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The Kilometer Square Array (KM2A) of the Large High Altitude Air Shower Observatory
(LHAASO) aims at surveying the northern ~-ray sky at energies above 10 TeV with unprece-
dented sensitivity. y-ray observations have long been one of the most powerful tools for dark matter
searches, as e.g., high-energy 7-rays could be produced by the decays of heavy dark matter parti-
cles. 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 v/hadron
separation. We find no excess of dark matter signals, and thus place some of the strongest ~-ray
constraints on the lifetime of heavy dark matter particles with mass between 10° and 10° 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-ie
nerstones of fundamental physics and cosmology, as ituo
accounts for most of the mass of the Universe. Som
far, DM has evaded all the attempts to detect its non-u
gravitational 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 y-rays have long been an impor-,;,
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tant avenue for achieving some of the best sensitivities
in DM searches [6-12]. In this regard, very-high-energy
(VHE) ~-rays offer a unique possibility to probe heavy
DM particles with masses above 100 TeV.

In recent years, VHE ~-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 y-ray
flux above 100 TeV [19-21]. While the ~-ray emission
from extragalactic sources is significantly suppressed due
to the cosmic ~-ray absorption, detectable high-latitude
VHE ~-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-
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las [23-25], glueballs [26-29], gravitinos [30-32], frozen-
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 multi-
messenger observations [53-76]. Nevertheless, DM con-
tributions to the diffuse high-energy neutrino flux remain
a viable possibility [67].

The Large High Altitude Air Shower Observatory
(LHAASO) [77] is a general purpose, continuously op-
erating air shower cosmic-ray and v-ray detector located
in south-west China, which has completed its construc-
tion in 2021. It mainly consists of KM2A (Kilometer
Square Array), WCDA (Water Cherenkov Detector Ar-
ray), and WFCTA (Wide Field of view Cherenkov Tele-
scope Array). Together, it is sensitive to the v-ray sky
from 100 GeV to 1 PeV, and has for the first time detected;s;
PeV 4-rays from astrophysical sources [16, 17]. 188

In this letter, we utilize the data from partially-is
completed KM2A to search for signatures of DM decays.ss

KM2A Data Analysis— KM2A is a ground-basedisr
full-duty extensive air shower (EAS) array dedicated touss
VHE ~y-ray astronomy above 10TeV. It has an excel-1s
lent v /hadron separation capability by using both elec-1%0
tromagnetic particle detectors (EDs) and undergroundia
muon detectors (MDs). The EDs are plastic scintillationio
detectors and the MDs are water Cherenkov detectorsq
with 2.5m soil overburden [78]. With a large field of view,jq,
~ 2sr, KM2A covers about 60% of the sky daily [79, 80].10

In this work, we consider data from the partiallyics
completed KM2A, including 340 days from the 1/2-1o
KM2A (2365 out of 4901 EDs and 578 out of 11881
MDs, covering an area of 0.432 km?), from December 27,100
2019 to November 30, 2020, and 230 days from the 3/4-20
KM2A (3978 out of 4901 EDs and 917 out of 1188 MDs,.n
covering an area of 0.727km?), from December 1, 202022
to July 19, 2021. We employ the same data quality cuts,2os
event selection, and detector simulation as in Ref. [80] forao
both 1/2-KM2A and 3/4-KM2A. The angular and energyos
resolution of the two data sets are similar, with the lat-zos
ter being slightly better. At 100 TeV, the angular andso
energy resolutions are about 0.3 degrees and 20% [80],z0
respectively. 210

The field of view of LHAASO covers the celestial north-,,;
ern sky (Fig. 4 in Ref. [79]). Given that the DM signal,;,
is expected to be higher with smaller galactocentric ra-»;
dius, and to reduce the potential diffuse astrophysicaly,
emission from the northern Fermi bubble and the Galac-xs
tic plane, we consider one fiducial search region of inter-;,
est (ROI), labeled as ROIy, around 15° < b < 45° and,y,
30° < £ < 60°. We also consider four control regions (la-ys
beled ROI; — ROly) away from ROI for the purpose of;q
constraining the isotropic cosmic-ray background. Thesex,
regions are selected to avoid the Fermi bubbles and they,
Galactic plane as well. 2

Importantly, we also require ROI; — ROI4 to have thezs
same declination and angular size (0.274 sr) as ROIp.2
This ensures that all the ROIs have the same detectorzs

TABLE I. Residual events after v/hadron separation in the
search (ROIp) and control (ROI; — ROIl4) regions with an
observations of 340 days with 1/2-KM2A and 230 days with
3/4-KM2A.

Energy ;Dm Nroi, | Nror, | Nrot, | Nrois | Nroly

[lOgm(m)]
5.0-5.2 1209 1210 1112 1160 1157
5.2-54 150 147 148 150 153
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

responses, eliminating potential systematics in the dec-
lination dependence of the detector response. Following
these criteria, ROI; — ROIy are chosen by shifting ROI,
along the RA direction by 90, 135, 240, and 285 degrees,
respectively. The exposure time for ROIy to ROl are
523, 510, 523, 527, and 529 days, respectively. Due to
being shifted to larger galactocentric radii, the expected
DM ~-ray fluxes from ROI; — ROl are a factor of a few
smaller than the one from ROI;. For more details see
Supplemental Material I.

