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Abstract: As a next-generation complex extensive air shower array with a large field of view, the large high altitude

air shower observatory (LHAASO) is very sensitive to the very-high-energy gamma rays from ~300 GeV to 1 PeV

and may thus serve as an important probe for the heavy dark matter (DM) particles. In this study, we make a forecast

for the LHAASO sensitivities to the gamma-ray signatures resulting from DM decay in dwarf spheroidal satellite
galaxies (dSphs) within the LHAASO field of view. Both individual and combined limits for 19 dSphs incorporating
the uncertainties of the DM density profile are explored. Owing to the large effective area and strong capability of the

photon-proton discrimination, we find that LHASSSO is sensitive to the signatures from decaying DM particles
above O(1) TeV. The LHAASO sensitivity to the DM decay lifetime reaches O(10%%) ~ O(10?8) s for several decay

channels at the DM mass scale from 1 TeV to 100 TeV.
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1 Introduction

The cosmological constant A and the cold dark mat-
ter (DM) paradigm have made numerous far-reaching
predictions about the composition of the Universe. An
abundance of compelling observational evidence has
been accumulated to account for the presence of DM.
DM should be neutral, non-baryonic, and cold, and con-
stitute nearly 84% of the total matter of the universe [1].
However, little is known about the DM microscopic prop-
erties as an elementary particle. To understand the
particle nature of DM, numerous new physics models
have been proposed in the literature [2], among which the
weakly interacting massive particles (WIMPs) approach
is the most attractive candidate.

WIMPs could either decay or self-annihilate into
steady standard model (SM) particles through some weak
interactions, such as gamma-rays, neutrinos, and anti-
matter particles. Indirect DM detection is performed by
experiments that investigate such high energy signals. In
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particular, the gamma-ray signal is a powerful probe to
reveal the properties of DM owing to its simple propaga-
tion process. Among the astrophysical sources with high
DM densities, dwarf spheroidal galaxies (dSphs) are the
most promising research objects in the search for gamma-
rays emitted from DM [3-9]. These sources are relatively
nearby, highly DM dominated with a large order of mag-
nitude of the mass-to-light ratio O(10—100), and almost
free of astrophysical backgrounds [10,11]. With these
outstanding advantages, dSphs would offer the cleanest
DM signals compared with other objects.

Currently, gamma ray astronomy above tens of TeV
remains almost completely unexplored, as past and
present telescopes can only record few photons in this en-
ergy range. A strong interest in the very high energy
(VHE) gamma-ray astronomy was aroused by the devel-
opment of next-generation instruments, which are cap-
able of more sensitive observations with a larger field of
view (FOV) in a more extended energy region. This in-
terest brought on the ambitious project of the large high
altitude air shower observatory (LHAASO) still under
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construction, which aims to cover the energy range ap-
proximately from 300 GeV to 1 PeV [12]. Remarkably,
the design concept of LHAASO is to make this continu-
ously-operated instrument extremely competitive for the
gamma-ray observation in the energy range above tens of
TeV. Therefore, through the VHE gamma-ray observa-
tion from dSphs by LHAASO, it is compelling to search
for the DM signatures and set strong limits on the proper-
ties of heavy DM particles.

In Ref. [13], we investigated the expected sensitivit-
ies of the LHAASO project to gamma-ray signals in-
duced by self-annihilating DM particles in 19 selected
dSphs. Although it is natural to assume that the DM
particles are absolutely stable, this assumption is not ne-
cessary. In fact, the current cosmological and astrophysic-
al observations only require that the lifetime of DM
particles is significantly longer than the age of the Uni-
verse, about 13.8 Gyr (4.56x 10'7s). This long lifetime
can be achieved by some interactions at high energy
scales; the relevant signatures may be detectable by indir-
ect detection experiments (see, e.g. Refs. [14-18] and ref-
erences therein). Thus, the LHAASO gamma-ray obser-
vation of dSphs can also search for the signals originat-
ing from DM decay.

In this study, as a further step along this line, we per-
form a forecast of the LHAASO sensitivity to the life-
time of decaying DM using the mimic observation of
VHE gamma-rays for 19 dSphs within the LHAASO
FOV. In the analysis, we take the statistic uncertainties of
the spatial DM distribution of dSphs into account [19-21].
To derive a reasonable sensitivity, the simulated data of
LHAASO, considering its strong background rejection
power, are utilized.

