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The Large High-Altitude Air Shower Observatory (LHAASO) opened the multi-TeV era in 𝛾-
astronomy and cosmic ray physics. Since July 2021, LHAASO is fully operational and collecting
high-quality data. A Nature paper in 2021, revealing 12 VHE new sources, was just the start of
LHAASO science, revealing the huge scientific potential of LHAASO. Many analysis efforts are
ongoing in different areas and several results are already published. In this contribution, we will
show some highlights from LHAASO science in particular on the Crab SED at PeV energies, the
new limits on the Lorentz Invariance Violation and Dark Matter.
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1. The LHAASO Observatory

LHAASO is a new generation multi-purpose experiment. A detailed description of the system
and the its physics goals can be found in the LHAASO Science book [1]. Here we will briefly
describe the system for a correct understanding of the results discussed later.

Figure 1: A bird-eye picture of LHAASO. The 3 central ponds of WCDA are clearly visible in the center,
while the K2MA array is the area within the yellow ring.

LHAASO has been built at 4410 m a.s.l. on top of the Haizi mountain in the Sichuan region
of China. Fig 1 shows a bird-eye view of the LHAASO installation, which covers an area of 1.3 km
in diameter.

In the middle of the array, it is sitting the large Water Cherenkov Detector Array (WCDA)
complex, composed of three ponds covering an area of 78’000 m2 (see Fig. 1). The WCDA is
segmented into 3120 square cells, with a side of 5 m separated by a black curtain to impede light
cross-talk. The water level in the cell is 4.4 m above the ground. In each cell, 2 PMT of different
sizes are installed to accommodate a very large photon dynamic range. While in the WCDA-1 are
installed 8" and 1.5" PMTs, in the other two ponds are installed 20" and 3" PMT in order to lower
the energy threshold below the 100 GeV of the original design.

The km-square array (KM2A), surrounding the WCDA complex, is composed of 1171 Muon
detectors (MD), arranged on a triangular grid with a spacing of 30 m, and 5195 electromagnetic
detectors (ED) arranged on a triangular grid with a spacing of 15 m. The MD is a tank of 6 m in
diameter with a height of 1.5 m buried under 2.5 m of dirt to shield it from muon with energy less
than 1 GeV. In the center of the tank, facing up under 1.2 m of water, a single PMT is installed.

The ED is a scintillator plane of 1 m2 to detect the electromagnetic component of the cascade.
It is composed of four tiles wrapped with a layer of Tyvek to improve photon collection efficiency
and readout by a single PMT. A 5 mm thick layer of lead is added on top to absorb low energy
charged particles and convert 𝛾 into electron-positron pairs in order to increase detection efficiency.

The installation is completed with the Wide Field of View Cherenkov telescope array (WCFTA),
consisting of 18 telescopes with a field of view of 16◦ × 16◦and with a pixel size of approximately
0.5◦ × 0.5◦.
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The telescopes are realized inside a standard container to protect its elements from the harsh
condition of the site. A 5 m2 segmented spherical mirror is installed at the back of the container,
while in the front part a camera is installed. The camera features an array of 32×32 pixels, each
realized by a SiPM coupled to a light funnel. A window coated with a cut-off filter to enhance the
SNR by cutting the Nigh Sky Background seals the camera and protects the optical elements from
the harsh environment.

KM2A

WCDA

Figure 2: Sensitivity curve oh LHAASO overlaid with current and future instruments.

In Fig. 2, LHAASO sensitivity is shown compared with current and future instruments like
CTA or SWGO. LHAASO sensitivity is dominated at low energy (few GeV to 10 TeV) by the
WCDA, which is tuned for 𝛾-ray astronomy and extragalactic physics, while KM2A dominates the
high energy range. It is also evident how LHAASO will be the most sensitive instrument above 50
TeV for the next decades.

A detailed overview of the Physics potential of LHAASO can be found in the special issue of the
Chinese Physics released in 2021 where all science topics are discussed, as Galactic [2] and Extra-
galactic Physics [3], Cosmic rays Physics [4], Dark Matter and BSM Physics [5], Multi-messenger
astronomy [6], and Solar and Heliosphere Physics [7].

Most of the results that will be discussed here have been obtained with the data of the partial
array, which started science operation already in 2019 before the completion of the full array in
2021.

2. The new 𝛾-ray sources

In a Nature paper published in 2021 [8], a first survey of the sky with LHAASO has been
published, where twelve new sources have been studied and the most energetic ones showed a SED
that extends in the multi-TeV range without any sign of cut-off.

Recently, three more sources have been studied in more detail. LHAASO J0341+5258[9] is an
extended source with no clear counterpart in other wavelengths and without an energetic pulsar or
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young SNRs in the vicinity, a scenario that challenges both the leptonic and hadronic scenarios of
gamma-ray production.

