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UCI-HEP-TR-2024-02

Indirect Searches for Dark Photon-Photon Tridents in Celestial Objects

Tim Linden,1, ∗ Thong T.Q. Nguyen,1, 2, † and Tim M.P. Tait3, ‡

1Stockholm University and The Oskar Klein Centre for Cosmoparticle Physics, Alba Nova, 10691 Stockholm, Sweden
2Institute of Physics, Academia Sinica, Nangang, Taipei 11529, Taiwan

3Department of Physics and Astronomy, University of California, Irvine, CA 92697-4575 USA

We model and constrain the unique indirect detection signature produced by dark matter particles
that annihilate through a U(1) gauge symmetry into dark photons that subsequently decay into
three-photon final states. We focus on scenarios where the dark photon is long-lived, and show that
γ-ray probes of celestial objects can set strong constraints on the dark matter/baryon scattering
cross section that in many cases surpass the power of current direct detection constraints, and in
some cases even peer into the neutrino fog.

I. INTRODUCTION

Searches for weak-scale dark matter have spanned a
wide variety of potential interactions accessible to both
terrestrial and astrophysical experiments [1, 2]. How-
ever, most indirect detection searches have focused on
two-body final states that originate from dark matter
annihilation and decay [3–9]. The consideration of three-
body final states is less common, primarily due to the
non-trivial nature of three-body phase spaces and energy
spectra. Such final states can be a generic consequence
of dark photon interactions when the dark photon mass
lies below twice the electron mass, causing its decay to
proceed primarily into three photons.

In many scenarios, the suppression of the three-body
phase space implies that these dark photons may be
relatively long-lived. This motivates searches that uti-
lize celestial bodies to gravitationally “focus” dark mat-
ter interactions by producing regions of strongly en-
hanced dark matter densities [10]. Celestial bodies in-
cluding: neutron stars [11–45], brown dwarfs [46–49],
white dwarfs [50, 51], and other nearby objects such as
the Sun [52–61] or Jupiter [62–68], have recently been ex-
plored as targets for dark matter searches. While many
searches target the gravitational effects of dark matter
interactions [12, 13, 17, 21, 22, 25, 32, 34, 41], the ther-
mal heating of celestial bodies [14–16, 19, 20, 23, 24, 26–
31, 33, 35–38, 47–50, 64], or weakly-interacting particles
such as neutrinos [39, 40, 44, 45, 56–58, 65], models with
long-lived mediators are unique because the mediator can
decay outside the celestial body, allowing data to directly
probe the unperturbed electromagnetic signal from dark
matter annihilations [46, 51, 53, 54, 59–63, 68].

In this study, we perform the first analysis of scenar-
ios where dark matter annihilation produces a long-lived
spin-1 dark photon mediator that escapes from celestial
objects and subsequently decays into three-photon final
states, a process we call the dark photon-photon trident.
Using observational constraints from the Fermi Large

∗ Email: linden@fysik.su.se; ORCID: 0000-0001-9888-0971
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FIG. 1. Schematic of dark matter (χ) annihilation inside
Jupiter into dark photons (A′). After escaping Jupiter, the
mediator decays into three photons that can be measured by
the Fermi-LAT.

Area Telescope (Fermi-LAT), the High Energy Stereo-
scopic System (H.E.S.S.) [69], and the High-Altitude Wa-
ter Cherenkov Observatory (HAWC) [70], we constrain
the spin-independent dark matter-nucleon cross section
as a function of dark matter mass. We find astrophysi-
cal constraints that, in some cases, exceed current con-
straints from terrestrial dark matter searches.
This paper is organized as follows: in Section II, we

introduce our dark matter model and provide the spec-
tral formulas for three-body decay. In Section III, we
describe dark matter capture and annihilation inside a
variety of celestial object targets. In Section IV, we as-
sess the observability of our modeled photon signal by
comparing benchmark points in our model with limits
from Fermi-LAT, H.E.S.S., and HAWC. Finally, in Sec-
tion V, we perform a parameter space scan to constrain
this model. We conclude with a summary and comments
on our results, and also outline motivations for future
research in Section VI.
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II. DARK MATTER MODEL AND DARK
PHOTON DECAYS

Assume the dark matter in the Galaxy is composed of
equal numbers of particles and anti-particles, we consider
a simplified model where the dark matter particle is a
pseudo-Dirac fermion that is a singlet under the Standard
Model (SM) gauge group where we consider the limit of
zero mass splitting. The dark matter interacts with SM
particles through a new massive dark photon mediator
that stems from an extended U(1)X gauge symmetry. We
also consider the kinetic mixing between the massive dark
photon A′ and SM gauge bosons through the Lagrangian:

L ⊃− 1

4
F ′
µνF

′µν − ϵ

2
F ′
µνB

µν

− 1

2
m2

A′A′
µA

′µ + χ̄(i /DU(1)X −mχ)χ,

(1)

where ϵ is the kinetic mixing coupling. In general, the SM
fermions can transform under the new gauge symmetry
as well. For simplicity, we consider the limit where kinetic
mixing dominates the dark photon couplings.