This paper is organized as follows. In Sec. 2, we in-
troduce the calculation of the gamma-ray flux from DM
decay. In Sec. 3, we show the LHAASO sensitivities and
provide comparisons with other experimental results. Fi-
nally, the conclusion is presented in Sec. 4.

2  Gamma-ray signals from DM decay in dSphs

In this study, we assume dSphs to be point-like
sources. The expected gamma-ray flux resulting from
DM decay in a point-like source is described by

L1y,

= —— dE, XD, 1
drmyt Jp = dE, Y 1

where m, is the mass of DM particles; 7 is the decay life-
time of DM particles; the integration is performed over

each energy bin between En, and Ep., and d_Ey de-

notes the gamma-ray differential energy spectrum result-
ing from the decay of a DM particle via a certain final

. . dN, .
state channel. In this study, we derive d_Ey with the util-

ization of the PPPC4DM package [22,23]. 7

In Eq. (1), the astrophysical factor “D factor” is an in-
tegral of the DM density along the line of sight (l.o.s) dis-
tance x in the region of interest

D= f dQ f dxp(r(6, x)), 2)
source Lo.s

where the solid angle Q varies in the observed regions
with an integration angle AQ = 27X [1 —cosajy], and p(r)
describes the DM density profile of the astrophysical sys-
tem varying with the distance r from its center. The DM
density profile of dSphs can be determined by the Jeans
equation using the kinematic observation of stellar velo-
cities (see e.g., Refs. [24-26]).

In this analysis, we also consider the statistical uncer-
tainty of the D factor of the dSph employing the method
of Refs. [7,27]. The likelihood in all energy bins for one
dSph is given by

e_[IOgm(D/)_logm(Dum DI /20-2
J

L= nLij(SileijsNij)x (3)

In(10)Dops ; V2710

Here, L;; is the likelihood that is taken to be the Poisson
distribution,

(Bij+Sij)Niexp[—(Bij+ S i))]
LifSijlBij.Nip) = | | =
. ij:

1

4)

where S;;, B;;, and N;; denote the numbers of the expec-
ted signal counts from the DM decay, expected back-
ground counts from cosmic rays, and total observed
counts in the i-th energy bin for the j-th dSph, respect-
ively. Because the value of §;; is physically restricted to
be equal or greater than zero, for energy bins with ob-
served counts under the statistic fluctuations of the back-
ground, the value of §;; maximizing the likelihood is sup-
posed to be zero. This is consistent with the fact that no
gamma photons are detected from the DM sources. Fur-
thermore, log;;(Dobs,j) and o; denote the mean value and
corresponding standard deviation of the D factor, respect-
ively. For given 7 and m, values, log,,(D;) is assumed to
be the value maximizing the likelihood £;. We take the
calculated mean values of the D factor and their statistic-
al uncertainties of 19 dSphs from Refs. [19-21] and list
them in Table 1.

In the literature, two sets of D factors are provided,
depending on the choice of the integration angle. One set
is calculated within a constant integration angle, e.g.
ajnt = 0.5°. The other set is derived within the maximum
angular radius of the source arcsin(rmax/d), where rpax is
an estimate of distance from the dSph center to the outer-
most member star, and d is the distance from the Earth to
the source. In general, the DM particles tend to contrib-
ute signals from the vicinity of the source center due to
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Table 1.

Astrophysical properties of 19 selected dSphs within LHAASO FOV. Columns denote the name, right ascension (RA.), declination (DEC.),

distance, effective time ratio (7f), maximum angular angle 6., and D factor for each dSph. The D factor and 6.« of the dSphs are provided by

Ref. [19], except for the four dSphs marked with asterisks, for which the D factors are not provided in this reference. We adopt the D factors from
Ref. [20] for Draco II, Pisces II, Willman 1 and from Ref. [21] for Triangulum II.

