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The IceCube Upgrade will provide unprecedented sensitivity to dark matter particles annihilating in the
core of the Sun. For dark matter candidates with spin-dependent couplings to nuclei and that annihilate
significantly to tau leptons or neutrinos, we find that the IceCube Upgrade will be capable of testing
parameter space that is beyond the reach of existing direct detection experiments. After calculating the
sensitivity of the IceCube Upgrade to dark matter annihilation in the Sun, we explore dark matter models
that could be tested by this experiment, identifying two classes of scenarios as promising targets for such
searches.

DOI: 10.1103/qj8m-v4mr

I. INTRODUCTION

Many strategies have been pursued in an effort to
detect the products of dark matter annihilation, including
searches for gamma-rays from the Galactic Center [1–6],
as well as from the Galactic halo [7,8], and from satellite
galaxies of the Milky Way [9,10]. Searches for dark
matter annihilation products in the cosmic-ray spectrum
have also been carried out, focusing largely on positrons
[11], antiprotons [12–15], and antinuclei [16–18].
Searches have also been conducted for neutrinos that
could be produced through dark matter annihilation in the
core of the Sun [19–31].
Seven new strings of optical modules will be deployed

this year within the existing volume of the IceCube
Neutrino Observatory, constituting what is known as the
IceCube Upgrade [32]. The smaller spacing between these
modules, both along a given string and between the strings,
will allow the upgraded IceCube detector to observe
neutrino-induced muon tracks with energies as low as a
few GeV, well below the threshold of the existing observa-
tory. Among other scientific goals [33–36], the IceCube
Upgrade will have unprecedented sensitivity to dark matter
particles annihilating in the core of the Sun, in particular for
dark matter candidates that annihilate significantly to tau
leptons or directly to neutrinos.

Stringent constraints have already been placed on dark
matter candidates that could be captured by the Sun and
annihilate within its core. Direct detection experiments, in
particular, have placed strong limits on the dark matter’s
elastic scattering cross section with nuclei [37–41], limiting
the rate at which dark matter particles could scatter with
and be captured by the Sun. The annihilation cross section
of dark matter particles has also been constrained by
measurements of the angular power spectrum of the cosmic
microwave background (CMB) [42,43]. In light of these
and other constraints, it is not necessarily trivial to identify
viable dark matter models that could be within the reach of
the IceCube Upgrade.
In this paper, we estimate the sensitivity of the planned

IceCube Upgrade to dark matter particles annihilating in
the Sun. After taking into account constraints from direct
detection experiments, we find that dark matter could
produce a detectable flux of neutrinos from the Sun only
if these particles couple to nuclei predominantly though
spin-dependent couplings and annihilate significantly to tau
leptons or neutrinos. We take a bottom-up approach,
considering in generality the range of possible dark matter
candidates that could produce a sizable flux of high-energy
neutrinos from the Sun, and identify two classes of dark
matter models that could potentially be probed by the
planned IceCube Upgrade.

II. DARK MATTER CAPTURE AND
ANNIHILATION IN THE SUN

It has long been appreciated that dark matter particles
could potentially scatter with and become gravitationally
bound to the Sun [44–48]. If enough dark matter particles
accumulate in the Sun’s core, this could lead to a high
annihilation rate and to a potentially observable flux of
high-energy neutrinos [49–55]. The number of dark matter
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particles that are gravitationally bound to the Sun, Nχ ,
evolves according to the sum of their capture, annihilation,
and evaporation rates,

dNχ

dt
¼ Γcap − 2Γann − Γevap: ð1Þ

The capture rate is determined by integrating over the
volume of the Sun and over the dark matter’s velocity
distribution [56–58],

Γcap ¼ 4π

Z
R⊙

0

r2dr
Z

∞

0

fðuÞ
u

wΩvðwÞdu; ð2Þ

where fðuÞ is the dark matter’s velocity distribution,
w ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ vðrÞ2

p
, vðrÞ is the local escape velocity from

the Sun, and ΩvðwÞ is the probability that a given dark
matter particle will elastically scatter with a nucleus and be
left with a velocity below the Sun’s escape velocity. This
latter quantity is given by

