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Dark matter particles in the Galactic Center and halo can annihilate or decay into a pair of neutrinos
producing a monochromatic flux of neutrinos. The spectral feature of this signal is unique and it is not
expected from any astrophysical production mechanism. Its observation would constitute a dark matter
smoking gun signal. We performed the first dedicated search with a neutrino telescope for such signal, by
looking at both the angular and energy information of the neutrino events. To this end, a total of five years
of IceCube’s DeepCore data has been used to test dark matter masses ranging from 10 GeV to 40 TeV. No
significant neutrino excess was found and upper limits on the annihilation cross section, as well as lower
limits on the dark matter lifetime, were set. The limits reached are of the order of 1072* cm? /s for an
annihilation and up to 10%’ s for decaying dark matter. Using the same data sample we also derive limits for

dark matter annihilation or decay into a pair of Standard Model charged particles.

DOI: 10.1103/PhysRevD.108.102004

I. INTRODUCTION

The existence of dark matter in the Milky Way and
beyond can be probed indirectly through the observation of
various kinds of particle fluxes produced by its annihilation
or decay [1-3]. Looking at this possibility with neutrinos is
of special interest because, as opposed to charged cosmic
rays, neutrinos can propagate over very long distances
without being deflected by magnetic fields. Moreover,
neutrinos are much less absorbed than photons, in particular
by the interstellar medium at very high energies or in dense

"Also at Institute of Physics, Sachivalaya Marg, Sainik School
Post, Bhubaneswar 751005, India.

"Also at Department of Space, Earth and Environment,
Chalmers University of Technology, 412 96 Gothenburg, Sweden.

*Also at Earthquake Research Institute, University of Tokyo,
Bunkyo, Tokyo 113-0032, Japan.

environments. Because of these two properties neutrinos
point back to their origin of emission, even if this origin is far
away or very dense, such as the center of the Sun or the
center of Earth [4-6].

In this article, we search for monochromatic fluxes of
neutrinos that could have been emitted by annihilation or
decay of dark matter in the Milky Way. Monochromatic
fluxes of neutrinos are produced when the parent particle
is nonrelativistic (as expected in the inner part of the
Galaxy) and those processes proceed into two-body final
states where at least one of the two particles is a neutrino.
In the following we will assume that the second particle is
also a neutrino, i.e., we consider the yy — vv and y — vv
processes. The results we will get under this assumption
can also be used for the case where the final state would
consist of a single neutrino and another unknown particle,
modulo a factor 2 for the neutrino flux and taking into
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account the shift of the neutrino line toward lower energies
if the mass of this unknown particle is not negligible. The
neutrino line scenario is different from the usual setting
where dark matter first creates a flux of Standard Model
primary particles, leading to a continuum flux of secon-
dary neutrinos from the subsequent decay (and hadroni-
zation) of these primary particles [7].

The search of a monochromatic flux of neutrinos is
interesting for at least four reasons. First, when the signal
has a narrow spectral feature it is easier to identify an excess
against a broad continuous background stemming from
atmospheric muons and neutrinos. This is of particular
relevance for IceCube’s so-called cascade events that com-
prise neutrinos with a better energy resolution compared to
tracks [8] (see Sec. II for details). Second, there is no high-
energy astrophysical source that could mimic a monochro-
matic signal. Thus, the observation of a line feature would
constitute a dark matter “smoking gun” signal. Third, for the
neutrino channel, neutrino telescopes can directly probe the
primary neutrinos and thus have a clear advantage over
gamma-ray telescopes (which in this case can only see
secondary gamma rays radiated by the neutrinos), despite
the smaller neutrino interaction cross section. Finally, unlike
y-line production which generally proceeds at loop level (due
to the electromagnetic neutrality of the dark matter particle,
see e.g. [9]), neutrino-line production can proceed at tree
level. Systematic lists of simple tree level annihilation models
can be found in [10,11], and there exist numerous models
where dark matter undergoes two-body decays into neutrinos,
seee.g. [12-27], including models where the decay is induced
by the neutrino mass seesaw interactions, see e.g. [25-27].

IceCube has already performed searches of dark matter
annihilating into a pair of neutrinos [28-31]; however, these
searches only used the angular information. In Ref. [32],
based on two years of public data the authors showed that,
given IceCube’s energy resolution in cascade events, the
search for a neutrino line with neutrino telescopes is clearly
feasible and that the use of the energy information, crucial to
distinguish a line from a continuum, allows for a clear
improvement of the sensitivity.' Here we use both the
angular and energy distributions of the events, from five
years of data consisting mostly of cascade events, with an
optimized data selection for a monochromatic flux search
from 10 GeV to 40 TeV. An energy resolution for these
cascade events of ~30% for energies above 100 GeV is
achieved. Additionally, we also used the same data sample
to get new constraints on an annihilation or decay into
other charged particles. Again, the energy information of the
events makes it possible to improve on the expected
sensitivity. In total in this study we considered the annihi-
lation and decay into the three neutrino channels, v,z,, v,7,,
v,7,, and into a pair of 77z, WHW~, utu~, and bb quarks.

ISee also [33,34] for an early estimate on the sensitivity to
neutrino lines by assuming an energy resolution typical to muon
track events.

This article is structured as follows: Section II gives an
overview of the IceCube Neutrino Observatory and the
data selection used in this analysis. The signal expectation
from dark matter annihilation and decay from the Galactic
Center is described in Sec. III. In Sec. IV we describe the
methodology and statistical tools used. Section V reviews
the source of systematic uncertainties. Results are given in
Sec. VI for the neutrino channel and in Sec. VII for other
channels, and conclusions are given in Sec. VIII.

