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Solar Atmospheric Gamma Rays
• High Flux, O(10)% efficiency at 100 GeV 
• Time variation solar Min-Max 

– (2x @1 GeV, 10x @ 100 GeV)
• Morphology changes
• Dip at ~ 30 GeV, mostly at solar min.
• Hard Spectrum, ~ "#$.$
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SSG Model
Extended

- Abdo+ Apj, 2011
- KCYN+ PRD, 2016
- Linden+ PRL. 2018
- Tang+ PRD, 2018
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FIG. 1. Left: Stacked photon counts map of the Sun ROI in 10–100GeV. Right: Same, but for a fake-Sun ROI (in this
example, trailing the Sun in its path by +180 days), which is used to measure the di↵use background. The exposures of the
two ROIs di↵er by . 2%. (Maps for > 0.1GeV are shown in Fermi2011.) Visually, the solar-disk component (comparable in
extent to the size of the Sun, as marked) is obvious; that of the IC component (decreasing with angle) is more subtle. The
numbers of photons within 1.5� of the center are 175 versus 19; the numbers in 1.5�–9� are 844 versus 710.

nal sky-survey observations. The filtered photon events
are binned into photon counts maps in equatorial coor-
dinates using gtbin with a pixel size 0.1� ⇥ 0.1�. The
photon maps are stacked to construct a single map for
each energy bin.

To calculate the expected number of photons from
an underlying intensity (flux per solid angle) distribu-
tion, we obtain the exposure map using gtltcube and
gtexpcube2 with identical settings as for the photon
maps, and using the P7REP SOURCE V15 instrumental re-
sponse function. The flux map is obtained by dividing
the stacked photon map by the stacked exposure map.
The total exposure in the ROI is about ' 1011 cm2 s,
and is spatially uniform at the ⇠ 1% level in 1–100GeV.

To check our data selection procedures, we measure the
gamma-ray flux from one of Fermi’s calibration sources,
the Vela pulsar, which is the brightest steady astrophysi-
cal gamma-ray source above 0.1GeV. We repeat the same
data selection procedures, except for the time segments
used to trace the Sun, to obtain the photon map and ex-
posure map. The gamma-ray flux is estimated from the
total flux within 1.5� of Vela, after subtracting the back-
ground estimated from the 6�–9� region of the same ROI.
The flux obtained is consistent with that in Ref. [26].

Following Fermi2011, we remove data when |b| <
30�, where b is the Galactic latitude. This avoids the
bright di↵use and point-source emission from the Galac-
tic plane. After this cut, the exposure time is reduced by
' 40% and the total photons by ' 76%, consistent with
the values in Fermi2011. This cut is e�cient for reduc-
ing background contamination, but is conservative be-
cause the Galactic plane emission decreases rapidly with
Galactic latitude. We discuss in detail the remaining

background components in Sec. II C.

In Fermi2011, data are excluded whenever a known
point source or the Moon is within 20� of the Sun. In
order to maximize the photon counts in high energy, we
relax these cuts. Point sources are expected to increase
the di↵use background by about 10%, which has mini-
mal e↵ect to our solar-disk-centric analysis. The Moon
should not a↵ect our analysis because its energy spec-
trum falls rapidly above 1GeV [27]. We describe in the
next section in detail how we handle the inclusion of back-
ground sources in the likelihood analysis. Imposing the
point-source cut would reduce the exposure time by at
least a factor of 3 (shown in Fermi2011 with 1FGL), mak-
ing the high-energy analysis significantly more di�cult.
(The IC component has a smaller signal-to-noise ratio.
As a result, the point-source cut is more important for
an IC-centric analysis, as in Fermi2011.)

With the goal of searching for time variations in the
solar-disk flux, we pay special attention to possible time-
varying sources. The most important ones are solar
flares [3–5]. During the period of bright solar flares, the
flaring regions can emit a significant flux of gamma rays
for a short period of time, thus contaminating the solar-
disk signal and potentially changing the time profile of
solar-disk flux. Only a few flares are expected to mat-
ter, as solar flares are typically dim beyond a few GeV.
Another special source is the blazar 3C 279, which over-
laps the coordinates of the Sun every October [28]. This
blazar has a flux comparable to that of the Sun and the
Sun stays about a day near its location, hence it would
nominally contaminate the solar-disk component at the
⇠1% level. However, when it is in a flaring state, it can
temporarily be 100 times brighter [29, 30]. We check and

Solar Atmospheric Gamma-ray Puzzle 
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The Sun as a TeV Source?
2018 Data: Onwards to the Solar Minimum
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Sun - Astrophysical Neutrino SourceSolar Atmospheric Neutrinos

• Dilute atmosphere, larger neutrino flux 
Seckel+ 1991, Moskalenko+, 1993, Ingelman+ 1996,  
Hettlage+ 2000, Fogli+ 2003
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Figure 1. A schematic geometry showing how the particles travel through the Sun. Incoming CRs
interact with the Sun creating secondary particles which decay into/interact creating neutrinos.
The length parameter ` is defined to be 0 at the point closest to the centre of the Sun and follows
the trajectory of the incoming CR at an impact parameter b and continues all the way to the Earth.

decay into a µ+ (µ�) and ⌫µ (⌫̄µ). The µ+ (µ�) further decay into e+⌫e⌫̄µ (e�⌫̄e⌫µ). The
resulting flux of neutrinos is called the conventional flux and has an approximate flavour
ratio of (⌫e + ⌫̄e) : (⌫µ + ⌫̄µ) : (⌫⌧ + ⌫̄⌧ ) = 1 : 2 : 0.

