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Because of the dense environment, neutron stars (NSs) can serve as an ideal laboratory for studying the
interactions between dark matter (DM) and ordinary matter. In the process of DM capture, deep inelastic
scattering may dominate over elastic scattering, especially for the DM with a large momentum transfer.
In this work, we calculate DM-nucleon deep inelastic scattering via a vector mediator and estimate its
contribution to the capture rate. Using the surface temperature of the NSs, we derive the exclusion limits for
the DM-nucleon scattering cross section in the mass range 1 GeV < m, < 10° GeV. We find the bounds
for DM with the mass 21 GeV can be changed several times after including the deep inelastic scattering

contribution.
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I. INTRODUCTION

A plethora of astronomical observations and cosmologi-
cal measurements indicate the existence of dark matter in
the Universe. In recent years, many laboratory experiments
have been dedicated to searching for theoretically well-
motivated dark matter candidates, such as the weakly inter-
acting massive particles [1,2]. However, the null conclusive
results about the nongravitational interaction of DM pose a
significant challenge for direct detection [3-5].

On the other hand, compact stars serve as unique
celestial laboratories, offering an extreme environment to
investigate the interactions between dark matter (DM) and
Standard Model (SM) particles. As DM traverses through a
star, it will scatter with the stellar components, leading
to the capture and impacting stellar evolution [6—12]. The
investigations of DM properties through compact astro-
physical objects have attracted increasing interest (see,
e.g., Refs. [13-41]).

Notably, owing to the high density of nucleons within
neutron stars, the capture rate of DM is significantly
increased, which can result in substantial energy loss
and make DM become gravitationally bound to the star
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and accumulate over time. Such processes may affect the
evolution of neutron stars; for instance, the accretion of
asymmetric DM onto a neutron star could trigger gravita-
tional collapse into a black hole [42-53]. Additionally, DM
annihilation can heat neutron stars, maintaining them at
higher temperatures [17,54].

DM kinetic heating of neutron stars (NSs) has been
proposed to constrain the scattering cross section of DM
with ordinary matter [55—63]. NSs older than a billion years
are sufficiently cold with temperatures ~100 K [55,64,65].
However, in the presence of DM, the interaction of DM
with the NS constituent provides an additional heating
mechanism by transferring kinetic energy to the NSs. This
kinetic heating could potentially raise the temperature of
the NSs near Earth to around ~1000 K [55]. The resulting
radiation may be detectable by telescopes such as the James
Webb Space Telescope [66,67], the Thirty Meter Telescope
[68], or the European Extremely Large Telescope [55,69].

Under the strong gravitational pull of the neutron star,
the halo DM can be accelerated to velocities close to the
speed of light during the capture process. Then, energetic
DM will transfer large energy and momentum to neutrons
in their scattering process. Therefore, it is essential to
consider the internal structure of the neutron and the
contribution of inelastic scattering to the capture rate. In
previous studies, the calculation of the DM-neutron scat-
tering cross section primarily focused on elastic scattering.
Alternatively, the effects of inelastic scattering were
neglected because the elastic scattering was overestimated
under the assumption of the first power of the momentum-
dependent dipole form factor [70]. In this work, we inves-
tigate a simplified fermionic DM model wherein the DM
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interacts with SM particles through the exchange of a dark
photon. Concurrently, we will utilize a more accurate
electromagnetic form factor of neutron measured by the
experiment to calculate the elastic scattering, subsequently
estimating the involvement of deep inelastic scattering in
DM capture. Our findings reveal that, for DM masses
exceeding 1 GeV, the influence of inelastic scattering on the
DM capture rate closely approaches and even surpasses that
of elastic scattering, particularly in environments charac-
terized by heavier NSs.

