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The kilometer squarearray (KM2A) of the large high altitude air shower observatory (LHAASO)
aims at surveying the northern γ-ray sky at energies above 10 TeV with unprecedented sensitivity.
γ-ray observations have long been one of the most powerful tools for dark matter searches, as, e.g.,
high-energy γrays could be produced by the decays of heavy dark matter particles. In this Letter,
we present the first dark matter analysis with LHAASO-KM2A, using the first 340 days of data from
1/2-KM2A and 230 days of data from 3/4-KM2A. Several regions of interest are used to search for
a signal and account for the residual cosmic-ray background after γ/hadron separation. We find no
excess of dark matter signals, and thus place some of the strongest γ-ray constraints on the lifetime
of heavy dark matter particles with mass between 105 and 109 GeV. Our results with LHAASO are
robust, and have important implications for dark matter interpretations of the diffuse astrophysical
high-energy neutrino emission.

Introduction— Dark matter (DM) is one of the cor-
nerstones of fundamental physics and cosmology, as it
accounts for most of the mass of the Universe. So far,
DM has evaded all the attempts to detect its nongravi-
tational interactions [1–3]; the identification of its nature
is one of the primary goals in modern science [4, 5]. In
this context, DM indirect-detection searches represent a
powerful tool that leverages astrophysical data to probe
a variety of DM candidates. Among all the astrophysical
messengers, high-energy γ rays have long been an impor-
tant avenue for achieving some of the best sensitivities
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in DM searches [6–12]. In this regard, very-high-energy
(VHE) γ rays offer a unique possibility to probe heavy
DM particles with masses above 100 TeV.

In recent years, VHE γ rays have been detected from
several Galactic sources [13–17] as well as from the whole
Galactic plane [18]. Away from the Galactic plane, up-
per limits have been placed on the isotropic diffuse γ-ray
flux above 100 TeV [19–21]. While the γ-ray emission
from extragalactic sources is significantly suppressed due
to the cosmic γ-ray absorption, detectable high-latitude
VHE γ rays could be produced through the decays of
heavy DM particles in the Galactic halo, as DM an-
nihilations are theoretically disfavored by the unitarity
bound in the VHE regime [22]. Decaying heavy DM has
been theorized in several models, including WIMPIzil-
las [23–25], glueballs [26–29], gravitinos [30–32], frozen-
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in DM [33–36] and other proposals [37–46]. Interestingly,
it has also been proposed [47–49] as a source of the dif-
fuse TeV-PeV neutrino flux observed by IceCube [50–52].
Such a scenario has been long studied with multimessen-
ger observations [53–78]. Nevertheless, DM contributions
to the diffuse high-energy neutrino flux remain a viable
possibility [68].

The large high altitude air shower observatory
(LHAASO) [79] is a general purpose, continuously op-
erating air shower cosmic-ray and γ-ray detector located
in southwest China, which completed its construction in
2021. It mainly consists of the KM2A (kilometer square
array), WCDA (water cherenkov detector array), and
WFCTA (wide field of view Cherenkov telescope array).
Together, it is sensitive to the γ-ray sky from 100 GeV
to 1 PeV, and has for the first time detected PeV γrays
from astrophysical sources [16, 17].

In this Letter, we utilize the data from partially com-
pleted KM2A to search for signatures of DM decays.

KM2A Data Analysis— KM2A is a ground-based
full-duty extensive air shower (EAS) array dedicated to
VHE γ-ray astronomy above 10 TeV. It has an excel-
lent γ/hadron separation capability by using both elec-
tromagnetic particle detectors (EDs) and underground
muon detectors (MDs). The EDs are plastic scintillation
detectors and the MDs are water Cherenkov detectors
with 2.5m soil overburden [80]. With a large field of view,
∼ 2 sr, KM2A covers about 60% of the sky daily [81, 82].

In this work, we consider data from the partially
completed KM2A, including 340 days from the 1/2-
KM2A (2365 out of 5216 EDs and 578 out of 1188
MDs, covering an area of 0.432 km2), from December 27,
2019 to November 30, 2020, and 230 days from the 3/4-
KM2A (3978 out of 4901 EDs and 917 out of 1188 MDs,
covering an area of 0.727 km2), from December 1, 2020
to July 19, 2021. We employ the same data quality cuts,
event selection, and detector simulation as in Ref. [82]
for both 1/2-KM2A and 3/4-KM2A. The angular and
energy resolution of the two datasets are similar, with
the latter being slightly better. At 100 TeV, the angu-
lar and energy resolutions are about 0.3◦ and 20% [82],
respectively.

The field of view of LHAASO covers the celestial north-
ern sky (Fig. 4 in Ref. [81]). Given that the DM signal
is expected to be higher with smaller galactocentric ra-
dius, and to reduce the potential diffuse astrophysical
emission from the northern Fermi bubble and the Galac-
tic plane, we consider one fiducial search region of inter-
est (ROI), labeled as ROI0, around 15◦ ≤ b ≤ 45◦ and
30◦ ≤ ` ≤ 60◦. We also consider four control regions (la-
beled ROI1 − ROI4) away from ROI0 for the purpose of
constraining the isotropic cosmic-ray background. These
regions are selected to avoid the Fermi bubbles and the
Galactic plane as well.

Importantly, we also require ROI1 −ROI4 to have the
same declination and angular size (0.274 sr) as ROI0.
This ensures that all the ROIs have the same detector
responses, eliminating potential systematics in the dec-

TABLE I. Residual events after γ/hadron separation in the
search (ROI0) and control (ROI1 − ROI4) regions with an
observations of 340 days with 1/2-KM2A and 230 days with
3/4-KM2A.

