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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 U(1) 1,-L, 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
u(1) L,-L, 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) pNGB model, the DM mass is generated radiatively at one loop via the U(1) L-L.

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-ddgf

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.
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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 y 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 yy — 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
(21000 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 U(1), _; 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 (y) models. Specifically, we consider scenarios
where the effective interactions between DM and quarks,
described by the dimension-5 (y*ygq) and dimension-6

()(*isﬂ;()c’]y"q operators (g = 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

Lyime :%O(*i(gﬂ)iyﬂl’ (1)

where y and [ 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= 4—”p—1Erf<\ﬁ”—*) OR* VA(r)

Ux MpMm 2y
71 —B(r) ~(r)ridr
o) @ 2)

where A(r), B(r) are defined by metric ds?> = —B(r)dt* +
A(r)dr? 4+ r*dQ?, and the interaction rate function Q~(r) is
derived in the Appendix A:
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Here, g, is the spin degeneracy factor, {,(r) accounts for
the target number density, and P, encodes Pauli blocking
and the capture condition.

Substituting the spin-averaged squared amplitude |ﬂ]2
corresponding to the operator in Eq. (1),

AP = 515 = mbyg = m2)? + (s =), (4)

Cx~

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 A), 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

”Ri[l — B(R,)] Py (\/EU*>
C = Erf(1/=—, 6
geom /U*B(R*) mpwm 2 Vg ( )

where p, ~ 0.4 GeV/ cm’ is the local DM density, v, =
230 km/s is the NS velocity, and v, = 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,

{2.95 TeV (BM-1:M, = 1.5M)
T 419 Tev (BM-2:M, = 1.9M,)

TABLE L

4
2.76 x 10%* 57! <¥> <

4
1.65 x 10% 57! <¥> <

m) (BM-1:M, = 1.5M,,)

m) (BM-2:M, = 1.9M)

Mpm

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 p. as an
input. The number density and chemical potential of muons
are determined via £ 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 S
mpm S 10 TeV, the capture rates are approximated by

Mpm

|

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 X, this translates to an optimistic
sensitivity in the parameter space of my/gy ~ A,.

We will use A, 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 old NS for broad classes of s-wave annihilating DM
models [60].

Within the EFT framework, operators such as y*ygq and

<~
(¥*id,x)qr*q can be manually set to zero. However,
realizing such suppression in a concrete model is nontrivial.

Suppressing the vector current operator (y*id,x)qr"q is
relatively straightforward; if the interaction is mediated by
a leptophilic gauge field [e.g., U(1) L,-L,)» the quark
coupling arises only via kinetic mixing at the loop level
and is naturally suppressed. Conversely, suppressing the
scalar operator y*ygq is more subtle, as it is typically

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.

pelgem™] M, [Mg) R, [km] B(R,) CA*m, [GeV3s7!]
BM-1 7.76 x 10 1.5 12.593 0.648 2.76 x 10%°
BM-2 1.04 x 10'3 1.9 12.415 0.548 1.65 x 10%
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generated via the Higgs portal. In many simple scenarios,
the Higgs portal is essential for DM annihilation
'x = hi > SM or y*y — h;hj) to satisty 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, , charged under a U(1), _, gauge

symmetry with the mass relation mpy > my.
Here, the DM relic density is determined by the
annihilation channel y*y — XX within the dark sec-
tor, allowing the Higgs portal coupling to be negli-
gible. The gauge boson X, 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 y, charged under
U(1),, . is embedded in a multiplet of a sponta-

neously broken global symmetry [e.g., SO(N)],
identifying y as a Goldstone boson. Explicit breaking
of this global symmetry generates a mass for y. Due to
the approximate shift symmetry of the pNGB, the
X xqq effective operator is naturally suppressed,
leading to a cancellation in the y-nucleon scattering
amplitude at low momentum transfer [13].1 We
discuss two distinct realizations of this scheme: in
Sec. IIC, 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. [I 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, y, which carries a U(1) L,-L, gauge charge Opy.
The relevant Lagrangian for the dark sector is given by

'Note that NS heating for p)NGB 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 X, 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.

1 1
L= = XX + o miXOX, + Dyt = iyl

4
= [t = Ay x P HP, (8)

where the covariant derivative is defined as

DM = (aﬂ - iQDMgXXu))(' (9)

For simplicity, we assume the mass of the gauge boson
X, is generated via the Stiickelberg 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 4, 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 X, and the SM gauge bosons.
As we will discuss in detail in Sec. III B, this mixing is
loop induced in the U(1) 1,-1, 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 (mpy > my), the relic abundance is
primarily determined by the annihilation process y*y —
XX into on-shell gauge bosons. While DM pairs can also
annihilate into SM leptons (£ = p, = and their correspond-
ing neutrinos) via s-channel X, exchange (y*y — £t ),
these processes are p-wave suppressed for a scalar DM
candidate. Because the p-wave annihilation cross section
scales with the velocity squared (v*~x~!, where
x = mpy/T), these channels remain subdominant through-
out most of the parameter space during freeze-out. In
Sec. 1V, we will present the detailed formulas for these
annihilation cross sections.

Atlow energies, integrating out the heavy gauge field X,
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 A is identified as

A=—2X 1
vV OpmIx (10)

C. pNGB dark matter model A

In this model, we consider a pPNGB DM paradigm [13]
featuring a soft symmetry-breaking mass term. The scalar
sector is extended by a dark doublet ® = (®,,®,)! =

(1/V2)(y —ighy.p3 — ichs)T. We first consider the tree-
level scalar potential. By analogy with the custodial
symmetry of the SM Higgs, the potential of @ can be
constructed to accidentally respect a global SU(2) x
SU(2) ~SO(4) symmetry. The tree-level potential is
assumed to be [19]
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(IR)

Viee (H. ®) = =i @@ + 1 (®T®)? — iy (H'H) + Ay (H'H)? + 2434 (HH) (@7 @) + m* @'’
= =g (|®1 2 + |Daf?) + 24 (1@ 2 + |©3*)? = p3y (HTH) + Ay (HTH)? + 2235 (H H)(|]®1[* + | @, )

+ m*(|®* — D, ),

where the first two lines manifestly preserve the SO(4)
symmetry, and the final m? term represents a soft breaking
of the symmetry.