Apart from the conventional neutrino flux there is a contribution to the neutrino flux
called the prompt flux. This is induced by decays of charmed mesons such as D0 and D±.
Due to the higher masses and shorter lifetimes of these mesons, the prompt flux is mainly
important at higher energies, where the conventional flux falls off faster with energy due to
energy losses of the long-lived pions and kaons. We will here assume that the effects of the
solar magnetic fields is negligible and that the cascade is developing in the direction of the
primary CR particle. This is a good approximation at higher energies, but will be worse
for lower energies, see Section 2.4 below for more details.

The development of the cascade is described by a set of coupled differential equations
that describe how the flux of each particle type depends on the atmospheric slant depth
X. The slant depth is for a specific trajectory from `0 to ` given by the integral of the
atmospheric density ⇢ along the path:

X(`) =

Z `

`0

⇢(`0) d`0 (2.1)

where ` is a variable tracing the trajectory of the particle and ⇢(`) is the density at the
point `. In terms of X the cascade equation for the flux of a particle type i at energy E is

– 3 –

Zero Magnetic Fields!
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Sun - Astrophysical Neutrino Source
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Figure 1. Predicted energy spectra of ⌫µ + ⌫̄µ at Earth. The energy spectra are integrated over the
solid angle of the solar disk. The fluxes of SA⌫s are averaged along energy bins to smear out the
effects of neutrino oscillation. The blue line is the baseline energy spectrum for systematic studies.
The shaded areas cover the range of predictions from each reference (red for [7] and gray for [8]). The
black line is the result of [4] divided by a factor of three for neutrino oscillations. The green line is
the Honda 2006 flux prediction [28] for terrestrial atmospheric neutrinos, which is time-averaged for
the period when the Sun is below the horizon. It is added to demonstrate that the SA⌫ spectrum
could be harder than that of neutrinos from the cosmic-ray interactions in the Earth’s atmosphere.

Finally, we note that the current leading models neglect solar magnetic field effects.
These effects influence cosmic-ray propagation and the cascade development, which in turn
influence the neutrino signal. The effect of magnetic fields on cosmic-ray propagation can be
indirectly measured through the absorption of cosmic rays in the Sun, which in turn makes
a corresponding deficit of cosmic rays in the direction of the Sun. The so-called cosmic-ray
Sun shadow has been observed by the Tibet air shower array, including a variation of the
intensity correlated with the solar cycle [33]. IceCube also observed the Sun shadow and
found a correlation with the sunspot number with a likelihood of 96% [34]. The Sun shadow
is sensitive to magnetic field models [35–38] and recent works with numerically computed
trajectories of charged cosmic rays confirm the observationally established correlation between
the magnitude of the shadowing effect and both the mean sunspot number and the polarity
of the magnetic field during a solar cycle [16]. In general, however, high-energy cosmic rays
are expected to be energetic enough not to be influenced by magnetic fields. Therefore,
only for neutrino production below 200 GeV [1] or 1 TeV [39] is it expected to become
significant. Theoretical works using HAWC’s Sun shadow observation predict a factor of
about two difference in SA⌫ flux between solar minimum and maximum at 200 GeV [39].

3.2 Background predictions and competing signals

Most events in IceCube are downward-going atmospheric muons from cosmic-ray air show-
ers in the Earth atmosphere. These muons can be efficiently rejected by selecting events
reconstructed upward, i.e. with declination � > �5°. The well-established event selec-

– 4 –

Icecube

1912.13135

KCYN+ 2017
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First IceCube search
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Figure 8. IceCube 90% C.L. upper limit is the black dashed line assumed the signal following the
baseline flux expectation, the blue solid line. For comparison, the blue dotted line shows the baseline
flux scaled by a factor of 20. The red shaded band illustrates the corresponding uncertainty of the
baseline model. In addition, we include results from gamma-ray observations in the plot. Red and
blue crosses are the observations of Fermi-LAT [13, 14]; green points correspond to HAWC’s 95% C.L
limit [15, 60].

to the expected background. No evidence of SA⌫s is found in seven years of IceCube data.
The observed TS for the baseline signal prediction is the red dashed line in Fig. 5. It is very
close to the median of the TS distribution for the null hypothesis, with an observed p-value
of 0.55. Here, the p-value is defined as the area of the TS distribution above the observed
TS value.