Energy bin[
log10( E

GeV
)
] NROI0 NROI1 NROI2 NROI3 NROI4

5.0 – 5.2 1209 1210 1112 1160 1157
5.2 – 5.4 150 147 148 150 153
5.4 – 5.6 51 58 51 41 43
5.6 – 5.8 15 13 14 6 9
5.8 – 6.0 7 7 2 1 7
6.0 – 6.2 1 0 3 1 2

lination dependence of the detector response. Following
these criteria, ROI1 − ROI4 are chosen by shifting ROI0
along the RA direction by 90◦, 135◦, 240◦, and 285◦,
respectively. The exposure time for ROI0 to ROI4 are
523, 510, 523, 527, and 529 days, respectively. Due to
being shifted to larger galactocentric radii, the expected
DM γ-ray fluxes from ROI1 −ROI4 are a factor of a few
smaller than the one from ROI0. For more details see
Supplemental Material I.

We partition the data from 105 to 106.2 GeV with 6
energy bins in logarithmic space, which are wider than
the energy resolution of the detector [82]. The γ/hadron
separation is then applied by considering the ratio of the
detected muons and electrons [see Eq. (7) in Ref. [82]]. To
further reduce the background, we adopt a more stringent
γ/hadron cut parameter than the one in point-source
analyses [82]. In this analysis, the γ-ray survival rate
is lowered to be at least 50% of the injected gamma-ray
events in detector simulation, with the cosmic-ray sur-
vival rate further lowered down to 1.86 × 10−6 around
1 PeV in the observed data (see Supplemental Material II
for details and validation of the cut). Even with such
a strong cut, we still expect that most of the residual
events are misidentified cosmic-ray events. Table I shows
the events after γ/hadron separation.

The detector responses of the ROIs are obtained by
tracking the ROIs through the sky and comparing with
detector simulations. To handle the large ROIs and their
potential nonuniform exposure, the exposure of each ROI
is obtained by tracking 67 subpixels [each ' (3.7deg)2]
within each ROI and then combined. We note that even
though we expect the detector responses are the same
for each ROI, their responses are computed separately
to take into account differences in lifetime and point-
ing efficiencies. The detector performance of 1/2-KM2A
has been thoroughly validated with a precise measure-
ment of the Crab Nebula [17, 82, 83]. Details are pre-
sented in Ref. [82], and in Supplemental Material III.
For 3/4-KM2A, we use the same data selection cuts, re-
construction series, and γ/hadron separation parameters
as those in 1/2-KM2A. Our results are subject to the
same systematic uncertainties as discussed in Ref. [82],
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which is estimated to be about 7% for the flux inference
and mainly comes from the variation of event rate during
the operational period due to seasonal and daily changes.
Furthermore, to assess the systematic uncertainties due
to the γ/hadron separation procedure, we find that the
flux would change by about 20% if the cut condition were
changed to a 30% γ-ray survival rate. The inferred DM
decay rate results are thus also subject to these uncer-
tainties.

Decaying dark matter formalism— DM decaying
into various standard model states could give rise to a
diffuse flux of VHE γ rays. In the PeV energy range,
the dominant γ-ray components are the prompt com-
ponent generated directly from Galactic DM decays as
well as the secondary component from inverse Compton
(IC) scattering of electrons and positrons produced by
DM particles [57, 84, 85]. Other contributions, such
as bremsstrahlung and synchrotron radiation, are ei-
ther subdominant or contribute at much lower energies.
Moreover, due to the cosmic γ-ray attenuation and the
related electromagnetic cascade processes, extragalactic
DM decays are relevant only at energies smaller than
∼ 104 GeV [86]. Thus, neglecting these contributions is
conservative, and does not impact our results.

The prompt γ-ray intensity (flux per solid angle) due
to DM decay from a certain Galactic latitude (b) and
longitude (`) is given by

dIprompt
γ

dEγ
=

1

4πmDMτDM

dNγ
dEγ

D(Eγ , b, `) , (1)

where mDM and τDM are, respectively, the mass and the
lifetime of DM particles, dNγ/dEγ is the photon energy
spectrum per DM decay, and D(Eγ , b, `) is the so-called
D factor. The photon energy spectrum is computed by
using the HDMSpectra package [87], which includes the
electroweak radiative corrections. The D factor is given
by the integral of the DM halo density profile ρh over
the line of sight s, including the effect of Galactic γ-ray
attenuation,

D(Eγ , b, `) =

∫ ∞
0

ds ρh [r(s, b, `)] e−τγγ(Eγ ,~x) , (2)

where τγγ is the total optical depth due to pair produc-
tion (γγ → e+e−) with background photons [57]. The
photon targets are the cosmic microwave background
(CMB), Galactic starlight (SL), and infrared (IR) ra-
diation. The SL+IR background is extracted from the
GALPROPv54 code [88] (see also Ref. [89]). While the
CMB photons are homogeneous, the SL+IR radiation de-
pends on the position ~x in the Galaxy, which is expressed
in terms of (s, b, `). In particular, SL+IR dominates over
CMB near the Galactic center and in the Galactic plane.
Nevertheless, the angular dependence of the D factor
stems mainly from the DM halo density profile, for which
we consider the commonly adopted Navarro-Frenk-White
(NFW) distribution [90]

ρh(r) =
ρs

(r/rs) (1 + r/rs)
2 , (3)

which is a function of the galactocentric radial coordinate

r =
√
s2 +R2

� − 2 sR� cos b cos ` , (4)

with R� = 8.3 kpc being the Sun position. At the scale
radius rs = 20 kpc we take ρs = 0.33 GeV/cm3, which
yields a local DM density ρ� ' 0.4 GeV cm−3 [91–93].
The local DM density is found to be generally around
0.3 − 0.6 GeV/cm3 [94] and our DM decay results scale
linearly with it. In the energy range considered, the aver-
aged energy-dependent D factor in Eq. (2) in the search
region (ROI0) is larger by a factor ranging from 1.6 to 2.3
than those in the control regions (ROI1 − ROI4). This
ensures a higher DM intensity in ROI0 with respect to
the other selected regions. Moreover, the DM γ-ray flux
depends only slightly on the choice of the density profile
for the extended DM Galactic halo and our results are
robust against density profile choices, see Supplemental
Material IV.

