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This study searches for neutrino signals from 18 dwarf spheroidal galaxies (dSphs) using 10 years of
publicly available muon-track data of the IceCube neutrino observatory. We apply an unbinned likelihood
analysis on each of these dSphs to derive the significance the putative neutrino emission. To further
enhance our sensitivity, we also stack all dSphs together to perform a joint analysis. However, no significant
neutrino emission signal was detected in either the single-source or stacking analysis. Based on these null
results, we derive constraints on the annihilation cross section of dark matter particles. Compared to the
existing literature, our constraints via the channel χχ → μþμ− are comparable to the ones from the
VERITAS observations of dSphs.
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I. INTRODUCTION

In the past few decades, researchers are inclined to agree
with the existence of dark matter (DM) as observational
evidence accumulates, including but not limited to theBullet
cluster, strong gravitational lensing and cosmic microwave
background radiation [1]. Despite the nature of dark matter
remains a mystery, people can infer what it is from its
properties that we have known, e.g., widely recognized as
electric and chromatic neutrality, gravitationally and (sub)
weakly interacting [2]. A popular inference claims that the
dominant fraction of DM is probably “cold,” in other words
it should be nonrelativistic and massive. Many models of
dark matter have been proposed, such as weakly interacting
massive particles (WIMPs), axionlike particles (ALPs), and
right-handed (or “sterile”) neutrinos [1].
WIMP has been considered as the most hopeful dark

matter candidate in the past tens of years. However,
research on WIMP has encountered a bottleneck state
since no reliable signal has been observed in the direct
or indirect dark matter detection experiments. The strongest
limits, placed by XENON1T, LUX, and PandaX-II [3],
only lie a few orders of magnitude above the “neutrino
floor” [4,5], which means most of theWIMP theories might
be excluded. It seems not optimistic to find a convincing
signal of WIMP in the rest narrow region, which has
motivated researchers to explore the dark matter physics in
a wider mass region.
Ultraheavy dark matter (UHDM) has attracted many

researchers’ attention in recent years as it presents an
alternative mass range for dark matter, roughly from

10 TeV to the Plank energy (∼1019 GeV) [6]. Many
works have been carried out to search for the decaying
UHDM [7–16]. For the annihilation UHDM, there exists a
general upper bound imposed by unitarity on the particle
mass of thermal relic dark matter [1]. DM particles are
widely believed to originate in thermal equilibrium with
equal rates of production and annihilation in the early
universe. As the universe expands and cools, DM particles
cool down and become nonrelativistic and the equilibrium is
broken. The production of dark matter becomes slower than
annihilation, until the expansion eventually shuts this
process off and the relic abundance freezes out. The thermal
production mechanism dictates that the cross section cannot
be arbitrarily large, which translates into the upper bound on
the DM mass [17]. The limit has been lowered to 144 TeV
by [18]. Though this unitarity bound has long discouraged
people from searching for annihilation UHDM, several
mechanisms have been proposed to violate this bound [19].
Neutrinos, though not a good DM candidate (because its

thermal decoupling temperature is too high (∼1 MeV) for a
cold DM candidate), serve as a new medium for indirect
detection of dark matter in the multimessenger era [20].
Having essentially tiny masses and no electric charge,
neutrinos travel through the universe in an unattenuated
and undeviated way, making them an ideal astronomical
messenger [21]. The extremely weak interactions of neu-
trinos with matter pose a significant challenge for neutrino
observation. However, with the completion of IceCube in
2011, the situation has remarkably improved. This study
utilizes 10 years of IceCube muon-track data (April 2008 to
July 2018) [22,23] and an unbinned maximum-likelihood-
ratio method, which is commonly used in previous research
[24–27], to search for DM induced neutrinos from dwarf*huangyb@gxu.edu.cn

PHYSICAL REVIEW D 108, 043001 (2023)

