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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 v /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 ROIy
is expected to have the highest DM ~-ray flux due to its proximity to the Galactic center. ROI; — ROI, 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 ~-ray energy increases, the D-factor decreases due to the y-ray attenuation. Among the ROIs, the D-factor varies
according to the NFW density profile.
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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 v/hadron study of 1/2-KM2A has been detailed in the performance study [1]. 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,

N,, +0.0001

R =log N ,

(S1)
where N, is the number of electromagnetic particles measured by all the EDs with distance less than 200m from the
shower core, and N, 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 ~-ray and cosmic-ray survival
efficiencies. According to the proposed -y/hadron separation technique to identify primary cosmic rays and v rays



logyy (F- /GeV) D-factor [10%2 GeV /cm?] fVDM(ROIo) R
ROIy ROIL ROI, ROI3 ROl DM — bb, oM = 6.3 X 10*° s
5.0 -5.2 2.68 1.18 1.55 1.20 1.60 83.6
52 -54 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 y-ray absorption. The last column shows the expected number of detected
events in the detector after -y/hadron separation for bb channel with mom = 6.3 x 10%® s and mpm = 107 GeV. The mowm 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 Npu is close to that of 24/ Nroi,, 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 ~-ray and cosmic-ray survival fractions after v/hadron separation. v-ray events are obtained via simulation,
while the cosmic-ray events are the actual 1/2-KM2A and 3/4-KM2A data.

by Ref. [2], we choose the selection criteria by maximizing the quality factor Q parameter to enhance the v-ray
observation significance in the case of background dominated sample [3].

Q — N'y,cut/N'y (82)

vV NCR,cut /NCR ’

where N (Ny cut) and Ner (Ncr,cut) are the y-ray and cosmic-ray events before (after) «/hadron separation. The
~-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 y-rays are kept after the cut. With this, the survival
fractions of y-ray (ey) are slightly lower at 51.98%-61.51% from 125 TeV to 2 PeV compared to Ref. [1], but the
cosmic-ray survival fractions (ecr) are further lowered by about one order of magnitude to 1.86 x 10~¢ around 1 PeV,
as shown in Fig. S2. To validate our new v /hadron separation cut, we repeat the Crab Nebula analysis from Ref. [1],
reproducing the Crab spectrum reported in Ref. [1] within statistical errors. This shows that our more stringent
~/hadron separation cut does not affect physical results. For v/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.



III. DETECTOR RESPONSE

To connect the detected number of events to physical quantities, the detector response to y-rays is needed, which we
obtain via Monte Carlo simulation. The primary v-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 Nic,orig varies from 107 to 10° as energy increases. The simulated events are sampled according to the zenith
angle (0) dependence and geometrical efficiency (cos @) of a flat detector, thus

N orig  sinf cosf. (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)?. 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

Nue(Ei, 0;) = ]]\V[m““g gz /dE/dQ Be S cos ;T (), (S4)
mcorlg (2]

where dI,./dE x E~? is the reference intensity spectrum, E; is the energy bin considered, 0; is the zenith angle from
0° to 50° in intervals of 1°, Npc trig(Es, 0;) is the number of triggered events in the simulation [1], Nmc orig(Es, 0;) is
the input number of events, S is the reference detector area, T'(¢;) is the time that the tracking point stays in the
zenith angle considered over a day, and Qe = [ d€2 is the reference solid angle of the subpixel. The total number of
reference Monte Carlo events (Nmc(E;) = > ; Nme(Ei, 05)) is then summed over the zenith angles from 0° to 50°.

Using the reference events, for each subplxel the physical intensity (dlgata/dE) corresponding to a number of
detected events at each energy bin (Ngata(F;)) is then given by

dlqata _ Naata Qme Te dlme

= S5
dE ch Qdata Tdata dE ’ ( )

where Ty = Y j T(0;), Tqata is the actual observation time, and Qqaa 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 7-ray component as well as the secondary Inverse-
Compton (IC) component from Galactic DM decays. In Fig. S3, we show the DM ~-ray intensity from ROI, obtained
in case of different DM decay channels, for the benchmark case of DM particles with mass of 10 PeV and lifetime of
10%% 5. 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 mpy/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 -rays through high-order electroweak
processes [4]. In the energy interval probed by LHAASO (from 10°° to 1092 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) [5] and the Einasto (Ein) [6, 7] profiles:

Bur Ein Ein

R (r) = (Hém)”(?:;(m)2> wd o =dren{-2 () )L o

Bur Bur Ein

The scale radii are r2% = 9.26 kpc and rP® = 20.0 kpc, respectively, while the two normalizations p2* and p
are fixed to yield a local DM density of 0.4 GeV cm™3, in agreement with the case of NFW profile. For bb and 7+
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 7-ray intensity (solid lines) from ROIy for the benchmark case of DM particles with 10” GeV mass and 10%% 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 y-ray intensity from DM decays in ROIy obtained with (solid black lines) and without (dashed red lines) the
SL+IR Galactic photon background, for bb and 77— 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 7 lepton channels for ROIj. Ignoring SL+IR has two effects. One is that the flux between
10° GeV to 10% GeV are enhanced due to less y-ray opacity in galaxy. The second is reduced flux due to less target
photons for inverse-Compton scattering, but effect is mainly seen below 10° 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 v-ray background [8] 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 ~y-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. [9] and test three different configurations with the same position
dependency:

B = Bgyexp <_Tr,f® — Z)') , (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: By =4.78 uG, rp = 10 kpe, zp = 2 kpe
MF2: By =5.1 uG, rp=2_8.5kpe, zp =1 kpc (S8)
MF3: By =9.5 uG, rp=30kpc, zp=4kpc

The model MF1 taken from Ref. [10] represents our benchmark scenario as discussed in the main text. In Fig. S5
we report the total y-ray intensity obtained for different MF configurations, as well as the prompt -ray component
(dashed black line). In the case of DM — bb (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 — 7 + 7~ (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 bb and 777~ 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 [11].
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FIG. S7. Solid lines show the limits obtained in this work with LHAASO for bb (orange) and 7+7~ (blue) channels, respectively.
For comparison, in dashed lines, we show the limits from the most recent IceCube results [12].

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 [11]. 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. [11] 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. [12]. In the two channels
considered (bb and 7F77), our results are generally stronger. However, IceCube would be stronger in channels
involving neutrino finals states, which highlights the complementarity between ~-ray and neutrino detectors.
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