The secondary Galactic IC component is computed by
solving the stationary diffusion-loss equation for the elec-
trons and positrons injected in the Galaxy by DM decays.
At high energies, however, the electron-positron distri-
bution is completely dictated by the energy losses [57].
Hence, by neglecting the marginal effect of diffusion,
the galactic IC component takes the following expres-
sion [57, 84]:

dIICγ
dEγ

=
1

2πEγmDMτDM

∫ ∞
0

ds ρh(r)e−τγγ(Eγ ,~x)×∫ mDM
2

Eγ

dEe
PIC(Eγ , Ee, ~x)

b(Ee, ~x)

∫ mDM
2

Ee

dE′e
dNe
dE′e

. (5)

Here, PIC is the IC radiated power, b(Ee, ~x) is the energy
loss coefficient comprising IC and synchrotron processes,
and dNe/dE

′
e is the injected electron spectrum computed

with HDMSpectra. For the synchrotron energy losses we
adopt the regular Galactic magnetic field model with a
local strength of 4.78 µG as reported in Ref. [95]. For
more details on the DM signal computation and its un-
certainties, see Supplemental Material IV.
Likelihood analysis— We perform a joint-likelihood

analysis on the ROIs that takes into account the DM
angular distribution. The likelihood function for the kth
ROI is given by

lnLk(τDM, b) =
∑
i

N i
k lnnik − nik , (6)

where N i
k is the number of observed events in each energy

bin, i, and nik is the modeled number of events, given by

nik(τDM, b) =
(
bi + sik (τDM)

)
E ik∆Ω , (7)

where bi is the background model, sik(τDM) is the total
integrated DM intensity for the specific ROI,

sik(τDM) =
1

∆Ω

∫
dΩdEγ

(
dIprompt
γ

dEγ
+

dIICγ
dEγ

)
, (8)
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FIG. 1. 95% one-sided lower limits on DM lifetime obtained with the profile likelihood analysis (thick black lines), for DM
decaying into b quarks (left) or τ leptons (right). The black dashed line shows the limit obtained if we only consider prompt DM
contribution. The green and yellow bands correspond to the expected 68% and 95% limit ranges from Monte Carlo simulations
with the background-only hypothesis. Previous limits [60, 70, 77] and those from HAWC [11] are shown with gray and blue
lines

. The hatched regions show the 1σ DM parameter space favored by IceCube high-energy neutrino flux [68].

E ik is the detector exposure on the ROI, and ∆Ω is the
solid angle of the ROIs.

Importantly, the DM intensity is different in differ-
ent ROIs due to the different D factor and secondary
contributions, while all ROIs have the same underly-
ing background model (bi) due to the isotropic cosmic-
ray background distribution. This breaks the signal-
background degeneracy between different ROIs, and thus
ROI1 − ROI4 are included to constrain the background
contribution. The background is expected to be isotropic,
as the intrinsic cosmic-ray anisotropy is only ∼0.1%
[96, 97], much smaller than the statistical uncertain-
ties. We consider the joint-likelihood for all 5 ROIs:

lnL(τDM, b̂) =
4∑
k=0

lnLk, with the “hat” signaling that

the background bi has been treated as a nuisance pa-
rameter and fitted over to maximize the likelihood [98].
For the background model, bi, we conservatively assume
complete ignorance of their values in each energy bin,
and thus they can take any non-negative values during
the fit.

We search for the presence of a DM signal by scanning
through the DM mass from 105 to 109 GeV for each de-
cay channel, assuming a 100% branching fraction. We
find no significant detection of DM signals, which would
correspond to a peak in the likelihood function against
τDM. Therefore, we obtain the one-sided 95% lower limit
on the DM decay lifetime, τDM,95, for each DM mass and

decay channel by finding −2 ln[L(τDM,95)/L̂] = 2.71 [99],

where L̂ is the best-fit likelihood with respect to both
τDM and b.

Results— Figure 1 shows the constraints for the
DM → bb̄ and DM → τ+τ− channels obtained in
this work (thick black lines). Other decay channels are

discussed in Supplemental Material V. To validate our
results, we perform the same joint-likelihood analysis
with mock data for the ROIs using the best-fit null-
hypothesis (τDM → ∞) background model and assum-
ing a Poisson probability distribution. The 68% and
95% limit ranges from such Monte Carlo simulations are
shown in Fig. 1. We find that the actual constraints are
within the 95% expected range, but are close to the bot-
tom range. This is caused by a small and statistically
insignificant event excess in ROI0 (The highest local sig-
nificance found is about 1.4σ for the τ+τ− channel at
∼ 8 PeV.). The agreement with the Monte Carlo sim-
ulation also validates the common background hypothe-
sis for the ROIs. This implies that potential anisotropic
astrophysical components in the ROIs, such as diffuse
emission and point sources, are subdominant. In Fig. 1
we also show the limits obtained considering only the
prompt contribution to highlight the robustness of our
constraints with respect to potential uncertainties in the
secondary components.