II. ICECUBE AND DATA SELECTION

The IceCube Neutrino Observatory [35] is a neutrino
telescope located at the South Pole and buried between 1.5
and 2.5 km in the Antarctic ice sheet. It consists of a three-
dimensional array of 5,160 photo-multipliers (PMTs) that
detect the Cherenkov light induced by charge particles
created in the neutrino interactions with the surrounding
matter. The PMTs are housed in the digital optical modules
(DOMs), which also contain the electronics for the digitiza-
tion of the signal [36]. DOMs are separated 17 m vertically
and 125 m horizontally to optimize the detection of TeV
neutrinos. A denser subarray of the IceCube detector with a
reduced DOM spacing, called DeepCore [37], is located at
the bottom center of the IceCube array and it is sensitive to
neutrinos with energies 210 GeV. Depending on the
neutrino interaction, different signatures can be observed
within the instrumented volume of IceCube. Charge-current
interactions of v, will leave a tracklike signature, while
neutral-current interactions of all flavors and charge-current
interactions of v, will induce a hadronic or electromagnetic
shower leaving a spherical light pattern in the detector,
which we call cascades. The same is true for charge-current
interactions of v, since at energies below 1 PeV the 7 decay
length is shorter than the average distance of IceCube’s
DOMs rendering the 7 track undetectable.

The event selection used in this analysis was developed
for DeepCore and was optimized to identify and select
cascade events [7]. Filtered data use DeepCore’s fiducial
volume while the neighboring strings of IceCube are used
as a veto from atmospheric muons. The final selection uses
boosted decision trees (BDTs) [38] trained with scrambled
data as background and different reference signals from
Monte Carlo (MC) simulations. Two different signal
benchmarks were used: a neutrino spectra generated from
a 100 GeV dark matter mass annihilating into bb and a
300 GeV mass dark matter particle annihilating into
WTW~. Although in this analysis we focused on direct
annihilation and decay into neutrinos, the choice of the
two spectra used in BDTs was made to represent a soft and
hard neutrino spectrum, respectively. This improves the
sensitivity over a wide range of masses as well as different
spectra. The scores produced by the two BDTs were used
to define two different event selections, one optimized for
best sensitivity of the analysis for dark matter masses from
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10 GeV to 1 TeV and the other for masses from 1
toward 40 TeV.

The energy resolution, defined as the standard deviation
of E,../E. distribution, improves from 60% at 10 GeV to
30% beyond 100 GeV. Both datasets also have a similar
median angular resolution, ranging from ~50° for soft
annihilation channels like bb to ~20° for the WHW-
annihilation channel at a dark matter mass of 300 GeV,
which is sufficient to exploit the directional information for
large extended regions of emission such as the Galactic
dark matter halo.

III. SIGNAL EXPECTATION

Since neutrinos can travel unhindered through the Galaxy,
the neutrino energy spectrum remains almost identical to the
spectrum at the production site. The differential neutrino
flux from dark matter annihilation in an observational
volume at angular distance toward the Galactic Center ¥
can be written as

d VAN,
P (g, w)= LoV [ [ ai
dE, 4n 2m dE, /a0 LOS

where (ov) is the thermally averaged dark matter self-
annihilation cross section, and m,, is the dark matter mass.
The factor 2 in the denominator assumes that dark matter is
a Majorana particle and therefore its own antiparticle [39].
Likewise, the differential neutrino flux from a decaying
dark matter can be expressed in terms of the decaying
lifetime 7, as

H(£.9))dedQ, (1)

dg 1 dn,
Y(E,,¥ (¢,9))drdQ. (2
dEl,( v ) 471'1 m dE /AQ Aosp}{ ( )

1025
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FIG. 1.

In both cases the last two integrals encompass all the
astrophysical information given by the dark matter density
distribution in the Milky Way, p,(r(#,'¥)), and they are
usually referred as the J-factor and D-factor, respectively
(see Fig. 1),

J-factor = JdQ = / / r(¢,¥))dzdQ,
AQ AQ LOS

D-factor = DdQ = / /
AQ AQ LOS

The argument r(#,¥) is the Galactocentric distance
expressed as a function of the angle with respect to the
Galactic Center ¥. The differential 7-factor and D-factor
are integrated over the distance along the line of sight (LOS)
¢. The total J-factor and D-factors include the integration
over the field of view AQ. The dark matter density
distribution is inferred from first principles, numerical
simulations, and astronomical observation and it is subject
to large uncertainties [42]. As it is custom in indirect
searches of dark matter, the signal predictions and results
are evaluated for two different assumptions of the density
profile. In this article, we used the Navarro-Frenk-White
(NFW) [40] and Burkert [41] profiles. Both of them assume
a spherical dark matter distribution but with a different
radial profile. In this work we assumed the parameters and
parametrization given in [43]. As can be seen in Fig. 1, the
annihilation signal expectation is more impacted by the
choice of the density profile than the decay signal, due to its
dependency on pﬁ in the J-factor compared to the p,
dependency in the D-factor.

The term dN, /dE,, describes the number of neutrinos per
energy unit, at a given energy E, produced per annihilation
or decay at the source. For the yy — v,0, and y — v,7,

r(£.%))ddQ.  (3)

1025

= NFW
= == Burkert

10 -1 10°
Ulrad]

Differential [7-factor (left) and D-factor (right) per stereoradian, as a function of the angular orientation toward the Galactic

Center for two assumptions of the dark matter density profile p,, (r), the NFW [40] in solid blue and the Burkert [41] profile in dotted red.
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channels (with a = e, p, 7), the spectra can be described by
a o-function centered at E, = m, and E, = m, /2, respec-
tively. Note that electroweak corrections increase the
amount of low-energy neutrinos altering the monochromatic
spectra in nontrivial ways. In this study, we used neutrino
spectra calculated in the “poor particle physicist cookbook™
(PPPC4) [44], which includes electroweak corrections at
leading order as described in more detail in [45] (for a more
recent treatment of electroweak corrections see [46]). For
the neutrino-line channels the continuum of lower-energy
neutrinos induced by the electroweak corrections is negli-
gible for our analysis. For an annihilation or decay into a
pair of charged particles, the secondary neutrino spectra
from parton showers and hadronization are also estimated
using the tables provided in PPPC4 [44].

