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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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Solar WIMP Search
• Best limit on SD cross 

sections
– Hard Channels

• Both scattering and 
Annihilation!

• How far can neutrino 
telescopes reach?
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C3F8  Direct Detection 
Neutrino floor
Ruppin et al. 2014



Sun – Cosmic-Ray Beam Dump

CR protons
Hadronic
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Solar atmospheric neutrinos
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• Dark Matter Physics 
– Same direction as WIMP neutrinos
– Different spectrum (poor energy resolution for 𝜈!)

• Neutrino Physics 
– A guaranteed astrophysical neutrino source

• Cosmic-ray and Solar Physics 
– Cosmic ray in the inner solar system
– Local environment of solar atmosphere



Solar Atmospheric Neutrinos

• Dilute atmosphere, larger neutrino flux 
 Seckel+ 1991, Moskalenko+, 1993, Ingelman+ 1996,  

Hettlage+ 2000, Fogli+ 2003
Kenny C.Y. NG, WIN2023 7

C.A. Argüelles+ 1703.07798
Joakim Edsjo+ 1704.02892
Mazziotta+ 2001.09933

`

Incoming CR
Secondary particle
Neutrino

�e Sun �e Earth

b
·R

R

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 –



Meson decay in the Sun
• Density of solar atmosphere << Earth atmospheric 
• Meson decay >> Meson interaction => + Neutrinos
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tubes in the solar surface. This leads to a strong suppres-
sion of the neutrino flux at low energies. In their Naive
model, where magnetic e↵ects are ignored, the SA⌫ in-
tensity is indeed comparable to the EA⌫ intensity near
⇠ 1GeV. At su�ciently high energies, magnetic e↵ects
should diminish. In the SSG1991 models, this transition
occurs at about 300 GeV neutrino energy, though the
value is theoretically quite uncertain. At lower energies,
the spread between the SSG1991 models gives some indi-
cation of the uncertainty. The corresponding gamma-ray
fluxes lie between these two extremes [38–40]. We use
the SSG1991 models up to 300GeV.

At higher energies, the uncertainties are expected to be
less, but could be non-negligible. For neutrino energies
above 300GeV, we use the model from Ingelman and
Thunman (IT1996 [34]). The IT1996 model assumes zero
magnetic fields, and is consistent with the Naive model
of SSG1991 above ⇠ 100GeV. We caution that it is not
clear how much magnetic fields can a↵ect the neutrino
production at ⇠ 1TeV, the most relevant energy range
for SA⌫ detection, and we comment further in Sec. II C.

We take into account neutrino mixing. As shown in
Refs. [41], there are both vacuum-mixing and matter ef-
fects. However, these e↵ects are largely washed out after
combining neutrino and anti-neutrinos, integrating over
the production region, and using wide energy bins. The
final muon neutrino flux is thus roughly a factor of ' 0.5
less than that at production, similar to vacuum mixing
alone, where 1 : 2 : 0 transforms to nearly 1 : 1 : 1. For
simplicity, given the other large uncertainties, we simply
reduce the total SA⌫ muon neutrino flux by this factor.

For the EA⌫ model, we use the all-sky averaged inten-
sity from Ref. [42], and the parametric form in Ref. [43] to
extrapolate to high energies, after matching the normal-
ization. We ignore neutrino mixing for the EA⌫, which
would reduce the flux by a factor of 2 at low energies and
would be negligible at high energies [44], where we are
most interested. The EA⌫ intensity also changes with
zenith angle [45], but is only a ⇠ 50% e↵ect for the most
important energies and directions considered here. We
neglect this variation, in keeping with our precision goal
of a factor of ⇠ 2.

Figure 1 shows the predicted SA⌫ flux after mixing,
integrated over the angular size of the Sun. We have
joined the SSG1991 and IT1996 fluxes at 300 GeV. We
also show the corresponding EA⌫ flux within the angu-
lar size of the Sun, with half angle ✓Sun = 0.27�. As
described above, in the same solid angle, the EA⌫ flux
becomes smaller and steeper than the SA⌫ flux at high
energies.

However, the actual relevant EA⌫ background should
be given by the flux within the neutrino-muon separation
angle, ✓⌫µ ' 1�

p
1TeV/E⌫ [46, 47]. This is the mean

angle between the incoming neutrinos and the outgoing
muons, after the neutrino-quark charged-current interac-
tions. It is therefore an intrinsic limitation to the best
possible neutrino angular resolution if only the final state
muons are observed, and is independent of the detector

technology. As shown in Fig. 1, even in this case, the
SA⌫ flux exceeds the EA⌫ background above a few TeV.

