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Complementarity in Dark Matter searches is a priceless asset: can solar γ-rays be a competitive probe of DM?

Simplified model with mediator-quark Yukawa-like couplings

DM capture requires gq ≠ 0

Perturbative Yγγ coupling

Mediator escapes from the Sun ifL = gqyq q̄ [cos↵+ i sin↵�5] q Y + gX ¯X [cos↵+ i sin↵�5]X Y , (1)
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L = gq yqj q̄j [cos↵+ i sin↵�5] qj Y + gX ¯X [cos↵+ i sin↵�5]X Y , (1)

1

�Y

mX

mY
& R� =)

✓
�Y

GeV

◆✓
mY

mX

◆
. 2.84⇥ 10

�25 , (2)

�Y =

9

8

g2q↵
2
emY

⇡3

2

4
cos

2↵

�����
X

q

Q2
q
mq

vh
FS

✓
m2

Y

4m2
q

◆�����

2

+ sin

2↵

�����
X

q

Q2
q
mq

vh
FP

✓
m2

Y

4m2
q

◆�����

2
3

5 , (3)

References

1

For mY < mπ the Branching Ratio is 100% in photons
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RESULTS:
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TABLE III. Solar ⇥-ray fluxes for the benchmark model points
defined in Tab. I. The column labeled �⇥

� denotes the total
integrated flux, while the column titled N⇥

� shows the naive
estimate of a number of events which we can expect to observe
using a detector with area of 60�60 cm2 for masses below 300
GeV, and an Earth based detector with 20�103 km2 e⇤ective
area for masses above 300 GeV. In both cases we assume one
year exposure. The last column shows the numerical value on
the left hand side of the equilibrium condition in Eq. (19).

Benchmark �⇥
� [cm

�2 s�1] N⇥
� (1 yr)

p
CcapCannt⇥

1a 1.6� 10�15 0.00018 0.0039

1b 1.1� 10�10 12 0.02

2a 7� 10�11 8.0 0.15

2b 5.2� 10�12 0.59 0.044

3a 5.7� 10�10 64 0.36

3b 2.1� 10�12 0.24 0.065

4a 1.3� 10�9 8.3� 1015 0.79

4b 2.2� 10�11 1.4� 1014 0.14

5a 1.4� 10�9 1.6� 1016 1.1

5b 9� 10�13 1� 1014 0.1

For the considered benchmark points the ratio
h�vi(XX̄ ! Y Y )/h�vi(XX̄ ! all) is always close to
unity, as discussed at the end of Sec. II A.

Table III shows the magnitude of the solar �-ray flux
for the benchmark points defined in Tab. I, where in
each case we assumed that the detector is one astro-
nomical unit away from the Sun. Our results sug-
gest that it is possible to expect fluxes as large as
O(10�12�10�9) cm�2s�1 in our simplified model, while
being allowed by other experimental constraints. For the
considered benchmark points with mX ⇠ 1 TeV the solar
fluxes are larger by factors ofO(50) andO(105) compared
to the corresponding total fluxes expected from the ob-
servation of the galactic center and the brightest dwarf
spheroidal galaxies, respectively.

The ability of near future experiments to observe solar
�-ray fluxes from Tab. III depends in part on the levels
of �-ray backgrounds we expect from the Sun.

Solar models and solar observations predict that the
Sun is a poor source of �-rays with energies above
O(GeV). References [7] and [8], based on Fermi-LAT
1.5 and 6 years data, provide a measurement of the so-
lar �-ray flux. The measured total flux level is of the
level of ⇠ 1.3 ⇥ 10�8cm�2s�1 for E� ⇠ 10 GeV. The
flux at the largest energy observed is ⇠ 10�10cm�2s�1

at E� ⇠ 100 GeV. Authors of Ref. [73] argued that such
�-rays are produced by high energy cosmic-rays scatter-
ing o⌃ solar photons and the solar atmosphere, but their
initial estimate underestimates the measured photon flux
by one order of magnitude. While there are no measure-
ments of solar �-rays & 100 GeV, the authors of Ref. [9]
provide a model for the �-ray flux which one would expect

