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Leptophilic dark matter (DM) is a well-motivated thermal weakly interacting massive particle
framework that can evade stringent nuclear-recoil searches while remaining testable via DM-induced
heating of neutron stars (NSs). In this work, we study leptophilic scalar DM in a Uð1ÞLμ−Lτ

gauge extension
of the Standard Model, which provides a common leptophilic portal for all scenarios considered. To
reproduce the observed relic abundance while suppressing direct-detection signals, we investigate three
benchmark realizations: (i) a secluded DM scenario in which the relic density is set by annihilation into
Uð1ÞLμ−Lτ

gauge bosons and two pseudo-Nambu-Goldstone boson (pNGB) DM models based on (ii) an

SO(4) symmetry and (iii) an SO(3) symmetry. In the SO(4) pNGB model, the DM mass arises at tree level
from a soft breaking term, while the elastic scattering amplitude is suppressed by a symmetry-protected
cancellation. In the SO(3) pNGBmodel, the DMmass is generated radiatively at one loop via the Uð1ÞLμ−Lτ

gauge interaction, and we show that this gauging preserves the same cancellation mechanism, maintaining
compatibility with direct-detection null results. We perform a systematic parameter scan imposing relic
density, direct and indirect detection, and neutrino trident constraints and identify viable sub-TeV to TeV
DM candidates. Under the optimistic maximal-heating assumption that the capture rate reaches the
geometric limit and that the captured DM population efficiently thermalizes and attains capture-
annihilation equilibrium inside NSs, we find that the remaining parameter space can be tested by
near-infrared observations of old NSs, providing sensitivity complementary to terrestrial searches in
regions that are currently weakly constrained.

DOI: 10.1103/99hk-ddqf

I. INTRODUCTION

The discovery of the Higgs boson at the Large Hadron
Collider in 2012 marked the completion of the Standard
Model (SM) particle spectrum [1,2]. Despite this triumph,
the SM remains an incomplete description of nature, leaving
fundamental questions unanswered, most notably the par-
ticle origin of dark matter (DM). Cosmological observa-
tions, particularly of the cosmic microwave background [3],
establish that DM constitutes approximately 27% of the
Universe’s energy budget. Yet, the SM provides no viable
candidate. Unraveling the nature of DM and identifying its
nongravitational interactions remain the most pressing
challenges in high energy physics and cosmology.

For decades, the weakly interacting massive particle
(WIMP) has served as the leading paradigm, linking the
observed relic abundance to the freeze-out mechanism
governed by weak-scale couplings. However, this paradigm
faces increasing tension with null results. A succession of
direct detection experiments, including XENON [4], LUX-
ZEPLIN (LZ) [5], PandaX [6], and CDEX [7], have yielded
null results, imposing stringent constraints on the DM-
nucleon scattering cross section. This creates a significant
tension in simple WIMP models: the large couplings
required for thermal freeze-out often imply scattering rates
that are already ruled out. Consequently, reconciling the
null results of direct detection with the requirement of a
correct thermal relic density has become a central focus of
DM phenomenology.
To ameliorate this tension, theoretical efforts have fol-

lowed two avenues. The first approach involves modifying
the production mechanism itself, for instance, within the
framework of “secluded” dark matter. Here, the DM
candidate χ couples feebly to the SM but interacts signifi-
cantly with a secluded sector mediator X [8]. The correct
abundance is then achieved through annihilation channels
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such as χχ → XX, with variations including forbidden [9],
not forbidden [10], and catalyzed annihilation [11,12]
scenarios. The second approach focuses on suppressing
the direct detection signal via symmetry arguments. A
prominent example is the pseudo-Nambu-Goldstone boson
(pNGB) DM model, where a softly broken U(1) symmetry
leads to a momentum-suppressed scattering amplitude,
effectively canceling the signal at low velocities [13].
This mechanism has been successfully extended to UV-
complete U(1) theories [14–16], non-Abelian symmetries
[17–19], and vector-portal interactions [20].
If terrestrial direct detection continues to report null

results, astrophysical probes offer a complementary frontier.
In particular, the capture of DM by compact stars, e.g.,
neutron stars, has emerged as a sensitive probe [21–45]. The
gravitational capture of DM transfers energy to the star,
potentially heating old, cold neutron stars to temperatures
(≳1000 K), detectable by infrared observatories like the
James Webb Space Telescope, TMT, or E-ELT [32,46].
Crucially, this method can be sensitive to interactions that
standard direct detection misses. Since terrestrial experi-
ments rely primarily on coherent scattering off nuclei, they
are less sensitive to leptophilic DM. Neutron stars, however,
contain a degenerate population of leptons (electrons and
muons). Therefore, a DM candidate that couples preferen-
tially to leptons would naturally evade conventional direct
detection bounds while remaining testable through the
kinetic and annihilation heating of neutron stars.
The computational methodologies for evaluating DM

capture in neutron stars have been systematically developed
and refined in a series of works [41,47,48], including, in
particular, a relativistic treatment that is important for
lepton targets in neutron stars. Building on subsequent
advances in neutron-star capture calculations, neutron-star
heating has recently been explored as a probe of leptophilic
dark matter in the context of a Uð1ÞLμ−Lτ

gauge symmetry,
one of the simplest anomaly-free extensions of the Standard
Model [49,50]. An early study, Ref. [51], investigated the
capture of complex scalar dark matter in a secluded-sector
framework. More recently, Ref. [52] extended the analysis
to fermionic dark matter and presented an updated capture
calculation using the relativistic scattering formalism.
Along this line, we extend the discussion of neutron star
heating to leptophilic scalar dark matter and present three
concrete realizations. One scenario follows the secluded
paradigm as a warm-up and includes the relativistic
scattering treatment. The other two are based on the
pNGB DM framework. While the pNGB mechanism is
well known to suppress nuclear-recoil signals via naturally
realized destructive interference, its implementation in a
genuinely leptophilic gauge sector has been explored less
systematically, especially regarding the resulting neutron-
star heating signals. We therefore perform a comprehensive
study of these scalar scenarios, delineating the viable
parameter space using the relic density requirement, direct-

and indirect-detection limits [53], and constraints from
neutrino trident production [54]. Finally, we assess the
optimistic maximal-heating reach of neutron-star observa-
tions for these models and show that near-infrared obser-
vations can probe leptophilic interactions that are currently
weakly constrained by terrestrial experiments.
The paper is organized as follows. In Sec. II, we provide

a general discussion of neutron star capture rates via
effective operators and introduce the specific model setups.
Section III details the calculations for the relic density,
indirect detection, direct detection, and neutrino trident
constraints. In Sec. IV, we present our numerical results and
discuss the interplay between various experimental bounds
and the neutron star heating signal. Finally, we summarize
our findings in Sec. V.

II. LEPTOPHILIC DARK MATTER MODELS

A. Effective operator analysis

To demonstrate the sensitivity of neutron stars (NSs) to
dark matter candidates that evade conventional direct
detection, we focus on a class of leptophilic scalar dark
matter (χ) models. Specifically, we consider scenarios
where the effective interactions between DM and quarks,
described by the dimension-5 (χ�χq̄q) and dimension-6

ðχ�i∂↔μχÞq̄γμq operators (q ¼ u, d), are assumed to be
negligible. Consequently, the stringent constraints from
terrestrial direct detection experiments are naturally evaded.
We assume that the communication between the dark sector
and the SM is dominated by a dimension-6 current-current
interaction, given by

Ldim 6 ¼
1

Λ2

�
χ�i∂

↔

μχ
�
l̄γμl; ð1Þ

where χ and l represent the scalar dark matter and SM
leptons, respectively. Through this interaction, DM particles
can scatter off electrons or muons within compact objects
such as neutron stars, leading to the capture and subsequent
energy loss of the DM. Assuming that the kinetic and rest
mass energy of the captured DM is fully thermalized and
released via annihilation into SM particles, the NS surface
temperature can be heated to over 2000 K [52].
For a given equation of state (EoS) of the NS, the capture

rate in the optically thin limit is given by [41,47,48,55]

C ¼ 4π

v⋆

ρχ
mDM

Erf

� ffiffiffi
3

2

r
v⋆
vd

�Z
R⋆

0

ffiffiffiffiffiffiffiffiffi
AðrÞ

p

×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − BðrÞp
BðrÞ Ω−ðrÞr2dr; ð2Þ

where AðrÞ, BðrÞ are defined by metric ds2 ¼ −BðrÞdt2 þ
AðrÞdr2 þ r2dΩ2, and the interaction rate functionΩ−ðrÞ is
derived in the Appendix A:
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Ω−ðrÞ ¼ glζlðrÞ
256π3pχðrÞEχðrÞ

Z
μlðrÞ

ml

dEl

Z
sþðElÞ

s−ðElÞ

× ds
Z

0

−γ2ðsÞ=s
dt

jMj2ðs; tÞ
γðsÞ P̄lðEl; s; t; rÞ: ð3Þ

Here, gl is the spin degeneracy factor, ζlðrÞ accounts for
the target number density, and P̄l encodes Pauli blocking
and the capture condition.
Substituting the spin-averaged squared amplitude jMj2

corresponding to the operator in Eq. (1),

jMj2 ¼ 4

Λ4
½ðs −m2

DM −m2
lÞ2 þ tðs −m2

lÞ�; ð4Þ

we can compute the capture rate numerically. In this work,
we adopt the BSk24 functional [56] to describe the EoS of
cold, nonrotating NSs, solving the Tolman-Oppenheimer-
Volkoff equations [57,58] with the central density ρc as an
input. The number density and chemical potential of muons
are determined via β equilibrium and charge conservation
conditions (see Ref. [47] for details). Table I presents two
benchmark NS configurations (BM-1 and BM-2) and the
corresponding capture parameters derived in our analysis.
Subsequent discussions on model sensitivities will be based
on these representative NS profiles.
Numerical computation shows that for DM scattering

off muon targets within the mass range 10 GeV≲
mDM ≲ 10 TeV, the capture rates are approximated by

C ≈

8><
>:

2.76 × 1024 s−1
�

TeV
Λ

�
4
�

TeV
mDM

�
ðBM-1∶M⋆ ¼ 1.5M⊙Þ

1.65 × 1025 s−1
�

TeV
Λ

�
4
�

TeV
mDM

�
ðBM-2∶M⋆ ¼ 1.9M⊙Þ

ð5Þ

where M⋆ is the NS mass and M⊙ is the solar mass.
While Eq. (5) implies that the capture rate increases with

interaction strength (smaller Λ), physically, the heating
effect cannot grow indefinitely. The maximal heating of the
neutron star is achieved when the capture process saturates
to the so-called geometric limit. In this regime, the
interaction is strong enough that every dark matter particle
traversing the star is captured. The capture rate at this
saturation point is determined solely by the geometrical
cross section and the gravitational focusing of the NS,
given by

Cgeom ¼ πR2
⋆½1 − BðR⋆Þ�
v⋆BðR⋆Þ

ρχ
mDM

Erf

� ffiffiffi
3

2

r
v⋆
vd

�
; ð6Þ

where ρχ ≈ 0.4 GeV=cm3 is the local DM density, v⋆ ¼
230 km=s is the NS velocity, and vd ¼ 270 km=s is the
DM velocity dispersion. By equating the capture rate in
Eq. (5) to the geometric limit in Eq. (6), we can derive the
saturation threshold scale,

Λ� ≈
�
2.95 TeV ðBM-1∶M⋆ ¼ 1.5M⊙Þ
4.19 TeV ðBM-2∶M⋆ ¼ 1.9M⊙Þ

: ð7Þ

This energy scale is within the reach of future colliders,
such as the prospective muon collider [59]. If the operator
in Eq. (1) arises from the exchange of a beyond the standard
model gauge boson Xμ, this translates to an optimistic
sensitivity in the parameter space of mX=gX ∼ Λ�.
We will use Λ� as the characteristic scale entering the

optimistic maximal-heating benchmark adopted in the phe-
nomenological analysis below. This benchmark assumes
efficient energy deposition by the captured DM population
and capture-annihilation equilibrium inside the NS. For
capture-saturating interactions, previous studies have found
that kinetic energy deposition is typically rapid and that
capture-annihilation equilibrium is reached well within the
age of an oldNS for broad classes of s-wave annihilatingDM
models [60].
Within the EFT framework, operators such as χ�χq̄q and

ðχ�i∂↔μχÞq̄γμq can be manually set to zero. However,
realizing such suppression in a concrete model is nontrivial.

Suppressing the vector current operator ðχ�i∂↔μχÞq̄γμq is
relatively straightforward; if the interaction is mediated by
a leptophilic gauge field [e.g., Uð1ÞLμ−Lτ

], the quark
coupling arises only via kinetic mixing at the loop level
and is naturally suppressed. Conversely, suppressing the
scalar operator χ�χq̄q is more subtle, as it is typically

TABLE I. Benchmark NS configurations derived using the BSk24 EoS. The last column lists the capture rate
parameter independent of the specific cutoff scale and DM mass.

ρc½gcm−3� M⋆½M⊙� R⋆ [km] BðR⋆Þ CΛ4mχ ½GeV5 s−1�
BM-1 7.76 × 1014 1.5 12.593 0.648 2.76 × 1039

BM-2 1.04 × 1015 1.9 12.415 0.548 1.65 × 1040
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generated via the Higgs portal. In many simple scenarios,
the Higgs portal is essential for DM annihilation
(χ�χ → hi → SM or χ�χ → hihj) to satisfy relic density
constraints. Thus, a tension exists between avoiding direct
detection bounds (which requires a small Higgs portal
coupling) and achieving the correct relic abundance.
In the following subsections, we introduce three specific

model realizations that resolve this tension:
(1) Secluded dark matter [8,61]: We consider a complex

scalar DM, χ, charged under a Uð1ÞLμ−Lτ
gauge

symmetry with the mass relation mDM > mX.
Here, the DM relic density is determined by the
annihilation channel χ�χ → XX within the dark sec-
tor, allowing the Higgs portal coupling to be negli-
gible. The gauge boson Xμ subsequently decays into
SM particles via kinetic mixing. This setup reprodu-
ces the observed relic density via the standard freeze-
out mechanism while evading nuclear scattering
constraints, leaving NS heating as a key probe. A
concrete realization is presented in Sec. II B.