II. DM-NEUTRON ELASTIC AND INELASTIC
SCATTERING

The halo of dark matter surrounding a neutron star can
undergo gravitational acceleration induced by the neutron
star, reaching a (semi)relativistic state. Subsequently, they
will deposit the most energy via single or multiscattering,
leading to their entrapment within the gravitational con-
fines of the neutron star. This phenomenon is commonly
referred to as DM capture by a neutron star. The energy
deposition in this process will heat the neutron star,
changing the surface temperature of a neutron star, which
can be observed by some telescopes. In the calculation of
DM capture, two significant factors come into play: the
equations of state (EOS) characterizing neutron stars
and the interactions between DM and the materials con-
stituting the neutron star. For the former, this study
employs benchmark neutron star model utilizing the
BrusselsMontreal functionals BSk24 [71,72]. The accuracy
and comprehensiveness of DM-neutron scattering are
pivotal, especially concerning the contribution of inelastic
scattering involving (semi)relativistic heavier DM particles.
To facilitate the demonstration of the effects of inelastic
scattering, our focus is specifically directed toward DM
with masses ranging from 1 to 10° GeV, corresponding to
the single scattering regime [55].

First, in this section, we will reevaluate the DM-neutron
elastic scattering cross section, incorporating experimen-
tally derived electromagnetic form factors. Furthermore, we
will integrate DM-neutron deep inelastic scattering into the
calculation of the DM capture rate by NS. We assume that
DM couples with the neutron via a dark photon, and the
corresponding Lagrangian is given by

Line = GA7" XA, + > 9,07 qA, (1)
q

where y, A’, and ¢ denote the DM, dark photon, and quarks,
respectively. g, and g, = Q,ee are the coupling constants
of DM-dark photon and quarks-dark photon vertex, where
Q, is the charge number of quarks and e is the kinetic
mixing between dark photon and photon. In general, there
is an interaction between the dark photon mediator and the
charged leptons. However, the contribution of DM-Ieptons
scattering to the capture rate and then the dark heating is

usually secondary [62,63] and will not have a significant
impact on our main conclusion. Therefore, in this work, we
will only consider the primary contribution of DM capture:
DM-neutron scattering.

A. DM-nucleon elastic scattering

In the process of DM-nucleon scattering, when the
energy involved is insufficient to induce nucleon excitation
to higher energy states or fragmentation, the resultant inter-
action is termed DM-nucleon elastic scattering. Notably,
when the momentum transfer tends toward zero, nucleons
can be treated as pointlike particles. This would predict the
absence of a DM-neutron interaction. As the momentum
transfer increases, the internal structure of the nucleon
becomes increasingly significant. Thus, the DM-nucleon
interaction current is not a simple superposition of
DM-quarks interaction current but rather depends on the
electromagnetic form factors of nucleon [73] like

(N(pplarqIN(p:)) = CEN(pAT*N(p,), (2)
with
D = PP+ e F( @), (3)

where py/p; is the initial/final state nucleon momentum,
0? = —¢?, and ¢ is the square of the momentum transfer.
The coupling constant between nucleon (neutron or proton)
and dark photon is defined as gy = Zq C,’{,gq = ee.

The functions F;(Q?) and F,(Q?) represent the Dirac
and Pauli form factors, respectively, encapsulating the
electric and magnetic structure of the nucleon. In previous
works, F,(Q?) has often been disregarded due to its
suppression at O(g/my) for lower momentum transfers,
and F,(Q?) is adopted as the dipole form for both the
neutron and proton. However, in this study, our focus lies on
high-energy DM-neutron scattering. Given the potential for
substantial momentum transfer inherent in high-energy
DM interactions, neglecting the Pauli form factor becomes
untenable. Furthermore, the dipole form factor will break
down as the momentum transfer approaches zero, as it would
erroneously predict nonzero DM-neutron interactions.

Therefore, in this work, we adopt more accurate Dirac
and Pauli form factors derived from experimental mea-
surements. These factors are then reformulated in terms of
the Sachs electric G and magnetic form factors G, for
convenience, that is [74],

GE(Q%) +1GN (%)

FY(0%) = 1o
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where 7= Q?/4m2. The electric form factors and their
measurement methods for neutrons and protons are differ-
ent because of the variations in their charge distributions.
Likewise, differences in their magnetic form factors arise
from the distributions of their magnetic moments. For
neutrons, the form factors are extracted from electron-
deuterium quasielastic scattering, and here we adopt the
form of Refs. [75,76],

Do a7t
Gn (Qz) = Mi’l T ~~3 1 _k°
M 1+Y3 byot
1.7
Gi(Q?) = WGMQZ)’ (5)
where u,, = —1.913 is the magnetic moment of the neutron.

