astropart. Phys. 05 (2019) 035.
[27] D. A. Camargo, F. S. Queiroz, and R. Sturani, J. Cosmol.

Astropart. Phys. 09 (2019) 051.
[28] K. Hamaguchi, N. Nagata, and K. Yanagi, Phys. Lett. B

795, 484 (2019).
[29] W.-Y. Keung, D. Marfatia, and P.-Y. Tseng, J. High Energy

Phys. 07 (2020) 181.
[30] N. F. Bell, G. Busoni, S. Robles, and M. Virgato,

J. Cosmol. Astropart. Phys. 09 (2020) 028.
[31] B. Dasgupta, A. Gupta, and A. Ray, J. Cosmol. Astropart.

Phys. 10 (2020) 023.

[32] R. Garani, A. Gupta, and N. Raj, Phys. Rev. D 103, 043019
(2021).

[33] T. N. Maity and F. S. Queiroz, Phys. Rev. D 104, 083019
(2021).

[34] N. F. Bell, G. Busoni, T. F. Motta, S. Robles, A. W.
Thomas, and M. Virgato, Phys. Rev. Lett. 127, 111803
(2021).

[35] Y.-P. Zeng, X. Xiao, and W. Wang, Phys. Lett. B 824,
136822 (2022).

[36] F. Anzuini, N. F. Bell, G. Busoni, T. F. Motta, S. Robles,
A. W. Thomas, and M. Virgato, J. Cosmol. Astropart.
Phys. 11 (2021) 056.

[37] N. F. Bell, G. Busoni, and S. Robles, J. Cosmol. Astropart.
Phys. 06 (2019) 054.

[38] R. Garani and J. Heeck, Phys. Rev. D 100, 035039
(2019).

[39] A. Joglekar, N. Raj, P. Tanedo, and H.-B. Yu, Phys. Lett. B
809, 135767 (2020).

[40] A. Joglekar, N. Raj, P. Tanedo, and H.-B. Yu, Phys. Rev. D
102, 123002 (2020).

[41] N. F. Bell, G. Busoni, S. Robles, and M. Virgato,
J. Cosmol. Astropart. Phys. 03 (2021) 086.

[42] M. Fujiwara, K. Hamaguchi, N. Nagata, and J. Zheng,
Phys. Rev. D 106, 055031 (2022).

[43] K. Hamaguchi, N. Nagata, and M. E. Ramirez-Quezada,
J. High Energy Phys. 10 (2022) 088.

[44] S. Nussinov, Phys. Lett. 165B, 55 (1985).
[45] S. M. Barr, R. S. Chivukula, and E. Farhi, Phys. Lett. B

241, 387 (1990).
[46] D. E. Kaplan, M. A. Luty, and K. M. Zurek, Phys. Rev. D

79, 115016 (2009).
[47] P. Agrawal, A. Parikh, and M. Reece, J. High Energy Phys.

10 (2020) 191.
[48] R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440

(1977).
[49] R. D. Peccei and H. R. Quinn, Phys. Rev. D 16, 1791

(1977).
[50] S. Weinberg, Phys. Rev. Lett. 40, 223 (1978).
[51] F. Wilczek, Phys. Rev. Lett. 40, 279 (1978).
[52] L. Di Luzio, M. Giannotti, E. Nardi, and L. Visinelli, Phys.

Rep. 870, 1 (2020).
[53] J. E. Kim, Phys. Rev. Lett. 43, 103 (1979).
[54] M. A. Shifman, A. I. Vainshtein, and V. I. Zakharov, Nucl.

Phys. B166, 493 (1980).
[55] M. Bauer, M. Neubert, and A. Thamm, J. High Energy

Phys. 12 (2017) 044.
[56] M. Bauer, M. Neubert, S. Renner, M. Schnubel, and A.

Thamm, J. High Energy Phys. 04 (2021) 063.
[57] M. Bauer, M. Neubert, S. Renner, M. Schnubel, and A.

Thamm, Phys. Rev. Lett. 127, 081803 (2021).
[58] M. Bauer, M. Neubert, S. Renner, M. Schnubel, and A.

Thamm, J. High Energy Phys. 09 (2022) 056.
[59] F. Ertas and F. Kahlhoefer, J. High Energy Phys. 07 (2020)

050.
[60] A. Caputo, H.-T. Janka, G. Raffelt, and E. Vitagliano,

Phys. Rev. Lett. 128, 221103 (2022).
[61] A. Caputo, G. Raffelt, and E. Vitagliano, Phys. Rev. D 105,

035022 (2022).
[62] S. Ipek, D. McKeen, and A. E. Nelson, Phys. Rev. D 90,

055021 (2014).