LHAASO J2108+5157[10] is a high-energy source that reaches 440 TeV and which has in the
neighboring a Giant Molecular cloud suggesting a hadronic production, but the SED cannot yet rule
out the leptonic scenario. No obvious counterparts have been found, and deeper multi-wavelength
observations will help to cast new light on this intriguing UHE source.

⟨Ee⟩ ∼ 160 TeV

Figure 3: The new source near PSR J0622+3749 extensions (left), SED (center), Diffusion coefficient (right).

Another very high-energy gamma-ray source is around the location of the middle-aged pulsar,
PSR J0622+3749 [11]. It is an extended source of about 0.40◦ with a significance of 4.1 𝜎 (see
Fig. 3-left). This source seems to belong to the class of pulsar halos consistent with the slow
diffusion of particles in the turbulent medium around pulsars. Also, the diffusion coefficient,
assuming a mean energy of the electronic population of 160 TeV, (see Fig. 3-right) is consistent
with what is inferred from the HAWC observations of Geminga and Monogem [12].

3. The Crab nebula at PeV energies

The Crab Nebula, the standard candle for 𝛾-ray astronomy is being used also in LHAASO for
validating the performance both of WCDA [13] and KM2A [14]. These studies have led for the first
time to an extension of the Crab SED up to the PeV [15], which has triggered a lot of interest as it
shows some inconsistency with the pure leptonic model of the Crab emission.

Possible interpretations of SED are discussed in a recent work [16], which investigates the
multi-band non-thermal radiation with the leptonic and leptonic–hadronic hybrid models. The
modeling results indicate that the pure leptonic origin model is compatible with data only in a
limited part of the energy range. As a matter of fact, as can be seen in Fig. 4-left, even if the
one-zone leptonic model seems to agree quite well with the data, for COMPTEL data there is a
disagreement of the order of four 𝜎s, which become more than ten for FERMI data.

For this, it is also explored the possibility of a hadronic scenario for the VHE 𝛾-ray. The iron
nuclei can escape from the polar car surface of the pulsar and, moving along the magnetic field,
reach the pulsar magnetosphere where they can be accelerated by the potential present. After the
acceleration of the pulsar magnetosphere, the particles can escape from the pulsar magnetosphere
along the open magnetic field lines and be injected into the PWN. During the propagation process,
the iron nuclei and the other heavy nuclei will undergo interaction with the background soft photons
produced inside the pulsar outer gap and disintegrate. The protons, either directly emitted in the
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disintegration process or produced by neutron decay from the evolution process, are captured by
the nebula and accumulated in the PWNe.

This further contribution is modeled and fitted to the data, only for energy above 1 GeV, as
shown in Fig.4-right. The fit reproduces quite well the data but still at PeV energies it cannot
reproduce the correct flux. In the paper, an extra component of the proton spectrum is added, as
an exponential cutoff power-law distribution 𝑑𝑁

𝑑𝐸
= 𝐴𝑝𝐸

−𝛼𝑝

𝑝 exp
[

𝐸
𝐸𝑐𝑝

]
, where the normalization

factor 𝐴𝑝 is fitted with the PeV region data, while the value for 𝛼𝑝 = 2.0 and 𝐸𝑐𝑝 = 30 TeV are
chosen from the literature.

It seems that the contribution of hadronic interaction is hardly constrained at the highest energy,
where they seem to contribute especially in the energy range exceeding the PeV. More statistics will
clearly clarify the picture and LHAASO expect about 1-2 PeV 𝛾-ray per year.

At the same time, the whole picture cannot exclude yet leptonic production, and further data
above 100 TeV are needed. Once again is confirmed that the multi-TeV window opened by LHAASO
will bring new insight into CR nature.

1Figure 4: Multi-wavelenght Spectral Energy Density of the Crab nebula, from radio to PeV. A fit for of
pure leptonic model on the left. At the bottom of the figure discrepancy up to 4 𝑠𝑖𝑔𝑚𝑎 are visible in the
non-thermal emission already at FERMI energies. On the right, a fit to the non-thermal data, only, with a
leptonic+hadronic production model. This explains the disagreement at lower energies.

