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Indirect search for dark matter from the Galactic Center and halo
with the Super-Kamiokande detector
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We present a search for an excess of neutrino interactions due to dark matter in the form of weakly
interacting massive particles (WIMPs) annihilating in the Galactic center or halo based on the data set of
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Super-Kamiokande-I, -II, -III and -IV taken from 1996 to 2016. We model the neutrino flux, energy, and
flavor distributions assuming WIMP self-annihilation is dominant to vz, u "y, bb, or WHW~. The excess is
in comparison to atmospheric neutrino interactions which are modeled in detail and fit to data. Limits on
the self-annihilation cross section (o,V) are derived for WIMP masses in the range 1 GeV to 10 TeV,
reaching as low as 9.6 x 10723 c¢m? s~ for 5 GeV WIMPs in bb mode and 1.2 x 1072* c¢m? s~ for 1 GeV
WIMPs in vv mode. The obtained sensitivity of the Super-Kamiokande detector to WIMP masses below
several tens of GeV is the best among similar indirect searches to date.

DOI: 10.1103/PhysRevD.102.072002

I. INTRODUCTION

There is compelling evidence that ordinary baryonic
matter composes only 5% of the total energy density of the
Universe, which is dominated by dark energy (68%) and
dark matter (27%) whose nature is unknown [1]. Some
well-motivated candidates for particle dark matter (DM)
arise within supersymmetric extensions of the Standard
Model [2,3]. These particles belong to a collective group
referred to as weakly interacting massive particles
(WIMPs). The lightest supersymmetric particle, the neu-
tralino (y), has been considered one of the most promising
WIMP candidates. However, the analysis presented here
would also be valid for any other dark matter candidate
annihilating into Standard Model particles.

WIMPs present in the Galactic halo may be observed
directly via elastic scattering off nuclei in detectors [4,5]
or indirectly through detection of the products of their
annihilations (or decays) into Standard Model particles,
including neutrinos [6-10]. It is expected that dark matter
particles will accumulate in massive celestial objects like
stars or planets and be bound by their gravitational
potentials [11]. Previous searches for WIMP-induced
neutrinos from the Sun and Earth cores, based on data
collected with the Super-Kamiokande (SK) detector, have
shown no excess of dark-matter-induced neutrinos over the
atmospheric neutrino background [12—-14].

In this study, we assume that dark matter particles
concentrate in the central regions of galaxies, as predicted
by many halo models [15-20]. We search for neutrinos
from WIMP annihilation in the center of the Milky Way
and from its halo. This search with neutrinos is comple-
mentary to other indirect searches relying on annihilation
products like y, et /e™, or p [21]. The experimental
advantage of neutrinos is that they travel unimpeded and
undeflected from their origin. However, their low inter-
action cross section puts them at a disadvantage relative to
these other annihilation products.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

We constrain the thermally averaged self-annihilation
cross section (o, V) for WIMP pair annihilation for masses
from 1 GeV to 10 TeV. This is the first search for WIMPs
from the Milky Way based on data acquired by the Super-
Kamiokande detector and extending to dark matter masses
below 10 GeV.

The Super-Kamiokande detector is nearly 100% efficient
for detecting neutrino interactions above ~100 MeV. The
dominant background is atmospheric neutrino interactions,
which have been well studied with our detector. We have
made precise measurements of the flux, angular distribu-
tion, and energy spectra of atmospheric neutrinos [22]. We
also have a detailed model of systematic uncertainties [23].

Below we present results of two different approaches to
analyzing the same data sample: a full fit employing both
data and Monte Carlo templates (combined fit), and a
method comparing observed event rates from a region
around the Galactic center to those in a region located in the
opposite part of the sky (on-source/off-source analysis).
The first method fits for a simulated WIMP-induced
neutrino contribution to the Super-Kamiokande data
together with the expected atmospheric neutrino back-
ground component. Various WIMP annihilation channels
and masses are tested. All event categories of detected
neutrino interactions used in recent atmospheric analyses
[23], binned in angle and momentum, are used in the fit.
The second method provides a check that is entirely data
driven. We compare the number of events in a certain
angular region around the Galactic center (on-source) and
in a region of the same size but shifted by 180° in right
ascension (off-source). As the atmospheric neutrino back-
ground equally affects both regions, any excess of events in
the on-source data would indicate an additional source of
neutrinos from the area around the Galactic center.