We partition the data from 10° to 1052 GeV with 6 en-
ergy bins in logarithmic space, which are wider than the
energy resolution of the detector [80]. The y/hadron sep-
aration is then applied by considering the ratio of the de-
tected muons and electrons (see Eq. (7) in Ref. [80]). To
further reduce the background, we adopt a more stringent
~v/hadron cut parameter than the one in point-source
analyses [80]. In this analysis, the y-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 x 1076 around
1 PeV in the observed data (see Supplemental Material
IT for details and validation of the cut). Even with such a
strong cut, we still expect that most of the residual events
are mis-identified cosmic-ray events. Table I shows the
events after v/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 non-uniform exposure, the exposure of
each ROI is obtained by tracking 67 subpixels (each
~ (3.7deg)?) within each ROI and then combined. We
note that even though we expect the detector response
are the same for each ROI, their response are computed
separately to take into account differences in lifetime
and pointing efficiencies. The detector performance of
1/2-KM2A has been thoroughly validated with a precise
measurement of the Crab Nebula [17, 80, 81]. Details
are presented in Ref. [80], and in Supplemental Material
III. For 3/4-KM2A, we use the same data selection cuts,
reconstruction series, and y/hadron separation parame-
ters as those in 1/2-KM2A. Our results are subject to the
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same systematic uncertainties as discussed in Ref. [80],2rs
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 v/hadron separation procedure, we find that the
flux would change by about 20% if the cut condition were o
changed to a 30% ~-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 ~-rays. In the PeV energy range,,
the dominant 7-ray components are the prompt com-,
ponent generated directly from Galactic DM decays as,
well as the secondary component from Inverse Comp-,
ton (IC) scattering of electrons and positrons produced,,
by DM particles [56, 82, 83]. Other contributions, such,
as bremsstrahlung and synchrotron radiation, are ei-
ther subdominant or contribute at much lower energies.
Moreover, due to the cosmic y-ray attenuation and the,,
related electromagnetic cascade processes, extragalactic,,
DM decays are relevant only at energies smaller than
~ 10* GeV [84]. Thus, neglecting these contributions i is,,
conservative, and does not impact our results.

The prompt 7-ray intensity (flux per solid angle) due
to DM decay from a certain Galactic latitude (b) and
longitude (¢) is given by

dN.

derompt 1
X Y D(E,,b, (),

dE,

(1)

47‘(‘ MpMTDM dE

where mpy and mpyr are respectively the mass and the
lifetime of DM particles, dN,/dE, is the photon energy
spectrum per DM decay, and D(E.,,b, ) is the so-called
D-factor. The photon energy spectrum is computed by
using the HDMSpectra package [85], which includes the
electroweak radiative corrections. The D-factor is given
by the integral of the DM halo density profile pp over
the line-of-sight s, including the effect of Galactic - ray

attenuation,
300

301
(2) 302

303

D(E,,b,0) = / ds pp, [r(s, b, £)] e~ (EaT)
0

where 7, is the total optical depth due to pair produc— o
tion (yy — ete™) with background photons [56]. 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 [86] (see also Ref. [87]). While the
CMB photons are homogeneous the SL+IR radiation de— o
pends on the position Z 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 Galac-s;,;
tic plane. Nevertheless, the angular dependence of thes,
D-factor stems mainly from the DM halo density profile,

for which we consider the commonly-adopted Navarro-ss

308

309

Frenk-White (NFW) distribution [88]

Ps 7 5
(r/rs) (1 +7/rs)? ¥

which is a function of the Galactocentric radial coordi-
nate

pr(r) =

r:\/32+R%—23R@cosbcos€, (4)
with Rg = 8.3 kpc being the Sun position. At the scale
radius 7, = 20 kpc we take ps = 0.33 GeV/cm?, which
yields a local DM density pe =~ 0.4 GeVem™3 [89-91].
The local DM density is found to be generally around
0.3 — 0.6 GeV/cm? [92] 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 (ROIy) is larger by a factor ranging from 1.6 to 2.3
than those in the control regions (ROI; — ROI4). This
ensures a higher DM intensity in ROIy with respect to
the other selected regions. Moreover, the DM ~-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 [56].
Hence, by neglecting the marginal effect of diffusion,
the galactic IC component takes the following expres-
sion [56, 82]:

dIIC 1
dE,

d 7T‘Y‘Y(E’Y15)X
27TE mDMTDM /0 Sph(r)e

MpPM MpPM

/ 2 dEeplc(E,y,fze,f)/ 2
E b(Ee, ) E.

o

dN,
dE! —=
¢ dE!