4. Lorentz invariant Violation

LHAASO measured the most energetic 𝛾-ray from Crab at 1.1 PeV [15] and also the highest-
ever-recorded energy photon, reaching 1.4 PeV from the Cygnus region. These events provide a very
sensitive probe of possible Lorentz invariance violation (LIV). At low energies, the LIV interaction
can be expressed as an effective model by introducing LIV terms in the SM Lagrangian. These
LIV terms will modify the particle dispersion relation, 𝐸2

𝛾 − 𝑝2
𝛾 = ±|𝛼𝑛 |𝑝𝑛+2

𝛾 , altering the standard
on-shell condition of a particle energy-momentum relation in special relativity. The LIV energy
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data concerning the two highest energy sources LHAASO
J0534þ 2202 and LHAASO J2032þ 4102. Table I lists
the 95% CL limits on Ecut and the inferred LIV energy
scales. The 95% CL lower limits for the cutoff energy are
750 TeV and 1140 TeV for LHAASO J0534þ 2202
and LHAASO J2032þ 4102, respectively. The TS distri-
butions of both sources for E95%

cut are shown in the
Supplemental Material [37].
The LIV energy scale limits are derived from Ecut

following the formulas in [20,22] for the two processes.
The combined limit from the two sources for the process
γ → eþe− is also derived and the result is nearly the same
as 1140 TeV. For the process γ → 3γ, the LIV energy scale
depends weakly on the distances of the sources and no
combined result is given. In the direction of LHAASO
J2032þ 4102, there is more than one potential counterpart
[32]. We adopt the smallest distance of the potential
counterparts for a conservative estimate. For other distances
the limits change slightly.
The combined limit on the first-order LIVenergy scale is

about 1.42 × 1033 eV, which is five orders of magnitude
higher than the Planck scale (MPl ≈ 1.22 × 1028 eV). Thus,
the first-order LIV should be readily excluded. Our results
are consistent with results from other probes such as the
vacuum birefringence [17,18], which give constraints many
orders of magnitude higher than the Planck scale, and is
thus an independent confirmation of the conclusion that the

first-order superluminal LIV should not be present. The
second-order LIV energy scale reaches 10−3 times of the
Planck scale, as derived from the γ → 3γ process. The
comparison with the results obtained from other experi-
ments is shown in Fig. 3. We show the limits on the decay
of photons and the photon splitting from the HEGRA
[20,42], Tibet [19], and HAWC [22] observations. The limit
from the Fermi-LAT observations of energy-dependent
time delays of GRB photons is also shown [11]. Our
results improve by more than one order of magnitude
compared with previous results, and give by far the most
stringent constraints on the energy scales of the second-
order superluminal LIV. It is very important to note that, for
the second-order LIV which is Charge-Parity-Time (CPT)
invariant, the vacuum birefringence probe fails to test it and
our result is the most stringent constraints up to now.
Systematic uncertainties.—There are several systematic

uncertainties that affect the LIVenergy scale constraints. In
one year’s operation, some detector units were occasionally
switched to the debug mode, and thus the layout of the
array varied slightly with time. Furthermore, uncertainties
in the modeling of the atmosphere may affect the simu-
lation results. These effects lead to the flux and spectral
index of the energy spectrum varying by about 7% and
0.02, respectively. The uncertainties on the spectral param-
eters would lead to a 1.5% effect on the E95%

cut value. The

TABLE I. Columns are sources we studied, distances, the highest energies of photons recorded by LHAASO-KM2A, the 95% CL
lower limits on Ecut, lower limits on the first and second order LIV scales derived from Ecut for the process γ → eþe−, and lower limits
on the second order LIV scale from process γ → 3γ. The systematic errors on the derived values are also shown.

Source L (kpc) Emax (PeV) E95%
cut (PeV) Eð1Þ

LIV (eV) ×1032 Eð2Þ
LIV (eV) ×1023 Eð2Þ

LIV ð3γÞ (eV) ×1025

Crab Nebula 2.0 0.88$ 0.11 0.75þ0.04
−0.04 4.04þ0.69

−0.62 5.5þ0.61
−0.58 1.04þ0.11

−0.10
LHAASO J2032þ 4102 1.4 1.42$ 0.13 1.14þ0.06

−0.06 14.2þ2.42
−2.18 12.7þ1.41

−1.34 2.21þ0.23
−0.22
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FIG. 2. The probability 1 − CLs as a function of Ecut for the
Crab Nebula (black line) and LHAASO J2032þ 4102 (orange
line). The red dots mark the Ecut value which are excluded at the
95% CL with the CLs method.
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FIG. 3. Comparison of the constraints on the Eð1Þ
LIV and Eð2Þ

LIV
derived from LHAASO and other experiments [11,19,20,22,42].
We show constraints due to the photon decay (eþe−) and the
photon splitting (3γ) processes for all experiments except for
Fermi-LAT which adopted the time delay method (Δt).