Source RA./(°) DEC./(°) Distance/kpc Teff Omax/(°) log;o Dobs (log;g [GeVem™2])
Bodtes 1 210.02 14.50 66 0.352 0.47 179+0.2
Canes Venatici | 202.02 33.56 218 0.398 0.53 17.6 £0.5
Canes Venatici II 194.29 34.32 160 0.399 0.13 17.0£0.2
Coma Berenices 186.74 23.90 44 0.377 0.31 18.0+£0.2
Draco 260.05 57.92 76 0.442 1.30 18.5+0.1
Draco IT* 238.20 64.56 24 0.451 - 18.0+0.9
Hercules 247.76 12.79 132 0.348 0.28 16.7+£0.4
Leol 152.12 12.30 254 0.346 0.45 17.9+0.2
Leo I 168.37 22.15 233 0.372 0.23 17.2+£0.4
Leo IV 173.23 —0.54 154 0.303 0.16 16.1+0.9
Leo V 172.79 222 178 0.314 0.07 159+0.5
Pisces IT* 344.63 5.95 182 0.327 - 17.0+0.6
Segue 1 151.77 16.08 23 0.357 0.35 18.0+0.3
Sextans 153.26 -1.61 86 0.299 1.70 17.9+0.2
Triangulum IT* 33.32 36.18 30 0.403 - 18.4+0.8
Ursa Major | 158.71 51.92 97 0.432 0.43 17.6 £0.3
Ursa Major 11 132.87 63.13 32 0.449 0.53 184+0.3
Ursa Minor 227.28 67.23 76 0.455 1.37 18.0+0.1
Willman 1* 162.34 51.05 38 0.430 - 18.5+0.6

the density profile, while the angle distribution of the
background resulting from cosmic rays is almost flat.
Therefore, to suppress the background, we adopt the D
factors integrated over a smaller angle region with
Qine = Min{Bax,0.5°}.

3 LHAASO sensitivities to DM lifetime

The LHAASO experiment is being built on the HaiZi
Mountain (4410 m a.s.l.) near Daocheng in the Sichuan
province of China. It comprises a complex extensive air
shower (EAS) array consisting of three sub-arrays: the
square kilometer particle detector array (KM2A), the wa-
ter Cherenkov detector array (WCDA), and the wide field
Cherenkov telescope array (WFCTA). WCDA and
KM2A are designed for the photons with energies ap-
proximately from 100 GeV to 20 TeV and above 20 TeV,
respectively, which are relevant for the gamma-ray detec-
tion. Further details on the LHAASO experiment are
provided in Refs. [28,29].

When VHE gamma-rays and cosmic ray nuclei enter
the atmosphere, they interact with the atmospheric nuclei
and then separately generate electromagnetic and hadron

cascades, collectively known as EAS. Subsequently,
these secondary particles from EAS would impinge on
the water Cherenkov detectors (WCDs) of LHAASO and
produce Cherenkov lights. The hadronic backgrounds and
photon signals can be distinguished in light of their dif-
ferent energy distributions deposited across the WCDs.
Furthermore, for gamma-rays above 10 TeV, the meas-
urement of the muon component in the shower by the
muon detectors of KM2A further allows a more efficient
hadronic background rejection.

We investigate the LHAASO sensitivity to the DM
decay signals from 19 selected dSphs with large D
factors listed in Table 1. In comparison with the research
of HAWC [3], we adopt four more dSphs in the analysis,
taking into account the larger FOV of LHAASO (defined
in the declination range —11° < § < 69°), including Draco
II, Leo V, Pisces II, and Willman 1. For each dSph, we
perform a series of mimic observations under the null hy-
pothesis and then calculate the likelihood described by
Eq. (3). Further details of the analysis are provided in Ap-
pendix A, which are similar to our previous study [13].
Subsequently, we derive the 95% sensitivity to the DM
lifetime 7 by decreasing the likelihood by 2.71/2 from its
maximum with the given DM mass in each mimic obser-
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vation, assuming a y2-distributed test statistic [30].

Fig. 1 shows LHAASO sensitivities with respect to
the DM lifetime for the individual dSph in a randomly se-
lected mimic observation. Here, we consider five typical
DM decay channels, including bb, 7, u*u~, ¥, and
W*W~. In this figure, the LHAASO sensitivities from a
combined analysis with all selected dSphs are likewise
shown, using a joint likelihood £ =[T;£L;. We see that
the combined sensitivity is dominated by two dSphs,
Draco and Ursa Major 11, with large D factors and favor-
able locations inside the LHAASO FOV. Notably, Trian-
gulum II and Willman 1 have almost the largest D factors
among the 19 selected dSphs, and Triangulum II is loc-
ated near the center of LHAASO FOV. However, their
contributions do not significantly affect the combined
sensitivity. The reason is that the statistical uncertainties
of their D factors are considerably large, owing to the
lack of data from the dSph kinematic observations. The
sensitivity to the gamma-ray signal from the dSph would
be significantly decreased by including the uncertainty of
the D factor in the likelihood. Nevertheless, although
some dSphs have relatively large D factors with small
uncertainties, they are close to the edge of LHAASO
FOV. Consequently, the signals from these dSphs are dif-
ficult to detect by LHAASO.