B. Neutrino Detection

In this subsection, we discuss the detection of muon
neutrinos from the Sun with neutrino telescopes. We
adopt the “theorist’s” or ideal approach to estimate the
best possible scenario. In a realistic case, background re-
duction and threshold e↵ects reduce the signal e�ciency,
which are encoded in the e↵ective areas provided by ex-
perimental collaborations. These e↵ective areas are thus
analysis-dependent, and could be improved. The ideal
approach is necessary because we want to separate events
by muon energy, which is not possible in the e↵ective-area
approach. We comment on the di↵erences between the
ideal and the realistic cases below.
As noted, we focus on muon neutrinos and the tracks

they produce in charged-current interactions. We com-
bine neutrinos and antineutrinos. The muon energy at
birth, Eµ, is related to the neutrino energy, E⌫ , by
Eµ = E⌫(1 � y), where y is the inelasticity parame-
ter [48, 49]. For simplicity, we assume a fixed value of
y = 0.4 throughout our energy range of interest. We
neglect neutrino absorption in Earth, which becomes im-
portant only above ⇠ 40TeV for neutrinos that cross the
diameter (and ⇠ 1PeV for neutrinos that travel from the
Sun to IceCube [49]).
Muons can be produced inside the detector (starting

events), or outside and then enter the detector after prop-
agation (entering events). For starting events, the muon
spectrum is

dN sta

dEµ
' NA⇢V T

1

1� y


d�

dE⌫
(E⌫)�(E⌫)

�

E⌫=
Eµ

(1�y)

, (1)

where d�/dE⌫ is the neutrino flux , � is the interac-
tion cross section [48, 49], NA = 6.02 ⇥ 1023 g�1 is the
Avogadro number, ⇢ ' 1 g cm�3 is the density, V is the
fiducial volume of the detector, and T is the e↵ective ex-
posure. The muon energy is taken to be its birth energy.
To reduce backgrounds from atmospheric muons, we con-
sider only upgoing events. The e↵ective exposure for the
Sun is thus taken to be half the detector live time.
For entering muons, taking into account energy loss,

the spectrum is [46, 50]

dN ent

dEµ
' NA⇢AT

⇢ (↵+ �Eµ)

Z 1

Eµ
1�y

dE⌫
d�

dE⌫
(E⌫)�(E⌫) , (2)

where A is the geometric detector area, ↵ = 2.0 ⇥
10�6 TeV cm2 g�1, and � = 4.2 ⇥ 10�6 cm2 g�1 [51, 52].
The muon energy is that when the muon enters the de-
tector.
We consider two idealized experimental setups that

roughly correspond to Super-Kamiokande (Super-K) and
IceCube. They cover the range of a small, low-threshold
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Gigaton Neutrino Detectors
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IceCube 2013-
Southpole

KM3NeT (building)
Mediterranean



Background or Signal? (Both!)
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BAD energy-resolution
Difficult to distinguish from DM signal
Background! 

Some energy-resolution
No DM signal*
Astrophysical signal!

Theorist Expectation



Solar ATM neutrino – indirect detection Neutrino Floor
(Background)

No B-field effect are considered

IceCube Search ongoing [S. In & C. Rott ICRC17 (965)]

Kenny C.Y. NG, WIN2023 13

KCYN, Beacom, Peter, Rott, PRD 2017
See also
Arguelles+ 1703.07798
Edsjo+ 1704.02892

DM
Background



IceCube Search (Signal)
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Theorist Expectation

Signal

Seems difficult……
Improve analysis?

IceCube 2019
1912.13135
7 years of data



IceCube Search update(ICRC2021)

Kenny C.Y. NG, WIN2023 15

Only a factor of 2 away!
+ Sun shadow (analysis)?
+ Magnetic fields (theory)?



Solar Atmospheric Gamma Rays

CR protons
Hadronic

𝛾
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Seckel, Stanev, Gaisser (1991)
Zhou, KCYN, Beacom, Peter 
PRD 2017

𝜈

⇡0 ! � + �
p+ p ! ⇡0/⇡± +X

⇡± ! µ± + ⌫µ/⌫̄µ

µ± ! e± + ⌫̄µ/⌫µ + ⌫e/⌫̄e

𝒆±, 𝝁±, n
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Boost gamma-ray 
production

Seckel Stanev Gaisser 1991

• Follow the field line
• Gas-B-field pressure equilibrium
• Magnetic field gradient -> mirroring
• Trajectory -> interaction probability ->  ~ 1%



Solar atmospheric gamma rays
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Limb contribution

Theoretical Max from CR

0.1%

100 % CR

Zhou, KCYN, Beacom, Peter PRD 2017

𝛾

Reality
- Solar B-field
- Solar Modulation

Seckel, Stanev, Gaisser (1991) ~ 1 %?