Figure 2 describes the dark matter and SM interactions
of the dark photon A′. The top sub-figure shows dark
matter scattering with partons inside nucleons. This in-
teraction contains both vector currents, via the direct
coupling between the dark photon and SM particles and
mixing with SM gauge bosons, as well as the axial cur-
rent stemming from mixing with the Z boson. Since the
axial current cross section is suppressed by ∼ m−4

Z , the
spin-independent cross section dominates our calculation.
Through these interactions, the dark photon can decay
into two fermions, in particular two neutrino states [45].

In addition to final states containing two fermions,
the dark photon can decay into three photons through
fermion loops, which are illustrated in the bottom left of
Fig. 2 (The two-photon final state is forbidden, accord-
ing to the Landau-Yang theorem [71, 72]). For dark pho-
ton masses below the lightest charged fermion (e+e−),
neutrino pair decays are suppressed by (mA′/mW±)4 ≃
10−21(mA′/me)

4 compared to the three-photon decay.

In this low energy regime, and in the context of Ef-
fective Field Theory, we can integrate out all heavy
SM fields, causing electrons to dominate as the light-
est SM field that is integrated out. We then build a
dark Euler-Heisenberg Lagrangian that has “non-linear”
dark photon-photon interactions. The Lagrangian con-
tains dimension-8 operators given by

LEH
A′ =

ϵα2

45me

(
14F ′

µνF
νλFλρF

ρµ

− 5F ′
µνF

µνFαβF
αβ

)
,

(2)

with α ≡ αEM. In this limit, the approximate decay

χ χ

q q

χ χ

q q

A′

γ/Z

A′ ǫ

A′

γ

γ

γ γ
γ

γ

E-H
ǫ

A′

mA′ ≪ 2me

FIG. 2. Top: Feynman diagrams for the interaction be-
tween fermionic dark matter with (anti-)quarks inside nucle-
ons. Dark matter interacts with SM particles directly through
a dark photon A′ (left), or through the mixing between the
dark photon and neutral SM-gauge bosons (right). Bottom:
Dark photon decays to three photons through fermionic loops.
For dark photon masses lighter than twice the mass of the
lightest SM fermion, the interaction reduces to the Euler-
Heisenberg effective coupling.

width aligns with Refs. [73, 74], and is given by:

ΓEH =
17ϵ2α4

EM

273653π3
× m9

A′

m8
e

≃ 1s−1 ×
( ϵ

0.003

)2

×
(mA′

me

)9

.

(3)

The full decay width of the dark photon for three mass-
less particle final states can be calculated as

ΓA′→γγγ =
1

(2π)3
1

32m3
A′

1

6

×
m2

A′∫
0

dm2
12

m2
A′−m2

12∫
0

dm2
13|M|2,

(4)

where M is the amplitude of the decay, which depends
on the Dalitz variable m2

ij = (ki + kj)
2 for the photon

momenta ki and kj in the final state. The factor 1/6
accounts for the three identical bosons in the final state.
In the regime where the dark photon mass is smaller than
twice the electron mass, we obtain the full width from the
series expansion as

ΓA′→γγγ = ΓEH

[
1 +

∞∑
k=1

ck

(m2
A′

m2
e

)k]
. (5)

Here, the expansion contains the series of coefficients
ck, with values that are shown in Table I up to order 6.
Since we focus on the phase space where the three-photon
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ck ck × 4k

c1 335 / 714 1.88
c2 128,941 / 839,664 2.46
c3 44,787 / 1,026,256 2.79
c4 1,249,649,333 / 108,064,756,800 5.92
c5 36,494,147 / 12,382,420,050 3.02
c6 867,635,449 / 1,614,300,688,000 2.20

TABLE I. Expansion coefficients for the decay A′ → γγγ
when the dark photon mass is smaller than twice the electron
mass, taken from Ref. [73]. For the full dark photon decay
width in Eq. (5) below the Euler-Heisenberg limit, we take
the expansion up to order 6.

decay dominates, this approximation closely agrees with
the full-width calculation [73]. In the context of indirect
detection, we need the energy spectrum dN/dEγ of pho-
tons produced by dark photon decays. This spectrum
is related to the distribution of the dark photon decay
width by the energy of the final-state photons E as

1

N

dN

dE
=

1

Γ

dΓ

dE
. (6)

From this spectrum, we calculate the modified normal-
ized spectrum dN/(Ndx), with x = 2Eγ/mA′ , which is
independent of the dark photon mass. Based on Eq. (2),
we generate a UFO model file using FeynRules [75] as
an input for MadGraph [76, 77] to calculate the dark
photon decay width. Since MadGraph only distinguishes
identical particles in the final state by their energy, we
take the average energy spectrum (black histogram) that
is shown in the left part of Fig. 3. Our result agrees with
the theoretical formula of Ref. [74] in the rest frame of
the dark photon as

dΓ

Γdx

∣∣∣
rest

=
1

51
x3

(
1715− 3105x+

2919

2
x2

)
. (7)