Other parameters are set as ay = 1, a; = 2.33, by = 14.72,
b, = 24.2, by = 84.1, and experiments show that G, (Q?)
can be fitted well with dipole form

<b@%=rigf, (©

1+%

where A2 =0.71 GeV? is associated with the charge
radius. It is noteworthy that the Dirac form factor of neu-
tron F attains a value of zero precisely at Q% = 0 for the
electromagnetic form factors of Eq. (5). This characteristic
aligns impeccably with the inherent “neutrality” of the
neutron, but it is not achievable for the dipole form factor.

With the DM-neutron effective interaction in hand, we
can obtain the differential cross section of DM-neutron
elastic scattering, which is given by

do 1 a(s)
dcosd 167 2sa(s) — f(s)

M2, ()
with the amplitude squared

4g%q2
M| = (0? +”nj/2\,)2 { [(S —my — m}z{)z
GE +1Gji

= (s —m —my) 0 =m0 = ——

+ |30t - e o}, ®

where a(s) = s — (m3 +m2) and f(s) =
are the functions of the Mandelstam variables (s, 7, u),
DM mass m,,, and neutron mass m,,. The scattering angle ¢
in the center-of-mass frame is related to the momentum
transfer Q2.

To elucidate the impact of the form factor on DM-nucleon
scattering cross sections, we present the differential cross
sections for DM-neutron/proton elastic scattering with

\/a*(s) —4mam?

my = 10° GeV my =10 GeV
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FIG. 1. Differential DM-nucleon elastic scattering cross sec-
tions in the rest frame of the neutron as a function of momentum
transfer Q2 for various form factors: the electromagnetic form
factor (EM FF, red lines), the standard dipole form factor
(|M]* x G2, blue line), and the form of Ref. [70] ((M]* x Gp,
black line). Here, we set the coupling constant g3,g7 = 1.

various form factors. In Fig. 1, the red solid and dotted
lines correspond to DM-neutron and proton scattering
utilizing our electromagnetic form factors, respectively.
Additionally, the black solid line depicts the outcomes
obtained from employing the first power of the dipole form
factor (|/\/l|2 « Gp) as described in Eq. (3.5) of Ref. [70].
However, it is imperative to note that the standard squared
amplitude should utilize the square of the dipole form factor
(J]M|* « G?), represented by the blue solid line. For proton
scattering, all employed form factors yield the correct
pointlike proton-DM differential scattering cross sections.
Conversely, for neutrons, their neutrality at zero momentum
transfer is only reflected in the case of the electromagnetic
form factor. Within the region of nonzero momentum
transfer, the DM-proton scattering cross sections obtained
using the standard dipole form factor are closely five times
lower than those derived from the electromagnetic form
factor, and there is about a two-times difference for DM-
neutron scattering. This discrepancy arises from the under-
estimation of the contribution of the magnetic form factor
Gy by using the standard dipole form factor. Moreover, the
utilization of the form factor presented in Ref. [70] tends to
overestimate the DM-neutron elastic scattering cross sec-
tions, thereby leading to the neglect of the contribution of
inelastic scattering in their work.

B. DM-nucleon deep inelastic scattering

Indeed, as the transfer momentum of DM scattering esca-
lates (Q? = 1 GeV?), the uncertainty principle (AxAp = h)
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FIG. 2. Ratios of the elastic (solid lines) and deep inelastic scattering (dashed lines) cross sections to the total cross section
(TOT = EL + DIS) as a function of the NS radius, for neutron targets in NS BSk24-4. The light mediator (m, = 0.1 GeV, blue lines)
and heavy mediator (m, = 10 GeV, red lines) are used as benchmark points.

becomes pertinent. Consequently, high-energy DM par-
ticles can function as high-resolution probes, enabling
the observation of the internal structure of neutrons. This
phenomenon gives rise to DM-neutron deep inelastic
scattering, analogous to electron-proton scattering.

