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We consider the indirect detection of darkmatter that is captured in the Sun and subsequently annihilates to
long-lived dark mediators. If these mediators escape the Sun before decaying, they can produce striking
gamma ray signals, either via the decay of the mediators directly to photons or via bremsstrahlung and
hadronization of the mediator decay products. Using recent measurements from the HAWCObservatory, we
determine model-independent limits on heavy dark matter that are orders of magnitude more powerful than
direct detection experiments, for both spin-dependent and spin-independent scattering. We also consider a
well-motivated model in which fermionic dark matter annihilates to dark photons. For such a realistic
scenario, the strength of the solar gamma ray constraints are reduced, compared to the idealistic case, because
the dark matter capture cross section and mediator lifetime are related. Nonetheless, solar gamma ray
constraints enable us to exclude a previously unconstrained region of dark photon parameter space.
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I. INTRODUCTION

The quest to reveal the true nature of dark matter (DM) is
a forefront goal of modern science. However, despite
compelling cosmological evidence that allows us to infer
the distribution of DM in the Universe, we have little
information about the particles that constitute this matter,
beyond the fact that they are not found within the standard
model (SM), and their interactions with regular, SM matter
must be very weak. Currently, the most stringent con-
straints on such interactions are those set by the PICO-60
[1] and XENON1T [2] direct detection experiments in the
case of spin-dependent (SD) scattering of DM with protons
and neutrons, respectively, and by XENON1T [3] in the
case of spin-independent (SI) DM-nucleon scattering. In
the face of null results from these increasingly sensitive
experimental searches, it is important to move beyond
overly simplistic assumptions about the nature of DM, such
as the expectation of a generic weakly interacting massive
particle (WIMP). Moreover, it is important to explore
complementary means of detection.

The capture of DM in astrophysical bodies such as the
Sun [4–15], Earth [16–18], and other planets [19–21] or
stars [22–44] provides an alternative means of probing DM
scattering with regular matter. In the case of the Sun, DM-
nucleon or DM-electron collisions can result in sufficient
energy transfer for the DM to become gravitationally
bound. Further energy loss, via subsequent collisions,
causes the DM to accumulate in the solar core, where it
may annihilate at a significant rate if the accumulated
density becomes sufficiently large. Solar WIMP searches
conventionally look for high energy neutrinos emanating
from the solar core, as neutrinos are the only SM annihi-
lation products that interact sufficiently weakly to escape
the Sun. IceCube [45,46] and Super-Kamiokande [47,48]
place competitive constraints on SDDM-nucleon scattering
cross sections for annihilation channels that result in a hard
neutrino spectrum. For other annihilation channels and for
SI scattering, these searches are not competitive with direct
detection experiments.
However, it is possible that DM annihilates not to SM

states, but to dark sector particles which escape the Sun.
Indeed, most realistic DM models feature additional new
particles, beyond the DM candidate itself. Particularly
interesting, in the context of solar DM searches, are
secluded models, in which the dark and visible sectors
communicate only via a weakly coupled mediator [49–61].
Examples of such dark mediators include dark photons and
many other well-motivated possibilities. The feeble
strength of the mediator couplings is significant for two
reasons: (i) the mediators will not be attenuated by
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scattering as they traverse the Sun; and (ii) they will be
long-lived and can propagate beyond the Sun before
decaying back to SM states. Annihilation of solar DM
to such long-lived mediators therefore opens the possibility
of dramatic new signals.
The decay of long-lived mediators, outside the Sun, can

result in gamma rays [53,54,59–61], charged particles
[50,55,57,58], or enhanced (unattenuated) neutrino signals
[56,62–64]. Our focus in this paper will be on gamma ray
signals that result from the annihilation of heavy DM. In
recent work, Leane et al. [59] demonstrated that gamma ray
data from Fermi-LAT [65,66] and HAWC [67,68] can be
used to place powerful limits on DM annihilation to
secluded mediators, in the case of a SD scattering cross
section, surpassing direct detection constraints by many
orders of magnitude. In this paper, we will demonstrate
that, surprisingly, solar gamma ray limits on SI interactions
also surpass direct detection results, particularly for large
DM mass.
We shall first calculate indicative model-independent

limits for both SD and SI interactions. In particular,
following Ref. [59] we shall assume that the DM-nucleon
scattering cross section is energy independent, that the
capture, annihilation, and decay rates are in general
unrelated, and that the mediators decay between the Sun
and the Earth. While these model-independent limits are
very strong, they represent a simplistic and perhaps overly
optimistic scenario. In most realistic models, the DM
capture and annihilation cross sections and mediator life-
time are not independent variables, but are instead deter-
mined by a common set of parameters. Therefore, we will
also consider a model in which the interactions of fermionic
DM are mediated by a dark photon that is kinetically mixed
with the SM photon [69–74], allowing us to address a more
realistic scenario.
In Sec. II we outline the calculation of the DM capture

rate in the Sun, both for the generic case of an energy-
independent SI or SD scattering cross section and for the
energy-dependent scattering cross section that arises in the
context of the dark photon model. In Sec. III we outline
annihilation rates for captured solar DM, as well as
Sommerfeld enhancement of those annihilation rates for
the dark photon model. In Sec. IV we determine the gamma
ray spectra that are generated via decay of the mediators,
while in Sec. V we outline the calculation of the gamma ray
flux and the comparison with HAWC data. Our results are
discussed in Sec. VI.

II. SOLAR CAPTURE OF DARK MATTER

A. Capture in general

The calculation of the capture and annihilation of DM in
the Sun is well established [4–15]. The number of DM
particles in the Sun Nχ follows the rate equation

_Nχ ¼ Ccap − CannN2
χ ; ð1Þ

where Ccap is the capture rate due to scattering on solar
constituents and CannN2

χ is the DM self-annihilation rate.
For our model-independent analysis, we shall neglect the
possibility of self-capture [12] via scattering on accumu-
lated DM. Self-capture is also insignificant for the param-
eters of interest in the dark photon model we consider [58].
As we shall focus on TeV scale DM, we neglect the
evaporation of DM from the Sun, which is negligible for
DM masses above ∼4 GeV [5,8,13–15]. We can then solve
Eq. (1) to obtain

Nχ ¼
ffiffiffiffiffiffiffiffiffi
Ccap

Cann

s
tanh

t
τequil

; ð2Þ

and hence,

Γann ¼
1

2
CannN2

χ ¼
1

2
Ccap tanh2

t
τequil

; ð3Þ

where τequil is the timescale on which the capture and
annihilation processes reach equilibrium,