ΩvðwÞ ¼
X
i

niwΘ
�
αi −

u2

w2

�Z
αimχw2=2

mχu2=2

dσi
dE

ðw2; q2ÞdE;

ð3Þ
where the sum is performed over the nuclear species of
interest, each with a mass, mi, and a local number
density, ni. The mass of the dark matter particle is
denoted by mχ, while αi ¼ 4mχmi=ðmχ þmiÞ2, dσi=dE
is the differential elastic scattering cross section, and
E ¼ q2=2mi is the nuclear recoil energy. We take the
velocities of the dark matter to follow a Maxwell-
Boltzmann distribution with a dispersion of v̄ ¼
270 km=s and boosted by 220 km=s with respect to
the Sun. We normalize this distribution to a density of
0.4 GeV=cm3. Note that the dark matter density and
velocity distribution near the Sun are well approximated
by their values in the local halo [59,60].
Numerically, this capture rate can be approximately

expressed as follows [61]:

Γcap ≈ 1.7 × 1021 s−1 ×

�
100 GeV

mχ

��
ρχ

0.4 GeV=cm3

��
270 km=s

v̄

�

×
��

σχp
10−42 cm2

�
Sðmχ=mpÞ þ 1.1

�
σχHe

16 × 10−42 cm2

�
Sðmχ=4mpÞ

�
; ð4Þ

where SðxÞ ¼ ½AðxÞ3=2=ð1þ AðxÞ3=2Þ�2=3 and AðxÞ ¼
3x v2esc=2ðx − 1Þ2v̄2.
Once gravitationally captured, the dark matter particles

undergo a series of subsequent scatters which cause them
to lose additional energy and to accumulate near the
Sun’s core. The effective volume of the region that these
particles occupy, Veff , is found by matching the temperature
of the Sun’s core to the gravitational potential energy of an
individual dark matter particle [46,62]. The total dark
matter annihilation rate in the Sun can be found by
integrating the local annihilation rate, n2χhσvi, over the
volume of the Sun, resulting in

Γann ¼ 2π

Z
R⊙

0

n2χhσvir2dr ≈
N2

χhσvi
2Veff

; ð5Þ

where in the last step we have taken hσvi to be independent
of velocity (i.e., an s-wave process).
Very light dark matter particles can evaporate from the

Sun at a significant rate. The rate for this process is
approximately given by [46,47]

Γevap

Nχ
≈ 2 × 10−8 s−1 × 10−3.5ðmχ=GeVÞ

�
σχp

10−42 cm2

�
: ð6Þ

Notice that the effects of evaporation are very sensitive to
the precise value of the dark matter’s mass. For the case of

σχp ∼ 10−42 cm2, the timescale for evaporation is less than
that the age of the Solar System only for mχ ≲ 3 GeV.
For dark matter particles that are potentially detectable by
the IceCube Upgrade, evaporation is expected to have a
negligible impact.
Neglecting evaporation and using Eq. (5), the solution to

Eq. (1) corresponds to the following rate of dark matter
annihilation in the Sun today:

Γann ¼
Γcap

2
tanh2

�
t⊙

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ΓcapΓann

p
Nχ

�
; ð7Þ

where t⊙ ≈ 4.5 × 109 yr is the age of the Solar System.
Thus, for t⊙ ≫ Nχ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ΓcapΓann

p
, equilibrium will be

reached between the rates of capture and annihilation.
For mχ ≫ mp, capture-annihilation equilibrium is obtained
so long as the following condition is satisfied:

σχp ≳ 10−41 cm2 ×

�
2.2 × 10−26 cm3=s

hσvi
��

100 GeV
mχ

�
1=2

:

