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LHAASO: Multi-Messenger Collaboration Network

The LHAASO collaboratlon has S|gned MOUs W|th 8 mternatlonal detector collaboration.
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1 High Energy Cosmic Rays
Large High Altitude Air Shower Observatory (LHAASO) "

CATCHING RAYS

China’s new observatory will ~25 000 m —
intercept ultra-high-energy y-ray ’
particles and cosmic rays.

LHAASO Physics

harged CRs measurement -~
New Physics Frontier .~

Hybrid Detection of EAS

18 wide-field-of-view -~
air Cherenkov -~ ey 1 | ‘
telescopes 1 78,000-m2 surface-

5,195 scintillator ~water Cherenkov 1188 underground
detectors ? | ~detector ~ water Cherenkov tanks
‘ (muon detectors)




Outline

[ Introduction

O Proton energy spectrum measurement results in the
knee region

O All particle energy spectrum and mass
0 Progress in the helium and iron energy spectrum

0 Summary & Outlook
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to solve the mystery
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17 » Proton, helium nuclei and heavier nuclei, all the

» Discovered in 1912, many things (e.g. source,
acceleration mechanism) about cosmic rays
remain a mystery more than a century later

» Individual energy spectra play am important role

e Proton knee, helium knee, iron knee ...

III - e The knee indicates the energy limit for cosmic

ray acceleration by astrophysical sources.
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KASCADE experiment

e Altitude: 110m

 Unfolding: p and electron matrix

* The results strongly depend on the
hadronic interaction models

Individual components of CRs energy
spectrum measurement are very
important, but not easy.
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E Hybrid Detection of EAS
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1 Hybrid Detection of EAS
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KM2A: 1.36 (km)?

» 5195 EDs
* 1 m?each
* 15 m spacing
» 1188 MDs
36 m? each
30 m spacing

Steel Case
Lead (0.5 cm)
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1 Wide Field of View Cherenkov Telescope (WFCTA)

¢ Telescope parameters:
* ~5 m? spherical mirror
 Camera: 32X32 SiPMs array
« FOV: 16° X 16°
* Pixel size: 0.5°

& 18 tels are pointed at a zenith angle of 45°
cover azimuth angle from 0° to 360°

18 Telescopes




300 m, 60 cells

1 Water Cherenkov Detector Array (WCDA) i
Iﬁﬁjﬁfﬁ;fiﬁﬁIIII.'"’"\;VE]‘)X_E"".ZIIIZZZI:ZI' 2
Energy rang BHE I L s
= ® WCDA']. .;E.;:. H ‘:‘
Bt T T, o] | B S B S 8
o= o 300GeV-10PeV %% ittt
e & © WCDA-2 and WCDA-3|: . wepaar :||:: wepa2 : |3
= » 100GeV-10TeV | | | | |
....4., """"""""" o ... """""""""" |

> Total area: 78, 000m?> : 15°m-3°°e"-: o ‘15°m-3°ce"s

» Total units: 3,120 ¥ Y ‘
» Unit size: 5mXx5mx4.4m \ >
» Two type of PMTs in each unit: 3

e 8inches and 1.5 inches for WCDA-1

e 20 inches and 3 inches for WCDA-2

uieun)

8”"PMT

g« 1.5”PMT

y

and WCDA-3

5m
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Operation of LHAASO

<+ KM2A is operated with >99.4% duty cycle and event rate 2x108 /day
<+ WCDA is operated with 98.4% and event rate 3x109 /day
< Data acquisition time of WFCTA >1400 hrs and number of matched events ~70 million
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= 100
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S B 1400/
a B i
= 50— i
S B 1200—
B I I | | -
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Days (2022/01/01 - 2022/07/03) - -
=]
- 2 800
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sol— J NN B Total(since 2022):......... 98.35% ..o i B
- e e e e i i, Thisweeky |, L, 9OP88%; ., i, 202000723 20211116 202201/08 202200302 202204124  2022/06/17
20 A0 &0 S0 100 120 140 160 180, Date




Hybrid Measurement of CR Showers around the Knee

.zé\ B 8 K F AL 3k

LHAASO %  Large High Altitude Air Shower Observatory

» WFCTA: Cherenkov telescopes » KM2A:
1. Number of pixels: Npix=>6 1. Core (x,y)
2. FoV:10° X 10° outof16° X 16° « Jx24+y?<470m
for the centroid of the image e x’|<200m & !|x’[<160m
3. Ry:180-310m 2. Number of fired EDs > 20
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1 Component sensitive parameters: P,