For comparison, we also show the best previous lim-
its on DM lifetime obtained with γ rays for both chan-
nels [60, 70, 77], including those from HAWC [11]. Hence,
the present analysis leads to a significant improvement
in the DM constraints. For the bb̄ channel, our results
are about 5 times better than [70] around 10 PeV, while
for the τ+τ− channel, they are more than 10 times bet-
ter than [60] at 10 PeV. For DM masses higher than
O(108 GeV), our constraints are in general weaker than
those obtained with KASCADE, etc, [77]. Recently, new
DM constraints [74, 75] were obtained by considering the
Tibet-ASγ data along the Galactic plane [18]; our con-
straints are generally stronger by about one order of mag-
nitude than their model-independent limits. We empha-
size that we do not consider any potential astrophysical
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contributions in the ROIs. Doing so will improve our
constraints, but makes our results dependent on the as-
trophysical models.

Our limits are subject to overall systematic uncertain-
ties, estimated to be 21%, which is a quadrature sum
of uncertainties from the detector response (∼7%) and
γ/hadron separation procedure (∼20%), and mentioned
above. In addition, even with the most conservative DM
density profile assumption, our limit only weakens by
about 5%. These uncertainties would not affect physi-
cal interpretations of our results, as evident from Fig. 1.

In addition, even with the most conservative DM den-
sity profile assumption, our limit only weakens by about
5%. These uncertainties would not affect physical inter-
pretations of our results, as evident from Fig. 1.

DM decays can also produce high-energy neutrinos
that can be searched for with neutrino telescopes [53–
55, 58, 63, 66–69, 73, 76, 78]. Our constraints are gen-
erally more stringent than those obtained with IceCube
data (e.g., in Refs [68, 78]), except in neutrino channels.
These searches are therefore highly complementary. See
Supplemental Material VI for a comparison with the lat-
est IceCube results [78]. Remarkably, our results highly
constrain the hypothesis of decaying DM as a source of
high-energy neutrinos. The limits reported in Fig. 1 dis-
favor a large portion of the 68% C.L. DM parameter
space (hatched regions) and the best-fit scenario (black
stars) inferred with the latest IceCube data [68]. We note
that the DM interpretation of the IceCube data is not sig-
nificant (< 2σ), and the IceCube data is still compatible
with an isotropic spatial distribution.

Conclusions and outlook— In this Letter, using
340 days of 1/2-KM2A and 230 days of 3/4-KM2A
data, we obtain some of the strongest γ-ray limits on
heavy decaying DM particles. This analysis shows that,
even with just partial KM2A data, LHAASO already of-
fers unprecedented sensitivity in DM indirect-detection
searches, with an immediate impact on the DM interpre-
tation of IceCube high-energy neutrino events.

This analysis uses a data-driven method to estimate
the residual cosmic-ray background through the ROIs,
which allows us to obtain strong yet robust constraints
on the DM lifetime. In the future, with the completion
of the full KM2A array, considering more sky data and
longer collection time, the effective exposure can be en-
hanced dramatically. Considering any underlying astro-

physical components would also reduce the allowed DM
contribution. Furthermore, with the full LHAASO de-
tectors (KM2A+WCDA+WFCTA), the γ/hadron sepa-
ration power is expected to be further improved, with the
energy range extended. Together, we expect the DM sen-
sitivity will be significantly improved, offering new pos-
sibilities for a potential detection of DM.
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[67] Carlos A. Argüelles and Hrvoje Dujmovic (IceCube),
“Searches for Connections Between Dark Matter
and Neutrinos with the IceCube High-Energy Start-
ing Event Sample,” PoS ICRC2019, 839 (2020),
arXiv:1907.11193 [hep-ph].

[68] Marco Chianese, Damiano F. G. Fiorillo, Gennaro
Miele, Stefano Morisi, and Ofelia Pisanti, “Decay-
ing dark matter at IceCube and its signature on High
Energy gamma experiments,” JCAP 11, 046 (2019),
arXiv:1907.11222 [hep-ph].

[69] Ariane Dekker, Marco Chianese, and Shin’ichiro Ando,
“Probing dark matter signals in neutrino telescopes
through angular power spectrum,” JCAP 09, 007
(2020), arXiv:1910.12917 [hep-ph].

[70] Koji Ishiwata, Oscar Macias, Shin’ichiro Ando, and
Makoto Arimoto, “Probing heavy dark matter decays