For all channels studied a branching ratio of 100% is
assumed at the source, including those into each mono-
chromatic neutrino flavor line. However, long baseline
vacuum neutrino oscillations will produce a similar amount
of electron, muon, and tau neutrinos [32,47]. Simplistically,
we take all our neutrino signals to have a democratic flavor
composition when arriving at the detector.”

For the decay mode, as only one dark matter particle is
needed to produce a decaying signal, an additional extra-
Galactic and potential Galactic substructure components
can have a sizable contribution. However, for angular
distances of less than 30° with respect to the Galactic
Center, these extra components are typically negligible for
both decaying and annihilating dark matter and are therefore
not considered in this analysis [32,48].

IV. ANALYSIS METHOD

In this analysis we used a Poisson binned likelihood
method with two observables: the reconstructed energy of
the event E.. and the angular distance with respect to the
Galactic Center W,.. The likelihood expression can be
written as

Npins

cu =11
i=0

Poisson(n;|[NS& - £.(u)), (4)

obs

where maximization is performed against the signal frac-
tion, u = ny/N'$ € [0, 1], where ng is the number of
signal events in the sample and N gﬁ:‘l is the total number of
events observed. The latter is taken from data and therefore
is not a free parameter of the model. For each bin in the
energy-angular distance space, the expected number of
events is given by NS . f.(u), where f;(u) is the fraction

of events falling in the ith bin, given by

“Since the monochromatic neutrino-line spectra are basically
identical for all flavors, this is in practice the same as assuming
that these signals have democratic flavor composition at the
source.

filw) =1 —p)-B; +u-S;, (5)

where S; and B; are the signal and background probability
density functions (PDFs), respectively. A common neutrino
telescope procedure is to build the background model from
experimental data by scrambling the right ascension coor-
dinate. This technique consists of assigning a uniformly
random distributed right ascension to the events in order to
create a background pseudosample. This is possible since
neutrino telescopes have a nearly constant duty cycle and as
Earth rotates the atmospheric neutrino and muon back-
grounds become uniform in right ascension. Scrambling is a
powerful technique but it dilutes the signal and renders the
analysis insensitive to any signal contribution that is uni-
form in right ascension. In order to correct for a possible
signal contamination in the background estimate, we make
use of a signal subtraction likelihood [7]. In this case, the
estimated background-only PDF can be written as

0 ['D?crambled —u S.ls_crambled]’ (6)
—H

where S*ambled g the PDF of a right ascension scrambled
signal computed from simulation and DsamPled g the
scrambled data. The final expression for the signal fraction
can be written as

fi (/’t) — D?crambled + u- (Sl _ S?cramblcd)_ (7)

Figure 2 shows the background PDF built from an
average of 100 right ascension scrambled pseudosamples
for both the low-energy (left) and the high-energy selec-
tions (right). Data distributions have a small number of
events at the tails of the energy distributions. In order to
avoid empty bins in the background PDF, which might be
specially problematic for monochromatic signal expect-
ations, we used a binning based on quantiles resulting in
each bin containing roughly the same amount of events.
This limits the statistical error per bin in the estimation of
the PDF from scrambled data. The implementation of the
quantile binning was done using the software PHYST.”

The binning used for the background PDF is then applied
to the signal distributions. The signals’ PDFs are built by
reweighting neutrino MC simulations according to the
expression given by Egs. (1) and (2). These MC datasets
include simulation of all three neutrino flavors. In order to
reduce the impact of weighted MC errors, the simulation
was oversampled by replicating events by a factor 200 (100
for the Burkert profile) at different arrival times while
reducing by the same factor their weight. This technique
produces a smooth signal distribution while preserving the
energy and angular response of the detector. The signal

3https://github.com/janpipek/physt/.
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FIG. 2. Background probability density functions for the low-energy (left) and high-energy selections (right) as functions of the
reconstructed energy and the angular distance toward the Galactic Center. The nonuniform binning was used in order to ensure that no

empty bins are present in the distributions.

depends on the dark matter mass, the halo profile, and the
annihilation or decay channel.

The top row in Fig. 3 (left) shows the signal PDF for the
benchmark annihilation channel to v,7, and a dark matter
mass of 1 TeV assuming the NFW profile. As can be seen in
the projected distribution of reconstructed energy, the
spectra features a sharp peak corresponding to the mono-
chromatic signal. The right panel shows the same distribu-
tion but scrambled in right ascension. As expected from the
scrambled method we consider, the projected distribution in
reconstructed energy remains identical. The scrambled
signal distribution is used in the minimization in order to
correct the background PDF as shown in Eq. (6). For
completeness, we also show in the bottom row the PDF for
the case of neutrinos from a decaying dark matter into a soft
channel bb, assuming the Burkert profile.

In this analysis, we tested about 19 different values for the
dark matter mass ranging from 10 GeV to 40 TeV. The final
number of masses was selected by verifying that an injected
signal in between two consecutive masses will be recovered,
while at the same time limiting the computational hurdle of
evaluating a large number of masses. As mentioned in
Sec. I, in addition to the three neutrino channels, we also
evaluate the neutrino signal coming from the W*W~, ¢,
bb, and p*u~ channels for both annihilation and decaying
dark matter and the two halo profiles. For each combination
of mass, channel, and halo profile, the analysis finds the ji
that maximizes the likelihood. This best estimate can then
be translated to a thermally averaged annihilation cross
section (ov) or a decaying dark matter lifetime z,. The
significance of the result, or compatibility with the null

hypothesis Hy(p = 0), is calculated using the discovery test
statistics g, defined as

2log LB >0,
w={ 7 (3)
<0,

where we assume that the physical parameter must be
positive, u > 0, so that null hypothesis can only be rejected
when the data prefer a positive signal contribution.

