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Dark matter capture and annihilation in the Sun can produce detectable high-energy neutrinos,
providing a probe of the dark matter-proton scattering cross section. We consider the case when
annihilation proceeds via long-lived dark mediators, which allows gamma rays to escape the Sun and
reduces the attenuation of neutrinos. For gamma rays, there are exciting new opportunities, due
to detailed measurements of GeV solar gamma rays with Fermi, and unprecedented sensitivities in
the TeV range with HAWC and LHAASO. For neutrinos, the enhanced flux, particularly at higher
energies (∼TeV), allows a more sensitive dark matter search with IceCube and KM3NeT. We show
that these search channels can be extremely powerful, potentially improving sensitivity to the dark
matter spin-dependent scattering cross section by several orders of magnitude relative to present
searches for high-energy solar neutrinos, as well as direct detection experiments.

I. INTRODUCTION

There is overwhelming evidence that dark matter
(DM) is the dominant form of matter in the universe [1].
However, across experimental tests of its annihilation,
scattering, and production processes, no details of its
fundamental nature have yet been revealed. For models
with unsuppressed spin-independent scattering interac-
tions, there are severe bounds on the properties of DM
from direct detection experiments, such as LUX [2, 3] and
PandaX-II [4]. If instead there are only spin-dependent
interactions, a much larger part of the parameter space
remains uninvestigated, with best limits currently set by
LUX [5] and PandaX-II [6] for neutron scattering, and
PICO-60 C3F8 [7] for proton scattering.

The Sun is an alternate probe, as it can gravitation-
ally capture DM [8–11], after DM loses energy through
scattering with solar nucleons. If DM is captured, it must
have scattering interactions that force further energy loss
and accumulation in the solar core, leading to annihila-
tion to Standard Model (SM) particles. Measurement of
these SM particles provides insight to the nature of DM.
However, in order to escape the Sun for detection, the
particles need to be very weakly interacting. Amongst
the potential SM particles produced in the solar core,
only neutrinos can escape. Even then, there is signifi-
cant attenuation for neutrinos above about 100 GeV.

As DM has not yet been found, more general theo-
retical scenarios should be considered. A fairly minimal
scenario consists of a DM candidate, along with a new
particle to mediate interactions between the dark and
visible sectors. An interesting possibility is that, as a
consequence of particular model properties, the mediator

may have a long decay lifetime. These ‘long-lived dark
mediators’ are well motivated, and include examples such
as the dark photon [12–15], dark Higgs [16], and many
supersymmetric particles [17]. There is also wide interest
in searches at current [18–22] and future colliders [23].

Figure 1 illustrates how the long-lived mediator setup
can strongly affect solar DM detection: the mediator can
decay outside of the solar core, producing otherwise at-
tenuated or lost solar DM signals [16, 24–37]. While it is
known that prospects are improved in this scenario, in-
vestigations to date are not complete on considering the
full range of data and models.

In this paper, we examine the prospects for
new gamma-ray and neutrino experiments in a
model-independent framework. For gamma rays, this is
particularly pertinent with new detailed measurements
of the Sun in the GeV range with the Fermi Large
Area Telescope (Fermi-LAT) [38, 39], as well as un-
precedented sensitivity to TeV gamma rays with upcom-
ing analyses from the High Altitude Water Cherenkov
(HAWC) Observatory [40, 41], which began operating
in 2015, and the Large High Altitude Air Shower Ob-
servatory (LHAASO) [42], which is under construction
and expected to begin operating in 2020. For neutrinos,
this is particularly pertinent for the multi-TeV window
at IceCube [43], and future neutrino telescopes such as
KM3NeT [44]. We demonstrate these telescopes and ob-
servatories can provide DM probes orders of magnitude
stronger than both current searches for high-energy solar
neutrinos, and direct detection experiments.

We define the sensitivity to such scenarios in the fol-
lowing ways: On the theory side, we consider optimal
cases, for example where the mediators decay just out-
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FIG. 1. Left: Short-lived mediator scenario (usual case). Only neutrinos can escape the Sun and they are attenuated.
Right: Long-lived dark mediator scenario. Gamma rays can escape, and neutrinos are less attenuated.

side the Sun. On the experimental side, we are more
conservative, requiring that the new signals be as large as
measurements, not just their uncertainties. Accordingly,
we aim for a precision of a factor of a few, neglecting
some smaller effects. This optimal scenario will demon-
strate the full power of long-lived mediators for solar DM
searches. Our sensitivity can be mapped to the parame-
ter spaces of any particular model realizations, together
with any other constraints, which will be a subset of the
space considered. Therefore, we focus on the new signa-
tures and the experimental sensitivity.

In Sec. II, we review the processes for DM capture
and annihilation in the Sun. In Sec. III, we discuss
the modifications for the long-lived mediator scenario.
We then demonstrate the power of gamma-ray signals
with Fermi-LAT, HAWC, and LHAASO in Sec. IV, and
for neutrinos with IceCube and KM3NeT in Sec. V. In
Sec. VI, we discuss interpretations of our results in the
context of popular models. Finally, other constraints are
discussed in Sec. VII before concluding in Sec. VIII.

II. DARK MATTER SOLAR CAPTURE AND
ANNIHILATION

The usual scenario for DM capture and annihilation
in the Sun has been well studied [8–11, 16, 34, 45–50].
DM is gravitationally captured by the Sun if it loses suf-
ficient energy after scattering with solar nuclei. As the
captured DM accumulates in the Sun’s core, there are
more DM particles available to power DM annihilation.
However, annihilation depletes the DM supplied by cap-

ture. Therefore, the total number of DM particles in
the solar core is determined by an interplay of the cap-
ture rate Γcap and annihilation rate Γann. Equilibrium is
reached if the equilibrium timescale is less than the age
of the Sun.