2470-0010=2023=108(4)=043001(9) 043001-1 © 2023 American Physical Society

https://orcid.org/0000-0002-3801-9749
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.108.043001&domain=pdf&date_stamp=2023-08-03
https://doi.org/10.1103/PhysRevD.108.043001
https://doi.org/10.1103/PhysRevD.108.043001
https://doi.org/10.1103/PhysRevD.108.043001
https://doi.org/10.1103/PhysRevD.108.043001


spheroidal galaxies (dSphs). More details about IceCube
will be provided in the next section.
DSphs are always seen as the optimal targets for indirect

dark matter searches, since they are DM-rich regions with
negligible astrophysical backgrounds and short distances to
the Earth (< 0.5 Mpc) [28]. If there are high-energy neu-
trinos found in the direction of a dSph, they are probably
produced by the annihilation of dark matter, since it is not
expected any other astrophysical mechanism could generate
high-energy neutrinos at TeV energies in dSphs. Currently,
more than 60 dwarf satellite galaxies or candidates have been
discovered by wide-field optical imaging surveys, including
Sloan Digital Sky Survey (SDSS) [29,30], Gaia [31],
DES [32,33], etc. In this work, we choose 18 dSphs as
our targets to search for UHDMsignals, both “classical” and
“ultrafaint” dSphs are included. As IceCube’s muon-track
strategy is most sensitive to the sources from the northern
sky,1 dSphs located in the southern sky are all excluded. It
should be noted that Triangulum II was excluded for its
anomalously high J-factor and large uncertainty. The
adopted dSphs and their J-factors are listed in Table I.
The J-factors are extracted from [34,35].

II. ICECUBE OBSERVATIONS

The IceCube Neutrino Observatory is a kilometer-scale
neutrino detector buried under the Antarctic Ice Sheet [36].
The instrument consists of 86 vertical strings at a depth of
1450 m and each string is equipped with 60 digital optical
modules (DOMs). When a high-energy neutrino interacts
with an atomic nucleus in or near the instrumented volume,
secondary charged particles will be produced at super-
luminal speed moving through the ice and creating
Cherenkov radiation, which could be detected by the
DOMs and converted to electrical signals. The neutrinos
of three flavors correspond to two basic kinds of events,
namely, the muon neutrinos trigger track events and the
electron/tau neutrinos trigger electromagnetic or hadronic
shower events which look like a round or blob. The track
events have a better angular resolution (as good as< 1°) but
worse energy resolution (∼200% at ∼100 TeV) compared
to the shower events (∼10°–15° angular resolution and
∼15% energy resolution above 100 TeV) [37].
IceCube is sensitive to the primary neutrinos from100TeV

to tens of EeV. The wide energy reach provides IceCube a
particular advantage in indirect searches for high-mass
DM [9,10,15,19,26,38–47]. In this work, we use 10 years
of muon-track data released by the IceCube Collaboration
[48]. In total, 1134450 muon-track events are included, and
grouped into ten samples, denoted as (i) IC40, (ii) IC59,
(iii) IC79, and (iv-x) IC86-I–IC86-VII. Each sample corre-
sponds to a single season of IceCube data-taking, including
roughly one year of data. The numbers in the names represent
the numbers of strings in the detector [27].
The released data are composed of four parts: the

experimental data events, detector uptime, instrument
smearing matrices and effective areas [22]. The data event
list contains the reconstructed information of particles from
the IceCube’s point source neutrino selection, including
MJD time, reconstructed energy and direction of muon and
the estimated angular uncertainty. The detector uptime
gives information on the time intervals when IceCube is
in good runs. The instrument smearing matrices and
effective areas model the response of the IceCube detector
to neutrino signals.

III. DATA ANALYSIS

We search for neutrino emission from dSphs using an
unbinned maximum-likelihood method. If no signal is
found, the upper limit (UL) at a 95% confidence level
(C.L.) on the neutrino flux is derived. By requiring the
model-expected neutrino spectrum of dark matter annihi-
lation from dSphs not to exceed the flux upper limit, the
constraint on the annihilation cross section can be obtained.
In our analysis, dSphs will be seen as point sources, since
their extension is negligible compared to the angular
uncertainty on the reconstructed direction of IceCube
events.

TABLE I. Information of the 18 dSphs considered in this work.