We assume the potential triggers spontaneous symmetry
breaking such that (¢3) = v, and (H) = v. Expanding the
fields around their vacuum expectation values (VEVs),

H+
)3 = vy + 5. H = <l)+h+iG>’ (12)

V2

the SO(4) symmetry is spontaneously broken to SO(3),
generating Goldstone bosons. We identify the complex
scalar ®@; = y as the DM candidate.

From the minimization condition with respect to @,
(0V/0®, = 0), we obtain the relation pj— 4405~
Angv® = —m?. Substituting this back into the quadratic
terms for @, in Eq. (11), the DM mass is generated entirely
by the soft-breaking parameter

miy = 2m?. (13)

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 U(1) L,-L, subgroup. The
U(1) L-L. transformations of the two components of ® are
assigned as follows:

@, e!%om0 0 @,
- , , (14)
o, 0 e'020 o,

leading to the covariant derivative

Com 0>q>. (15)
0 0

Once ¢; acquires its VEV v, the U(1), _, gauge

m¢:¢¢qW@<

symmetry is spontaneously broken, and the component
¢4 is eaten by the gauge boson X,, giving it a mass
my = |Q,|gxv,. Importantly, any asymmetry in the gauge
charges (|Qpm| # |Q»]) would induce different radiative
corrections to the Higgs portal couplings of @; and ©,,

(11)

|
thereby ruining the delicate cancellation in the DM-nucleon
scattering amplitude. We therefore mandate the specific
charge assignment Q, = +=0Opy-

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 SU(2)
symmetry at a high scale Ayy, where @ transforms as a
fundamental doublet. First, just like the SM Higgs, the
renormalizable potential of an SU(2)y 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 SU(2), doublet
naturally carry opposite eigenvalues under its diagonal
generator (7°). Thus, when SU(2) is broken down to the
U(1) L,-L, Subgroup, the relation Qpy = —Q, is automati-

cally enforced. Finally, this symmetry breaking can be
triggered by an SU(2)y triplet scalar £ acquiring a VEV
(£%) = v56%. The interaction k®'¢*®X¢ then generates
the requisite soft-breaking mass term m? « kvy 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 (h,s) mix to form the physical
mass eigenstates (h;, h,). The mass matrix is given by

o5 (n s)(?)
=)0 )0

2

mi = 22g0?, m? = 240y, mi, = 224004,

(16)

which is diagonalized by an orthogonal matrix O:

72 Trg2 m%' 0
g - ono (" V),

2
mhz

(n)=() w
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Co So 2m25
0= < ) by = Zihz (18)
—Sg  Co m; —

N h

where ¢y = cos 8, sy = sin6, and 1,y = tan 20.

For the phenomenological discussions in Sec. III, we
summarize the relevant couplings in the mass basis. The
scalar self-interactions involving the DM candidate y and
the mediators £, , are

LD _g;()(hl hl I)(|2

1
zg)(xh hl 1 IX|

1 1 1
- ighlhlhl h? - Eghlhlhz h%hz - Eghlhﬂzzhl h%

1
- ighzhzhzhi (19)

— Yyyhy h2 |)(|2

1
g){;{hzhz 2|)(| g)(;{h,hzhlh2|)(|2

where the effective couplings are defined as

Gy, = 2(Angpvco — ApvySa),

Gyyn, = 2(AugpvSg + Apvyco), (20)
G, = 2(Aup <5+ 2955)s Gygony, = 2(AagSG + 2pC5),
Gy, = 250Co(Arg = Ap)s (21)

Ghihhy, = 6[/111”03 - ’1(/)”{/)33 + ’1H¢(U¢C5S9 - UCesg)]’
G, = O[Sy + Apvych + Ay (vpsice + vsacy)],
by = 6AyvCosg + 6A¢v¢s§c9 + AH¢[20¢(C; —2cys3)

+ 20(s) — 2¢5s9)],
gh]hth = 6/1HUCGSH - 6/1451}453369 + /1H¢[21)¢( - 2C9S9)
—2v(c) = 2cys3)). (22)

Finally, the interactions between the scalar mediators 4;
and the SM fermions (f =1,b,...) or gauge bosons
(V = W*,Z) inherit from the SM Higgs component via
the mixing angle 6:

— m
Lyvuci DY _gnprhif fo Gy =~ 7f Co,
7
m
9n,ff = —Tfsev (23)

1
Lauge D gnwwhi Wi W™H + Egh;zzhizﬂzﬂ’

2m? 2m?
9nvv = TVC(% 9n,vv = Tvse- (24)

D. pNGB dark matter model B

In the second benchmark model, we consider a real
scalar triplet ®“ (a =1, 2, 3) with a global SO(3)
symmetry at the UV matching scale, Ayy. Below Apy,
the SO(3) symmetry is explicitly broken only by the
gauging of the SO(2)LM_L12U(1)LM_LTCSO(3) sub-
group, which corresponds to rotations in the (®!,®?)
components. We assume the U(1) L,-L, gauge boson X,

obtains a Stiickelberg mass my. In the linear representation,
we define the complex field

O! + i®?
=, §= @3,
ST
Dy = (aﬂ - iQDMgXXu))(- (25)

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

2
Voy(H. @) = mHTH + 2, (H H)> + %CD“CI)“
A
+ Z‘I’ (DDY)2 + Ay (H H)D D,  (26)

where m3, < 0 triggers the spontaneous symmetry-break-
ing SO(3) — U<1)L”—L,' We choose the aligned vacuum

w=7() G=u =0

H_\%(U—(I)—h)

so that y remains a massless Goldstone boson at the
tree level.
Below Ayy, once U(1),

§:U¢+S, (27)

the SO(3)