In the regime that DM self-interactions [51] are not
relevant, the relation of these processes and the number
of DM particles Nχ in the Sun at time t is given by

d

dt
Nχ = Γcap − CannN

2
χ , (1)

where Γcap is the DM capture rate and Cann is a co-
efficient that describes the annihilation processes. The
number of DM particles in the Sun rapidly approaches
equilibrium when t > tequil = 1/

√
ΓcapCann. We focus

on DM masses above 4 GeV, where evaporation is irrel-
evant [52, 53]. Equilibrium thus depends on sufficiently
large scattering and annihilation cross sections. For the
scenarios considered here, both conditions can be met
[54]. Therefore, a simple relation between annihilation
rate and capture rate is obtained,

Γann =
1

2
CannN

2
χ =

1

2
Γcap, (2)

independent of the DM annihilation cross section.
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III. LONG-LIVED DARK MEDIATOR
SCENARIO

A. Opportunities and Framework

The energy flux of DM annihilation products in the
Sun is enormous. For example, in the case that 100 GeV
or 1 TeV DM with spin-dependent scattering cross sec-
tions of ∼ 10−40 cm2 (capture rates of 1022 s−1 and
1020 s−1, respectively) annihilates directly to gamma
rays, the energy fluxes are

E2
γ

dΦγ
dEγ

∼ 10−4 GeV cm−2 s−1 mχ = 100 GeV, (3a)

E2
γ

dΦγ
dEγ

∼ 10−5 GeV cm−2 s−1 mχ = 1 TeV, (3b)

where we have assumed that the gamma-ray spectrum is
measured in bins one decade wide (this is ∼10 times too
conservative for Fermi, but appropriate for HAWC). The
best experimental sensitivity to 100 GeV solar gamma
rays comes from Fermi-LAT, with sensitivity

E2
γ

dΦγ
dEγ

∼ 10−8 GeV cm−2 s−1, (4)

while the best sensitivity to 1 TeV gamma rays is from
HAWC,

E2
γ

dΦγ
dEγ

∼ 10−9 GeV cm−2 s−1. (5)

In each case, the annihilation flux is in excess of sensi-
tivity by a factor of 104. Of course, in the usual sce-
nario, the difficulty is that it is not possible to observe
these promptly extinguished gamma rays. This is why
the long-lived dark mediator scenario is so compelling —
gamma rays can escape the solar core, providing a probe
of the immense annihilation flux.

For solar gamma rays [55], the sensitivity to long-lived
mediators from these experiments has not yet been fully
explored. For solar neutrinos, limits exist for short-lived
mediators [43], but the improvements from long-lived me-
diators through less absorption of neutrinos [31] have also
not been fully quantified.

The energy flux from DM annihilation in the Sun is

E2 dΦ

dE
=

Γann

4πD2
⊕
× E2 dN

dE
× Br(Y → SM)× Psurv, (6)

where D⊕ = 1 A.U. is the average distance between the
Sun and the Earth, E2dN/dE is the spectrum per DM
annihilation, Br(Y → SM) is the branching fraction of
the mediator Y to SM particles, and Psurv is the proba-
bility of the signal surviving to reach the detector, which
includes factors such as attenuation and mediator decay
length. While this factor diminishes the flux, the cost
to the total flux pales in comparison to the net gain in
exploiting the large annihilation flux in the Sun. In the

standard scenario, Psurv = 0 for gamma rays, and is ex-
ponentially suppressed for neutrinos with energies above
about 100 GeV.

In the following subsections, assumptions and proper-
ties of long-lived mediators relevant to each of the terms
in Eq. (6) are described.

B. Annihilation Rate

After equilibrium is reached, the annihilation rate of
DM in the Sun, Γann, is related to the capture rate as
per Eq. (2). We use DarkSUSY [56] to compute the
annihilation rate Γann for a given DM scattering cross
section and mass. The capture rate scales ∝ m−1

χ up
to a few 10 GeV, which follows the local DM number
density. Above a few 100 GeV, it scales ∝ m−2

χ , due to
kinematic suppression of the energy loss [57–59].

C. Branching Fractions

We assume a 100% branching fraction of the mediator
to each final state in turn, which is the optimal case.
If only one final state produces observable signals, it is
straightforward to scale our result with the branching
fraction. The effects of considering multiple final states
in the context of specific models are discussed in Sec. VI.

D. Energy Spectra

DM annihilates to long-lived mediators as

χχ→ Y Y → 2 ( SM + SM )→ ...γ, ν... (7)

where the mediator Y decays to two SM particles, which
consequently can decay into or radiate gamma rays or
neutrinos.

We use Pythia [60] to generate the neutrino and
gamma-ray energy spectra, where an effective resonance
with energy 2mχ decays to two mediators. Depend-
ing on the final state particles, gamma rays or neutri-
nos can arise from direct decay to 4γ or 4ν, electroweak
bremsstrahlung, or consequent particle decays. Our sim-
ulations take into account all these possibilities where
relevant, and are the fully decayed spectra in vacuum.