τequil ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

CcapCann
p : ð4Þ

The capture rate for scattering on a particular nuclear
species N is given by

CN
cap ¼ nχ

Z
R⊙

0

dr4πr2nNðrÞ
Z

∞

0

dw4πw3f⊙ðw; rÞ

×
Z

dER
dσN
dER

����
capture

; ð5Þ

where w is the incident DM velocity, ER is the nuclear
recoil energy, nχ ¼ ρχ=mχ is the local DM number density,
nNðrÞ is the number density of species N at a distance r
from the solar center, f⊙ðw; rÞ is the DM velocity dis-
tribution at that position, and dσN=dER is the differential
cross section for elastic DM-nuclei scattering. We take the
solar density and element mass fractions from the AGSS09
model [75].
The velocity u of DM asymptotically far from the Sun is

assumed to follow a Maxwell-Boltzmann–like velocity
distribution. In the neighborhood of the Sun, this distri-
bution is distorted due to the solar gravitational potential.
Taking this acceleration into account and invoking energy
conservation, the incoming DM velocity w for an inter-
action with a nucleus in the Sun is

w2 ¼ u2 þ v2⊙ðrÞ; ð6Þ
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where v⊙ðrÞ is the escape velocity at a distance r from the
solar center. We can thus express the integrand of Eq. (5) in
terms of u as

w3f⊙ðw; rÞdw ¼ u½u2 þ v2⊙ðrÞ�f⊙ðuÞdu; ð7Þ
where the asymptotic velocity distribution in the solar rest
frame is

f⊙ðuÞ ¼
1

2

Z
1

−1
dcf

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ u2⊙ þ 2uu⊙c

q �
; ð8Þ

and u⊙ ¼ 233 km=s is the solar velocity in the Galactic rest
frame. Numerical simulations suggest that the DM velocity
distribution function has the form [76–81]

fðuÞ ¼ Ñ

�
exp

�
v2gal − u2

ku20

�
− 1

	k
Θðvgal − uÞ; ð9Þ

where vgal is the Galactic escape velocity, uo is the velocity
dispersion, k is a power law index, and Ñ is a normalization
factor. A Maxwell-Boltzmann distribution is recovered for
k ¼ 0 and vgal → ∞. The astrophysically favored range of
parameters is [82]

220 < u0 < 270 km=s; ð10Þ

450 < vgal < 650 km=s; ð11Þ

1.5 < k < 3.5: ð12Þ

B. Energy-independent capture

For an energy-independent DM-nucleus cross section
σN , the contribution to the capture rate for a nuclear species
N becomes

Ccap ¼ nχ
X
N

σN

Z
R⊙

0

dr4πr2nNðrÞ

×
Z

∞

0

du4πu½u2 þ v2⊙ðrÞ�f⊙ðuÞPNðuÞ; ð13Þ

where PNðuÞ is the probability that a DM particle will be
captured when scattering off a nucleus N.
For a SD DM-nucleon scattering interaction, the capture

in the Sun is dominated by scattering from hydrogen [82]
alone. In this case, the nuclear form factor is jFN j2 ¼ 1 for
all relevant energies. Assuming the scattering cross section
is energy independent, the capture probability can be
simply approximated as [82]

PNðuÞ ¼ max
�
0;
Δmax − Δmin

Δmax

�
; ð14Þ

where Δmax ¼ 4mNmχ=ðmχ þmNÞ2 and Δmin ¼ u2=ðu2 þ
u2⊙escÞ are the maximal and minimal fractional energy

losses that can result from scattering, and u⊙esc is the
escape velocity from the Sun.
In the case of SI scattering, we must account for the

enhancement due to coherent scattering from all nucleons
in the nucleus and, in the case of heavier nuclei, a
potentially significant suppression from the nuclear form
factor. The probability of capture becomes

PðuÞ ¼ 1

ERmax

Z
ERmax

ERmin

dERjFN j2; ð15Þ

where FN is the Helmholtz form factor, given by

jFN j2 ¼ exp ð−ER=ENÞ; ð16Þ

with

EN ¼ 5

2mir2i
≈
0.190 GeV

A5=3
N

: ð17Þ

One can scale the cross sections for heavier nuclei σN from
that of the proton σp [82] as

σN ¼ σp
m2

Nðmp þmχÞ2A2
N

m2
pðmN þmχÞ2

; ð18Þ

where mp is the proton mass, mN is the nucleus mass, and
AN is the number of nucleons in the nucleus.

C. Dark photon model

In order to go beyond model-independent limits, we shall
consider a dark photon model as an example of a realistic
benchmark scenario. We adopt a scenario in which fer-
mionic DM couples to a dark photon mediator, which is the
gauge boson associated with a broken Uð1Þdark gauge
symmetry [69]. The kinetic mixing of Uð1Þdark with the
SM hypercharge results in mixing between the photon and
the dark photon and, therefore, a small coupling of the dark
photon to SM fermions. The effective Lagrangian is

L ⊃ −
1

4
FμνFμν −

1

4
F0
μνF0μν þ 1

2
m2

A0A02

−
X
f

qfeðAμ þ εA0
μÞf̄γμf − gχA0

μχ̄γ
μχ; ð19Þ

where ε is the kinetic mixing parameter, f are SM fermions
of charge qf, and gχ is the Uð1Þdark gauge coupling. Such a
dark photon may have evaded detection due to either a
small mixing parameter ε, and hence small coupling to SM
particles, or a heavy mass [69]. The case of a very small
mixing parameter is of particular interest for solar gamma
rays analyses, as the dark photon lifetime and scattering
cross section will be such that they escape the Sun before
decaying or scattering.
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For DM-nucleus scattering mediated by the dark photon,
the differential cross section with a nucleus N in the
nonrelativistic limit [58] is

dσN
dER

≈ 8πε2αχαZ2
N

mN

w2ð2mNER þm2
A0 Þ2 jFN j2; ð20Þ

where αχ ¼ g2χ=4π is the dark fine structure constant, ER is
the recoil energy, and ZN is the number of protons in the
nucleus. For the dark photon model, it can be shown
that [57]

Z
dER

dσN
dER

����
capture

¼ 2πε2αχαZ2
N

w2mNEN
exp

�
m2

A0

2mNEN

�

×

�
e−xN

xN
þ Eið−xNÞ

	
xmin
N

xmax
N

; ð21Þ

with

xN ¼ 2mNER þm2
A0

2mNEN
; ð22Þ

EiðzÞ≡ −
Z

∞

−z

e−t

t
dt; ð23Þ

ERmin ¼
1

2
mχu2; ð24Þ

ERmax ¼
2m2

χmN

ðmN þmχÞ2
ðu2 þ v⊙ðrÞ2Þ; ð25Þ

where ERmin and ERmax define the minimum and maximum
recoil energies for which capture occurs, respectively.
Combining the equations above with Eq. (5) results in

CN
cap ¼ 32π3ε2αχαnχ

Z2
N

mNEN
exp

�
m2

A0

2mNEN

�
cNcap; ð26Þ

where

cNcap ¼
Z

R⊙

0

drr2nNðrÞ
Z

∞

0

dwwf⊙ðw; rÞ;

×

�
e−xN

xN
þ Eið−xNÞ

	
xmin
N

xmax
N

: ð27Þ

Because the dark photon mediator couples to nuclei
through kinetic mixing with the photon, the DM-nucleus
cross section scales as Z2

N , rather than the usual A2
N scaling

that is applicable when DM couples to nucleons in an
isospin invariant fashion.