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

)
MX()() - %] +Ver. (28)

is gauged,

X
Vi = g M 00) 22

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

M%(x) = m% + 2(Qomgx)*x"x- (29)

(X)

Expanding V{Z)..,

term of y:

we can find a correction to the quadratic

035031-6
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—L D émiyy. (30)
Applying the matching condition

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

1672 2

2 A2
mpy = 6mi(my) & 3(Qomox) m% 1n< nf") (32)
X

at an IR scale below my. Note that the field strength
renormalization of y would rescale m?,, by a factor
Z;' ~[1 4 O(g%/167%)]. 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 U(1), _; [but not

necessarily SO(3)] is parametrized as

ViR(H,3,y) = m4H'H + Ay (H'H)? +m7%§2 + ’Zﬁyx
+ ey 44, + A8 HTH
+ 22, (H H) (' y) + 23,32 (r'x), - (33)

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

mZ(Ayy) = mi(Ayy) = mg = dmi(Ayy) = mi(Ayy) — m3(Ayy) =0,

A33(Auy)

The masses of the Higgs-portal mediators, m2, m2, and

their mixing, m3_, are not corrected by gauge interactions at
the one-loop level, since 2 and s are neutral under
U(1),—1,- On the other hand, the y-dependent Higgs-
portal couplings 43, and 4y, which generate the y*ys and
¥ xh vertices after symmetry breaking, are renormalized
via the y 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 43, and Ay, are
rescaled by the same factor » compared to 133 and Ay5. This
factor is given by

/Ig;) ~ VﬂH:;,
1 1

lgj{() ~ }'7133 s

re I~ 35
1— 3(Qpmyx)* In Ay 1— miy ( )
1672 m2 mf(

where the superscript (X) denotes quantities corrected by
loops involving the X, gauge boson.

Computing the DM-quark scattering amplitude in the
Mandelstam ¢ — 0 limit, we find

MO )M (7). a9

(X)

where g, = 2250, g,,, = 225,

Vgps and

by AUV) = ’13)(<AUV) = o,

3H3<AUV) = /IH;((AUV) = Ho- (34)

22 0%
M2 = ( " (37)

2/11.13 U1)¢
2AH3UU¢ )

2&33 U{z/)

is the mass matrix of the CP-even scalar fields (4, s). Since
Aty = Anz = Ape and A3, = A33 = g at the tree level, we
obtain

m ¥ N
m (/Ig)()/llﬁ - /133/15.1)()) -0 (38)

M(0) «
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 A; subscripts adapted
for this model and the universal rescaling factor r applied to
all vertices involving y. Specifically,

Gyyhy = 2@113“’9 - /13311¢S9)’v

Gyrhy = 2(An3vSg + A330yCo) * T, (39)
Yy, = 2(Agsch + Axasg)r,
Gyyhahy = 2(Apssg + Axcq)r,
Gyyhihy, = 25909(/1113 —/133)7, (40)
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Gniny, = O[Agvey — A330485 + Az (vyChsg — vCgsh)].

hyhyhy = 6[/1H1)s€’, + lg3v¢c2 + /1H3(114,s569 + vsacé)],

Ghyhihy = 61ch§s9 + 6/13311,/,s569 + Az [211,/,(c2, - 20€s§)
+20(s — 2¢550).

Gnyhohy = 6AyvCess — 61331)(/)s9c§ + A [Zv(/,(sg —2¢2s4)
—2v(c) = 2¢ys3)). (41)

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
Egs. (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 mpy; > my, the
primary annihilation process occurs entirely within the dark
sector:

(1) y*+y — X+ X. According to Ref. [61], the veloc-

ity-averaged annihilation cross section is given by

4 401 _ g2 | 34
(00 = pmdx (1 = &x +358%) /1_5%(’ (42)

87”""2DM(1 - %&)2

where we define the mass ratio &y = my/mpy.

(@) y* +y — X* = £+ ¢. Annihilation into SM lep-
tons (£ = u,7,v,,v,) via s-channel X, exchange
yields

(62,0) ~ Z RS ObmIx
V2 o ani = )+ TS

xszM,/1_5§,<1+%§;,)x-1, (43)

N
X SS
<
<
N
N
N
\x
<
__________ s P S
.
4”
.
-
X - X
*
X S
<
<
N
N
N
\x
\\
---------- h Se-—--------h
.
.
f"
.
-
X - X

Loop corrections to the trilinear Higgs portal couplings.

where n,=1(2) for =y, 7 (v,,), and
&, = my/mpy. Because y is a scalar, this process
is p wave and, therefore, velocity suppressed by
a factor of x7'=T/mpy. Consequently, these
channels become significant only when my <
O(100 GeV) and mpy < my. 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 &, and h,. The relevant

channels are

My +x—=hi,=>f + f. Annihilation into SM fer-

mions gives

2
Cfmf
<O7f1j> ~ z : 327”}2 2 (1 _5.%)3/2
b

F=tb.... "pm
« g){;{hl Co
4m2DM - m%] + imp, Ty,
s 2
i Gyyh, S0 (44)

2 2 . 9
dmiyy — my, + imp, L'y,

where ¢ 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 mpy > my. All
relevant scalar couplings were defined in Sec. II. The
total decay width of the heavier state &, is approxi-
mated by

2 2
I, | 4m,
th ~ 3271”/1’1;2 1 - m%l 1®(mh2 - thl)
2
2 2
yxhy 4mpy
—= [1- ® -2 .
+ 1 67rmh2 m%h (mhz Mpm)

(45)
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Q) y+xy—->V+V(V=W,Z, X). Annihilation into massive gauge bosons is given by

2 3 2 /1
<va11>% Z 8’:’:/#\/1—52 <1—§%/+Z§‘\‘/>

Vai'z v 64anM

2

Z g)()(h,-gh,-VV
2 2 :
i=1

dmiyy — mj, +imy Iy,

[ ‘ QDMgX

yh. Gh XX 2 | 208 m9%Ek 2- 5 2 Gh: Inxx 2
+Z xxhi : +‘ DM )2( X4 X Z X -~ : O(mpy — my).
4mDM — mh[_ +imy, Iy, 2-&% — 4mDM —m, + imy, Iy,
(46)
where ny = 1(2) for the W(Z) boson. The coupling between X, and the Higgs fields are given by
2m3