Muons and electromagnetic particles in
EAS

E B EO 0.90
1-7 0 ~ 4 40.10
NM x4 (1 PGV) Lo el (1 PeV J. R. Hérandel, Cosmic rays
from the knee to the second
E a 5 1046 knee:10™to 10'® eV, Mod.
11—« 0 2 BB s 105 ) A_0'046 0 Phys. Lett. A 22, 1533 (2007)
Ne x4 (1 PeV) 1 PeV

—— log N + const
a—p T\ NP o

— Proton

loglo(E): 5.2~7.1

0.04
N H

N2.82

P,. =logqo

Normalized Entries

* Ny: 40~200 m
* N,: 40~200m 0.01
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Primary Particle
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cascade e e e e e e
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fluorescence
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—»— Proton
—-o— Helium
= CNO
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Table 1. LHAASO vs other EAS arrays
Experiment | depth Detector AE (eV) e.m. Sensitive | Instrumented Coverage
g/cm? Area (m?) Area (m?)
ARGO-YBJ 606 RPC/hybrid 3x101—101° 6700 11,000 0.93
(central carpet)
BASJE-MAS | 550 scint. /muon 6-10'2—3.5-10'° 10*
TIBET AS~ 606 scint. /burst det. 5x10*3—-10'7 380 3.7x10* 102
CASA-MIA 860 scint. /muon 10*4—3.5-10%° 1.6x10? 2.3x10° 7x1073
KASCADE 1020 scint. /mu/had 10 —10% 5% 102 4x10*
KASCADE 1020 scint./mu/had 10t¢—10® 370 5x10° 7x10~*
-Grande
Tunka 900 open Cher.det. 3-1015-3-10'® - 106 -
IceTop 680 ice Cher.det. 1015—-101'8 4.2x10? 106 4x10~4
LHAASO Water C 3x101—10® 4x10~3
scint. /mu/had [KM2A]
Wide FoV Cher.Tel

Muon detectors

Experiment | m asl | p Sensitive Area [m*] | Instrumented Area [m?] | Coverage

LHAASO 4410 4.2x10% 10° 4.4x10~2
TIBET AS~ | 4300 4.5x10° 3.7x10* 1.2x107!
KASCADE | 110 6107 4x10* 1.5x1072
CASA-MIA | 1450 2.5x10° 2.3x10° 1.1x1072

16



1 Component sensitive parameters: Py,

150<Rp<155

1 —— Proton
Xmax ln EAS % 351 — Helium - |'_I', — Proton
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* Normalization in the impact parameter R,:

62°° = +0.011x(R, — 250)

cos(@)
Centroid * Normalization in energy:
(9350) = po + 1 - logio E +p, - logio E
 (02°%)|pey: the average value of 8, for proton
events at R, =250 m and E=1 PeV 17



B Proton Selection
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1 Energy Reconstruction

»> Shower energy: E,=E_,+ E,

* Electromagnetic component (E.,): Cherenkov photons (N}, ) or electrons + gamma rays (N,)
-un (N,

* Hadronic component(Eh): nt

Ncu = Nph + CN,
Eiec = chu

| _ooep
L ‘2’0.04:—
i L":0.026—
6.5~
; —
q) -
© i
Wt
> 6
o i
5.5 5 ikl
55 6 6.5 7
Iog(Etme/GeV)

Energy Bias, Resolution (%)
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e Energy Resolution: <15%

e Systematic Bias: <2%
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1 Proton energy spectrum measured by LHAASO in the knee region

LHAASO Coll., arXiv:2505.14447

CH
10°F A
e 8 o %% 885000000 o0 —
: . <~ 10°
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7 &
E - o
o = 7
2 * =
o) o
- (= Y
" . L
- o
- p B
©
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4.5 5 5.5 6 6.5 7 . = ' e
log(E/GeV) g 25 B oo oo ® o g g
S -3;—®<l>¢ """"""""" ({) """""""
> Dataset: 2021.10-2022.4 B TS bt
4

» Total time after good weather selection: ~1,000 hour 10" | 10
> Aperture: ~70,000 m?sr
» The proton energy spectra from 158TeV to 12.5 PeV were measured with high precision by LHAASO
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dN/E*E*" (m2 sris'GeV' ")

Proton (EPOS)

) 1/w2) (13 —72)w2

. Eq. 4
o Coa |
§ —2-5:— """" B 6 o @@ @y
e ! . SO S
E e
g —3-;— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ o gt o
i 108 107
E (GeV)
5 w\ (2—7)wi
E \” E\"Y" E
.3: F(E)=F, o= 1+ (=
Eq. 3: 244) 0<1OOT6V> ( +<Eh> ) ( +<Ek
E E .
—_— Ecut

