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One of the most well-founded candidates for dark matter remains a split-supersymmetry (SUSY) model
with a Higgsino- or winolike lightest superpartner and the grander SUSY model providing answers for the
hierarchy problem and grand unified theory scale unification. The relatively heavy scalar superpartners
imply such models would not yet be seen at collider experiments, and mixing-suppressed couplings place
such models outside the reach of current direct detection experiments. As such particles annihilate fairly
readily to electroweak bosons, a significant neutrino signal can arise near the Galactic Center that may be
visible to dedicated searches at current and future neutrino telescopes.
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I. INTRODUCTION

In the wake of the nondiscovery of supersymmetry
(SUSY) at the Large Hadron Collider, SUSY models with
light scalars have been mostly ruled out. There remain,
however, a class of models with light neutralinos and heavy
scalar superpartners unreachable by modern, terrestrial
experiments, commonly called split SUSY.! Split-SUSY
models were first proposed in 2003, and the theoretical
foundations have since been explored, expanding on how
such theories arise and their implications for the Higgs
boson mass [2—7]. Such models are attractive, as they unify
the gauge forces at high energies and reduce the Higgs
hierarchy problem, and the lightest neutralino can serve as
the dark matter (DM) in the Universe.

The primary methods to detect particle DM are produc-
tion, direct detection, and indirect detection. Production is
explored through particle accelerators, where there is suffi-
cient energy in particle collisions to generate the DM
particles directly. While the gauginos and Higgsinos may
be light enough in split-SUSY models to be produced in a
modern collider, the high masses and weak couplings can
lead to signatures current experiments cannot detect [§—10].
Direct detection is a technique in which DM particles
directly scatter off of nucleons in a terrestrial detector,

'In this paper we assume the scalars are heaver than
O(100) TeV covering most mini-split-SUSY and split-SUSY
models (the cutoff between the two being at roughly 10° TeV
[1]), so we will collectively refer to these as split-SUSY models.
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which can be observed by signals of nuclear or electron
recoils in the detector material. This technique typically has
limited reach for high mass DM candidates. For DM in
split-SUSY models, the reach may be even further sup-
pressed [7,11-13].

Here, we focus on indirect detection, a technique aiming
to observe the products of DM annihilation which may be
taking place anywhere in the Universe. Telescopes around
the world and in space seek to detect annihilation products
such as photons, neutrinos, or antiparticles. In particular,
we focus here on the prospects for detecting neutrinos from
neutralino annihilation near the Galactic Center (GC),
where the density of DM is expected to be high. Similar
studies have been conducted in the past regarding anti-
particles [14,15] and photons [11,16-20], which both serve
as complementary channels, with different systematics and
backgrounds, to our analysis of the sensitivities of modern
neutrino experiments.

To demonstrate the current and near future experimental
sensitivities to neutrinos produced from these neutralino
annihilations, we will focus on IceCube [21], the largest
current neutrino detector, and the Cubic Kilometer
Neutrino Telescope (KM3NeT) [22], which is expected
to complete construction in 2030 [23]. As we demonstrate
here, IceCube has significant capability to observe winolike
DM and is expected to increase that reach across model
space with the IceCube Gen2 upgrade [24,25]. We also
compare the IceCube sensitivity to the projected sensitivity
for KM3NeT.

We first discuss the details of dark matter annihilation in
split-SUSY models in Sec. II, in particular, a discussion of
the nature of the DM as a mixed state dominated by either
the Higgs or W-boson superpartners and enhancements
from Sommerfeld effects. In Sec. III, we will walk through
the calculation of astrophysical effects and of the spectrum
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of neutrino flux expected from DM annihilation. We will
then discuss the particular detector signatures expected in
IceCube and KM3NeT from such a signal and the calcu-
lation of their respective sensitivities. Finally, in Sec. 1V,
we will project the sensitivities of both of these experiments
in dedicated searches for neutralino DM and conclude
with Sec. V.