Ihxx = T: (=s9,cg) (modelA),

ghiXX =0 (mOdelB) (47)

(3) x* +x — X+ h;. Annihilation into X and h; is also allowed when 2mpy > my + my,. The leading term of
annihilation cross section is given by

302, 2 Bv: T :
<O'Xh_1)> ~ M}C_IG(ZWZDM — My — mh,)
i 167 '
2 2
T. =A? + (mDMﬁXi)z [1614,‘9)0(;,[ _ 649)2()(himh; 9hxx :| (48)
] )
’ 3 A? A} m3 (4mipg — m3)?
where
my +my, )? my —my, )?
ﬂXiE\/{l_( X+ h,>H1_< x=m) }
dmi 4miyy
A; = dmpy — my — m%
o 9n;xx _ 49)(;(hi ( 49)
! 4m%)M - mg( 4m2DM — m% - m%i ’
These contributions are also subdominant during freeze-out since they are p-wave velocity suppressed.
(4) x* +x — h; + h;. When kinematically allowed, annihilation into scalar final states yields
1 (m; +m;)? (m; —m;)? 19y, Iy hih,;
<Ghihjv> 2327 |:1 — ! - J 1-— L > J g)()(hihj + 5 XX 12 1 .J
n ﬂmDM dmiy dmpy dmpy — ny, + lmthhl
19yhy Ihihsh, 19y, Gy 19 Gen, | (50)
dmdy, — m%z + imy, T, mﬁ[ —2mdy, mﬁj —2mdy|

where the symmetry factor is n;; = 1+ 6;;.
In addition, since we focus on the case of mpy; > my in the secluded dark matter model, we include the Sommerfeld
enhancement (SE) induced by repeated X, exchange [66]. The corresponding attractive Yukawa potential in the y*y initial
state is

V(r) = = Z gmmr, (51)

where a, = (Opmgx)?/(4m). We include this effect by multiplying each relevant partial-wave cross section by the
correspondmg Sommerfeld factor. For the dominant s-wave process y*y — XX,
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(UU))S(I)E( = SO(”rel)(Gv>§e§’ (52)

while for the subdominant p-wave annihilation into lep-
tons, (6v)5° = b,vy,, we use

(61))?; = bfvrzelsl (Urel)7 (53)
where S; denotes the / =1 Sommerfeld factor. In the
numerical analysis, we evaluate S; and S; using the
Hulthén approximation to the Yukawa potential, following
Ref. [67]. More precisely, S, ; below are identified with the
30,1 factors of Ref. [67].

The SE-corrected thermal annihilation cross section used
in the freeze-out calculation is

<61}>SSCFE()C) = <6XX1]>LreeSO(x) + Z<6?fv>treegl<x)7 (54)
4

where x = mpy/T, (67,0) e = 6b,/x, and

S_O(x):% A " dttl/ze"S()(z 5), (55)

T X

5, (x) = % A " didl2e s, <2\/§> (56)

Here, the argument of S,; is the relative velocity,
Ve = 24/t/x. In the notation of Ref. [67], we take
A =a,, M = mpy, m, = my, 5 = n°my /6, and therefore,
:B = ”rel/z =V t/x~

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

(Gav) (x) = (o) (x), (57)
where (6v)3E (x) 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 mpy < my and
a,mpy/my < 1. The Sommerfeld correction from X,
exchange is then numerically close to unity. We therefore
use the tree-level thermal cross section,

(o100} (x) = (07,0) + {o7,0) + (oY V)

+ Z<0Xh,ﬂ> + (O, 0) (58)

where only kinematically open channels are included.
With this definition, the freeze-out temperature x; =
mpy/ Ty is obtained by iteratively solving

5 A5 mpyMp(6iov) (Xf)} ’ (59)

xp=1In|—/—
! {4 8 22°\/g.(xp)xs
where My, is the Planck mass and g, counts the effective

relativistic degrees of freedom. The relic abundance is then
calculated as

T, 3
Qrh? ~ 2. 10° GeV-! 0
DM 08 > 107 Ge (2.725 K)

« ! , (60)
Mpi\/ g, (x5)J (x¢)

with
S = [5G o)) (61)

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

6611

(O101v) (x) = ag + P (62)
In this limit,
3
T =2 20 (63)
o Xy

and Eq. (60) reduces to the usual analytic freeze-out
expression [68]. For the secluded model, we instead evaluate
J(x/) using the SE-corrected thermal average in Eq. (54).

Finally, we consider constraints from indirect detection,
primarily driven by y-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 y-ray spectrum from y*y — XX — 4¢ processes. Since
mpy > my in this case, the Sommerfeld correction is
included and evaluated at the characteristic dwarf-galaxy
velocity (corresponding to x ~ 10%).

Note that standard Fermi-LAT limits are typically
derived assuming a self-conjugate (Majorana or real scalar)
DM candidate. Because our y is a complex scalar, the
number densities of DM and anti-DM particles are each
half of the total DM number density (1, = n, = nyy/2).
Consequently, the annihilation rate, which is proportional
to n,n,, acquires a factor of 1/4 relative to the self-
conjugate case (where it is proportional to nZ,/2).
However, because both y*y and yy* 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:

(eiv) = 5 (O110), (64)

N[ =
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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
U(1) L,-L, gauge boson X, and the SM hypercharge gauge
boson B,. 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]

1
Linix = ESIRXWBW’ (65)
(A <my,) =—-210 m; (66)
& m = ——— — |-
® W T 8 w2

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

2

2

mympym 2 222
— 0 = s&e
2(my DM)2 OpmIxSwer(Q)

i %
my + Q% (my—m3)|’

on(Q) =

2

X Flz{elm(Q) (67)

where the effective nucleon couplings fl(\,v) (V=27,Z)are
defined as

1

fz(vv) =2 [Z(29uy + gav) + (A = Z)(guv + 29av)],  (68)

where Z' is the physical mass eigenstate corresponding to
the dark gauge boson X,, and the expression of chiral
couplings g, and g,y can be found in Ref. [71]. In the limit

of tiny kinetic mixing (ejg << 1) where Z' is closely aligned
with X, the cross section simplifies to

on(0) ~ mzzvszM Q12)M9§(62€12R
N a(my + mpy)? ¢y (my — m3)?