Figure 2 shows that the energy spectra from DM an-
nihilation are approximately the same for processes that
are topologically identical. That is, for a given DM mass
to a given n-body final state, approximately the same
energy spectra is obtained regardless of the fundamental
properties of the mediator, such as its mass (provided it is
kinematically allowed) and spin (provided it is allowed by
spin-statistics). This is because the daughters inherit the
boost of the mediator. The mediator boost is mχ/mY ,
and daughter particles have energies that are fixed frac-
tions of mY , so mY cancels. However, this can vary for
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FIG. 2. Left: Gamma-ray spectra E2
γdN/dEγ for various final states, per DM annihilation, with mediator masses

mY = 2 TeV (solid), mY = 200 GeV (dashed), and mY = 20 GeV (dotted). Right: Neutrino spectra.

gamma rays and neutrinos made through pions. In the
latter case, there are variable numbers of pions, with dif-
ferent fractions of energy going to gamma rays, etc., so
there can be some variance. This is observed in particu-
lar for the different mediator mass and the 4b final state,
owing to more hadronic cascade decays being available
with higher mediator mass and consequently softening
the spectra (this behavior for gamma-ray spectra is con-
sistent with Ref. [61]). For direct decays to gamma rays
and neutrinos, the low-energy bound of the box spectra
depends on the mediator mass [62], but this is only sig-
nificant if the mediator is not sufficiently boosted. Also
note that for mediator decay to gamma rays, some lower
energy gamma rays can be produced from radiated elec-
trons. However, these small differences do not provide
any appreciable differences to our results, which predom-
inantly arise from the high energy part of the spectrum.

E. Optimal Signal Conditions

For decay products such as gamma rays to escape
the Sun, it is required that the mediator Y has a suf-
ficiently long lifetime τ or sufficently large boost factor
γ = mχ/mY , leading to a decay length L that exceeds
the radius of the Sun, R�, as

L = γβτ ' γcτ > R�, (8)

where β is the speed of the mediator and c is the speed
of light. While the lifetime τ is related to the mediator
mass mY , we just ensure combinations of the parameters

are allowed by current constraints.
The probability of the signal surviving to reach the

detector, Psurv, provided the decay products escape the
Sun, is

Psurv = e−R�/γcτ − e−D⊕/γcτ . (9)

Figure 3 illustrates the survival probability for varying
γcτ . In this work, we take γcτ = R�. The probability
is relatively insensitive to γcτ , as survival probability is
changing only by a factor ∼ 2. For gamma rays, signal
production is only possible if the mediator decays outside
the Sun. For neutrinos, however, mediator decay inside
the Sun provides a non-zero flux, but the signal is attenu-
ated due to parent-particle and neutrino absorption. We
assume mediators pass through Sun without attenuation,
though such a feature is model-dependent.

We assume the signal strength only depends on γcτ .
However, special scenarios can arise in some limiting
cases. When γ � 1, the decay products are boosted and
maintain a small opening angle. We focus on this case,
where the Sun will appear to be a point source. When
γcτ ' R� and γ ∼ 1, mediators decay just outside the
Sun and the Sun remains effectively a point source. How-
ever, when R� � γcτ < D⊕ and γ ∼ 1, the decay prod-
ucts would appear to be a halo around the Sun. Typically
diffuse-emission sensitivity is worse than that of point
sources, and the analysis is more involved [38, 39, 63].
Thus we do not consider this case. Lastly, the Sun can
absorb some of the gamma rays produced by the medi-
ators. This only occurs when the decay length is small
and the mediators have a boost component away from
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FIG. 3. Probability of gamma rays from the mediator sur-
viving and reaching a detector at Earth, for varying medi-
ator properties. This only takes into account decay expo-
nentials, and assumes zero signal if γcτ < R�. In the stan-
dard scenario, γcτ ∼ 0, and the probability is exponentially
suppressed for neutrinos due to parent-particle and neutrino
absorption in the solar medium.

the observer. For typical mediator masses and boost fac-
tors, only the low-energy part of the spectrum is affected;
hence our results are not affected.

Therefore, our premise assumes a high mediator boost
that requires the mediator to be sufficiently lighter than
the DM mass. This is easily obtained across a range of
DM masses for direct decays to gamma rays, neutrinos
and electrons. For heavier final states such as taus and
b-quarks, larger DM masses would be required to pro-
duce a highly boosted mediator that could kinematically
produce such final states. As there is not a hard cutoff
for such criteria, we show sensitivity of gamma rays and
neutrinos for all DM masses that could produce such final
states, even if the mediator would not be highly boosted,
but potential weakening of sensitivity due to such direc-
tional loss in such regions should be kept in mind.

Lastly, we neglect the extra gamma-ray component
from secondary electrons inverse-Compton scattering
with the ambient photons [64, 65]. This component is
heavily suppressed due to the anisotropic solar photon
distribution [66, 67]. We also note that the gamma-ray
contribution from DM annihilation in the solar WIMP
halo outside the Sun is negligible [68].

IV. HIGH-ENERGY SOLAR GAMMA RAYS

In this section we discuss our procedure and results for
long-lived dark mediators using solar gamma rays with

Fermi-LAT, HAWC, and LHAASO.

A. Procedure

Fermi-LAT analyses provide the best measurements
of solar gamma rays. In 2011, Fermi detected
0.1–10 GeV solar gamma rays, measuring an energy flux
∼ 10−8 GeV cm−2 s−1 [38]. Since then, Fermi has col-
lected more data and improved the data quality. This
updated Fermi data are analyzed in Ref. [39], where the
results are extended to 100 GeV solar gamma rays, mea-
suring energy fluxes of ∼ 10−8 GeV cm−2 s−1. To-
gether, these analyses provide much improved observa-
tional studies of solar gamma rays, which have not been
fully explored in the context of long-lived mediators. For
higher energy gamma rays (∼ 102 − 105 GeV), HAWC
and LHAASO could be used to observe the Sun [39, 63],
but this has not yet been exploited.

In this work we demonstrate that current Fermi-LAT
analyses can be used to set strong limits through solar
gamma rays from long-lived mediators. We also demon-
strate that upcoming analyses from HAWC [40, 41] and
LHAASO [42] are extremely sensitive to solar gamma
rays from long-lived mediators.

Figure 4 illustrates how our new limits are obtained
from existing Fermi-LAT data. For a fixed branch-
ing fraction and Psurv, the spectra E2

γdN/dEγ gener-
ated are scaled with arbitrary increasing annihilation rate
Γann. Once the energy flux exceeds the sensitivity of
Fermi-LAT in any energy bin, an upper limit on the value
of Γann from Fermi-LAT is obtained. Future HAWC and
LHAASO analyses will also have strong sensitivity to this
scenario, as we are the first to show.