II. DARK MATTER ANNIHILATION
IN SPLIT-SUSY MODELS

In split-SUSY models, the scalar superpartners are
heavy enough to effectively decouple, while gauginos
and Higgsinos are comparatively light. There are a number
of theories that can lead to this structure, for example, a
unified SUS Y-breaking mass for the scalars with conformal
anomaly-induced masses for the gauginos results in a light
wino ~300x lighter than the scalars [26-28]. The acces-
sible new physics is determined by the four neutral and
two charged beyond Standard Model (BSM) fermions
typical to supersymmetric extensions of the Standard
Model. Specifically, the neutral particles are referred to as
the bino (B), wino (W), and down- and up-type Higgsinos
(I;V;, I/-I:), which serve as superpartners to the hypercharge
and weak gauge bosons and the Higgs bosons, respectively.
Collectively, these are referred to as the neutralinos, as their
gauge eigenstates mix through electroweak (EW) sym-
metry breaking. In particular, for neutralino states arrayed

in the order (B, W, ITd, ITI;), the neutralino mass matrix is
given by

M, 0 —9'%1/\/i 9’%/\/i
0 M, gva/V2  —gv,/V2
—gva/V2  gva/V2 0 —H
g V2 =g V2 —u 0

M, =

(1)

where v, and v, are the up- and down-type Higgs field
vacuum expectation values, respectively, and g and ¢ are
the weak and hypercharge couplings. M; and M, are
the SUSY-breaking gaugino masses for the bino and
wino, respectively, and p is the u-term in the super-
potential, which in these models roughly corresponds to
the Higgsino mass.”

The two charged BSM fermions are the partners to the
electrically charged weak bosons and the charged compo-
nents of the Higgs fields. These are labeled W* and H;,
FI; and are collectively referred to as charginos. The
mass matrix for field order (W*,I:Ij,W‘,I:I;) can be
expressed as

*For a more detailed review of these parameters and of the
neutralino and chargino masses, see Ref. [29].

M+_<0 f), forX_(M2 gv”). 2)

X gua M

As we can see, the mixing angle between the gaugino
and Higgsino gauge states is of order gw,/|M, — u| ~
O(myz/|My —u|) for Z-boson mass my, assuming
M, < M. This implies a generically small mixing angle
since the energies considered below are above 300 GeV,
and in many constructions of split-SUSY models M, and u
differ by at least an order of magnitude. In light of this,
throughout this paper we will focus on a fairly pure
Higgsino- or winolike particle as the lightest superpartner
(LSP), serving as a DM candidate. Each has a component
of the other mixed in as well as a small bino component,
which collectively induce small EW couplings that, while
not of consequence here, can be significant for other
searches [6].

A feature of particular note in these scenarios is that
reproducing the observed DM relic abundance sets fairly
stringent limits on the mass of the lightest neutralino. In the
case of a Higgsino-like LSP, thisis 1.1 4 0.2 TeV [3,30-32],
and for a winolike LSP, this is 2.8 £ 0.2 TeV [17,32-34]. As
long as the mixing angle is sufficiently small, the annihi-
lation cross section for the lightest neutralino is dominated
by annihilation into massive EW gauge bosons with a
chargino mediator. In the case of a winolike LSP, the tree-
level masses of the lightest neutralino and lightest chargino
shown above are degenerate, broken predominantly by EW
radiative corrections at the one-loop level, giving a mass
splitting of O(100) MeV [35,36]. In the case of a Higgsino-
like LSP, the tree-level mass splitting from the matrices
above is of order m%/M; for lighter gauginos of mass M,
and may be competitive with similar radiative corrections.
In either case, the neutralino annihilation cross section is
largely independent of the physics of other superpartners,
depending solely on the lightest neutralino mass. This
means the relic density makes a direct prediction for an
annihilation signal, providing a definitive signal to seek
with indirect detection experiments.