V. SYSTEMATIC UNCERTAINTIES

Since the background PDF is built essentially from data,
there are no systematic uncertainties affecting the shape of
the background model. The influence on the scrambled
signal PDF from systematic uncertainties only affects
slightly the background estimate for very large signal
fractions. Still, signals’ PDFs can have notable fluctua-
tions, because they are based on a limited number of MC
events and the technique of oversampling those. By
comparing the results from the practically identical signals
VeUe, Vyby, and v v,—recall that these neutrino lines’
energy spectra have negligibly different electroweak
corrections and democratic flavor compositions at the
detector—we see from Tables I-III in the Appendix that
limits are essentially unaffected, differing by few tens of
percents and reaching a factor of 3 for the lowest mass.
These variations can be attributed to the signals’ PDFs,
which are derived from independent oversampling real-
izations of weighted events from MC simulations.
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Top row: signal probability density function for a dark matter particle of m, = 1 TeV annihilating to the v,7, channel and the

NFW profile for the high-energy selection (left) and the same signal distribution but scrambled in right ascension (right). Bottom row:
Same distributions for a dark matter decaying into the bb channel and assuming the Burkert profile.

Detector systematic uncertainties will, in addition, affect
the efficiency of the detector and might introduce a bias in
the fitted signal fraction, which will influence the con-
version from an estimated number of signal events or
upper limits to the physical parameters, (ov) and z,.
Among the known detector systematic uncertainties we
evaluated the DOM efficiency and several ice properties.
Variations in the detector parameters, within their system-
atic uncertainties, result in a 30% uncertainty in the

nominal detector sensitivity, below the statistical uncer-
tainties due to fluctuations of the background. These
effects on the result are, however, far smaller than the
effect due to astrophysical uncertainties. As usual for dark
matter indirect searches the latter constitute the dominant
source of uncertainty.

In particular, the shape of the dark matter halo profile can
have a large impact on the results. For this reason we will
consider two typical bracketing halo profiles.
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VI. RESULTS FOR THE NEUTRINO-LINE
CHANNEL

After performing the likelihood maximization on all the
masses and neutrino channels for both halo profiles and for
both the annihilation and the decay modes, no significant
excess with respect to the background expectation is found.
In the absence of such a signal we place upper limits on the
thermally averaged annihilation cross section and lower
limits on the dark matter decay lifetime. In order to
establish upper limits on the signal fraction we used the
test statistics defined as [49]

qu = { (W) . (9)
0 > u.

An upper limit is built by selecting the value u producing
a significance of 10%, under the same H; () hypothesis.
After verifying that the asymptotic distribution of g,
correctly follows a half y? distribution for 1 degree of
freedom as dictated by a generalization [50] of Wilks’s
theorem [51], we used the value of g, = 1.64 to calculate
the limits.

Figure 4 shows the upper limits obtained on the thermally
averaged annihilation cross section for the v,v, final state
assuming a NFW (top panel) or Burkert (bottom panel) dark
matter halo profile as a function of the dark matter mass.
The dotted line indicates the expected median upper limit, or
sensitivity, in the absence of signal at one-sided 90% C.L.
while the green and yellow bands indicate the 68% and 95%
expected background fluctuations. Upper limits are only
evaluated at the corresponding mass points and lines in
between are only used to guide the eye. Masses below
1 TeV are evaluated with the low-energy dataset while larger
masses are tested with the high-energy selection. There is a
mild positive fluctuation toward ~1 TeV in dark matter
masses for this neutrino channel. The local significance of
this fluctuation does not exceed ~1.3¢ (p-value of ~10%)
and it is visible in both profiles. Due to the quantile binning
procedure, at higher energies there is a strong correlation
among masses between 10 and 200 TeV which explains
why upper limits are consistently above the median sensi-
tivity over such a broad range of masses.

Similar results are obtained for the practically identical
signals from the two other neutrino flavors, as shown in
Tables I-1III in the Appendix.

Results on dark matter decays for the same v,7, neutrino
channel are summarized in Fig. 5. Because it is the same
dataset that is analyzed, limits are again less stringent than
the expected sensitivity at energies around 1 TeV and the
local signal significance reaches modest values around 2.3¢
(p-value of ~1%).

Figure 6 shows the results of dark matter annihilating
(left) and decaying (right) to neutrinos in comparison with
other neutrino experiments. These monochromatic neutrino
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FIG. 4. Upper limits (solid line) and sensitivity (dotted line) at
90% C.L. on the thermally averaged self-annihilation cross
section of the v,7, channel and NFW profile (top) and Burkert
profile (bottom) as function of the dark matter mass together with
the lo (green) and 26 (yellow) containment bands for the
expected sensitivity.

limits are averaged over our three neutrino flavor channels
to reduce the influence of statistical uncertainties in the
previously discussed signal PDFs.

In the annihilation mode there is a notable improvement
of ~O(10) for masses above 100 GeV when compared to
IceCube’s previous results using a similar event selection
and one year of IceCube data [7]. This significant improve-
ment is realized by considering both the angular and energy
information of the neutrino events together with additional
years of data.

There is still room for further improvement of these limits
in the near future. First of all, more years of data are
available and will improve IceCube’s sensitivity to dark
matter. In addition, recent technical improvements within
the collaboration, such as better cascade energy and
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FIG. 5. Lower limits (solid line) and sensitivity (dotted line) at

90% C.L. on the decaying dark matter lifetime 7, of the v,7,
channel for NFW profile (top) and Burkert profile (bottom) as
function of the dark matter mass together with the 1o (green) and
20 (yellow) containment bands for the expected sensitivity.

directional reconstructions using deep neural networks [56]
together with a better understanding and modeling of the ice
properties and calibration of the photodetector response
functions, will improve the energy resolution making it
more sensitive to dark matter monochromatic signatures.
Note also that, even if the ~1072* sensitivity reached on
(ov) in Fig. 4 is a factor ~30 larger than the annihilation
cross section at the time of dark matter freeze-out in thermal
dark matter frameworks, the Sommerfeld enhancement
effect can largely boost this cross section into neutrinos
today in the Galactic Center [11]. As a result neutrino
telescopes are already testing today thermal scenarios where
dark matter annihilates for a large part into neutrinos. This
basically only requires that the mediator through which dark
matter annihilate into neutrinos is sufficiently lighter than
the dark matter particle. This holds for dark matter masses

above few TeV if the mediator is an electroweak gauge
boson or below if the mediator is a new lighter particle
beyond the Standard Model.