ð8Þ

Note that in our calculations, we do not assume that
capture-annihilation equilibrium is achieved.
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With the capture and annihilation rates in hand, we can
calculate the differential fluxes of muon neutrinos and
antineutrinos that reach Earth after being produced through
dark matter annihilation in the Sun [57,63],

dϕνμ

dEνμ

¼ 1

3

Γann

4πD2

�
dNνe

dEνe

þ dNνμ

dEνμ

þ dNντ

dEντ

�
Inj

dϕν̄μ

dEν̄μ

¼ 1

2

Γann

4πD2

�
dN ν̄μ

dEν̄μ

þ dN ν̄τ

dEν̄τ

�
Inj
; ð9Þ

where D is the Earth-Sun distance, and the terms in
brackets are the initial spectra of neutrinos or antineutrinos,
which are produced per annihilation. Note that the factors
of 1=3 and 1=2 in the front of these expressions account for
the effects of neutrino oscillations.1 In calculating the
injected spectra of neutrinos and antineutrinos, we have
considered dark matter annihilations to νν̄, τþτ−, bb̄, and
cc̄ [64] (see also, Refs. [65,66]). Any muons or charged
pions that are produced in the core of the Sun will lose the
vast majority of their energy before decaying and thus, do
not contribute to the resulting high-energy neutrino flux.
For annihilations to τþτ−, we include neutrinos produced
through the following decays: τ → μνν, eνν, πν, Kν, ππν,
and πππν. For the hadronic annihilation channels, only
semileptonic decays contribute, q → q0lν. Finally, we
approximate the impact of neutrino absorption in the
Sun by including an additional factor of e−Eν=Eabs , where
Eabs ¼ 130 GeV for neutrinos and Eabs ¼ 200 GeV for
antineutrinos [67].

III. THE ICECUBE UPGRADE

The IceCube Upgrade, which is scheduled to be
deployed in 2025–2026, will consist of seven new strings
carrying approximately 700 optical sensors, densely
embedded near the bottom-center of the existing
IceCube Neutrino Observatory at the South Pole. These
upgrade strings will make up a 20 m (horizontal) by 3 m
(vertical) grid of detectors, located 2150 to 2425 m below
the surface of the Antarctic ice [32].
We estimate the rate of neutrino-induced muon tracks by

the following:

Γμ≈NA

Z Z dϕνμ

dEνμ

ðEνμÞ
dσν
dy

ðEνμ ;yÞDμðEμÞAμ;effdEνμdy

þNA

Z Z dϕν̄μ

dEν̄μ

ðEν̄μÞ
dσν̄
dy

ðEν̄μ ;yÞDμðEμÞAμ;effdEνμdy;

ð10Þ

where NA is number density of nucleons in ice, dϕνμ=dEνμ

is the flux of neutrinos that reaches the detector, dσν=dy is
the differential cross section for neutrino-nucleon charged-
current scattering [68], and Eμ ≡ ð1 − yÞEν. For the
dimensions of the IceCube Upgrade, we adopt a width
and height of 80 m and 275 m, respectively, corresponding
to an effective area of Aμ;eff ¼ 22;000 m2. For the effective
depth of the detector, we take Dμ ¼ 60 mþ Rμ, where the
physical depth of the detector is 80 m and Rμ ≈ 2380 m×
ln½ð2þ 0.0042EμÞ=2.0168� is the distance that a muon
travels before dropping below the detection threshold of
4 GeV [69]. For muons with an initial energy of less than
4 GeV, we take Dμ ¼ 0.
After calculating the signal rate, we compare this to the

rate of background events from atmospheric neutrinos [70].
Integrated over a 25° angular radius around the Sun, this
background results in a rate of 590.8 events per year. At the
2σ confidence level, we project that after 10 yrs of
observation, the IceCube Upgradewill be sensitive to signal
rates larger than Γμ > 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
590.8 × 10

p
=10 ≈ 15.4 yr−1.

