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The Site

Bird's eye view of LHAASO, 2021-08
* |_ocation: 29021°27.6” N, 100008°19.6” E
 Altitude: 4410 m

« 2021-07 completed built and In opefation

LHAASO, Nature Astronomy 5:849 (2021) = (Aug. 2018, at 4410 m a.s.l.)
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m Cosmic rays

Direct . Idirect » Proton, helium nuclei and heavier nuclei, all the
Detection Detection

way to uranium

102 -

» Discovered in 1912, many things (e.g. source,

acceleration mechanism) about cosmic rays

10!

remain a mystery more than a century later

10~ 4

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

1073 ~

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

105

e Knees may indicate the energy limit for cosmic

10 ¢ 1 100 0 1 1 100 1° 100 1o ray acceleration by astrophysical sources

E [GeV]

PDG 2025,



Proton Spectrum
g The Proton _ )
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E Hybrid Detection of EAS

LHAASO, Daocheng, China

at 4410 m above sea level
Construction finished in 2021
Operation for 4 years

Discovery of many PeVatrons and the
brightest GRBs

KM2A of scintillators and p-D Water C-Detector Array Wide FoV C-Telescope Array

The most sensitive UHE The most sensitive y-survey Stereoscopic measurement of CR

18 telescopes




Hybrid Detection of EAS
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i KM2A: 1.36 (km)?

Muon detector (MD)
/electronics
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* 15 m spacing
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1 Wide Field of View Cherenkov Telescope (WFCTA)

& Telescope parameters:
« ~5m? 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




Hybrid Measurement of CR Showers around the Knee AN b B M
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1 Component sensitive parameters: P,

L -, — Proton -
Q> - B .: : - --Other
. Q g0.04 o
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1 Component sensitive parameters: P,

Muons and electromagnetic particles in EAS
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1 Effective Area and Efficiency, and Data Set

105 »Data set: 2021.10-2022.4

: » Total time after good weather
selection: ~1,000 hour

> Aperture: ~70,000 m?sr

10°F » The proton energy spectra

1 from 0.158 to 12.5 PeV

S R A A » Fully efficient detection
4.5 5 5.5 6 6.5 7

log(E/GeV)

Aperture (m?sr)
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B Proton Selection: multi-parameter analysis
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Number of Events

Ao

Simulation vs. Data

EPOS-LHC: P-distributions for species

Normalizing the proton distribution below -0.3

Assuming p/He ratio following GSF model, normalizing the distribution below -0.05
Matching the heavier species at large values: bin by bin, agree with each other in 20

— A A A A A A
E [ T S [ ] o
: lll L 105 Lo o °
- [l aoOAO nnugo_o ."u'“gﬂn-‘-
- .u.lnjzg [ = - a o . u‘lnl o = a . 10 .Hll.l ° oo
E_ H o ﬂn Oo a r o nuo _ w “_:_1 o oo
F == Data i B ¢ 10" EmmData k& ° & == Data - o,
B LT ° o =] a = o Lo Bl 10 - o L]
| -+-MC w o © ° MC o ° - ° MC - oo
= ° ° 2z . o =] ° man 2 [ ] -
.| = Proton . o E Proton " - E - Proton == o -
= i o °¢ = = a Q@ = o |:|¢
E - HeliunF= 4 o 10° Heliugf*™* ° a -e-Heliym T
- iy a ? e n‘:’ 162 [ | 6 "o ? mn
B Hesavier é -] S Heavier 3 Hemyier @ + L
. o — Himem 4 - {’ o
I-.I" ~' mom * "* ++
3 ¢ 1 b l f
C 1 1. 1 1 1 1 1 =, . 1 1 | PP PR | 1 ET L o 1 1 | P BRI | L
o ] o o ]
C C *
B . o) B LY . (] . . .
- . . - . L] .
;......;...;......:.........'..........-......e....O....... < 0:_..., ................ .........!.....-9....!.. ......... < 0—;----;-‘-----’ ...... SETE OE o-ea-e. x P
. ¢ v o ¢ b u .
e & e e et e s i e e L R | e I _5-_ .............. A e e — 5_...-.. ......... L O |
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 -0.8 -0.6 0.4 -0.2 0 0.2 0.4 0.6 0.8




1 Energy Reconstruction

» Shower energy: E,~E_ +E,
* Electromagnetic component (E,,): Cherenkov photons (N, ) or electrons + gamma rays (N,)
* Hadronic component(E,):n* -p (N, )

Ney =Ny +CNy, e Energy Resolution: <15%

Cosmic Ray P, He...
Eyee = chu e Systematic Bias: <2% d
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1 Contamination from Helium Nuclei

Re-produced pure-proton spectra under

Ratio of proton vs Helium nuclei in _ o :
4 assumption of composition mixtures

composition assumptions
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» The discrepancies between the expected spectra and reconstructed results of different component models:
3-5% for energies below 1 PeV, about 7% for 3 PeV and ~15% for 10 PeV.
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dN/AE*E* " (m2 sr!s' GeV' ™)

Proton (EPOS)

(o=

10% —
- Eq. 4
- L | | | R |
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® =
_4 1 I
10° 107
E (GeV)