II. DARK MATTER ANNIHILATION
IN THE MILKY WAY

The energy spectrum of neutrinos from the annihilation
of dark matter WIMPs and the branching ratio (BR) for
their production is unknown and must be modeled. In the
following analysis we consider direct annihilation into pairs
of neutrinos, yy — v, as well as annihilation into pairs
of utu, bb, and WrW~. Each annihilation mode is
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considered separately assuming 100% BR irrespective of
the actual nature of DM annihilation. In the bb and W+ W~
channels, neutrinos are mainly created in decays of mesons
produced during the hadronization of the primary annihi-
lation products. In the ™y~ channel neutrinos are produced
directly in the decays of the muons. In the vv channel, a
monoenergetic spectrum and equal fluxes of DM-induced
neutrinos of every flavor are assumed, and the energy of
the neutrinos equals the mass of the annihilating dark
matter particles.

Neutrinos that travel over galactic distances experience
multiple oscillations and arrive at the detector with a flavor
composition that is predictable based on the values of the
neutrino mixing parameters [24,25]. In applying oscilla-
tions to DM-induced neutrinos we followed the approach
presented in Ref. [26], adopting parameter values of
sin*26,, = 0.86, sin? 26,5 = 1.0 (maximal mixing), and
015 ~ 0 to check how long-distance oscillations affect the
neutrino production spectra and their flavor ratios at the
Earth. The resulting neutrino fluxes at the detector can be
described with the following effective formulas:

1
¢yeﬁ¢9€—152 (1)
and
L 5 0 1
¢1/, = ¢1/# = E (¢1/}, + ¢v,> + gSZ’ (2)

where ¢8w_r are the initial fluxes and s, is defined as
sin® 2015 (24, — ¢), — ¢,) [26]. Note that the above for-

mulas lead to an equal flux of neutrino flavors at the Earth,
that is, flux ratios of 1:1:1 for v,:v,:v,, for the typical
scenario of neutrino production via the decays of light mesons
and muons in which the initial flavor ratio is 1:2:0 at the
production point. The DarkSUSY [27,28] simulation package
was used to obtain the differential neutrino energy spectra
for the DM annihilation channels considered, as shown in
Fig. 1, after taking into account neutrino oscillations.

The expected flux of DM annihilation products depends
on the density distribution of DM particles in the
Milky Way. There are various models describing the
structure of the DM halo obtained on the basis of N-body
simulations [29] and gravitational lensing observations
[30]. The predictions of the Navarro-Frenk-White
(NFW) [15], the Kravtsov ef al. [16] and the Moore et al.
[17] models of the expected DM density p in the halo are
shown in Fig. 2, assuming a flat DM density profile for the
innermost regions of the Galaxy. The Moore model
anticipates a high-density cusp in the center of the
Milky Way, while the Kravtsov model yields a flatter
density profile. The NFW profile is between these two
extreme predictions and is similar to other commonly
considered models such as the Einasto profile [18,19]. In
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FIG. 1. Differential muon neutrino energy spectra for a WIMP
mass of 100 GeV after taking into account neutrino oscillations
throughout the Galaxy. Fluxes have been calculated based on
DarkSUSY [27,28] and Egs. (1) and (2).

the primary analysis presented in this paper the NFW
model is used as a benchmark. The expected impact of
changing the halo model is studied with a secondary
analysis that requires fewer computational resources.

The DM density distribution in the NFW model can be
written as

Po
p(r) = : (3)
(r/r)[1+ (r/ry))?
10% ] B ] B L) I R B P
===+ Moore
10° — NFW
— = Kravtsov
10?
c"g Solar System Position
S 10
[0
S,
= 1
=
10"
10
10° ol el
10 107 1 10 10?

r [kpc]

FIG. 2. Dark matter density (p) as a function of distance (r)
from the GC for different DM density distribution profiles:
Moore [17], NFW [15], and Kravtsov [16]. The vertical gray
line indicates the solar system position, Ry = 8.5 kpc. The
normalizations are chosen to match the local density of DM
expected at the position of the solar system from the local rotation
curves, for NFW p(R,.) = 0.3 GeV cm™ (0.27 for Moore, 0.37
for Kravtsov) [9].
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where r is the distance from the center of the Galaxy and
ry = 20 kpc is the scale radius. The normalization is set so
as to match the DM density at the radius of the solar system
(R, = 8.5 kpc) expected from rotation curves and corre-
sponds to p(Ry) = 0.3 GeVem™ for the NFW profile
[8,9]. Though some models based on recent observations
suggest that p(R,.) may deviate slightly from this value
[31], the impact on the present analysis is expected to be
negligible.