In order to observe neutralino-like DM, we focus in
particular on neutrinos produced in DM-DM annihilation.
The analysis pipeline is the following: We code a descrip-
tion of the model of interest using FeynRules [37], which
generates the input for micrOMEGAs5.0 [38], a package for
calculating relic densities and direct and indirect detection
signals for DM models. For the split-SUSY models studied
here, nonperturbative contributions to the annihilation cross
section can be large. We use mictOMEGAs5.0 to calculate the
perturbative neutralino annihilation cross section, along
with the ratio of various prompt annihilation products.
These products are dominated by EW gauge bosons, with a
near even split between W and Z bosons for Higgsino-like
DM (55% and 44%, respectively) and almost entirely W
bosons for winolike DM.
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We then include the so-called Sommerfeld effect [39], an
enhancement to the DM-DM annihilation cross section due
to long-range, nonperturbative interactions. The enhance-
ments come from the effective Yukawa potential from the
heavy EW gauge bosons. Such enhancements are classical
effects and are calculated by solving the Schrodinger
equation with the relevant potential. Further details can
be found in Refs. [17,19]. Here, we use the numerical
results from Refs. [40,41]; however, care was taken with the
former reference to include more recent loop-level calcu-
lations for the perturbative Higgsino annihilation cross
section by comparing to the micrOMEGAs5.0 calculations
with Higgsino mass far from the Sommerfeld resonance
regime. Despite being a classical phenomenon, the
Sommerfeld effect can be significant in thermal DM
production, and it is included in the calculation of a 2.8 +
0.2 TeV mass for winolike DM to reproduce the observed
relic density [17,33]. For Higgsino-like DM thermal
production the effect is negligible [40], so the relic density
can be confirmed directly with micrtOMEGAs5.0.

Sommerfeld enhancements are O(1) for Higgsino-like
DM with mass near the thermal-relic-abundance expect-
ation of 1.1 TeV. For heavier Higgsino-like DM’ or
winolike DM, the Sommerfeld enhancements form a reso-
nance structure due to loose bound states between the DM
particles. This enhancement can be as large as several
orders of magnitude, as we will see below. The particular
mass scale of this resonance effect is sensitive to the
coupling in the annihilation process and the spectrum of
particles near in mass to the DM. For neutralino mass
splittings much above the weak scale, both of these are
parametrized dominantly by the mass of the lightest
neutralino, with subdominant effects from mixing with
heavier neutralinos and charginos, expected to be <1% for
TeV-scale neutralinos, and negligible radiative effects of
other, higher-scale SUSY parameters suppressed by loop
factors and the high scalar scale.

II1. INDIRECT DETECTION
WITH NEUTRINOS

We assume the Milky Way DM density distribution
follows a Navarro-Frenk-White profile [42,43] centered at
the GC. Specifically, the density profile is given by

p(r) = ﬁ (3)

for scale radius r; = 24.42 kpc and scale density p, =
0.184 GeV/cm? [44], roughly mapping to a density of
0.3 GeV/cm? at the solar circle. The astrophysical depend-
ence of the neutrino (or any other indirect detection) signal

*Note that this could be relevant given a mechanism to
suppress the DM abundance today, so as not to overclose the
Universe.

is characterized by a J factor, which for an annihilation

process is
J= /dg/dsp2(s,g), @)

which is integrated over the line-of-sight distance s and
over solid angle Q.

We use the Poor Particle Physicist’s Cookbook for Dark
Matter Indirect Detection [44,45] for the neutrino spectra
from neutralino annihilation, given the branching fractions
to W- and Z-boson final states as discussed in Sec. II. We
include the effects of neutrino oscillations between the
production point and the detector for each neutrino flavor
using the mixing angles published by the Particle Data
Group [46]. The resulting differential neutrino flux is

dgbﬂ J{o sza
dE a2 Z| iUl (5)

where (ov) is the thermally averaged velocity times cross
section of the DM m,, is the DM mass, U, ; is the neutrino
mixing matrix* such that for mass eigenstates i and flavor
eigenstate a, |v,) = U, ;|v;), and dN,/dE is the differential
expected number of neutrinos of flavor o and energy E
produced per collision of DM.