DSph
RA
(deg)

Dec
(deg)

Distance
(kpc)

log10J
ðGeV2 cm−5Þ

Boötes I 210.02 14.51 66 18.5þ0.7
−0.4

Canes Venatici I 202.01 33.55 218 17.5þ0.4
−0.2

Canes Venatici II 194.29 34.32 160 18.5þ1.2
−0.9

Coma Berenices 186.75 23.91 44 19.6þ0.8
−0.7

Draco 260.07 57.92 82 19.1þ0.4
−0.3

Draco II 238.17 64.58 20 18.1þ2.4
−3.2

Hercules 247.77 12.79 132 17.5þ0.7
−0.7

Leo I 152.11 12.31 250 17.8þ0.5
−0.2

Leo II 168.36 22.15 205 18.0þ0.6
−0.2

Leo V 143.72 17.05 180 16.1þ1.2
−1.1

Leo T 172.79 2.22 407 17.6þ1.0
−0.5

Pisces II 344.63 5.95 182 16.9þ1.5
−1.7

Segue 1 151.75 16.08 23 17.2þ1.8
−2.3

Segue 2 34.82 20.16 35 18.9þ1.1
−0.9

Ursa Major I 158.77 51.95 97 18.7þ1.6
−0.4

Ursa Major II 132.87 63.13 30 19.9þ0.6
−0.6

Ursa Minor 227.24 67.22 66 19.0þ0.1
−0.1

Willman 1 162.34 51.05 38 19.5þ1.2
−0.6

Note: The distances and J-factors of the dSphs are taken from
[35] (please see the references therein for the original sources).
Ultrafaint dSphs are specially marked in italics. Notice that the
kinematic analysis of Segue 1 is extremely sensitive to the
member stars selection, bringing this target a large uncertainty. A
larger median value of J-factor of this source is also claimed [34].

1For the neutrinos from the northern half of the sky, the Earth is
used as a filter to remove the huge background of atmospheric
muons [21].
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A. Likelihood function

Our analysis uses an unbinned maximum-likelihood
ratio method which is commonly used in previous
works [21,23,27,49–52]. The likelihood function is given
by the product of probability density functions (PDFs) of
each muon-track event (indexed by i) in the ten data
samples (indexed by k):

LðnsÞ ¼
Y
k

Y
i∈k

�
nks
Nk

Ski þ
�
1 −

nks
Nk

�
Bk
i

�
; ð1Þ

where nks is the number of signal events from the sources in
the sample k, and Nk is the total number of events within
region of interest (ROI) and in the sample k. The ROI is
defined as a 5° circle region around the target source.
The Ski and Bk

i in Eq. (1) are the signal and background
PDFs. We consider that the events from a source direction
x⃗s should follow a 2-Dimension Gaussian distribution in
the reconstructed direction x⃗i,

Ski ¼ Skspatðx⃗ijσi; x⃗sÞ ¼
1

2πσ2i
exp

�
−
Dðx⃗i; x⃗sÞ2

2σ2i

�
ð2Þ

whereDðx⃗i; x⃗sÞ represents the angular distance between the
true and reconstructed directions, and σi represents the
uncertainty of the reconstructed direction of the event.
While the background PDF

Bk
i ¼ Bk

spatðδiÞ ¼
Nk

δi�3

Nk × ΔΩ
ð3Þ

is obtained from the event distribution of the signal-free
region [27]. TheNk

δi�3 here is the number of events within a
ring region of δi � 3° and ΔΩ is its solid angle. Since
IceCube is located at the geographic South Pole, Bi is only
declination dependent.
The test statistic (TS) is defined as

TS ¼ 2 ln
Lðn̂sÞ

Lðns ¼ 0Þ ð4Þ

The denominator in the above equation refers to the null
hypothesis that all the events come from the background.
The best-fit number of signal events n̂S is obtained by
maximizing the likelihood value when ns is free to vary.

B. Energy term in the signal/background PDFs

In many previous works of analyzing IceCube muon
data, the energy PDF term was ignored. As is suggested in
Ref. [23], the addition of the energy PDF term is expected
to improve the sensitivity by a factor of ∼2. In this work,
we include the energy term into the signal and background
PDFs, which now consist of a spatial part and an energy
part:

Ski ¼ Skspatðx⃗ijσi; x⃗sÞ × SkenerðEijx⃗s; γÞ; ð5Þ

Bk
i ¼ Bk

spatðδiÞ × Bk
enerðErecjδiÞ ð6Þ

where Skspat and Bk
spat are just the ones of Eqs. (2) and (3).