Eq. 4: F(E) = F, (

1007eV

) (o

Eh

1/w) (2w

> Eqg. 3: Two broken power laws
E, = 365 + 20
E, =3.2+0.3
vl =-2.67% 0.01
y2 = —2.51+0.02
y3 = —3.5+0.1
x2/n.d.f. = 9.9/11

> Eq. 4: A broken power law +
an exponential cutoff

E, =436+ 22
E..=51%0.3

yl =—2.66 * 0.02
y2 =—2.29 + 0.05
x2/n.d.f. = 27.1/13
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1 Proton energy spectrum measured by LHAASO in the knee region
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Proton Spectrum
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KASCADE, SIBYLL2.1 (2005)
LHAASO All-Particle (2024)
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] | ] | ‘1 | ] Lol

KASCADE, QGSJETO1 (2005) ©

6
E (GeV) °

LHAASO Coll., arXiv:2505.14447

10 10°

> CR protons around the knee have been
identified with high purity for the first
time, and their energy spectrum has been
precisely measured from 0.15 to 12 PeV
by LHAASO.
 LHAASO purity: ~90%, above 100TeV
* Direct measurement (e.g. DAMPE)
purity: 99% - 95%, below 100TeV
« KASCADE and ICETOP: Unfolding
method, no purity provided.

1| » Hardening: ~340 TeV, with index change

Ay=~0.2
» Softening (knee): ~3.3 PeV, with index
change Ay=~-1
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the knee.

The direct measurement results such
as DAMPE, CALET, ISS-CREAM,
further confirm the existence of the
hardening before the knee.
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1 Proton knee vs. all particle knee
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All particle energy spectrum: see
Hengying Zhang talk for more details.

Knee: ~3.67 PeV
vl = -2.74+0.005
y2 = -3.13+0.005

Knee: ~3.3 PeV
yl=-2.71%+ 0.02
v2=-2.511+0.03
vy3=-3.51+0.2

The all-particle knee
is likely dominate by
the proton knee.
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1 Wideband spectrum of protons

» A potential explanation could be the existence of multiple groups of
cosmic ray sources with varying acceleration limits, as indicated by their

maximal cosmic ray energies.

WMERSR {

=il

& ; —o—— LHAASO Proton (This Work) :
= All particle
> — ——a— AMS Proton (2015) °°°°°°°°°°°0@%
,‘,_(ln — —— DAMPE Proton (2019) LHAASO 200,
T 10% = —e— LHAASO All-Particle (2024) ~ DAMPE |Leewe*®e, Proton
(\IJ\E/ E HIH T T Y T Py iy 19 BD.D °® " C e ' .’+
o0 B ‘ SNR originated? Compact object
Y AMS . .
5 — Originated?
§ 107 =2 e.g. microquasar
° 0
:5 —
L . T T T T BT BT BT
-6 -5 4 -3 -2 —1
10 10 10 10 = (P<1a ) 10 1 10

LHAASO Coll., arXiv:2505.14447
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1 Systematic Uncertainties

Systematic uncertainties on flux Systematic uncertainties on Energy Scale

Hadronic model <15% SiPM camera calibration ~1.5%
Composition model ~7%@3PeV Mirror reflectivity Calibration ~1%
Different purity <2% N Calibration ~1%
SiPM camera calibration <2% Absolute Humidity (water vapor) ~1%
Background light <2% Aerosol ~2%
Absolute Humidity <1% Air pressure ~0.5%
Air pressure <1% Hadronic model ~1.4%
Total ~17 % Total ~4%
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» To understand the absolute energy scale of cosmic rays, a joint analysis by
LHAASO and DUMPE is in progress and is expected to be completed by the end

of this year.
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Analysis and Result

KM2A full array simulation data
* QGSIJETII-04 fluka and EPOS-LHC fluka

Event Selection:
0:22-38° (Xpax: 650-760 g/cmz)

* Proton He CNO MgAIS1 Fe 0 = 0.75 sr

« Theta:0-40° R: 300-450m

« Slope: -2 Aperture=2.65e5 m?sr
e Sample Radius: 200-480m Ne:>100

LHAASO Layout: 5216 EDs + 1188 MDs
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Analysis and Result

Energy reconstruction

As Heitler’s EM model and Matthews’ hadronic showers model introduced that the primary energy is finally
divided between pions and electromagnetic particles in sub-showers.