To find the boosted energy spectrum from the decay
of an arbitrary dark photon with energy EA′ ≈ mχ, we
use the same boost matrix along the z-direction as in the
2-body decay, which transforms any momentum from the
rest frame to lab-frame as

PA′

lab = Λ(mχ,mA′)PA′

rest, (8)

where the boost matrix can be written in terms of the
Lorentz boost factor η = mχ/mA′ as

Λ(η) =


η 0 0

√
η2 − 1

0 1 0 0
0 0 1 0√

η2 − 1 0 0 η

 . (9)

This boost matrix can be applied to the 2-body decay
spectrum in the rest frame, which is dN/(NdE) = δ(E−
mϕ/2) as a Dirac-Delta function (mϕ is the mediator
mass). In our 3-body decay, the spectrum is not a delta-
function, but a continuous distribution, which is shown
as a violet line in the left part of Fig. 3. This distribution
can be discretized into Nbin bins, as shown by the black
histogram, with Nbin → ∞ being equal to the analytic
formula in Eq. (7).

To calculate the trident energy spectrum, we apply
the boost matrix to our three-body decay process and
discretize the results. We note that this process, in the
case of a 2-body decay, leads to the well-known box-like
spectrum [79–81]. On the other hand, the semi-analytical
form of the 3-body photon spectrum from a massive dark
photon decay depends on the dark matter mass mχ, and
the dark photon mass mA′ , and is given by:

1

N

dN

dE
(E,mχ,mA′) = lim

Nbin→∞

Nbin∑
n=1

1

N

dN

dx

∣∣∣
rest

(
xn

) 1

n
√
m2

χ −m2
A′

Θ(Emax
n − E)Θ(E − Emin

n ), (10)

where we have the sum of box-shaped spectra from bin
n to bin Nbin. The new variable, xn = n/Nbin, is inde-
pendent of the dark photon mass, and depends on the
bin n in Nbin that we consider. For each box-shaped
distribution from bin n, the edges are defined as

Emax
n =

n

2Nbin
(mχ +

√
m2

χ −mA′), (11)

Emin
n =

n

2Nbin
(mχ −

√
m2

χ −mA′). (12)

In Fig. 3 (right), we show the differential energy spec-
trum from dark matter annihilation to two on-shell dark
photons, which each decay into three photons. We set

N = 6 because we have 6 photons in the final state,
and set Nbin = 1000. We compare our result with com-
mon dark matter spectra: µµ̄ and bb̄, for a benchmark
mχ = 1 TeV dark matter mass [79]. The spectrum from
three-photon decays produces a hard γ-ray spectrum.

In addition to the dark matter capture and annihila-
tion scenario presented in this paper, this final state can
also be applied to searches for hidden on-shell mediators
in standard indirect detection searches [80], and could be
used to constrain the thermally averaged cross section
in vector mediator models. With Eqs. (7) and (10),
we can generate the spectrum for non-resonant 3-body
decay processes without using Pythia [82].
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FIG. 3. Left: Normalized γ-ray spectrum for x = 2Eγ/mA′ , generated by MadGraph [76, 77] and MadAnalysis [78]. These
results are independent of the dark photon mass. The red, blue, and green histograms represent the spectra of the minimum,
medium, and most energetic photon from each decay (defined by MadGraph as Emin < Emed < Emax). The average photon
spectrum (black) is compared with the result from Ref. [74] (violet). Right: Boosted differential energy spectrum for dark
photon masses below the e+e− threshold. The spectrum for a dark matter mass mχ = 1 TeV (boost factor η = mχ/mA′) is
compared with the spectra of standard channels such as µµ̄ and bb̄, which are generated by PPPC4DMID [79].

III. DARK MATTER CAPTURE AND
ANNIHILATION

In this section, we explore dark matter capture by ce-
lestial objects. We then delve into the annihilation of
trapped dark matter and establish a relationship between
the capture and annihilation processes. These treat-
ments are applicable across most models that contain
dark matter-nucleon interactions.

A. Dark Matter Capture

Many studies have explored interactions between dark
matter and celestial baryons [83–86]. The simplest sce-
nario involves dark matter scattering with nucleons in
the rest frame. Each scattering event removes some of
the dark matter kinetic energy until it is captured when
its velocity falls below the escape velocity of the object.

