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LHAASO: Multi-Messenger Collaboration Network
The LHAASO collab_oration has signgd MOUS with 8 international detector collaboration.

MAGIC(CT)

Space borne Exp.

eROSITA(X-ray)

DAMPE(y-ray, CR)
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h o Bird's eye view of LHAASO, 2021-08
T e Slte  Location: 29021°27.6” N, 100008°19.6” E
e Altitude: 4410 m .
SIEE « 2021-07 completed built and in operation

G —

Airport

LHAASO, Nature Astronomy 5:849 (2021) (Aug. 2018, at 4410 m a.s.l. )
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Muon detector (MD)

/electronics

KMZ2A: 1.36 (km)?

» 5195 EDs Scintillator Detectors (ED)
* 1 m2each
» 1188 MDs Lead (0.5 cm)

« 36 m? each
30 m spacing

SC Tiles (2 cm)
Steel Case
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LHAASO-KM2A

Selection of y—rays out of CR background

>

4%

Active Area for Muons vs. Array Area

~1 PeV CR event

very few muons

many muons ~ 1 PeV y-ray event

from the Crab

“ta:31.2deg, Phi:284.0deg
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B Muon information from LHAASO
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300 m, 60 cells

1 Water Cherenkov Detector Array (WCDA)
| Energy rang e WA

%, WCDA-1 — ———————
o 300 GeV — 10 PeV :::: el TS .
L& - WCDA-2 and WCDA-3 ;E;jv\}cm\-{ - viemna E
e 100 GeV -10 TeV R .

> Total area: 78,000m? o s N e :

> Total units: 3,120 4 v |
» Unitsize: 5m X 5m X 4.4m ﬁ >
> Two type of PMTs in each unit: g 3

« 8inches and 1.5 inches for WCDA-1 S ——

20 inches and 3 inches for WCDA-2
and WCDA-3

g« 1.5”PMT

5m



QJ) ol) ol
3 ) (. 2 m

d d d
@ () ()
@) @) @)

&

3 (W (J - (S

=

2 d q q

i

n_u.m @ -

- 0 O 0 -

..mw ()

&

=2

=

T 0

0

P < <] <

i @) \J
() () o ()

<]

-
X
[}

=y

'~

[t
=

e

o

==

m

=]

=
=t

Ty}

3

=

o

]

™

=

L

™

=

b

=]

-

g

) L

S \ | Ty
———— ) '
l.w - ./..
~,.. “r ¥ A <
: ..U ...-.....I,,,‘..Nn !
\ - Wv . .\. \\
it W *
i o P ~
=5



E Wide Field of View Cherenkov Telescope (WFCTA)

& Telescope parameters:

« ~5 m? spherical mirror

« Camera: 32X 32 SiPMs array

« FOV: 16° X 16° |

» Pixel size: 0.5° /P EE '\ '_ =
| | ) —
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1 LHAASO started a new era of UHE y-ray astronomy

2019/12-2020/12, 308 days, 1/2 array

ol pyeyrwell Do not observe clear cut-off up to ~1 PeV for - LHAASO J2226+6057
c%m—' E Em_m_
Elﬂ-‘az_éa Lum_la_%
-| 2 ﬁfgﬁllaggénlsi%;::(? 22 ??Eigl';:sc(?rsl;?olnﬁin 1 Ll
IU_M‘I o 102 102 108
Energy (TeV) Energy (TeV)
For the first time, twelve
ok *“* LHAASO J1825-1326 UItra'high energy gamma-ray
- sources have been discovered
: in the Milky Way, revealing
G102 - -
2 | the widespread existence of
w .
s “petaelectron particle
B3 accelerators” in the galaxy,
whose acceleration
i capabilities have surpassed
traditional understanding.