EO — Ee + Eh E =0. BSGeV(Ne + 25 % N”) J. Matthews Astroparticle Physics 22 (2005) 387-397

one combined variable to reconstruct the cosmic ray energy weakly dependent on the components

Ney =Ne+2.8xNy, H.Y. Zhang, H.H. He and C.F. Feng PRD 106, 123028 (2022)
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Analysis and Result

@ All-Particle Energy Spectrum of cosmic ray

i I AN
- ux =
abtia cesete e § / AE = Aperture x T

q VAN

stat. err =
AE x Aperture x T

Red dot: 2021.09-2024.06 data measured all-

E’x J(E)(GeV’m2srs™)
<
2
v,

—&— LHAASO (2024) ‘ ° 2
Q particle energy spectrum of cosmic ray
—a— LHAASO (this work)
106_ IIIII IIIII 1 1 IIIlllI 1 1 L1 1111
10° 10 10° 10°
Energy (GeV)

32

2025/7/31 ICRC2025, Geneva, Switzerland, 14-24 Jul 2025




Analysis and Result

@ Measurement of muon content

Muons are the direct messengers of the hadronic processes occurring in the shower. The number of muon is a
sensitive parameter to study the composition of cosmic rays and test hadronic interaction model.

KASCADE, IceCube, TUNKA __Pierre Auger, Telescope Array 6.9 6.6<log, (E/GeV)<6.8
g B
S
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5 H Ec
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Analysis and Result
® Mean logarithmic mass (In A4 ) of cosmic rays
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i = S 3 suggesting that the cut-off of the all-particle energy
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1 Summary & Outlook

O CR protons around the knee have been identified with high purity for the first time, and
their energy spectrum has been precisely measured from 0.15 to 12 PeV by LHAASO

* Uncovering the proton 'knee' around 3.3 PeV and a hardening feature at around 0.34 PeV.

* Measuring CR Spectra of individual species around knees is a big step towards understanding

the knee feature and its origin.

O To understand the absolute energy scale of cosmic rays, a joint analysis by LHAASO and DUMPE

is in progress and is expected to be completed by the end of this year.
OO0 The paper of light component and helium energy spectra will be ready soon.

O The iron spectrum around 400 TeV will be finished next year and iron spectrum around the knee is

the goal in 3 years.
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1 Systematic uncertainties: atmospheric pressure

" Black dot: 1.02= B
Data before correction .
Blue square: 1=
Data after correction . -
Red line: £ .0.98}-
. el pd -
Quadratic fitting = -
= -
0.96
0.94}
e o o 1. - 1 - 1 - - 1. 5 -1 . 5 - 1. II----l---l---l-..l...l...l.
588 590 592 594 596 598 600 588 590 592 594 596 598 600
Pressure (hPa) Pressure (hPa)

» Correction of the effect of atmospheric pressure changes on the data
 We correct Nu and Ne to an atmospheric pressure of 586.6 hPa, which aligns with the
simulation settings.
* The systematic uncertainty is less than 1% after the correction.
* This conclusion is based on a comparison between two data samples: one with atmospheric
pressure greater than 595 hPa and the other with pressure less than 595 hPa.
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1 Systematic uncertainties: photons attenuation in the atmosphere

Red line: Simulation

g O 02 Red dot: Data before correction -
* 009 [ /ndi 6.954/3 Th Blue dot: Data after correction
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> Solar SpectralRadiometer or water vapor density
LHAASO site > Correction of the effect of photons attenuation in the atmosphere
* Tomeasure Aerosol * The main component responsible for the absorption of Cherenkov
Optical Depth (AOD) S P ) P P
during the day. light in the atmosphere is the water vapor.
* To quantify the light * After water vapor correction, other components in the aerosol still
absorbed and scattered maintain an absorption of about 1%, which has also been corrected

by aerosols in a vertical
column of the
atmosphere.

in this data analysis.

* The systematic uncertainty is less than 1% after the correction.
49



600

400

200

—200

—-400

-600

o
IIIIII|III|III|III|III|III|II

II|III|III|III|III|III|III|II

-600 -400 -200 0 200 400 600

Figure S1: LHAASO layout. (A): The WCDA is located at the center of the LHAASO detector array, surrounded
by the KM2A array and 18 Cherenkov telescopes of WFCTA. The red solid line marks the area for selecting
the reconstructed shower core, while the black solid line denotes the throwing area for the shower core in the
simulation. The distance from the core selection area to the KM2A boundary exceeds 50 meters, and the throwing
area boundary is more than 30 meters away, ensuring accurate geometric reconstruction. (B): The dashed line
represents the FoV of WFCTA. The red area represents the FoV for selecting the centroid of the Cherenkov image
in the analysis.