III. ANNIHILATION RATE

We shall assume that the DM annihilates to a pair of
secluded mediators, χχ → YY, or, in the case of the dark
photon model, χχ → A0A0. These dark mediators will
then decay to produce fluxes of SM particles, including
gamma rays.
The annihilation will occur in the center of the Sun, after

the DM has thermalized. Note that the thermalization time
will be much shorter than the age of the Sun for much of the
parameter space of interest. However, the thermalization
assumption breaks down for very small cross sections or
very large DM masses [11], significantly suppressing the
annihilation rate. We shall indicate this region of parameter
space in our results in Sec. VI.
Assuming the thermalization assumption to be valid, the

DM will form a small Boltzmann distributed core localized
at the center of the Sun, with number density

nχ ¼ n0e−r
2=r2χ ; ð28Þ

where

rχ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3T⊙

2πGNρ⊙mχ

s
≈ 0.01R⊙

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
100 GeV

mχ

s
; ð29Þ

and a very small velocity

v0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2T⊙=mχ

q
¼ 5.1 × 10−5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
TeV=mχ

q
: ð30Þ

For an annihilation rate of Γann ¼ 1
2
CannN2

χ , we have an
annihilation coefficient of [58,82]

Cann ¼ hσannvi
�
GNmχρ⊙
3T⊙

�
3=2

; ð31Þ

with core solar density ρ⊙ ¼ 151 g=cm3 and tempera-
ture T⊙ ¼ 15.5 × 106 K.
Given the extremely slow velocities, Sommerfeld

enhancement provides a significant boost to the annihila-
tion rate in the dark photon scenario,

hσannvi ¼ ShσanniBorn; ð32Þ

where S is the nonrelativistic Sommerfeld enhancement
and hσannviBorn is the thermally averaged cross section in
the Born approximation. For the dominant annihilation
channel, χχ → A0A0, this is [83]

hσannviBorn ¼
πα2χ
m2

χ

ð1 −m2
A0=m2

χÞ3=2
½1 −m2

A0=ð2m2
χÞ�2

: ð33Þ

The thermally averaged enhancement to s-wave annihila-
tion is given by [84,85]
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S ¼ hSsi ¼
Z

d3v

ð2πv20Þ3=2
e−

1
2
v2=v2

0Ss; ð34Þ

Ss ¼
π

a
sinhð2πacÞ

coshð2πacÞ − cosð2π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c − a2c2

p
Þ
; ð35Þ

where a ¼ v=ð2αχÞ and c ¼ 6αχmχ=ðπ2mA0 Þ.
If we fix the annihilation rate at freeze-out to be

hσannvi ¼ 2.2 × 10−26 cm3=s to obtain the correct DM
relic density, Ωχh2 ¼ 0.12, we require the dark fine
structure constant to be

αχ ¼ 0.024

�
mχ

TeV

�
: ð36Þ

Alternatively, we can fix αχ by setting it to the maximum
value allowed by cosmic microwave background con-
straints [86],

αχ ¼ 0.17

�
mχ

TeV

�
1.61

: ð37Þ

In Sec. VI, we shall show results for αχ fixed through
thermal freeze-out and, for comparison, for a generic
coupling of gχ ¼

ffiffiffiffiffiffiffiffiffiffi
4παχ

p ¼ 1.

IV. ANNIHILATION SPECTRUM

We shall assume the mediators Y decay either to a pair of
SM fermions or directly to a pair of photons. The charged
fermion final states will result in a substantial flux of
gamma rays, either via bremsstrahlung processes or via the
decay of hadronic final states. In the case of the dark photon
model, the decay channel A0 → γγ is forbidden. Instead, the
A0 will decay to all kinematically available pairs of charged
particles. While the charged particles could be probed with
detectors such as AMS [57,58,87–89], the gamma ray
fluxes can be probed by current experiments such as
HAWC [90] and future detectors such as LHASSO [91]
and SWGO [92].
We generate the spectrum of photons per annihilation

using either PYTHIA 8 [93,94] or analytically. In the case
where the mediator mass falls in the range 0.05 GeV≲
mY < 2mμ, this is well approximated by the analytic
bremsstrahlung spectrum

dNγ

dx1
¼

Z
t1;max

t1;min

dx0
x0

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ21

p dNγ

dx0
; ð38Þ

dNγ

dx0
¼ αEM

π

1þ ð1 − x0Þ2
x0

�
ln

�
4ð1 − x0Þ

ϵ2f

�
− 1

	

þOðϵ2fÞ; ð39Þ

where

t1;max ¼ min

�
1;
2x1
ϵ21

ð1þ
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ21

q
Þ
	
; ð40Þ

t1;min ¼
2x1
ϵ21

ð1 −
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ21

q
Þ; ð41Þ

and x0 ¼ 2E0=mY , where E0 is the energy of a photon in
the rest frame of the mediator Y, x1 ¼ E1=mχ , E1 is the
photon energy in the center-of-mass frame of the χχ
annihilation, ϵ1 ¼ 2mY=mχ , and ϵf ¼ 2me=mχ . Below
0.05 GeV, the Oðϵ2fÞ effects are no longer insignificant,
and the approximation is no longer valid.
For the model-independent case of a mediator decay to a

specific final state, the spectra per-annihilation is shown in
Figure 1 for various decay channels. We see that the
spectrum depends somewhat on the mediator mass. This
is not just due to opening new channels—the bremsstrah-
lung spectrum itself has approximately a logarithmic
dependence on the mediator mass. For example, if we
consider the χχ → YY → eþe−eþe− process, for the spec-
trum point Eγ ¼ mχ=2, we find

1

mχ

dNγ

dEγ

����
Eγ¼mχ=2

≃ 1.11
α

π
log

�
m2

Y

4m2
f

	
− 1.06

α

π

þO
�
m2

Y

m2
χ

�
: ð42Þ

FIG. 1. Comparison of spectrum per annihilation for χχ → YY
followed by Y → eþe−, τ̄τ, b̄b, and γγ, for mY ¼ 1 GeV (where
kinematically accessible, dotted), 50 GeV (dashed), and 2 TeV
(solid), using mχ ¼ 5 TeV.
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V. HAWC GAMMA RAY CONSTRAINTS

The latest HAWC observations of the Sun [68] provide
constraints on the observed gamma ray flux from ∼1 TeV
to several hundred TeV. This is ideal for probing very heavy
DM, for which the constraints from direct detection experi-
ments are more modest.
For mediators which decay outside of the Sun, we

calculate the expected energy flux as

E2
dΦ
dE

¼ Γann

4πD2
⊕
E2

dN
dE

ðe−R⊙=γcτ − e−D⊕=γcτÞ; ð43Þ

where Γann is the annihilation rate given by Eq. (3), R⊙ is
the radius of the Sun, D⊕ is the Earth-Sun distance, τ is the
mediator lifetime, and γ is the Lorentz factor of the
mediator in the solar rest frame. For our model-independent
analysis, we consider the optimistic case in which all
mediators decay between the surface of the Sun and the
Earth. This will be true to within a factor of 2 when the
quantity γcτ is in the range R⊙ −D⊕ [59]. We note that, for
mχ ≫ mY , the photons will be collinear with the highly
boosted mediator, hence we can treat the Sun as a gamma
ray point source.