to observe from high energy cosmic rays scattering o⌃ the
solar outskirts. The authors predict the upper limit on
the flux of ⇠ TeV scale �-rays of ⇠ 10�13cm�2s�1. It is
important to note that the high energy solar �-ray emis-
sions originating from high energy cosmic rays should be
spatially localized away from the center of the Sun, be-
cause the e⌃ects of the magnetic field can be neglected.
As we will discuss shortly, this feature is important in
case of satellites like Fermi-LAT or HERD, which feature
very good angular resolution and could hence (in princi-
ple) distinguish these emissions from the �-ray signals in
the center of the solar disk. In addition, note that the flux
predictions in Tab. III are at the level of S/B & 1 com-
pared to the cosmic-ray scattering model of Ref. [9] for
mX & 100 GeV. Even thought in principle it would be
possible to spatially separate the signals from DM anni-
hilation from the emissions originating from cosmic-rays,
here we use the observed solar �-ray flux as an irreducible
background for our analysis, as a conservative estimate
of the experimental sensitivity.

D. Future prospects

In the following we provide a discussion of the abil-
ity of Fermi-LAT [30], HERD [32], HAWC [31] and
LHAASO [34, 35] experiments to detect solar �-rays orig-
inating from DM annihilation in the Sun.
The Fermi-LAT sensitivity curve for the full time

mission (10yr) in the vicinity of the Sun [30] ranges
from 2 ⇥ 10�10 GeV cm�2s�1 for E� ⇠ 100 GeV to

4 ⇥ 10�9 GeV cm�2s�1 for E� ⇠ 1 TeV. The electro-
magnetic calorimeter on board has an area of roughly
60 ⇥ 60 cm2, while the tracker o⌃ers excellent angular
resolution of ⇠ 0.15 degrees. The angular resolution of
Fermi-LAT is important as it will allow the detector to
e ciently resolve the Sun in the sky (the Sun appears
roughly 0.6 degrees in size at the distance of one astro-
nomical unit). In turn, the very good angular resolu-
tion will allow Fermi-LAT to veto backgrounds originat-
ing from high energy cosmic-ray scattering o⌃ the solar
outskirts, hence improving the sensitivity of the experi-
ment to observations of solar �-rays associated with the
center of the Sun.
A similar reasoning holds as well for the HERD cosmic-

ray detector to be deployed on the Chinese space station
circa 2020, which is expected to have even better angu-
lar resolution (⇠ 0.1 degrees) than Fermi-LAT satellite
while similar e⌃ective area. The projected sensitivity of
HERD assuming a one year exposure for observations of
the galactic center is in the range of 10�10 GeV cm�2s�1

for E� ⇠ 100 GeV to 5 ⇥ 10�10 GeV cm�2s�1 for E� ⇠
1 TeV. Note that it is likely that if HERD performed
solar observations, the sensitivity could be better as we
expect the background levels to be smaller compared to
the galactic center. We will hence take the results from
Ref. [32] for the galactic center as a conservative estimate
for the reach of HERD in solar �-ray observations.
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Table 1: Benchmark model points. We chose the values of mX to span a wide range of DM

masses, while requiring the correct relic density fixes the value of gX . All points give correct DM

relic density and are compatible with the existing experimental constraints.