Because there are statistic fluctuations in each mimic
observation, we perform 500 mimic observations under
the null hypothesis to include this uncertainty in the final
results. We show the median combined sensitivities and
the related two-sided 68% and 95% containment bands
for the five decay channels in Fig. 2. For comparison, the
lower limits on the DM lifetime from three gamma-ray
observations, including the HAWC combined dSphs lim-
it [3], Fermi-LAT combined dSphs limit [4], VERITAS
Segue 1 limit [5], and the prospective limits of CTA
Perseus Cluser observation [8,9], are also shown.

Fig. 2 shows that the LHASSO sensitivities with re-
spect to DM decay lifetime are better than the current ex-
perimental limits for the DM masses m, approximately
larger than 10 TeV and reach O(10*’s) for almost all
channels at the mass scale of 1 — 100 TeV. For hadronic
channels, such as the bb channel, the initial photon spec-
tra are soft. Thus, the Fermi-LAT dSph observations
place the most stringent limits for DM masses approxim-
ately up to 10 TeV, due to their considerably good sensit-
ivities to the low-energy gamma rays. For DM masses be-
low 10 TeV, as we impose a cut on the observed photon
energies E > 0.7 TeV, which is consistent with the public
LHASSO simulation results, the expected LHAASO
sensitivities in this energy region are poor compared with
the current limits. Nevertheless, for the masses above 10
TeV, LHAASO could become more sensitive for these
channels through the excellent observation of VHE

photons. Moreover, for the W*W~ channel, LHAASO be-
haves as the most sensitive experiment, in comparison
with the limits set by other experiments, at masses above
~3 TeV. With regard to the u*u~ and 77~ channels,
LHAASO exhibits excellent sensitivities for almost all
DM masses above 1 TeV.

We furthermore find that, although including the stat-
istical uncertainties of D factors in our analysis would de-
crease the LHAASO sensitivity, the expected combined
sensitivities are nevertheless better than the limits set by
HAWC by a factor of 8—10. As shown in Ref. [13],
however, the LHAASO sensitivities to the DM annihila-
tion cross section are only stronger than the HAWC lim-
its by a factor of 2—-5. Evidently, the improvement for
DM decay is even more significant than the case of DM
annihilation.

We discuss the potential reasons for this factor. In
Fig. 1, we clearly see that the combined sensitivity is in
particular dominated by high-latitude sources, such as
Draco and Ursa Major II. For these sources, the
LHAASO sensitivities would be significantly stronger
than HAWC by 1-2 orders of magnitude. This is because
LHAASO is located at a higher latitude of approximately
29° in comparison with HAWC, which is located at the
latitude of approximately 19°. The dSphs at high latit-
udes, such as Draco and Ursa Major II, are located near
the edge of the HAWC FOV, such that HAWC is insens-
itive to them. However, these sources could still contrib-
ute significant signals in the LHAASO FOV. In addition,
LHAASO has a larger effective area in comparison with
HAWC. Therefore, the LHAASO sensitivities to the DM
decay lifetime are conceivable to be higher than the con-
straints from HAWC by a factor of 8—10.

4 Conclusion

We study the sensitivities of the LHAASO dSph ob-
servations to the lifetime of decaying DM particles for
five final decay states. Both the individual and combined
limits for 19 dSphs incorporating the statistical uncertain-
ties of D factors are investigated. Our results show that
the contributions of two sources, dSphs Draco and the
Ursa Major 11, significantly affect the combined sensitiv-
ity. In comparison with the current limits from Fermi-
LAT, HAWC, and VERITAS, we find that the LHAASO
sensitivities are better for the DM masses larger than ap-
proximately 3 TeV and 10 TeV for the W*W~ and bb
channels, respectively. Furthermore, LHAASO is sensit-
ive in a wide DM mass range from 1 to 100 TeV. There-
fore, we conclude that the LHAASO dSph gamma-ray
observation would be a compelling and promising ap-
proach for probing the properties of heavy decaying DM
particles above O(TeV).
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Fig. 1. (color online) Projected one-year LHAASO sensitivities with respect to DM lifetime = at 95% confidence level for individual

dSphs in one mimic observation. Five decay channels bb, 7, u*u~, v*7~, and W+*W~ are considered. The solid red line represents the
combined sensitivity with all dSphs.
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Appendix A: Expected event counts at LHAASO