«[1-2305 3] Fhan(@. )

where Z = 54 and A = 131 for xenon-based detectors. At
the low momentum transfers typical of direct detection, the
Helm form factor is F3,,(Q) ~ 1.

We also checked direct-detection constraints from elec-
tron recoils. In the U(1) L-L models considered here,
electrons are not charged under the new gauge symmetry at
tree level. The coupling of X, to electrons is induced only
through the same loop-generated kinetic mixing in
Eq. (66). The corresponding DM-electron scattering cross

section 1is

e T 2

5~ Ko [Qomgx (eer/cw)]?
m% '

For the parameter space considered in this work,
m,, 2 100 GeV, so p,, ~m,. Using Eq. (66), this gives

A 4 4
5, ~8.0 x 10732 cm2< QDMQX) <100 GeV) . (70)

0.1 my

Even for the aggressive choice +/Opmgx = 0.3 and
my = 10 GeV, one obtains only &,~6.5 x 1076 cm?.
This is well below the current electron-recoil limits from
XENONNT [72] and PandaX-4T [73], which are at the level
of 5, ~ 10~ cm? in the sub-GeV to GeV mass range and
become weaker when extrapolated to mpy 2 100 GeV.
Therefore, electron-recoil direct detection does not impose
additional constraints on the parameter space studied in
this work.

Furthermore, the U(1) L,-L, gauge interactions induce
neutrino trident production (v,N — v,u*u~N) in acceler-
ator neutrino experiments [54]. The absence of a significant
excess places an experimental constraint on the gauge
coupling gy as a function of my. As we will show in
Sec. 1V, 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 X, exchange scales as

or __ Mpwm (QDM9X>4

mpm - A my

4
~1.7x 10710 cm2/g<QDMgX>

1
4
o ( Mpm ) <100 GeV) . (71)
1 TeV my

For the parameter regions we consider in the next section,
my 1s at the electroweak or TeV scale, and the resulting
or/mpy is far below the commonly used astrophysical
bound o7/mpy < O(1) cm?/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 /Qpygx [see Egs. (10) and (69)].
Therefore, it is convenient to fix this combination and
present the constraints and sensitivities in the (Ex, mpy)
plane.

In Fig. 2, we show the results for two benchmark values:
v/ Opmgx = 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 (Qpy/* & 0.12) is reproduced for
three different charge assignments Qpy (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 \/Opmgyx = 0.1, a
relatively large charge Qpy ~ O(10) is required to repro-
duce the correct relic density. Conversely, when /Opmgx
increases to 0.3 (right panel), smaller charges Qpy ~ O(1)
become viable. In this model, DM annihilation is domi-
nated by gauge interactions. For &y = my/mpy < 1, the
phase-space factor in y*y — XX approaches unity, and the
tree-level s-wave cross section scales as

(QDMgX)4 )

2
mpym

{ov)xx o
Therefore, without Sommerfeld enhancement, the correct
relic density condition would approach a nearly vertical
line in the mpy—Ey plane at small £y. The same scaling also
explains the main shape of the Fermi-LAT exclusion bands.
For fixed /Opmgx and Qpy, decreasing mpy increases the
present-day annihilation cross section, so Fermi-LAT
excludes the low-mpy region. Since the tree-level cross
section depends only weakly on &y when £y < 1, the

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

2
dependence on the ratio @, /&y, where a, = %. For
fixed /Opm9x, one has

A \2
OpmIx = v @om (v OpmIx). a;(:QDM< 4€[DM9X) .

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

The resonant Sommerfeld enhancement approximately
occurs at

(n) _ 6y _
§X _71'2}7,2, n_1’2,

For the benchmark couplings used in Fig. 2, the first
resonance lies below the displayed range of ¢&y.
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. IIC, we assume the U(I)L#—L,

gauge symmetry originates from the spontaneous breaking
of an SU(2)y symmetry in the UV. This theoretically
motivates pinning the charges of the doublet components to
Opm = —0, = 1/2, effectively reducing the number of
free parameters. The remaining independent parameters are
chosen as
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FIG. 2. Constraints and prospective sensitivities for the secluded scalar DM model in the mpy—¢y plane, with v/QOpymgy 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 (Qpyh* ~ 0.12) for specific charge
assignments: Opy = 15, 30, 50 (left) and Qpy = 4, 6, 8 (right). The vertical color shaded bands on the left represent the exclusion
limits from Fermi-LAT indirect detection corresponding to each Qpy 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.

Vg, mp,, my, MpMm» ty. (72)

Note that in minimal scalar-Higgs mixing models, the
couplings of the SM-like state h; to SM fields are
universally rescaled by cy. Neglecting additional (invisible
or exotic) Higgs decays, this implies an approximate
rescaling of Higgs signal strengths y =~ ¢ < 1. Using the
ATLAS Run-2 combined global signal strength 4 = 1.06 +
0.06 [79], one finds c?, > 0.96 (one-sided 95% confidence
level). Therefore, we adopt the scan choice 7y < 0.2.