Therefore, we can also use the parton model to calculate
the DM-neutron deep inelastic scattering; i.e., the neutron
is regarded as the aggregation of the spin-1/2 fermion
pointlike parton (also called a quark). Assuming the
probability that the ith quark carrying momentum fraction
ranges from x; to x; + dx; is f;(x;) that can be abstracted
from the nCTEQI5 profile in LHAPDF [77,78], we can gain
the DM-neutron deep inelastic scattering cross section as
follows,

dzg B 1 a(g) ) .
m—ﬁmzjﬁmg IMP, (9)

with the squared amplitude of DM-quark elastic scattering

M

2
- Q2 - xlzm% - m2)

+%(§ —ximj —m2)? —%Qz(x?m%, + mf()),

(10)

where the Mandelstam variables have been corrected to
§ = (1—x;)(m2 —x;m3) + x;s.
The contribution of DM-neutron deep inelastic scattering

primarily depends on the momentum transfer from DM to

neutrons, a quantity contingent upon the energies of both
the DM and neutrons. Considering that the DM mass and
the EOS of the neutron star can influence the energies
of DM and neutrons at different positions within the
neutron star, we examine the ratios of DM-neutron elastic
(EL, solid lines) and deep inelastic scattering (DIS, dotted
lines) cross sections to the total cross section (TOT =
EL + DIS) as functions of neutron star radius for various
DM and mediator masses (red lines: my = 10 GeV;
blue lines: my = 0.1 GeV), as depicted in Fig. 2. It
becomes evident that the ratio of inelastic scattering
decreases with increasing radius. This phenomenon can
be attributed to the neutron energy, which lies within the
range [m,,m, + pip,], where up, denotes the chemical
potential of neutrons. In our analysis, we select the
maximum value of neutron energy as our benchmark point.
It is worth noting that 4 ,, decreases with increasing radius,
as demonstrated in Fig. 1 of Ref. [72]. Consequently, the
transfer momentum diminishes as the radius increases, and
the significance of inelastic scattering intensifies as the
transfer momentum escalates.

Furthermore, we observe that the contribution of DIS for
the case of a heavier mediator (m, = 10 GeV, red lines)
surpasses that of a lighter mediator (m, = 0.1 GeV, blue
lines) for all DM masses. This phenomenon arises from the
momentum-dependent effect of the mediator, i.e., do «
1/(Q* + my)?. For a lighter mediator, the DM-neutron
elastic scattering cross section is enhanced by 1/0* given
that the typical momentum transfer of elastic scattering is
smaller than that of deep inelastic scattering. Conversely,
for a heavier mediator, this momentum-dependent
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enhancement diminishes, as do « 1/ mﬁ,. Consequently,
inelastic scattering becomes significant for higher momen-
tum transfers and heavier mediator masses. As a result,
within the inner regions of the neutron star, where heavier
mediators and DM can transfer larger momentum to
neutrons, the dominance of DIS becomes apparent. For
example, the ratio of DIS to EL is approximately 1 order of
magnitude larger for heavier mediators, as depicted by the
red lines in the right panel of Fig. 2.

III. CAPTURE RATE AND THE HEATING EFFECT
ON NEUTRON STAR

In this section, we aim to demonstrate how DM-neutron
interactions impact DM capture and the associated heating
effects. In the Schwarzschild metric around NS, the DM
mass rate passing through the NS is given by

M)( = ”bxznaxu)(p;p (11)

with the maximum impact parameter

R, [2GM
By = — 2 x (1
*

2GM*) 4
X

[
R, =R, %}/esc’ (12)

X

where p, = 0.4 GeV/cm®, G, M,, and R, are the DM
density around NS, Newton’s constant, mass, and radius
of NS, respectively. Under the assumption of Maxwell-
Boltzmann velocity distribution [72,79], the average rela-
tive velocity between NS and DM, denoted as u,, can
be computed as 330.51 km/s, considering a NS velocity
of v, =230km/s and a DM velocity dispersion of
vy = 270 km/s. Subsequently, the DM velocity is accel-
erated to v ~ \/2GM, /R, at the surface of NS, and the
corresponding boost factor is denoted as .-