The observed p-value being larger than 0.5 indicates that there is a slight under--
fluctuation in the background expectation. We place a 90% C.L. upper limit for µ90, when
the lower edge of the 90% C.I. is larger than the observed TS value. In Fig. 8, the black
dashed line represents this limit. The values obtained for µ90 (Cs,90) are 36.5 (13.0). At
1 TeV, the limit on the flux normalization is 1.02+0.20

�0.18 · 10�13 GeV�1cm�2s�1 including the
systematic uncertainties. Table 3 contains the full analysis results with limits on all SA⌫ flux
models. The limits calculated on the basis of Ref. [7] and Ref. [8] turn out to rather similar.
The strictest limit is obtained for the parametrized energy spectrum of Ref. [4] as it predicts
the hardest spectrum at high energy (see Fig. 1).

7 Conclusion and discussion

We have performed the first experimental search for SA⌫ using data collected by the IceCube
Neutrino Observatory during a 7 year period for the austral winter season when the declination
of the Sun is above -5°. An unbinned likelihood analysis was performed with a total analysis
livetime of 1406.62 days but no evidence for SA⌫s was found in the experimental data. The

– 14 –

Not quite sensitive to the benchmark flux yet

- signal too small and too much background

Icecube

1912.13135
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not accessible before. We discuss the analysis and the re-134