(2) Pseudo-Nambu-Goldstone boson dark matter: We
assume a complex scalar DM χ, charged under
Uð1ÞLμ−Lτ

, is embedded in a multiplet of a sponta-
neously broken global symmetry [e.g., SOðNÞ],
identifying χ as a Goldstone boson. Explicit breaking
of this global symmetry generates a mass for χ. Due to
the approximate shift symmetry of the pNGB, the
χ�χq̄q effective operator is naturally suppressed,
leading to a cancellation in the χ-nucleon scattering
amplitude at low momentum transfer [13].1 We
discuss two distinct realizations of this scheme: in
Sec. II C, we present a model based on an SO(4)
global symmetry where the DM mass is generated at
the tree level via soft breaking terms; in Sec. II D, we
explore an SO(3) symmetric framework where the
DM mass arises radiatively at the loop level.

B. Secluded scalar dark matter model

Following a framework similar to the one presented in
Refs. [51,61], we introduce a complex scalar dark matter
candidate, χ, which carries a Uð1ÞLμ−Lτ

gauge charge QDM.
The relevant Lagrangian for the dark sector is given by

L ¼ −
1

4
XμνXμν þ

1

2
m2

XX
μXμ þ jDμχj2 −m2

DMjχj2

− λχ jχj4 − λχHjχj2jHj2; ð8Þ
where the covariant derivative is defined as

Dμχ ¼ ð∂μ − iQDMgXXμÞχ: ð9Þ

For simplicity, we assume the mass of the gauge boson
Xμ is generated via the Stückelberg mechanism [63–65],
avoiding the need to introduce additional scalar degrees
of freedom for symmetry breaking. In this setup, by
setting the Higgs portal coupling λχH to be negligibly
small, the tree-level DM-nucleon scattering cross section
is highly suppressed. Consequently, the dominant con-
tribution to nuclear scattering arises purely from the
kinetic mixing between Xμ and the SM gauge bosons.
As we will discuss in detail in Sec. III B, this mixing is
loop induced in the Uð1ÞLμ−Lτ

model and is, therefore,
naturally small, safely evading current direct detection
bounds.
In the secluded mass regime, where the DM is heavier

than the mediator (mDM > mX), the relic abundance is
primarily determined by the annihilation process χ�χ →
XX into on-shell gauge bosons. While DM pairs can also
annihilate into SM leptons (l ¼ μ, τ and their correspond-
ing neutrinos) via s-channel Xμ exchange (χ�χ → ll; ν̄ν),
these processes are p-wave suppressed for a scalar DM
candidate. Because the p-wave annihilation cross section
scales with the velocity squared (v2 ∼ x−1, where
x ¼ mDM=T), these channels remain subdominant through-
out most of the parameter space during freeze-out. In
Sec. IV, we will present the detailed formulas for these
annihilation cross sections.
At low energies, integrating out the heavy gauge field Xμ

yields the dimension-6 effective operator, Eq. (1), connect-
ing the dark matter and lepton currents. By matching the
amplitudes of the full and effective theories, the character-
istic cutoff scale Λ is identified as

Λ ¼ mXffiffiffiffiffiffiffiffiffiffi
QDM

p
gX

: ð10Þ

C. pNGB dark matter model A

In this model, we consider a pNGB DM paradigm [13]
featuring a soft symmetry-breaking mass term. The scalar
sector is extended by a dark doublet Φ¼ðΦ1;Φ2ÞT ¼
ð1= ffiffiffi

2
p Þðϕ1− iϕ2;ϕ3− iϕ4ÞT . We first consider the tree-

level scalar potential. By analogy with the custodial
symmetry of the SM Higgs, the potential of Φ can be
constructed to accidentally respect a global SUð2Þ ×
SUð2Þ ≃ SOð4Þ symmetry. The tree-level potential is
assumed to be [19]

1Note that NS heating for pNGB DM was previously explored
in the context of the conventional Higgs portal [62]. In such
setups, the DM-nucleon scattering responsible for NS capture
suffers from the same momentum-dependent suppression as in
direct detection, limiting its primary advantage to the low-mass
regime. In contrast, our leptophilic framework disentangles the
capture dynamics: The tree-level DM-muon scattering mediated
by Xμ is completely unaffected by the pNGB cancellation
mechanism. This unsuppressed capture process allows the NS
heating sensitivity to surpass direct detection limits even in the
sub-TeV and TeV mass ranges.
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VðIRÞ
tree ðH;ΦÞ ¼ −μ2ϕ Φ†Φþ λϕðΦ†ΦÞ2 − μ2HðH†HÞ þ λHðH†HÞ2 þ 2λHϕðH†HÞðΦ†ΦÞ þm2Φ†σ3Φ

¼ −μ2ϕðjΦ1j2 þ jΦ2j2Þ þ λϕðjΦ1j2 þ jΦ2j2Þ2 − μ2HðH†HÞ þ λHðH†HÞ2 þ 2λHϕðH†HÞðjΦ1j2 þ jΦ2j2Þ
þm2ðjΦ1j2 − jΦ2j2Þ; ð11Þ

where the first two lines manifestly preserve the SO(4)
symmetry, and the final m2 term represents a soft breaking
of the symmetry.
We assume the potential triggers spontaneous symmetry

breaking such that hϕ3i ¼ vϕ and hHi ¼ v. Expanding the
fields around their vacuum expectation values (VEVs),

ϕ3 ¼ vϕ þ s;H ¼
 

Hþ

vþhþiGffiffi
2

p

!
; ð12Þ

the SO(4) symmetry is spontaneously broken to SO(3),
generating Goldstone bosons. We identify the complex
scalar Φ1 ≡ χ as the DM candidate.
From the minimization condition with respect to Φ2

(∂V=∂Φ2 ¼ 0), we obtain the relation μ2ϕ − λϕv2ϕ−
λHϕv2 ¼ −m2. Substituting this back into the quadratic
terms for Φ1 in Eq. (11), the DM mass is generated entirely
by the soft-breaking parameter

m2
DM ¼ 2m2: ð13Þ

Since the SO(4) symmetry is broken only softly in the
potential, the approximate shift symmetry of the pNGB is
preserved, ensuring the cancellation mechanism for the
DM-nucleon scattering amplitude at zero momentum trans-
fer [19].
To couple the dark sector to the SM leptons and realize

the NS heating signal, we gauge a Uð1ÞLμ−Lτ
subgroup. The

Uð1ÞLμ−Lτ
transformations of the two components of Φ are

assigned as follows:

�Φ1

Φ2

�
→

�
eiQDMθ 0

0 eiQ2θ

��Φ1

Φ2

�
; ð14Þ

leading to the covariant derivative

DμΦ ¼ ∂μΦ − igXXμ

�
QDM 0

0 Q2

�
Φ: ð15Þ

Once ϕ3 acquires its VEV vϕ, the Uð1ÞLμ−Lτ
gauge

symmetry is spontaneously broken, and the component
ϕ4 is eaten by the gauge boson Xμ, giving it a mass
mX ¼ jQ2jgXvϕ. Importantly, any asymmetry in the gauge
charges (jQDMj ≠ jQ2j) would induce different radiative
corrections to the Higgs portal couplings of Φ1 and Φ2,

thereby ruining the delicate cancellation in the DM-nucleon
scattering amplitude. We therefore mandate the specific
charge assignment Q2 ¼ �QDM.
Note that this entire low-energy architecture—both the

restricted form of the scalar potential and the specific
charge assignment—is not an ad hoc construction but can
naturally emerge from an ultraviolet (UV) completion.
Suppose the dark sector originates from a gauged SUð2ÞX
symmetry at a high scale ΛUV, where Φ transforms as a
fundamental doublet. First, just like the SM Higgs, the
renormalizable potential of an SUð2ÞX doublet is intrinsi-
cally restricted to an SO(4)-invariant form; the global SO(4)
symmetry is accidental and not imposed by hand. Second,
the two complex components of an SUð2ÞX doublet
naturally carry opposite eigenvalues under its diagonal
generator (T3). Thus, when SUð2ÞX is broken down to the
Uð1ÞLμ−Lτ

subgroup, the relation QDM ¼ −Q2 is automati-
cally enforced. Finally, this symmetry breaking can be
triggered by an SUð2ÞX triplet scalar Σa acquiring a VEV
hΣai ¼ vΣδa3. The interaction κΦ†σaΦΣa then generates
the requisite soft-breaking mass term m2 ∝ κvΣ in the
infrared (IR). Constructing the full UV theory is beyond
the scope of this work. Our analysis is, therefore, restricted
to the DM phenomenology, which requires only the
assumed low-energy field content and symmetries and is
otherwise independent of UV details.
The CP-even scalars ðh; sÞ mix to form the physical

mass eigenstates ðh1; h2Þ. The mass matrix is given by

L ⊃ −
1

2

�
h s

�
M2

h

�
h

s

�

¼ −
1

2

�
h s

�� m2
h m2

hs

m2
hs m2

s

��
h

s

�
;

m2
h ¼ 2λHv2; m2

s ¼ 2λϕv2ϕ; m2
hs ¼ 2λHϕvvϕ;

ð16Þ

which is diagonalized by an orthogonal matrix O:

M02
h ¼ OTM2

hO ¼
�m2

h1
0

0 m2
h2

�
;

�
h1
h2

�
¼ OT

�
h

s

�
; ð17Þ
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O ¼
�

cθ sθ
−sθ cθ

�
t2θ ¼

2m2
hs

m2
s −m2

h

; ð18Þ

where cθ ≡ cos θ, sθ ≡ sin θ, and t2θ ≡ tan 2θ.
For the phenomenological discussions in Sec. III, we

summarize the relevant couplings in the mass basis. The
scalar self-interactions involving the DM candidate χ and
the mediators h1;2 are

L ⊃ −gχχh1h1jχj2 − gχχh2h2jχj2

−
1

2
gχχh1h1h

2
1jχj2 −

1

2
gχχh2h2h

2
2jχj2 − gχχh1h2h1h2jχj2

−
1

3!
gh1h1h1h

3
1 −

1

2!
gh1h1h2h

2
1h2 −

1

2!
gh1h2h2h1h

2
2

−
1

3!
gh2h2h2h

3
2; ð19Þ

where the effective couplings are defined as

gχχh1 ¼ 2ðλHϕvcθ − λϕvϕsθÞ;
gχχh2 ¼ 2ðλHϕvsθ þ λϕvϕcθÞ; ð20Þ

gχχh1h1 ¼ 2ðλHϕc2θ þ λϕs2θÞ; gχχh2h2 ¼ 2ðλHϕs2θ þ λϕc2θÞ;
gχχh1h2 ¼ 2sθcθðλHϕ − λϕÞ; ð21Þ

gh1h1h1 ¼ 6½λHvc3θ − λϕvϕs3θ þ λHϕðvϕc2θsθ − vcθs2θÞ�;
gh2h2h2 ¼ 6½λHvs3θ þ λϕvϕc3θ þ λHϕðvϕs2θcθ þ vsθc2θÞ�;
gh1h1h2 ¼ 6λHvc2θsθ þ 6λϕvϕs2θcθ þ λHϕ½2vϕðc3θ − 2cθs2θÞ

þ 2vðs3θ − 2c2θsθÞ�;
gh1h2h2 ¼ 6λHvcθs2θ − 6λϕvϕsθc2θ þ λHϕ½2vϕðs3θ − 2c2θsθÞ

− 2vðc3θ − 2cθs2θÞ�: ð22Þ

Finally, the interactions between the scalar mediators hi
and the SM fermions (f ¼ t; b;…) or gauge bosons
(V ¼ W�; Z) inherit from the SM Higgs component via
the mixing angle θ:

LYuk:;i ⊃
X
f

ghiffhif̄f; gh1ff ¼ −
mf

v
cθ;

gh2ff ¼ −
mf

v
sθ; ð23Þ

LGauge ⊃ ghiWWhiWþ
μ W−;μ þ 1

2
ghiZZhiZμZμ;

gh1VV ¼ 2m2
V

v
cθ; gh2VV ¼ 2m2

V

v
sθ: ð24Þ

D. pNGB dark matter model B

In the second benchmark model, we consider a real
scalar triplet Φa (a ¼ 1, 2, 3) with a global SO(3)
symmetry at the UV matching scale, ΛUV. Below ΛUV,
the SO(3) symmetry is explicitly broken only by the
gauging of the SOð2ÞLμ−Lτ

≃ Uð1ÞLμ−Lτ
⊂ SOð3Þ sub-

group, which corresponds to rotations in the ðΦ1;Φ2Þ
components. We assume the Uð1ÞLμ−Lτ

gauge boson Xμ

obtains a Stückelberg massmX. In the linear representation,
we define the complex field

χ ≡Φ1 þ iΦ2ffiffiffi
2

p ; ŝ≡Φ3;

Dμχ ¼ ð∂μ − iQDMgXXμÞχ: ð25Þ

In the SO(3) limit, the renormalizable scalar potential can
be written as

VUVðH;ΦaÞ ¼ m2
HH

†H þ λHðH†HÞ2 þm2
Φ
2

ΦaΦa

þ λΦ
4
ðΦaΦaÞ2 þ λHΦðH†HÞΦaΦa; ð26Þ

where m2
Φ < 0 triggers the spontaneous symmetry-break-

ing SOð3Þ → Uð1ÞLμ−Lτ
. We choose the aligned vacuum

hHi ¼ 1ffiffiffi
2

p
�
0

v

�
; hŝi ¼ vϕ; hχi ¼ 0;

H ¼ 1ffiffiffi
2

p
�

0

vþ h

�
; ŝ ¼ vϕ þ s; ð27Þ

so that χ remains a massless Goldstone boson at the
tree level.
Below ΛUV, once Uð1ÞLμ−Lτ

is gauged, the SO(3)
symmetry is explicitly broken. At the loop level, gauge
interactions modify the potential and the field strength of χ,
inducing SO(3)-breaking terms. The most important con-
sequence is that a mass for the pNGB χ is radiatively
generated. This mass can be computed by integrating out
the gauge field Xμ and adding the one-loop Coleman-
Weinberg potential originating from the gauge loop:

VðXÞ
1−loop ¼

3

64π2
M4

XðχÞ
�
ln
M2

XðχÞ
μ2

−
5

6

	
þ VCT; ð28Þ

where VCT is a counterterm fixing the UV behavior. The
field-dependent mass of the gauge field is given by

M2
XðχÞ ¼ m2

X þ 2ðQDMgXÞ2χ�χ: ð29Þ

Expanding VðXÞ
1−loop, we can find a correction to the quadratic

term of χ:
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−L ⊃ δm2
χχ

�χ: ð30Þ

Applying the matching condition

δm2
χðΛUVÞ ¼ 0 ð31Þ

at ΛUV where the SO(3) symmetry is restored, we find the
mass of the DM candidate χ to be

m2
DM ≡ δm2

χðmXÞ ≈
3ðQDMgXÞ2

16π2
m2

X ln

�
Λ2
UV

m2
X

�
ð32Þ

at an IR scale below mX. Note that the field strength
renormalization of χ would rescale m2

DM by a factor
Z−1
χ ≃ ½1þOðg2X=16π2Þ�. Since this is a next-to-leading

logarithmic effect, it can be neglected for the mass term
calculation.