In Fig. 1, we show the projected sensitivity of the
IceCube Upgrade to dark matter annihilating in the Sun
to χχ → νν̄ (equally to all flavors), for the case of spin-
independent elastic scattering (such that σχN ∝ A2, where A
is the atomic mass of the nuclear target). We compare this
projected sensitivity to the current sensitivity of the direct
detection experiments LZ [37] and DarkSide-50 [71]. From
this comparison, we see that the IceCube Upgrade is not

FIG. 1. The projected sensitivity of the IceCube Upgrade to
dark matter particles annihilating in the Sun after 10 yrs of
observation, compared to existing constraints from the direct
detection experiments LZ [37] and DarkSide-50 [71]. Here, we
have considered the case of spin-independent (SI) scattering and
annihilation to χχ → νν̄ (equally to all flavors) with a cross
section of hσvi ¼ 2.2 × 10−26 cm3=s. From this comparison, we
see that the IceCube Upgrade is not expected to be sensitive to
dark matter particles that are captured in the Sun through spin-
independent scattering, even for the optimistic case of annihila-
tions that proceed directly to neutrino pairs.

1Due to the Mikheyev–Smirnov–Wolfenstein (MSW) effect,
electron neutrinos contribute to the flux of muon neutrinos that
reach Earth. In contrast, electron antineutrino oscillations are
MSW suppressed.
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expected to be sensitive to dark matter particles that are
captured in the Sun through spin-independent scattering,
even for the optimistic case of annihilations which proceed
directly to neutrino pairs.
In light of this result, we will focus throughout the

remainder of this study on dark matter candidates that are
captured in the Sun predominantly through spin-dependent
scattering, such that σχN ∝ JðJ þ 1Þ, where J is the spin of
the nuclear target. In Fig. 2, we plot the projected sensitivity
of the IceCube Upgrade to dark matter with spin-dependent
couplings for annihilations to χχ → νν̄, τþτ−, bb̄, or cc̄.
Again, we compare these projections to the existing
constraints from direct detection experiments, in this case
being LZ [37] and PICO [39]. In contrast to the spin-
independent case, we find that the IceCube Upgrade will
provide the most stringent constraints on dark matter’s
spin-dependent scattering cross section for the masses in
the range of mχ ∼ 5–1700 GeV for annihilations to τþτ−,
and mχ ∼ 4–600 GeV for annihilations to νν̄.
In Fig. 3, we compare the projected sensitivity of the

IceCube Upgrade to the existing constraints from the
IceCube DeepCore [19] and Super-Kamokande [24] detec-
tors (for the projected sensitivity of Hyper-Kamiokande,
see Ref. [72]). The low threshold and large volume of the
IceCube Upgrade will enable this detector to offer unprec-
edented sensitivity to neutrinos produced through dark
matter annihilations in the Sun. We note that when the
IceCube Collaboration presents their determination of the
projected sensitivity of the IceCube Upgrade to dark matter
annihilation in the Sun, based on a detailed Monte Carlo
study, those results should be taken to supersede the
estimates presented in this section of this paper.

IV. DARK MATTER MODELS

In this section, we set out to identify those dark matter
models that will fall within the projected reach of the
IceCube Upgrade while being consistent with existing
constraints from direct detection experiments [37–41],
accelerators [73–78], and measurements of the CMB
[42,43]. Throughout this analysis, we require that the dark
matter candidate freezes out of equilibrium in the early
Universe with a thermal relic abundance equal to the
measured density of dark matter.
For the reasons described in the previous section, we will

focus here on dark matter candidates that scatter with nuclei
predominantly through spin-dependent couplings. To
facilitate a high solar capture rate, we further require that
this spin-dependent scattering cross section is not sup-
pressed at low velocities (such as in those models in which
σSDχp scales with powers of the momentum transferred, or
transverse velocity). As enumerated in Ref. [79], there are
only two types of interactions between dark matter and
quarks that satisfy these constraints. These are (1) fer-
mionic (Dirac or Majorana) dark matter that scatters with
nuclei through the t-channel exchange of a spin-one
mediator with axial (γμγ5) couplings to both dark matter
and quarks, and (2) dark matter in the form of a Majorana
fermion that scatters with nuclei through the s-channel
exchange of a spin-zero mediator with a scalar-pseudosca-
lar (1� γ5) coupling to dark matter and either up or down
quarks. For a complete list of such interactions and their
resulting spin-independent and spin-dependent scattering
cross sections, see Ref. [79].