Figure 5 illustrates our new limits (for Fermi-LAT) and
our calculated sensitivities (for HAWC and LHAASO) to
the DM scattering cross section using solar gamma rays,
for mediator decay just outside the Sun (L = γcτ = R�,
implying Psurv ≈ 0.4). An upper limit on the annihila-
tion rate implies an upper limit on the scattering cross
section, which we obtain using DarkSUSY [56] as de-
scribed in the previous section. As it is difficult to be
competitive with strong direct detection limits on the
DM spin-independent scattering cross section, we only
show the spin-dependent results.

B. Discussion of Results

At high mass, the Fermi sensitivity weakens due to the
scaling of the capture rate (∝ m−2

χ ) and due to the peak
of the spectrum moving out of its energy range. This
is why the sensitivity limits for final states with harder
spectra, such as direct decay to gamma rays, weaken
faster than softer spectra, such as those from b-quarks.
For the softer spectra, this also leads to Fermi being more
sensitive than HAWC and LHAASO for some higher DM
masses, even in the 1–10 TeV DM mass range. With



6

100 101 102 103 104 105 106

Eγ  [ GeV ]
10-11

10-10

10-9

10-8

10-7

10-6

10-5
E

2 γ
d
Φ
/
d
E
γ

[G
eV

cm
−

2
s−

1
]

HAWC

Fermi

γcτ = R¯
Y → 2γ

LHAASO

100 101 102 103 104 105 106

Eγ  [ GeV ]
10-11

10-10

10-9

10-8

10-7

10-6

10-5

E
2 γ

d
Φ
/
d
E
γ

[G
eV

cm
−

2
s−

1
]

HAWC

Fermi

γcτ = R¯
Y → 2e

LHAASO

100 101 102 103 104 105 106

Eγ  [ GeV ]
10-11

10-10

10-9

10-8

10-7

10-6

10-5

E
2 γ

d
Φ
/d

E
γ

[G
eV

cm
−

2
s−

1
]

HAWC

Fermi

γcτ = R¯
Y → 2τ

LHAASO

100 101 102 103 104 105 106

Eγ  [ GeV ]
10-11

10-10

10-9

10-8

10-7

10-6

10-5

E
2 γ

d
Φ
/d

E
γ

[G
eV

cm
−

2
s−

1
]

HAWC

Fermi

γcτ = R¯
Y → 2b

LHAASO

FIG. 4. Estimates of presently allowed gamma-ray spectra from solar observations by Fermi-LAT, for final states as labeled and
for DM masses of mχ = 50, 500, 5000, 50000, 500000 GeV (left to right), with γcτ = R�. The fluxes shown have been scaled
by different annihilation rates for each mass and final state, such that they reach the sensitivity limit. HAWC and LHAASO
do not yet provide constraints, but can do so soon.

HAWC and LHAASO, there is good sensitivity at high
DM mass due to the increased energy range and flux sen-
sitivity relative to Fermi.

The optimal long-lived mediator sensitivities with
gamma rays shown in Fig. 5 are extremely powerful, out-
performing the best spin-dependent direct detection lim-
its from PICO by several orders of magnitude. Low DM
masses are particularly promising with Fermi — in the
optimal scenario the sensitivity in the mχ ≈ 20 − 100

GeV region outperforms the best spin-dependent direct
detection experiments by about six orders of magnitude.
HAWC and LHAASO are similarly powerful at high DM
masses.

Furthermore, for some final states the optimal sensi-
tivity with solar gamma rays even outperforms the pro-
jected sensitivity of upcoming direct detection experi-
ment DARWIN, which is predicted to be sensitive down
to spin-dependent scattering cross sections of σSDχP ≈
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FIG. 5. Optimal sensitivity for DM scattering cross sections from current and future solar gamma-ray observations, for DM in
the Sun annihilating to pairs of long-lived mediators decaying to the particles labeled. Here the mediator decays just outside
the Sun (γcτ = R�). Our new limits from Fermi-LAT solar gamma-ray data are shown (shaded, solid), while our calculations
of the estimated 1-year sensitivity from HAWC (dashed) and LHAASO (dotted) can be tested in future analyses. PICO-60
C3F8 [7] 90% C.L. limits are shown in gray. See text for details about the model assumptions for the limits and sensitivities.

10−43 cm−2 [69]. This means that the best probe of the
DM spin-dependent scattering cross section in the near
future may be from solar gamma rays, if the dark sector
contains a long-lived dark mediator.

Again, it is important to note that these are the op-
timal sensitivities: we have assumed decay immediately
outside the Sun and a 100% branching fraction to the
particles detailed in the plots, and kept to an accuracy
of a factor of a few. However, while there will certainly

be factors that degrade the sensitivity, but they will cer-
tainly be less than the gain from allowing mediators to
escape the Sun, which for gamma rays allows a non-zero
flux, and for neutrinos lifts the exponential suppression
of the flux due to attenuation in the Sun. Discussion
of interpretation of these results in the context of some
models is in Sec VI.
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V. HIGH-ENERGY SOLAR NEUTRINOS

In this section we discuss our method and results for
long-lived dark mediators using high-energy neutrino ob-
servations with neutrino telescopes.

DM annihilations in the Sun produce neutrinos that
could be detectable. In this case, muon neutrinos are the
most relevant, as the final state muons retain much of the
directionality, which is essential for suppressing the atmo-
spheric neutrino background. Searches for high-energy
neutrinos from the Sun with neutrino telescopes provide
the strongest limits on the DM-proton spin-dependent
scattering cross section [43, 70, 71]. A search has also
been conducted by Antares for some specific long-lived
mediator channels [72].