For the energy term of signal PDF, it is [53]:

SkenerðEijx⃗s; γÞ ¼
R
ΦvðEvÞAk

effðEv; δsÞMkðEijEv; δsÞdEvR
ΦvðEvÞAk

effðEv; δsÞdEv

ð7Þ

with Ak
eff the effective area andMk the instrument smearing

matrices. For the background PDF, the energy part is
given by:

Bk
enerðErecjδiÞ ¼

Nk
ij

Nk
δi�3ΔEj

ð8Þ

where Nk
ij is the number of events within the declination

range of δ ∈ ½δi − 3; δi þ 3Þ and the reconstructed energy
range of log10 Erec ∈ ½log10 Ej; log10 Ej þ 0.1Þ for the
sample k.
In Eq. (1), the signal counts in the sample k, nks , is

given by

nks ¼ tk

Z
Ak
effðEv; δÞΦvðEvÞdEv ð9Þ

In this work, the spectral model ΦvðEvÞ would be a single
power-low spectrum or a spectrum of DM annihilation (see
Sec. III C). As a baseline spectral model, the single power-
law spectrum is

ΦvðEvÞ ¼ Φ0 ×

�
Ev

100 TeV

�
−γ

ð10Þ

where Φ0 is the neutrino flux at 100 TeV. For neutrinos of
astrophysical origin, the spectrum index γ in the range from
2.0 to 3.0 is usually expected. For example, the most recent
work gives the updated best-fit γ ¼ 2.28þ0.08

−0.09 for the
IceCube’s diffuse neutrinos based on the measurements
using 10 years of muon-track events between a few TeVand
10 PeV [54], while the value increases to 2.37þ0.08

−0.23 after
combing the cascade analysis [55]. These results are in a
good agreement with the expectation from the Fermi shock
acceleration mechanism [56]. Thus (when no neutrino
emission is detected) we fix the spectral index to 2.3 in
the case of using the PL spectrum.

C. DM annihilation flux

The differential neutrino flux from dark matter annihi-
lation can be written as:
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ΦvðEvÞ ¼
hσvi
8πm2

χ

dNv

dEv
ðEvÞJann ð11Þ

where hσvi is the velocity-averaged DM self-annihilation
cross section, mχ is the DM particle mass. The dNv=dEv is
the differential neutrino yields per dark matter annihilation
[26], which we calculate using HDMSpectra, a PYTHON

package providing tabulated dark matter decay and anni-
hilation spectra for dark matter masses between the TeVand
Planck scale for various annihilation channels [57]. We
consider 6 channels: χχ → tt̄; bb̄; τþτ−; μþμ−;WþW− and
vμv̄μ, corresponding to the typical channels of quarks,
leptons and bosons. According to the energy distributions
between different final-states particles shown in [58], these
channels have relatively higher neutrino yields. In realistic
models, the differential yield per annihilation dNv=dEv
in Eq. (11) is a sum over different final states:
dNv=dEv ¼

P
f BfdN

f
v=dEv, where Bf is the branching

fraction into final state f. In this work, we consider the DM
annihilate to a single final state, i.e. the branching fraction
is assumed to be 100% for each of the 6 channels. In
addition, considering neutrino oscillations, the dNv=dEv
should be contributed by neutrinos of three flavors,

dNv

dEv
¼ 1

3
×

�
dNve

dEve

þ dNvμ

dEvμ

þ dNvτ

dEvτ

�
: ð12Þ

The Jann in Eq. (11) represents the astrophysical J-factor,
which is the square of the dark matter density integrated
along the line of sight (l.o.s) and over the region of interest
(ROI),

Jann ¼
Z
ROI

dΩ
Z
l:o:s

ρ2ðrðl; θÞÞdl ð13Þ

where Ω denotes the solid angle of the ROI and the radius
from the dSph center is rðl; θÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2 − 2lD cos θ þ l2

p
with D the distance of the dSph. In our work, we adopt the
J-factors reported in Refs. [34,35]. In the calculation of
these J-factors, the dark matter density profile, ρðrÞ, adopts
the Einasto profile [59]:

ρðrÞ ¼ ρ−2 exp

�
−
2

α

��
r
r−2

�
α

− 1

��
ð14Þ

This profile introduces an extra shape parameter α with
respect to the standard Navarro-Frenk-White (NFW) profile
[60]. The median values of J-factors and their statistical
uncertainties of 18 dSphs are listed in Table I.