Benchmark mX [GeV] mY [GeV] gX gq cos ↵ mY /mX ⌧ [s] Fdet F2�

1a 10 0.1 0.24 2⇥ 10

�5
0.01 0.01 0.19 0.88 4.3⇥ 10

�20

1b 10 0.01 0.24 0.001 0.001 0.001 0.076 0.97 3.3⇥ 10

�11

2a 100 0.1 0.76 5⇥ 10

�5
0.012 0.001 0.031 0.93 4.7⇥ 10

�15

2b 100 0.05 0.76 0.0001 0.004 0.0005 0.061 0.96 4.8⇥ 10

�10

3a 300 0.1 1.4 0.0001 0.01 0.00033 0.0076 0.9 8.3⇥ 10

�17

3b 300 0.05 1.4 7⇥ 10

�5
0.004 0.00017 0.12 0.48 1.4⇥ 10

�8

4a 1000 0.1 2.5 9⇥ 10

�5
0.011 0.0001 0.0094 0.97 9.1⇥ 10

�7

4b 1000 0.05 2.5 0.0002 0.003 5⇥ 10

�5
0.015 0.8 2.7⇥ 10

�5

5a 1800 0.1 3.4 0.0001 0.011 5.6⇥ 10

�5
0.0076 0.96 6⇥ 10

�6

5b 1800 0.05 3.4 0.00012 0.003 2.8⇥ 10

�5
0.042 0.28 0.0001

L = gq yqj q̄j [cos↵+ i sin↵�5] qj Y + gX ¯X [cos↵+ i sin↵�5]X Y , (1)
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FIG. 1. Model parameter space that satisfies ⌦h2 = 0.12.
The dashed lines represent the lines of correct relic density
for di↵erent values of cos ↵, as labelled.

density. The XX̄ ! Y Y process is dependent on the size
of the mediator coupling to DM and on the DM mass, but
independent of the coupling of the mediator to quarks.
This model feature partly decouples the requirements on
obtaining the correct relic density from the calculation of
other observables which involve quarks. Requiring ⌦h2 =
0.12 implies h�vi(XX̄ ! YY) ⇡ 3 ⇥ 10�9 GeV�2 at
freeze-out, illustrated in Fig. 1.

In the region cos↵ ⌧ 1, requiring correct relic density
yields a simple condition

gX ⇡
r

mX

GeV

�
0.08 � 8.8 cos2↵ + O(cos4↵)

�
. (5)

In the parameter space of interest (i.e. mX ⇠ 10 GeV�
1 TeV), it is evident that gX ⇠ O(0.1)�O(1) is neces-
sary, with the dependence on the mixing angle resulting
in a maximum factor of ⇠ 2 di↵erence on the required
coupling.

We note that it is possible that the XX̄ ! tt̄ pro-
cess will become dominant over the s-wave XX̄ ! Y Y
term at lower DM velocity. Requiring the XX̄ ! Y Y
and XX̄ ! tt̄ s-wave terms to be equal, implies quark-
mediator couplings of the order of gq ⇠ gX cos↵. How-
ever, such range of gq values either result in the mediator
lifetimes insu�cient to escape the solar surface or is con-
strained by several measurements we discuss in the next
section. Hence, in the rest of the paper we consider the
model parameter space in which the XX̄ ! Y Y annihi-
lation process is dominant at all DM velocities.

B. Elastic Scattering of Dark Matter o↵ Nuclei

In the simplified model we consider there are four non-
relativistic operators [43, 44] that potentially contribute
to the DM elastic scattering o↵ a nucleon n:

OSI1 / X̄X n̄n , (6)

OSI2 / X̄�5X n̄n , (7)

OSD1 / X̄X n̄�5n , (8)

OSD2 / X̄�5X n̄�5n . (9)

Equation (6) is the usual scalar spin-independent e↵ec-
tive operator, while Eqs. (7) and (8) come from the mix-
ing between scalar and pseudoscalar couplings. Finally
Eq. (9) is the well know expression for pure pseudoscalar
mediators. For fermionic DM, using the non-relativistic
spinor description, each �5 in the amplitude results in
a momentum transfer squared (q2) factor in the cross
section, e.g. X̄Xn̄�5n is proportional to ~q · ~s, where
~q ⇡ mn~v and ~s is the nucleon spin vector. Hence the
spin-independent part of the cross section is velocity in-
dependent and proportional to cos2 ↵. Conversely, parts
of the DM-nucleon cross section which are proportional to
the combination of the scalar and pseudoscalar coupling
will be suppressed by hvi2 and cos↵ sin↵ with the coe�-
cient of the same order as the scalar part. The pure pseu-
doscalar term of the DM-nucleon cross section will sim-
ilarly be suppressed by hvi4 and sin2 ↵. For low enough
DM and mediator masses, the momentum suppression in
the numerator is compensated by the m4

Y factor in the
denominator and the spin-dependent cross section can be
comparable to the spin-independent cross section [20, 45].
In our case, however, even a negligibly small admixture of
a scalar component, cos↵ ⇠ hvi, makes the usual scalar
spin-independent operator of Eq. (6) dominant, as it is
the only term which is not velocity suppressed.