FIG. 2. SD scattering cross sections excluded by the HAWC gamma ray data (red shaded) for the χχ → 4γ and 4χχ → 4e channels,
assuming a 1 GeV mediator (upper row) and the χχ → 4τ and χχ → 4b channels, assuming a 50 GeV mediator (lower row), compared
with the XENON1T [2] and PICO-60 [1] direct detection results. The blue shaded regions indicate where the capture-annihilation
equilibrium (solid blue line) and thermalization (dashed blue line) assumptions do not hold.
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The HAWC observatory has reported 95% C.L. upper
limits on the gamma ray emission from the Sun, in five log-
spaced energy bins spanning a range from ∼1 to ∼100 TeV
[68]. We consider our DMmodel parameters to be excluded
if the expected gamma ray flux from mediator decays
exceeds the HAWC limit for any energy bin. For the decay
channels that result in hard gamma ray spectra (particularly
γγ, eþe−, and τþτ−) the limit will typically be set by the
energy bin closest to Eγ ¼ mχ . This is a conservative
approach. Note that the HAWC data points feature very
little scatter, which gives confidence that there is no
problem with any individual data point—see Fig. 6 of

Ref. [68]. Therefore, a more detailed statistical analysis is
expected to produce a stronger limit.

VI. RESULTS

A. Model-independent results

In Fig. 2 we show the SD cross section excluded by the
HAWC gamma ray data for various mediator decay
channels, in agreement with [67,95]. The shaded blue
region indicates the parameters for which capture-annihi-
lation is not in equilibrium. This region was calculated by
setting the thermally averaged cross section to the standard

FIG. 3. SI scattering cross sections excluded by the HAWC gamma ray data (red shaded) for the χχ → 4γ and 4χχ → 4e channels,
assuming a 1 GeV mediator (upper row) and the χχ → 4τ and χχ → 4b channels, assuming a 50 GeV mediator (lower row), compared
with the XENON1T direct detection results [3] (black). The blue shaded regions indicate where the capture-annihilation equilibrium
(solid blue line) and thermalization (dashed blue line) assumptions do not hold.
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freeze-out value, hσannvi ¼ 2.2 × 10−26 cm3=s, and agrees
with the results of [96]. Note that our assumptions are
conservative: if the annihilation cross section were
enhanced by the Sommerfeld effect, as occurs naturally
in models with light mediators, capture-annihilation equi-
librium would be achieved for even smaller scattering cross
sections. We also indicate the region in which the DM does
not thermalize within the lifetime of the Sun [11]. For both
the nonequilibrium and nonthermalization regions, the
gamma ray constraints are not applicable because the
annihilations will be significantly suppressed.
We see that the solar gamma ray technique provides an

extremely sensitive probe of the DM-nucleon scattering
cross section. It exceeds the sensitivity of direct detection
experiments by many orders of magnitude, for all decay
channels, across the entire DMmass range considered. This
is particularly so for a large DM mass, where direct
detection constraints become less sensitive. Moreover,
the constraints extend to large masses, where traditional
solar DM searches (of the type that search for annihilation
directly to neutrinos) lose sensitivity due to the attenuation
of high energy neutrinos in the Sun [56].
In Figs. 3 and 4 we present similar results for a SI

interaction. As with the SD case, we see that the solar
gamma ray technique significantly exceeds the sensitivity
of direct detection. This comes, perhaps, as a surprise, as it
is well known that unsuppressed SI scattering is subject to
very strong constraints from direct detection experiments.

As such, the solar capture analyses performed to date have
focused on SD interactions, making the implicit assumption
that the existing direct detection bounds on SI scattering are
strong enough to render solar limits irrelevant. However,
we see that this is not true. At large DM mass, where the
direct detection constraints lose sensitivity, the solar
gamma ray technique can probe a sizeable region of
previously unconstrained parameter space.
We emphasize that the model-independent results of

Figs. 2–4 make a number of simplifying assumptions.
Chief among these are that the DM capture cross section
and mediator lifetime are independent parameters and,
moreover, that the mediator lifetime is such that γcτ lies
in the range from R⊙ to D⊕. Deviating from these
assumptions would suppress the gamma ray flux and hence
reduce the strength of the cross section limits. This might
generically be expected for models in which the scattering
cross section and mediator lifetime are controlled by the
same set of underlying parameters. On the other hand, we
might expect the nonequilibrium region to be smaller in a
realistic model, given the possibility for Sommerfeld
enhancement to increase the annihilation rate. The non-
thermalization region, however, will be unchanged.

B. Dark photon model

We now turn to the dark photon model. In Fig. 5, we
show the parameter space constrained by the HAWC
gamma ray data, in the ε −mA0 plane. Unlike the model-
independent scenario, we cannot directly translate this to a
σ −mχ constraint due to the energy dependence of the DM-
nucleus cross section. Instead, in order to make an
approximate comparison with direct detection experiments,
we plot the XENON1T results with an assumed momentum
transfer of 50 MeV.
Our constraints are strongest for larger DM masses, and

so we show results for both mχ ¼ 10 and 200 TeV. We opt
to have gχ set either by thermal freeze-out—which requires
αχ ¼ 0.024mχ=TeV and is in tension with perturbativity at
large DM mass—or we set gχ ¼ 1 and remain agnostic as
to the method of production of the DM relic density. We
can see that the HAWC constraint, shown by the shaded red
region, is competitive with the current direct detection
constraint from XENON1T, in some regions of parameter
space. It is worth noting that both the HAWC and
XENON1T constraints scale with αχ—a smaller coupling
implies both a weaker constraint from HAWC and a weaker
direct detection bound to compete with.
The shaded orange regions in Fig. 5 indicates the

parameter space where capture-annihilation equilibrium
is not obtained, i.e., where the timescale τequil is greater
than the age of the Sun. The oscillatory features of the
equilibrium lines are not a numerical artefact or error; they
are due to the resonances of the Sommerfeld enhancement.
The discrete jumps in the HAWC-excluded region

around ∼200 and 650 MeV are due to the kinematic

FIG. 4. SI scattering cross sections excluded by the HAWC
gamma ray data (red shaded) for the case of a 50 GeV mediator
which decays to all kinematically allowed charged fermion final
states, compared with the XENON1T direct detection results [3]
(black). The blue shaded regions indicate where the capture-
annihilation equilibrium (solid blue line) and thermalization
(dashed blue line) assumptions do not hold.

BELL, DENT, and SANDERSON PHYS. REV. D 104, 023024 (2021)

023024-8



opening of decays to mesons such as pions and η-mesons,
which provide a strong detection signal as they have very
discrete, sharply peaked photon spectra compared to
bremsstrahlung. One might notice small artifacts in the
bottom left of the HAWC-excluded region. This, and
indeed the curving upward in that region, is a result of
the first order approximation of the bremsstrahlung spec-
trum in Eq. (39) failing as higher order mA0=me effects
come into play. In fact we expect the constraint here to level
off as the dark photon mass becomes small. In any case, this
region of dark photon parameter space is already excluded
by SN1987A constraints.