In contrast to model A, the symmetry-breaking mass
term here is generated radiatively due to gauge interactions.
Because our motivation for using a pNGB DM model is to
automatically suppress the DM-quark scattering amplitude
in the zero-momentum-transfer limit, we must verify that
these loop corrections do not spoil the cancellation mecha-
nism. In the IR effective theory, the most general renor-
malizable potential consistent with Uð1ÞLμ−Lτ

[but not
necessarily SO(3)] is parametrized as

VIRðH; ŝ; χÞ ¼ m2
HH

†H þ λHðH†HÞ2 þm2
3

2
ŝ2 þ λ33

4
ŝ4

þm2
χχ

�χ þ λχðχ�χÞ2 þ λH3ŝ2H†H

þ 2λHχðH†HÞðχ�χÞ þ λ3χ ŝ2ðχ�χÞ; ð33Þ

and the following matching conditions are imposed at ΛUV
to recover the SO(3) limit:

m2
χðΛUVÞ ¼ m2

3ðΛUVÞ ¼ m2
Φ ⇒ δm2

χðΛUVÞ≡m2
χðΛUVÞ −m2

3ðΛUVÞ ¼ 0;

λ33ðΛUVÞ ¼ λχðΛUVÞ ¼ λ3χðΛUVÞ ¼ λΦ; λH3ðΛUVÞ ¼ λHχðΛUVÞ ¼ λHΦ: ð34Þ

The masses of the Higgs-portal mediators, m2
h, m

2
s , and

their mixing,m2
hs, are not corrected by gauge interactions at

the one-loop level, since h and s are neutral under
Uð1ÞLμ−Lτ

. On the other hand, the χ-dependent Higgs-
portal couplings λ3χ and λHχ , which generate the χ�χs and
χ�χh vertices after symmetry breaking, are renormalized
via the χ self-energy and vertex corrections involving the
gauge boson. The most relevant Feynman diagrams for
these corrections are shown in Fig. 1. The gauge loops
universally scale these vertices, meaning λ3χ and λHχ are
rescaled by the same factor r compared to λ33 and λH3. This
factor is given by

λðXÞ3χ ≈ rλ33; λðXÞHχ ≈ rλH3;

r ≈
1

1 − 3ðQDMgXÞ2
16π2

ln Λ2
UV
m2

X

≈
1

1 − m2
DM
m2

X

; ð35Þ

where the superscript (X) denotes quantities corrected by
loops involving the Xμ gauge boson.
Computing the DM-quark scattering amplitude in the

Mandelstam t → 0 limit, we find

Mð0Þ ∝ ðgχχh; gχχsÞð−M2Þ−1
�
mq=v

0

�
; ð36Þ

where gχχh ¼ 2λðXÞHχ v, gχχs ¼ 2λðXÞ3χ vϕ, and

M2 ¼
�

2λHv2 2λH3vvϕ

2λH3vvϕ 2λ33v2ϕ

�
ð37Þ

is the mass matrix of the CP-even scalar fields ðh; sÞ. Since
λHχ ¼ λH3 ¼ λHΦ and λ3χ ¼ λ33 ¼ λΦ at the tree level, we
obtain

Mð0Þ ∝ mq

ðλHλ33 − λ2H3Þv2
ðλðXÞ3χ λH3 − λ33λ

ðXÞ
Hχ Þ → 0 ð38Þ

at the leading logarithmic order. This demonstrates that the
cancellation mechanism remains effective in this model.
The validity of the cancellation relies on the relation in
Eq. (35). In Appendix B, we provide the renormalization
group equations (RGEs) for the couplings, confirming
Eq. (38) through both numerical solutions and an approxi-
mate analytical analysis.
The scalar self-couplings are analogous to those in

model A, with the corresponding λi subscripts adapted
for this model and the universal rescaling factor r applied to
all vertices involving χ. Specifically,

gχχh1 ¼ 2ðλH3vcθ − λ33vϕsθÞr;
gχχh2 ¼ 2ðλH3vsθ þ λ33vϕcθÞ � r; ð39Þ

gχχh1h1 ¼ 2ðλH3c2θ þ λ33s2θÞr;
gχχh2h2 ¼ 2ðλH3s2θ þ λ33c2θÞr;
gχχh1h2 ¼ 2sθcθðλH3 − λ33Þr; ð40Þ
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gh1h1h1 ¼ 6½λHvc3θ − λ33vϕs3θ þ λH3ðvϕc2θsθ − vcθs2θÞ�;
gh2h2h2 ¼ 6½λHvs3θ þ λ33vϕc3θ þ λH3ðvϕs2θcθ þ vsθc2θÞ�;
gh1h1h2 ¼ 6λHvc2θsθ þ 6λ33vϕs2θcθ þ λH3½2vϕðc3θ − 2cθs2θÞ

þ 2vðs3θ − 2c2θsθÞ�;
gh1h2h2 ¼ 6λHvcθs2θ − 6λ33vϕsθc2θ þ λH3½2vϕðs3θ − 2c2θsθÞ

− 2vðc3θ − 2cθs2θÞ�: ð41Þ
On the other hand, the CP-even scalars couple to the SM

fermions and gauge fields in the same manner as in the
previous model, with the corresponding couplings given by
Eqs. (23) and (24).

III. PHENOMENOLOGY

A. Relic density and indirect detection

The thermal relic abundance of the dark matter is
determined by its annihilation cross sections in the early
Universe. We first outline the dominant annihilation chan-
nels for each model under consideration.
For the secluded DM model, assuming mDM > mX, the

primary annihilation process occurs entirely within the dark
sector:
(1) χ� þ χ → X þ X. According to Ref. [61], the veloc-

ity-averaged annihilation cross section is given by

hσviXX ¼ Q4
DMg

4
Xð1 − ξ2X þ 3

8
ξ4XÞ

8πm2
DMð1 − 1

2
ξ2XÞ2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2X

q
; ð42Þ

where we define the mass ratio ξX ≡mX=mDM.
(2) χ� þ χ → X� → lþ l. Annihilation into SM lep-

tons (l ¼ μ; τ; νμ; ντ) via s-channel Xμ exchange
yields

hσllvi ≈
X
l

1

πnl

Q2
DMg

4
X

ð4m2
DM −m2

XÞ2 þm2
XΓ2

X

×m2
DM

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2l

q �
1þ 1

2
ξ2l

�
x−1; ð43Þ

where nl ¼ 1ð2Þ for l ¼ μ, τ (νμ;τ), and
ξl ≡ml=mDM. Because χ is a scalar, this process
is p wave and, therefore, velocity suppressed by
a factor of x−1 ≡ T=mDM. Consequently, these
channels become significant only when mX ≲
Oð100 GeVÞ and mDM < mW . In the parameter
space of interest for this work, this contribution is
generally subdominant during freeze-out.

For both pNGB DM models (model A and model B), the
dominant annihilation proceeds through the Higgs portal,
mediated by the CP-even scalars h1 and h2. The relevant
channels are
(1) χ� þ χ → h�1;2 → f þ f̄. Annihilation into SM fer-

mions gives

hσf̄fvi ≈
X

f¼t;b;…

cfm2
f

32πv2m2
DM

ð1 − ξ2fÞ3=2

×





 gχχh1cθ
4m2

DM −m2
h1
þ imh1Γh1

þ gχχh2sθ
4m2

DM −m2
h2
þ imh2Γh2





2; ð44Þ

where cf is the color factor of the SM fermion f.
Because the coupling is proportional to the fermion
mass squared (inherited from the SM Higgs Yukawa
coupling), the dominant contributions arise from the
heaviest accessible fermions when mDM > mf. All
relevant scalar couplings were defined in Sec. II. The
total decay width of the heavier state h2 is approxi-
mated by

Γh2 ≈
g2h1h1h2
32πmh2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
h1

m2
h2

s
Θðmh2 − 2mh1Þ

þ g2χχh2
16πmh2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
DM

m2
h2

s
Θðmh2 − 2mDMÞ:

ð45Þ

FIG. 1. Loop corrections to the trilinear Higgs portal couplings.
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(2) χ� þ χ → V þ V (V ¼ W, Z, X). Annihilation into massive gauge bosons is given by

hσVVvi ≈
X

V¼W;Z

m2
DM

8nVπm4
V

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2V

q �
1 − ξ2V þ 3

4
ξ4V

�



X2
i¼1

gχχhighiVV
4m2

DM −m2
hi
þ imhiΓhi





2 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2X

p
64πm2

DM

�
2





2Q2
DMg

2
X

þ
X2
i¼1

gχχhighiXX
4m2

DM −m2
hi
þ imhiΓhi





2þ




 2Q2

DMg
2
Xξ

2
X

2 − ξ2X
þ
�
2 − ξ2X
ξ2X

�X2
i¼1

gχχhighiXX
4m2

DM −m2
hi
þ imhiΓhi





2
	
ΘðmDM −mXÞ;

ð46Þ

where nV ¼ 1ð2Þ for the WðZÞ boson. The coupling between Xμ and the Higgs fields are given by

ghiXX ¼ 2m2
X

vϕ
ð−sθ; cθÞ ðmodelAÞ;

ghiXX ¼ 0 ðmodel BÞ: ð47Þ

(3) χ� þ χ → X þ hi. Annihilation into X and hi is also allowed when 2mDM > mX þmhi . The leading term of
annihilation cross section is given by

hσXhivi ≈
3Q2

DMg
2
XβXiT i

16π
x−1Θð2mDM −mX −mhiÞ

T i ¼ A2
i þ

ðmDMβXiÞ2
3

�
16Aigχχhi

Δ2
i

−
64g2χχhim

2
hi

Δ4
i

þ g2hiXX
m2

Xð4m2
DM −m2

XÞ2
	
; ð48Þ

where

βXi ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1 −

ðmX þmhiÞ2
4m2

DM

	�
1 −

ðmX −mhiÞ2
4m2

DM

	s
;

Δi ¼ 4m2
DM −m2

X −m2
hi
;

Ai ¼
ghiXX

4m2
DM −m2

X
−

4gχχhi
4m2

DM −m2
X −m2

hi

: ð49Þ

These contributions are also subdominant during freeze-out since they are p-wave velocity suppressed.
(4) χ� þ χ → hi þ hj. When kinematically allowed, annihilation into scalar final states yields

hσhihjvi ≈
X
ij

1

32nijπm2
DM

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1 −

ðmi þmjÞ2
4m2

DM

	�
1 −

ðmi −mjÞ2
4m2

DM

	s 



gχχhihj þ igχχh1gh1hihj
4m2

DM −m2
h1
þ imh1Γh1

þ igχχh2ghih2hj
4m2

DM −m2
h2
þ imh2Γh2

þ igχχhigχχhj
m2

hi
− 2m2

DM
þ igχχhjgχχhi
m2

hj
− 2m2

DM





2; ð50Þ

where the symmetry factor is nij ¼ 1þ δij.
In addition, since we focus on the case of mDM > mX in the secluded dark matter model, we include the Sommerfeld

enhancement (SE) induced by repeated Xμ exchange [66]. The corresponding attractive Yukawa potential in the χ�χ initial
state is

VðrÞ ¼ −
αχ
r
e−mXr; ð51Þ

where αχ ≡ ðQDMgXÞ2=ð4πÞ. We include this effect by multiplying each relevant partial-wave cross section by the
corresponding Sommerfeld factor. For the dominant s-wave process χ�χ → XX,
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ðσvÞSEXX ¼ S0ðvrelÞðσvÞtreeXX ; ð52Þ

while for the subdominant p-wave annihilation into lep-
tons, ðσvÞtree

ll
¼ blv2rel, we use

ðσvÞSE
ll

¼ blv2relS1ðvrelÞ; ð53Þ

where S1 denotes the l ¼ 1 Sommerfeld factor. In the
numerical analysis, we evaluate S0 and S1 using the
Hulthén approximation to the Yukawa potential, following
Ref. [67]. More precisely, S0;1 below are identified with the
S̃0;1 factors of Ref. [67].
The SE-corrected thermal annihilation cross section used

in the freeze-out calculation is

hσviSEsecðxÞ ¼ hσXXvitreeS̄0ðxÞ þ
X
l

hσllvitreeS̄1ðxÞ; ð54Þ

where x ¼ mDM=T, hσllvitree ¼ 6bl=x, and

S0ðxÞ ¼
2ffiffiffi
π

p
Z

∞

0

dtt1=2e−tS0

�
2

ffiffiffi
t
x

r �
; ð55Þ

S1ðxÞ ¼
4

3
ffiffiffi
π

p
Z

∞

0

dtt3=2e−tS1

�
2

ffiffiffi
t
x

r �
: ð56Þ

Here, the argument of S0;1 is the relative velocity,
vrel ¼ 2

ffiffiffiffiffiffiffi
t=x

p
. In the notation of Ref. [67], we take

A ¼ αχ ,M ¼ mDM, m� ¼ mX, δ ¼ π2mX=6, and therefore,

β ¼ vrel=2 ¼ ffiffiffiffiffiffiffi
t=x

p
.