In terms of these physical parameters, the fundamental
couplings Ay, 44, Apyp. and gy can be analytically expressed
as

1 m? —m?
=g {’” + _7/—]
1+,
1 m2 — m?
/1¢ —47 [m%l —l—mﬁz +u:|,
Yy 1+,
1 (mlzzz m%tl )t20 2mX
/1H¢ ~a s 9x = ——>» (73}
UU¢ 1 =+ t%g U¢

where 1)y = 2ty/(1 — 13) and m,, ~ 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 mpy — m;, plane. Both
top panels fix the mass ratio my = 1.5m;,,, with the left and
right panels setting v, = 3m,, and vy, = 2m,, , 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 (fy = 0.2) and green (ty = 0.1) curves
indicate the parameter space that reproduces the correct
DM relic density. Since the mixing angle € roughly scales
with the Higgs portal coupling 4y, a moderately large 4
is required to avoid overproducing the relic abundance
unless the DM mass lies near the resonance region
(mpy ~ my,/2). Within the pPNGB 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
Egs. (66) and (69), this vector-portal cross section is
approximately proportional to the combination g% /m% =
16/ vjﬁ. This steep quartic dependence on 1/v, explains the
significant expansion of the LZ exclusion region when
shifting from vy = 3m,,, (top left panel) to vy = 2m,,, (top
right panel). Furthermore, the neutrino trident production
cross section and the NS capture rate exhibit similar
parametric dependencies on gy and my. Consequently,
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Constraints and prospective sensitivities for pPNGB DM model A. The top panels display the results in the mpy—m,, plane with

my = 1.5my,, fixing vy = 3m,, (left) and vy = 2m,,, (right). The bottom panel projects the constraints onto the mpy—v, plane for fixed
masses m,, = 0.6 TeV and my = 4my,,,. 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 (Qpyh> ~ 0.12) for scalar mixing parameters t, = 0.1 and 0.2, respectively. The corresponding color
shaded bands denote the regions excluded by Fermi-LAT indirect detection limits for each 74. 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.

their corresponding constraints and prospective sensitivities
shift simultaneously with the direct detection bounds. In
both top panels, we identify viable regions with mpy ~
O(100 GeV) 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 fix m;,, = 0.6 TeV and
my = 4my,, as an alternative benchmark, projecting the
constraints onto the mpy — vy plane. This panel confirms
that fine tuning the DM mass to the exact resonance region

(mpm ~ 300 GeV) is not necessary to reproduce the correct
relic density, provided that ¢, 2 0.1. Finally, this projection
demonstrates that NS heating observations have the poten-
tial to probe the entire sub-TeV DM parameter space
for v, 5.5 TeV.

In all panels of Fig. 3, the green and orange shaded bands
show the Fermi-LAT exclusions for t, = 0.1 and 0.2,
respectively. These bands lie close to the Higgs portal
resonance my,, ~ 2mpy;, where the present-day annihilation
through the s-channel /i, mediator is enhanced. In the
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displayed parameter space, we mainly focus on my X mpy and a,mpy/my < 1, so the Sommerfeld correction from X,
exchange is numerically negligible.

C. pNGB DM model B

In this model, we assume the U(1) L,-L, gauge field acquires its mass via the Stiickelberg mechanism; therefore, my is
treated as an independent parameter. Since the pPNGB DM mass mpy, is generated entirely by gauge interactions at the one-
loop level [see Eq. (32)], the effective gauge coupling can be expressed as

iy Mpm

6In(ryy) mx

Opmyx = (74)

where ryy = Ayy/my defines the ratio of the UV matching scale to the gauge boson mass. Consequently, we identify the

following set of independent free parameters:

U¢ 5 mhz ) mX’

mpm,

The scalar couplings 4; are determined similarly to model A, yielding

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

1
Opm0x <V & o, <—. (77)

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

mpm < \/61[1 ruv
my 4\/7.7,'

respectively. Therefore, the displayed perturbative bench-
mark region automatically satisfies mpy < my and does
not hit the pole in Eq. (76).

In Fig. 4, we present the experimental constraints and
prospective sensitivities in the mpy — & plane, where
& = my/my,, 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 7, clearly
converge around two distinct resonance regions:

~0.52(0.91), (78)

ruv, Opwm; Iy
(75)
1 B~ M
B=40 [m%ll + m,zl2 + 2 ; 1],
¢ 1 + 135
A33 Am3
S gy = (76)
1 —-—bm 1 —Zou
ms( mx

mpp~my, /2=300GeV and mpy~my/2=¢§-300GeV.
The former is driven by s-channel DM annihilation into
SM particles mediated by %,. The latter corresponds to
s-channel annihilation mediated by X, into  and 7 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 around mpy & my /2 is effectively unconstrained by
current indirect detection bounds. The gray shaded regions
denoted as a, > 1/4 are excluded by the conservative
perturbativity bound.

In Fig. 5, we show the corresponding constraints and
sensitivities projected onto the mpy —my, plane for
another four benchmark parameter sets. Consistent with
the previous figure, the indirect detection bounds appear
near the Higgs portal resonance region (m,,, ~ 2mpy) but
are notably absent near the vector-mediated resonance
region (my ~ 2mpy). The gray shaded regions denoted
as a, > 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 ryy
and Qpy. From Eq. (74), the effective parameter combi-
nation governing the vector-portal scattering amplitudes
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FIG. 4. Constraints and prospective sensitivities for pPNGB DM model B in the mpy—¢ plane, where the mass ratio is defined as
& = my/my,. The fixed parameters are vy = 1.2 TeV and m;, = 0.6 TeV across all panels. The four subplots correspond to different
combinations of the DM charge Qpy (top row: Opy = 3; bottom row: Qpy = 1) and the UV matching scale ratio ryy (left column:
ryy = 10; right column: ryy = 10%). 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 (Qpyh? ~ 0.12) for scalar mixing parameters #y = 0.1 and 0.2, respectively. The corresponding color
shaded bands denote the regions excluded by Fermi-LAT indirect detection limits for each #4. 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 @, > 1/4 is

regarded as outside the perturbative benchmark domain.

can be expressed as v/Opmgx = (OpmIx)/v/Opm- For a

given kinematic ratio mpy;/my, this combination scales as
In(rgy)] /2 Qg0 Consequently, increasing ryy from the
left column to the right column decreases /Qpm gy, Which
weakens the LZ exclusion and the optimistic NS-heating
reach. Lowering the charge from Qpy = 3to Opy = 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