Let us now compare the dark photon results presented in
Fig. 5 with the model-independent scenario of Fig. 4. We
see that the HAWC-excluded region of the dark photon
model surpasses the XENON1T constraint by a modest
amount, with a sensitivity that is lower than might have
been expected based on the very strong model-independent
results. The reason for this is that the kinetic mixing
parameter ε controls not only the scattering cross section,
but also the mediator decay length. Including this depend-
ence on the decay length in a self-consistent way deter-
mines the shape of the red shaded HAWC-excluded regions
of Fig 5. The gamma ray constraints become weak if the

FIG. 5. Exclusion plot for dark photon model, with DM mass mχ ¼ 10 TeV (upper row) and 200 TeV (lower row) and gχ ¼ 1 (right)
or set by thermal freeze-out (left). Our HAWC gamma ray constraint is shown in red, together with a compilation of current limits taken
from [69], using constraints from A1 [97], LHCb [98], CMS [99], BABAR [100], KLOE [101–103], NA48=2 [104], E774 [105], E141
[106], E137 [107–109], ν-Cal [110,111], CHARM [112], SN1987A [113]. The XENON1T direct detection constraint [3] assumes a
reference momentum of q0 ¼ 50 MeV. The orange region in the lower right of each plot indicates where τequil < τ⊙, i.e., where capture-
annihilation equilibrium is not achieved.
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dark photons decay too fast, before escaping the Sun (large
values of ε, above the excluded region) or if they decay too
slowly, beyond the Earth (small values of ε, below the
excluded region).

VII. CONCLUSION

We have shown that if dark matter annihilates to long-
lived mediators, solar gamma ray measurements can be
used to place very sensitive constraints on the DM-nucleon
scattering cross section that are orders of magnitude more
powerful than direct detection experiments. This is true for
both SD scattering, for which our calculations reproduce
existing results in the literature, and for SI scattering, which
has not previously been considered.
Adopting a simple model-independent approach, in

which the mediator is taken to decay between the Sun
and the Earth, we demonstrated that the HAWC gamma ray
limits exceed the sensitivity of the PICO-60 and
XENON1T direct detection experiments for SD and SI
scattering, respectively, across the whole dark matter mass
range considered. This is especially so at large DM mass,
where direct detection experiments lose sensitivity.
We also made conservative estimates of the parameters

for which the assumptions of capture-annihilation equilib-
rium and dark matter thermalization in the Sun break
down. The solar gamma ray constraints are not applicable
in the nonequilibrium and nonthermalization regions, as
the annihilation rate would be significantly suppressed.
However, these effects are only applicable for very large

DM mass and very small DM cross section. And, in the
case of capture-annihilation equilibrium, would be allevi-
ated by the possible presence of Sommerfeld enhancement.
Hence the HAWC data still exclude a very large region of
previously unconstrained parameter space.
Finally, we considered a realistic model in which DM

annihilates to dark photons, which couple to SM fermions
via kinetic mixing of the dark and visible photons. In this
model, the dark photons mediate SI DM-nucleon scatter-
ing. The sensitivity of the solar gamma ray technique is
reduced, compared to the model-independent analysis, due
to the fact that the kinetic mixing parameter controls both
the capture rate and the mediator decay length. However,
we find the solar gamma ray constraints to be strong and
complementary with other bounds on dark photon models,
such as those arising from supernova and beam dump
experiments, enabling us to exclude a previously uncon-
strained region of dark photon parameter space.

ACKNOWLEDGMENTS

N. F. B. was supported, in part, by the Australian
Research Council and I. W. S. by the Commonwealth of
Australia. J. B. D. acknowledges support from the U.S.
National Science Foundation under Grant No. NSF PHY-
1820801. We acknowledge Adam Green and Flip Tanedo
for useful correspondence regarding capture rate calcula-
tions and thank John Beacom, Rebecca Leane, and Clarisse
Thomas for helpful discussions.

[1] C. Amole et al. (PICO Collaboration), Phys. Rev. D 100,
022001 (2019).

[2] E. Aprile, J. Aalbers, F. Agostini, M. Alfonsi, L. Althueser,
F. Amaro, M. Anthony, V. Antochi, F. Arneodo, L. Baudis
et al., Phys. Rev. Lett. 122, 141301 (2019).

[3] E. Aprile, J. Aalbers, F. Agostini, M. Alfonsi, L. Althueser,
F. Amaro, M. Anthony, F. Arneodo, L. Baudis, B.
Bauermeister et al., Phys. Rev. Lett. 121, 111302 (2018).

[4] W. H. Press and D. N. Spergel, Astrophys. J. 296, 679
(1985).

[5] K. Griest and D. Seckel, Nucl. Phys. B283, 681 (1987);
B296, 1034(E) (1988).

[6] J. Silk, K. A. Olive, and M. Srednicki, Phys. Rev. Lett. 55,
257 (1985).

[7] L. M. Krauss, K. Freese, W. Press, and D. Spergel,
Astrophys. J. 299, 1001 (1985).

[8] A. Gould, Astrophys. J. 321, 560 (1987).
[9] A. Gould, Astrophys. J. 321, 571 (1987).

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

[11] A. H. Peter, Phys. Rev. D 79, 103532 (2009).

[12] A. R. Zentner, Phys. Rev. D 80, 063501 (2009).
[13] G. Busoni, A. De Simone, and W.-C. Huang, J. Cosmol.

Astropart. Phys. 07 (2013) 010.
[14] R. Garani and S. Palomares-Ruiz, J. Cosmol. Astropart.

Phys. 05 (2017) 007.
[15] G. Busoni, A. De Simone, P. Scott, and A. C. Vincent,

J. Cosmol. Astropart. Phys. 10 (2017) 037.
[16] A. Gould, Astrophys. J. 328, 919 (1988).
[17] A. Gould and S. M. K. Alam, Astrophys. J. 549, 72

(2001).
[18] A. Green and P. Tanedo, Comput. Phys. Commun. 242,

120 (2019).
[19] J. Bramante, A. Buchanan, A. Goodman, and E. Lodhi,

Phys. Rev. D 101, 043001 (2020).
[20] R. Garani and P. Tinyakov, Phys. Lett. B 804, 135403

(2020).
[21] R. K. Leane and J. Smirnov, Phys. Rev. Lett. 126, 161101

(2021).
[22] I. Goldman and S. Nussinov, Phys. Rev. D 40, 3221

(1989).
[23] C. Kouvaris, Phys. Rev. D 77, 023006 (2008).

BELL, DENT, and SANDERSON PHYS. REV. D 104, 023024 (2021)

023024-10

https://doi.org/10.1103/PhysRevD.100.022001
https://doi.org/10.1103/PhysRevD.100.022001
https://doi.org/10.1103/PhysRevLett.122.141301
https://doi.org/10.1103/PhysRevLett.121.111302
https://doi.org/10.1086/163485
https://doi.org/10.1086/163485
https://doi.org/10.1016/0550-3213(87)90293-8
https://doi.org/10.1103/PhysRevLett.55.257
https://doi.org/10.1103/PhysRevLett.55.257
https://doi.org/10.1086/163767
https://doi.org/10.1086/165652
https://doi.org/10.1086/165653
https://doi.org/10.1016/0370-1573(95)00058-5
https://doi.org/10.1016/0370-1573(95)00058-5
https://doi.org/10.1103/PhysRevD.79.103532
https://doi.org/10.1103/PhysRevD.80.063501
https://doi.org/10.1088/1475-7516/2013/07/010
https://doi.org/10.1088/1475-7516/2013/07/010
https://doi.org/10.1088/1475-7516/2017/05/007
https://doi.org/10.1088/1475-7516/2017/05/007
https://doi.org/10.1088/1475-7516/2017/10/037
https://doi.org/10.1086/166347
https://doi.org/10.1086/319040
https://doi.org/10.1086/319040
https://doi.org/10.1016/j.cpc.2019.04.010
https://doi.org/10.1016/j.cpc.2019.04.010
https://doi.org/10.1103/PhysRevD.101.043001
https://doi.org/10.1016/j.physletb.2020.135403
https://doi.org/10.1016/j.physletb.2020.135403
https://doi.org/10.1103/PhysRevLett.126.161101
https://doi.org/10.1103/PhysRevLett.126.161101
https://doi.org/10.1103/PhysRevD.40.3221
https://doi.org/10.1103/PhysRevD.40.3221
https://doi.org/10.1103/PhysRevD.77.023006


[24] C. Kouvaris and P. Tinyakov, Phys. Rev. D 82, 063531
(2010).