The capture rate, representing the number of dark
matter particles captured per second, is calculated by
summing over the capture rate for dark matter particles
that scatter with N different nuclei in the celestial object:

C =

∞∑
N=1

CN (τ) = fcap
πR2pN (τ)

(1− 2GNM/R)

√
6nχ

3πv̄
(13)

×
[
(2v̄2 + 3v2esc)− (2v̄2 + 3v2N ) exp

(3(v2esc − v2N )

2v̄2

)]
,

where R, M , and vesc denote the radius, mass, and escape
velocity of the celestial body, respectively. The probabil-
ity of dark matter scattering with N nucleons, denoted
as pN (τ), is calculated by integrating the Poisson distri-
bution over the cosine of the scattering angle, y, as

pN (τ) = 2

1∫
0

dy
yeyτ (yτ)N

N !
, (14)

which depends on the optical depth

τ =
3

2

σχn

σsat
, (15)

where σsat = πR2/Nn is the saturation cross section of
the object. Following this multiscatter picture and as-
suming isotropic scattering, we obtain the dark matter
velocity after N interactions as

vN = vesc(1− ⟨z⟩β)−N/2, (16)

with ⟨z⟩ ≈ 1/2 and β = 4mχmSM/(mχ +mSM)2.
For light dark matter with a mass on the order of mp

and a large velocity dispersion vχ ≪ vesc, the function
fcap accounts for the back-scattering effect of dark matter
collisions with nucleons as

fcap ≈ 2√
πNscat

=
[ 2
π
log(1−⟨z⟩β)/ log

(vesc
v̄

)] 1
2

. (17)
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Object Mass [M⊙] R [km] Component σsat [cm2]
Neutron Star 1.4 10.0 neutron 2.0× 10−45

Brown Dwarf 0.0378 69,911.0 hydrogen 3.63× 10−36

Jupiter 1/1047 69,911.0 hydrogen 1.44× 10−34

Sun 1.0 696,340.0 hydrogen 1.33× 10−35

TABLE II. Benchmark celestial object parameters in the cap-
ture rate calculation. The saturation cross section is esti-
mated as σsat = πR2/Nn.

Outside of this regime, fcap ∼ 1. The comprehensive
treatment of fcap and pN (τ) is provided in Ref. [87],
which introduces the recently released Asteria package
for calculating the capture rate. We have verified our nu-
merical code with this package to ensure the consistency
of our results.

Table II presents the benchmark parameters for the ce-
lestial objects under consideration: neutron stars, brown
dwarfs, Jupiter, and the Sun. These parameters serve
as inputs to the Asteria package. It is noteworthy
that in Eq. (13), we account for the incoming dark
matter blue-shift effect, introducing an enhancement of
1/(1−2GNM/R) in the capture rate. This effect, though
negligible for brown dwarfs and Jupiter, doubles the cap-
ture rate in neutron stars, a consideration not incorpo-
rated in Asteria.

Another crucial input parameter for calculating the
capture rate is the initial dark matter velocity disper-
sion, denoted as v̄, and the local dark matter density
surrounding the object. For objects in our solar system,
we use the value v̄ ≈ 220 km/s, and ρχ = 0.3 GeV/cm3.
For celestial objects in the Galactic center region, we use
the simplified Milky Way Galaxy mass model in Ref. [88],
and the generalized Navarro-Frenk-White (NFW) [89]:

ρχ(r) =
ρ0

(r/rs)γ(1 + (r/rs))3−γ
, (18)

with γ as the inner slope of the profile, for which we
choose benchmark models γ = 1.0 and 1.5 and assume
rs = 12 kpc. The ρ0 parameter is normalized to the lo-
cal dark matter density in our solar neighborhood, for
each value of γ. To calculate the total dark matter cap-
ture rate for celestial bodies near the Galactic center, we
convolve this dark matter density distribution with the
celestial object morphology as

Ctot = 4π

100pc∫
0.1pc

n⋆(r)r
2C(r)dr, (19)

where n⋆(r) is the celestial object density distribution.
For neutron stars in the Galactic center, we assume an
average mass MNS = 1.4M⊙, and use the number density

nNS(r) = 5.98× 103
( r

1pc

)1.7

pc−3; 0.1pc < r < 2pc,

= 2.08× 104
( r

1pc

)−3.5

pc−3; r > 2pc, (20)

Target
Stellar radius (R) Distance to Earth (D)
(Minimum length) (Maximum length)

Sun 696,340 km 1 AU
Jupiter 69,911 km 7.78× 108 km

Galactic center
NS: 10 km

8 kpc
BD: 69,911 km

TABLE III. The celestial body radius and distance to Earth
for each of our celestial targets. These values combine to
specify the minimum and maximum decay lengths for the
dark photon.

which is extrapolated from the radial distribution of the
‘Fiducial × 10’ model in Ref. [90]. In the case of brown
dwarfs in the Galactic center, we choose the average mass
MBD = 0.0378 M⊙ [46], which is in agreement with the
Kroupa Initial Mass function (IMF) [91]. We adopt the
brown dwarf number density in Refs. [91, 92] for the mass
range 0.01–0.07 M⊙ as

nBD(r) = 7.5× 104 ×
( r

1pc

)−1.5

pc−3. (21)

We note that neutron stars in the Galactic center re-
gion have thermalization timescales that are approxi-
mately 1 kyr [24], allowing us to assume that the dark
matter density in all neutron stars is in equilibrium. The
same statement can be applied to brown dwarfs, accord-
ing to Ref. [90]. This equilibrium condition is used later
in Sub-section III B for the SM flux resulting from dark
matter annihilation.