In models with long-lived mediators, the sensitivity
is enhanced [31] compared to the case where neutrinos
are promptly produced at the core of the Sun. These
enhancements can be understood by two considerations:

(1) Less cooling of the secondaries. For dark mat-
ter annihilation in the Sun with short-lived mediators,
high-energy neutrinos are produced inefficiently, as they
come only from the rare particles, such as gauge bosons
or heavy mesons, that decay before losing energy. (The
more common particles, for example pions and kaons,
lose energy and decay at rest, producing only low-energy
neutrinos [58, 73].) However, if the mediators escape the
Sun, the neutrinos from pions and kaons will be emitted
at high energy, substantially increasing the flux.

(2) Less neutrino absorption from the solar
matter. High-energy neutrinos (> 100 GeV) produced
at the core of the Sun are exponentially suppressed due
to absorption from the solar matter. If the mediators
decay outside the core, beyond which the density
falls exponentially, this suppression is lifted and the
high-energy neutrino flux is greatly enhanced. This is
especially important as neutrinos with higher energies
are more detectable, due to increased cross section and
decreased backgrounds.

These enhancements are especially significant for high-
mass DM, where the secondary multiplicity is large and
neutrino absorption is important. Therefore, we focus
our discussion on large neutrino telescopes such as Ice-
Cube and KM3NeT. In any case, except for pure neu-
trino final states, the sensitivity to gamma rays (Sec. IV)
is much stronger than that for neutrino detectors such as
Super-K.

A. Procedure

We first consider the neutrino flux from DM annihi-
lations through long-lived mediators. The muon neu-
trino flux at Earth is obtained from (νe, νµ, ντ ) at pro-
duction (III D) multiplied with the weighting (0.27, 0.35,

0.38) due to mixing. For pure neutrino channel, we as-
sume equal flavor ratio at production. The weighting
assumes the neutrinos arrive as an incoherent mixture
of mass eigenstates (mixing angles are obtained from
Ref. [74]) due to vacuum mixing. We ignore the mat-
ter effect as we focus on mediators that decay outside
the Sun. We also note that the oscillation length can ap-
proach 1 AU at ∼ 10 TeV and ∼ 1 PeV, which we ignore
as we will integrate the spectrum over large energy bins.
These are good approximations for most of the energy
range that we consider, especially given that we aim for
an accuracy of a factor of a few.

Figure 6 shows the muon neutrino fluxes where DM
annihilates through long-lived mediators, Y → 2τ , with
Psurv = 1 (only in this figure) for easy comparison.
We compare them to the muon neutrino flux from
WimpSim [75], for χχ → τ τ̄ at the center of the
Sun (noted as the “short-lived” case).

With long-lived instead of short-lived mediators, the
neutrino fluxes are larger due to less energy loss of
neutrino-producing secondaries and less attenuation of
the neutrinos. The spectra are also slightly softer, due to
decaying into 4 final states instead of 2. While the short-
lived cases are all exponentially attenuated above about
100 GeV, the long-lived cases have significantly higher
flux at higher energies, which improves the sensitivity.

For comparison, in Fig. 6, we also show the atmo-
spheric neutrino flux, which is the dominant background
for solar DM searches. We use the all-sky averaged in-
tensity from Ref. [76] from the South Pole, and use the
parametric form in Ref. [77] to extrapolate to high ener-
gies, after matching the normalization. The background
flux is estimated by considering neutrinos within the ν−µ
opening angle, θνµ ' 1◦

√
Eν/1 TeV.

To estimate the sensitivity, we compute the muon
spectrum from neutrino charge-current interactions us-
ing the described neutrino fluxes. The average muon
energy, 〈Eµ〉, is related the neutrino energy, Eν , by
〈Eµ〉 = Eν(1−y), where y is the average inelastic parame-
ter [78, 79]. For simplicity, we assume y = 0.4 throughout
our energy range of interest, and ignore the distribution
of the final state muons and take Eµ = 〈Eµ〉.

The muons can be detected as entering muons, when
the interactions occur outside the detector volume. Tak-
ing into account the energy loss and the simplified as-
sumption above, the differential rate is [80, 81]

dN

dEµ
'

NAρA
µ
effT

ρ (α+ βEµ)

∫ ∞
Eµ
1−y

dEν
dΦ

dEν
(Eν)σ(Eν) , (10)

where dΦ/dEν is the neutrino flux, σ is the interaction
cross section [78, 79], NA = 6.02× 1023 is the Avogadro
number, ρ ' 1 g cm−3 is the density, Aµeff is the effective
detecting area of muons, T is the exposure time of the
detector, α = 2.0 × 10−6 TeV cm2 g−1, and β = 4.2 ×
10−6 cm2 g−1.

The muons can also be detected as starting muons,
when the interactions occur inside the detector volume.
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FIG. 6. Neutrino flux from DM annihilating in the Sun to
long-lived mediators with Y → 2τ and Psurv is set to 1 for easy
comparison (only in this figure). Also shown are the cases for
short-lived mediators in the center of the Sun with χχ→ τ τ̄
and the atmospheric background within the neutrino–muon
opening angle. The dotted, dashed, and solid lines correspond
to DM masses 5×102, 3×103, and 104 GeV, respectively. The
annihilation rate is 1018 s−1 for all DM masses. The neutrino
flux for long-lived cases is enhanced, especially for large mχ.