The DM surrounding NS will undergo further gravita-
tional attraction, leading to its eventual fall into the NS.
During this process, the DM deposits its kinetic energy into
the NS through DM-neutron scattering. This mechanism
provides an additional heating source for the cooling of NS.
The heating rate can be expressed as

Bo= 5 (13)

my

where E; = m,,(yes — 1) is the kinetic energy of DM at the
surface of NS, which can be almost completely deposited
into NS. And f is the fraction of DM capture by NS,

*

f=min [C£ 1}, (14)

with the geometric limit of the capture rate C, [80],

71 = BR,) py 1

v B(R,) m, rf(\@z) 13)

where B(r) is a function of the radius of the NS,
representing the time component of the Schwarzschild
metric. This function can be obtained by solving the
Tolman-Oppenheimer-Volkoff equations governing the
structure of the NS, and we adopt the results of the BSk24
neutron star model in this work. Furthermore, we only
consider the DM with masses ranging from 1 to 10° GeV.
In this DM mass region, the suppression factor of the Pauli
blocking effect, Yoo, Vesc/ PF > is greater than 1 for a
typical neutron Fermi momentum pj, = 0.4 GeV [55].
Additionally, the DM may be captured in a single scattering
event. Therefore, the Pauli blocking effect and multiple
scattering can be neglected. Then, the rate of DM capture
by NS can be given by [72]

APy gy (\fv*>/ \/TQ (r)dr

C, =

Uy m)( 2 Vg
(16)
with the interaction rate Q~(r),
_ 1 n,(r) do p(s) E,
Q dcos OdE,ds —
(r) = 4 2/ cos Npree (1) dcos® a(s) m,
B(r)
7 E .r), 17
1= B(r) o (En7) (17)

where E, is the initial neutron energy. We assume that the
neutron in NS obeys the Fermi-Dirac (FD) distribution
fro(E,, r), which can be approximated as the step function
in the zero-temperature approximation for older NSs. In the
FD distribution, the realistic number density of neutrons
n,(r) based on the EOS of the NS needs to be corrected by

(r) [ﬂFn 2”171+/'4Fn< ))]1/2

N .
the ratio, ;- 6L where ng..(r) = 1 in the

zero-temperature approximation.

The DM-neutron deep inelastic scattering enhances the
DM-neutron interaction rate through the differential cross
section do/d cos 6, thereby facilitating a greater capture of
DM by NS. Consequently, this leads to more pronounced
temperature effects within the NS. For instance, we
demonstrate the DM capture rate induced by DM-neutron
elastic scattering and deep inelastic scattering via a heavier
dark photon (m, = 10 GeV) for the BSk24-3 and BSk24-
4 NS model in Fig. 3. In the case of BSk24-3 NS with a
mass of 1.9M, (red lines), we observe that the contribution
of DIS (dotted line) is nearly equivalent to that of EL (solid
line) for DM masses exceeding ~10 GeV. Conversely, for
BSk24-4 NS with a mass of 2.16M, there is a twofold
difference between the contributions of EL and DIS.

055014-5



LIANGLIANG SU, LEI WU, and MEIWEN YANG

PHYS. REV. D 110, 055014 (2024)

m’y =10 GeV

ARAM} T T T T T

3 4

107 — Cpp, Bsk24 —4 7

== Cpis

1036 L — CEL Bsk24 — 3 E

/ > E

NN\ == Cprs

w103} ;

™ E
>
[ R
2

O 10%#¢ 5

1033 L _:

N\
\\
1032 R T BT BT R WL A
10° 10! 102 103 10* 10°
m,, (GeV)
FIG. 3. The rate of DM capture by DM-neutron elastic

scattering (solid lines) and deep inelastic scattering (dotted lines)
in BSk24-3 (blue lines) and BSk24-4 (red lines) NS, where we
consider a heavier mediator (m, = 10 GeV).