B. Dark Matter Annihilation

Operating under the assumption that dark matter can
interact with the SM, it becomes necessary to consider
dark matter annihilation into SM particles. If these SM
particles are created within the volume of the celestial ob-
ject, they will quickly interact with other SM matter in
the celestial object, eventually being absorbed by the ce-
lestial object and contributing to thermal energy. These
processes are collectively referred to as annihilation heat-
ing [10]. However, our study considers a special scenario
where dark matter annihilates into a pair of on-shell dark
mediators. If the mediator lifetime is sufficiently long to
allow it to escape the physical object, it can then decay
into stable SM particles such as neutrinos and photons,
that would be detectable on Earth. While long-lived par-
ticles are investigated in some far-forward detectors such
as FASER [93], celestial objects can probe phase spaces
where the lifetime and travel distance of the mediator
extends to parsec scales [45, 46, 54, 59, 61, 62].
The minimum and maximum decay lengths of the me-

diator are set by the size of the celestial object and the
distance of the celestial object to Earth, respectively,

R ≤ L = ηβτA′ ≃ mχ

mA′
cτA′ ≤ D, (22)
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where the Lorentz boost factor η = EA′/mA′ ≃ mχ/mA′ ,
assuming the non-relativistic dark matter annihilation.
The distances R and D are the stellar radius and the
source distance to our detectors. Since the travel dis-
tance depends on the mediator lifetime τA′ , for every
dark matter mass, we calculate upper and lower limits
for the mediator A′ couplings and mass in this scenario.

In the case that the dark matter density in a celestial
object is in equilibrium, the rate of dark matter annihi-
lation is related to the capture rate as

Γann =
C

2
, (23)

which relates the annihilation rate to the dark matter-
nucleon scattering cross section. The factor 1/2 arises
because each annihilation removes two dark matter par-
ticles.

Once the mediators escape the gravitational bounds of
the stellar object, they decay into SM particles. Given
that the mediators are on-shell particles with a lifetime
τA′ , the differential energy flux of the SM signal reaching
our detectors from a distance D takes the form:

E2 dΦ

dE
=

Γann

4πD2
×E2 dN

dE
×BR(A′ → SM)×Psurv. (24)

Here, E ≡ ESM and Φ ≡ ΦSM represent the energy and
flux of the SM signal we aim to detect. Given our focus
on the on-shell decays of our mediator A′, Γann denotes
the annihilation rate from Eq. (23), while BR(A′ → SM)
represents the branching ratio of A′ decay into these SM
signals. The survival probability is determined as

Psurv = e−R/ηcτA′ − e−D/ηcτA′ , (25)

which depends on the mediator lifetime τA. Alongside
this probability and the branching ratio, the energy spec-
trum dN/dE is also contingent on the final state of the
SM signals produced by the decays. In this study, we
apply the three-photon final state spectrum in Eq. (10).

IV. GAMMA-RAY SPECTRA AND LIMITS

In this section, we determine whether or not current
γ-ray observations can probe the on-shell 3-body decay
from dark matter annihilation inside celestial objects.
We consider two cases: the ensemble of celestial ob-
jects near the Galactic center such as neutron stars or
brown dwarfs, and single solar system objects such as the
Sun and Jupiter. We utilize γ-ray data from Fermi-LAT
and H.E.S.S. for Galactic center observations, Fermi-LAT
data for Jupiter and HAWC observations of the Sun.

We note that for the Galactic center, both Fermi-LAT
and H.E.S.S. data include statistically significant detec-
tions of γ-ray emission, which are shown in Fig. 4. These
γ-ray fluxes are assumed to originate from astrophysical
sources in the Galactic center, and not from dark matter.
However, we choose to conservatively set upper limits

on the dark matter interaction cross-section by assum-
ing that dark matter does not overproduce the entirety
of the γ-ray signal. For observations of Jupiter and the
Sun, we employ upper limits from Fermi-LAT and HAWC
in Fig.s 5 and 6, respectively. We note that the Sun is
detected by HAWC during solar minimum, but owing to
the fact that the dark matter signal should not vary with
solar cycle, we strongly constrain dark matter by ensur-
ing that the annihilation signal does not overproduce the
γ-ray upper limits obtained during solar maximum.