[25] A. de Lavallaz and M. Fairbairn, Phys. Rev. D 81, 123521
(2010).

[26] S. D. McDermott, H.-B. Yu, and K.M. Zurek, Phys. Rev.
D 85, 023519 (2012).

[27] N. F. Bell, A. Melatos, and K. Petraki, Phys. Rev. D 87,
123507 (2013).

[28] J. Bramante, K. Fukushima, J. Kumar, and E. Stopnitzky,
Phys. Rev. D 89, 015010 (2014).

[29] J. Bramante, A. Delgado, and A. Martin, Phys. Rev. D 96,
063002 (2017).

[30] M. Baryakhtar, J. Bramante, S. W. Li, T. Linden, and N.
Raj, Phys. Rev. Lett. 119, 131801 (2017).

[31] N. Raj, P. Tanedo, and H.-B. Yu, Phys. Rev. D 97, 043006
(2018).

[32] N. F. Bell, G. Busoni, and S. Robles, J. Cosmol. Astropart.
Phys. 09 (2018) 018.

[33] R. Garani, Y. Genolini, and T. Hambye, J. Cosmol.
Astropart. Phys. 05 (2019) 035.

[34] D. A. Camargo, F. S. Queiroz, and R. Sturani, J. Cosmol.
Astropart. Phys. 09 (2019) 051.

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

[36] J. F. Acevedo, J. Bramante, R. K. Leane, and N. Raj,
J. Cosmol. Astropart. Phys. 03 (2020) 038.

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

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

[39] N. F. Bell, G. Busoni, S. Robles, and M. Virgato,
J. Cosmol. Astropart. Phys. 09 (2020) 028.

[40] C. Ilie, J. Pilawa, and S. Zhang, Phys. Rev. D 102, 048301
(2020).

[41] B. Dasgupta, A. Gupta, and A. Ray, J. Cosmol. Astropart.
Phys. 10 (2020) 023.

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

[43] N. F. Bell, G. Busoni, T. F. Motta, S. Robles, A. W.
Thomas, and M. Virgato, arXiv:2012.08918.

[44] N. F. Bell, G. Busoni, M. E. Ramirez-Quezada, S. Robles,
and M. Virgato, arXiv:2104.14367.

[45] M. G. Aartsen, M. Ackermann, J. Adams, J. A. Aguilar, M.
Ahlers, M. Ahrens, D. Altmann, K. Andeen, T. Anderson,
I. Ansseau et al., Eur. Phys. J. C 77, (2017).

[46] M. Aartsen et al. (IceCube Collaboration), J. Cosmol.
Astropart. Phys. 04 (2016) 022.

[47] T. Tanaka et al. (Super-Kamiokande Collaboration),
Astrophys. J. 742, 78 (2011).

[48] K. Choi et al. (Super-Kamiokande Collaboration), Phys.
Rev. Lett. 114, 141301 (2015).

[49] M. Pospelov, A. Ritz, and M. B. Voloshin, Phys. Lett. B
662, 53 (2008).

[50] M. Pospelov and A. Ritz, Phys. Lett. B 671, 391 (2009).
[51] P. Schuster, N. Toro, N. Weiner, and I. Yavin, Phys. Rev. D

82, 115012 (2010).
[52] P. Schuster, N. Toro, and I. Yavin, Phys. Rev. D 81, 016002

(2010).
[53] B. Batell, M. Pospelov, A. Ritz, and Y. Shang, Phys.

Rev. D 81, 075004 (2010).

[54] I. Z. Rothstein, T. Schwetz, and J. Zupan, J. Cosmol.
Astropart. Phys. 07 (2009) 018.

[55] P. Meade, S. Nussinov, M. Papucci, and T. Volansky,
J. High Energy Phys. 06 (2010) 029.

[56] N. F. Bell and K. Petraki, J. Cosmol. Astropart. Phys. 04
(2011) 003.

[57] J. L. Feng, J. Smolinsky, and P. Tanedo, Phys. Rev. D 93,
015014 (2016).

[58] J. L. Feng, J. Smolinsky, and P. Tanedo, Phys. Rev. D 93,
115036 (2016); 96, 099903(E) (2017).

[59] R. K. Leane, K. C. Y. Ng, and J. F. Beacom, Phys. Rev. D
95, 123016 (2017).

[60] C. Arina, M. Backović, J. Heisig, and M. Lucente, Phys.
Rev. D 96, 063010 (2017).

[61] R. K. Leane, T. Linden, P. Mukhopadhyay, and N. Toro,
Phys. Rev. D 103, 075030 (2021).

[62] S. Adrián-Martínez et al. (ANTARES Collaboration),
J. Cosmol. Astropart. Phys. 05 (2016) 016.

[63] M. Ardid, I. Felis, A. Herrero, and J. A. Martínez-Mora,
J. Cosmol. Astropart. Phys. 04 (2017) 010.

[64] C. Niblaeus, A. Beniwal, and J. Edsjo, J. Cosmol.
Astropart. Phys. 11 (2019) 011.

[65] A. A. Abdo et al. (Fermi-LAT Collaboration), Astrophys.
J. 734, 116 (2011).

[66] K. C. Y. Ng, J. F. Beacom, A. H. G. Peter, and C. Rott,
Phys. Rev. D 94, 023004 (2016).

[67] A. Albert et al. (HAWC Collaboration), Phys. Rev. D 98,
123012 (2018).

[68] A. Albert et al. (HAWC Collaboration), Phys. Rev. D 98,
123011 (2018).

[69] M. Fabbrichesi, E. Gabrielli, and G. Lanfranchi, Springer-
Briefs in Physics (Springer, 2021), https://doi.org/10.1007/
978-3-030-62519-1.

[70] I. Kobzarev, L. Okun, and I. Pomeranchuk, Sov. J. Nucl.
Phys. 3, 837 (1966).

[71] B. Holdom, Phys. Lett. 166B, 196 (1986).
[72] B. Holdom, Phys. Lett. 178B, 65 (1986).
[73] J. L. Feng, J. Smolinsky, and P. Tanedo, Phys. Rev. D 93,

015014 (2016); 96, 099901(E) (2017).
[74] C. Kouvaris, K. Langæble, and N. G. Nielsen, J. Cosmol.