This discrepancy arises from the ability of both heavier DM
and NS to transfer larger momentum to neutrons.

For the young NS, the dark heating makes it difficult to
produce an observable signal. However, for old NS, the
luminosity of the heating effect from DM capture will
eventually balance with the luminosity of blackbody
radiation (mainly photon emission), which can predict a
late-time surface temperature, i.e.,

£, 1/4
T, = <42> ~0(10%) fY* K, (18)
47[USBR*
where ogp is the Stefan-Boltzmann constant. The typical
surface temperature of O(10%) K provides a promising
signal that may be observable by an infrared telescope,
particularly for NS with ages on the order of O(10) Myr,
where the blackbody temperature is <10° K. Furthermore,
some Gyr NSs can cool down to temperatures as low as
~100 K. Assuming a NS with a surface blackbody temper-
ature of T, = 1000 K is observable, we can determine
the corresponding momentum-independent DM-neutron
scattering cross section ¢,, = gigiua/(zmy) by solving
Egs. (16) and (18), as depicted in Fig. 4. Consistent with the
conclusions drawn from Fig. 3, we observe that the
contribution of DM-neutron DIS in the BSk24-4 NS (blue
lines) exceeds that of the BSk24-3 NS (orange lines) for
DM masses exceeding O(1) GeV. Particularly, for DM
masses ranging from O(10) GeV to 103 GeV, the DM-
neutron scattering cross section can be constrained to
5x107% and 107* cm? for 1000 K BSk24-3 and

T, = 1000 K
10_457 RENLERLARR | B L) e L R R LLL BRI |

Bsk24 — 4 Bsk24 — 3
UE)I; Ug; PandaX —4T |
1. jror _. gror XENONnT
10-47| nx nx i
L. ul P IR TN R BT B
100 10! 102 103 104 10°
m, (GeV)

FIG. 4. The momentum-independent DM-neutron cross section
o, corresponding to the heating sensitivity of DM capture by
NS, as a function of DM mass before (dotted lines) and after
(solid lines) including DM-neutron DIS for BSk24-3 (orange
lines) and BSk24-4 NS (blue lines). Here, we set the surface
blackbody temperature and mediator mass as 1000 K and
10 GeV, respectively. Other bounds from PandaX-4T (shade of
light blue) [3] and XENONnT (shade of light green) [5]
are shown.

BSk24-4, respectively. Additionally, lower NS surface
temperatures and heavier neutron stars impose stronger
constraints on the DM-neutron scattering cross section.

IV. CONCLUSIONS

The intricate environments of neutron stars offer an
exceptional laboratory for probing dark matter and explor-
ing physics beyond the standard model. For instance, the
capture of dark matter by neutron stars presents an effective
method to detect dark matter, complementing direct detec-
tion experiments. During the process of DM capture, halo
DM acquires significant energy from the gravitational
potential of neutron stars, resulting in substantial energy
and momentum transfers in DM-neutron scattering. This
characteristic enables DM to serve as a high-resolution
probe, capable of probing the internal structure of neutrons.
In other words, for high kinetic energy dark matter, the
dominant mode of interaction with neutrons is inelastic
scattering rather than elastic scattering. Therefore, in this
work, we have calculated the DM-neutron elastic scattering
cross section and deep inelastic scattering to investigate the
contribution of inelastic scattering to DM capture and
heating effects. For DM-neutron elastic scattering, we have
employed experimentally derived electromagnetic form
factors, which account for the distribution of charge and
magnetic moment of neutrons, thereby ensuring neutron
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neutrality at zero momentum transfer. Finally, findings
indicate that the effect of inelastic scattering on DM capture
in neutron stars is most pronounced for heavier neutron
stars, where the gravitational fields are stronger and thus the
maximum transfer momentum is larger. For instance, in
heavy neutron stars such as BSk24-4 NS, considering the
effect of inelastic scattering reduces the DM-nucleon

scattering cross section by a factor of 3 for DM masses
ranging from 1 to 10° GeV.
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