The differential rate is

dN

dEµ
' NAρV T

1

1− y

[
dΦ

dEν
(Eν)σ(Eν)

]
Eν=

Eµ
(1−y)

, (11)

where V is the fiducial volume of the detector.
We consider an idealized gigaton scale detector, such as

IceCube or KM3NeT, where Aµeff = 1 km2 , V = 1 km3.
We take the exposure to be 0.5 × 317 days, matching
Refs. [43, 70]. The factor of 0.5 comes from the fact that
we only consider up-going muons, where the atmospheric
muon background is greatly reduced. For upgoing events,
neutrinos may be absorbed when they propagate through
the Earth. At the South Pole, the optical depth barely
reaches unity when the Sun is at the lowest point below
the horizon (about 23◦) for 1 PeV neutrinos [79]. For our
purpose and the mass range we consider, we can there-
fore safely ignore Earth absorption. For a lower latitude
detector, such as KM3NeT, this effect will be more im-
portant.

Figure 7 shows the muon spectra that can be detected,
using the neutrino fluxes from Fig. 6. We note that the
muon spectra for the short-lived cases start to be sup-
pressed above about 100 GeV. This is important as neu-
trino telescopes typically do not have good muon energy
resolutions below a TeV. The muon spectra are broader

101 102 103 104

 Eµ [ GeV ]

10-1

100

101

102

103

E
d
N
/
d
E
 [

 E
v
e
n
ts

 ]

A
tm

. ν bkg.

mχ =5× 102, 3× 103, 104 GeV

Short-lived

Long-lived

FIG. 7. The muon spectrum (entering + starting) for a
gigaton neutrino detector with 317 days of exposure, obtained
with the neutrinos fluxes from Fig. 6. Eµ is defined as the
energy of the muon when it first appears at the detector.

than the neutrino spectra because of the importance of
entering muons, which lose energy outside the detector.

Finally, to estimate the sensitivity, we compute the
number of signal and background events in two energy
bins. This is motivated by the realization that neutrino
telescopes can estimate the muon energy above ∼ 1 TeV,
when the muon energy loss becomes radiative [82]. The
sensitivity is determined when the signal counts reach
the background counts in either energy bin, similar to
our gamma-ray analysis. Here we also take Psurv to be
∼ 0.4 (γcτ = R�). There is some freedom in choosing
the precise values for the energy bins. We find that the
choice of [101.8, 103] GeV and [103, 106] GeV allows us to
reproduce the IceCube limit [43] up to factors of a few
for the short-lived cases. Our approach is simplifying: it
is conservative to require the signal to be as high as the
background; but this is compensated by the fact that we
ignore the backgrounds from atmospheric muons, various
detector effects, and reduction of signal efficiency from
various data reductions [83]. However, for our purpose
of the estimating the improved sensitivity from long-lived
mediators relative to the “short-lived” case, this is suffi-
cient.

B. Discussion of Results

Figure 8 shows our estimated sensitivity compared
with current constraints for standard WIMPs (short-
lived case) from Super-K [71] and IceCube [43, 70].
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FIG. 8. Constraints and sensitivities for the spin-dependent
DM scattering cross section. The dashed lines are the sensi-
tivities for DM in the Sun annihilating to pairs of long-lived
mediators that decay to the particles labeled (γcτ = R�).
We also show current limits on short-lived mediators (solid
lines with shaded region) from Super-K (SK), IceCube (IC),
PICO-60 C3F8, as well as the limit from the search for se-
cluded DM by Antares (ANT). This highlights the signifi-
cantly improved sensitivity that could be achieved by long-
lived mediators. See text for details about the model assump-
tions for the limits and sensitivities.

We also show the result obtained by Antares [72],
which searched for secluded DM via the process
χχ→ Y Y → νν̄νν̄. We find that IceCube and KM3NeT
can offer a significant improvement in sensitivity for
the case of long-lived mediators, especially for high DM
masses. For the τ final state, at lower masses, the
long-lived mediator sensitivity is comparable to and even
slightly weaker than the current limit. This is expected
from softer spectra and the Psurv factor. Much of the
improved sensitivity comes the high-energy bin > 1 TeV,
which causes the kink near 1 TeV. Nominal WIMPs are
not expected to produce such high-energy signals due to
severe neutrino absorption in the Sun. Hence, a detec-
tion of a high-energy muon from the Sun could signal the
existence of long-lived mediators in the dark sector.

As neutrino telescopes improve, DM searches from the
Sun will eventually run into a sensitivity floor, due to
the background flux of neutrinos produced by cosmic-
ray collisions with the Sun [84–86]. (This newly noted
indirect-detection “neutrino floor” is different than the
direct-detection “neutrino floor” [87, 88]; the latter is
caused by elastic scattering of MeV neutrinos produced in
various sources, such as fusion in the Sun.) The indirect-
detection neutrino floor is a hard floor, because of the

large present uncertainties in predicting the flux of solar
atmospheric neutrinos. In Ref. [85], it is shown that it is
important to separate neutrino signals above and below
about 1 TeV, and that this can be done by whether the
muons they produce have radiative losses or not. It is
also shown that > 1 TeV muons from solar atmospheric
neutrinos can be detected soon. How could these be rec-
ognized as a signal of DM with a long-lived mediator? A
key test will be the associated gamma-ray flux, which is
much larger for DM scenarios (see Fig. 5) than for solar
atmospheric interactions [63].

As mentioned above, for low mass DM (< 100 GeV),
long-lived mediators do not offer much improvement to
the sensitivity. In this case, gamma-ray observations by
Fermi offer significantly larger potential discovery space.

VI. MODEL INTERPRETATION OF RESULTS

While the purpose of this paper is to highlight the
power of solar gamma rays and neutrinos to probe the
DM parameter space in a pure phenomenological sense,
rather than to be a complete study of DM models, in
this section we briefly discuss potential interpretations
of these results in the context of popular models. We
caution that the limits shown in Figs. 5 and 8 are the op-
timal scenario, and other constraints should also be taken
into account in model building (see Sec. VII). A specific
model realization that saturates the limits is beyond the
scope of this work.