A. Axial models

The following Lagrangian describes the interactions of
the dark matter with Standard Model fermions in this
model:

L ⊃
�
gχ χ̄γμγ5χ þ

X
f

gff̄γμγ5f
�
Z0
μ; ð11Þ

where our dark matter candidate, χ, is either a Dirac or
Majorana fermion. The mediator in this model is a spin-one
particle, Z0, with couplings parametrized by gχ and gf.
This leads to a dark matter annihilation cross section that

is given by

σ ¼
X
f

nfg2χg2f
12πs½ðs −m2

Z0 Þ2 þm2
Z0Γ2

Z0 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

f=s

1 − 4m2
χ=s

s

×

�
4m2

χm2
f

�
7 −

6s
m2

Z0
þ 3s2

m4
Z0

�
− 4m2

χsþ sðs − 4m2
fÞ
�
;

ð12Þ

FIG. 2. The projected sensitivity of the IceCube Upgrade to
dark matter particles annihilating in the Sun after 10 yrs of
observation, compared to the existing constraints from the direct
detection experiments LZ [37] and PICO [39]. Here, we have
considered spin-dependent (SD) scattering and annihilations to
χχ → νν̄ (equally to all flavors), τþτ−, cc̄, or bb̄, in each case with
a cross section of hσvi ¼ 2.2 × 10−26 cm3=s.
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where nf ¼ 1ð3Þ for leptons (quarks), and s is the standard Mandelstam variable. Expanding this in powers of velocity, we
arrive at

hσvi ≈
X
f

nfg2χg2fm
2
f

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −m2

f=m
2
χ

q
2πðm2

Z0 − 4m2
χÞ2

þ nfv2g2χg2f

48πðm2
Z0 − 4m2

χÞ2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −m2

f=m
2
χ

q

×

�
−
72m4

f

m2
Z0

þ 17m4
f

m2
χ

þ 144m2
χm4

f

m4
Z0

þ 48m2
χm2

f

m2
Z0

− 22m2
f −

96m4
χm2

f

m4
Z0

þ 8m2
χ

�
: ð13Þ

For each choice of masses, we set the product of the
couplings to obtain a thermal relic abundance equal to the
measured cosmological dark matter density, Ωχh2 ¼ 0.12
[43]. For these parameter values, we then calculate the dark
matter annihilation rate during the era of recombination
and compare this to the constraints from the Atacama
Cosmology Telescope (ACT) and other CMB telescopes
[42]. In Fig. 4, we plot the quantity,pann ≡ feffhσviv→0=mχ ,
that is predicted in thismodel,wherefeff is the fraction of the

energy released in these annihilations that is transferred into
the intergalactic medium during the relevant epoch, z ≈ 600
[80,81]. From this comparison, we find that measurements
of the CMB rule out dark matter masses lighter than 17, 9,
and 9 GeV for annihilations purely to bb̄, cc̄, or τþτ−,
respectively.
The dark matter’s elastic scattering cross section with

nucleons is purely spin-dependent in this model and is
given by

FIG. 3. A comparison of the projected sensitivity of the IceCube Upgrade (after 10 yrs of observation) to neutrinos from dark matter
annihilations in the Sun to existing constraints from the IceCube DeepCore [19] and Super-Kamokande [24] detectors. The low
threshold and large volume of the IceCube Upgrade will enable this detector to offer unprecedented sensitivity to neutrinos from dark
matter annihilation in the Sun for a wide range of masses.
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σχðp;nÞ ≈
3μ2χðp;nÞg