We now define the model-dependent thermal annihila-
tion cross section that enters the freeze-out calculation. For
the secluded DM model, where mDM > mX, the
Sommerfeld enhancement is included. In this case, we take

hσtotviðxÞ ¼ hσviSEsecðxÞ; ð57Þ

where hσviSEsecðxÞ is given in Eq. (54).
For the pNGB DM models, after applying the kinematic

and perturbativity cuts used in the numerical scan, the
displayed viable regions mainly satisfy mDM < mX and
αχmDM=mX < 1. The Sommerfeld correction from Xμ

exchange is then numerically close to unity. We therefore
use the tree-level thermal cross section,

hσtotviðxÞ ¼ hσllvi þ hσf̄fvi þ hσVVvi
þ
X
i

hσXhivi þ hσhihjvi; ð58Þ

where only kinematically open channels are included.
With this definition, the freeze-out temperature xf ≡

mDM=Tf is obtained by iteratively solving

xf ¼ ln

�
5

4

ffiffiffiffiffi
45

8

r
mDMMPlhσtotviðxfÞ
2π3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g�ðxfÞxf

p 	
; ð59Þ

where MPl is the Planck mass and g� counts the effective
relativistic degrees of freedom. The relic abundance is then
calculated as

ΩDMh2 ≃ 2.08 × 109 GeV−1
�

T0

2.725 K

�
3

×
1

MPl

ffiffiffiffiffiffiffiffiffiffiffiffiffi
g�ðxfÞ

p
JðxfÞ

; ð60Þ

with

JðxfÞ ¼
Z

∞

xf

dx
x2

hσtotviðxÞ: ð61Þ

For channels without sizable Sommerfeld corrections,
we can use the standard expansion,

hσtotviðxÞ ≃ a0 þ
6a1
x

: ð62Þ

In this limit,

JðxfÞ ¼
a0
xf

þ 3a1
x2f

; ð63Þ

and Eq. (60) reduces to the usual analytic freeze-out
expression [68]. For the secluded model, we instead evaluate
JðxfÞ using the SE-corrected thermal average in Eq. (54).
Finally, we consider constraints from indirect detection,

primarily driven by γ-ray observations from the Fermi-LAT
experiment [53]. For the secluded DM model, we apply an
improved bound given by Ref. [61] based on the simulation
of γ-ray spectrum from χ�χ → XX → 4l processes. Since
mDM > mX in this case, the Sommerfeld correction is
included and evaluated at the characteristic dwarf-galaxy
velocity (corresponding to x ∼ 109).
Note that standard Fermi-LAT limits are typically

derived assuming a self-conjugate (Majorana or real scalar)
DM candidate. Because our χ is a complex scalar, the
number densities of DM and anti-DM particles are each
half of the total DM number density (nχ ¼ nχ� ¼ ntot=2).
Consequently, the annihilation rate, which is proportional
to nχnχ� , acquires a factor of 1=4 relative to the self-
conjugate case (where it is proportional to n2tot=2).
However, because both χ�χ and χχ� annihilations contrib-
ute to the signal flux, there is a compensating factor of 2.
Combining these effects, we must define an effective
annihilation cross section:

hσeffvi ¼
1

2
hσtotvi; ð64Þ
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which should be used when comparing our model pre-
dictions directly against the published Fermi-LAT exclu-
sion bounds.

B. Direct detection and trident production bound

For direct detection, we must account for vector-portal
scattering induced by the kinetic mixing between the
Uð1ÞLμ−Lτ

gauge boson Xμ and the SM hypercharge gauge
boson Bμ. Assuming the tree-level kinetic mixing vanishes
at the UV scale, an irreducible effective mixing is radia-
tively generated in the IR via muon and tau loops. This
mixing parameter is given by [69]

Lmix ¼
1

2
εIRXμνBμν; ð65Þ

εIRðΛ < mμÞ ¼ −
gXe
12π2

log

�
m2

τ

m2
μ

	
: ð66Þ

The cross section for DM-nucleon (χ − N) scattering is
given by [70]

σNðQÞ ¼ m2
Nm

2
DM

πðmN þmDMÞ2
Q2

DMg
2
Xs

2
Wε

2
IRðQÞ

× F2
HelmðQÞ





 fðXÞN

m2
X þQ2

−
fðZÞN

ðm2
Z −m2

Z0 Þ





2

; ð67Þ

where the effective nucleon couplings fðVÞN (V ¼ Z0; Z) are
defined as

fðVÞN ¼ 1

A
½Zð2guV þ gdVÞ þ ðA − ZÞðguV þ 2gdVÞ�; ð68Þ

where Z0 is the physical mass eigenstate corresponding to
the dark gauge boson Xμ, and the expression of chiral
couplings guV and gdV can be found in Ref. [71]. In the limit
of tiny kinetic mixing (εIR ≪ 1) where Z0 is closely aligned
with Xμ, the cross section simplifies to

σNðQÞ ≈ m2
Nm

2
DM

πðmN þmDMÞ2
Q2

DMg
2
Xe

2ε2IR
c2Wðm2

X −m2
ZÞ2

×

�
ð1 − 2s2WÞ

Z
A
−
1

2

	
2

F2
HelmðQÞ; ð69Þ

where Z ¼ 54 and A ¼ 131 for xenon-based detectors. At
the low momentum transfers typical of direct detection, the
Helm form factor is F2

HelmðQÞ ≈ 1.
We also checked direct-detection constraints from elec-

tron recoils. In the Uð1ÞLμ−Lτ
models considered here,

electrons are not charged under the new gauge symmetry at
tree level. The coupling of Xμ to electrons is induced only
through the same loop-generated kinetic mixing in
Eq. (66). The corresponding DM-electron scattering cross

section is

σ̄e ≈
μ2χe
π

�
QDMgXðeεIR=cWÞ

m2
X

	
2

:

For the parameter space considered in this work,
mχ ≳ 100 GeV, so μχe ≃me. Using Eq. (66), this gives

σ̄e ≃ 8.0 × 10−52 cm2

� ffiffiffiffiffiffiffiffiffiffi
QDM

p
gX

0.1

�
4
�
100 GeV

mX

�
4

: ð70Þ

Even for the aggressive choice
ffiffiffiffiffiffiffiffiffiffi
QDM

p
gX ¼ 0.3 and

mX ¼ 10 GeV, one obtains only σ̄e ≃ 6.5 × 10−46 cm2.
This is well below the current electron-recoil limits from
XENONnT [72] and PandaX-4T [73], which are at the level
of σ̄e ∼ 10−41 cm2 in the sub-GeV to GeV mass range and
become weaker when extrapolated to mDM ≳ 100 GeV.
Therefore, electron-recoil direct detection does not impose
additional constraints on the parameter space studied in
this work.
Furthermore, the Uð1ÞLμ−Lτ

gauge interactions induce
neutrino trident production (νμN → νμμ

þμ−N) in acceler-
ator neutrino experiments [54]. The absence of a significant
excess places an experimental constraint on the gauge
coupling gX as a function of mX. As we will show in
Sec. IV, the direct detection bounds on the DM candidate
are typically more restrictive than the trident production
constraints in the parameter space of interest.
Note that we shall also check the constraint from DM

self-interactions. In this work, the transfer cross section
induced by Xμ exchange scales as

σT
mDM

≃
mDM

4π

�
QDMgX
mX

�
4

≃ 1.7 × 10−10 cm2=g

�
QDMgX

1

�
4

×

�
mDM

1 TeV

��
100 GeV

mX

�
4

: ð71Þ

For the parameter regions we consider in the next section,
mX is at the electroweak or TeV scale, and the resulting
σT=mDM is far below the commonly used astrophysical
bound σT=mDM ≲Oð1Þ cm2=g from merging clusters and
Bullet-Cluster-like systems [74–76] (see Refs. [77,78] for
recent reviews). Therefore, self-interaction constraints do
not further restrict the benchmark parameter space consid-
ered in this work.

IV. RESULTS

In this section, we apply constraints from direct detec-
tion, trident production, indirect detection, and the
observed DM relic density to restrict the parameter space
of our models. We also display optimistic maximal-heating
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sensitivity contours for two benchmark NS configurations.
As explained in Sec. II A, these contours correspond to
geometric capture saturation supplemented by the assump-
tions of efficient thermalization and capture-annihilation
equilibrium.

A. Secluded DM model

In the secluded DM framework, both the direct detection
cross section and the NS capture rate depend on the specific
parameter combination

ffiffiffiffiffiffiffiffiffiffi
QDM

p
gX [see Eqs. (10) and (69)].

Therefore, it is convenient to fix this combination and
present the constraints and sensitivities in the ðξX;mDMÞ
plane.
In Fig. 2, we show the results for two benchmark values:ffiffiffiffiffiffiffiffiffiffi
QDM

p
gX ¼ 0.1 (left panel) and 0.3 (right panel). The light

blue shaded regions are excluded by the direct detection
bounds from the LUX-ZEPLIN experiment [5]. We also
evaluated the constraints from neutrino trident production
introduced in Sec. III B; however, they are significantly
weaker than the LZ limits within this mass regime, and
thus, fall well outside the plotted parameter space. The red
dotted (BM-1: 1.5M⊙) and dashed (BM-2: 1.9M⊙) curves
represent the optimistic maximal-heating reach of DM
capture by NSs with different masses. Throughout the
figures, points below a red NS-heating contour correspond
to stronger effective DM-lepton scattering than the satu-
ration threshold for that benchmark star, and hence, lie
inside the optimistic maximal-heating reach. The cyan,
green, and orange curves trace the parameter space where
the correct relic density (ΩDMh2 ≈ 0.12) is reproduced for
three different charge assignmentsQDM (as labeled near the
curves). Additionally, the vertical shaded bands on the left
side of the panels indicate regions excluded by the Fermi-
LAT indirect detection bounds [53,61] for the correspond-
ing charge assignments.
The left panel shows that for a smaller

ffiffiffiffiffiffiffiffiffiffi
QDM

p
gX ¼ 0.1, a

relatively large charge QDM ∼Oð10Þ is required to repro-
duce the correct relic density. Conversely, when

ffiffiffiffiffiffiffiffiffiffi
QDM

p
gX

increases to 0.3 (right panel), smaller charges QDM ∼Oð1Þ
become viable. In this model, DM annihilation is domi-
nated by gauge interactions. For ξX ¼ mX=mDM ≪ 1, the
phase-space factor in χ�χ → XX approaches unity, and the
tree-level s-wave cross section scales as

hσvitreeXX ∝
ðQDMgXÞ4

m2
DM

:

Therefore, without Sommerfeld enhancement, the correct
relic density condition would approach a nearly vertical
line in themDM–ξX plane at small ξX. The same scaling also
explains the main shape of the Fermi-LAT exclusion bands.
For fixed

ffiffiffiffiffiffiffiffiffiffi
QDM

p
gX andQDM, decreasingmDM increases the

present-day annihilation cross section, so Fermi-LAT
excludes the low-mDM region. Since the tree-level cross
section depends only weakly on ξX when ξX ≪ 1, the

corresponding Fermi-LAT boundary is also nearly vertical
in this region.
The Sommerfeld enhancement introduces an additional

dependence on the ratio αχ=ξX, where αχ ≡ ðQDMgXÞ2
4π . For

fixed
ffiffiffiffiffiffiffiffiffiffi
QDM

p
gX, one has

QDMgX ¼
ffiffiffiffiffiffiffiffiffiffi
QDM

p
ð
ffiffiffiffiffiffiffiffiffiffi
QDM

p
gXÞ; αχ ¼

QDMð
ffiffiffiffiffiffiffiffiffiffi
QDM

p
gXÞ2

4π
:

Thus, larger QDM gives both a larger annihilation rate and a
stronger Sommerfeld correction. As a result, the relic
density curves with larger QDM are shifted to larger
mDM and show a stronger bending with ξX. The Fermi-
LAT exclusion bands follow the same tendency: When ξX
becomes smaller, the lighter mediator gives a larger smooth
Sommerfeld enhancement, so the excluded region can
extend slightly toward larger mDM. By contrast, the
lower-mass relic density curves correspond to smaller
QDM, for which the Sommerfeld correction is weaker.
These curves, therefore, remain closer to the vertical small-
ξX asymptote.
The resonant Sommerfeld enhancement approximately

occurs at

ξðnÞX ≃
6αχ
π2n2

; n ¼ 1; 2;…:

For the benchmark couplings used in Fig. 2, the first
resonance lies below the displayed range of ξX.
Therefore, the relic density curves and Fermi-LAT exclusion
bands shown in Fig. 2 are not caused by a narrow
Sommerfeld resonance. Their shapes are controlled mainly
by the tree-level scaling above, with a smooth nonresonant
Sommerfeld correction.
Following the improved capture formalism with a

relativistic treatment of the scattering kinematics [47],
our inferred NS-heating sensitivity can differ from earlier
estimates based on nonrelativistic approximations such as
Ref. [51]. In particular, for relativistic and degenerate
leptonic targets, this treatment can enhance the capture
efficiency, and thus, strengthen the projected reach. As
demonstrated in both panels of Fig. 2, the optimistic NS
heating reach extends beyond the current LZ exclusion
region. This indicates that near-infrared observations of
NSs provide a valuable complementary probe for testing
leptophilic dark matter models that are otherwise challeng-
ing to constrain via terrestrial experiments.