In these figures, we also sketch the photon spectra
from dark matter annihilation through the dark photon-
photon trident for several benchmark dark matter masses
and scattering cross sections with nucleons. We assume
that all dark photons escape the stellar volume and de-
cay within the length scales in Table III B, such that the
branching ratio into photons can be assumed to be 100%.
Since the couplings between the dark photon and other
baryonic particles are weak, we also neglect the attenu-
ation of the photon signal and assume a 100% survival
probability. The cross-section benchmarks for these spec-
tra are chosen based on the saturation cross section in
Table II depending on the target objects.

Fig. 4 (left) shows the Fermi-LAT spectrum from
Ref. [69], between 0.1–10 GeV. We indicate two dark
matter benchmarks at 1 GeV (dashed lines) and 10 GeV
(solid lines). We consider two gNFW dark matter den-
sity profiles, with γ = 1.0 equivalent to the classical NFW
(red lines), and γ = 1.5 that assumes more dark matter
inside the Galactic central region (deep-cyan lines). The
dark matter-proton cross section is chosen to be 10−36

cm2, which is near the saturation cross section of brown
dwarfs. For dark matter masses below 10 GeV, Fermi-
LAT data can probe the dark matter-nucleon cross-
section near the brown dwarf saturation cross-section for
both classical and generalized NFW profiles.

Similarly, we show the H.E.S.S. spectrum for high en-
ergy γ-rays from the Galactic center in the right panel
of Fig. 4. Because H.E.S.S. observations probe photon
energies between 0.2–50 TeV, we choose two dark mat-
ter masses at 5 TeV (dashed lines) and 50 TeV (solid
lines). In this high-energy regime, our analysis is more
sensitive to signals from neutron stars than at Fermi-
LAT energies [45, 46]. The dark matter-neutron cross-
section is chosen to be 10−43 cm2, which is bigger than
the NS saturation cross section by about 2 orders of mag-
nitude. With this cross section, the capture rate achieves
its maximum value, as discussed in Ref. [45]. Based on
these constraints, we see that neutron stars only provide
sensitivity to generalized NFW profiles with γ ∼ 1.5.

For Jupiter and the Sun, we show the γ-ray upper lim-
its and spectra in Figs. 5 and 6, along with our model
dark matter spectra. The benchmark scattering cross
sections are chosen to be much smaller than the satura-
tion cross sections in Table II. These choices emphasize
the sensitivities of nearby objects as dark matter detec-
tors.

Fig. 5 shows Fermi-LAT upper limits on the Jupiter γ-
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FIG. 4. Gamma-ray spectra from the Galactic center region. Left: Fermi-LAT spectrum from 0.1–10 GeV. The solid lines are
for mχ = 10 GeV and the dashed lines are for mχ = 1 GeV. We consider dark matter scattering with protons inside brown
dwarfs in the Galactic center with the cross section σχp = 10−36 cm2. We calculate the spectrum coming from the Galactic
center for two different gNFW profiles: γ = 1.0 (red lines) and γ = 1.5 (deep-cyan lines). Right: Same as left, but showing
H.E.S.S. data for 0.2–50 TeV γ-rays. The dark matter flux comes from neutron stars, with a dark matter-neutron cross section
of σχn = 10−43 cm2. We show benchmark dark matter masses at 5 TeV and 50 TeV.

ray flux in 60 energy bins between 10 MeV and 10 GeV.
These upper limits are analyzed by using the fully data-
driven background model of Ref. [62]. The limits come
with the full likelihood profiles in every bin. Unlike the
Galactic center, with Jupiter, we can evaluate the γ-ray
flux all the way down to 10 MeV. We also sketch dif-
ferential energy spectra for two dark matter masses at
1 and 10 GeV, at the dark matter-proton cross section
of 10−39 cm2 (violet dashed line) and 10−38 cm2(green
solid line), respectively. These cross sections are smaller
than Jupiter’s saturation cross section by 8–9 orders of
magnitude. We note that the cross-section bounds be-
come weaker for heavier dark matter masses, demonstrat-
ing the difficulty in capturing dark matter particles with
masses heavier than the proton targets.

Finally, we considered a celestial object that is very
familiar to us in Fig. 6: the Sun. We use the latest
spectra and upper limits from HAWC between 200 GeV
and 10 TeV [70]. The HAWC’s 6.1-year spectrum (which
constitutes a detection of solar γ-ray emission) is shown
in the red solid lines at energies between 500 GeV to
2.7 TeV. This data is divided into two time periods, which
demonstrates the variation of the emission over the solar
cycle. The bright solar γ-ary emission observed during
solar minimum is shown with the blue dashed line. The
strong upper limit on solar γ-ray emission during solar
minimum is presented by the green scatter point. The
shaded regions demonstrate the statistical uncertainty in

each analysis. At higher energies, we show the 90% CL
upper limit at 7 TeV as the red bin, which spans an
energy range from 3.8–10 TeV.

Similar to Jupiter in Fig. 5, we sketch two dark matter
spectra for dark matter-proton cross sections at σχp =
10−44 cm2, which is smaller than the Sun’s saturation
cross section by 9 orders of magnitude. The magenta line
shows a dark matter mass of 1 TeV, while the orange line
is for mχ = 10 TeV.