sulting constraints on gamma rays above 1 TeV obtained135

by HAWC in a companion paper [59]. Our search for136

gamma rays from the Sun falls within an active part of137

solar cycle 24 (2014–2017) which is important for dark138

matter searches from the Sun, as described in Sec. III.139

The paper is structured as follows. Section II outlines140

the mechanism of dark matter scattering and annihila-141

tion in the Sun. Section III reviews the search for GeV–142

TeV gamma rays from the Sun and describes the HAWC143

detector. In Section IV, we calculate the constraints on144

spin-dependent scattering for various annihilation chan-145

nels, providing strong new limits. Section V concludes146

the paper.147

II. DARK MATTER IN THE SUN148

We briefly review WIMPs from the dark matter halo149

that are captured by the Sun. WIMPs can lose kinetic150

energy via scattering and settle into thermal equilibrium151

in the core of the Sun [6–8, 12, 15, 60–63]. The overden-152

sity of dark matter in the core can result in dark matter153

annihilation into SM particles. Evaporation is not im-154

portant for dark matter masses above a few GeV [64, 65].155

Ignoring self-interactions [66], the number of dark matter156

particles N in the Sun, at a time t, can be written as a157

function of the capture and annihilation rates [8, 32],158

dN

dt
= �cap � CannN

2, (1)159

where �cap is the capture rate, and Cann is a factor ac-160

counting for the annihilation cross section and the dark161

matter number density. Initially, when the Sun was162

formed, the capture rate far exceeded the number of an-163

nihilation events per unit time, �ann. Eventually, when164

capture and annihilation reach equilibrium (dN/dt = 0),165

the annihilation rate becomes,166

�ann =
1

2
CannN

2 =
1

2
�cap. (2)167

The factor of 1/2 accounts for two dark matter particles168

being depleted in each annihilation event. The annihila-169

tion rate in equilibrium is independent of the annihilation170

cross section h�Avi, and is set by �cap, which depends on171

the scattering cross section and the local halo mass den-172

sity, among other things [35, 67]. Observed signals of an-173

nihilation would be a direct probe of the WIMP capture174

rate and therefore, the spin-dependent cross section �SD
175

[13, 32, 68]. In addition, it may be possible to determine176

the WIMP mass m� through a cutoff in the spectrum177

of its annihilation products. The angular profile of the178

region where annihilation is concentrated is narrow and179

embedded deep within the Sun [35].180

Detecting a dark matter signal in gamma rays, there-181

fore, is only possible in models in which the annihilation182

proceeds via long-lived mediators, as shown in Fig. 1. In183

the Sun’s core, the dark matter first annihilates into a184

boosted long-lived mediator particle. The mediator can185

escape the Sun, decaying outside through observable SM186

channels. For a discussion of the various fields that can187

mediate the interaction of dark matter to photons, see188

Refs. [38, 69]. For mediators that decay outside the Sun,189

the energy flux from dark matter annihilation is given by,190

E 2 d�

dE
=

�ann

4⇡D2
Ri E

2 dN

dE

⇣
e�R�/L � e�D/L

⌘
, (3)191

where �ann is the rate of annihilation, Ri is the branch-192

ing ratio into the ith channel, D is the distance between193

Sun and Earth, and L is the decay length of the media-194

tor. An important pre-requisite for an observable signal195

is that the mediator has a sufficiently long lifetime ⌧ or196

decay length L, exceeding the solar radius R�, so that the197

gamma rays are not extinguished [14, 32, 38, 57]. The198

decay length is related to the mass m� of dark matter199

particle, the mass mY of the mediator, and the mediator200

lifetime by201

L = c⌧
m�

mY
. (4)202

Observations of the Sun can therefore jointly constrain203

the mediator lifetime and the WIMP-proton scattering204

cross section [32]. In this work we consider the opti-205

mal case where L ⇠ R�, such that the mediator decays206

just outside the Sun, producing a gamma-ray signal that207

would be correlated with the center of the solar disk.208

III. SOLAR GAMMA-RAY OBSERVATIONS209

In this section, we describe the dominant astrophysi-210

cal foreground for solar dark matter gamma-ray searches,211

and why the time window for our search is ideally situ-212

ated to reduce this foreground. We also describe the213

GeV-TeV data sets used to set limits on the dark matter-214

proton spin-dependent elastic scattering cross section.215

For solar dark matter searches, the sensitivity to216

gamma rays is accompanied by a challenge: significant217

foregrounds that are not well understood [70–75]. These218

foreground gamma rays are due to cosmic-ray interac-219

tions with solar matter and photons. The Sun has been220

observed in MeV-GeV gamma rays by satellite detectors,221

leading to the identification of two distinct components222

[74, 76–80]: emission from the solar disk due to hadronic223

cosmic rays producing pions in collisions with solar gas,224

and a spatially extended ⇠ 20� halo due to the inverse-225

Compton upscattering of solar photons by electron cos-226

mic rays.227

A dark matter signal would be distinguishable from a228

cosmic-ray induced flux by its hard spectrum and a cut-229

off at the dark matter mass (see Fig. 2). Moreover, the230

flux of GeV gamma rays detected by the Fermi-LAT from231

the solar disk shows a distinct variability in time [74, 75].232
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foregrounds that are not well understood [70–75]. These218

foreground gamma rays are due to cosmic-ray interac-219

tions with solar matter and photons. The Sun has been220

observed in MeV-GeV gamma rays by satellite detectors,221

leading to the identification of two distinct components222

[74, 76–80]: emission from the solar disk due to hadronic223

cosmic rays producing pions in collisions with solar gas,224

and a spatially extended ⇠ 20� halo due to the inverse-225

Compton upscattering of solar photons by electron cos-226

mic rays.227

A dark matter signal would be distinguishable from a228

cosmic-ray induced flux by its hard spectrum and a cut-229

off at the dark matter mass (see Fig. 2). Moreover, the230

flux of GeV gamma rays detected by the Fermi-LAT from231

the solar disk shows a distinct variability in time [74, 75].232

Neutrino telescope the most sensitivity prob for SD cross sections
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FIG. 3. Left: The total muon spectrum of the SA⌫ in IceCube with 1 year of live time, compared with several DM spectra
in the ⌧ ⌧̄ channel, obtained with WimpSim [59]. For high DM masses, the spectra become indistinguishable due to neutrino
absorption in the Sun. For presentation, the DM annihilation rate for di↵erent masses is taken to have a fixed value of
1019 s�1 (see text for details). Right: The same, but for Super-K, and the annihilation rate is 1020 s�1.

itational capture). We calculate the capture rates, and
hence the annihilation rates, using DarkSUSY [65] ver-
sion 5.1.3 with default settings, which performs a numer-
ical integration using the prescription given in Ref. [66].
Unlike other indirect detection methods, such as DM an-
nihilation in the Galactic Center, the capture rate in
the Sun is not very sensitive to astrophysical uncertain-
ties [62, 67].

The di↵erential neutrino flux, d�⌫/dE is

d�

dE⌫
=

�ann

4⇡D2
�

d eN
dE⌫

, (4)

where d eN/dE is the neutrino spectrum per annihilation
(with all mixing e↵ects included) and D� ' 1.5⇥108 km
is the distance to the Sun.

We obtain the neutrino spectrum per annihilation us-
ing WimpSim [59] version 3.03 (available in [68]), which
takes into account both neutrino absorption in the Sun
and flavor evolution from production to the Earth [69–
72]. (The latter can be seen from the “wiggles” in the
spectra.) We also ignore the very-low-energy neutrinos
from DM annihilation in the Sun [73, 74]. The neutrino
spectra depends on the underlying DM models. To dis-
cuss our results in a model-independent manner, we con-
sider two cases, where DM annihilates into ⌧ ⌧̄ and bb̄
with 100% branching fraction, respectively. Both ⌧ ⌧̄ and
bb̄ are unstable; they decay, or hadronize and then decay
into various final products including neutrinos. These
two channels are typically used to represent hard and
soft spectral shapes.