(Y2—=1)w1 (y3—2)w2
F T B 1/w1 E 1/we
: — —_— 1 —_—
Eq. 3: F(E) FO(IOOTeV) (“(Eh) ) ( (EL)

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

B 54 £\ Vv (y2—m1)w ;
1 — Y
100T6V> ( N (E,) ) ‘

» Eq. 3: Three broken power laws

E, = 365 + 20
E, = 3.2+0.3

yl = -2.67+ 0.01
y2 = —2.51+0.02
y3 = -3.5+0.1
x2/n.d.f. = 9.9/11

> Eq. 4: Two broken power law

+ an exponential cutoff

E, =436+ 22

E..=51%0.3
vyl = -2.66 + 0.02
y2 = -2.29 + 0.05

x2/n.d.f. = 27.1/13
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Flux dN/AE*E?™® (m2 sr' s GeV' ")

Proton Spectrum

L HAASO this work

E (GeV)

. DAMPE (2019)
CALET (2022)
10" — ---4o - - ISS-CREAM (2022)
il , . L
10*
ISS-CREAM— ——
CALET ——
<0.4PeV 0.4-3PeV
LHAASO- -
| : . | . . . | | | | |
-3 2.8 2.6 24

Spectral Index

10°

107

DAMPE, CALET, ISS-CREAM,
measure the spectral index ~ -2.9
(for E>14 GeV)

LHAASO measures it as -2.5

(for E>0.3 & E<3.3 PeV)

« There must be a hardening feature
bellow the knee unambiguously

20



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% Np 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%

21



m

Proton energy spectrum measured by LHAASO in the knee region

> CR protons around the knee have been

—_
o
(&)

—i
o
~

dN/dE*E*" (m2 sris'GeV' ")

Proton Spectrum

e LiAASO (Tis Work GGSJETI 00 identified from 0.15 to 12 PeV by LHAASO.
e A « LHAASO purity: ~90%, above 100TeV
ISS.CREA (2022 ©000000000 purity. -~ o, dbove e
© .
SRAPES 3. GGSIETIL0 (2020) ® * Direct measurement (e.g. DAMPE)
KASGADE, QGSJETOT (200e) e itve 9QO 0
KASCADE. SIBYLL2.1 (2005) ® ®a purlty. 99/0 = 95 A), belOW 1 OOTeV

——&—— LHAASO All-Particle (2024)

« KASCADE and ICETOP: Unfolding
method, no purity provided.
i » Hardening: >300 TeV, with index change
t * Ay=~0.4 respect to the space-borne
measurement
» Softening (knee): ~3.3 PeV, with index

| IIIII| | | | IIIII| | | | IIIII| | | | Ij_llll | | ChangeAY=_1
4 5 6 7
10 10 E(GeV)m 10

LHAASO Coll., arXiv:2505.14447

Compatible precision with the space borne direct measurement !22



LHAASO Collaboration, PRL, 132, 131002 (2024)
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All particle energy spectrum: see
Hengying Zhang talk for more details.

1 Proton knee vs. all particle knee

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

Knee: ~3.3 PeV
yl=-2.71% 0.02
v2=-2.5110.03
y3=-3.51+0.2

The all-particle knee
is likely dominated
by the proton knee
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#

* Protons dominating the Knee over other species
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1 Wideband spectrum of protons

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

S ; ——— LHAASO Proton (This Work) -
- All particle
s — ——a— AMS Proton (2015) 9999999%990%@
E:J — —— DAMPE Proton (2019) LHAASO %000
~ 10°® — —o— LHAASO All-Particle (2024) DAMPE +®*°°%e_ Proton
q,w E e ® ® ® o o . ..oo.ﬂ o.
é [ el L L T 1111 ) S e B e 00 ° ' '
%, B AMS
‘% Compact object
‘%‘ 1077 E;.E' SNRs Originated?
3 — e.g. microquasars
L T T Lol T I B
6 -5 4 -3 9
10 10 10 10 c (PéQ/ 10 1 10

LHAASO Coll., arXiv:2505.14447 ”



Black Holes and Jets: nQs

* Very important !!

* New CR source population

particularly at energy E >3 PeV

1-25 TeV
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Black Hole as a super-PeVatron? [

Very difficult to detect: not only due to the distant: ~20,000 light-year !
But also out of main field of view of LHAASO: a source in southern hemisphere

Powerful accelerator generating particle at E >10 PeV !!
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Jet termination
shock

Persistent or M any WayS
- Shock driven by disk wind to accelerate
' particles to

. I central BH (Penrose process; ry h |g h
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1 Testing on Hadronic Interaction Models
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1 Light component (H+He) Selection
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1 Light component (H+He) Selection
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1 Conclusion

» LHAASO measures showers at 4410m above sea level

» Multi shower parameters are well measured with a full
containing both longitudinally and laterally

» Enable separation of proton showers from other species
event by event, with a purity of ~90%

» Hardening and Knee features is revealed with sufficiently
small uncertainties

» The knee is dominated by protons

» Three components in the wideband proton spectrum
indicate different source population groups

» Stay tuned, the Helium spectrum coming soon ......