The annihilation intensity 7, (numerical flux per solid
angle) at an angle y with respect to the Galactic center (GC)
direction is proportional to the line-of-sight (/) integral of
the DM density squared (as two DM particles are required
for annihilation) [8,9],

1 lmax 2
- / (p (\/ R2, —2IR. cosy + 12)) dl,
Rscpsc 0

4)

Taly) =

where pZ = p?(R,.) and R, are used as scaling parameters
to make 7, dimensionless. The upper limit of integration,

depends on the assumed size of the Milky Way halo, Ry -
However, contributions beyond the size of the visible
stellar halo (20-30 kpc) are negligible. The dependence of
Ja(w) on the angular distance from the GC is shown
in Fig. 3.

The average value of the intensity of DM annihilation
products received at the Earth from a cone with half-
angle y around the GC, that spans a field of view of
AQ = 27(1 —cosy), can be cast as

10* === Moore
— NFW

— = Kravtsov

vy, angular distance from GC []

FIG. 3. Intensity of annihilation products versus angular dis-
tance from the Galactic center for various DM halo profiles.

1

ja(AQ> ~ A0

5g [, JWemdosy). (@

Then, the neutrino flux at the Earth can be related to the
average intensity of DM annihilation products as [8,9]

d¢u <6A V> Rscpsz'c dN
= AQ - — 7
dE 7 7l )4nM§ dE )

where M, is the assumed mass of the DM particle, the
factor 1/2 is needed for self-conjugate WIMPs, and 1/47x
is for isotropic emission. Here dN/dE is the differential
neutrino multiplicity per one annihilation (cf. Fig. 1).

I11. SUPER-KAMIOKANDE DETECTOR
AND DATA SAMPLES

Super-Kamiokande is a 50 kton water Cherenkov detec-
tor located at the Kamioka Observatory operated by the
Institute for Cosmic Ray Research of the University of
Tokyo [32]. It is used to search for proton decay as well as
to investigate atmospheric, man-made and extraterrestrial
neutrinos, including solar neutrinos and those produced
in supernovae bursts. The detector consists of an inner
cylindrical volume (inner detector, ID) and an outer part
(outer detector, OD), which plays the role of a veto region
for penetrating particles. The detection of neutrinos relies
on observation of charged particles (primarily leptons)
produced in v interactions inside or outside the ID’s
22.5 kton fiducial volume. Cherenkov radiation from
charged particles in the water is emitted in a characteristic
conical pattern, projected onto the detector walls, and
recorded by photomultipliers. The detected light pattern
allows for the reconstruction of the particle energy and
direction and provides differentiation between electromag-
netic showers (e-like) and muon-type non-showering par-
ticles (u-like).

The sample of neutrino interactions in which we search
for WIMP-induced neutrinos consists mainly of inter-
actions of atmospheric neutrinos, which are the main
background of this search. Based on the topology and
energy of the detected events, atmospheric neutrinos can be
assigned to three main categories: fully contained (FC),
partially contained (PC), and upward-going muons (UP-p).
The FC events have a reconstructed neutrino interaction
vertex inside the fiducial volume and particles produced in
the parent neutrino interaction stop inside the ID. The true
neutrino energy of FC events is in the range of hundreds of
MeV up to several GeV. The true neutrino energy of PC
events, which have particles exiting into the OD, ranges
from 1 GeV to 100 GeV with a median energy of 10 GeV.
Neutrinos of higher energies (10 GeV to a few TeV) are
detected as upward-going muons due to muon neutrino
interactions in the surrounding rock. Downward-going
muons entering from outside the detector are removed