Astropart. Phys. 10 (2016) 012.
[75] A. M. Serenelli, S. Basu, J. W. Ferguson, and M. Asplund,

Astrophys. J. 705, L123 (2009).
[76] M. Vogelsberger, A. Helmi, V. Springel, S. D. M. White,

J. Wang, C. S. Frenk, A. Jenkins, A. Ludlow, and J. F.
Navarro, Mon. Not. R. Astron. Soc. 395, 797 (2009).

[77] M. Fairbairn and T. Schwetz, J. Cosmol. Astropart. Phys.
09 (2009) 037.

[78] M. Kuhlen, N. Weiner, J. Diemand, P. Madau, B. Moore,
D. Potter, J. Stadel, and M. Zemp, J. Cosmol. Astropart.
Phys. 10 (2010) 030.

[79] F.-S. Ling, E. Nezri, E. Athanassoula, and R. Teyssier,
J. Cosmol. Astropart. Phys. 10 (2010) 012.

[80] M. Lisanti, L. E. Strigari, J. G. Wacker, and R. H. Wechsler,
Phys. Rev. D 83, 023519 (2011).

[81] Y.-Y. Mao, L. E. Strigari, R. H. Wechsler, H.-Y. Wu, and O.
Hahn, Astrophys. J. 764, 35 (2013).

[82] P. Baratella, M. Cirelli, A. Hektor, J. Pata, M. Piibeleht,
and A. Strumia, J. Cosmol. Astropart. Phys. 03 (2014)
053.

SOLAR GAMMA RAY CONSTRAINTS ON DARK MATTER … PHYS. REV. D 104, 023024 (2021)

023024-11

https://doi.org/10.1103/PhysRevD.82.063531
https://doi.org/10.1103/PhysRevD.82.063531
https://doi.org/10.1103/PhysRevD.81.123521
https://doi.org/10.1103/PhysRevD.81.123521
https://doi.org/10.1103/PhysRevD.85.023519
https://doi.org/10.1103/PhysRevD.85.023519
https://doi.org/10.1103/PhysRevD.87.123507
https://doi.org/10.1103/PhysRevD.87.123507
https://doi.org/10.1103/PhysRevD.89.015010
https://doi.org/10.1103/PhysRevD.96.063002
https://doi.org/10.1103/PhysRevD.96.063002
https://doi.org/10.1103/PhysRevLett.119.131801
https://doi.org/10.1103/PhysRevD.97.043006
https://doi.org/10.1103/PhysRevD.97.043006
https://doi.org/10.1088/1475-7516/2018/09/018
https://doi.org/10.1088/1475-7516/2018/09/018
https://doi.org/10.1088/1475-7516/2019/05/035
https://doi.org/10.1088/1475-7516/2019/05/035
https://doi.org/10.1088/1475-7516/2019/09/051
https://doi.org/10.1088/1475-7516/2019/09/051
https://doi.org/10.1088/1475-7516/2019/06/054
https://doi.org/10.1088/1475-7516/2019/06/054
https://doi.org/10.1088/1475-7516/2020/03/038
https://doi.org/10.1016/j.physletb.2020.135767
https://doi.org/10.1016/j.physletb.2020.135767
https://doi.org/10.1103/PhysRevD.102.123002
https://doi.org/10.1103/PhysRevD.102.123002
https://doi.org/10.1088/1475-7516/2020/09/028
https://doi.org/10.1103/PhysRevD.102.048301
https://doi.org/10.1103/PhysRevD.102.048301
https://doi.org/10.1088/1475-7516/2020/10/023
https://doi.org/10.1088/1475-7516/2020/10/023
https://doi.org/10.1088/1475-7516/2021/03/086
https://arXiv.org/abs/2012.08918
https://arXiv.org/abs/2104.14367
https://doi.org/10.1140/epjc/s10052-017-4689-9
https://doi.org/10.1088/1475-7516/2016/04/022
https://doi.org/10.1088/1475-7516/2016/04/022
https://doi.org/10.1088/0004-637X/742/2/78
https://doi.org/10.1103/PhysRevLett.114.141301
https://doi.org/10.1103/PhysRevLett.114.141301
https://doi.org/10.1016/j.physletb.2008.02.052
https://doi.org/10.1016/j.physletb.2008.02.052
https://doi.org/10.1016/j.physletb.2008.12.012
https://doi.org/10.1103/PhysRevD.82.115012
https://doi.org/10.1103/PhysRevD.82.115012
https://doi.org/10.1103/PhysRevD.81.016002
https://doi.org/10.1103/PhysRevD.81.016002
https://doi.org/10.1103/PhysRevD.81.075004
https://doi.org/10.1103/PhysRevD.81.075004
https://doi.org/10.1088/1475-7516/2009/07/018
https://doi.org/10.1088/1475-7516/2009/07/018
https://doi.org/10.1007/JHEP06(2010)029
https://doi.org/10.1088/1475-7516/2011/04/003
https://doi.org/10.1088/1475-7516/2011/04/003
https://doi.org/10.1103/PhysRevD.93.015014
https://doi.org/10.1103/PhysRevD.93.015014
https://doi.org/10.1103/PhysRevD.93.115036
https://doi.org/10.1103/PhysRevD.93.115036
https://doi.org/10.1103/PhysRevD.96.099903
https://doi.org/10.1103/PhysRevD.95.123016
https://doi.org/10.1103/PhysRevD.95.123016
https://doi.org/10.1103/PhysRevD.96.063010
https://doi.org/10.1103/PhysRevD.96.063010
https://doi.org/10.1103/PhysRevD.103.075030
https://doi.org/10.1088/1475-7516/2016/05/016
https://doi.org/10.1088/1475-7516/2017/04/010
https://doi.org/10.1088/1475-7516/2019/11/011
https://doi.org/10.1088/1475-7516/2019/11/011
https://doi.org/10.1088/0004-637X/734/2/116
https://doi.org/10.1088/0004-637X/734/2/116
https://doi.org/10.1103/PhysRevD.94.023004
https://doi.org/10.1103/PhysRevD.98.123012
https://doi.org/10.1103/PhysRevD.98.123012
https://doi.org/10.1103/PhysRevD.98.123011
https://doi.org/10.1103/PhysRevD.98.123011
https://doi.org/10.1007/978-3-030-62519-1
https://doi.org/10.1007/978-3-030-62519-1
https://doi.org/10.1016/0370-2693(86)91377-8
https://doi.org/10.1016/0370-2693(86)90470-3
https://doi.org/10.1103/PhysRevD.93.015014
https://doi.org/10.1103/PhysRevD.93.015014
https://doi.org/10.1103/PhysRevD.96.099901
https://doi.org/10.1088/1475-7516/2016/10/012
https://doi.org/10.1088/1475-7516/2016/10/012
https://doi.org/10.1088/0004-637X/705/2/L123
https://doi.org/10.1111/j.1365-2966.2009.14630.x
https://doi.org/10.1088/1475-7516/2009/01/037
https://doi.org/10.1088/1475-7516/2009/01/037
https://doi.org/10.1088/1475-7516/2010/02/030
https://doi.org/10.1088/1475-7516/2010/02/030
https://doi.org/10.1088/1475-7516/2010/02/012
https://doi.org/10.1103/PhysRevD.83.023519
https://doi.org/10.1088/0004-637X/764/1/35
https://doi.org/10.1088/1475-7516/2014/03/053
https://doi.org/10.1088/1475-7516/2014/03/053


[83] J. Liu, N. Weiner, and W. Xue, J. High Energy Phys. 08
(2015) 050.