Hence, unless cos↵ ⌧ 10�3, the nucleon-DM scatter-
ing cross section is given by
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Table 1: Benchmark model points. We chose the values of mX to span a wide range of DM

masses, while requiring the correct relic density fixes the value of gX . All points give correct DM

relic density and are compatible with the existing experimental constraints.
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Table 1: Benchmark model points. We chose the values of mX to span a wide range of DM

masses, while requiring the correct relic density fixes the value of gX . All points give correct DM

relic density and are compatible with the existing experimental constraints.
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masses, while requiring the correct relic density fixes the value of gX . All points give correct DM

relic density and are compatible with the existing experimental constraints.

Benchmark mX [GeV] mY [GeV] gX gq cos ↵ mY /mX ⌧ [s] Fdet F2�
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9

BBN requirement on the mediator lifetime, which con-
strains the size of gq from below (blue shaded region)
and the flavor bound, which on the contrary constrains
gq from above. The two requirements leave only a narrow
band (white region) of allowed values for the mediator-
quark couplings, right in the ballpark to produce sizable
solar �-ray signals.

Figure 4 also illustrates the importance beam dump
experiments could play in further constraining DM mod-

els with long lived mediators.

IV. SOLAR �-RAYS

A. Solar Capture Rate

Assuming that the dominant DM nucleon scatter-
ing originates from the spin-independent interaction in
Eq. (10), the solar capture rate can be written as [68]
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where ⇢� is the local halo density of DM, v̄ is the average
local velocity of DM, Fi are the suppression form factors
for individual nuclei species which make up the Sun and
fi are the mass fractions of the ith element. The coef-
ficients �i represent the densities of individual elements
in the Sun, while S is the kinematic suppression factor.
More detail on the definition and values of the quantities
in Eq. (15) can be found in Ref. [68]. It is important
to mention that since the spin-independent DM nucleus
cross section scales as A2, where A is the total number
of protons and neutrons in the nucleus, the heavier ele-
ments in the Sun can provide significant contribution to
the overall capture rate despite their lower abundance.
This is contrary to the case of spin-dependent scattering,
where typically only scattering o↵ hydrogen is significant.

The annihilation rate of DM in the center of the Sun
is proportional to the density of DM particles:

�ann =
N2

4Ve↵

⇥h�vi(XX̄ ! Y Y ) + h�vi(XX̄ ! tt̄)
⇤
,

(16)
where N is the number of captured DM particles and
Ve↵ = 5.8⇥1030cm3( GeV/mX)3/2 is the e↵ective volume
of the Sun [5, 69–71]. The expression is valid for Dirac
fermionic DM candidates and should be multiplied by a
factor of 2 on the right hand side if DM is composed of
self conjugate particles.

The total number of DM particles in the Sun is a result
of the competing capture and annihilation processes and
is described by the di↵erential equation [68]:

dN

dt
= Ccap � CannN

2 , (17)

where Cann = 2�ann/N
2 is independent of N . Assuming

that the Sun has been accumulating DM during its entire
lifetime we can solve Eq. (17) for t = t� ' 1.5 ⇥ 1017 s
obtaining an expression for the number of DM particles
today:

N =

r
Ccap

Cann
tanh

⇣p
CcapCann t�

⌘
. (18)

From N we obtain the annihilation rate via Eq. (16).
From su�ciently large rates

p
CcapCann t� � 1 , (19)

which implies equilibrium between capture and anni-
hilation is reached, i.e. dN/dt = 0. In equilibrium
�ann = 1/2Ccap is not sensitive to the DM annihila-
tion cross section anymore but allows one to extract in-
formation on the DM-nucleon scattering cross section.
For a non-equilibrium scenario, on the other hand, �ann

contains information about both Ccap and Cann, which
could potentially be exploited to determine the annihila-
tion cross section provided an independent measurement
of the DM-nucleon scattering cross section from direct
detection experiments.