IV. RESULTS AND DISCUSSION

Using the method described in Sec. III, we first search
for neutrino signals from the directions of the 18 dSphs
using a power-law spectrum of E−2.3. The results are listed

in Table II. It can be seen that we do not find any significant
signal. The maximum TS value obtained in our analysis is
only 2.6 and is from the dSph Hercules. Since no signal is
found, we place upper limits on the neutrino fluxes at
100 TeV for these sources, which are listed in the last
column of the table. We further in Fig. 1 present the
relationship between the derived flux ULs and J-factors of
these dSphs. If there are subthreshold neutrino emissions,

FIG. 1. The x axis is J-factors from Table 1, while the y-axis is
the neutrino flux upper limits at 100 TeV for the 18 dSphs derived
from the analysis of IceCube data. The color represents the
declination information of the targets. IceCube has a better
sensitivity toward the low declination direction. Notice that the
horizontal line on each point is not an error bar of J-factor.

TABLE II. Analysis results for the 18 dSph galaxies.

DSph n̂s TS
ΦUL@100 TeV

ð10−19 cm−2 s−1 GeV−1Þ
Boötes I 0.0 0.0 0.70
Canes Venatici I 3.3 0.7 0.74
Canes Venatici II 0.0 0.0 0.32
Coma Berenices 1.7 0.1 0.61
Draco 2.8 0.1 1.05
Draco II 0.0 0.0 0.61
Hercules 11.3 2.6 1.27
Leo I 2.2 0.1 0.88
Leo II 0.0 0.0 0.32
Leo V 0.3 0.0 0.78
Leo T 1.8 0.1 0.73
Pisces II 0.0 0.0 0.34
Segue 1 5.6 0.6 1.01
Segue 2 0.0 0.0 0.26
Ursa Major I 9.7 1.0 1.43
Ursa Major II 1.1 0.1 0.68
Ursa Minor 0.0 0.0 0.42
Willman 1 0.0 0.0 0.69

Note: Columns 2 and 3 show the best-fit number of signal events
and TS value of the putative neutrino emission in the direction of
each dSph. Column 4 shows the upper limit on the neutrino flux
at 100 TeV.
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there may be a possible correlation between the flux ULs
and the J-factors (because even a weak excess will more-or-
less raise the upper limits), but we do not find a significant
correlation, further supporting that no underlying signal has
been found. From this figure we can also directly estimate
which dSphs are likely to give the strongest limits on the
DM parameter. According to Eq. (11), sources with larger
J-factors and smaller Φ0 are expected to give the strongest
limits. These sources correspond to the lower right corner
of Fig. 1.
Next, we explore the neutrino signals from dark matter

annihilation. We use the spectrum of Eq. (11) to perform
the searches. We scan a series of DM masses from 1 to
104 TeV for different annihilation channels. The DM
analyses performed on the 18 dSphs also do not show
any evidence for neutrinos emitted from these targets.
Consequently, we derive the upper limits at the 95% C.L.
on the velocity-averaged annihilation cross-section for
different DM masses and six channels. The upper limits
are shown in Fig. 2. We have chosen to show only the 6
sources that offer the strongest constraints, namely Ursa
Major II, Coma Berenices, Willman 1, Segue 2, Ursa Minor
and Draco. The IceCube observations of dSphs can con-
strain the hσvi to a level of 10−22–10−21 cm3 s−1 for the
DM masses of 1–10 TeV.
In Fig. 3 we show the 68% and 95% containment bands

derived from 300 blank-sky simulations. We choose the
dSph Ursa Major II and the channel χχ → μþμ− for the
presentation. In each simulation, a random R.A. is assigned

and the Dec. is fixed to the one of Ursa Major II. With this
new (R.A., Dec.) pair, we perform the analysis with the
same procedure as above to derive upper limits. The
containment bands represent the expected sensitivity and
statistical variation of a background-only analysis of
IceCube data.
Since the single-source analysis does not find a signal,

we attempt to use an analysis stacking all 18 dSphs together

FIG. 2. Upper limits on the velocity-averaged annihilation cross section hσvi derived from single source analysis. Only the 6 sources
offering the strongest constraints are present. The shadow band shows the influence by the J-factor uncertainty, which is only drawn on
the μþμ− channel since it does not change with the annihilation channels.