B. pNGB DM model A

As discussed in Sec. II C, we assume the Uð1ÞLμ−Lτ

gauge symmetry originates from the spontaneous breaking
of an SUð2ÞX symmetry in the UV. This theoretically
motivates pinning the charges of the doublet components to
QDM ¼ −Q2 ¼ 1=2, effectively reducing the number of
free parameters. The remaining independent parameters are
chosen as
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vϕ; mh2 ; mX; mDM; tθ: ð72Þ

Note that in minimal scalar-Higgs mixing models, the
couplings of the SM-like state h1 to SM fields are
universally rescaled by cθ. Neglecting additional (invisible
or exotic) Higgs decays, this implies an approximate
rescaling of Higgs signal strengths μ ≃ c2θ ≤ 1. Using the
ATLAS Run-2 combined global signal strength μ ¼ 1.06�
0.06 [79], one finds c2θ ≳ 0.96 (one-sided 95% confidence
level). Therefore, we adopt the scan choice tθ ≲ 0.2.
In terms of these physical parameters, the fundamental

couplings λH, λϕ, λHϕ, and gX can be analytically expressed
as

λH ¼ 1

4v2

�
m2

h1
þm2

h2
−
m2

h2
−m2

h1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ t22θ

q 	
;

λϕ ¼ 1

4v2ϕ

�
m2

h1
þm2

h2
þm2

h2
−m2

h1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ t22θ

q 	
;

λHϕ ¼ 1

4vvϕ

�ðm2
h2
−m2

h1
Þt2θffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ t22θ

q 	
; gX ¼ 2mX

vϕ
; ð73Þ

where t2θ ¼ 2tθ=ð1 − t2θÞ and mh1 ≈ 125 GeV is the mass
of the SM-like Higgs boson.

In the top row of Fig. 3, we present the experimental
constraints and sensitivities in the mDM −mh2 plane. Both
top panels fix the mass ratiomX ¼ 1.5mh2 , with the left and
right panels setting vϕ ¼ 3mh2 and vϕ ¼ 2mh2 , respec-
tively. The pink shaded regions are excluded by neutrino
trident production [54], while the other colored regions and
lines share the same definitions as in the previous sub-
section. The orange (tθ ¼ 0.2) and green (tθ ¼ 0.1) curves
indicate the parameter space that reproduces the correct
DM relic density. Since the mixing angle θ roughly scales
with the Higgs portal coupling λHϕ, a moderately large tθ
is required to avoid overproducing the relic abundance
unless the DM mass lies near the resonance region
(mDM ≈mh2=2). Within the pNGB DM paradigm, such a
sizable portal coupling is phenomenologically viable
because the tree-level DM-nucleon scattering amplitude
is automatically suppressed by the cancellation mechanism.
Nevertheless, the leptophilic gauge interactions inevi-

tably induce a nonzero DM-nucleon scattering cross
section via the loop-generated kinetic mixing. From
Eqs. (66) and (69), this vector-portal cross section is
approximately proportional to the combination g4X=m

4
X ¼

16=v4ϕ. This steep quartic dependence on 1=vϕ explains the
significant expansion of the LZ exclusion region when
shifting from vϕ ¼ 3mh2 (top left panel) to vϕ ¼ 2mh2 (top
right panel). Furthermore, the neutrino trident production
cross section and the NS capture rate exhibit similar
parametric dependencies on gX and mX. Consequently,

FIG. 2. Constraints and prospective sensitivities for the secluded scalar DM model in the mDM–ξX plane, with
ffiffiffiffiffiffiffiffiffiffi
QDM

p
gX fixed to 0.1

(left panel) and 0.3 (right panel). The light blue shaded regions are excluded by the LZ direct detection experiment. The solid cyan,
green, and orange curves indicate the parameter space reproducing the correct thermal relic density (ΩDMh2 ≈ 0.12) for specific charge
assignments: QDM ¼ 15, 30, 50 (left) and QDM ¼ 4, 6, 8 (right). The vertical color shaded bands on the left represent the exclusion
limits from Fermi-LAT indirect detection corresponding to each QDM value. The red dotted and dashed curves illustrate the optimistic
maximal-heating reach of NS observations for BM-1 (1.5M⊙) and BM-2 (1.9M⊙), respectively. For each benchmark NS, the region
below the corresponding red curve lies within the projected NS-heating reach and is expected to be probed by near-infrared observations
of old NSs under these assumptions.
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their corresponding constraints and prospective sensitivities
shift simultaneously with the direct detection bounds. In
both top panels, we identify viable regions with mDM ∼
Oð100 GeVÞ that are consistent with all current experi-
mental constraints and fall within the optimistic maximal-
heating reach of future NS observations.
In the bottom panel of Fig. 3, we fixmh2 ¼ 0.6 TeV and

mX ¼ 4mh2 as an alternative benchmark, projecting the
constraints onto the mDM − vϕ plane. This panel confirms
that fine tuning the DM mass to the exact resonance region

(mDM ∼ 300 GeV) is not necessary to reproduce the correct
relic density, provided that tθ ≳ 0.1. Finally, this projection
demonstrates that NS heating observations have the poten-
tial to probe the entire sub-TeV DM parameter space
for vϕ ≲ 5.5 TeV.
In all panels of Fig. 3, the green and orange shaded bands

show the Fermi-LAT exclusions for tθ ¼ 0.1 and 0.2,
respectively. These bands lie close to the Higgs portal
resonance mh2 ∼ 2mDM, where the present-day annihilation
through the s-channel h2 mediator is enhanced. In the

FIG. 3. Constraints and prospective sensitivities for pNGB DMmodel A. The top panels display the results in themDM–mh2 plane with
mX ¼ 1.5mh2 , fixing vϕ ¼ 3mh2 (left) and vϕ ¼ 2mh2 (right). The bottom panel projects the constraints onto themDM–vϕ plane for fixed
massesmh2 ¼ 0.6 TeV andmX ¼ 4mh2 . The light blue and pink shaded regions represent the parameter space excluded by the LZ direct
detection and neutrino trident production experiments, respectively. The solid green and orange curves indicate the regions reproducing
the correct thermal relic density (ΩDMh2 ≈ 0.12) for scalar mixing parameters tθ ¼ 0.1 and 0.2, respectively. The corresponding color
shaded bands denote the regions excluded by Fermi-LAT indirect detection limits for each tθ. The red dotted and dashed curves illustrate
the optimistic maximal-heating reach of NS observations for BM-1 (1.5M⊙) and BM-2 (1.9M⊙), respectively. The parameter space
below the corresponding red curve has a sufficiently large DM-lepton interaction to reach this maximal-heating benchmark and is,
therefore, expected to be testable by NS-heating observations.
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displayed parameter space, we mainly focus on mX ≳mDM and αχmDM=mX < 1, so the Sommerfeld correction from Xμ

exchange is numerically negligible.

C. pNGB DM model B

In this model, we assume the Uð1ÞLμ−Lτ
gauge field acquires its mass via the Stückelberg mechanism; therefore, mX is

treated as an independent parameter. Since the pNGB DMmassmDM is generated entirely by gauge interactions at the one-
loop level [see Eq. (32)], the effective gauge coupling can be expressed as

QDMgX ¼ 4πffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6 lnðrUVÞ

p mDM

mX
; ð74Þ

where rUV ≡ ΛUV=mX defines the ratio of the UV matching scale to the gauge boson mass. Consequently, we identify the
following set of independent free parameters:

vϕ; mh2 ; mX; mDM; rUV; QDM; tθ:

ð75Þ
The scalar couplings λi are determined similarly to model A, yielding

λH ¼ 1

4v2

�
m2

h1
þm2

h2
−
m2

h2
−m2

h1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ t22θ

q 	
; λ33 ¼

1

4v2ϕ

�
m2

h1
þm2

h2
þm2

h2
−m2

h1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ t22θ

q 	
;

λH3 ¼
1

4vvϕ

�ðm2
h2
−m2

h1
Þt2θffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ t22θ

q 	
; λ3χ ¼

λ33

1 − m2
DM
m2

X

; λHχ ¼
λH3

1 − m2
DM
m2

X

: ð76Þ

In the following numerical analysis, we impose the
conservative perturbativity condition

QDMgX <
ffiffiffi
π

p
⇔ αχ <

1

4
: ð77Þ

For αχ > 1=4, the leading-log treatment is regarded as
unreliable, and higher order corrections need to be
included. For the benchmark choices rUV ¼ 10 and 103,
this condition implies

mDM

mX
<

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6 ln rUV

p
4
ffiffiffi
π

p ≃ 0.52ð0.91Þ; ð78Þ

respectively. Therefore, the displayed perturbative bench-
mark region automatically satisfies mDM < mX and does
not hit the pole in Eq. (76).
In Fig. 4, we present the experimental constraints and

prospective sensitivities in the mDM − ξ plane, where
ξ≡mX=mh2 , for four benchmark sets of fixed parameters
(labeled above each panel). The light blue and pink shaded
regions represent the parameter space excluded by the LZ
direct detection and neutrino trident production experi-
ments, respectively. The curves corresponding to the
observed relic density for different values of tθ clearly
converge around two distinct resonance regions:

mDM≈mh2=2¼300GeV and mDM≈mX=2¼ ξ ·300GeV.
The former is driven by s-channel DM annihilation into
SM particles mediated by h2. The latter corresponds to
s-channel annihilation mediated by Xμ into μ and τ leptons.
Because the vector-mediated annihilation of a scalar DM
candidate is a p-wave process, its cross section is heavily
velocity suppressed in the present-day Universe compared
to the epoch of DM freeze-out. As a result, the resonance
region aroundmDM ≈mX=2 is effectively unconstrained by
current indirect detection bounds. The gray shaded regions
denoted as αχ > 1=4 are excluded by the conservative
perturbativity bound.
In Fig. 5, we show the corresponding constraints and

sensitivities projected onto the mDM −mh2 plane for
another four benchmark parameter sets. Consistent with
the previous figure, the indirect detection bounds appear
near the Higgs portal resonance region (mh2 ∼ 2mDM) but
are notably absent near the vector-mediated resonance
region (mX ∼ 2mDM). The gray shaded regions denoted
as αχ > 1=4 are excluded by the conservative perturbativ-
ity bound.
To systematically understand the variations across the

four panels in both Figs. 4 and 5, it is instructive to analyze
the dependence of the observables on the parameters rUV
and QDM. From Eq. (74), the effective parameter combi-
nation governing the vector-portal scattering amplitudes
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can be expressed as
ffiffiffiffiffiffiffiffiffiffi
QDM

p
gX ¼ ðQDMgXÞ=

ffiffiffiffiffiffiffiffiffiffi
QDM

p
. For a

given kinematic ratio mDM=mX, this combination scales as
½lnðrUVÞ�−1=2Q−1=2

DM . Consequently, increasing rUV from the
left column to the right column decreases

ffiffiffiffiffiffiffiffiffiffi
QDM

p
gX, which

weakens the LZ exclusion and the optimistic NS-heating
reach. Lowering the charge fromQDM ¼ 3 toQDM ¼ 1 has
the opposite effect and makes these two probes more
sensitive. This also explains the similarity between the
top left and bottom right panels in Figs. 4 and 5, since

QDM ln rUV is the same for these two benchmark choices.
The trident bound depends directly on gX ¼
ðQDMgXÞ=QDM and is, therefore, stronger in the bottom
right panels than in the top left panels. By contrast, the
perturbativity bound depends on QDMgX, so it is weaker in
the bottom right panels.
In contrast, the curves for the thermal relic density and

the Fermi-LAT indirect detection bounds exhibit minimal
variation with respect to rUV and QDM, except in the

FIG. 4. Constraints and prospective sensitivities for pNGB DM model B in the mDM–ξ plane, where the mass ratio is defined as
ξ≡mX=mh2 . The fixed parameters are vϕ ¼ 1.2 TeV and mh2 ¼ 0.6 TeV across all panels. The four subplots correspond to different
combinations of the DM charge QDM (top row: QDM ¼ 3; bottom row: QDM ¼ 1) and the UV matching scale ratio rUV (left column:
rUV ¼ 10; right column: rUV ¼ 103). The light blue and pink shaded regions represent the parameter space excluded by the LZ direct
detection and neutrino trident production experiments, respectively. The solid green and orange curves trace the regions reproducing the
correct thermal relic density (ΩDMh2 ≈ 0.12) for scalar mixing parameters tθ ¼ 0.1 and 0.2, respectively. The corresponding color
shaded bands denote the regions excluded by Fermi-LAT indirect detection limits for each tθ. The red dotted and dashed curves illustrate
the optimistic maximal heating reach of NS observations for BM-1 (1.5M⊙) and BM-2 (1.9M⊙), respectively. In each panel, the region
below a given red curve is within the corresponding projected NS-heating sensitivity. The gray shaded region labeled αχ > 1=4 is
regarded as outside the perturbative benchmark domain.
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immediate vicinity of the vector-portal resonance
(mX ≈ 2mDM). This stability arises because, away from
the gauge resonance, the DM annihilation processes are
dominated by the Higgs portal interactions, rendering them
largely insensitive to variations in the gauge sector param-
eters. Ultimately, since the Higgs portal DM-nucleon
scattering is automatically suppressed by the pNGB
mechanism, significant portions of the parameter space
withmDM ∼Oð100 GeVÞ and tθ ≳ 0.1 remain viable under
all current experimental limits. The benchmark results
show that sizable regions of parameter space survive all
current constraints. In these regions, the optimistic

projected sensitivity from NS heating can provide an
independent complementary probe.
Before closing this subsection, we comment on the

capture-annihilation equilibrium assumption in the vec-
tor-resonance region of model B. Around mX ≃ 2mDM, the
relic density contours can be strongly affected by the Xμ-
mediated process χ�χ → X� → lþl−, which is p wave for
scalar dark matter. After capture and thermalization inside
an old NS, this vector-mediated channel is, therefore,
velocity suppressed. However, this does not imply that
annihilation heating is absent in this region. Along the
displayed tθ ¼ 0.1 and 0.2 relic density contours, the Higgs

FIG. 5. Constraints and prospective sensitivities for pNGB DMmodel B projected onto themDM–mh2 plane. The gauge boson mass is
fixed to mX ¼ 4mh2 , and the VEV is set to vϕ ¼ 1.2 TeV across all panels. Similar to Fig. 4, the panels represent four benchmark
combinations ofQDM (three for the top row, one for the bottom row) and rUV (10 for the left column, 103 for the right column). The light
blue and pink shaded regions correspond to exclusions from LZ and neutrino trident production, respectively. The green and orange
curves indicate the correct relic density for tθ ¼ 0.1 and 0.2, accompanied by their corresponding color Fermi-LATexclusion bands. The
red dotted and dashed curves illustrate the optimistic maximal-heating reach of NS observations for BM-1 (1.5M⊙) and BM-2 (1.9M⊙),
respectively. In each panel, the region below a given red curve is within the corresponding projected NS-heating sensitivity. The gray
shaded region labeled αχ > 1=4 is regarded as outside the perturbative benchmark domain.
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portal s-wave channels into electroweak gauge bosons and
scalar pairs remain open and typically give

hσvis ∼ 10−27 − 10−25 cm3=s ð79Þ

near mX ≃ 2mDM. Reference [60] has shown that, for broad
classes of s-wave-annihilating WIMP-like DM, efficient
capture is accompanied by capture-annihilation equilibrium
well within the age of an old NS. We therefore expect these
benchmark regions to satisfy the capture-annihilation equi-
librium assumption relevant for maximal NS heating. The
red NS-heating curves should, nevertheless, still be inter-
preted as optimistic reach contours, since they also assume
geometric capture saturation and efficient thermalization.