14 1
10 102

Energy (TeV)
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Journey of Ultra High Energy Gamma Ray Detection
The First Catalogue of Very/Ultra High Energy Gamma Sources Released

» In 2024 release the first catalog of very-high-energy
and ultra-high-energy gamma-ray sources detected by
LHAASO

90 VHE/UHE gamma-ray sources

The number of UHE gamma-ray sources
increased to 43

Associate with supernova remnants, pulsar wind
nebulae, pulsar clouds, and massive star clusters
and so on

This provide a crucial set of best candidate
celestial bodies for uncovering the origin of high-
energy cosmic rays

65 sources were found to be associated with PWN,
Indicating that PWN is the most efficient ultra-
high energy radiator

LHAASO Col., ApJS, 271:25 (2024)

¢ KM2A: 2019-12 to 2022-09
€ 933 days (~730 days full array)

KM2A (>100 TeV) Excess Map

UIND, 40

AGN, 5

PWN, 10

TeV Halo, 4

SNR, 6
Binnary, 2
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1 LHAASO discovers extension of the Crab spectrum to 1.1 PeV

O Covering 3.5 decades of energy

O The highest photon energy: 1.1 PeV - 1.4 PeV

O Clear origin: a well-known Pulsar Wind
Nebula (PWN)

O An extreme electron accelerator:

« 2.3 PeV ->2.8PeV electron in 100 pG fields
« Require 16%->26% acceleration rate
( 10X higher than SNR shock waves)

O This either challenges fundamental laws of
electron acceleration in high energy
astrophysics

O or indicates origin of CRs above the knee

LHAASO Collaboration, Science, 373, 425 (2021)
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For the first time in the world LHAASO observed

Cygnus Bubble,
Science Bulletin,

LHAASO J201B+3651 *

LHAASO J1929+1745 *

® LHAASO J1908+0621

LHAASO J1849-0003 ®

* LHAASO J1843-0338
HAASO J1839-0545 »

»
LHAASO J1825-1326

PeVatrons, Nature 594:33-36 (2021)

69: 449-457 (2024)

* LMASO J1956+2845

'
»

'
o

LHAASO ]0534+2202

'
@

o
LHAASO J2226+6057

lactic latitude (deg)

-2

Crab, Science, 373, 425 (2021)

\Galactic longitude (deg)

e
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A Bubble of UHE ¥y’s centered at a complex core a\ |

[ EIAASCY .
Cygnus OB2, binary ]2032+4107, MQ X-3 ABUT TR

.................................... 400 TeV - 600 TeV 8 ) b 1 P '

104 600 TeV - 1 PeV 'Y S 4ADOVE eV.

® >1Pev

- Energy Ne Nu Theta Dr

; 25pPev. o © (TeV) (eg)  (m)

- *Q o 1087 5004 |13 19.4 143
% ': Q«c/\/j\z;\ 1188 5480 14 34.4 73

% .. \ (o ( ! 1208 6939 |13 14.2 131
g S 2 1350 6938 |8 27.1 43
e 1379 6469 9 17.4 52
=37 1421 6258 7 12.7 57
1784 6665 13 18.0 41

10 gz 2481 13815 |29 33.0 99

o . "2 5 -y ® PeV Photons are scattered in the Bubble, and

Galactic Longitude (deg) seem not to associate with any small scale sources



GaladicLatitude [ degree ]

A

Association with HI gas distribution over ~200 pc 35555

® The significance map is smoothed 4 Clear correlation with gas distribution indicating a hadronic
with a Gaussian kernel=1.0" origin of photons in the Bubble
® The contour is from HI4PI 21-cm ‘@ The signal is elongated along the disk and extends up to 10°

line survey

GaladicLatitude [ degree ]
GaladiclLatitude [ degree ]
Significance[ o
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Galactic latitude (°)

Flux (erg cm? s-'sr-)
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GRB 221009A: The brightest of all time
was detected by LHAASO

» Highest fluence / peak flux (An et 2 i . 8 . b
al. 2023) g 1071 ; % 50 70 g
* Nearby S 10 2 2
 Highest energy / peak luminosity 2l IE = x E g T ) u%’
(An et al. 2023) Zi00 § % o )
* Once a 1,000/10,000 yr event 81074 O Ve |
(Burns et al. 2023) £ 10 *

107 10 10~ 10~* 10~ 102 10!
degree ]