Based on these spectra and upper limits, we can esti-
mate the sensitivities of these celestial objects in differ-
ent energy ranges. Below 10 GeV, brown dwarfs in the
Galactic center are sensitive to dark matter-nucleon cross
section near their saturation cross section, and for very
large decay lengths with both NFW and gNFW profiles,
while Jupiter can probe cross sections that are 4–5 orders
of magnitude smaller than its geometric cross section, but
only for smaller decay length. Similarly, for the energy
range above 100 GeV, neutron stars can probe cross sec-
tions near their saturation cross section for a large decay
length, but only for the gNFW density profile. On the
other hand, the Sun can probe the cross sections that are
9 orders of magnitude smaller than its saturation cross
section for short decay lengths, with an upper limit that
is independent of the dark matter density profile. No-
tably, nearby celestial objects can be used to study dark
matter capture in the optically thin limit.
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FIG. 5. γ-ray upper limits from Jupiter by the Fermi-LAT.
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We show two benchmark points: The violet dashed line is
for mχ = 1 GeV, with a dark matter-proton cross section of
10−39 cm2. The green solid line is for mχ = 10 GeV, which
has the benchmark cross section that is larger by 1 order of
magnitude.

V. CONSTRAINTS ON THE
SPIN-INDEPENDENT DARK

MATTER-NUCLEON CROSS SECTION

We scan the dark matter-nucleon cross section for each
dark matter mass. Additionally, we scan over the kinetic
mixing coupling, the dark photon mass, and the direct
couplings between the dark photon and both dark mat-
ter and SM quarks to make sure the decay lengths satisfy
the limit constraints for each celestial object in Eq. (22)
and Tab. III B. For our conservative dark photon model,
which considers only kinetic mixing and the dark pho-
ton mass, we perform a scan that avoids the constraints
from Refs. [73, 95–97]. These scans assume that the dark
photon mass is smaller than twice the electron mass,
∼ 1 MeV. Because the γ-ray photon mass lies a factor
of ∼2 below the dark matter mass, we scan dark matter
masses above 10 MeV to remain within the energy range
of our telescopes. This implies that the Lorentz boost
factor is larger than 10 and increases rapidly for heavier
dark matter particles. Because the dark photon mass is
negligible compared to its energy, the energy spectrum
we show in Eq. (6), has an identical spectral shape when
renormalized to the dark matter mass, which simplifies
the analysis.

In the case of the Galactic center and solar data, obser-
vations only provide either best-fit fluxes (with 1σ uncer-
tainties), or γ-ray upper limits. Thus, for these targets,

1 10
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E
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Φ
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−

2
s−

1 ] Solar Min.

Solar
Max. HAWC 6 years

HAWC

p = 10 44 cm2
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m
=10
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FIG. 6. Gamma-ray spectra and upper limits from the Sun.
The 6.1 year-spectrum and the 90% CL upper limit at 7 TeV
from HAWC are in the red line and red bin respectively. The
solar minimum spectrum is shown in the blue dashed line.
The 1σ upper limit at 1 TeV photon energy is presented as a
green point. The shaded area for each limit includes system-
atic uncertainties. The two spectra from dark photon decay
for dark matter-proton cross sections of σχp = 10−44 cm2 are
shown with the magenta line for mχ = 1 TeV and the orange
line for mχ = 10 TeV.

we perform our scan by conservatively assuming that the
dark matter annihilation signal does not overproduce the
total γ-ray flux (or upper limit) in any energy bin. For
Jupiter, however, the data is produced along with a like-
lihood profile for the flux in every energy bin, allowing us
to perform a more powerful analysis. Assuming the null
hypothesis that there is no γ-ray flux from Jupiter, for
every dark matter-nucleon cross section with a specific
dark matter mass, we calculate the γ-ray spectrum, and
the resulting TS as

TS(σχp,mχ) = −2 log
L0

L(σχp,mχ)
, (26)

where L0 is the likelihood of the null hypothesis that de-
scribes no dark matter interaction with the nucleon, and
L(σχp,mχ) is likelihood of a dark matter signal. To find
the bounds using this method, we scanned the parameter
space to find the highest cross section that can give the
TS ≃ χ2 = 3.841, which is equivalent to the 95% CL
upper limit. With this method, we can provide strong
bounds on the cross section with dark matter masses
down to 20 MeV.
We show the resulting cross-section upper limits in

Fig. 7. For comparison, we include the current bounds
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are for brown dwarfs near the Galactic center, with gNFW profiles that have γ = 1.0 and 1.5 respectively. The orange line
is the bound calculated from observations of Jupiter. We include the bound coming from CMB and Small Scale Structure in
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operating direct detection experiments (green dashed line) (LZ, XENONnT, PandaX-4T, SuperCDMS SNOLAB, SBC) [94].

from Direct Detection [98] as magenta lines from a com-
bination of the results from XENON [99], COSINE-
100 [100], CRESST-III [101], DAMA/LIBRA [102], and
DarkSide [103]. We also include bounds from the X-
ray Quantum Calorimeter (XQC) [104], as well as con-
straints from CMB and Small Scale Structure in green
solid line [105–108]. For TeV dark matter (right), we
show the projection from the operating experiments such
as LZ [109], XENONnT [110], PandaX-4T [111], Super-
CDMS SNOLAB [112], SBC [113]. The Xenon neutrino
fog region, taken from Ref. [94], is shown in the gray
area.