VII. RESULTS FOR THE SECONDARY
NEUTRINO CHANNELS

For annihilation and decay channels proceeding into a
pair of Standard Model charged particles, leading to a
continuous energy spectrum of secondary neutrinos, the
energy information of the event is less crucial than for a
monochromatic line. However, using the energy informa-
tion of the events still leads to an improvement of the
sensitivity.

Using the same data samples as for the neutrino-line
searches, no clear deviation from the background hypoth-
esis is observed with any of the dark matter annihilation and
decay channels tested. The mild excess of events observed
in the v,v, channels is also observed for these channels,
although at slightly higher masses (this is especially true for
the bb channel). The most significant excess among all our
studied signals shows up for the annihilation into 7z~ final
states at ~1.5 TeV with the Burkert profile, which yields a
pretrial significance of 0.03.

However, correcting for the number of trials—due to
the different channels, masses, and dark matter profiles
analyzed—by generating background pseudosamples
and repeating the analysis, lowers the significance to
~38%, which is well compatible with the background
expectations.

In Fig. 7 we show the results for the annihilation into the
777~ channel and the Burkert profile, as well as the results
for dark matter decay into WTW~ with the NFW profile.

The results of all the channels and profiles tested can be
found in the Appendix (see Tables IV-VII), together with
the plots summarizing all the results.

Figure 8 shows the results obtained for the 7z~ channel
in comparison with other neutrino and gamma-ray experi-
ments. For the charged particle channels the portion of
energy that goes into y’s or e*, quickly producing y rays, is
in general large [44]. Thus, combined with the fact that
neutrinos have lower detection cross sections, gamma-ray
detectors are in general more sensitive to these channels
than neutrino telescopes.

It is also interesting to compare the limits obtained
above on neutrino pair production by neutrino telescopes
with the limits obtained by gamma-ray telescopes on
charged lepton pair production. This comparison is inter-
esting because in many models the associated annihilation
cross sections are predicted to be basically equal due to
SU(2), gauge invariance, even if it is known that there also
exist other models where the charged pair production is
way more suppressed than the neutrino pair production,
see [11].

As can be seen in Fig. 8, gamma-ray telescopes are still
more sensitive on the dark matter production of 7z~ than
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SuperK 90% C.L. [arXiv:2005.05106]
—- ANTARES 90% C.L. [PoS ICRC2011 (2021) 537]
—=—IceCube Cascades 90% C.L. [EP) C76 (2016)]
== IceCube Tracks 90% C.L. [EP) C77 (2017) 627]
—e— This result (90% C.L.)
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FIG. 6. Left: limits on the thermally averaged cross section for the average vv channels compared to previous IceCube results [7,31] as
well as Super-Kamiokande [52] and ANTARES [53]. Right: limits on the decaying lifetime for the average vo channels compared also to

previous IceCube limits [54,55].
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FIG.7. Left: same as Fig. 4, but for 77z~ annihilation channel and Burkert profile. Right: lower limits and sensitivity on the decaying

lifetime for WHW~ and NFW profile.

neutrino telescopes on the production of the vv channel
(see Fig. 6) by 1 order of magnitude at masses below few
tens of TeV. On the other hand, neutrino telescope limits
on the neutrino channel are comparable to gamma-ray
limits on the u*u~ and e e~ channels for masses above a
few TeV [60-62].

VIII. CONCLUSION

In this work we showed the results of the first neutrino
telescope dedicated search for neutrino lines, using
both the spatial and energy information of the neutrino
events. The event selections, both the low-energy and
the high-energy, are based on a five-year cascade event

IceCube/DeepCore data sample [7]. No evidence of dark
matter signature was found and new upper limits (lower
limits) were set on the annihilation cross section (decay
lifetime). The results constitute a large improvement with
respect to previous analyses of the order of 1 order of
magnitude, except for dark matter masses around 1 TeV
where the improvement is less significant due to a mild
excess of neutrino events causing weaker dark matter
constraints as compared to the expected sensitivity. The
same analyses provide competitive limits for dark matter
annihilation and decay into charged particles. More
available data as well as new advancements in cascade
reconstructions and MC will be able to improve these
limits in the near future.
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HESS 95% C.L. (Einasto) [PRL 117 (2016)]
—- ANTARES 90% C.L. [PoS ICRC2011 (2021) 537]
Fermi-LAT + MAGIC 95% CL (dSph) [JCAP 1602 (2016)]
== IceCube Tracks 90% C.L. [EP) C77 (2017) 627]
—— Combined ANTARES/IceCube 90% C.L. [PRD 102 (2020)]
—e— This result (90% C.L.)
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FIG. 8.

Fermi-LAT 95% C.L. [AP) 761 (2012)]

HAWC 95% C.L. (dSph) [AP) 853 (2018)]
== IceCube 90% C.L. (Burkert) [EPJC 78 (2018)]
—e— This result (90% C.L.)
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Left: upper limits on the thermally averaged cross section for the 777~ channel compared to other neutrino detectors, such as

previous IceCube results [7,31] and ANTARES [53], and the gamma-ray telescope H.E.S.S [57] and Fermi [58]. Right: lower limits on
the dark matter decay lifetime for the 777~ channel compared also to previous IceCube limits [54,55] and HAWC [59].
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APPENDIX: DARK MATTER CONSTRAINTS
FROM ALL TESTED ANNIHILATION AND
DECAY CHANNELS

Figure 9 shows the limits obtained for an annihilation
and decay case for all the annihilation and decay channels
tested: vo, utpu~, v, bb, and WHW~ channels. The
neutrino-line channel is the average from all the three
neutrino flavors. These plots summarize the information
that can be found in the Tables I-VII.
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FIG. 9. Top: upper limits for all channels in thermally averaged cross section as function of the dark matter mass for the NFW profile
(left) and Burkert profile (right). Bottom: lower limits for all channels in dark matter lifetime as function of the dark matter mass for the