𝛾

𝛾



Finding the Sun with Fermi
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KCYN+ 2015

Photon map

Angular distribution



Observation: 9-year averaged spectrum
• Aug 2008 – Jan 2010 (solar min. 76 weeks)
• 2008 – 2017 (9 years)

Kenny C.Y. NG, WIN2023 20

Tang, KCYN, Linden, Zhou, Beacom, Peter PRD 2018

SSG Model
Extended



Time variation
• Clear anticorrelation with solar activity from 1-10 GeV
• Less clear in 10-100 GeV (less variation or insufficient statistics)

Kenny C.Y. NG, WIN2023 21

KCYN, Beacom, Peter, Rott PRD 2016
Tang, KCYN, Linden, Zhou, Beacom, Peter PRD 2018

Proton Daily Fluxes Relative Variation
May 2011- May 2018 

23

Preliminary Data.
Please refer to the AMS 
forthcoming publication 

C. Consolandi CRD8c

Small modulation amplitude
-> extra modulation needed near the Sun



Spectrum, surprise (2)
• Hard spectrum till ~100 GeV
– Magnetic enhancement works for protons ~ TeV
– Enhancement increasingly efficient! Close to upper bound at HE

Kenny C.Y. NG, WIN2023 22

Tang, KCYN, Linden, Zhou, Beacom, Peter PRD 2018

FLUX(E)   ∝ 	 𝜎!!	 ×	 Φ! 𝐸 	 ×	 𝜖	(𝐸)
~𝐸!".$ ~𝐸%&.'~𝐸!"." ~𝐸!&



Morphology, surprise (4)

• High Energy Bin
– (> 50 GeV)

Kenny C.Y. NG, WIN2023 23
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FIG. 2. (Top) The location and energy of solar �-rays in Helioprojective coordinates. Data are cut into two temporal bins and two energy bins.
The solar disk is represented by the solid circle, and the 0.5� ROI by the dashed circle. The average PSF of observed �-rays is depicted in the
top left. The Ty positions of photons are shown in the histogram, and are compared to the profile expected from isotropic emission smeared by
the PSF (orange line). The area of event points corresponds to the relative effective area in data taken during (after) solar minimum. In each
bin, we report the flux from the modeled polar and equatorial components, as described in the text. (Bottom) The energy spectrum of polar and
equatorial emission, divided into regions during (left) and after (right) solar minimum. The polar emission is approximately constant, while
the equatorial emission decreases drastically at the end of solar minimum.

Linden, Zhou, Beacom, Peter, KCYN, Tang
PRL 2018



Solar Gamma Spectrum
• Fermi data shows rich phenomenology
• The effect of magnetic fields is strong and not 

understood 

Kenny C.Y. NG, WIN2023 24

TeV?



HAWC
• F
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Hao Zhou TeVPA2018



HAWC analysis
• Nov 2014 - December 2017 (829 days)
– The sun was still active

• Significance map
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FIG. 2. Left: Observed Sun shadow, described by Eq. (6), at median energies of 1.36, 4.2 and 60 TeV. The 1� width of
the shadow is 1.3�, 0.9� and 0.3� at the respective energies. Center: Same maps with gamma-hadron cuts applied: Eq. (7).
Right: The simulated Sun maps for the maximum expected flux from cosmic-ray interactions in the solar atmosphere. The
black cross marks the position of the Sun.
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HAWC analysis of the Sun (2014-2017)

• Constrain ~10% of CR upper bound (active phase)
• Exciting prospect for current solar min (2018 -)
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HAWC 1808.05620
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FIG. 2. Left: Observed Sun shadow, described by Eq. (6), at median energies of 1.36, 4.2 and 17.2 TeV. The 1� width of
the shadow is 1.3�, 0.9� and 0.7� at the respective energies. Center: Same maps with gamma-hadron cuts applied: Eq. (7).
Right: The simulated Sun maps for the maximum expected flux from cosmic-ray interactions in the solar atmosphere. The
black cross marks the position of the Sun.
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The TeV Sun Rises: 
Discovery of Gamma rays from the Quiescent Sun with HAWC 

• Taking into 
account the Sun 
shadow

• Top: raw data, 
mostly cosmic 
rays

• Bottom panel: 
after 
gamma/hadron 
separation 
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2212.00815 [HAWC + Beacom, Linden KCYN, Peter, Zhou]