072002-5
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TABLE I. Summary of atmospheric neutrino data and MC event samples in the SK-I, SK-II, SK-III, and SK-IV data sets.
SK-I SK-II SK-1IT SK-IV
Data MC Data MC Data MC Data MC
Fully Contained (FC) sub-GeV
e-like, single-ring
0 decay-e 2965 2933.9 1577 1541.3 1094 1043.7 4658 4744.9
1 decay-e 299 301.6 168 161.0 117 104.6 590 575.8
u-like, single-ring
0 decay-e 1017 1008.5 564 550.0 340 356.2 922 907.6
1 decay-e 2006 2046.2 1045 1081.2 744 745.6 4216 41424
2 decay-e 148 147.2 86 82.5 58 60.4 395 395.6
7°-like
single-ring 163 165.4 115 106.0 53 534 247 244.7
multi-ring 493 489.0 245 259.0 178 173.6 804 807.0
Fully Contained (FC) Multi-GeV
Single-ring
v,-like 193 168.1 82 84.8 66 60.8 364 359.2
v,-like 651 663.4 320 339.6 212 232.8 959 949.8
u-like 699 720.3 400 387.4 237 252.4 1229 1207.2
Multi-ring
v,-like 224 228.1 162 155.0 80 85.4 441 4423
v,-like 212 215.5 116 124.7 64 67.4 353 366.1
u-like 610 615.3 344 336.5 230 226.9 1126 1118.5
other 519 509.4 296 291.7 173 166.5 820 818.4
Partially Contained (PC)
Stopping 141 142.8 81 75.3 55 53.1 289 297.7
Through-going 793 787.2 356 372.6 308 309.1 1344 1412.1
Upward-going muons (UP-u)
Stopping 4323 433.2 203.1 211.1 191.7 169.0 627.1 641.8
Through-going
Non-showering 1410.6 1349.8 616.4 640.8 508.3 459.5 2497.4 2448.7
Showering 422.0 497.0 193.6 190.0 205.8 239.8 409.2 382.3

from the analysis samples as they cannot be separated from
downward-going cosmic-ray muons.

The FC, PC, and UP-u event classes can be further
divided into more specific subcategories, as listed in
Table I. The main criteria for dividing FC events are the
type of the primary ring (e-like vs u-like), the number of
reconstructed rings (single-ring or multi-ring), the num-
ber of electrons from muon decays, the presence of 7,
and the likelihood to be 7,. If the reconstructed momen-
tum of the primary lepton is below 1.33 GeV, the event is
classified as sub-GeV, and multi-GeV otherwise. The
PC events either stop in or escape the veto region and are
thus divided into PC-stopping and PC-through-going.
Similarly, UP-u events are categorized as “stopping” in
the detector or “through-going.” The most energetic
muons induce showers while passing through the detec-
tor. Therefore, “through-going” UP-u events are further
categorized as ‘“showering” and “non-showering.” A
detailed description of the event classification can be
found elsewhere [23].

Since this search covers a wide range of neutrino
energies, all of the SK atmospheric neutrino data and
their corresponding subsamples are taken into account in
the analysis. The search is based on data from the SK-I
(1996-2001), SK-II (2002-2005), SK-III (2006-2008),
and SK-IV (2008-2016) run periods. Data used in this
work were collected until June 2016 and correspond to a
total livetime of 5325.8 live-days for FC and PC events and
5629.1 live-days for UP-u events.

The Monte Carlo (MC) simulation of the detector
response is based on a GEANT3 model [33]. Neutrino
interactions are modeled with the NEUT generator [34] and
the background flux is taken from Ref. [35]. In this
analysis, MC corresponding to 500 years of livetime
separately for SK-I, -II, -IIT and -IV sets (2000 years of
livetime in total) is used.

IV. COMBINED FIT

In this search it is assumed that the neutrino data
collected with the SK detector can be described by two
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FIG. 4. Tllustration of the DM annihilation signal for M, = 5 GeV/ c? (blue solid line) and M , =50 GeV/ c? (blue dotted line) into a
pair of bb quarks. The samples used in the fit are presented. SK data (black points with errors), the “best-fit” atmospheric MC after
oscillations (red solid), and the DM-induced neutrino signals are shown with respect to the direction of the Galactic center (cos Ogc = 1
corresponds to the direction of the GC). The signal normalization corresponds to the 90% C.L. upper limit for the given WIMP mass
hypothesis, but has been multiplied by 10 for visibility. In the fitting procedure, the angular distributions shown in the figure are also

binned in lepton momentum.

components: WIMP-induced neutrinos (the signal) and
atmospheric neutrinos (the background). In the combined
fit analysis we search for a signal excess in the atmos-
pheric neutrino data sample that is compatible with a
neutrino source from the GC by introducing DM signal
templates and fitting them together with the atmospheric
background assuming a variety of WIMP masses. The
spectra and directional distributions of signal events are
correlated across all of the event subsamples. This is
different from previous SK searches for DM-induced
neutrinos that were based only on the angular information
of UP-u events [13,14].