NFW profile (left) and Burkert profile (right).
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TABLE L. Table with the results for the final state channel v,v, for both the annihilation and decaying mode and for both the NFW and
Burkert profile. The best fit value on the number of signal evens 71, is shown together with the resulting upper limit in (av)ﬁ_ol% and lower
limit on 79% along with the significance given in number of sigmas, z-score.
Annihilation Decay
NFW Burkert NFW Burkert
(ov)ar” (ov)ar” s s
m, (GeV) Ay 107 (em?) z-score A, 107 (cm?) z-score Ay 10* (s) z-score A, 10** (s) z-score
10 51.99 15.01 0.50 8.90 43.02 0.04 e e e e e e
16 0.00 2.26 0.00 0.00 6.65 0.00 24.36 023 0.10 0.01 0.24  0.00
25 68.06 2.14 0.41 2.44 5.81 0.01 0.00 1.90 0.00 0.00 2.00 0.00
40 132.26 1.92 0.79 14246 6.16 0.45 0.00 7.26  0.00 0.21 4.63  0.00
63 48.95 1.21 0.36 0.00 3.06 0.00 203.34 857 041 53.77 8.04 0.09
100 0.00 0.42 0.00 0.00 1.76 0.00 207.92 16.20 045 131.84 13.80 0.22
158 0.00 0.61 0.00 0.00 221 0.00 0.00 79.06  0.00 0.00 71.83  0.00
251 68.15 1.41 141  162.78 6.43 1.58 0.00 97.71  0.00 0.00 71.84  0.00
398 44.22 1.38 1.32 137.11 7.75 1.79  215.76 60.16  1.22  209.89 48.45 0.87
631 20.81 1.35 0.77  123.15 10.30 1.94 23255 79.23  1.69  320.05 54.84 1.73
1000 58.75 1.13 1.27  116.62 4.73 122 397.88 13926 229 491.00 103.89 2.15
1585 32.94 0.96 0.95 67.87 4.11 095 277,51 24891 170 36996 17736 1.73
2512 0.00 0.30 0.00 0.00 2.57 0.00 13546 528.81 1.11 16528 391.76 1.02
3981 21.03 1.43 1.11 27.53 5.26 0.61 32.34 1079.73  0.31 72.36 68329 0.54
6310 21.03 1.79 1.43 21.62 6.36 0.64 29.86 1310.17 0.36 54.86 841.87 048
10000 18.93 3.13 1.40 19.86 11.16 0.63 45.25 146326 0.83 46.25 1097.92  0.60
15850 16.38 5.67 1.25 18.84 21.18 0.62 38.10 1584.29 0.78 31.83 1266.47 0.46
25120 13.64 9.54 1.21 17.56 41.11 0.61 3371 1379.79 0.74 26.28 1092.62 0.40
39810 17.94 27.30 1.33 18.46 84.87 0.64 33.64 1150.55 0.79 26.17  922.08 043
TABLE II.  Same as table I for the v,7, channel. Since we assumed a democratic neutrino flavor compositions of the signals at the
detector, any differences among the tables are dominantly due to statistical fluctuations between the signals’ generated PDFs.
Annihilation Decay
NFW Burkert NFW Burkert
(ov)a” (ov)ar” s Tl
m, (GeV) A, 107 (ecm?) z-score A, 107 (ecm?) z-score A,  10* (s) z-score A, 10% (s) z-score
10 27.65 8.60 0.47 0.00 37.50 0.00 e e e e e e
16 0.00 1.27 0.00 0.00 5.61 0.00 30.20 022 0.12 78.38 0.16  0.27
25 0.00 1.24 0.00 39.96 6.37 0.13 0.00 2.19  0.00 0.73 1.46  0.00
40 0.00 1.14 0.00 131.83 6.00 0.42 0.00 6.78  0.00 0.00 5.53  0.00
63 0.01 1.04 0.00 0.00 3.57 0.00  152.05 9.11 031 37.92 8.13  0.06
100 0.00 0.44 0.00 0.00 1.74 0.00 218.75 15.92 047 0.00 17.62  0.00
158 0.00 0.58 0.00 0.00 2.57 0.00 0.00 73.24  0.00 0.00 59.21  0.00
251 70.75 1.40 1.27  159.23 6.34 1.55 0.00 99.24  0.00 0.00 78.70  0.00
398 68.09 2.09 1.69 141.16 7.87 1.84  194.77 62.38 1.07 205.03 4875 0.84
631 36.75 2.20 1.09  120.84 10.15 1.89  241.20 77.63 174 32328 54.62 1.75
1000 65.46 1.24 1.24  118.37 4.75 123 397.15 13988 230 468.35 107.05 2.05
1585 23.72 1.07 0.59 69.60 4.13 097 27054 25360 166 370.16 17754 1.72
2512 0.01 0.58 0.00 0.02 2.58 0.00 142.02 51833 1.15 171.01 38755 1.05
3981 24.79 1.85 1.13 25.04 5.02 0.55 35.16 1089.38  0.34 77.10 681.11 0.57
6310 18.17 2.01 1.14 22.41 6.25 0.64 38.00 1237.17 0.44 56.26  843.13 048
10000 24.25 3.69 1.60 20.93 10.66 0.65 4990 1423.89 0.87 4537 1128.16 0.57
15850 22.15 6.45 1.48 19.59 19.46 0.63 38.22 1654.79  0.76 33.78 1304.98 0.48
25120 14.89 9.57 1.28 18.57 36.17 0.62 34.14 149490 0.73 28.97 1151.67 0.43
39810 17.03 20.15 1.46 18.17 70.14 0.62 32.56 1314.54 0.74 0.00 1576.34  0.00

102004-14



SEARCH FOR NEUTRINO LINES FROM DARK MATTER ...