QOpwm In ryy 1s the same for these two benchmark choices.
The trident bound depends directly on gy =
(Opmgx)/Opm and is, therefore, stronger in the bottom
right panels than in the top left panels. By contrast, the
perturbativity bound depends on Qpy gy, 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 ryy and Qpy, except in the
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Constraints and prospective sensitivities for pPNGB DM model B projected onto the mpy—m;,, plane. The gauge boson mass is

fixed to my = 4my,, and the VEV is set to v, = 1.2 TeV across all panels. Similar to Fig. 4, the panels represent four benchmark
combinations of Qpy (three for the top row, one for the bottom row) and ryy (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 7 = 0.1 and 0.2, accompanied by their corresponding color Fermi-LAT exclusion 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 @, > 1/4 is regarded as outside the perturbative benchmark domain.

immediate vicinity of the vector-portal resonance
(my =~ 2mpy). 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
with mpy ~ O(100 GeV) and 7y 2 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 my =~ 2mpy, the
relic density contours can be strongly affected by the X,-
mediated process y*y — X* — £7£~, 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 t, = 0.1 and 0.2 relic density contours, the Higgs
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portal s-wave channels into electroweak gauge bosons and
scalar pairs remain open and typically give

(ov); ~10727 = 107> cm®/s (79)

near my ~ 2mpy. 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 U(1), _; 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 U(1), _, gauge boson X,,. 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, = 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 A, ~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 pPNGB mass is generated by a

tree-level soft-breaking mass term; in model B, based on an
SO(3) symmetry, the pPNGB mass is radiatively generated at
the one-loop level via the U(1) L,-1, 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
mpy ~ O(100) 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 U(1), _; models can be
independently tested at future muon collider experiments.
The dominant channels for X, searches are the 2 — 2
process ut +u- =y, Z, X - ¢t + ¢~ and the radiative
process um +u- -y, Z,X - T + ¢ +y. For a muon
collider operating at a center-of-mass energy /s = 3 TeV
with an integrated luminosity of 1 ab™!, the 2¢ sensitivity
has been estimated in Ref. [59]. Their analysis shows that
the sensitivity to the gauge coupling gy can reach O(1073).
Since the projected muon-collider sensitivity can reach
values of gy, 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.

ACKNOWLEDGMENTS

During the preparation of this manuscript, we used
ChatGPT and Gemini for language polishing and consis-
tency checking. The authors retain full responsibility for the
content, calculations, figures, and conclusions presented in
this work. C. C. is supported by the Guangzhou Science
and Technology Planning Project under Grant
No. 2023A04J0008, Guangdong Provincial Key
Laboratory of Gamma-Gamma Collider and Its
Comprehensive Applications, and Guangdong Provincial
Key Laboratory of Advanced Particle Detection
Technology (2024B1212010005). H.-H.Z. is supported
by the National Natural Science Foundation of China
(NSFC) under Grant No. 12275367, the Fundamental
Research Funds for the Central Universities, and the Sun
Yat-Sen University Science Foundation.

DATA AVAILABILITY

There are no publicly available research data or software
supporting this manuscript. Requests for further informa-
tion or data should be sent to the authors.

035031-18



LEPTOPHILIC SCALAR DARK MATTER IN U(1) ...

PHYS. REV. D 114, 035031 (2026)

APPENDIX A: COVARIANT DERIVATION OF
THE INTERACTION RATE

In this appendix, we present a self-contained derivation
of the relativistic interaction rate Q~(r) 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 Mgller 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

k' = (E,. k),

pﬂ = (Efvp)’ (Al)

with

E; = p; +mj, E% = p2 + m>. (A2)

In this appendix, we use m, = mpy and m, 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

E=— p)=m [
The final-state momenta are denoted by
W= (B K, ph=(ELp).  (Ad)
For convenience, we define
B(s) = s —ms —m?,
v(s) = A12(s,m2, m2) = /B*(s) — 4m2m?, (A5)

where s = (k+ p)>,t=(k—FK)*>=(p'—p)* are the
Mandelstam variables. The Mgller flux factor entering
the local interaction rate is

(kP> —mymz — y(s)
E,E, 2E,E,

UMmgl = (A06)

It should be distinguished from the invariant relative
speed v = 1(5)/B(s):

The local interaction rate per incoming DM particle can
be written as

Q (r) :ngf(r)/%fFD(Ef’r)

< [ dovmall = fio(En 1O, ~ E). (AT

where g, =2 for the lepton target. The factor {,(r) =
ny(r)/n(r) accounts for the use of the lepton density
from the neutron-star equation of state and for a free
degenerate lepton gas, {, = 1. Note that [1 — frp(E, r)]
encodes the Pauli-blocking effect, while @(E), — E;) =
O(E, — E},) encodes the capture condition. For an old
nonrotating neutron star, we can take a zero temperature
approximation, which leads to

fen(Ee, 1) = Ouy(r) — Ey),

1 - fro(Ey, r)] — O(E), — pe(r)). (A8)

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

averaged matrix element |M|?, the azimuth-integrated
differential cross section is
d MJ? M|?
do_ M _ME
dt  167A(s, my,mz)  167y°(s)

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 (E,,s,?) this energy generally
depends on the final-state azimuthal angle ¢, in the y?
center-of-mass (CM) frame. It is, therefore, useful to keep
the two-body final-state phase space differential in ¢,:

do |IM|?
= . A10
dtdep,  327°y%(s) (A10)

Here, ¢, 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 yZCM frame. The factor
do/(dtde,)dtde, is, therefore, the correct differential
cross section for this phase-space element. For each ¢,,
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
E(¢.). Thus, no separate transformation of the measure
dg, is required.

We now rewrite Eq. (A7) using the variables
(Eg, s, t, ¢, ). Choosing the local z axis along the incoming
DM momentum Kk, one has

s=mi+m2+2(E,E;—p,pscosa), (All)
where a is the angle between k and p. Therefore, for fixed
E,, the range of s is s_ < s < s, where
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s+(Eg) = mj +mj + 2(E,E; £ p,p). (A12)
At fixed s, the elastic momentum-transfer range is
—%(s)/s <t <0.