Monte Carlo event samples are used to simulate both
signal and background. The standard simulation of atmos-
pheric neutrino interactions used in SK’s oscillation studies
is used to estimate the background and includes simulated
tau neutrino interactions [36]. In order to simulate the
signal, a separate and independent sample of events from
the atmospheric MC is reweighted to the angular and

energy distributions expected for DM-induced neutrinos
for a given WIMP mass and annihilation channel.

The Monte Carlo samples allow DM-induced signal
simulation for v,7, with energies 100 MeV <E, <10TeV,
for v,v, in 100 MeV < E, <80 GeV, and for v,v, in
100 MeV < E, <150 GeV. These upper limits are deter-
mined by event statistics in the atmospheric MC. For
WIMP masses (M,) greater than several hundreds of
GeV, the detected event rate is dominated by interactions
in the rock rather than the detector volume, and therefore
only muon neutrinos are used to simulate the high-energy
part of the DM-induced neutrino energy spectrum.
Although the analysis in this energy range lacks contribu-
tions from other neutrino flavors, it has the advantage of the
best pointing resolution.

The signal and background contributions are compared
against the data for various WIMP masses and annihilation
channels using the “pull” y? [37] method based on Poisson
probabilities,
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FIG. 5. Fitted number of DM-induced neutrinos of all flavors from annihilation into bb, utu~, WTW~, and v as a function of the
WIMP mass. Also shown are the expected sensitivities for the zero-signal case.

=2y < <N{3TM <1 + Zﬂ;e,») +pNM (1 + Zi:g;ei» -

where n indexes the analysis bins, N4™ is the atmospheric
neutrino background expectation including oscillations,
NPM s the simulated DM-induced neutrino contribution,
and N9 is the number of observed events in the nth bin.
The parameter [ represents the normalization of the
simulated signal. Determining the “best-fit” f is the main
goal of this analysis. Systematic errors are incorporated into
the fit via parameters €¢;, where i is the systematic error
index. Here fi, (g,) represents the fractional change in the
background (signal) MC in bin n for a o; change in the ith
systematic error. Note that systematic uncertainties related
to the detector, data selection, and neutrino interactions are
fully correlated between the signal and background. That
is, fi = gi for those errors. Atmospheric neutrino flux
errors, on the other hand, have no impact on the signal and
g, = 0 for those errors, accordingly. This analysis only
considers DM-induced neutrinos from the GC and halo and

Ndata + Ndata In i N ga[a i >
" " NQTMU +Ziffz€i) +ﬂN5M(1 "‘Zigfzei)

(8)

does not include other sources. During the fit, Eq. (8) is
minimized with respect to the ¢; at each point in parameter
space according to ‘é—e =0 [37]. The “best-fit point” is
defined as the global minimum 2 on the grid of all tested
points. The index i covers systematic uncertainties from
Ref. [23] considered in the atmospheric neutrino analysis of
SK data, but adjusted for the GC angular binning scheme
used in this analysis.

The atmospheric neutrino background depends on
the values of the neutrino oscillation parameters 6,3, 01,, 013,
Am3,, Am?3,, and Scp. The values of these parameters are not
determined in this analysis as a given GC coordinate does
not correspond to a fixed travel path length in the Earth and
therefore provides little sensitivity to neutrino oscillations.
Accordingly, the oscillation parameters are set to dcp = 0,
sin” 20,3 = 1.0, Am3; = 2.44 x 1072 eV? [38],sin? 20,3 =
0.092 [39], sin? 0), = 0.32, and Am3, = 7.46 x 107> eV?

ATM
N n
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FIG. 6. Upper limit on the fitted number of DM-induced neutrinos of all flavors from annihilation into bb, utu~, WHW~, and 1o as a
function of the mass of the DM particles. The expected (median) limit assuming no signal is shown by the dashed line and the region
containing 68.3% (95.5%) of the expected limits is shown by the green (yellow) band.

[40]. However, the uncertainty on each oscillation parameter
is included in the fit via systematic error parameters which
effectively change the N4™ prediction.