PHYS. REV. D 108, 102004 (2023)

TABLE III. Same as table I for the v,7, channel. Since we assumed a democratic neutrino flavor compositions of the signals at the
detector, any differences among the tables are dominantly due to statistical fluctuations between the signals’ generated PDFs.
Annihilation Decay
NFW Burkert NFW Burkert
(e (o) a5 9
m, (GeV) A, 107 (em?) z-score 107%* (cm?) z-score i 10%* (s) z-score i 10%* (s) z-score
10 0.01 5.17 0.00 0.00 31.36 0.00
16 0.00 0.98 0.00 0.00 6.04 0.00 31.15 0.22  0.12 6.49 0.20  0.02
25 17.12 1.55 0.12 48.89 6.49 0.16 0.00 1.96  0.00 0.00 242 0.00
40 31.65 1.40 020 173.99 6.53 0.55 0.00 6.67  0.00 0.00 534  0.00
63 0.00 0.83 0.00 0.00 3.58 0.00 184.14 8.83 0.38 95.94 7.59  0.15
100 0.00 0.56 0.00 0.00 1.69 0.00  206.01 16.19 045 66.11 1491 0.11
158 0.00 0.81 0.00 0.00 2.30 0.00 0.00 83.23  0.00 0.00 5791  0.00
251 86.37 1.57 1.49 162.47 6.43 1.58 0.00 102.25 0.00 0.14 65.23  0.00
398 55.98 1.84 1.48  136.87 7.70 1.79  202.46 62.01 1.14 23525 46.44 098
631 46.98 243 144  119.94 10.15 1.87  235.96 78.56  1.71  325.58 5440 1.76
1000 46.34 1.06 0.87 125.21 4.88 1.30  377.12 14453 2.18 47538 106.10  2.08
1585 33.36 1.21 0.84 72.25 4.20 1.01 27223 25243 1.67 35844 181.06 1.67
2512 0.00 0.59 0.00 0.02 2.61 0.00 138.05 52537 1.12 16837 390.51 1.03
3981 26.26 1.95 1.15 27.16 5.16 0.59 35.13 1088.77 0.34 79.86  669.90 0.59
6310 22.50 2.26 1.38 22.59 6.31 0.64 36.43 126533 043 50.88 865.59 0.44
10000 18.16 3.00 1.35 21.13 10.74 0.66 4730 147041 0.84 44.03 114893 0.56
15850 19.28 5.98 1.29 19.94 19.73 0.63 40.21 1618.85 0.79 33.85 1282.60 0.47
25120 13.84 9.17 1.16 19.80 36.90 0.66 36.48 1442.87 0.77 0.00 141595 0.00
39810 21.64 22.87 1.75 19.93 71.50 0.66 34.10 1275.83  0.76 13.62 1018.97 0.18
TABLE IV. Same as table I for the bb channel.
Annihilation Decay
NFW Burkert NFW Burkert
(o) (o) 2 o
m, (GeV) A 10724 (cm?) z-score 7, 107 (cm?) z-score A,  10%* (s) z-score i 10%* (s) z-score
10 4134  9340.72 0.53 25.05 22335.36 0.19 e e e e o e
16 63.32 202991 0.57 0.00 4620.84 0.00 80.40 0.00 0.46 0.00 0.00 0.00
25 4.98 439.28 0.03 0.00 1208.43 0.00 31.76 0.00 0.12 20.79 0.00 0.07
40 0.00 177.03 0.00 0.00 529.93 0.00 0.31 0.02 0.00 0.00 0.01 0.00
63 34.33 140.57 0.18 0.04 432.09 0.00 0.10 0.08 0.00 0.00 0.07 0.00
100 127.42 133.51 0.60 45.81 358.84 0.12 0.00 0.21 0.00 0.00 0.17 0.00
158 67.91 90.43 0.32 0.00 255.22 0.00 0.08 0.38 0.00 0.00 0.33 0.00
251 99.51 105.18 0.47 0.00 192.89 0.00 16.88 0.75 0.03 0.00 0.75 0.00
398 56.28 70.32 0.32 0.00 205.67 0.00 0.00 1.69 0.00 0.00 1.58 0.00
631 109.59 74.69 0.76  196.62 315.35 0.64 0.14 3.08 0.00 0.00 2.40 0.00
1000 207.59 102.94 2.00 444.50 449.47 2.07  366.60 2.33 1.12 525.96 1.60 1.22
1585 233.26 102.09 2.31  516.36 469.91 242 62324 3.19 1.89 821.49 2.28 1.89
2512 229.47 101.20 237 498.33 460.13 244 80291 4.65 245 1003.51 3.44 2.31
3981 182.86 91.19 2.04 425.56 436.13 226  820.11 7.41 2.58 1044.57 541 2.49
6310 156.50 90.63 1.94  341.57 415.65 2.02 737.14 1230 2.47 936.61 8.99 2.38
10000 122.11 87.24 1.78  263.93 405.73 1.79 59145 2092 2.19 789.43  14.76 2.19
15850 98.44 89.93 1.73  197.21 402.38 1.58 486.66 33.27 2.01 618.35 2431 1.93
25120 71.63 93.29 1.50  144.07 414.40 1.36 369.04 53.94 1.79 47530 38.83 1.72
39810 63.13 121.20 1.60  106.67 450.63 1.18 27571 84.10 1.58 34397 61.36 1.46
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TABLE V. Same as table I for the W W~ channel.