For low-mass dark matter (left), we show constraints
based on all brown dwarfs near the Galactic center red-
violet lines, in the case of a classical NFW profile (γ =
1.0, solid), and for the gNFWwith γ = 1.5 (dashed). Due
to the large uncertainty in the dark matter profile, the
actual bound is likely to lie in between these two curves,
from 10−35 down to 10−37 cm2. This shows that brown
dwarfs can probe cross sections smaller than the bounds
from direct detection by 4–6 orders of magnitude for dark
matter masses near 100 MeV, and 6–9 orders of magni-
tude smaller than the CMB and Small Scale Structure
bounds from 10 MeV to 10 GeV. On the other hand,
Jupiter (orange line) can provide cross-section bounds
that are 2–5 orders of magnitude stronger than brown

dwarf limits and extend down to nearly 10 MeV.
Comparing the results, we see that Jupiter provides

cross-section bounds that are stronger and with a wider
dark matter mass range than brown dwarfs near the
Galactic center. Bounds from Jupiter also do not suffer
from the high uncertainty coming from the dark matter
density profile like brown dwarfs. On the other hand,
since we require the dark photon to decay before reach-
ing Earth from the annihilation source, brown dwarfs can
probe much larger decay lengths, opening more param-
eter space for the kinetic mixing coupling and the dark
photon mass, compared to Jupiter.
Moving to the heavier dark matter models in Fig. 7

(right), we show constraints from the Sun (red line) with
HAWC, along with neutron stars near the Galactic cen-
ter (light-blue dashed line) using H.E.S.S. Bounds from
the Sun are already excluded by direct detection since
spin-independent cross-section constraints in this regime
are very stringent. For neutron stars, as shown in Fig. 4
(right), the classical NFW profile cannot produce strong
enough photon signals to be probed by the H.E.S.S. data.
Thus, we only show the constraint for the gNFW profile
with γ = 1.5, On the other hand, the large optical depth
of neutron stars can push the cross-section upper limit
down to 10−46 cm2 up to 70 TeV dark matter masses,
surpassing the projection from current direct detection
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experiments and even touching the neutrino fog. This
result showcases the advantage of using astrophysical ob-
jects and signals to investigate dark matter-nucleon inter-
actions in the high-mass regime, which requires new tech-
nology and strategies in direct detection experiments.

These results also highlight the importance of γ-ray ob-
servations to study the dark matter-nucleon interaction
in the dark photon mediator model. Previous studies of
this model in Ref. [45] studied the neutrino signal, which
can only probe the heavy dark matter regime where the
dark matter mass is heavier than 100 GeV. Since γ-ray
observations can probe signals down to nearly 10 MeV,
studying the dark photon-photon trident decay can probe
this model in the sub-GeV regime. Moreover, more ac-
curate background models can help push down the cross-
section bounds.

VI. CONCLUSIONS AND OUTLOOK

In this paper, we have studied the indirect detection
signal from dark photon-photon tridents, which is the
three-photon final state of a dark photon decay. We de-
rived the semi-analytic formula for the photon energy
spectrum from a boosted dark photon in Eq. (10). We
applied this formula to the case where this dark photon
can be long-lived and thus be produced by the annihila-
tion of accumulated dark matter inside celestial objects,
such as neutron stars, brown dwarfs, Jupiter, and the
Sun. Using current γ-ray observations from the Fermi-
LAT, H.E.S.S., and HAWC, we set strong bounds on the
spin-independent cross section of dark matter with nu-
cleons for various dark matter mass ranges in Fig. 7.

These upper limits, which exceed those of direct de-
tection experiments in several regimes, motivate fu-
ture γ-ray observations using CTA [114], APT [115],
AMEGO [116], and e-ASTROGAM [117] to improve the
dark matter sensitivity and extend the dark matter mass

range. The astrophysical uncertainty in these results can
be reduced using more complicated Milky Way Halo mass
models [118], as well as more accurate stellar population
models based on future observations from JWST [119]
and Euclid [120].

Finally, while this study focuses on scenarios where the
dark photon is long-lived, the dark photon-photon tri-
dent can also be considered in generic indirect detection
searches. Because the final state only contains photons,
the three-photon spectrum can be strongly constrained
by indirect searches for dark matter annihilation, which
we leave for future work.
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