Within a Cherenkov neutrino detector, there are typically
two types of event signatures from neutrinos: tracks and
cascades/showers. We focus, in particular, on how these are
detected at IceCube, although we will compare the final
sensitivity to those of the planned IceCube Gen2 and
KM3NeT detectors. Tracks come primarily from muon
neutrinos (v,) through charged current interactions, with
subleading component from muon decays in 7’s produced
in 7 neutrino charged current interactions. For TeV-scale
neutrinos, tracks have a median angular resolution of
roughly 1° [47]. Cascades can come from any type of
neutrino with neutral current or non-v, charged current
interaction. The angular resolution for cascades at 1 TeV is
roughly 10° [48]. In either case, higher energy neutrinos
can significantly improve the possible angular resolution.

The interaction cross sections, detector volume, and
effects from analysis cuts are encapsulated by a total
effective area of the detector to each flavor of neutrino.
This has been calculated for both tracks and cascades,
seen for the Southern Hemisphere for tracks in Fig. 5 of
Ref. [47] (for a neutrino of energy 1 TeV, roughly 30 cm?).
For cascades, the effective area is approximated by the all-
flavor area in Fig. 2 of Ref. [48] (for a neutrino of energy
1 TeV, roughly 700 cm?), as the electron and 7 neutrino
fluxes dominate in that sample. The flux times the effective
area is then integrated over a bin in observed neutrino

*For source distances of this length, the neutrinos are fully
mixed well before arrival at Earth, so the flavor ratio is fixed.
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energy. For simplicity, the energy resolution is emulated
through convolution with a box in log space, assuming 15%
energy resolution.” The flux is also integrated over an
angular circle about the GC taken to be 1° for tracks and
10° for cascades for reasons detailed below. The back-
ground flux is treated similarly, with the flux of astro-
physical neutrinos based on an all-flavor power law
measurement [51]. Assuming Poissonian errors and a
relatively small signal-to-background ratio, the significance
of a measurement of neutrino events near the GC in an
experiment is

i _ fAE dEu fAQ dQAefftexpd¢y/dEu
\/E \/IAE dEyAeffteprQd¢asuo/dEy

where S and B are the expected signal and background
events, respectively, AE represents a bin in neutrino energy
over which the signal and background are integrated, AQ
represents the area of interest about the Galactic Center,
d¢,/dE, is given in Eq. (5), d¢ 0/ dE, is the background
flux discussed above, A. is the effective area of the
detector as a function of the observed neutrino energy,
and 7, is the exposure time. We consider a single energy
bin, with size and central value chosen to maximize the
significance of a Higgsino-like, thermally produced DM
indirect detection signal. This was found to be a bin from
0.6 to 1.1 times the mass of the neutralino dark matter. The
effects of changing the energy bin for different model
points or of using multiple energy bins were marginal.

Note that, in the calculation of the significance [Eq. (6)],
the neutralino annihilation cross section appears only as a
linear factor in the flux [Eq. (5)]. We can then factor out the
annihilation cross section as S = s{ov) for s independent
of (ov). Given a target sensitivity to new physics at 95%
for exclusion, i.e., a 2¢ result, we have S/ VB=2, ora
sensitivity to the neutralino annihilation cross section
of (ov) = 2v/B/s.

The background sources are, in descending order of flux,
atmospheric muons, atmospheric neutrinos, and astrophysi-
cal neutrinos, with at least an order of magnitude difference
in each of these sources. For a source in the Southern
Hemisphere (as the GC is at —29° declination), character-
istics of the shape of the signal in IceCube help suppress
down-going atmospheric muon backgrounds that are not
blocked by scattering in Earth, while atmospheric v,,, the
dominant contribution to atmospheric neutrinos, can be
suppressed through coincidence with muons in down-going
neutrino events. For cascades, this is accomplished with a
deep learning algorithm, which has been used to detect the
Galactic plane from neutrinos at roughly 10% of astro-
physical background neutrino flux along the plane of the

This resolution is well justified for cascades [49], but is rather
optimistic for tracks [50].

Milky Way [48]. For tracks, atmospheric v, rejection has
been explicitly studied above 100 TeV, where it can be
reduced by as much as 2 x 107 [52]. While this reference
indicates that at 1 TeV this suppression is closer to a factor
of 0.1, it is unclear if further improvements are possible in
dedicated searches. Such additional filters will likely also
reduce the expected signal, although the details will have to
be explored in future analyses.