. : R * RA
Bolometric Fluence keV [erg/cm*®] The FOV Of LHAASO at the burSt

For the first time in the world LHAASO observed




Even much less chance for A

[LEIA A SO

it In the middle of FoV of LHAASO  ##«#7ammm:

Dec [ degree ]

* The burst of 64k photons in 270 seconds
versus the exposure of the Crab for 508 days

200 289.5 289 288.5 288 287.5 287 286.5

250
300

The Crab for 508 days

Dec. [ degree ]

250 200

200
150

150

100

Significance [ s.d. ]

100

50
50

290 2895 289 2885 288 287.5 287 286.5
RA [ degree ]

80 82 84 86 88
R.A. [ degree ]
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* The "best fit"” among E~Y, E-' (T=I,+k/og(E/E;)) and E-Y exp{-E/E}

power-law,

log-parabola

* The power law + cut-off is favored
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1 UHE diffuse y emission of the Galactic plane from 10 TeV to 1 PeV

i 10”7 "@ 7 7T THAASO-KM2A e
» Measured fluxes are higher by a factor of 2~3 : power-law fit — — —
:Lhﬂ* 15°<1<125°, -5°<b<5°

than predictions (the local CR interaction with
l.0.s. gas ): unresolved sources or propagation
effect?

» The diffuse emission from two regions of the

101 E %:+“‘*~~r..§: % .

EzqFlux (TLVHLst I srl)
/
/
1 1 |!||||| 1 1 1 |||||_

] ) ) 10" o 10° - ...103
Galactic plane was observed with high E (TeV)
significance; 10" ) T LRAASD-KM2A ouery 5

power-law fit — ——
125°<1<235°, -5°<b<5° 7

\"'-.
10710 - i S~ x20 .
i 1 T~ i
ﬁ%\ ]
~
~

~

» Firstly detected in the outer Galaxy region!
Spectral indices of both inner and outer regions
are about -3; deviation from single power-law is

E>Flux (Te‘\fl'5 em s s I)

not evident by the current data.

10-11 1 I 1 1 |

PRL 131:151001 (2023) 0
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cosmic rays +
neutrinos

COSMIC rays

PeV

Energy



E2"°x J(E)(GeV'°*m2srs™)

(In(A))

All-particle energy spectrum &

composition by LHAASO

e ——
[T AASCY |
& o 4 F F 15 A0 2%

'y
o
4]

2.5—

(from 0.3 to 30 PeV)

AEEEEEEES

- y2 = -3.13+0.

- 5S=41+01

- Knee: 3.72 PeV
-yl = -2.743+0.

® LHAASO (QGSJETII-04)

108

* LHAASO (QGSJETII-04)

Energy (GeV)

E*"’x J(E)(GeV' °m2sris ")

LHAASO Collaboration, PHYSICAL REVIEW LETTERS 132, 131002 (2024)
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—a— LHAASO(QGSJETII-04)

—a— L HAASO(EPOS-LHC)

—=— CASA-MIA1999(MOCCA-SIBYLL)

—&— KASCADE2005(QGSjet01)
Tibet2008(Sibyll2.1+HD)
HAWC2017(QGSJETII-03)

—&— |lceCube/lceTop2019(Sibyli2.1)

—— lceCube/lceTop2020(Sibyli2.1)

(In(A)

20—
[ a
) s, .
...................... 2 -n-0-- >
r -2 e ;D- .-
1—
- e LHAASO (QGSJETII04) CASA-MIA (MOCCA-Sibyll)
. = LHAASO (EPOS-LHC] ) IceCube/lceTop (Sibyll2.1)
- Tunka-133 (QGSjetd1) === Gaisser H3a
- KASCADE (QGSjet01) = Horandel
O'I"'T """""" ol et ek oty et et ety b e i s Sl el ek i et el el
5.5 6 6.5 7 7.5

log , O(E/GeV)

e Systematic
uncertainties
are sufficiently
small

* This unvells a
clear
correlation
between the
flux and the
composition at
the knee

26



1 Energy reconstruction

» Energy reconstruction independent of the primary CR component
> Scintillator detector array (ED) : Electromagnetic component (N, )
» Muon detector array (MD) : hadron componentn® - (N, )