At fixed E,, one has

ds = —2p,psdcosa. (A13)

Thus, after reversing the integration limits from
cosae[—-1,1]to s€[s_(E,), s, (E,)], the target momen-
tum measure becomes

E
Bp—s idEfdsdqb, (A14)
X

and the integral of ¢ gives a factor 2. In the zero-temperature
limit, the initial-state factor restricts E, < p,(r). Therefore,
for DM falling from rest at infinity, the final-state condition
E), > py(r) automatically implies the capture condition
E/, > E,. Combining the above, the local interaction rate
becomes

(r) s, (Ep)
(1) = gt S [ [
2567- p)((r)E)((r) my s_(Eg)
0 2 —
de/ dt|M| (S’I)PK(E&SJ;”) (A15)
2y r(s)
where

PolEros.tir) =5 [ o O(E @) = ). (A16)

Its meaning is the fraction of ¢, for which E), > u,(r).
In the CM frame, we take the polar axis along the initial
lepton momentum,

la
PAE, s, t;r) = 0,

1 |:14K(’)_At’

—arccos
n

1B

For B,=0, Eq. (A23)
Pr=0(As —pe(r)).

should be understood as

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

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

/13)( (/’l) o AHZ (/’t)

As3(u) B Az ()

(B1)

s+ m2 — m?
E;: 4 )(’ p _y(s)

2\/s 2ys]

and the Lorentz factor and velocity of the CM frame with
respect to the local medium frame are
_ E,+E,

\/E , Vem = \/ 1- Fc?n%

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

(A17)

Lem (A18)

Ey(¢p.) = Ay + By cos g, (A19)
where
Ay =Tw[E) + Venps cosncos b, ],
Bf = chchP* sin n sin 9* s (AZO)

and 7 is the angle between the initial lepton momentum and
the boost direction (in CM frame), which is fixed by

E,/T E}
cosn = ¢/Tem = E7 (A21)
VemP+
The CM scattering angle 6, is given by
2st
cosd, =1 +%. (A22)
r(s)

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

He(r) < Ay — | By,
He(r) > Ay + | Byl

Ay = [By| < pe(r) < Ap + By

(A23)

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

aoe)p, = (445G )R @2

(167%)p,,, = 162" + 2425 +443,.  (B3)

*The RGEs of A; can be adopted from Ref. [81] by turning off
the couplings involving # field and Yukawa coupling Ap. The
gauge coupling contributions to S, s can be adopted from
Ref. [82].
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(1672)B,, = 2022 + 243, + 843, — 120hu 034,

where Agy = 124y + 6y7 — 295 —3 g3, and the SM beta

. SM . .
460404 (B4) function 167z2ﬂ§1H ) cal? be found in any quantum field
theory textbook (or articles such as Ref. [83] and many
(167%)p,,, = 1813 —}—4/1 + 8125, (BS)  others). The running of gauge coupling Eq. (B2) can be
solved by itself, while the others are entangled with each
(167[2)@3}( = 8A3dy, + A3, (6433 + 84, 4 813, other, so usually they can be solved only numerically. To
—6022) (B6) analytically understand why the relation in Eq. (B1) holds,
pMIx)> we evaluate the running of the ratios A3, /433 and Ay, /Ays3.
(167%)B,,,, = Aus(Asm + 6433 + 84y3) + 44,43,  (B7)  Using the logarithmic derivative identity #‘iﬂln(ﬂi /A;) =
By Py .. . .
= divide the f funct Egs. (B5)-(B8) b
(]6ﬂ2)ﬁ/1,.,1 :/IH;((ASM+8/IX+8/IHX—6Q123M9§) W we 1V1.e e p .unc ions in Egs. (BS5)—( ). y
their corresponding couplings and subtract the respective
+ 24343, (B8) equations. This yields
|
d A3 Agy A 4&2
1672 In—= =81 x _ZH3 81, + 84 1225 ——=| -6
(16z )dlnu /133 H3 L%;( Tns , 843, — 12433 /133 ObmIx
Obmx . A
= 60}y + 0(  Goudy, M) (B9)
U
d An 2/1H3/13 425,23
1672 —% = |81, — 61 L X 4 8[A, — Ams] — 603Mm9%
(1677) ding " T [ 33 + Ty s + 8[Amy, — Ans) — 60pmIx
Obmx . A
:—6Q%Mg§+0< o M) (B10)

where we have used the SO(3)-restoration assumption, Eq. (34), and both second terms of Eqs. (B9) and (B10) are
subdominant if [A; In(Ayy/my)/16x%] < 1. Therefore, we can approximately solve them as

2 2 2
/13;((ﬂ) - iH;((/“‘) - 30bmYIx In Agv 1 (B11)
Axs() " As(u) 1672 217 Z 3%
33() Az (u) 7 H 1 — 2“bm xln
1672
which is expected, and the rescaling factor also matches the estimation given by Eq. (35). In Fig. 6, we present the numerical
results of
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FIG. 6. The running of §; , defined in Eq. (B12) for the benchmark (B13) with Ayy = 10* GeV (left panel) and 10® GeV (right panel).
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FIG.7. The running of A defined in Eq. (B14) for the benchmark (B13) with Ayy = 10* GeV (left panel) and 10® GeV (right panel).
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for a benchmark
/133(AUV) — /13)((AUV) — A){(AUV) — 015,
Ay (Auv) = Az (Aygy) = 0.09,
mp, = Mpy = 0.6 TeV,
my = 1.2 TeV, Opm = 3. (B13)

51(8,) replresent the relative errors between jij éz ; (j:i El’j ;) and

—— 2 - We can see that these errors are tiny, and
1- ¥
P

r =
DM~X
1672

thus, our approximated formula Eq. (B11) works very well.

We also show the running of the relative error

Al) = A3phnz — A33hny (B14)
N s

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.
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