NEUTRON STAR OBSERVATIONS OF PSEUDOSCALAR- … PHYS. REV. D 106, 115019 (2022)

115019-17

https://doi.org/10.1103/PhysRevD.31.3059
https://doi.org/10.1103/PhysRevD.31.3059
https://doi.org/10.1016/0370-1573(95)00058-5
https://doi.org/10.1016/0370-1573(95)00058-5
https://doi.org/10.1103/PhysRevLett.118.021303
https://doi.org/10.1103/PhysRevLett.118.021303
https://doi.org/10.1103/PhysRevLett.121.111302
https://doi.org/10.1103/PhysRevLett.121.111302
https://doi.org/10.1103/PhysRevLett.127.261802
https://doi.org/10.1103/PhysRevLett.127.261802
https://arXiv.org/abs/2203.07492
https://arXiv.org/abs/2203.07492
https://doi.org/10.1103/PhysRevLett.128.011801
https://doi.org/10.1103/PhysRevLett.128.011801
https://arXiv.org/abs/2203.06508
https://doi.org/10.1088/1361-6633/ac5f63
https://doi.org/10.1103/PhysRevD.64.043502
https://doi.org/10.1103/PhysRevD.64.043502
https://doi.org/10.1103/PhysRevD.72.063509
https://doi.org/10.1103/PhysRevD.72.063509
https://doi.org/10.1088/1475-7516/2010/11/042
https://doi.org/10.1088/1475-7516/2010/11/042
https://doi.org/10.1103/PhysRevD.83.115009
https://doi.org/10.1088/1475-7516/2013/02/004
https://doi.org/10.1103/PhysRevD.90.015012
https://doi.org/10.1103/PhysRevD.90.015012
https://doi.org/10.3390/universe7110401
https://doi.org/10.3390/universe7110401
https://arXiv.org/abs/2203.07984
https://doi.org/10.1103/PhysRevD.40.3221
https://doi.org/10.1103/PhysRevD.40.3221
https://doi.org/10.1103/PhysRevLett.119.131801
https://doi.org/10.1103/PhysRevD.96.063002
https://doi.org/10.1103/PhysRevD.96.063002
https://doi.org/10.1103/PhysRevD.102.048301
https://doi.org/10.1103/PhysRevD.102.048301
https://doi.org/10.1103/PhysRevD.97.043006
https://doi.org/10.1103/PhysRevD.97.043006
https://doi.org/10.1088/1475-7516/2020/03/038
https://doi.org/10.1007/JHEP08(2018)069
https://doi.org/10.1007/JHEP08(2018)069
https://doi.org/10.1088/1475-7516/2018/09/018
https://doi.org/10.1088/1475-7516/2018/09/018
https://doi.org/10.1088/1475-7516/2019/05/035
https://doi.org/10.1088/1475-7516/2019/05/035
https://doi.org/10.1088/1475-7516/2019/09/051
https://doi.org/10.1088/1475-7516/2019/09/051
https://doi.org/10.1016/j.physletb.2019.06.060
https://doi.org/10.1016/j.physletb.2019.06.060
https://doi.org/10.1007/JHEP07(2020)181
https://doi.org/10.1007/JHEP07(2020)181
https://doi.org/10.1088/1475-7516/2020/09/028
https://doi.org/10.1088/1475-7516/2020/10/023
https://doi.org/10.1088/1475-7516/2020/10/023
https://doi.org/10.1103/PhysRevD.103.043019
https://doi.org/10.1103/PhysRevD.103.043019
https://doi.org/10.1103/PhysRevD.104.083019
https://doi.org/10.1103/PhysRevD.104.083019
https://doi.org/10.1103/PhysRevLett.127.111803
https://doi.org/10.1103/PhysRevLett.127.111803
https://doi.org/10.1016/j.physletb.2021.136822
https://doi.org/10.1016/j.physletb.2021.136822
https://doi.org/10.1088/1475-7516/2021/11/056
https://doi.org/10.1088/1475-7516/2021/11/056
https://doi.org/10.1088/1475-7516/2019/06/054
https://doi.org/10.1088/1475-7516/2019/06/054
https://doi.org/10.1103/PhysRevD.100.035039
https://doi.org/10.1103/PhysRevD.100.035039
https://doi.org/10.1016/j.physletb.2020.135767
https://doi.org/10.1016/j.physletb.2020.135767
https://doi.org/10.1103/PhysRevD.102.123002
https://doi.org/10.1103/PhysRevD.102.123002
https://doi.org/10.1088/1475-7516/2021/03/086
https://doi.org/10.1103/PhysRevD.106.055031
https://doi.org/10.1007/JHEP10(2022)088
https://doi.org/10.1016/0370-2693(85)90689-6
https://doi.org/10.1016/0370-2693(90)91661-T
https://doi.org/10.1016/0370-2693(90)91661-T
https://doi.org/10.1103/PhysRevD.79.115016
https://doi.org/10.1103/PhysRevD.79.115016
https://doi.org/10.1007/JHEP10(2020)191
https://doi.org/10.1007/JHEP10(2020)191
https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevD.16.1791
https://doi.org/10.1103/PhysRevD.16.1791
https://doi.org/10.1103/PhysRevLett.40.223
https://doi.org/10.1103/PhysRevLett.40.279
https://doi.org/10.1016/j.physrep.2020.06.002
https://doi.org/10.1016/j.physrep.2020.06.002
https://doi.org/10.1103/PhysRevLett.43.103
https://doi.org/10.1016/0550-3213(80)90209-6
https://doi.org/10.1016/0550-3213(80)90209-6
https://doi.org/10.1007/JHEP12(2017)044
https://doi.org/10.1007/JHEP12(2017)044
https://doi.org/10.1007/JHEP04(2021)063
https://doi.org/10.1103/PhysRevLett.127.081803
https://doi.org/10.1007/JHEP09(2022)056
https://doi.org/10.1007/JHEP07(2020)050
https://doi.org/10.1007/JHEP07(2020)050
https://doi.org/10.1103/PhysRevLett.128.221103
https://doi.org/10.1103/PhysRevD.105.035022
https://doi.org/10.1103/PhysRevD.105.035022
https://doi.org/10.1103/PhysRevD.90.055021
https://doi.org/10.1103/PhysRevD.90.055021