Annihilation Decay
NFW Burkert NFW Burkert
(ov)ar” (ov)at” (o (o
m, (GeV) A,  107* (em?) z-score A, 107 (em?) z-score A, 10* (s) z-score A, 10** (s) z-score
100 0.01 8.93 0.00 0.00 25.72 0.00
158 108.67 14.42 0.68 0.00 20.62 0.00 e e e e e e
251 103.96 11.68 1.16  162.95 44.30 0.89 0.00 11.50  0.00 0.00 9.42  0.00
398 96.87 12.03 1.45 24493 59.29 1.69 60.08 10.59  0.18 0.01 9.22  0.00
631 78.34 13.98 1.36  267.65 78.94 2.14  338.60 10.81 1.38  446.23 7.64 1.35
1000 156.43 12.94 2.15 325.55 55.74 2.19  633.39 14.94 2.65 783.64 11.13 2.48
1585 105.55 11.06 1.71  210.19 46.99 1.68 55529 24.61 2.38  730.95 17.63 2.37
2512 100.09 12.94 1.59 99.67 38.16 0.93 403.61 44.08 1.94 51246 3223 1.88
3981 37.32 9.89 0.83 83.27 44.92 0.88 237.28  82.50 1.34 32846  57.55 1.41
6310 41.74 12.30 1.28 66.79 49.85 091 128.47 140.78 0.84 210.19  90.99 1.02
10000 39.78 16.29 1.40 57.08 62.30 091 13324 176.62 1.07 171.72 124.80  0.99
15850 38.02 22.61 1.45 54.08 89.70 091 104.07 246.60 1.03 117.88 182.60 0.84
25120 37.98 35.68 1.47 51.32 133.40 0.89 92.33 289.76 1.01 97.55 220.01 0.76
39810 36.53 58.84 1.51 48.12 199.24 0.86 87.95 313.58 1.01 96.77 234.15 0.79
TABLE VI. Same as table I for the 77z~ channel.
Annihilation Decay
NFW Burkert NFW Burkert
(oo} (ov)at T T
m, (GeV) A, 107 (em?) z-score Ay 107 (em?) z-score Ay 10** (s) z-score A, 10** (s) z-score
10 97.09 217.83 0.92 0.04 363.10 0.00 e e e e e e
16 0.05 22.32 0.00 0.00 64.80 0.00 214.63 0.02  2.19 68.44 0.01 0.25
25 0.00 6.48 0.00 0.00 28.54 0.00 0.00 0.16 0.00 0.00 0.13 0.00
40 0.01 5.21 0.00 29.84 26.28 0.08 0.00 1.12 0.00 0.10 0.89 0.00
63 0.03 5.72 0.00 88.01 23.31 0.24 0.38 220  0.00 0.00 1.96  0.00
100 11.57 4.24 0.07 0.00 12.74 0.00 112.26 3.57 0.20 39.05 3.01 0.06
158 0.00 3.22 0.00 0.00 10.06 0.00 1.09 8.36  0.00 0.08 7.25  0.00
251 25.75 3.74 0.26 87.68 19.21 0.40 0.00 21.10 0.00 0.00 18.02  0.00
398 80.11 5.40 1.14  230.48 28.64 1.41 0.00 26.18 0.00 0.00 23.62 0.00
631 69.87 6.03 1.25 267.84 37.93 2.06 281.87 22.88 0.99 315.87 17.34  0.83
1000 162.30 5.95 245 384.23 30.72 243  631.29 28.75 247 78790 @ 21.27 2.33
1585 129.09 5.85 2.03 272.62 26.52 1.99 647.18 4433 2.62  814.07 32.66 2.50
2512 29.90 3.19 0.57 144.80 21.09 1.28 51225 77.18 226 649.87 5654  2.18
3981 23.89 3.44 0.60 82.87 19.87 0.88 319.50 148.42 1.69 415.80 106.52 1.66
6310 39.10 5.06 1.28 56.45 20.33 0.81 151.08 290.62 0.96 230.33 194.68 1.11
10000 2543 5.58 1.17 38.35 2242 0.73 111.20 430.45 0.89 15198 300.26 091
15850 23.29 7.95 1.25 30.63 29.69 0.70 79.20 643.16 0.88 91.74 469.49 0.73
25120 22.11 11.85 1.38 25.83 44.15 0.66 60.25 832.27 0.85 59.54 638.93 0.60
39810 19.49 19.24 1.28 22.70 70.53 0.66 48.56 945.58 0.80 4447 73332 052
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TABLE VII. Same as table I for the x"u~ channel.
Annihilation Decay
NFW Burkert NFW Burkert
(ov)a” (ov)ay” ol (o

m, (GeV) A, 107 (ecm?) z-score A, 107 (em?) z-score A, 10* (s) z-score A,  10** (s) z-score
10 0.01 37.44 0.00 22.31 31143 0.13
16 0.01 8.71 0.00 0.20 47.20 0.00 186.02 0.03 200 18494 0.01  0.66
25 50.04 7.65 0.43 0.18 22.97 0.00 0.00 022  0.00 0.00 0.16  0.00
40 121.75 7.04 0.80 53.54 21.68 0.15 0.16 1.26  0.00 0.00 1.10  0.00
63 15.90 3.86 0.10 91.12 18.53 0.25 0.01 2.66  0.00 0.00 241  0.00
100 0.00 3.06 0.00 0.00 9.95 0.00 127.16 450 023 36.28 382 0.05
158 17.97 4.08 0.12 0.00 7.25 0.00 14.22 9.80 0.03 0.00 991 0.00
251 34.25 3.80 0.37 49.61 14.04 0.25 0.00 28.47  0.00 0.00 22.16 0.00
398 84.91 533 1.26  203.61 22.85 1.42 0.00 38.65 0.00 0.00 29.17  0.00
631 73.61 5.88 1.47  236.07 30.91 2.10 25254 2876 1.00 29335 21.39 0.86
1000 142.61 5.17 2.06 356.56 24.50 242 579.06 37.10 241 75001 26.76  2.35
1585 116.00 5.18 1.82  236.63 20.55 1.88  598.32 56.02 260 74797 4154 246
2512 51.84 4.16 0.95 109.62 15.56 1.08  457.70 98.58 2.19 57294 7277 2.08
3981 27.95 3.52 0.77 50.88 14.11 0.61 259.20 197.61 1.53 33322 142.71 1.48
6310 38.13 5.25 1.44 39.28 15.53 0.66 107.25 396.86 0.78 172.73 260.16 0.94
10000 27.37 5.90 1.45 28.31 17.74 0.64 77.02 573.12 0.71 106.84 39347  0.72
15850 23.98 8.59 1.44 23.38 25.14 0.64 56.53 83523 0.75 62.00 618.02 0.59
25120 17.36 11.99 1.21 20.73 40.82 0.63 4537 1027.81 0.77 42,72 78436  0.52
39810 18.33 23.40 1.28 19.11 71.71 0.62 39.57 105578 0.77 33.58 78777 043
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