For this study, we consider both a conservative case and
an optimistic one. In the conservative case, we measure
cascade events from electron and 7 neutrinos (and respec-
tive antineutrinos) and track events from muon neutrinos
and antineutrinos, with a background of a combination of
atmospheric and astrophysical neutrinos of those types.
In the optimistic case, the atmospheric neutrinos are assumed
to be suitably suppressed, leaving only an astrophysical
neutrino background equally distributed among the flavors,
which cannot be filtered, as the signature is expected to be
identical to that of our signal neutrinos. Atmospheric neu-
trino fluxes are approximated using the Honda model [53],
and the astrophysical neutrino fluxes are approximated with
a power law that is uniform across all flavors [51],

—_ Eb.usm) —/astro
d¢v.astro — 168J—F82129 x 10 8 X (100 TeV) g (7)
dE, GeV cm? s st '

for spectral index ¥, = 2.581’868 and neutrino energy

E, sswo- This law is known to be accurate at energies
3-550 TeV and is taken as a conservative estimate in our
energy range. In contrast, the most recent fully published
IceCube result [54] predicts roughly an order of magnitude
smaller astrophysical flux if extrapolated to 1 TeV from its
region of validity above 30 TeV, but it is two years older than
the proceedings in Ref. [51]. This uncertainty is encapsu-
lated by the uncertainty on the spectral index.

We optimize the size of the angular area of interest about
the GC to minimize the required exposure for an exclusion
(or detection), up to the limit of the detector’s angular
resolution. Figure 1 shows the total exposure required for a
20 exclusion of thermally produced Higgsino DM as a
function of the radius of the cone of interest about the GC,
using the range of background assumptions described
above. As the DM signal is concentrated near the GC,
smaller angular areas of observation about the GC lead to
reduced exposure requirements, with a minimum at roughly
0.1° when the signal begins to grow too faint. The vertical
dashed lines in Fig. 1 show the angular resolutions for track
and cascade data for TeV-scale neutrinos in IceCube at 1°
and 10°, respectively [47,48], although for higher energy
signals, we would expect better angular resolution. As we
can see, the expected improvements in sensitivity from
angular resolution enhancements are marginal for this
analysis below a few degrees.

We now turn to the relative merits of different types of
neutrino signals. While cascade events have lower angular
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FIG. 1. Total exposure for 20 exclusion of thermally produced
Higgsino DM as a function of the radius of the cone of interest
about the GC. The bands denote the range of backgrounds from
solely astrophysical neutrinos (lower end) to atmospheric and
astrophysical neutrinos (upper end). For cascades (lower, green
band), both electron and 7 neutrinos are included for both the
signal and background, while for tracks (upper, blue band) only
muon neutrinos are used. The TeV-scale angular resolution of
IceCube is shown in vertical dashed lines for track and cascade
signatures in the detector.

resolution than track events, the effective area is larger and
they provide sensitivity to more neutrino flavors, resulting
in an improved reach for Higgsino-like DM relative to
searches with tracklike events, when searching for a
signal from the GC. In Fig. 2, we compare the two
sensitivities of the IceCube neutrino detector to tracklike
events (blue/upper shaded region) and cascade events
(green/lower shaded region) from dark matter annihilations
near the GC. Here we define the sensitivity band by the
projections for the backgrounds discussed above. We see that
the sensitivity of an analysis using cascades dominates over
that for tracks, even with the most optimistic assumptions

1.x10722
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F Tracks

1.x1072%
5.x107%*

1.x 104N

5.x10725F Cascades

(ov) sensitivity (cm®/s)
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2000 4000 6000 8000
Higgsino Mass (GeV)

10000

FIG. 2. Sensitivity using tracks (blue) or cascade (green)
neutrino signatures in IceCube for a search for Higgsino-like
DM with some additional physics allowing it to compose the
entire observed DM abundance. For tracks, only v, signal and
background are possible, while for cascades only electron and ¢
neutrinos are included due to the large atmospheric v, back-
ground. Sensitivities are shown as bands based on a range of
possible projections of background neutrino flux.