Eg = E, + Ej =~ N x ES +aN,x ET Ney =N, +aN, Erec=b X Ny,
J. Matthews, Astropart. Phys. 22, 387 (2005)
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o

N _30 m04j \HII‘ T T \IHII‘ T T IIHIIl T I\_—
- ] ® LHAASO (QGSJETII-04) &« ]
201) 5 __20 _ 4 LHAASO: proton assumption -E B é |ron < JACEE
5 Elg & @ % Eé F@ % % . "8 ¥ LHAASO: iron assumption u;‘-.’! - '% ! % % s ) = RL.JN‘JOB
5100 f9Eeesa, € Laenlliiiiig 3 B
B N B o 7 E R | " 3 s A2,
= re - © 2 4 4 4 S?.— P ""-1330 -
o " e ® o @ - o) - w roton ie -
®» Of" s muufpapmn g0 > ] al o B
e Cy 0 ¢4 " : v YYy ! "e g % 7 5 8 - » 310 - A;:.
8 _1of 1102 @& ¢ x f e
=1 : ; i B X S g
g | Energy esollon  Energy bias as ; g, [ This workiQGSETsHD) tyy
w 20 7 Helium = gﬁlgm 1 20 e - ‘ 11} L %%
- CNO —— ~ —a Thi 4
. MoAlSi - :\/IgAISi ] Sy ‘ . | —— This work(QGSJET+PD) %
§ # Iron roren - - ’ 4 "+ This work(SIBYLL+HD)
730\ c v b b b b b b by 730
54 56 58 6 6.2 6.4 66 6.8 7 L L o 102E | X el
log. (E__ /GeV) 10° 107 10° 10° 107 108
10" KM2A Energy (GeV) Energy (GeV)

PHYSICAL REVIEW D 106, 123028 (2022) 57



Proton Shower Selection: O\ BRI
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Proton Energy Reconstruction
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" Large High Altitude Air Shower Observatory
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LHAASO constraints on dark matter

ﬁe strongest constraints h
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LHAASO Constraints on Lorentz Invariance Violation (LIV)

/ Using decay of PeV R
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‘@ Summary & Outlook

O LHAASO full array has been stably operating since 2021
O LHAASO open-up a new UHE y-astronomy era with many new discoveries

— 43 UHE y-sources are detected and published in catalogs w/~40% of them
unidentified

— The first CR source as a super-PeVatron is found
— The BOAT GRB brings us many new views of GRB afterglow, the highest energy
photon from the GRB opens opportunities exploring for new physics
— Diffuse photon flux is found a factor 2 or 3 higher than expectation, a big issue!
[0 Measuring CR Spectra of Individual Species (Proton, Helium, Iron...) around knees is a
big step towards understanding the knee feature
0 Progresses in New Physics Search: massive DM, axion DM and LIV
0 There are more interesting new phenomena waiting to be further revealed!



Future Missions: UHE IACT array with LHAASO s

Sensitivity of point source
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» Large Array of Cherenkov Telescopes (LACT)

B Next generation of Image Atmosphere Cherenkov

T-T=TTTTT

| ameEs (SNR) I8

o
T

Telescope experiment
B 32 telescopes built on LHAASO site
B Angular resolution
« LACT: <0.05° @ > 10 TeV
« LHAASO: ~0.2° @ > 100 TeV
m LHAASO MD array provides excellent y/p
discrimination
B Matching the LHAASO sensitivity with 500 hr/yr

B To identify the gamma ray sources in PeVatrons and
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measure their morphology in details.
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full array will be completed by 2028
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B LACT Construction Plan

2024 2025 2026 2027 2028

Construction plan
1-12 1-7 8-12 1-12 1-12 1-12

First telescope optimization
and commissioning

Second telescope construction
and commissioning

The next six telescopes

3 |construction and
commissioning (total 8 tels)
The full array complete

4 |the construction and
commissioning (total 32 tels)







LHAASO diffuse results
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» First detection of VHE diffuse emission from outer Galactic plane

» Spectra follow power-law forms with an index of -3