V. SUMMARY AND DISCUSSION

In this work, we have comprehensively investigated
three representative leptophilic scalar dark matter models
designed to evade the stringent constraints from current
direct detection experiments. Our primary objective is to
evaluate the prospective sensitivity of near-infrared (near-
IR) telescopes to dark matter by observing the thermal
emission from old neutron stars. The baseline framework
extends the Standard Model with a Uð1ÞLμ−Lτ

gauge
symmetry. Within this setup, WIMP dark matter charged
under this symmetry can be efficiently captured by neutron
stars via scattering off the degenerate muon population,
mediated by the Uð1ÞLμ−Lτ

gauge boson Xμ. If the captured
DM population thermalizes efficiently and reaches capture-
annihilation equilibrium, the kinetic energy deposited
during capture together with the annihilation contribution
can produce a maximal-heating signal with a surface
temperature of order 2000 K.
First, to establish a model-independent baseline, we

analyzed the neutron star capture rate using a dimen-
sion-6 effective operator [Eq. (1)] describing the DM-
lepton interaction. Assuming two benchmark neutron star
masses, M⋆ ¼ 1.5M⊙ (BM-1) and 1.9M⊙ (BM-2), we
computed the corresponding DM capture rates. By requir-
ing the capture process to reach the geometric limit, we
determined the capture-saturation threshold for the effec-
tive cutoff scale to be Λ� ≈ 2.95 TeV and 4.19 TeV for
BM-1 and BM-2, respectively. These thresholds enter our
optimistic maximal-heating reach.
Second, we constructed three concrete models that

realize this effective interaction. The first is a secluded
scalar dark matter model, where the Higgs portal coupling
is assumed to be negligible, thereby naturally suppressing
tree-level DM-nucleon scattering. The other two models are
formulated within the pNGB dark matter paradigm, which
automatically suppresses the zero-momentum-transfer scat-
tering amplitude via an approximate shift symmetry. These
two pNGB models are distinguished by their mass gen-
eration mechanisms: in model A, based on an approximate
global SO(4) symmetry, the pNGB mass is generated by a

tree-level soft-breaking mass term; in model B, based on an
SO(3) symmetry, the pNGBmass is radiatively generated at
the one-loop level via the Uð1ÞLμ−Lτ

gauge interactions.
Finally, we derived the relevant DM annihilation cross

sections and the loop-induced DM-nucleon scattering
cross sections to evaluate the phenomenology of these
models. Our results indicate that all three models success-
fully accommodate a DM candidate with a mass
mDM ∼Oð100Þ GeV. Furthermore, the optimistic pro-
jected sensitivity of neutron star heating observations
can probe regions of the parameter space that remain
inaccessible to current terrestrial direct detection experi-
ments. In particular, for the pNGB DM models, the
cancellation mechanism disentangles the interactions
responsible for direct detection from those dictating the
relic density. Consequently, the correct relic abundance can
be achieved without strictly requiring the DM mass to
reside near a mediator resonance.
We also note that these gauged Uð1ÞLμ−Lτ

models can be
independently tested at future muon collider experiments.
The dominant channels for Xμ searches are the 2 → 2

process μþ þ μ− → γ; Z; X → lþ þ l− and the radiative
process μþ þ μ− → γ; Z; X → lþ þ l− þ γ. For a muon
collider operating at a center-of-mass energy

ffiffiffi
s

p ¼ 3 TeV
with an integrated luminosity of 1 ab−1, the 2σ sensitivity
has been estimated in Ref. [59]. Their analysis shows that
the sensitivity to the gauge coupling gX can reachOð10−3Þ.
Since the projected muon-collider sensitivity can reach
values of gX, about an order of magnitude smaller than the
couplings relevant for our relic density and NS-heating
benchmark regions, future muon colliders can provide an
independent test of this framework.
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APPENDIX A: COVARIANT DERIVATION OF
THE INTERACTION RATE

In this appendix, we present a self-contained derivation
of the relativistic interaction rateΩ−ðrÞ used in the neutron-
star capture calculation. The purpose is to make explicit the
normalization of the flux and phase-space factors in the
local rest frame of the neutron-star medium. This is
especially useful for leptonic targets, since electrons and
muons inside a neutron star can be relativistic and highly
degenerate. Our derivation follows the spirit of the rela-
tivistic capture formalism developed in Refs. [41,80], while
keeping the Møller flux factor and the final-state Pauli-
blocking factor explicit.
We work in the local inertial frame comoving with the

neutron-star medium at a fixed radius r. The incoming DM
particle and the initial target lepton have four-momenta

kμ ¼ ðEχ ;kÞ; pμ ¼ ðEl;pÞ; ðA1Þ

with

E2
χ ¼ p2

χ þm2
χ ; E2

l ¼ p2
l þm2

l: ðA2Þ

In this appendix, we use mχ ¼ mDM and ml to denote the
mass of dark matter and lepton.
For halo DM falling into the neutron-star gravitational

potential, neglecting the small velocity at infinity, the local
DM energy and momentum are

EχðrÞ ¼
mχffiffiffiffiffiffiffiffiffi
BðrÞp ; pχðrÞ ¼ mχ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − BðrÞ
BðrÞ

s
: ðA3Þ

The final-state momenta are denoted by

k0μ ¼ ðE0
χ ;k0Þ; p0μ ¼ ðE0

l;p
0Þ: ðA4Þ

For convenience, we define

βðsÞ≡ s −m2
χ −m2

l;

γðsÞ≡ λ1=2ðs;m2
χ ; m2

lÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
β2ðsÞ − 4m2

χm2
l

q
; ðA5Þ

where s ¼ ðkþ pÞ2; t ¼ ðk − k0Þ2 ¼ ðp0 − pÞ2 are the
Mandelstam variables. The Møller flux factor entering
the local interaction rate is

vM⦰l ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðk · pÞ2 −m2

χm2
l

q
EχEl

¼ γðsÞ
2EχEl

: ðA6Þ

It should be distinguished from the invariant relative
speed vrel ¼ γðsÞ=βðsÞ.
The local interaction rate per incoming DM particle can

be written as

Ω−ðrÞ ¼ glζlðrÞ
Z

d3p
ð2πÞ3 fFDðEl; rÞ

×
Z

dσvM⦰l½1 − fFDðE0
l; rÞ�ΘðE0

l − ElÞ; ðA7Þ

where gl ¼ 2 for the lepton target. The factor ζlðrÞ≡
nlðrÞ=nfreel ðrÞ accounts for the use of the lepton density
from the neutron-star equation of state and for a free
degenerate lepton gas, ζl ¼ 1. Note that ½1 − fFDðE0

l; rÞ�
encodes the Pauli-blocking effect, while ΘðE0

l − ElÞ ¼
ΘðEχ − E0

χÞ encodes the capture condition. For an old
nonrotating neutron star, we can take a zero temperature
approximation, which leads to

fFDðEl; rÞ → ΘðμlðrÞ − ElÞ;
½1 − fFDðE0

l; rÞ� → ΘðE0
l − μlðrÞÞ: ðA8Þ

For a 2 → 2 elastic scattering process with a spin-

averaged matrix element jMj2, the azimuth-integrated
differential cross section is

dσ
dt

¼ jMj2
16πλðs;m2

χ ; m2
lÞ

¼ jMj2
16πγ2ðsÞ : ðA9Þ

However, the final-state Pauli-blocking factor depends on
the final lepton energy in the local rest frame of the neutron-
star medium. At fixed ðEl; s; tÞ this energy generally
depends on the final-state azimuthal angle φ� in the χl
center-of-mass (CM) frame. It is, therefore, useful to keep
the two-body final-state phase space differential in φ�:

dσ
dtdφ�

¼ jMj2
32π2γ2ðsÞ : ðA10Þ

Here, φ� is not a local-frame angle, but only the azimuthal
coordinate used to label the Lorentz-invariant two-body
final-state phase space in the χlCM frame. The factor
dσ=ðdtdφ�Þdtdφ� is, therefore, the correct differential
cross section for this phase-space element. For each φ�,
we boost the final lepton momentum back to the local rest
frame of the neutron-star medium and evaluate the Pauli-
blocking factor using the corresponding local energy
E0
lðφ�Þ. Thus, no separate transformation of the measure

dφ� is required.
We now rewrite Eq. (A7) using the variables

ðEl; s; t;φ�Þ. Choosing the local z axis along the incoming
DM momentum k, one has

s ¼ m2
χ þm2

l þ 2ðEχEl − pχpl cos αÞ; ðA11Þ

where α is the angle between k and p. Therefore, for fixed
El, the range of s is s− ≤ s ≤ sþ, where
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s�ðElÞ ¼ m2
χ þm2

l þ 2ðEχEl � pχplÞ: ðA12Þ

At fixed s, the elastic momentum-transfer range is
−γ2ðsÞ=s ≤ t ≤ 0.
At fixed El, one has

ds ¼ −2pχpld cos α: ðA13Þ
Thus, after reversing the integration limits from
cos α∈ ½−1; 1� to s∈ ½s−ðElÞ; sþðElÞ�, the target momen-
tum measure becomes

d3p ⟶
El

2pχ
dEldsdϕ; ðA14Þ

and the integral ofϕ gives a factor2π. In the zero-temperature
limit, the initial-state factor restricts El ≤ μlðrÞ. Therefore,
for DM falling from rest at infinity, the final-state condition
E0
l > μlðrÞ automatically implies the capture condition

E0
l > El. Combining the above, the local interaction rate

becomes

Ω−ðrÞ ¼ glζlðrÞ
256π3pχðrÞEχðrÞ

Z
μlðrÞ

ml

dEl

Z
sþðElÞ

s−ðElÞ

×ds
Z

0

−γ2ðsÞ=s
dt
jMj2ðs; tÞ

γðsÞ PlðEl; s; t;rÞ ðA15Þ

where

PlðEl; s; t; rÞ ¼
1

2π

Z
2π

0

dφ�ΘðE0
lðφ�Þ − μlðrÞÞ: ðA16Þ

Its meaning is the fraction of φ� for which E0
l > μlðrÞ.

In the CM frame, we take the polar axis along the initial
lepton momentum,

E�
l ¼ sþm2

l −m2
χ

2
ffiffiffi
s

p ; p� ¼
γðsÞ
2
ffiffiffi
s

p ; ðA17Þ

and the Lorentz factor and velocity of the CM frame with
respect to the local medium frame are

Γcm ¼ Eχ þ Elffiffiffi
s

p ; Vcm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − Γ−2

cm

q
: ðA18Þ

The final lepton energy in the local medium frame can be
obtained by a Lorentz boost, and the result is

E0
lðφ�Þ ¼ Al þ Bl cosφ�; ðA19Þ

where

Al ¼ Γcm½E�
l þ Vcmp� cos η cos θ��;

Bl ¼ ΓcmVcmp� sin η sin θ�; ðA20Þ

and η is the angle between the initial lepton momentum and
the boost direction (in CM frame), which is fixed by

cos η ¼ El=Γcm − E�
l

Vcmp�
: ðA21Þ

The CM scattering angle θ� is given by

cos θ� ¼ 1þ 2st
γ2ðsÞ : ðA22Þ

Finally the zero-temperature azimuthally averaged Pauli-
blocking factor can be written as

PlðEl; s; t; rÞ ¼

8>>><
>>>:

1; μlðrÞ ≤ Al − jBlj;
0; μlðrÞ ≥ Al þ jBlj;
1
π arccos

h
μlðrÞ−Al

jBlj
i
; Al − jBlj < μlðrÞ < Al þ jBlj:

ðA23Þ

For Bl ¼ 0, Eq. (A23) should be understood as
Pl ¼ ΘðAl − μlðrÞÞ.