http://dx.doi.org/10.1088/1475-7516/2016/08/034
http://arxiv.org/abs/1606.04517
http://dx.doi.org/ 10.1088/1475-7516/2016/11/044
http://arxiv.org/abs/1606.06238
http://dx.doi.org/10.1007/JHEP02(2019)187
http://dx.doi.org/10.1007/JHEP02(2019)187
http://arxiv.org/abs/1811.06975
http://dx.doi.org/ 10.1016/j.physletb.2019.05.030
http://arxiv.org/abs/1812.03516
http://dx.doi.org/ 10.1103/PhysRevLett.123.191801
http://arxiv.org/abs/1906.00981
http://dx.doi.org/10.1103/PhysRevD.101.115029
http://dx.doi.org/10.1103/PhysRevD.101.115029
http://arxiv.org/abs/2003.02846
http://dx.doi.org/ 10.1103/PhysRevLett.126.081802
http://arxiv.org/abs/2003.04900
http://dx.doi.org/ 10.1016/j.physletb.2020.135553
http://arxiv.org/abs/2003.04936
http://arxiv.org/abs/2003.04936
http://dx.doi.org/ 10.1103/PhysRevD.102.083533
http://arxiv.org/abs/2006.03325
http://dx.doi.org/ 10.1103/PhysRevD.88.015004
http://dx.doi.org/ 10.1103/PhysRevD.88.015004
http://arxiv.org/abs/1303.7320
http://dx.doi.org/10.1088/1475-7516/2013/11/054
http://arxiv.org/abs/1308.1105
http://dx.doi.org/ 10.1016/j.physletb.2016.03.084
http://dx.doi.org/ 10.1016/j.physletb.2016.03.084
http://arxiv.org/abs/1601.02934
http://dx.doi.org/ 10.1126/science.1242856
http://arxiv.org/abs/1311.5238
http://arxiv.org/abs/1311.5238
http://dx.doi.org/ 10.1103/PhysRevLett.113.101101
http://arxiv.org/abs/1405.5303
http://arxiv.org/abs/2011.03545
http://arxiv.org/abs/2011.03545
http://dx.doi.org/ 10.1103/PhysRevD.84.022004
http://arxiv.org/abs/1101.3349
http://arxiv.org/abs/1101.3349
http://dx.doi.org/10.1088/1475-7516/2012/11/034
http://dx.doi.org/10.1088/1475-7516/2012/11/034
http://arxiv.org/abs/1205.5281
http://dx.doi.org/10.1088/1475-7516/2012/10/043
http://dx.doi.org/10.1088/1475-7516/2012/10/043
http://arxiv.org/abs/1206.2595
http://dx.doi.org/ 10.1088/1475-7516/2014/12/054
http://arxiv.org/abs/1410.5979
http://dx.doi.org/10.1088/1475-7516/2015/10/014
http://arxiv.org/abs/1505.06486
http://dx.doi.org/ 10.1103/PhysRevLett.115.071301
http://dx.doi.org/ 10.1103/PhysRevLett.115.071301
http://arxiv.org/abs/1503.04663
http://dx.doi.org/ 10.1088/1475-7516/2017/01/007
http://arxiv.org/abs/1610.04612
http://dx.doi.org/ 10.1103/PhysRevLett.119.021102
http://arxiv.org/abs/1612.05638
http://dx.doi.org/10.1088/1475-7516/2017/07/027
http://dx.doi.org/10.1088/1475-7516/2017/07/027
http://arxiv.org/abs/1706.05746
http://dx.doi.org/10.1016/j.physletb.2017.09.016
http://dx.doi.org/10.1016/j.physletb.2017.09.016
http://arxiv.org/abs/1707.05241
http://dx.doi.org/10.1140/epjc/s10052-018-6273-3
http://dx.doi.org/10.1140/epjc/s10052-018-6273-3
http://arxiv.org/abs/1804.03848
http://dx.doi.org/ 10.1103/PhysRevD.98.083016
http://arxiv.org/abs/1805.04500
http://dx.doi.org/10.1088/1475-7516/2019/03/019
http://arxiv.org/abs/1811.05988
http://arxiv.org/abs/1811.05988
http://dx.doi.org/10.1088/1475-7516/2019/05/051
http://arxiv.org/abs/1903.12623
http://arxiv.org/abs/1903.12623
http://dx.doi.org/10.22323/1.358.0839
http://arxiv.org/abs/1907.11193
http://dx.doi.org/10.1088/1475-7516/2019/11/046
http://arxiv.org/abs/1907.11222
http://dx.doi.org/10.1088/1475-7516/2020/09/007
http://dx.doi.org/10.1088/1475-7516/2020/09/007
http://arxiv.org/abs/1910.12917


9

with multi-messenger astrophysical data,” JCAP 01,
003 (2020), arXiv:1907.11671 [astro-ph.HE].

[71] Aion Viana, Harm Schoorlemmer, Andrea Albert, Vi-
tor de Souza, J. Patrick Harding, and Jim Hinton,
“Searching for Dark Matter in the Galactic Halo with
a Wide Field of View TeV Gamma-ray Observatory
in the Southern Hemisphere,” JCAP 12, 061 (2019),
arXiv:1906.03353 [astro-ph.HE].

[72] Andrii Neronov and Dmitri Semikoz, “LHAASO tele-
scope sensitivity to diffuse gamma-ray signals from
the Galaxy,” Phys. Rev. D 102, 043025 (2020),
arXiv:2001.11881 [astro-ph.HE].

[73] Kenny C. Y. Ng et al., “Sensitivities of KM3NeT on de-
caying dark matter,” (2020), arXiv:2007.03692 [astro-
ph.HE].

[74] Arman Esmaili and Pasquale D. Serpico, “First implica-
tions of Tibet ASγ data for heavy dark matter,” Phys.
Rev. D 104, L021301 (2021), arXiv:2105.01826 [hep-ph].

[75] Tarak Nath Maity, Akash Kumar Saha, Abhishek
Dubey, and Ranjan Laha, “A search for dark matter
using sub-PeV γ-rays observed by Tibet ASγ ,” (2021),
arXiv:2105.05680 [hep-ph].

[76] Marco Chianese, Damiano F. G. Fiorillo, Rasmi Hajjar,
Gennaro Miele, Stefano Morisi, and Ninetta Saviano,
“Heavy decaying dark matter at future neutrino radio
telescopes,” (2021), arXiv:2103.03254 [hep-ph].

[77] Marco Chianese, Damiano F. G. Fiorillo, Rasmi Ha-
jjar, Gennaro Miele, and Ninetta Saviano, “Con-
straints on heavy decaying dark matter with cur-
rent gamma-ray measurements,” JCAP 11, 035 (2021),
arXiv:2108.01678 [hep-ph].

[78] R. Abbasi et al. (IceCube), “Searches for Connections
between Dark Matter and High-Energy Neutrinos with
IceCube,” (2022), arXiv:2205.12950 [hep-ex].

[79] Cao Zhen et al. (LHAASO), “Introduction to Large
High Altitude Air Shower Observatory (LHAASO),”
Chin. Astron. Astrophys. 43, 457–478 (2019).

[80] Huihai He, “Design of the lhaaso detectors,” Radi-
ation Detection Technology and Methods 2 (2018),
10.1007/s41605-018-0037-3.