We perform a series of mimic observations to derive the expec-
ted LHAASO sensitivities with respect to the DM decaying signals.
First, we estimate the expected background counts B induced by
cosmic ray nuclei. Second, we perform a Gaussian sampling
around B to obtain the observational event counts N in each mimic
observation.

The energy resolution of WCDA varies from 30% to 100%
with the decreasing energy. We adopt sufficiently wide energy bins
With Emax/Emin = 3, such that the energy smearing effect can be ig-
nored in our analysis. The background count B in one energy bin is
estimated by

Emax T
B=§crf f f ©p(E) - AL (E, Oyen (1)) - £,(E)AAQAE, (A1)
E aaJo

min

where ®,(E) is the primary proton flux in cosmic rays, which is
taken to be a single power-law from the fitting to the results of AT-
IC [31], CREAM [32], and RUNJOB [33]. The total observational
time of LHAASO for this analysis is taken to be one year. The
number of the event counts is estimated within a cone of
AQ =27 x[1 — cos(max{ain,60:})], where 6. denotes the energy de-
pendent angular resolution of LHAASO, varying from 2° to 0.1°
with the increased energy of the gamma-ray [12]. Here, we also in-
troduce a scale factor /.. = 1.1 to include the contributions of other
heavy nuclei in the primary cosmic rays.

The expected signal event count S in one energy bin is calcu-
lated by

Emax T
S =ernn f f Dy (E)- AV (E,Open(D)) - £y (E)dHdE, (A2)
E 0

where exo =0.68 denotes the fraction of observed photons within
the experimental angular resolution.

The effective area of LHAASO A”; is a function of the energy
and zenith angle. Here, we take A% from the LHAASO science
white paper [12]. Notably, the zenith angle 6,., is also a function of
the observation time ¢. DSphs at different declinations are expec-
ted to have different 6,.,(r) functions, leading to different visibilit-
ies. To reflect the visibility, we show the effective time ratio reg in
Table 1. This factor denotes the fraction of effective observation
time during which the corresponding zenith angle 6,., of the dSph
is smaller than 60°.

In the above formulae, & denotes the survival ratio of the
particle after selection in the experimental analysis, which reflects
the efficiency for the gamma-proton discrimination. A detailed ana-
lysis is provided in Ref. [34] for the working efficiencies of
WCDA. This analysis shows that for the energies above 0.6TeV,
the survival rate of the proton ¢, can be suppressed in a range from
0.04% to 0.11%, while the survival rate of the gamma ¢, is approx-
imately 50%. In this study, we adopt a more conservative gamma-
proton discrimination as ¢, ~0.28% with &, ~40.13%.

Taking account of all these factors, we list the expected back-
ground count B for each dSph in Table Al.

Table Al. Number of expected background events for each dSph.

0.7-2.1 TeV 2.1-6.3TeV 6.3—-18.9 TeV 18.9-56.7 TeV
Bodtes I 185068 5407 1747 765
Canes Venatici I 209117 6163 2233 977
Canes Venatici II 209929 6133 1678 628
Coma Berenices 197879 5781 1851 592
Draco 231368 6823 2473 1083
Draco II 236163 6965 2526 1107
Hercules 182507 5333 1459 546
Leol 181748 5311 1592 689
Leo II 195646 5716 1564 585
Leo IV 159002 4648 1272 476
Leo V 164471 4807 1316 493
Pisces 11 171309 5051 1831 802
Segue 1 187371 5475 1498 560
Sextans 156774 4623 1676 734
Triangulum IT 211880 6245 2262 990
Ursa Major [ 226549 6621 1878 784
Ursa Major 11 235186 6936 2515 1102
Ursa Minor 237888 7017 2545 1115
Willman 1 225815 6658 2413 1057
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