There are 19 data samples used in this analysis,
including both e-like and p-like event categories. All of
the samples listed in Table I are used in the search. In total,
there are 520 analysis bins (n = 520) as each sample is
binned in momentum and the cosine of the angle between
the event direction and the direction of the Galactic center
(cos Ogc). The momentum binning is the same as in other
SK atmospheric v analyses [23]. The definition of the event
direction depends on the number of rings in the event. In the
case of the single-ring events, the angle to the GC is
calculated using the observed Cherenkov ring direction.
For events with multiple rings, the direction of the event is
obtained as the momentum-weighted average direction
taken over all ring directions. The angular resolution of
sub-GeV events strongly depends on the parent neutrino
energy and is roughly tens of degrees on average (Fig. 32 in
Ref. [41]). At higher energies, the true neutrino direction is
more accurately determined due to the high Lorentz boost
of the interaction products.

An illustration of the samples used in the fit is shown in
Fig. 4. The samples in the first column use only one angular

bin and several momentum bins due to the poor angular
resolution at low neutrino energy and lepton momentum.
All other samples use multiple angular and momentum
bins, though the latter have been merged together in the
figure. The data are simultaneously fit in all neutrino
flavors. Tau neutrinos end up mainly categorized as
multi-GeV single-ring and multi-ring e-like events due
to the complex final state of secondary particles produced
in v, interactions and 7z decay. Depending on M, and the
annihilation mode, the signal appears in different samples
of Fig. 4. Even samples containing no signal contribution
constrain the background rate and associated systematic
errors, which impacts all bins in the analysis.

V. RESULTS OF COMBINED FIT ANALYSIS

For each tested WIMP mass and annihilation channel,
we try to determine the value of § that governs the allowed
contribution to the SK data from the simulated signal. The
fitted number of DM-induced neutrino events accounting
for the “best-fit” signal normalization £ is shown in Fig. 5
along with the expected limits as calculated by MC under
the assumption of no WIMP signal (denoted as 90% and
99% C.L. sensitivities).
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FIG. 7. Local p-value for the fitted number of WIMP-induced neutrinos for bb, u"u~, WHW~, and vo annihilation channels as a
function of the mass of the DM particles. Results based on data are shown as solid thick lines with points. For comparison, the expected

values assuming different (6, V) are also shown.

It should be noted that the points in Fig. 5 are not
independent, as the same set of data is used for each M,
hypothesis. Accordingly, a correlated rise is seen in all
annihilation channels at low WIMP masses as parts of the
annihilation spectra from neighboring M, overlap in some
analysis bins. At higher WIMP masses the results fall into
the unphysical region, where the fitted number of WIMPs is
negative. A strong excess across all annihilation channels
that exceeds the background-only expectation around a
given WIMP mass is expected for a real signal as contri-
butions from dark-matter-induced neutrinos partially overlap
between different annihilation signal templates. However,
there is no such signal contribution allowed by the data.

The final fit result is translated into an upper 90% C.L.
limit on the fitted number of DM-induced neutrinos using a
Bayesian approach [42] to adjust results which fall into
the unphysical region. Figure 6 shows the result together
with the sensitivity assuming no WIMP contribution. The
1 — 20 uncertainty was derived from pseudo-MC data sets
constructed without any WIMP-induced neutrinos.

Prior to fitting the data, MC studies assuming a WIMP
signal were used to determine a significance threshold for

the analysis. An excess above the atmospheric background
with a local p-value greater than 36 was chosen as the
criterion for a possible WIMP signal. Figure 7 shows the
p-value distributions for the obtained fit results. There is a
~20 excess observed in the M, =5 GeV bb channel
(2.080), for the M, =1 GeV utu~ (1.740) channel, and
for the M, =2 GeV wv (1.820) channel. Though all
p-values are consistent with no WIMP contribution, addi-
tional checks were performed for the most significant
result.

A fit in which the position of the GC was treated as a free
parameter moving in right ascension (RA), but fixed in
declination (DEC), was performed for the bb annihilation
channel and M, =5 GeV. Fixing the declination allows
us to use the same systematic uncertainties, as they depend
on the zenith angle, which itself is proportional to the
declination. This additional analysis found a similar signal
excess of approximately 2o for a WIMP signal, but for a
GC position of RA in range from 210° to 260°, though the
true GC position is at 266°. Accordingly, we find no
indication of a signal consistent with the expectation for
DM from the GC halo in this channel.
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FIG. 8.