[81] X. Bai et al., “The Large High Altitude Air Shower
Observatory (LHAASO) Science White Paper:Chapter
2 Galactic Gamma-ray Sources,” Chin. Phys. C 45,
035002 (2022), arXiv:1905.02773 [astro-ph.HE].

[82] F. Aharonian et al., “The observation of the Crab Neb-
ula with LHAASO-KM2A for the performance study,”
Chin. Phys. C 45, 025002 (2021), arXiv:2010.06205
[astro-ph.HE].

[83] Songzhan Chen, “Detector Simulation of LHAASO-
KM2A with Geant4,” PoS ICRC2019, 219 (2020).

[84] Marco Cirelli, Gennaro Corcella, Andi Hektor, Gert
Hutsi, Mario Kadastik, Paolo Panci, Martti Raidal, Fil-
ippo Sala, and Alessandro Strumia, “PPPC 4 DM ID:
A Poor Particle Physicist Cookbook for Dark Matter
Indirect Detection,” JCAP 03, 051 (2011), [Erratum:
JCAP 10, E01 (2012)], arXiv:1012.4515 [hep-ph].

[85] Jatan Buch, Marco Cirelli, Gaëlle Giesen, and Marco
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The supplemental material is organized as follows. In Sec. I we describe in detail the regions of interest selected in
the present analysis. In Sec. II, we describe the γ/hadron separation method. In Sec. III, we detail the method used to
compute the detector response from Monte Carlo simulations. In Sec. IV we provide more details on the calculations
of the DM signal and quantify the uncertainties related to the density profile choice, the background photons, and the
galactic magnetic field. In Sec. V we report the constraints on the lifetime of DM particles for other decay channels.
Finally, we compare with the latest IceCube results in Sec. VI.

I. REGIONS OF INTEREST

In Fig. S1 we show the selected regions of interest in the pixelated sky map with Galactic (left panel) and equa-
torial (right panel) coordinates. In Galactic coordinates (b, `), they are centered at (30◦,45◦), (−35.2◦,148.4◦),
(−35.1◦,97.0◦), (43.3◦,183.3◦), and (218.1◦,77.0◦). All the ROIs are 10 degrees away from the Galactic plane (dark
band in the plots) and the Fermi bubbles, in order to reduce astrophysical contamination. The search region ROI0
is expected to have the highest DM γ-ray flux due to its proximity to the Galactic center. ROI1 − ROI4 are control
regions through which the isotropic cosmic-ray background is estimated, though their DM content is also taken into
account. All the ROIs have the same angular size of 0.274 sr, and have the same declination as shown in the right
plot. In Tab. S1, we report the energy-dependent D-factor, averaged over the ROIs, for the different energy bins. As
the γ-ray energy increases, the D-factor decreases due to the γ-ray attenuation. Among the ROIs, the D-factor varies
according to the NFW density profile.

0

1 2

3
4

Regions of interest [Galactic coordinates]

01 23 4

Regions of interest [Equatorial coordinates]

FIG. S1. Pixelated sky map highlighting the selected ROIs, labeled with indices from 0 to 4, in Galactic (left panel) and
equatorial (right panel) coordinates. The dark band shows 10 degrees around the Galactic plane.

II. GAMMA/HADRON SEPARATION

The γ/hadron study of 1/2-KM2A has been detailed in the performance study [82]. We follow the same procedure
in this work, but with a more stringent cut for the purpose of this study, as discussed below.

For each triggered event, we consider the discrimination parameter R,

R = log
Nµ + 0.0001

Ne
, (S1)

where Ne is the number of electromagnetic particles measured by all the EDs with distance less than 200m from the
shower core, and Nµ is the number of muons measured by all the MDs with distance less than 400m but further
than 15m from the shower core. A cut at different R values corresponds to different γ-ray and cosmic-ray survival
efficiencies. According to the proposed γ/hadron separation technique to identify primary cosmic rays and gamma



2

log10(Eγ/GeV)
D-factor [1022 GeV/cm2] NDM(ROI0)

ROI0 ROI1 ROI2 ROI3 ROI4 DM→ bb̄, τDM = 6.3× 1028 s

5.0 – 5.2 2.68 1.18 1.55 1.20 1.60 83.6

5.2 – 5.4 2.59 1.13 1.49 1.15 1.54 41.9

5.4 – 5.6 2.22 0.96 1.26 0.97 1.31 20.8

5.6 – 5.8 1.66 0.73 0.95 0.74 0.98 6.6

5.8 – 6.0 1.24 0.57 0.73 0.58 0.76 1.7

6.0 – 6.2 1.02 0.49 0.62 0.50 0.64 0.4

TABLE S1. Dark matter D-factor for the NFW distribution averaged over the different ROIs for the 6 energy bins. The
dependence on energy is completely due to the γ-ray absorption. The last column shows the expected number of detected
events in the detector after γ/hadron separation for bb̄ channel with τDM = 6.3× 1028 s and mDM = 107 GeV. The τDM value is
chosen to be that of the limit in Fig. 1. Given the large DM mass, all energy bins receive contributions from DM decays. The
values of NDM is close to that of 2

√
NROI0 , showing that our limit is close to the statistical limit of the data, which highlights

the importance of using the control regions as background estimates.
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FIG. S2. The γ-ray and cosmic-ray survival fractions after γ/hadron separation. γ-ray events are obtained via simulation,
while the cosmic-ray events are the actual 1/2-KM2A and 3/4-KM2A data.

rays by Ref. [100], we choose the selection criteria by maximizing the quality factor Q parameter to enhance the
gamma-ray observation significance in the case of background dominated sample [101].