A. Dark Vector or Axial-Vector

Spin-1 mediators cannot decay directly to two pho-
tons, by spin-statistics. Instead, final state photons
may be obtained in other ways, such as electroweak
bremsstrahlung, or hadronic decays. Resulting gamma
ray spectra are softer than direct decays, and so the sen-
sitivity to gamma rays in such a scenario would be closer
to the b or τ channels. Of course, this is not a feature for
the direct decay of a spin-1 mediator to neutrinos.

The dark photon, a gauge boson of a new U(1) which
kinematically mixes with SM hypercharge, is a popular
spin-1 mediator. The dark photon can induce a large
spin-independent scattering cross section, as the dark
photon inherits Lorentz structures from kinetic mixing
with the SM hypercharge, and it is difficult to remove the
spin-independent contribution without fine-tuning can-
cellation by some other contribution. Therefore, com-
petition with direct detection is a particularly impor-
tant consideration in this scenario. Regardless, long-lived
dark photon searches can still be more powerful than di-
rect detection experiments [37].

Furthermore, there are other promising spin-1 me-
diator scenarios which do not have significant spin-
independent scattering signals. For example, the spin-
independent scattering rate can be suppressed if the scat-
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tering is predominantly inelastic, with a small mass split-
ting in DM states [16, 89]. Alternatively, direct detection
limits can be suppressed in an axial-vector mediator sce-
nario, or in an (almost) hidden sector setup with larger
DM couplings and smaller SM couplings.

B. Fundamental Dark Scalar or Pseudoscalar

In some models, particular decay channels dominate
due to properties of the mediator. For example, a dark
Higgs which couples to the SM Higgs via a Higgs por-
tal term will predominantly decay to the heaviest decay
product that is kinematically available. This can moti-
vate a choice of a near 100% branching fraction. In order
to be sufficiently long-lived to escape the Sun, typically it
is required that the mediator has very small couplings to
its decay products, or alternatively there need to be a few
orders of magnitude difference between the masses of the
DM and the mediator. For a Higgs portal model, these
requirements are easily met with a light mediator which
consequently can only decay into light final states such
as electrons. Alternatively, in a two Higgs-doublet Higgs
portal model, the dark Higgs couplings may be uncorre-
lated with SM Higgs couplings, for example when one of
the doublets is leptophilic.

Another promising scenario is DM annihilating to ax-
ions, or any light pseudoscalar. For the axion or axion-
like particle (ALP) to be both sufficiently long-lived to
escape the Sun and to produce a sizable gamma-ray
flux, light decay products such as gamma rays or elec-
trons could be directly produced. For the combination
of parameters where the gamma-ray flux dominates, a
sharp spectral feature would be observed. Full details of
such a model are comprehensively discussed in Ref. [16].
Also note that for pseudoscalar mediators, DM annihila-
tion to a three-body pseudoscalar final state may be the
dominant s-wave process, providing a different spectral
shape [90, 91].

C. Multi-Mediator Scenarios

In this paper, we consider the case that the dark sector
contains a DM candidate and one dark long-lived medi-
ator. Of course, the dark sector could be complex, with
combinations of weak and strong dynamics, or several
dark sector particles could be involved in the decay. If
there exists a cascade of dark sector decays, the overall
spectral shape will be softened. However, if there are
only a few decays, this softening will not greatly affect
the results [92]. This also means that the dark sector
particles involved in the decay can have shorter lifetimes
than required to escape the Sun, and it is only required
that the sum of the lifetimes are sufficiently long to es-
cape the Sun.

Furthermore, more than one mediator present in a
model is well motivated in some scenarios. For exam-

ple, in the case there is a dark spin-1 boson with axial
couplings, unitarity is violated at high energies unless a
scalar is also included in the setup [93, 94]. When both
a vector and scalar are present, the DM annihilation and
indirect detection signals can be different, with DM an-
nihilating into a vector plus scalar final state potentially
dominating when kinematically allowed [95–97]. If the
masses of both mediators are of the same scale, the sen-
sitivity limits are not drastically different and depend-
ing on final states could approximately map to our re-
sults of DM annihilation to only one type of mediator
[95, 97]. Such a scenario also produces a compelling way
to produce a large gamma-ray flux while evading other
constraints; only one of the mediators need to satisfy
conditions to escape the Sun to provide some non-zero
DM flux. In fact, a particularly promising scenario arises
when the scalar is long-lived and escapes the Sun, and
the vector does not [16].

Generally, more than one mediator present can lead
to destructive interference in direct detection signals,
and consequently a blind spot in the direct detection
limit. Interestingly, this may be covered by the solar
spin-dependent limit we present on the scattering cross
section instead.

DM may also exist in bound states, such as WIMPo-
nium [98–107], or a dark pion, which can produce a large
gamma-ray flux [108]. In such a case self-interactions of
the DM would be relevant [51], leading to a potentially
varied relation between scattering, annihilation, and self-
interaction rates, with equilibrium reached at a different
time.

D. General Considerations

The results we present are the most optimal case. In-
deed, in many models, these sensitivity limits will be dif-
ferent. For example, there may be several decay modes
of the dark mediator, reducing the branching fraction.
In general, the sensitivity should be scaled accordingly.
However, for a model with non-negligible direct gamma-
ray decays, the gamma-ray spectra can be so sharp that it
is what sets the limit across most of the parameter space
(e.g., true for monochromatic gamma-ray lines, and for
4γ box spectra [62, 109]), and so a non-zero branching
fraction to mixed final states may not affect the sensitiv-
ity within our accuracy of factor of a few.

When applying results to specific models, relations be-
tween parameters such as decay width, lifetime, masses
and decay length will vary, and will need to satisfy the
conditions in Sec. III E. In general, it is easier to fulfill
requirements on parameter combinations for neutrinos.
As neutrinos can propagate from inside the Sun [10, 45–
50], shorter decay lifetimes are allowed for neutrino de-
tection, leading to less stringent constraints on relation-
ships between mediator properties. In the case where
the scenario is sub-optimal, the sensitivity needs to be
scaled (e.g., when Psurv � 1 in the highly boosted case)
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or dedicated data analyses are required (e.g., when the
Sun is no longer a point source).