2
χ

πm4
Z0

 X
q¼u;d;s

gqΔ
ðp;nÞ
q

!
2

≈ 1.6 × 10−41 cm2

×

�
gχ
1

�
2
�
300 GeV

mZ0

�
4
 P

gqΔ
ðp;nÞ
q

0.02

!
2

; ð14Þ

where μχðp;nÞ is the reduced mass of the system, and

ΔðpÞ
u ¼ ΔðnÞ

d ¼ 0.84, ΔðnÞ
u ¼ ΔðpÞ

d ¼ −0.43, and ΔðpÞ
s ¼

ΔðnÞ
s ¼ −0.09 [82].
In the left frame of Fig. 5, we plot the value of thermal

relic abundance that is obtained in this model, considering
only couplings to dark matter and to up and down quarks,
and after setting these couplings to obtain a spin-dependent
cross section that is equal to the projected sensitivity of the
IceCube Upgrade as shown in Fig. 2 (for the case of
annihilations to τþτ−). This figure illustrates that for mZ0 ¼
1 TeV and mχ ≳ 300 GeV, for example, the dark matter
particles annihilate too efficiently in the early Universe to
make up the entire dark matter abundance. For lighter
values ofmχ , other couplings (such as those which result in

annihilations to τþτ−) could enhance the annihilation rate,
leading to an acceptable thermal relic abundance. In the
right frame of this figure, we show the product of the
couplings, gχgτ, which leads to a thermal relic abundance of
Ωχh2 ¼ 0.12, where gτ is the coupling of the mediator to
charged leptons and for the same couplings to up and down
quarks that were adopted in the left frame.
For a wide range of dark matter masses, there exist

combinations of mZ0 , gχ , gu;d, and gτ which yield the
measured dark matter abundance and that predict a neutrino
flux from the Sun that is within the projected reach of the
IceCube Upgrade. Across much of this parameter space, the
hadronic couplings can be sufficiently small to evade dijet
searches at the LHC and other colliders [73–75], for
perturbative values of the dark matter coupling, gχ ≲ 4π.
Searches for dielectron or dimuon resonances [76–78]
would rule out this class of models, however, unless the
mediator’s coupling to taus is significantly larger than those
to electrons or muons, gτ ≫ ge; gμ.
Putting this information together, we conclude that a

fermionic dark matter candidate with interactions mediated
by a spin-one particle with axial couplings could produce a
flux of neutrinos from the Sun that is within the projected

FIG. 4. The value of pann ≡ feffhσviv→0=mχ predicted in the axial dark matter model described in Sec. IVA, where feff is the fraction
of the energy released in these annihilations that is transferred into the intergalactic medium during the relevant epoch, z ≈ 600 [80,81].
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sensitivity of the IceCube Upgrade. This requires the
dark matter to annihilate significantly to tau leptons and
for the mediator to possess sizable couplings to light
quarks, gu;d ∼ ð0.01–0.2Þ × ðgχ=1ÞðmZ0=300 GeVÞ2.

B. Scalar-pseudoscalar models

As a second class of models, we will consider the
following Lagrangian:

L ⊃ λχqðχ̄ð1þ γ5ÞqAQ þ q̄ð1 − γ5ÞχA†
QÞ; ð15Þ

where λχq is the coupling between our Majorana fermion
dark matter candidate, χ, the spin-zero mediator, AQ, and a
light quark, either u, d, or s. Notice that the mediator in this
model, AQ, carries both QCD color and fractional electric
charge. For such a particle to evade constraints from the
LHC, we must require mAQ

≳ 2 TeV, in close analogy to
the constraints placed on up and down squarks [83–86].
Expanding in powers of velocity, the dark matter’s

annihilation cross section in this model is given by

σv ≈
3λ4χqm2

q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −m2

q=m2
χ

q
2ðm2

AQ
þm2

χÞ2

þ
λ4χqðm4

AQ
þm4

χÞv2

πm4
χðm2

AQ
þm2

χÞ4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −m2

q=m2
χ

q : ð16Þ

Notice that the v2 term in this expansion (the p-wave
contribution) dominates over the velocity-independent
term, leading to very weak constraints from measurements
of the CMB.
The spin-dependent scattering cross section in this model

is given by [79]

