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m Cosmic rays
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» Proton, helium nuclei and heavier nuclei, all the
way to uranium

» Discovered in 1912, many things (e.g. source,
acceleration mechanism) about cosmic rays

remain a mystery more than a century later

7 » Individual energy spectra play am important role
to solve the mystery

Energy flux [GeV/m? s sr]

imeB e Proton knee, helium knee, iron knee ...
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CATCHING RAYS
China’s new observatory will
intercept ultra-high-energy y-ray
particles and cosmic rays. - NoEaE e 2 e N
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Hybrid Detection of EAS
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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 3101 10" 6700 11,000 0.93
(central carpet)
BASJE-MAS | 550 scint./muon 6-10'*—3.5-10"° 10*

TIBET ASvy 606 scint. /burst det. 5x1013—-1017 380 3.7x104 102
CASA-MIA 860 scint. /muon n**—=3.5:10M 1.6x10° 2.3 10° TwiD—2
KASCADE 1020 scint./mu/had 1015107 5x 102 4x104
KASCADE 1020 scint./mu/had 10161018 370 5x10° 7x10~%

-Grande
Tunka 900 open Cher.det. 3-10*-3.10t*8 . 106 -
IceTop 680 ice Cher.det. 10131018 4.2x10? 10¢ 4x10-*
LHAASO 600 Water C 3x101—10* 5.2x10° 1.3x10° 4x10-3
scint. /mu/had [KM2A]
Wide FoV Cher.Tel
Muon detectors
Experiment | m asl | pu Sensitive Area [m?| | Instrumented Area [m*] | Coverage
LHAASO | 4410 1.2x107 10° 4.4x10~2
TIBET AS~ | 4300 4.5x%10° 3. 7x%10° 1.2x10-1
KASCADE 110 6x10? 4x10* 1.5%x10~2
CASA-MIA | 1450 2.5x10° 2.3x10° 1.1x10-2




. Bird’s eye view of LHAASO, 2021-08
T h e S | L€ - Location: 29021°27.6” N, 100008°19.6” E
e Altitude: 4410 m

ety * 2021-07 completed built and in opefation
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LHAASO, Nature Astronomy 5:849 (2021)  (Aug. 2018, at 4410 m a.s.l.)



LHAASO: Multi-Messenger Collaboration Network
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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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[0 CR Spectra around the Knees
* Pure Protons
* Light Component (H + He)

* All Particle Spectrum and Composition
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Hybrid Measurement of CR Showers around the Knee
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LHAASQ ¥ 7 Large High Altitude Air Shower Observatory

» WFCTA: Cherenkov telescopes
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> KM2A:
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LHAASO N 7 Large High Altitude Air Shower Observatory
A p Sh ower TBRp 158 —=— Proton
5 “ —_ ! u KR —— Helium
EAS maximumat X, ! Xpox = Xmax — 4710 A directioni P

deax

Elongationrate: A= e

. : -y MgAISi
~ 58g - cm™2 /decade Centroid b ﬁ&cﬂ Iron
Zé_.lﬁw’?’m |

* Py =0./coszenith—1.32 X 107%R,,
e Py =Py+0.13 XI1g%2E, .. —2.16 X IgE, ¢,

05|

STl PTEE T P PETT PTTTl T T Fre
ERJU 350 400 450 500 S50 BO0 G5O YOO

e’
Proton 1 PeV Fe 1 PeV el
9 6 .
i = o 005 Jogyo(E):5.2~7.1, |—Froton
. oG i ¢ I | Heavier
& MgAISI & L Do
W « bon | Eoo4-
x e ~ 1% T
o Ti --—-f)—-—--—-c*p-—ﬁ——’J—U—"'“‘_D_'Q-_D__Q—' 2N
|y =05 D00 o | =&
8l R Y i al ot [ -
B e g _ﬁ-‘_n .+ ©0.02—
SHEINC, s E R SN z .
_g:_.._.J,. I S N LT | i L | L 4
5.5 6 6.5 7 -12 -4
log10(E _ /GeV) Py