[63] J. F. Gunion, H. E. Haber, G. L. Kane, and S. Dawson, The
Higgs Hunter’s Guide (CRC Press, 2000), Vol. 80.

[64] A. Djouadi, Phys. Rep. 459, 1 (2008).
[65] F. Kling, J. M. No, and S. Su, J. High Energy Phys. 09

(2016) 093.
[66] G. Arcadi, M. Lindner, F. S. Queiroz, W. Rodejohann, and

S. Vogl, J. Cosmol. Astropart. Phys. 03 (2018) 042.
[67] P. Arnan, D. Bečirević, F. Mescia, and O. Sumensari,

Eur. Phys. J. C 77, 796 (2017).
[68] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 115,

161802 (2015).
[69] N. Blinov, E. Kowalczyk, and M. Wynne, J. High Energy

Phys. 02 (2022) 036.
[70] P. A. Zyla et al. (Particle Data Group), Prog. Theor. Exp.

Phys. 2020, 083C01 (2020).
[71] Y. Aoki et al., Eur. Phys. J. C 82, 869 (2022).
[72] F. Bishara, J. Brod, B. Grinstein, and J. Zupan, J. High

Energy Phys. 11 (2017) 059.
[73] E. Del Nobile, The Theory of Direct Dark Matter Detec-

tion (Springer, New York, 2022).
[74] N. F. Bell, G. Busoni, and I. W. Sanderson, J. Cosmol.

Astropart. Phys. 08 (2018) 017; 01 (2019) E01.
[75] T. Abe, M. Fujiwara, and J. Hisano, J. High Energy Phys.

02 (2019) 028.
[76] F. Ertas and F. Kahlhoefer, J. High Energy Phys. 06 (2019)

052.
[77] C. Alexandrou, S. Bacchio, M. Constantinou, J. Finkenrath,

K. Hadjiyiannakou, K. Jansen, G. Koutsou, and A. Vaquero
Aviles-Casco, Phys. Rev. D 102, 054517 (2020).

[78] A.-C. Eilers, D.W. Hogg, H.-W. Rix, and M. K. Ness,
Astrophys. J. 871, 120 (2019).

[79] J. Bramante, B. J. Kavanagh, and N. Raj, Phys. Rev. Lett.
128, 231801 (2022).

[80] W. DeRocco, M. Galanis, and R. Lasenby, J. Cosmol.
Astropart. Phys. 05 (2022) 015.

[81] D. Page, J. M. Lattimer, M. Prakash, and A.W. Steiner,
Astrophys. J. Suppl. Ser. 155, 623 (2004).

[82] D. G. Yakovlev and C. J. Pethick, Annu. Rev. Astron.
Astrophys. 42, 169 (2004).

[83] S. Chatterjee, R. Garani, R. K. Jain, B. Kanodia, M. S. N.
Kumar, and S. K. Vempati, arXiv:2205.05048.

[84] J. P. Gardner et al., Space Sci. Rev. 123, 485 (2006).
[85] B. Neichel, D. Mouillet, E. Gendron, C. Correia, J. F.

Sauvage, and T. Fusco, arXiv:1812.06639.
[86] W. Skidmore et al. (TMT International Science Develop-

ment Teams & TMT Science Advisory Committee), Res.
Astron. Astrophys. 15, 1945 (2015).

[87] A. Treves, R. Turolla, S. Zane, and M. Colpi, Publ. Astron.
Soc. Pac. 112, 297 (2000).

[88] C. Kouvaris, Phys. Rev. D 77, 023006 (2008).
[89] A. de Lavallaz and M. Fairbairn, Phys. Rev. D 81, 123521

(2010).
[90] B. Bertoni, A. E. Nelson, and S. Reddy, Phys. Rev. D 88,

123505 (2013).
[91] F. Özel and P. Freire, Annu. Rev. Astron. Astrophys. 54,

401 (2016).
[92] L. Brayeur and P. Tinyakov, Phys. Rev. Lett. 109, 061301

(2012).
[93] M. Al-Bakry et al. (SuperCDMS Collaboration), arXiv:

2203.02594.

[94] E. Aprile et al. (XENON Collaboration), Phys. Rev. Lett.
123, 241803 (2019).

[95] P. Agnes et al. (DarkSide Collaboration), Phys. Rev. Lett.
121, 081307 (2018).

[96] A. M. Sirunyan et al. (CMS Collaboration), Phys. Rev. D
100, 072002 (2019).
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