[84] S. Cassel, J. Phys. G 37, 105009 (2010).
[85] J. L. Feng, M. Kaplinghat, and H.-B. Yu, Phys. Rev. D 82,

083525 (2010).
[86] T. R. Slatyer, Phys. Rev. D 93, 023527 (2016).
[87] M. Aguilar et al. (AMS Collaboration), Phys. Rev. Lett.

110, 141102 (2013).
[88] M. Aguilar et al. (AMS Collaboration), Phys. Rev. Lett.

114, 171103 (2015).
[89] M. Aguilar et al. (AMS Collaboration), Phys. Rev. Lett.

113, 121102 (2014).
[90] J. P. Harding and B. Dingus (HAWC Collaboration), Proc.

Sci., ICRC2015 (2016) 1227.
[91] M. Zha (ARGO-YBJ and LHAASO Collaborations), Int. J.

Mod. Phys. Conf. Ser. 10, 147 (2012).
[92] P. Abreu et al., arXiv:1907.07737.
[93] T. Sjostrand, S. Mrenna, and P. Z. Skands, J. High Energy

Phys. 05 (2006) 026.
[94] T. Sjöstrand, S. Ask, J. R. Christiansen, R. Corke, N.

Desai, P. Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen, and
P. Z. Skands, Comput. Phys. Commun. 191, 159 (2015).

[95] M. Mazziotta, F. Loparco, D. Serini, A. Cuoco, P. De La
Torre Luque, F. Gargano, and M. Gustafsson, Phys. Rev. D
102, 022003 (2020).

[96] S. Baum, L. Visinelli, K. Freese, and P. Stengel, Phys.
Rev. D 95, 043007 (2017).

[97] H. Merkel et al., Phys. Rev. Lett. 112, 221802 (2014).
[98] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 124,

041801 (2020).

[99] A. M. Sirunyan et al. (CMS Collaboration), J. High Energy
Phys. 02 (2019) 074.

[100] J. Lees et al. (BABAR Collaboration), Phys. Rev. Lett. 113,
201801 (2014).

[101] A. Anastasi et al. (KLOE-2 Collaboration), Phys. Lett. B
757, 356 (2016).

[102] F. Archilli et al. (KLOE-2 Collaboration), Phys. Lett. B
706, 251 (2012).

[103] D. Babusci et al. (KLOE-2 Collaboration), Phys. Lett. B
720, 111 (2013).

[104] J. Batley et al. (NA48/2 Collaboration), Phys. Lett. B 746,
178 (2015).

[105] A. Bross, M. Crisler, S. H. Pordes, J. Volk, S. Errede, and
J. Wrbanek, Phys. Rev. Lett. 67, 2942 (1991).

[106] E. Riordan et al., Phys. Rev. Lett. 59, 755 (1987).
[107] B. Batell, R. Essig, and Z. Surujon, Phys. Rev. Lett. 113,

171802 (2014).
[108] J. Bjorken, S. Ecklund, W. Nelson, A. Abashian, C.

Church, B. Lu, L. Mo, T. Nunamaker, and P. Rassmann,
Phys. Rev. D 38, 3375 (1988).

[109] L. Marsicano, M. Battaglieri, M. Bondi’, C. R. Carvajal, A.
Celentano, M. De Napoli, R. De Vita, E. Nardi, M. Raggi,
and P. Valente, Phys. Rev. D 98, 015031 (2018).

[110] J. Blumlein and J. Brunner, Phys. Lett. B 701, 155
(2011).

[111] J. Blümlein and J. Brunner, Phys. Lett. B 731, 320
(2014).

[112] S. Gninenko, Phys. Lett. B 713, 244 (2012).
[113] C. Mahoney, A. K. Leibovich, and A. R. Zentner, Phys.

Rev. D 96, 043018 (2017).

BELL, DENT, and SANDERSON PHYS. REV. D 104, 023024 (2021)

023024-12

https://doi.org/10.1007/JHEP08(2015)050
https://doi.org/10.1007/JHEP08(2015)050
https://doi.org/10.1088/0954-3899/37/10/105009
https://doi.org/10.1103/PhysRevD.82.083525
https://doi.org/10.1103/PhysRevD.82.083525
https://doi.org/10.1103/PhysRevD.93.023527
https://doi.org/10.1103/PhysRevLett.110.141102
https://doi.org/10.1103/PhysRevLett.110.141102
https://doi.org/10.1103/PhysRevLett.114.171103
https://doi.org/10.1103/PhysRevLett.114.171103
https://doi.org/10.1103/PhysRevLett.113.121102
https://doi.org/10.1103/PhysRevLett.113.121102
https://doi.org/10.22323/1.236.1227
https://doi.org/10.22323/1.236.1227
https://doi.org/10.1142/S2010194512005867
https://doi.org/10.1142/S2010194512005867
https://arXiv.org/abs/1907.07737
https://doi.org/10.1088/1126-6708/2006/05/026
https://doi.org/10.1088/1126-6708/2006/05/026
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1103/PhysRevD.102.022003
https://doi.org/10.1103/PhysRevD.102.022003
https://doi.org/10.1103/PhysRevD.95.043007
https://doi.org/10.1103/PhysRevD.95.043007
https://doi.org/10.1103/PhysRevLett.112.221802
https://doi.org/10.1103/PhysRevLett.124.041801
https://doi.org/10.1103/PhysRevLett.124.041801
https://doi.org/10.1007/JHEP02(2019)074
https://doi.org/10.1007/JHEP02(2019)074
https://doi.org/10.1103/PhysRevLett.113.201801
https://doi.org/10.1103/PhysRevLett.113.201801
https://doi.org/10.1016/j.physletb.2016.04.019
https://doi.org/10.1016/j.physletb.2016.04.019
https://doi.org/10.1016/j.physletb.2011.11.033
https://doi.org/10.1016/j.physletb.2011.11.033
https://doi.org/10.1016/j.physletb.2013.01.067
https://doi.org/10.1016/j.physletb.2013.01.067
https://doi.org/10.1016/j.physletb.2015.04.068
https://doi.org/10.1016/j.physletb.2015.04.068
https://doi.org/10.1103/PhysRevLett.67.2942
https://doi.org/10.1103/PhysRevLett.59.755
https://doi.org/10.1103/PhysRevLett.113.171802
https://doi.org/10.1103/PhysRevLett.113.171802
https://doi.org/10.1103/PhysRevD.38.3375
https://doi.org/10.1103/PhysRevD.98.015031
https://doi.org/10.1016/j.physletb.2011.05.046
https://doi.org/10.1016/j.physletb.2011.05.046
https://doi.org/10.1016/j.physletb.2014.02.029
https://doi.org/10.1016/j.physletb.2014.02.029
https://doi.org/10.1016/j.physletb.2012.06.002
https://doi.org/10.1103/PhysRevD.96.043018
https://doi.org/10.1103/PhysRevD.96.043018