. (5)

Here, Py is the IC radiated power, b(E,, Z) is the energy
loss coefficient comprising IC and synchrotron processes,
and AN, /dE’ 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 uG as reported in Ref. [93]. 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 k-
th ROI is given by
(6)

In ﬁk TDMa

ZNklnnk

where N} is the number of observed events in each energy
bin, 1, and ni is the modeled number of events, given by
(7)

?’L?C(TDM7 b) = (bZ + S;lc (TDM)) S;QAQ,
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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 7 leptons (right). The black dashed line shows the limit obtained if we only consider prompt
DM contribution only. 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 [59, 69, 76] and those from HAWC [11] are shown with gray
and blue lines. The hatched regions show the 1-0 DM parameter space favored by IceCube high-energy neutrino flux [67].

where b’ is the background model, s (mpm) is the totalss

integrated DM intensity for the specific ROI, 36
] 1 derompt dIIC 341

: =— [ dQdE, [ 22— J 8)38
sk(om) = Xg / v ( ag, Tam | @

350

I is the detector exposure on the ROI, and AQ is thess
solid angle of the ROlIs. 352
Importantly, the DM intensity is different in differ-sss
ent ROIs due to the different D-factor and secondarysss
contributions, while all ROIs have the same underly-sss
ing background model (b%) due to the isotropic cosmic-sss
ray background distribution. This breaks the signal-ss
background degeneracy between different ROIs, and thussss
ROI; — ROI, are included to constrain the backgroundss
contribution. The background is expected to be isotropic,seo
as the intrinsic cosmic-ray anisotropy is only ~0.1%se
[94, 95], much smaller than the statistical uncertain-s
ties. We consider the joint-likelihood for all 5 ROIs:zes

. 4
InL(rpm, b) = > InLy, with the “hat” signaling thatz:
k=0

the background b° has been treated as a nuisance pa-%°
rameter and fitted over to maximize the likelihood [96].%
For the background model, %, 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 10° to 10° 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.,
oM. Therefore, we obtain the one-sided 95% lower limit,,,
on the DM decay lifetime, Tpn 95, for each DM mass and,,

decay channel by finding —2 In[£(7pa.05)/L] = 2.71 [97] 570

where £ is the best-fit likelihood with respect to both
TDM and b.

Results— Figure 1 shows the constraints for the
DM — bb and DM — 777~ 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 (7pp — 00) background model and assuming
a Poisson probability distribution. The 68% and 95%
limit range 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 bottom
range. This is caused by a small and statistically insignif-
icant event excess in ROIy (The highest local significance
found is about 1.4 0 for 777~ channel at ~ 8 PeV.). The
agreement with the Monte Carlo simulation also validates
the common background hypothesis for the ROIs. This
implies that potential anisotropic astrophysical compo-
nents in the ROIs, such as diffuse emission and point
sources, are subdominant. In Fig. 1 we also show the lim-
its 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 ~-rays for both chan-
nels [59, 69, 76], including those from HAWC [11]. Hence,
the present analysis leads to a significant improvement
in the DM constraints. For the bb channel, our results
are about 5 times better than [69] around 10 PeV, while
for the 77~ channel, they are more than 10 times bet-
ter than [59] at 10PeV. For DM masses higher than
O(10% GeV), our constraints are in general weaker than
those obtained with KASCADE, etc, [76]. Recently, new
DM constraints [73, 74] were obtained by considering the
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Tibet-AS~y data along the Galactic plane [18]; our con-s
straints are generally stronger by about one order of mag-«7
nitude than their model-independent limits. We empha-ss
size that we do not consider any potential astrophysicala
contributions in the ROIs. Doing so will improve ouras
constraints, but makes our results dependent on the as-
trophysical models. 3

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**
~/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. L.

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

DM decays can also produce high-energy neutrinos*?

that can be searched for with neutrino telescopes [53, 54,
57, 65-68, 72, 75]. Our constraints are generally more**
stringent than those obtained with IceCube data (e.g.,
in Refs [66, 67]), except in neutrino channels. These"®
searches are therefore highly complementary. Remark-*"
ably, our results highly constrain the hypothesis of de-*®
caying DM as a source of high-energy neutrinos. The*?
limits reported in Fig. 1 disfavor a large portion of the*®
68% CL DM parameter space (hatched regions) and the**
best-fit scenario (black stars) inferred with the latest Ice-*?
Cube data [67]. We note that the DM interpretation of*
the IceCube data is not significant (< 20), and the Ice-**
Cube data is still compatible with an isotropic spatial*®
distribution. 456

445

Conclusions and outlook— In this letter, using 34027

days of 1/2-KM2A and 230 days of 3/4-KM2A data, we_
obtain some of the strongest y-ray limits on heavy de-
caying 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.

8

9

465

This analysis uses a data-driven method to estimateass
the residual cosmic-ray background through the ROIs, %
which allows us to obtain strong yet robust constraintsaes
on the DM lifetime. In the future, with the completionass

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 v/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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