PHYSICAL REVIEW LETTERS 128, 051102 (2022)

051102-5

105 MPl

10−3 MPl

Figure 5: LHAASO limits on LIV for first order from 𝛾 → 𝑒+𝑒− decays, and second order from splitting
𝛾 → 3𝛾
scale of the 𝑛𝑡ℎ order is 𝐸𝑛

𝐿𝐼𝑉
= 𝛼

−1/𝑛
𝑛 . In this work, the superluminal case is analyzed (positive

𝛼𝑛) in which the 𝛾 can decay in a 𝑒± pair, or can split in several photons. The dominant splitting
process is 𝛾 → 3𝛾.

In the superluminal scenario, the decay or splitting of high-energy 𝛾-ray results in a sharp cutoff
of the energy spectrum (see Fig. 5-left). Even if no signature of the LIV is found in their energy
spectra, it was possible to derive lower limits on the LIV energy scale [17]. The LHAASO limits
improve by at least one order of magnitude the previous results [18, 19] (see Fig. 5-right). LHAASO
results show that the first-order LIV energy scale should be higher than about 105 M𝑃𝑙𝑎𝑛𝑐𝑘 , while
the second-order LIV scale is greater than 10−3 M𝑃𝑙𝑎𝑛𝑐𝑘 .

5. Dark Matter

At the time of writing, an update of the Dark matter limits presented at this conference has been
accepted on Physics Review Letter [20]. For this, instead of the one presented at the conference, we
report here the latest result obtained analyzing 570 days of data with partial array (340 days with
1/2 KM2A array and 230 with 3/4 of the KM2A array).

In the PeV energy range, the dominant 𝛾-ray components are the prompt component generated
directly from Galactic DM decays and the secondary component from Inverse Compton (IC)
scattering of 𝑒± produced by DM particle. For both components, it has been used the Navarro-
Frenk-White (NFW) DM halo profile distribution.

The search was conducted in a Region-of-Interest (ROI0), around 15◦ ≤ 𝑏 ≤ 45◦ and 30◦ ≤ 𝑙 ≤
60◦ in order to be at small galactocentric radius, where DM is expected to be higher, but avoid the
diffuse astrophysical emission from Fermi Bubbles and galactic plane. Four other control regions
(ROI1· · ·4) are used, with the same declination and angular size, to ensure the same detector response
to avoid potential systematic related to this. The detector responses of the ROIs is evaluated by
tracking the ROIs across the sky and comparing it with detector simulations

The search for a DM signal is done by scanning through the DM mass from 105 to 109 GeV for
each decay channel, assuming a 100% branching fraction. No significant detection of DM signals
is found but the one-sided 95% lower limit on the DM decay lifetime, 𝜏𝐷𝑀 has been calculated.
The limits, shown in Fig. 6 for both 𝑏�̄� (left) and 𝜏𝜏 (right) decay, have been derived for each DM
mass and decay channel by minimizing the Likelihood for both 𝜏𝐷𝑀 and background model. It is
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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 ⌧ 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-� DM parameter space favored by IceCube high-energy neutrino flux [67].

E i
k is the detector exposure on the ROI, and �⌦ is the

solid angle of the ROIs.

Importantly, the DM intensity is di↵erent in di↵er-
ent ROIs due to the di↵erent 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 di↵erent 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%
[94, 95], much smaller than the statistical uncertain-
ties. We consider the joint-likelihood for all 5 ROIs:

ln L(⌧DM, b̂) =
4P

k=0

ln Lk, with the “hat” signaling that

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

decay channel by finding �2 ln[L(⌧DM,95)/L̂] = 2.71 [97],

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

Results— Figure 1 shows the constraints for the
DM ! bb̄ and DM ! ⌧+⌧� 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 (⌧DM ! 1) 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 ROI0 (The highest local significance
found is about 1.4� for ⌧+⌧� 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 di↵use 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 bb̄ channel, our results
are about 5 times better than [69] around 10 PeV, while
for the ⌧+⌧� channel, they are more than 10 times bet-
ter than [59] at 10 PeV. For DM masses higher than
O(108 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
Tibet-AS� 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
contributions in the ROIs. Doing so will improve our

Figure 6: One-sided lower limits at 95% on DM lifetime obtained for DM decaying into b quarks (left) or
𝜏 leptons (right). The black dashed line shows the limit obtained considering prompt DM contribution only.
The green (68%) and yellow bands (95%) correspond to background-only hypothesis expected from Monte
Carlo simulations. Previous limits [21–23] and those from HAWC [11] are shown with gray and blue lines.
The hatched regions show the 1-𝜎 DM parameter space favored by IceCube high-energy neutrino flux [24].

worth mentioning that around 10 PeV a significant improvement is visible in Fig. 6 for both the
𝑏�̄� decay channel, where almost a factor 5 is achieved, and 𝜏𝜏 where the factor is almost 10. This
confirms LHAASO as the best instrument in these searches in the PeV energy region.
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