10 °

500 1000 1500 2000 2500 3000 3500
Observed Neutrino Energy (GeV)

FIG. 3. Neutrino flux for (black) wino- and (gray) Higgsino-
like neutralino DM shown as differential flux multiplied by the
energy squared. Masses are set by the requirement that the
neutralino produces the full DM relic abundance through thermal
production, so the winolike neutralino mass is 2.8 TeV (black)
while for a Higgsino-like neutralino it is 1.1 TeV (gray). The
combined v, + v, signal is shown, although the spectra for
different v flavors are not visibly distinct beyond a small
suppression of v,. The astrophysical v, + v, background (solid
red) follows the power law described in Ref. [51], while
atmospheric neutrino spectra both for v, + v, (dashed red) and
all v flavors combined (dotted red) follow the Honda model [53].

about the backgrounds. In the remainder of this study, we
therefore focus our analysis on cascade events.

We consider the signal from angular area about the GC of
10°, as limited by the angular resolution for cascades in
IceCube. The resultant combined flux spectrum from
Eq. (5) for electron and 7 neutrinos due to neutralino anni-
hilation, normalized by a factor of E?, is shown in Fig. 3.
We also show, in red, the atmospheric and astrophysical
neutrino backgrounds described above. We note that, for
both the DM signal and the astrophysical neutrino back-
ground, the spectrum is not visibly distinct for different
neutrino flavors due to mixing over the distance traveled
to Earth. In atmospheric neutrinos, however, there is a
significant difference; muon neutrinos dominate the spec-
trum, electron neutrinos are subdominant, and the 7
neutrino contribution is negligible.

While the astrophysical neutrino flux is not well charac-
terized at energies as low as 1 TeV,® we assume the extra-
polation is sufficiently accurate for our purposes. The signal
flux is shown for both a Higgsino and wino DM model, with
DM masses 1.1 and 2.8 TeV, respectively, to reproduce the
observed DM density through thermal production.

IV. RESULTS

The overall current sensitivity for IceCube to Higgsino-
and winolike DM is calculated assuming a 10 yr run using

®The power law in description for astrophysical neutrinos,
Ref. [51], is known to be unstable below 3 TeV.
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FIG. 4. Comparison of IceCube (dark blue), IceCube Gen2 (light blue), and KM3NeT (green) sensitivities to neutralino DM. These are
shown as IceCube (left), KM3NeT (right), and a focus on the region of interest for wino exclusion with future experiments directly
compared in the optimistic background assumption (below). The bands for each detector range from the most conservative case at the
top, detecting only electron and 7 neutrinos with both astrophysical and atmospheric backgrounds, to the most optimistic case at the
bottom, detecting all neutrino flavors with only astrophysical neutrino backgrounds. The horizontal bands assume the neutralinos
saturate the measured DM abundance while the diagonal bands are sensitivities assuming thermal production of Higgsinos (unfilled) and
winos (filled). For readability in the thermal Higgsino case, we show only the most conservative scenario for IceCube and the most
optimistic scenario for IceCube Gen2, encompassing the range of possibilities. The theoretically expected annihilation cross section is

shown for Higgsinos (orange) and winos (red).

cascade data for a total exposure ~2 x 10'! cm?s for
neutrino energies near 1 TeV. IceCube Gen2 is taken
to improve the effective area by roughly a factor of 5
between enhanced atmospheric veto and additional detec-
tors [24,25]. These are compared against the expected
KM3NeT performance by adjusting the exposure based in
Fig. 19 in Ref. [22], or roughly 9000 cm? for neutrino
energies near 1 TeV, and we use a 10 yr run again for
consistency (total exposure ~3 x 10'2 cm? s). KM3NeT is
taken to be able to use a 3° radius about the GC based on
limits for shower’ angular resolution [22], while both
IceCube curves assume cascade data observing a 10° radius