Q =
Nγ,cut/Nγ√
NCR,cut/NCR

, (S2)

where Nγ (Nγ,cut) and NCR (NCR,cut) are the γ-ray and cosmic-ray events before (after) γ/hadron separation. The
γ-ray survival fractions are obtained via Monte Carlo simulation, while we use the 1/2-KM2A data sets for cosmic-ray
events. We also impose the condition that at least 50% of the γ-rays are kept after the cut. With this, the survival
fractions of γ-ray (εγ) are slightly lower at 51.98%–61.51% from 125 TeV to 2 PeV compared to Ref. [82], but the
cosmic-ray survival fractions (εCR) are further lowered by about one order of magnitude to 1.86×10−6 around 1 PeV,
as shown in Fig. S2. To validate our new γ/hadron separation cut, we repeat the Crab Nebula analysis from Ref. [82],
reproducing the Crab spectrum reported in Ref. [82] within statistical errors. This shows that our more stringent
γ/hadron separation cut does not affect physical results. For γ/hadron separation with 3/4-KM2A data, we take the
same cut as 1/2-KM2A, and the residual fraction is also shown in Fig. S2.
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III. DETECTOR RESPONSE

To connect the detected number of events to physical quantities, the detector response to γ-rays is needed, which we
obtain via Monte Carlo simulation. The primary γ-ray events in Monte Carlo simulation are produced from 10 TeV
to 10 PeV and sampled uniformly in logarithm space with a power-law spectrum of spectral index -2. The sampling
size Nmc,orig varies from 107 to 105 as energy increases. The simulated events are sampled according to the zenith
angle (θ) dependence and geometrical efficiency (cos θ) of a flat detector, thus

Nmc,orig ∝ sin θ cos θ . (S3)

The zenith angle is sampled from 0◦ to 70◦ with the azimuthal direction sampled completely.
The ROIs are each divided into 67 identical subpixels, each with sky area about (3.7 deg)2. Each subpixel is then

tracked across the sky fully taking into account the detector runtime corrections and efficiencies. Consequently, the
number of reference detector Monte Carlo events is given by

Nmc(Ei, θj) =
Nmc,trig(Ei, θj)

Nmc,orig(Ei, θj)

∫
Ei

dE

∫
dΩ

dImc

dE
S cos θjT (θj) , (S4)

where dImc/dE ∝ E−2 is the reference intensity spectrum, Ei is the energy bin considered, θj is the zenith angle from
0◦ to 50◦ in intervals of 1◦, Nmc,trig(Ei, θj) is the number of triggered events in the simulation [82], Nmc,orig(Ei, θj)
is the input number of events, S is the reference detector area, T (θj) is the time that the tracking point stays in the
zenith angle considered over a day, and Ωmc =

∫
dΩ is the reference solid angle of the subpixel. The total number of

reference Monte Carlo events (Nmc(Ei) =
∑
j Nmc(Ei, θj)) is then summed over the zenith angles from 0◦ to 50◦.

Using the reference events, for each subpixel, the physical intensity (dIdata/dE) corresponding to a number of
detected events at each energy bin (Ndata(Ei)) is then given by

dIdata
dE

=
Ndata

Nmc

Ωmc

Ωdata

Tmc

Tdata

dImc

dE
, (S5)

where Tmc =
∑
j T (θj), Tdata is the actual observation time, and Ωdata is the ROI solid angle. The physical intensity

for each ROI is thus the averaged intensities of its subpixels.

IV. DETAILS ON THE DARK MATTER SIGNAL

Our limits are obtained by taking into account the prompt γ-ray component as well as the secondary Inverse-
Compton (IC) component from Galactic DM decays. In Fig. S3, we show the DM γ-ray intensity from ROI0 obtained
in case of different DM decay channels, for the benchmark case of DM particles with mass of 10 PeV and lifetime of
1028 s. The solid lines show the total flux given by the sum of the prompt (displayed with dashed lines) and secondary
IC components. The additional contribution due to the secondary emission is highlighted by the shaded area. The
fluxes stop at an energy of mDM/2, which is the maximum energy allowed in case of two-body DM decays. We
emphasize that, even for neutrino channels, DM decays can produce primary γ-rays through high-order electroweak
processes [87]. In the energy interval probed by LHAASO (from 105.0 to 106.2 GeV) the relative contribution of
prompt and secondary components depends on the decay channel. As a rule of thumb, in case of DM particles
decaying into quarks or electroweak bosons (left plot), the prompt component dominates over the secondary IC one
for all the DM mass range considered. On the other hand, for leptophilic and neutrinophilic channels (middle and
right plots, respectively) where primary electrons and positrons are produced at higher energies, the secondary IC
component can dominate over the prompt one, especially in case of large DM masses. This can be seen in the figure
by the size of the shaded areas.

The DM signals are affected by uncertainties that, in turn, impact our limits on the DM lifetime. In particular,
both the prompt and the secondary components depend on the choice of the Galactic DM halo profile. In addition
to the NFW profile, we also consider the Burkert (Bur) [102] and the Einasto (Ein) [103, 104] profiles:

ρBur
h (r) =

ρBur
s(

1 + r
rBur
s

)(
1 +

(
r

rBur
s

)2) and ρEin
h (r) = ρEin

s exp

{
− 2

α

[(
r

rEin
s

)α
− 1

]}
(S6)

The scale radii are rBur
s = 9.26 kpc and rEin

s = 20.0 kpc, respectively, while the two normalizations ρBur
s and ρEin

s

are fixed to yield a local DM density of 0.4 GeV cm−3, in agreement with the case of NFW profile. For bb̄ and τ+τ−

channels, we find that our limits change by less than 5% in case of the Burkert and Einasto profiles.
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FIG. S3. Total DM γ-ray intensity (solid lines) from ROI0 for the benchmark case of DM particles with 107 GeV mass and 1028 s
lifetime. The dashed lines show the prompt Galactic component, while the shaded regions highlight the additional contribution
due to the secondary Galactic IC component. Different colors correspond to different decay channels.
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FIG. S4. Total γ-ray intensity from DM decays in ROI0 obtained with (solid black lines) and without (dashed red lines) the
SL+IR Galactic photon background, for bb̄ and τ+τ− channels and with same parameters as Fig. S3. The lower panels show
the ratio of the flux without SL+IR over the that with SL+IR.