Figure 3 shows the total DM muon spectra for the
�� ! ⌧ ⌧̄ channel as well as the SA⌫ muon spectrum
for IceCube and Super-K, respectively. For illustration,
the input neutrino spectra are chosen to have the same
annihilation rates, and hence comparable number fluxes.
Higher DM masses simply means higher neutrino ener-
gies, which is more favorable for detection due to higher
neutrino cross section and increased muon range. This
can be clearly seen for Super-K, where the muon event
rates increase significantly with DM mass. Therefore,
lower-mass DM requires a larger annihilation rate to yield
comparable events rate as high-mass DM. However, for a
given cross section, the capture rate (thus, annihilation
rate) decreases with the DM mass due to a combination
of factors, including the decreasing DM number density
and the capture kinematics (see Figure 1 in Ref. [73]),
the final sensitivity to the scattering cross section turns
out to be a weak function of the DM mass for Super-
K (see below). For IceCube, the sensitivity gain with
high-energy neutrinos is hampered by the neutrinos ab-
sorption in the Sun during their escape from the core of
the star. This introduces a absorption factor, ⇠ e�X(E⌫),
to the neutrino spectrum, where X(E⌫) is the optical
depth. The optical depth increases with energy following
the neutrino cross section, and approaches unity around
a few hundred GeV. This explains why the muon spectra
have similar shapes in IceCube for high DM masses, as
they are suppressed by the same factor. Due to the ab-
sorption, the cross section sensitivity also weakens above
⇠TeV (see below).

KCYN+ 2017

TeV Neutrinos cannot escape the core of the Sun
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We search three years of data from the High Altitude Water Cherenkov (HAWC) observatory and57

find no statistically significant detection of TeV gamma-ray emission from the Sun. Using this, we58

constrain the spin-dependent elastic scattering cross section of dark matter with protons for dark59

matter masses above 1 TeV, assuming an unstable mediator with a favorable lifetime. The results60

complement constraints obtained from Fermi-LAT observations of the Sun and together cover WIMP61

masses between 4 and 106 GeV. The cross section constraints for mediator decays to gamma rays62

can be as strong as ⇠ 10�45 cm�2, which is more than four orders of magnitude stronger than63

current direct-detection experiments for 1 TeV dark matter mass. The cross-section constraints at64

higher masses are even better, nearly 7 orders of magnitude better than the current direct-detection65

constraints for 100 TeV dark matter mass. This demonstration of sensitivity encourages detailed66

development of theoretical models in light of these powerful new constraints.67

I. INTRODUCTION68

A variety of astrophysical observations, including69

galaxy rotation curves, large scale structure and cosmic70

microwave background (CMB) measurements, point to-71

wards the existence of non-baryonic dark matter in the72

Universe [1–5]. Testing the particle nature of dark mat-73

ter candidates through their interactions with baryonic74

matter is a key aspect of research in physics beyond the75

Standard Model (SM).76

The scattering cross section of weakly interacting mas-77

sive particle (WIMP) dark matter can be studied in as-78

trophysical environments of high matter density, such as79

the Sun. WIMPs from the galactic dark matter halo can80

be gravitationally trapped by the Sun through scattering81

off solar nuclei, and settle into thermal equilibrium at the82

core [6–11]. The overdensity of dark matter in the core83

can result in the annihilation of dark matter into SM84

particles [12–16]. Once equilibrium has been reached,85

the flux of the annihilation products only depends on the86

capture rate, and therefore, the scattering cross section87

(see Sec. II).88

If dark matter has only spin-dependent elastic scatter-89

ing interactions, the best sensitivity from direct-detection90

experiments [17–20] is several orders of magnitude weaker91

than for spin-independent scattering [21–26]. For study-92

ing spin-dependent cross sections, indirect methods based93

on WIMP capture in the Sun (with abundant hydrogen94

targets) can be substantially more sensitive than direct-95

detection techniques [27, 28]. IceCube [29], ANTARES96

[30] and Super-K [31] have performed searches for the97

neutrino signatures of annihilating dark matter in the98

Sun, and constrained the cross sections up to an order of99

magnitude better than direct-detection experiments for100

dark matter masses above a few hundred GeV.101

WIMP annihilations also produce gamma rays, though102

they are extinguished by solar matter. In typical WIMP103

scenarios, the probability of observing a gamma-ray sig-104

nal from the Sun is extremely low. The thermalized105

dark matter profile is peaked at the Sun’s core, with a106

very small annihilation rate outside the solar atmosphere107

[13, 33–35]. Such scenarios do not produce a high enough108

⇤ Corresponding author
Email: mnisa@ur.rochester.edu

�� ! mediators

⌫

�

e±, µ±, . . .