Lastly, to escape increasingly strong spin-independent
direct detection limits, model building efforts are of-
ten constructed such that the spin-independent DM di-
rect detection signal is either suppressed or non-existent,
and only the weaker spin-dependent direct detection con-
straint is relevant. In this paper we have made the im-
portant observation that, even in such a case, very strong
limits may arise on the spin-dependent scattering cross
section by utilizing solar gamma rays or neutrinos, in the
scenario that the dark mediator is long-lived.

VII. OTHER CONSTRAINTS

There exist other constraints relevant for a long-lived
mediator setup, but they are mostly highly model depen-
dent. In this section, for completeness we outline other
relevant constraints, which would need to be considered
in a complete analysis. These are:

• BBN: The observed relic abundance of SM parti-
cles by Big Bang Nucleosynthesis implies any new
mediator generally should have a lifetime τ . 1s
[27]. Note that depending on the model details,
this can be relaxed [110].

• CMB: DM annihilation to SM products in the
early universe is constrained by the Cosmic Mi-
crowave Background [111–114].

• Supernovae: Relevant constraints may be ob-
tained for mediators lighter than a GeV, from me-
diator decay and supernova cooling [115–119].

• Colliders: If the dark sector is secluded, limits
from colliders may be negligible. Otherwise, lim-
its may be set by LHC experiments Belle [120] for
a dark Higgs and dark photon, BaBar [121], AT-
LAS [122, 123] and CMS [124].

• Beam Dump/Fixed Target experiments:
Beam dump and fixed target experiments are most
relevant when the mediator has mass lighter than a
GeV. Limits on mediator properties can be set from
E137 [125, 126], LSND [127–129] and CHARM
[130, 131].

• Other indirect detection signals: Fermi-LAT
and DES measurements of dwarf spheroidal galax-
ies can be relevant particularly at low DM mass
[132, 133], and large positron signals [134] can
be constrained by AMS-02 [135]. Also note that
Fermi-LAT observed the Sun, searching for long-
lived mediators directly decaying to electrons in the
DM mass range 70–2000 GeV, which are stronger
than the gamma-ray limits [136]. In such cases,
helio- and geo-magnetic field effects must be taken
into account, especially at lower DM masses.

• Thermalization and Unitarity: Thermalization
can be important for > 10 TeV DM, and unitarity
issues exist for DM mass O(100) TeV [137, 138]
for a standard WIMP, which is reached at the edge
of the DM mass range we consider. Furthermore
bound state effects can be relevant if DM mass be-
comes too large [105].

VIII. CONCLUSIONS

It has long been known that high-energy neutrinos can
be used to probe DM scattering and annihilation in the
Sun. If annihilation proceeds via long-lived dark media-
tors, gamma rays can escape the Sun, and neutrinos will
be less attenuated. In this work, we have demonstrated
gamma-ray and neutrino telescopes are extremely sensi-
tive to such scenarios. Specifically, in this paper we have:

• defined a general framework for DM annihilation to
long-lived mediators in the Sun,

• calculated new solar gamma-ray limits on DM an-
nihilation to long-lived mediators with the Fermi
Gamma-ray Space Telescope,

• calculated the first solar gamma-ray projections
of DM annihilation to long-lived mediators with
ground-based water Cherenkov telescopes HAWC
and LHAASO, and

• calculated new neutrino projections on DM annihi-
lation to long-lived mediators in the Sun with neu-
trino telescopes such as IceCube and KM3NeT.

Experimentally, our results are especially pertinent due
to new and upcoming opportunities in the gamma-ray
and neutrino channels. For gamma rays, new detailed
measurements of the Sun have been made in the GeV
range with Fermi, and great increases in sensitivity in the
TeV range will be available with HAWC and LHAASO.
For neutrinos, the long-lived mediator scenario opens the
previously inaccessible multi-TeV window, with gigaton
neutrino telescopes such as IceCube and KM3NeT. If the
dark sector contains a DM candidate along with a suffi-
ciently long-lived mediator, these telescopes can improve
sensitivity to the DM spin-dependent scattering cross sec-
tion by several orders of magnitude, relative to present
searches for high-energy neutrinos from the Sun, as well
as direct detection experiments.

Models which have non-suppressed spin-independent
scattering cross sections must satisfy strong constraints
from direct detection experiments. For models where the
spin-dependent cross section is dominant, direct detec-
tion limits are significantly weaker. However, if the model
contains a long-lived mediator, a substantial part of the
spin-dependent scattering cross section can instead be
covered via solar gamma rays or neutrinos. Depending
on model details, these searches can provide a probe of
the spin-dependent DM scattering cross section stronger
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than the predicted sensitivity for all upcoming direct
detection experiments, including DARWIN. This means
that observations of solar gamma rays and neutrinos are
a promising complementary avenue for the discovery of
DM.

Our results define model-independent spaces, from
which model-dependent results can be extracted.
Demonstrating the optimal model-independent case, as
we have in this paper, highlights the maximal power of
solar gamma-ray and neutrino signatures. Indeed, fur-
ther theoretical work is needed to fully explore this pa-
rameter space, to interpret it in the context of particular
models, and to constrain it with other considerations.
Until then, the most important thing for progress is new
experimental analyses, especially taking advantage of the
huge increase in sensitivity possible with present HAWC
and LHAASO TeV gamma-ray data, and IceCube neu-
trino data. Future analyses and accompanying theoreti-
cal investigations for long-lived mediators in the Sun have

substantial potential to provide crucial insight to the na-
ture of DM.
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