For most of the considered benchmarks the left-hand
side of Eq. (19) is (considerably) smaller than unity,
i.e. the equilibrium condition is not satisfied, as shown in
Tab. III. In fact, the spin-independent DM-nucleon scat-
tering cross section allowed by LUX is generically not
large enough to provide equilibrium for an annihilation
cross section around 3 ⇥ 10�26cm3s�1 or lower.

In the following section, we will show that despite the
fact that equilibrium is di�cult to reach, the simplified
model we consider can result in solar �-ray fluxes large
enough to be observed by the next generation of �-ray
observatories.

B. �-Ray Spectral Shape

Given that the escape velocity of the Sun is ap-
proximately 10�3, the captured DM particles are non-
relativistic, resulting in kinematics well approximated by
two DM particles annihilating at rest. In the lab frame,
the final state consists of two anti-collinear mediators,
each of energy mX , which subsequently decay into 2 pho-
tons each.

Given the axis specified by the momentum of the me-
diator in the lab-frame, we define ✓⇤i as the angle between
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where ⇢� is the local halo density of DM, v̄ is the average
local velocity of DM, Fi are the suppression form factors
for individual nuclei species which make up the Sun and
fi are the mass fractions of the ith element. The coef-
ficients �i represent the densities of individual elements
in the Sun, while S is the kinematic suppression factor.
More detail on the definition and values of the quantities
in Eq. (15) can be found in Ref. [68]. It is important
to mention that since the spin-independent DM nucleus
cross section scales as A2, where A is the total number
of protons and neutrons in the nucleus, the heavier ele-
ments in the Sun can provide significant contribution to
the overall capture rate despite their lower abundance.
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where N is the number of captured DM particles and
Ve↵ = 5.8⇥1030cm3( GeV/mX)3/2 is the e↵ective volume
of the Sun [5, 69–71]. The expression is valid for Dirac
fermionic DM candidates and should be multiplied by a
factor of 2 on the right hand side if DM is composed of
self conjugate particles.

The total number of DM particles in the Sun is a result
of the competing capture and annihilation processes and
is described by the di↵erential equation [68]:
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2 is independent of N . Assuming

that the Sun has been accumulating DM during its entire
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obtaining an expression for the number of DM particles
today:
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From N we obtain the annihilation rate via Eq. (16).
From su�ciently large rates
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which implies equilibrium between capture and anni-
hilation is reached, i.e. dN/dt = 0. In equilibrium
�ann = 1/2Ccap is not sensitive to the DM annihila-
tion cross section anymore but allows one to extract in-
formation on the DM-nucleon scattering cross section.
For a non-equilibrium scenario, on the other hand, �ann

contains information about both Ccap and Cann, which
could potentially be exploited to determine the annihila-
tion cross section provided an independent measurement
of the DM-nucleon scattering cross section from direct
detection experiments.

For most of the considered benchmarks the left-hand
side of Eq. (19) is (considerably) smaller than unity,
i.e. the equilibrium condition is not satisfied, as shown in
Tab. III. In fact, the spin-independent DM-nucleon scat-
tering cross section allowed by LUX is generically not
large enough to provide equilibrium for an annihilation
cross section around 3 ⇥ 10�26cm3s�1 or lower.

In the following section, we will show that despite the
fact that equilibrium is di�cult to reach, the simplified
model we consider can result in solar �-ray fluxes large
enough to be observed by the next generation of �-ray
observatories.

B. �-Ray Spectral Shape

Given that the escape velocity of the Sun is ap-
proximately 10�3, the captured DM particles are non-
relativistic, resulting in kinematics well approximated by
two DM particles annihilating at rest. In the lab frame,
the final state consists of two anti-collinear mediators,
each of energy mX , which subsequently decay into 2 pho-
tons each.

Given the axis specified by the momentum of the me-
diator in the lab-frame, we define ✓⇤i as the angle between

The Sun is a potential nearby reservoir of DM and 

a poor source of high-energy γ-rays 

Solar γ-rays can probe DM models with 
comparable or superior sensitivity with respect 

to dwarfs and Galactic Center signals 

DM capture and annihilation proceed typically 
out of equilibrium: possible to extract 

information on Γann if direct detection is observed 

Solar γ-rays signals would point towards the 
existence of a long-lived mediator 

CONCLUSIONS

gX ∼ 1 is required