"We also considered the KM3NeT up-going track signal from
the Galactic Center, however, the gains from improved angular
resolution are marginal. The significantly larger total effective
area for cascade/shower events relative to tracks has a larger
effect than the loss in angular resolution, so we consider only
cascade/shower events in this analysis.

area. Depending on how well a dedicated analysis is able to
filter atmospheric neutrinos, we show the relative sensitiv-
ities for Higgsino- and winolike DM, as compared to the
theoretically calculated cross section, in Fig. 4. The bands
represent the range from a conservative sensitivity projec-
tion, where only electron neutrinos and 7z neutrinos are
detected with astrophysical and atmospheric backgrounds,
to an optimistic one, with only astrophysical neutrino back-
grounds and all flavors detected with tracks and cascades.
The sensitivity to Higgsinos and winos are shown together
on the plot, as the sensitivity to Higgsinos is roughly 6%
more strict than winos due to the different mix of Z and W
bosons produced in annihilation, which is not a visible
distinction.

If we assume thermal production of the lightest neu-
tralino, the density scales directly as mﬁ This has two
implications; first, that for masses larger than 1.1 TeV
for Higgsino-like and 2.8 TeV for winolike DM, we over-
close the Universe, and second, that for lower masses,
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as the J factor scales with p?, the total sensitivity falls
directly as mj} as compared to a similar model that saturates
the observed DM abundance. In Fig. 4, we show the
sensitivities to thermal production with multicolored bands
for winolike DM and, for ease of reading, with just the lines
for the outer edges of the bands for Higgsino-like DM. For
all detectors, the roughly horizontal bands assume some
additional physics adjusts the relic abundance to saturate
the bound observed of DM.

Comparing the IceCube sensitivities to the theoretically
predicted cross sections shown in Fig. 4, it is of particular
note that the thermal DM wino appears entirely discover-
able with current IceCube data. The bottom plot then shows
a more focused study of this region of sensitivity with
IceCube, IceCube Gen2, and KM3NeT shown together,
though for the latter two only the optimistic background
scenario is shown. We note that even wino LSPs that do not
saturate the DM abundance could be discoverable with
masses near 2 TeV, and for lighter masses, near-future
experiments can exclude winolike DM entirely if it satu-
rates the DM abundance.

It is of note that uncertainties in the shape of the DM
distribution and in the exact background spectrum can
modify our prediction, although the former effect is some-
what ameliorated by the wide angular area of observation
for the IceCube curves and the latter by the conservative
background assumption. While Higgsino-like DM ther-
mally produced to saturate the DM abundance is out of
reach for currently planned experiments, IceCube Gen2
and KM3NeT will bring us within a couple orders of
magnitude of sensitivity, implying sensitivity to this model
may be a few generations away. IceCube general weakly
interacting massive particle searches similar to this more
specific one are ongoing [55-58] and so far demonstrate a
similar exclusion level as discussed here at roughly (ov) <
1072 cm3/s. High energy y ray searches have demon-
strated similar reach in the photon channel [17,20],

complementing the results shown here. We note that a
definitive exclusion of thermal wino dark matter at a
particular mass by any one analysis is adequate to exclude
the model altogether. However, independent verification of
the same conclusion using multiple messenger particles
will strengthen the confidence in any result due to their
different dependencies on systematic uncertainties.

V. CONCLUSION

The current exposure level from IceCube is sufficient to
exclude thermally produced, winolike DM with a dedicated
search. The particulars of the efficiency of excluding
backgrounds from atmospheric muons and muon neutrinos
at 1 TeV remain as a topic for future study to refine this
prediction, particularly for other neutralino masses where
sensitivity is less definite, but current deep learning and
muon coincidence techniques appear promising. Future
experiments, including data from IceCube Gen2 and
KM3NeT can also exclude the full regime of winolike
DM that do not thermally overproduce DM, assuming
additional physics enhances neutralino production to the
observed DM abundance. For Higgsino-like DM, exclusion
is still another generation of detector away outside of a
region of parameter space with particularly strong
Sommerfeld enhancement at roughly 7 TeV.
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