Upper limits at 90% C.L. on the (¢, V) versus WIMP mass (the region above the lines is excluded), for dark matter annihilating

through vo, bb, WHW~, and u*u~ into neutrinos, assuming the NFW halo profile. SK limits, obtained in the combined fit and
corresponding to a total livetime of 5325.8 (5629.1) live-days for FC and PC (UP-u) events, are compared with published results from
IceCube (1005 live-days) [44] and ANTARES (3170 live-days) [45].

Based on the limit on the number of DM-induced
neutrinos, the corresponding limit on the diffuse flux is
derived as a function of M, using Eq. (7) and translated into
a limit on the DM self-annihilation cross section (o, V).
The latter is shown in Fig. 8 and compared to selected
results of other neutrino experiments. The line at (o, V) =
3 x 10726 cm?s7! is the expectation for WIMPs produced
thermally during the evolution of the Universe [43].
Despite the smaller effective area of the SK detector when
compared to the IceCube detector [44], the limits obtained
in this analysis are stronger due to the fact that the SK
detector can probe the GC with upward-going events. At
the location of the SK detector, the GC is below the horizon
for ~64% of the year, while for IceCube it is always
above the horizon and can only be directly probed with
downward-going events which typically suffer from more
backgrounds from cosmic-ray muons. ANTARES is oper-
ating in the same hemisphere as SK and its limits [45]
are stronger than the ones obtained here for M, >
50-500 GeV (depending on the annihilation mode) due
to the larger effective area of its detector. Weaker con-
straints from ANTARES observed for M, < 500 GeV for
bb and for M, < 100-150 GeV for WYW~/u"p~ annihi-
lation channels are due to the different detection thresholds
between ANTARES and SK. In this M, range, a substantial
part of the DM-induced neutrino signal is expected below
several tens of GeV (cf. Fig. 1), aregion that is well covered
by the SK detector. A comparison of these results with

selected limits from y search experiments [46—48] is
provided in the Supplemental Material along with a table
containing SK (o, V) limit values [49].

VI. ON-SOURCE/OFF-SOURCE ANALYSIS

The on-source/off-source analysis provides a data-driven
cross-check of the analysis shown in the previous section,
albeit with weaker sensitivity. It has the advantage of being
able to estimate the background directly from data. Equally
sized on- and off-source regions are defined in right
ascension and declination, as shown in Fig. 9. Most of

50

on-source

off-source

DEC [9]

-50

FIG. 9. The on-source/off-source regions defined in equatorial
coordinates.
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TABLE II. Optimal size of on-source and off-source regions Full C°“ta‘”e§_%',i§})%‘gbc'fyi’ [T L ]
assuming DM annihilation for the NFW, Moore, and Kravtsov sﬁgl'gfri‘ngiif}?{(‘g C T b
halo profiles. u-like 0 decay-e | - 4
u- :lllze ; gecay e I o B
Event class Optimal size [°] Kruttic rlng?t(;allkg L ~i ]
NFW Moo re Kravtsov Fully Contained (FC) Multi-GeV
volike [ — i
FC sub-GeV 60 60 60 Ve I et} ]
FC multi-GeV 30 25 55 mu“!R!"gle"!ke r — 7
ultiRingv-like |- —a —
PC 20 10 45 MUIItiQing %—Iglke L —— 4
tiRi 1t - —— -
UP-u 10 5 40 Partially Contained (P?:r)
Stoppin o —_— ]
Through- gomg — —at
Upward-going Muons (UP)
the signal is expected to come from the on-source r'egion Through-going Non- Sﬁm’gr'[;% C E—— ]
centered around the GC (266° RA, —29° DEC) while an Through-going Showering - . ]
independent background estimation is obtained from the -0.5 0 0.5
off-source region, which is offset 180° in right ascension A=(NON-NOFF)/(NON+NOFF)

but at the same declination. Note that the atmospheric
neutrino background is expected to be the same in both
regions as they correspond to identical zenith angles in
SK’s local coordinate system. Therefore, the expected
number of events in the on-source region can be interpreted

as Non = NX& + N2 while for the off-source it is

Nopr = NiE + N8, Here N (NP ¢) stands for the
number of signal (background) neutrinos in the on-source
(off-source) regions. In this analysis we subtract the
number of off-source events from the on-source observa-
tion: Nox — Nogr = Non — Negg. This number effectively
equals Nf,,% as N°¢ off 18 expected to be significantly smaller

than NOrl assuming a true source from the GC halo. The
result of this subtraction is directly proportional to (o, V).
Systematic uncertainties related to the background should
equally effect the on- and off-source regions and therefore
cancel in the subtraction.