APPENDIX B: RGES OF MODEL B AND
VALIDITY OF THE CANCELLATION

MECHANISM

As we discussed in Sec. II D, the reliability of cancella-
tion is guaranteed by the relation

λ3χðμÞ
λ33ðμÞ

¼ λHχðμÞ
λH3ðμÞ

ðB1Þ

at the one-loop level. Another way to check this is to solve
the following one-loop RGEs of the couplings2:

ð16π2ÞβgX ¼
�
4þ 1

3
Q2

DM

�
g3X; ðB2Þ

ð16π2ÞβλH ¼ 16π2βðSMÞ
λH

þ 2λ2H3 þ 4λ2Hχ ; ðB3Þ

2The RGEs of λi can be adopted from Ref. [81] by turning off
the couplings involving η field and Yukawa coupling λD. The
gauge coupling contributions to βλi s can be adopted from
Ref. [82].
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ð16π2Þβλχ ¼ 20λ2χ þ 2λ23χ þ 8λ2Hχ − 12Q2
DMg

2
Xλχ

þ 6Q4
DMg

4
X; ðB4Þ

ð16π2Þβλ33 ¼ 18λ233 þ 4λ23χ þ 8λ2H3; ðB5Þ
ð16π2Þβλ3χ ¼ 8λH3λHχ þ λ3χð6λ33 þ 8λχ þ 8λ3χ

− 6Q2
DMg

2
XÞ; ðB6Þ

ð16π2ÞβλH3
¼ λH3ðASM þ 6λ33 þ 8λH3Þ þ 4λHχλ3χ ; ðB7Þ

ð16π2ÞβλHχ
¼ λHχðASM þ 8λχ þ 8λHχ − 6Q2

DMg
2
XÞ

þ 2λH3λ3χ ; ðB8Þ

where ASM ≡ 12λH þ 6y2t − 9
2
g22 − 3

2
g2Y , and the SM beta

function 16π2βðSMÞ
λH

can be found in any quantum field
theory textbook (or articles such as Ref. [83] and many
others). The running of gauge coupling Eq. (B2) can be
solved by itself, while the others are entangled with each
other, so usually they can be solved only numerically. To
analytically understand why the relation in Eq. (B1) holds,
we evaluate the running of the ratios λ3χ=λ33 and λHχ=λH3.
Using the logarithmic derivative identity d

d ln μ lnðλi=λjÞ ¼
βλi
λi
−

βλj
λj
, we divide the β functions in Eqs. (B5)–(B8) by

their corresponding couplings and subtract the respective
equations. This yields

ð16π2Þ d
d ln μ

ln
λ3χ
λ33

¼ 8λH3

�
λHχ

λ3χ
−
λH3

λ33

	
þ
�
8λχ þ 8λ3χ − 12λ33 −

4λ23χ
λ33

	
− 6Q2

DMg
2
X

¼ −6Q2
DMg

2
X þO

�
λi
Q2

DMg
2
X

16π2
ln
ΛUV

μ

�
; ðB9Þ

ð16π2Þ d
d ln μ

ln
λHχ

λH3

¼
�
8λχ − 6λ33 þ

2λH3λ3χ
λHχ

−
4λHχλ3χ
λH3

	
þ 8½λHχ − λH3� − 6Q2

DMg
2
X;

¼ −6Q2
DMg

2
X þO

�
λi
Q2

DMg
2
X

16π2
ln
ΛUV

μ

�
; ðB10Þ

where we have used the SO(3)-restoration assumption, Eq. (34), and both second terms of Eqs. (B9) and (B10) are
subdominant if ½λi lnðΛUV=mXÞ=16π2� ≪ 1. Therefore, we can approximately solve them as

λ3χðμÞ
λ33ðμÞ

≈
λHχðμÞ
λH3ðμÞ

≈ exp
�
3Q2

DMg
2
X

16π2
ln
Λ2
UV

μ2

	
≈

1

1 − 3Q2
DMg

2
X

16π2
ln Λ2

UV
μ2

; ðB11Þ

which is expected, and the rescaling factor also matches the estimation given by Eq. (35). In Fig. 6, we present the numerical
results of

FIG. 6. The running of δ1;2 defined in Eq. (B12) for the benchmark (B13) with ΛUV ¼ 104 GeV (left panel) and 106 GeV (right panel).
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δ1 ≡
λ3χ
λ33

− 1

1−
3Q2

DM
g2
X

16π2
ln

Λ2
UV
μ2

1

1−
3Q2

DM
g2
X

16π2
ln

Λ2
UV
μ2

; δ2 ≡
λHχ

λH3
− 1

1−
3Q2

DM
g2
X

16π2
ln

Λ2
UV
μ2

1

1−
3Q2

DM
g2
X

16π2
ln

Λ2
UV
μ2

;

ðB12Þ
for a benchmark

λ33ðΛUVÞ ¼ λ3χðΛUVÞ ¼ λχðΛUVÞ ¼ 0.15;

λHχðΛUVÞ ¼ λH3ðΛUVÞ ¼ 0.09;

mh2 ¼ mDM ¼ 0.6 TeV;

mX ¼ 1.2 TeV; QDM ¼ 3: ðB13Þ

δ1ðδ2Þ represent the relative errors between λ3χðμÞ
λ33ðμÞ ð

λHχðμÞ
λH3ðμÞÞ and

r≡ 1

1−
3Q2

DM
g2
X

16π2
ln

Λ2
UV
μ2

. We can see that these errors are tiny, and

thus, our approximated formula Eq. (B11) works very well.
We also show the running of the relative error

ΔðμÞ≡ λ3χλH3 − λ33λHχ

λ3χλH3

ðB14Þ

in Fig. 7 for the same benchmark. We can see that the errors
are quite tiny, implying that the cancellation is robust in
this model.

[1] G. Aad et al. (ATLAS Collaboration), Observation of a new
particle in the search for the standard model Higgs boson with
the ATLAS detector at the LHC, Phys. Lett. B 716, 1 (2012).

[2] S. Chatrchyan et al. (CMS Collaboration), Observation of a
new boson at a mass of 125 GeV with the CMS experiment
at the LHC, Phys. Lett. B 716, 30 (2012).

[3] N. Aghanim et al. (Planck Collaboration), Planck 2018
results. VI. Cosmological parameters, Astron. Astrophys.
641, A6 (2020); 652, C4(E) (2021).

[4] E. Aprile et al. (XENON Collaboration), First dark matter
search with nuclear recoils from the XENONnT experiment,
Phys. Rev. Lett. 131, 041003 (2023).

[5] J.Aalbers et al. (LZCollaboration),Darkmatter search results
from 4.2 tonne-years of exposure of the LUX-ZEPLIN (LZ)
experiment, Phys. Rev. Lett. 135, 011802 (2025).

[6] Z. Bo et al. (PandaX Collaboration), Dark matter search
results from 1.54 tonne · year exposure of PandaX-4T,
Phys. Rev. Lett. 134, 011805 (2025).

[7] Z. Y. Zhang et al. (CDEX Collaboration), Constraints on
sub-GeV dark matter–electron scattering from the CDEX-
10 experiment, Phys. Rev. Lett. 129, 221301 (2022).

[8] M. Pospelov, A. Ritz, and M. B. Voloshin, Secluded WIMP
dark matter, Phys. Lett. B 662, 53 (2008).

[9] R. T. D’Agnolo and J. T. Ruderman, Light dark matter
from forbidden channels, Phys. Rev. Lett. 115, 061301
(2015).

[10] J. M. Cline, H. Liu, T. Slatyer, and W. Xue, Enabling
forbidden dark matter, Phys. Rev. D 96, 083521 (2017).

[11] C.-Y. Xing and S.-H. Zhu, Dark matter freeze-out via
catalyzed annihilation, Phys. Rev. Lett. 127, 061101 (2021).

FIG. 7. The running of Δ defined in Eq. (B14) for the benchmark (B13) with ΛUV ¼ 104 GeV (left panel) and 106 GeV (right panel).

CHENGFENG CAI and HONG-HAO ZHANG PHYS. REV. D 114, 035031 (2026)

035031-22

https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910e
https://doi.org/10.1103/PhysRevLett.131.041003
https://doi.org/10.1103/4dyc-z8zf
https://doi.org/10.1103/PhysRevLett.134.011805
https://doi.org/10.1103/PhysRevLett.129.221301
https://doi.org/10.1016/j.physletb.2008.02.052
https://doi.org/10.1103/PhysRevLett.115.061301
https://doi.org/10.1103/PhysRevLett.115.061301
https://doi.org/10.1103/PhysRevD.96.083521
https://doi.org/10.1103/PhysRevLett.127.061101


[12] C. Cai and H.-H. Zhang, Vector dark matter production
from catalyzed annihilation, J. High Energy Phys. 01
(2022) 099.

[13] C. Gross, O. Lebedev, and T. Toma, Cancellation mecha-
nism for dark-matter–nucleon interaction, Phys. Rev. Lett.
119, 191801 (2017).

[14] Y. Abe, T. Toma, and K. Tsumura, Pseudo-Nambu-Gold-
stone dark matter from gauged Uð1ÞB−L symmetry, J. High
Energy Phys. 05 (2020) 057.

[15] N. Okada, D. Raut, and Q. Shafi, Pseudo-Goldstone dark
matter in a gauged B − L extended standard model, Phys.
Rev. D 103, 055024 (2021).

[16] D.-Y. Liu, C. Cai, X.-M. Jiang, Z.-H. Yu, and H.-H. Zhang,
Ultraviolet completion of pseudo-Nambu-Goldstone dark
matter with a hidden U(1) gauge symmetry, J. High Energy
Phys. 02 (2023) 104.

[17] T. Alanne, M. Heikinheimo, V. Keus, N. Koivunen, and K.
Tuominen, Direct and indirect probes of Goldstone dark
matter, Phys. Rev. D 99, 075028 (2019).

[18] D. Karamitros, Pseudo Nambu-Goldstone dark matter:
Examples of vanishing direct detection cross section, Phys.
Rev. D 99, 095036 (2019).

[19] T. Abe and Y. Hamada, A model of pseudo-Nambu–Gold-
stone dark matter from a softly broken SU(2) global
symmetry with a U(1) gauge symmetry, Prog. Theor.
Exp. Phys. 2023, 033B04 (2023).

[20] C. Cai, Y.-P. Zeng, and H.-H. Zhang, Cancellation mecha-
nism of dark matter direct detection in Higgs-portal and
vector-portal models, J. High Energy Phys. 01 (2022) 117.

[21] W. H. Press and D. N. Spergel, Capture by the sun of a
galactic population of weakly interacting massive particles,
Astrophys. J. 296, 679 (1985).

[22] I. Goldman and S. Nussinov, Weakly interacting massive
particles and neutron stars, Phys. Rev. D 40, 3221 (1989).

[23] G. Bertone and M. Fairbairn, Compact stars as dark matter
probes, Phys. Rev. D 77, 043515 (2008).

[24] C. Kouvaris, WIMP annihilation and cooling of neutron
stars, Phys. Rev. D 77, 023006 (2008).

[25] C. Kouvaris and P. Tinyakov, Can neutron stars constrain
dark matter?, Phys. Rev. D 82, 063531 (2010).

[26] M. McCullough and M. Fairbairn, Capture of inelastic dark
matter in white dwarves, Phys. Rev. D 81, 083520 (2010).

[27] A. de Lavallaz and M. Fairbairn, Neutron stars as dark
matter probes, Phys. Rev. D 81, 123521 (2010).

[28] S. D. McDermott, H.-B. Yu, and K. M. Zurek, Constraints
on scalar asymmetric dark matter from black hole formation
in neutron stars, Phys. Rev. D 85, 023519 (2012).

[29] N. F. Bell, A. Melatos, and K. Petraki, Realistic neutron star
constraints on bosonic asymmetric dark matter, Phys. Rev.
D 87, 123507 (2013).

[30] J. Bramante, K. Fukushima, J. Kumar, and E. Stopnitzky,
Bounds on self-interacting fermion dark matter from obser-
vations of old neutron stars, Phys. Rev. D 89, 015010 (2014).

[31] J. Bramante, A. Delgado, and A. Martin, Multiscatter stellar
capture of dark matter, Phys. Rev. D 96, 063002 (2017).

[32] M. Baryakhtar, J. Bramante, S. W. Li, T. Linden, and N. Raj,
Dark kinetic heating of neutron stars and an infrared
window on WIMPs, SIMPs, and pure Higgsinos, Phys.
Rev. Lett. 119, 131801 (2017).

[33] N. Raj, P. Tanedo, and H.-B. Yu, Neutron stars at the dark
matter direct detection frontier, Phys. Rev. D 97, 043006
(2018).

[34] N. F. Bell, G. Busoni, and S. Robles, Heating up neutron
stars with inelastic dark matter, J. Cosmol. Astropart. Phys.
09 (2018) 018.

[35] R. Garani, Y. Genolini, and T. Hambye, New analysis of
neutron star constraints on asymmetric dark matter, J.
Cosmol. Astropart. Phys. 05 (2019) 035.

[36] D. A. Camargo, F. S. Queiroz, and R. Sturani, Detecting
dark matter with neutron star spectroscopy, J. Cosmol.
Astropart. Phys. 09 (2019) 051.

[37] N. F. Bell, G. Busoni, and S. Robles, Capture of leptophilic
dark matter in neutron stars, J. Cosmol. Astropart. Phys. 06
(2019) 054.

[38] J. F. Acevedo, J. Bramante, R. K. Leane, and N. Raj,
Warming nuclear pasta with dark matter: Kinetic and
annihilation heating of neutron star crusts, J. Cosmol.
Astropart. Phys. 03 (2020) 038.

[39] A. Joglekar, N. Raj, P. Tanedo, and H.-B. Yu, Relativistic
capture of dark matter by electrons in neutron stars, Phys.
Lett. B 809, 135767 (2020).

[40] A. Joglekar, N. Raj, P. Tanedo, and H.-B. Yu, Dark kinetic
heating of neutron stars from contact interactions with
relativistic targets, Phys. Rev. D 102, 123002 (2020).

[41] N. F. Bell, G. Busoni, S. Robles, and M. Virgato, Improved
treatment of dark matter capture in neutron stars, J. Cosmol.
Astropart. Phys. 09 (2020) 028.

[42] C. Ilie, J. Pilawa, and S. Zhang, Comment on “Multiscatter
stellar capture of dark matter”, Phys. Rev. D 102, 048301
(2020).

[43] T. N. Maity and F. S. Queiroz, Detecting bosonic dark
matter with neutron stars, Phys. Rev. D 104, 083019
(2021).

[44] S. Bhattacharya, B. Dasgupta, R. Laha, and A. Ray, Can
LIGO detect nonannihilating dark matter?, Phys. Rev. Lett.
131, 091401 (2023).

[45] S. Bhattacharya, S. Kapadia, and B. Dasgupta, Distinguish-
ing neutron star vs low-mass black hole binaries with
postmerger gravitational waves—sensitivity to transmuted
black holes and non-annihilating dark matter, J. Cosmol.
Astropart. Phys. 04 (2026) 062.

[46] N. Raj, P. Shivanna, and G. N. Rachh, Exploring reheated
sub-40000 kelvin neutron stars with JWST, ELT, and TMT,
Phys. Rev. D 109, 123040 (2024).

[47] N. F. Bell, G. Busoni, S. Robles, and M. Virgato, Improved
treatment of dark matter capture in neutron stars II: Leptonic
targets, J. Cosmol. Astropart. Phys. 03 (2021) 086.

[48] F. Anzuini, N. F. Bell, G. Busoni, T. F. Motta, S. Robles,
A.W. Thomas, and M. Virgato, Improved treatment of dark
matter capture in neutron stars III: Nucleon and exotic
targets, J. Cosmol. Astropart. Phys. 11 (2021) 056; J.
Cosmol. Astropart. Phys. 04 (2024) E02.

[49] R. Foot, New physics from electric charge quantization?,
Mod. Phys. Lett. A 06, 527 (1991).