FIG. 1. Illustration of dark matter annihilation into long-
lived mediators that decay to SM particles outside the solar
surface (adapted from Ref. [32]).

gamma-ray flux that could be probed with ground or109

satellite-based detectors, as shown in Ref. [34].110

A different scenario — with enhanced prospects of111

gamma-ray detection — comes from models in which112

dark matter annihilates into a long-lived mediator that113

could escape and decay outside the Sun to produce114

gamma rays, electrons or other SM particles [14–16, 32,115

36–57], as illustrated in Fig. 1 and detailed further in Sec.116

II. A fairly minimal dark sector contains a dark matter117

candidate, along with a mediator, which allows interac-118

tion between the dark and SM sectors. Dark mediators119

appear naturally in many ultraviolet complete theories,120

and include examples such as dark photons, dark Higgs,121

and axions [38–41, 58]. If the mediators are light or have122

small couplings, they can be long-lived, and can decay123

outside the Sun into detectable gamma rays.124

The prospects for detecting TeV signals from the decay125

of long-lived mediators outside the Sun with HAWC were126

first studied in Refs. [32, 57]. It was predicted that the127

solar gamma-ray channel can provide very strong sensi-128

tivity to the dark matter scattering cross sections in the129

spin-dependent parameter space. In this work, we follow130

up with observations of the TeV Sun. The High Altitude131

Water Cherenkov (HAWC) Observatory can search for132

gamma rays from the Sun in an energy range that was133

Leane, KCYN, Beacom 1703.04629
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Figure 8. The ratio ⌘ = �⌫
A/�

�
A in the (�L, m�) plane for Y ! bb (left panel) and Y ! ⌧+⌧�

(right panel). In both panels, the mediator mass is mY = 20 GeV. We also show the limit from BBN,
eq. (2.3), for ⌧⇤ = 1 s. Note that in the left panel of these figures, ⌘ is much smaller than 10�4, while
in the lower right of the left panel, ⌘ is larger than 104. We only include the range ⌘ 2 [10�4, 104] in
the color scale to show the differences in the most interesting region more clearly.

6.4 Complementarity between gamma ray and neutrino searches

In figure 8, we show the ratio ⌘ as defined in eq. (5.1) in the (�L, m�) plane for Y ! bb (left
panel) and Y ! ⌧+⌧� (right panel) with mY = 20 GeV. We also show the BBN limit for
⌧⇤ = 1 s from eq. (2.3). From these figures, we can draw a few conclusions:

• The gamma ray limits are stronger at higher �L values. This agrees with our expectation
as more mediators decay outside of the Sun give more gamma rays;

• The gamma ray limits are stronger for the bb channel than the ⌧+⌧� channel as we get
proportionally more gamma rays than neutrinos for the bb channel;

• The transition from gamma ray to neutrino domination is relatively deep inside the Sun
at �L ' 0.1R�. The reason that we can get so many gamma rays even for such small
�L values is that the tail of the decay probability distribution for the mediator outside
the Sun is still large enough;

• The transition between neutrino and gamma ray domination is not very sensitive to the
DM mass m� nor the decay channel. As we have seen before, we also do not expect a
strong dependence on the mediator mass mY ;

• The BBN constraint (shown here for ⌧⇤ = 1 s) is not ruling out large parts of this
parameter space.

For the sake of completeness, we show in figure 9 the results for Y ! ⌧+⌧� with mY = 4
GeV (note that the vertical scale here extends to an order of magnitude lower DM masses than
in figure 8). As expected, the results for mY = 4 GeV are very similar to those for mY = 20

– 17 –

Neutrinos <———> gamma rays

mediator decay length 
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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 (�c⌧ = 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.

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].
We also show the result obtained by Antares [72],
which searched for secluded DM via the process
�� ! Y Y ! ⌫⌫̄⌫⌫̄. We find that IceCube and KM3NeT
can o↵er a significant improvement in sensitivity for
the case of long-lived mediators, especially for high DM
masses. For the ⌧ 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 > 1TeV,
which causes the kink near 1TeV. 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 di↵erent 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 > 1TeV 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 (< 100GeV),

long-lived mediators do not o↵er much improvement to
the sensitivity. In this case, gamma-ray observations by
Fermi o↵er 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 ⌧ 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 di�cult 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

6

FIG. 3. The dark matter-proton spin-dependent cross section �SD for annihilation into pairs of b̄b, e+e, ⌧+⌧�, and ��, assuming
an optimal mediator decay length equal to the solar radius; in less favorable models, which remain to be explored, the limits
would be weaker. The Fermi-LAT constraints are updated from Ref. [32] using gamma-ray data from the Sun in the solar
maximum (2014–2017). Also shown are the strongest direct detection constraints, obtained from PICO-60 [22].

timal scenario considered here, we go several orders of376

magnitude below what is presently constrained by direct377

searches.378

B. Limits on Spin-Dependent Dark Matter379

Scattering380

The limits we present on spin-dependent dark mat-381

ter scattering require the presence of a sufficiently long-382

lived dark mediator, for the produced gamma rays to383

escape the solar surface. Dark matter captured in the384
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Our NN-based reconstruction draws from recent ad-
vances in image recognition and is implemented using
Tensorflow (Abadi et al. 2015). The network architec-
ture used here is largely the same as one introduced
previously for muon energy reconstruction (Huennefeld
2018). The method will be described in detail in a sepa-
rate publication, but here we will outline the main con-
siderations relevant in this analysis.