An additional systematic uncertainty comes from the spectrum of background photons acting as targets for pair
production and IC scatterings. Since the CMB is very well measured, such an uncertainty is completely related to
the SL+IR background, which is typically sub-dominant with respect to the CMB. We estimate the uncertainties
associated with SL+IR background by considering the DM flux with and without the SL+IR background, as shown
in Fig. S4 for b quark and τ lepton channels for ROI0. Ignoring SL+IR has two effects. One is that the flux between
105 GeV to 106 GeV are enhanced due to less γ-ray opacity in galaxy. The second is reduced flux due to less target
photons for inverse-Compton scattering, but effect is mainly seen below 105 GeV, which is outside the range of our
analysis. Overall these effects only change the flux by less than 10%. For the other ROIs, the effect of SL+IR
background is even more sub-dominant due to the very small photon number density. Hence, the uncertainty on our
limits related to the SL+IR photon background can be conservatively estimated to be smaller than 10%. We have
also checked that the additional target photons from the extragalactic γ-ray background [105] is negligible compared
to the SL+IR background in all the ROIs considered.
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FIG. S5. Similar to Fig. S4, but for different MF models (see Eq.s (S7) and (S8)), as well as the unaltered prompt γ-ray
component. The lower panels show the ratio of each case over the benchmark MF1 scenario (solid black line).

Finally, our calculations also depend on the Galactic Magnetic Field (MF) which determines the synchrotron energy
losses of electrons and positrons injected by DM particles. As such, it only affect the secondary IC component which
is sub-dominant in most of the DM scenarios analyzed. In particular, the higher the magnetic field, the more efficient
are the synchrotron energy losses and consequently the secondary emission is more suppressed. To estimate the
uncertainty due to the Galactic MF, we follow Ref. [85] and test three different configurations with the same position
dependency:

B = B0 exp

(
−r −R�

rD
− |z|
zD

)
, (S7)

where r and z are the radial distance and the height of the Galactic disk. The three MF models differ in the values
assumed for the three parameters

MF1 : B0 = 4.78 µG, rD = 10 kpc, zD = 2 kpc
MF2 : B0 = 5.1 µG, rD = 8.5 kpc, zD = 1 kpc
MF3 : B0 = 9.5 µG, rD = 30 kpc, zD = 4 kpc

(S8)

The model MF1 taken from Ref. [95] represents our benchmark scenario as discussed in the main text. In Fig. S5
we report the total γ-ray intensity obtained for different MF configurations, as well as the prompt γ-ray component
(dashed black line). In the case of DM → bb̄ (left plot), the total flux is marginally affected (less than 10%) by
the Galactic magnetic field as expected according to the sub-dominance of the secondary IC emission. On the other
hand, for leptophilic and neutrinophilic channels, for which the case DM → τ + τ− (right plot) is representative,
the total flux can vary up to ∼ 50%. Nonetheless, in all the cases, the total flux including the secondary emission
is always higher than the prompt component. Therefore, the limits obtained using the prompt component alone are
conservative and robust.

V. ADDITIONAL DARK MATTER DECAY CHANNELS

In Fig. S6 we report the constraints on the DM lifetime obtained with the profile likelihood analysis for different DM
decay channels. The limits displayed with solid lines are derived by including both prompt and secondary Galactic
photons from decaying DM particles. The limits shown with dashed lines are obtained by taking into account only
the prompt emission from DM decays and, therefore, are robust against the uncertainties described in the previous
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FIG. S6. Constraints at 95% CL on DM lifetime obtained with the profile likelihood analysis for the DM decay channels. The
lines of the bb̄ and τ+τ− constraints corresponds to the ones reported in Fig. 1. The dashed lines correspond to the limits
obtained considering only the prompt contribution from DM decay. The stars correspond to the best-fit scenario from the
7.5-year IceCube HESE data [68].

105 106 107 108 109

Mass, mDM [GeV]

1026

1027

1028

1029

1030

L
if

et
im

e,
τ D

M
[s

]

bb̄

τ+τ−

−0.04

−0.02

0.00

0.02

0.04

LHAASO (this work)

IceCube 2022

FIG. S7. Solid lines show the limits obtained in this work with LHAASO for bb̄ (orange) and τ+τ− (blue) channels, respectively.
For comparison, in dashed lines, we show the limits from the most recent IceCube results [78].

section. In plots we also show the DM best-fit points (stars) obtained by analyzing the 7.5-year IceCube HESE data
only under the DM interpretation of the diffuse high-energy neutrino flux [68]. The best-fit points differ from those
reported in Fig. 1 (in the main text), which have also taken into account the 10-year IceCube through-going muon
neutrino data (see Ref. [68] for more details). As can be seen from the figure, our results are in tension with the
hypothesis of DM contributions in the diffuse high-energy neutrino flux for all the decay channels except for the
neutrinophilic ones (right panel).

VI. COMPARISON WITH ICECUBE

Figure. S7 shows the comparison of our limits with the latest IceCube results from Ref. [78]. In the two channels
considered (bb̄ and τ+τ−), our results are generally stronger. However, IceCube would be stronger in channels
involving neutrino finals states, which highlights the complementarity between gamma-ray and neutrino detectors.
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