The TeV Sun Rises: 
Discovery of Gamma rays from the Quiescent Sun with HAWC 

• Gamma/hadron separation map minus Expected shadow (data)
• 6.3 sigma detection

Kenny C.Y. NG, WIN2023 29

2212.00815 HAWC + Beacom, Linden KCYN, Peter, Zhou



The TeV Sun Rises: 
Discovery of Gamma rays from the Quiescent Sun with HAWC 

Kenny C.Y. NG, WIN2023 30

2212.00815 HAWC + Beacom, Linden KCYN, Peter, Zhou

• Spectral index change! • The Sun affects 10 TeV cosmic rays!



LHAASO
• South-western China
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4X HAWC



Simulating the Sun
• Mazziotta et al 2001.09933 (FLUKA)
• Li et al (+KCYN) 2009.03888 (Geant4)

Kenny C.Y. NG, WIN2023 32

PFSS: Potential Field source surface Model

https://nso.edu/data/nisp-data/pfss/



• Corona B-field not enough to affect gamma-ray above 
100 GeV

Kenny C.Y. NG, WIN2023 33



Neutrinos 
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Summary

• Solar atmospheric neutrinos
– IceCube, KM3NeT (future)

• Gamma rays (Fermi + HAWC)
– Not fully explained 
– Complete model necessary for accurate neutrino flux

• Anomalous Signals from the Sun -> New Physics!

Kenny C.Y. NG, WIN2023 35

Thanks!



Thanks!
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• Cosmic ray 
propagation in the 
solar system

• PFSS magnetic fields

• BIFROST, enhancing B-
field by 25 times 
below 1.01 Rsun 

• 1. GeV flux enhanced 
without magnetic 
fields

• 2. B-field enhances 
high-energy flux

Kenny C.Y. NG, WIN2023 37
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Dark Matter with long-lived mediators

Kenny C.Y. NG, WIN2023 40

Batell, Pospelov, Ritz, Shang, 0910.1567
Bell, Petraki, 1102.2958
Feng, Smolinsky, Tanedo, 1602.01465
Arina, Backovic, Heisig, Lucente, 1703.08087

Niblaeus, Beniwal, Edsjo, 1903.11363 
etc
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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
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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

• Unlock
– Gamma rays
– Electrons, muon, etc

• Unsuppressed
– Neutrinos!

• Less absorption (𝜈)
• Lower density (𝜈)
• Decay tail (𝜈, 𝛾) 



Flux without B/field
• Absorption 

through the sun

• Oscillation
– Factor of 2 

effect
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Figure 4. An illustration of the attenuation of ⌫e and ⌫µ (left) and ⌫̄e and ⌫̄µ (right) through CC and
NC interactions in the Sun. The figure shows the fraction of neutrinos that survive passage through
the Sun for different energies and impact parameters. In this plot we have for simplicity assumed
that both NC and CC interactions will absorb the neutrinos, whereas in the real calculation we
include the lower energy neutrinos from NC interactions and from ⌧ decay. This figure is dedicated
to the memory of PAW [37].

the Serenelli SSM [24] to include interactions on the correct amount of protons and neutrons
throughout the Sun (i.e. we do not assume an isoscalar target). We link to DarkSUSY where
these density profiles and the composition in the Sun are easily obtained [41]. In case a
charged current interaction that creates a ⌧ lepton takes place, we simulate the tau decay
and inject the produced neutrinos at this location and continue simulating interactions and
decay through the Sun.

In figure 4 we illustrate how important the interactions are by calculating the attenua-
tion factors in a simple setup. We have here assumed that both NC and CC interactions will
absorb the neutrinos, whereas in the real calculation we include the lower energy neutrinos
from NC interactions and from ⌧ decay. This figure shows the attenuation for electron
and muon neutrinos and antineutrinos.2 We can see from these figures that for low impact
parameters (b = 0) we lose essentially all neutrinos above 103 GeV, whereas close to the
solar surface (b = 1) the neutrinos are not very much affected by interactions below around
105 GeV. These figures can be compared to the earlier calculation IT96 [7]. Qualitatively
our results are quite similar, but we do get a higher suppression, especially for low impact
parameters. Most likely this is due to that we use an updated solar density model and
neutrino-nucleon cross sections compared to the IT96 study. We will come back to the
effect the interactions have on our SA⌫s in section 4.1.

2For tau neutrinos, the results would be similar, but the CC cross section is slightly lower for tau
neutrinos due to the ⌧ lepton mass.
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