IceCube data consists of a set of waveforms (repre-
sented as a series of pulse arrival times and PE counts)
accumulated over time on a number of DOMs dis-
tributed throughout the three-dimensional instrumented
volume, and thus is in general four-dimensional. Our
first step is to compute waveform summary values for
use in the input layer. For each DOM, these values
consist of the relative time of the first pulse; the time
elapsed until 20%, 50%, and 100% of the total charge
is collected; the total charge collected; the charge col-
lected within 100 ns and 500 ns of the first pulse; and the
charge-weighted mean and standard deviation of relative
pulse arrival times.

The detector is divided into three sub-arrays: IceCube,
lower DeepCore, and upper DeepCore. Each sub-array
is independently well-approximated by a regular spatial
grid suitable for processing by several initial convolu-
tional layers, which are able to exploit symmetries in the
structure of the input data to facilitate e�cient network
optimization and usage1 (see Huennefeld (2018) for di-
agrams of the relevant geometry). The output from
the convolutional layers is taken as the input for each
of two fully-connected neural networks (in which each
node in a given layer is connected to every node in the
preceding layer). One of these networks is optimized to
estimate the physical parameters of interest — the right
ascension, declination, and energy (↵, �, E) — while the
other is optimized to estimate the uncertainties on these
parameters.

All training was performed using 50% of the rele-
vant signal MC, with the remaining 50% reserved for
testing analysis-level performance. Two training passes
were performed. The first pass made use of several MC
datasets: one with baseline values for key parameters
such as DOM quantum e�ciency and light absorption
and scattering lengths, and several more with modi-
fied values within estimated systematic uncertainties.
In addition to o↵ering overall increased training statis-
tics, the use of these di↵ering datasets may give the
NN some robustness against known systematic uncer-
tainties. The second training pass refined the network

1 Alternative methods are being developed to avoid the reliance
on regular detector geometry.
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Figure 1. Expected angular reconstruction performance
as a function of neutrino energy, estimated using MC and
including systematic uncertainties (see Section 5.2). Shaded
regions indicate the radii of error circles covering 20%, 50%,
and 80% of events.

to give the smallest errors and, on-average, unbiased re-
constructions for the baseline MC. In each pass, a priori
per-parameter weighting was applied such that angular
resolution is valued over energy resolution by a factor
of 5.

The expected performance of the NN angular re-
construction (including systematics; see Section 5.2) is
shown as a function of energy in Figure 1. Compared
to the reconstructions used in our previous analysis of
two years of data (Aartsen et al. 2017d), the NN o↵ers
significantly improved angular resolution above 10 TeV
(a factor of 2 improvement at 1 PeV). While we do not
recover the optimal statistics-limited angular resolution
described in Aartsen et al. (2014a), we do obtain per-
formance that improves monotonically with increasing
energy up to ⇠ 1 PeV. At higher energies, the esti-
mated systematic uncertainty becomes large enough to
prevent any further improvement. Note that an addi-
tional advantage of the NN angular reconstruction used
here is that it naturally provides per-event uncertainty
estimates usable in the statistical analysis described in
Section 5.1, whereas previous work relied on a param-
eterization of typical uncertainties derived from signal
MC.

The performance of the energy reconstruction is com-
parable to that used in previous work. The estimated
energy is within 60% of the true neutrino energy for 68%
of events, averaged over all neutrino flavors and interac-
tion types, and approximately independent of spectrum.
This performance estimate, like the sensitivities quoted

IceCube 
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2 Astroparticle Research with Cosmics in the Abyss (ARCA)
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Figure 23: ARCA vertex resolutions for contained ⌫e CC events using Algorithm 1, after the event selection
of Sec. 2.3.1. Left: resolution in the longitudinal direction, showing the offset from the MC vertex to
the shower maximum. Right: directional resolution in the lateral direction, which gives the characteristic
accuracy of ⇠ 0.5m. For both plots, the black line shows the median value; dark blue shaded regions give
the 68% range, while light blue shaded regions give the 90% range.
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Figure 24: ARCA resolutions for contained ⌫e CC events using Algorithm 1, after the event selection of
Sec. 2.3.1. Left: energy resolution, right: directional resolution. For both plots, the black line shows the
median value; dark blue shaded regions give the 68% range, while light blue shaded regions give the 90%
range.
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2 Astroparticle Research with Cosmics in the Abyss (ARCA)
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Figure 19: Effective areas of ARCA (two blocks) at trigger level for ⌫µ, ⌫e , and ⌫⌧ , as a function of neutrino
energy E⌫ . The effective area is defined relative to an isotropic neutrino flux incident on the Earth, is
averaged over both ⌫ and ⌫, and includes both NC and CC interactions. The peak at 6.3 PeV is due to the
Glashow resonance of ⌫e .

that survive the cuts of the analysis.
The simulation times per event for different stages are shown in Fig. 20. The simulation time is domin-

ated by event reconstruction and light propagation, which can reach up to a few seconds per event at high
energies. The cascade reconstruction time does not reduce quickly at low energies, since it includes in the
likelihood fit PMTs which have no detections.