12



A s F Sk
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Proton Shower Selection:
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Proton Energy Reconstruction T Wb b bl
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Tests using generated samples

H'Ir FHE

Gaisser Model: Gaisser, T.K., Stanev, T. & Tilav, S. Front. Phys. 8, 748 — 758 (2013)
Horandel Model: Horandel | R. Astroparticle Physics, 2003, 19(2):193

Ratio of proton vs Helium nuclei

in composition assumptions
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Light component (H+He) events selection
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Light component (H+He) - Helium Spectrum

Different composition models test
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» The P to He ratio after composition selection is almost the same as before
* The variation of the P/He ratio is within £3% after composition selection
> Light component (H+He) Spectrum — Proton Spectrum - Helium Spectrum
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All-particle energy spectrum &
composition by LHAASO

(f rom 0.3 to 30 PeV) LHAASO Collaboration, PHYSICAL REVIEW LETTERS 132, 131002 (2024)
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E Energy reconstruction
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» Energy reconstruction independent of the primary CR component
> Scintillator detector array (ED) :

Electromagnetic component (N, )

> Muon detector array (MD) : hadron componentn® — p ( N,>

Eg = E, + Ej ~ N X ES +aN,x ET

J. Matthews, Astropart. Phys. 22, 387 (2005)
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» Bump: ~13.6 TeV for Proton and
~34.4 TeV for Helium
» Charge Z dependent?
* The ratio of Proton bump and Helium
bump is 2.5 * 0.8
» Iron spectra from 100 TeV to several PeVs

will be measured by LHAASO and can answer
the question clearly.
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E Summary & Outlook

Measuring CR Spectra of Individual Species around knees is a big step towards

understanding the knee feature

— The spectra of proton, helium and proton+helium around knees are planned to

be submitted to the journal this year

All particles energy spectrum from 300 TeV to 30 PeV has been measured by
LHAASO-KM2A with high accuracy, revealing a clear correlation between the

flux and the composition at the knee
The iron spectrum around 400 TeV will be finished next year

And iron spectrum around the knee is the goal in 3 years.

22






LHAASO a complex for both y-astronomy

and Cosmic Ray research
The % array started operation in 2019 and the full array in 2021

KMZ2A: Scintillator counters Water Cherenkov Detector Wide FoV Cherenkov
(ED) and muon counters (MD) Array (78,000 m?) Telescope Array

18 telescopes

FoV: 360°x16°
3120 units -

kil Very sensitive Very sensitive Very unique

y-ray telescope above y-ray survey telescope spectrometer of CR H,
10 TeV (~15 mCU) above 1 TeV (15 mCU) He and Fe above 30 TeV



| KM2A: 1.36 (km)?

> 5195 EDs Scintillator Detectors (ED)
* 1 m?each

* 15 m spacing
» 1188 MDs

* 36 m? each

* 30 m spacing
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3 km?

very few muons
1

from the Crab

LHAASO-KM2A
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E Water Cherenkov Detector Array (WCDA)

i Energy rang
8 © WCDA-1
e 300 GeV —10 PeV

o 100 GeV-10TeV

> Total area: 78, 000m?

300 m, 60 cells

» WCDA-2 and WCDA-3|:

» Total units: 3,120
» Unit size: 5m X 5m X 4.4m

» Two type of PMTs in each unit:
* 8inches and 1.5 inches for WCDA-1

e 20 inches and 3 inches for WCDA-2
and WCDA-3
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20210511/131236/0.554788857: nTrig=-1, 0=37.81=0.02°, $=103.39+0.02%
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WCDA-1 started operating
in April 2019

WCDA-2 started operating
in January 2020

WCDA-3 started operating
in March 2021




E Wide Field of View Cherenkov Telescope (WFCTA)

& Telescope parameters:

* ~5 m? spherical mirror
 Camera: 32 X32 SiPMs array
« FOV: 16° X 16°

* Pixel size: 0.5°