FIG. 3. The shaded bands represent 68% and 95% contain-
ments of limits obtained by 300 blank-sky simulations. The dSph
Ursa Major II and the channel χχ → μþμ− are chosen for the
presentation.
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to enhance the search sensitivity. In such a case, the signal
PDF is composed of the contributions from all sources
(indexed by j):

Si ¼
P

jnjSijP
jnj

ð15Þ

where Sij is the signal PDF of a single source [i.e., Eq. (5)]
and nj is the expected neutrino counts from the source j,
which is given by

njðδj; Jann;j; mχ ; hσviÞ

¼ t ×
Z

AeffðEν; δjÞΦνðEν;mχ ; hσvi; Jann;jÞdEν ð16Þ

and relies on the J-factor (Jann;j) and declination (δj) of the
jth source. Note that the above two equations should have
an additional index k for the 10 data samples, which has
been ignored for simplicity. For the background PDF, it has
the same form as Eqs. (3) and (6), but the ROI now for the
joint analysis is a concatenation of the 18 circular ROIs and
the Nk is the total number of events of the new ROI.

The stacking analysis again does not detect a significant
neutrino signal. Therefore, we place upper limits on the
annihilation cross section based on the stacking analysis, as
shown in Fig. 4 (black lines). The stacking analysis
improves the strongest limits from the single-source analy-
sis (pink line) by a factor of ∼2.
Finally, we compare our results with those reported in the

literature. It can be seen that at the overlapping energies,
the constraints are largely improved compared to the
results by [40] which is based on the ∼1 year of IceCube
observation of dSphs in its 59-string configuration.
However, the constraints we obtain are weaker than the
ones derived from the ANTARES and IceCube observations
of the Galactic center [26,61], indicating that the strength
of the limits is mainly influenced by the J-factor (the
GC region has a J-factor of 1022–1023 GeV2 cm−5 [64]).
For DM searches based on GeV-TeV gamma-ray observa-
tions, a key advantage of dSphover theGalactic center is that
it has a cleaner astrophysical background [25]. However, for
neutrino observations, the galactic center region, although
having a more complex astrophysical environment, is also
background free in the TeV-PeV energy band, so the
magnitude of the J-factor determines the sensitivity of the

FIG. 4. Limits on the velocity-averaged cross section for the χχ → bb̄;WþW−; μþμ−; τþτ− channels compared to previous results
from IceCube [26,40], ANTARES [61] and the gamma-ray telescopes Fermi-LAT [62], MAGIC [63] and VERITAS [6].
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search. At the energies > 105 GeV, the only limits we can
find in the literature are from the 216-hour VERITAS
observations of dSphs [6]. Compared to the VERITAS
ones, our constraints are comparable if DM particles
annihilate through μþμ− channel. For other channels, our
constraints are weaker. Nevertheless, our results support
these previous constraints and are good complements
to them.

V. SUMMARY

According to mass-to-light ratio measurements, dSphs
are rich in DM particles which can produce signals such as
gamma-ray photons and neutrinos through annihilation, so
dSphs are promising targets for dark matter searches.
However, a systematic search for neutrino signals generated
by DM annihilation from dSphs is still lacking (see
however [25,40,65]). In this work, we search for neutrino
signals from 18 dSphs using 10 years of publicly available
muon-track data of the IceCube neutrino observatory.
Taking into account the magnitude of the J-factor and
the declination at which the source is located, Ursa Major II
gives the best result among all 18 sources for single-source
analysis. To further improve the sensitivity, we also stack
all dSphs together to perform a joint analysis. However, we
do not find any significant neutrino emission signal in
either the single-source or stacking analysis. Based on such
null results, we derive constraints on the annihilation cross

section of DM particles. Compared to the existing results in
the literature, our constraints are comparable to the ones
from the VERITAS observations of dSphs for the μþμ−
channel and weaker than those given by the ANTARES and
IceCube observations of the Galactic center regions at the
overlapping energies.
The results of the constraints depend on the accuracy of

the J-factors of the dSphs, and there exist uncertainties in
the current J-factor measurements given by different
groups [59,66–69]. It also should be noted that most
J-factors are calculated assuming spherical symmetry of
the dark halos, which may be an oversimplification.
Considering the flattening of dark halos will lead to
J-factor values different by tens of percent [70].
Upcoming deep imaging surveys such as Vera C. Rubin
Observatory Legacy Survey of Space and Time (LSST)
[71] are hopeful to provide more accurate J-factor mea-
surements, as well as discover more dSphs. The next
generation of neutrino detector IceCube-Gen2 [72] will
also improve the sensitivity of neutrino detection. All these
will further enhance our capability to search for UHDM.
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