The MC events simulated with the described codes have been compared with the data from a prototype
of the string that was deployed at the Italian site and that took data for about one year [3]. The very
good agreement between the data and the MC simulation have demonstrated the high reliability of the MC
simulation chain.

2.2.3 Further improvements

The simulation chain for ARCA is mature, but not complete, and several additions will be required for future
data analysis. These are:

• The simulation of tau (anti-)neutrinos is performed using some simplifications. Charged-current tau
interactions within the Earth are treated as absorbing the neutrino, i.e. the tau ‘regeneration’ effect is
not included. Additionally, only two- and three-body tau decay modes (approximately three quarters
of all decays) are currently implemented – the branching ratio of ⇠ 17.4% for the decay to a muon
is kept constant, while other modes are re-normalised to the remaining 83.6%, and result in almost
identical event topologies at high energies.

• The MUPAGE package for generation of atmospheric muons does not contain a prompt component
originating from charm decays in cosmic-ray-induced air showers. The flux of atmospheric muons with
energies above roughly 10 TeV is therefore underestimated, although likely only by a small amount. A
refined simulation has recently been provided in the CORSIKA [31] framework, where the correlations
between conventional and prompt muon and neutrino fluxes are adequately included at the event-by-
event level. While a production with the new CORSIKA v7.4005 has begun, the high CPU demand
has so far prevented this simulation from being fully processed through the Monte Carlo chain and
used for analysis.

• Atmospheric muon events which coincidentally arrive simultaneously with neutrino events have not
been simulated, since it is anticipated that resolving multiple components will prove feasible for ARCA.
An explicit production of coincident muon events will need to be produced in order to verify this.

19th July 2016 Page 19 of 119
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electromagnetic processes. The detection of neutrinos from
these sources would, for the first time, identify unambigu-
ously specific cosmic accelerators. Note that this is only
possible with Northern-hemisphere neutrino telescopes
which, in contrast to the South Pole detectors, cover the
relevant part of the Galactic plane in their field of view (see
Fig. 1).

The expected event rates can be estimated using the rough
assumption that the gamma flux follows a power-law
spectrum without high-energy cut-off and the muon neutrino
and gamma fluxes are in relation fnm=fg ¼ 1

2, taking into
account the relative production probabilities of charged and
neutral pions, their decay chains and neutrino oscillations.
Preliminary calculations indicate that the first-generation
Mediterranean neutrino telescopes may have a chance to
observe a few events, whereas a significantly larger signal is
expected in a future cubic-kilometre set-up; a tentative
estimate of the neutrino sky map of RXJ0852.0-4622 after 5
years of data taking with KM3NeT is shown in Fig. 2.

1.2. The diffuse neutrino flux

The sensitivity of current and future experiments is
compared to various predictions of diffuse neutrino fluxes
in Fig. 3 (following Refs. [4,5]). Whereas some of the
models are already now severely constrained by the data,
others require km3-size neutrino telescopes for experimen-
tal assessment and potential discoveries. The measurement
of the diffuse neutrino flux would allow for important clues
on the properties of the sources, on their cosmic distribu-
tion, and on more exotic scenarios such as neutrinos from

decays of topological defects or superheavy particles
(top-down scenarios).

1.3. Search for dark matter annihilation

The major part of the matter content of the universe is
nowadays thought to be formed by dark matter, i.e. non-

ARTICLE IN PRESS

Fig. 1. Field of view of a neutrino telescope at the South Pole (top) and in
the Mediterranean (bottom), given in galactic coordinates. A 2p-down-
ward sensitivity is assumed; the grey regions are then invisible. Indicated
are the positions of some candidate neutrino sources.

Fig. 2. A skymap of the simulated neutrino signal from RXJ0852.0-4622
as seen by a km3-scale neutrino telescope in the Mediterranean Sea after 5
years of data taking. In the simulation, a power-law gamma spectrum
without energy cut-off and the relation fnm=fg ¼ 1

2 have been assumed.
The background of atmospheric neutrinos, not included in the plot, can be
efficiently reduced by adjusting the lower energy cut without affecting
significantly the signal. The circle in the lower left corner indicates the
average angular resolution (point spread function).

Fig. 3. Experimental sensitivity to the diffuse neutrino flux for various
current and future experiments (red lines), compared to different models
for contributions to the diffuse flux (numbered lines). See Ref. [5] for
detailed explanations. The flux of atmospheric neutrinos is indicated as
blue band. Plot provided by courtesy of C. Spiering.
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