σχðp;nÞ ≈
3μ2χðp;nÞ
4πm4

A

 X
q¼u;d;s

λ2χqΔ
ðp;nÞ
q

!
2

≈ 1.2 × 10−41 cm2 ×

�
3 TeV
mA

�
4
 P

λ2χqΔ
ðp;nÞ
q

2

!
2

:

ð17Þ

From this expression, we see that to generate an elastic
scattering that is large enough to produce an observable
flux of neutrinos from the Sun, we need either λχu ∼ 1.5 ×
ðmA=3 TeVÞ or λχd ∼ 2.2 × ðmA=3 TeVÞ.
In Fig. 6, we plot the value of thermal relic abun-

dance that is obtained in this model, considering
only couplings to dark matter and to either up or
down quarks, and after setting this coupling such that
the spin-dependent cross section is equal to the pro-
jected sensitivity of the IceCube Upgrade as shown in
Fig. 2 (for the case of annihilations to τþτ−). For
mχ ≳ 400 GeV, the dark matter particles annihilate
too efficiently in the early Universe to make up the
entire dark matter abundance. For lighter values of mχ ,
other annihilation channels could enhance the annihila-
tion rate, leading to an acceptable thermal relic abun-
dance, and providing a means by which a flux of high-
energy neutrinos could be generated in the Sun.
Putting this information together, we conclude that dark

matter in the form of a Majorana fermion with interactions
that are mediated by a spin-zero particle with a scalar-
pseudoscalar coupling to light quarks could lead to a large
capture rate in the Sun. If there exists another coupling
that allows for the efficient annihilation of these particles
into tau leptons, this could result in a flux of neutrinos
from the Sun that is within the projected sensitivity of the
IceCube Upgrade.

FIG. 5. Left frame: The value of thermal relic abundance that is obtained in the axial model, considering only couplings to dark matter
and to up and down quarks, and after setting these couplings to obtain a spin-dependent cross section that is equal to the projected
sensitivity of the IceCube Upgrade as shown in Fig. 2 (for the case of annihilations to τþτ−). Right frame: The product of the couplings,
gχgτ, that leads to a thermal relic abundance of Ωχh2 ¼ 0.12, for the same couplings to quarks that were adopted in the left frame.
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V. SUMMARY AND DISCUSSION

Seven new strings of optical modules are scheduled to be
deployed later this year within the bottom-center volume of
the existing IceCube Neutrino Observatory at the South
Pole. The resulting IceCube Upgrade will provide unprec-
edented sensitivity to dark matter particles annihilating in
the core of the Sun, in particular in the case of dark matter
candidates that annihilate to tau leptons or directly to
neutrinos.
For dark matter particles to be efficiently captured

through elastic scattering with protons or nuclei in the
Sun without exceeding constraints from direct detection

experiments, this scattering must occur through unsup-
pressed spin-dependent couplings. This requirement sig-
nificantly limits the range of dark matter models to which
the IceCube Upgrade could potentially be sensitive. In
particular, this condition is satisfied for only two types of
interactions. In the first case, the dark matter is a fermion
that scatters with nuclei through the t-channel exchange of
a spin-one mediator with axial (γμγ5) couplings to both the
dark matter and to light quarks. In the second case, the dark
matter is a Majorana fermion that scatters with nuclei
through the s-channel exchange of a spin-zero mediator
with a scalar-pseudoscalar (1� γ5) coupling to the dark
matter and to either up or down quarks.
For each of these classes of dark matter models, we have

identified regions of parameter space that are consistent
with all existing constraints, including those from direct
detection experiments, accelerator-based experiments, and
measurements of the CMB. In the axial case, the spin-one
mediator must have couplings to both light quarks and tau
leptons, requiring exotic fermions to cancel the correspond-
ing gauge anomalies (for a review, see Ref. [87]). In the
scalar-pseudoscalar case, a second interaction channel is
required to facilitate the annihilations of dark matter
particles to either tau leptons or neutrinos.
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