[50] X.-G. He, G. C. Joshi, H. Lew, and R. R. Volkas, Simplest
Z-prime model, Phys. Rev. D 44, 2118 (1991).

[51] R. Garani and J. Heeck, Dark matter interactions with
muons in neutron stars, Phys. Rev. D 100, 035039 (2019).

LEPTOPHILIC SCALAR DARK MATTER IN U(1) … PHYS. REV. D 114, 035031 (2026)

035031-23

https://doi.org/10.1007/JHEP01(2022)099
https://doi.org/10.1007/JHEP01(2022)099
https://doi.org/10.1103/PhysRevLett.119.191801
https://doi.org/10.1103/PhysRevLett.119.191801
https://doi.org/10.1007/JHEP05(2020)057
https://doi.org/10.1007/JHEP05(2020)057
https://doi.org/10.1103/PhysRevD.103.055024
https://doi.org/10.1103/PhysRevD.103.055024
https://doi.org/10.1007/JHEP02(2023)104
https://doi.org/10.1007/JHEP02(2023)104
https://doi.org/10.1103/PhysRevD.99.075028
https://doi.org/10.1103/PhysRevD.99.095036
https://doi.org/10.1103/PhysRevD.99.095036
https://doi.org/10.1093/ptep/ptad021
https://doi.org/10.1093/ptep/ptad021
https://doi.org/10.1007/JHEP01(2022)117
https://doi.org/10.1086/163485
https://doi.org/10.1103/PhysRevD.40.3221
https://doi.org/10.1103/PhysRevD.77.043515
https://doi.org/10.1103/PhysRevD.77.023006
https://doi.org/10.1103/PhysRevD.82.063531
https://doi.org/10.1103/PhysRevD.81.083520
https://doi.org/10.1103/PhysRevD.81.123521
https://doi.org/10.1103/PhysRevD.85.023519
https://doi.org/10.1103/PhysRevD.87.123507
https://doi.org/10.1103/PhysRevD.87.123507
https://doi.org/10.1103/PhysRevD.89.015010
https://doi.org/10.1103/PhysRevD.96.063002
https://doi.org/10.1103/PhysRevLett.119.131801
https://doi.org/10.1103/PhysRevLett.119.131801
https://doi.org/10.1103/PhysRevD.97.043006
https://doi.org/10.1103/PhysRevD.97.043006
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/10.1088/1475-7516/2019/06/054
https://doi.org/10.1088/1475-7516/2019/06/054
https://doi.org/10.1088/1475-7516/2020/03/038
https://doi.org/10.1088/1475-7516/2020/03/038
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/10.1088/1475-7516/2020/09/028
https://doi.org/10.1088/1475-7516/2020/09/028
https://doi.org/10.1103/PhysRevD.102.048301
https://doi.org/10.1103/PhysRevD.102.048301
https://doi.org/10.1103/PhysRevD.104.083019
https://doi.org/10.1103/PhysRevD.104.083019
https://doi.org/10.1103/PhysRevLett.131.091401
https://doi.org/10.1103/PhysRevLett.131.091401
https://doi.org/10.1088/1475-7516/2026/04/062
https://doi.org/10.1088/1475-7516/2026/04/062
https://doi.org/10.1103/PhysRevD.109.123040
https://doi.org/10.1088/1475-7516/2021/03/086
https://doi.org/10.1088/1475-7516/2021/11/056
https://doi.org/10.1088/1475-7516/2024/04/E02
https://doi.org/10.1088/1475-7516/2024/04/E02
https://doi.org/10.1142/S0217732391000543
https://doi.org/10.1103/PhysRevD.44.2118
https://doi.org/10.1103/PhysRevD.100.035039


[52] N. F. Bell, G. Busoni, and A. Ghosh, Using neutron stars to
probe dark matter charged under a Lμ − Lτ symmetry, J.
Cosmol. Astropart. Phys. 10 (2025) 060.

[53] A. McDaniel, M. Ajello, C. M. Karwin, M. Di Mauro, A.
Drlica-Wagner, and M. A. Sánchez-Conde, Legacy analysis
of dark matter annihilation from the Milky Way dwarf
spheroidal galaxies with 14 years of Fermi-LAT data, Phys.
Rev. D 109, 063024 (2024).

[54] W. Altmannshofer, S. Gori, M. Pospelov, and I. Yavin,
Neutrino trident production:A powerful probe of newphysics
with neutrino beams, Phys. Rev. Lett. 113, 091801 (2014).

[55] H. Davoudiasl, J. Hoefken Zink, and S. Trojanowski, Flavor
blocking of dark matter thermalization in neutron stars, J.
High Energy Phys. 07 (2026) 196.

[56] J. M. Pearson, N. Chamel, A. Y. Potekhin, A. F. Fantina, C.
Ducoin, A. K. Dutta, and S. Goriely, Unified equations of
state for cold non-accreting neutron stars with Brussels–
Montreal functionals—I. Role of symmetry energy, Mon.
Not. R. Astron. Soc. 481, 2994 (2018); Mon. Not. R.
Astron. Soc. 486, 768(E) (2019).

[57] R. C. Tolman, Static solutions of Einstein’s field equations
for spheres of fluid, Phys. Rev. 55, 364 (1939).

[58] J. R. Oppenheimer and G. M. Volkoff, On massive neutron
cores, Phys. Rev. 55, 374 (1939).

[59] G.-y. Huang, F. S. Queiroz, and W. Rodejohann, Gauged
Lμ − Lτ at a muon collider, Phys. Rev. D 103, 095005 (2021).

[60] N. F. Bell, G. Busoni, S. Robles, and M. Virgato, Thermal-
ization and annihilation of dark matter in neutron stars, J.
Cosmol. Astropart. Phys. 04 (2024) 006.

[61] Y.-H. Su, C. Cai, and H.-H. Zhang, Constraining secluded
and catalyzed-annihilation dark matter models with Fermi-
LAT and Planck data, Phys. Rev. D 111, 075013 (2025).

[62] Y.-P. Zeng, X. Xiao, and W. Wang, Constraints on pseudo-
Nambu-Goldstone dark matter from direct detection experi-
ment and neutron star reheating temperature, Phys. Lett. B
824, 136822 (2022).

[63] E. C. G. Stueckelberg, Interaction energy in electrodynam-
ics and in the field theory of nuclear forces, Helv. Phys. Acta
11, 225 (1938).

[64] E. C. G. Stueckelberg, Interaction forces in electrodynamics
and in the field theory of nuclear forces, Helv. Phys. Acta
11, 299 (1938).

[65] H. Ruegg and M. Ruiz-Altaba, The Stueckelberg field, Int.
J. Mod. Phys. A 19, 3265 (2004).

[66] N. Arkani-Hamed, D. P. Finkbeiner, T. R. Slatyer, and N.
Weiner, A theory of dark matter, Phys. Rev. D 79, 015014
(2009).

[67] S. Cassel, Sommerfeld factor for arbitrary partial wave
processes, J. Phys. G 37, 105009 (2010).

[68] Z.-H. Yu, J.-M. Zheng, X.-J. Bi, Z. Li, D.-X. Yao, and H.-H.
Zhang, Constraining the interaction strength between dark
matter and visible matter: II. Scalar, vector and spin-3=2
dark matter, Nucl. Phys. B860, 115 (2012).

[69] T. Hapitas, D. Tuckler, and Y. Zhang, General kinetic
mixing in gauged Uð1ÞLμ − Lτ model for muon g − 2
and dark matter, Phys. Rev. D 105, 016014 (2022).

[70] J. Koechler and M. Di Mauro, Leptophilic dark matter in
Uð1ÞLi−Lj

models: A solution to the Fermi-LAT Galactic
Center excess consistent with cosmological and laboratory
observations, Phys. Rev. D 112, 115016 (2025).

[71] G. Arcadi, T. Hugle, and F. S. Queiroz, The dark Lμ − Lτ

rises via kinetic mixing, Phys. Lett. B 784, 151 (2018).
[72] E. Aprile et al. (XENON Collaboration), Light dark matter

search with 7.8 tonne − year of Ionization-only data in
XENONnT, Phys. Rev. Lett. 137, 051003 (2026).

[73] M. Zhang et al. (PandaX Collaboration), Search for light
dark matter with 259 days of data in PandaX-4T, Phys. Rev.
Lett. 135, 211001 (2025); 136, 069901(E) (2026).

[74] M. Markevitch, A. H. Gonzalez, D. Clowe, A. Vikhlinin, L.
David, W. Forman, C. Jones, S. Murray, and W. Tucker,
Direct constraints on the dark matter self-interaction cross-
section from the merging galaxy cluster 1E0657-56, As-
trophys. J. 606, 819 (2004).

[75] S. W. Randall, M. Markevitch, D. Clowe, A. H. Gonzalez,
and M. Bradac, Constraints on the self-interaction cross-
section of dark matter from numerical simulations of the
merging galaxy cluster 1E 0657-56, Astrophys. J. 679, 1173
(2008).

[76] D. Harvey, R. Massey, T. Kitching, A. Taylor, and E. Tittley,
The non-gravitational interactions of dark matter in collid-
ing galaxy clusters, Science 347, 1462 (2015).

[77] S. Tulin and H.-B. Yu, Dark matter self-interactions and
small scale structure, Phys. Rep. 730, 1 (2018).

[78] S. Adhikari et al., Astrophysical tests of dark matter self-
interactions, Rev. Mod. Phys. 97, 045004 (2025).

[79] ATLAS Collaboration, Combined measurements of Higgs
boson production and decay using up to 139 fb−1 of proton-
proton collision data at

ffiffiffi
s

p ¼ 13 TeV collected with the
ATLAS experiment, Report No. ATLAS-CONF-2021-053,
2021.

[80] N. F. Bell, G. Busoni, T. F. Motta, S. Robles, A. W. Thomas,
and M. Virgato, Nucleon structure and strong interactions in
dark matter capture in neutron stars, Phys. Rev. Lett. 127,
111803 (2021).

[81] A. Salim Adam, Y. K. Andriani, and B. Dirgantara, Vacuum
structure of an extended standard model with Uð1ÞD
symmetry, J. High Energy Phys. 01 (2026) 089.

[82] L. Basso, S. Moretti, and G. M. Pruna, A renormalisation
group equation study of the scalar sector of the minimal
B − L extension of the standard model, Phys. Rev. D 82,
055018 (2010).

[83] C. Cai, Z.-M. Huang, Z. Kang, Z.-H. Yu, and H.-H. Zhang,
Perturbativity limits for scalar minimal dark matter with
Yukawa interactions: Septuplet, Phys. Rev. D 92, 115004
(2015).

CHENGFENG CAI and HONG-HAO ZHANG PHYS. REV. D 114, 035031 (2026)

035031-24

https://doi.org/10.1088/1475-7516/2025/10/060
https://doi.org/10.1088/1475-7516/2025/10/060
https://doi.org/10.1103/PhysRevD.109.063024
https://doi.org/10.1103/PhysRevD.109.063024
https://doi.org/10.1103/PhysRevLett.113.091801
https://doi.org/10.1007/JHEP07(2026)196
https://doi.org/10.1007/JHEP07(2026)196
https://doi.org/10.1093/mnras/sty2413
https://doi.org/10.1093/mnras/sty2413
https://doi.org/10.1093/mnras/stz800
https://doi.org/10.1093/mnras/stz800
https://doi.org/10.1103/PhysRev.55.364
https://doi.org/10.1103/PhysRev.55.374
https://doi.org/10.1103/PhysRevD.103.095005
https://doi.org/10.1088/1475-7516/2024/04/006
https://doi.org/10.1088/1475-7516/2024/04/006
https://doi.org/10.1103/PhysRevD.111.075013
https://doi.org/10.1016/j.physletb.2021.136822
https://doi.org/10.1016/j.physletb.2021.136822
https://doi.org/10.5169/seals-110852
https://doi.org/10.5169/seals-110852
https://doi.org/10.1142/S0217751X04019755
https://doi.org/10.1142/S0217751X04019755
https://doi.org/10.1103/PhysRevD.79.015014
https://doi.org/10.1103/PhysRevD.79.015014
https://doi.org/10.1088/0954-3899/37/10/105009
https://doi.org/10.1016/j.nuclphysb.2012.02.016
https://doi.org/10.1103/PhysRevD.105.016014
https://doi.org/10.1103/nw98-38vr
https://doi.org/10.1016/j.physletb.2018.07.028
https://doi.org/10.1103/2lrq-f6bk
https://doi.org/10.1103/rtnh-jn8s
https://doi.org/10.1103/rtnh-jn8s
https://doi.org/10.1103/dq19-jkqk
https://doi.org/10.1086/383178
https://doi.org/10.1086/383178
https://doi.org/10.1086/587859
https://doi.org/10.1086/587859
https://doi.org/10.1126/science.1261381
https://doi.org/10.1016/j.physrep.2017.11.004
https://doi.org/10.1103/m2vm-59y3
https://doi.org/10.1103/PhysRevLett.127.111803
https://doi.org/10.1103/PhysRevLett.127.111803
https://doi.org/10.1007/JHEP01(2026)089
https://doi.org/10.1103/PhysRevD.82.055018
https://doi.org/10.1103/PhysRevD.82.055018
https://doi.org/10.1103/PhysRevD.92.115004
https://doi.org/10.1103/PhysRevD.92.115004

	Leptophilic scalar dark matter in U(1)L&mu;-L&tau;: Evading direct detection and prospective neutron star heating
	I. INTRODUCTION
	II. LEPTOPHILIC DARK MATTER MODELS
	A. Effective operator analysis
	B. Secluded scalar dark matter model
	C. pNGB dark matter model A
	D. pNGB dark matter model B

	III. PHENOMENOLOGY
	A. Relic density and indirect detection
	B. Direct detection and trident production bound

	IV. RESULTS
	A. Secluded DM model
	B. pNGB DM model A
	C. pNGB DM model B

	V. SUMMARY AND DISCUSSION
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	APPENDIX A: COVARIANT DERIVATION OF THE INTERACTION RATE
	APPENDIX B: RGES OF MODEL B AND VALIDITY OF THE CANCELLATION MECHANISM
	References