The angular size of the on- and off-source regions is
determined to maximize S/ /B, where S stands for the
number of expected signal events and B for the number of
background events. This optimization is performed with the
same signal and background Monte Carlo used in the
combined fit. As the angular resolution of an event depends
on the neutrino energy, the optimal size of the on- and off-
source regions differs between the FC sub-GeV, FC multi-
GeV, PC, and UP-y event samples, as shown in Table II for
the three considered halo profiles.

The number Ngn — Nopp 1s obtained for each subcate-
gory of events and similar numbers of events are observed
in both the on- and off-source regions for all classes.
Figure 10 shows the asymmetry, A = (Nox — Nogg)/
(Non + Nogg), for the benchmark NFW model and all
event categories.

As no asymmetry in the event rate is observed, we
constrain (64 V) by introducing information on the halo
model, the mass of the DM particles, and the annihilation
channel. Limits are calculated for M, in the range from

1 GeV to 10 TeV for the bb, utu~, WHW-, and i
annihilation channels, as shown in Fig. 11. In contrast to the

FIG. 10. Observed asymmetry between the number of neutrino
events in the on- and off-source regions across the event
subcategories for the NFW halo model. Errors on the points
are statistical.

combined fit analysis, which is based only on the NFW
halo profile, the limits here are presented also for the Moore
and Kravtsov profiles in order to demonstrate the impact of
the halo model choice. Differences between the benchmark
NFW model and the Moore and Kravtsov models can reach
an order of magnitude, due to large discrepancies in the
predicted densities of the DM particles in the inner parts of
the Galaxy.

Figure 12 compares the results of this analysis with the
constraints from the combined fit presented in Sec. V.
The combined fit analysis yields limits that are roughly

B T
b
1078 —a WW

— - Kravtsov

expectation for thermal relic scenario

1ofzeh Y B E I I ||
1 10 10 10° 10*
M, [GeV/c?]
FIG. 11.  Upper limits at 90% C.L. on the DM self-annihilation

cross section (6, V) as a function of M, for the bb (blue), WHW-
(maroon), "~ (purple), and vo (orange) annihilation channels
as obtained in the on-source/off-source analysis. The influence of
the halo model choice is shown as bands around the results for the
benchmark NFW profile.
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FIG. 12.  Upper limits at 90% C.L. on the DM self-annihilation
cross section (6,V) as a function of M, for the combined fit
(solid) and on-source off-source (dashed) analyses for the bb
(blue), WTW~ (maroon), u*u~ (purple), and v (orange) anni-
hilation channels assuming the NFW profile.

1 order of magnitude stronger than the on-source/off-source
approach for bb, uTu~, and WTW~. However, for low
WIMP masses, the obtained limits are of similar strength,
as the signal is mostly present in the sub-GeV samples. The
pointing resolution of these samples is poorer than their
higher energy counterparts which reduces their contribu-
tion to the sensitivity of the combined fit.

For the v mode the limits in both analyses are similar
due to the fact that in the on-source/off-source method the
number Noy — Nogp used in the limit calculation is based
only on the sample with the expected DM contribution
for the assumed mass. This effectively resembles the
situation in the combined fit where the v signal also
appears in only a limited number of samples. In contrast,
the limit calculation for bb, u* =, and W+ W~ is based on
all samples together since the signal is broadly distributed
for these channels.

VII. SUMMARY

The analyses presented above show no excess of
DMe-induced neutrinos from the Galactic center or its halo;

the data are consistent with the expectation from
atmospheric neutrino backgrounds. The strongest exclu-
sion is obtained for WIMP masses below several tens
of GeV in the bb, vi, and u* u~ channels in the combined
fit. Limits on (64 V) reach as low as 9.6 x 10723 cm?s~!
for 5 GeV WIMPs in the bb channel and 1.2 x
1072* cm?®s™! for 1 GeV WIMPs in the v channel.
These are the strongest indirect limits among similar
WIMP-induced neutrino searches to date. Strong con-
straints on GeV-scale M, reflect the long exposure and
the discrimination power of multiple subsamples recon-
structed using the Super-Kamiokande detector. A com-
plementary and completely data-driven result that
compared event rates from the angular region near the
GC and one of the same size but located in the opposite
direction also found no evidence of an excess beyond the
background expectation.
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