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Key to measure proton spectrum: Good energy resolution. High proton purity. Large statistics.
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LHAASO experiment @ I i 25 % 15 ML 3k

& Large High Altitude Air Shower Observatory

WFCTA: 18 Telescopes WCDA: (78000m?)
3120 detector unlts
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KM2A: (ED, MD, 1.3 km?) >
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MD: 1188 (4% coverage rate)
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Large High Altitude Air Shower Observatory
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> Data selection

>

» Geometry reconstruction (>300TeV)

WFECTA:
Ntube >10

Centroid of the Cherenkov image limited in +5°

KM2A:
shower core located in KM2A
More than 20 EDs fired

Perpendicular distance from shower axis to

telescopes (Rp): 100m~300m

Angular resolution: < 0.3°

Core resolution: < 4 m

Y [deg]

Resolution

IIII\I

0.05

—e— Angular Resolution

.
-
L ] Y °

82

-H\\‘\IH‘\\IIIIIIIlIIIIlI\Hl\HIl\HIlHIIlIIII

2545658 6 62646668 7
log10(E/GeV)

Resolution

600

400

v by P P g Iy

1 I Ll | L1
—600 400 200 O 200 400 600
X (m)

—=— Core Resolution

w
—II\I|\|\I‘II\Il\II\lll\Il\I\\

%2545658 6 62646668 7
log10(E/GeV)




Lo
» A

GMHSF«EITORE MAJORANA» FOUNDATION AND CENTRE FOR SCIENTIFIC CULTURES %

[ ] [ ]
: e 5 Simulation
& 60t ANNIVERSARY OF ACTIVITIES . P

-%2&.&m&¢¢%umw
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EAS simulation

* EAS simulation package: CORSIKA 7.4005
* Hadronic model: QGSJETII04 + FLUKA, EPOS-LHC+FLUKA

Event sample
* Primary particles: proton, helium, CNO, MgAlSi, iron
* Energy range: 10TeV~10PeV
*  Spectrum index: -1

* Core range: =500 m (Taking the center of the telescope array as the

zero point)

* Direction range: zenith: 30~50 deg, azimuth: 0~360 deg
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LHAASO W "~ Large High Altitude Air Shower Observatory

140 _ 2 C ; : ; ; : . : 4.8r ;
Npe” = Npe —a X (Rp — 140m)* — b X (Rp — 140m) 4.85% .| Enries 189765 |.. -
- i : : : %2 / ndf 63.09/17 4.75 :_ o
IgE, .c = AX lg2 NI};LO +B XxlIg Nggo +C i PO 5.623 £ 0.012 B
46— - Pl ~0.00869 + 0.00012 |- 4.7 RS P S— — —
Nye: number of photon-electrons in the i [ P2 9-1976-06 + 2849207 " 65E-
) [ o e
. 44— <t o C i
Cherenkov image S0 s I SR Al e
Rp: Perpendicular distance from telescopeto 224 S | op455f o |
shower axis 4: a5[
* Systematic bias: <2% I N 4.45- |
. FIIJI\JIiJIlIILIIIL‘IlJIIIIiIIIILII I4.7 :ILI IIIllillllllillllllIllllllilll
i Energy resolution: ~15% 3800 120 140 160 180 200 220 240 260 280 300 4400 120 140 160 180 200 220 240 260 280 300
RecRp (m) RecRp (m)
: : : : : : 10_ 25
7 Entries 347806 - r
- | %2/ ndf 54.89/13 8r C
| po 2878+0021| . 6 —~ 20
6.5 p1 0.3892 £ 0.0089 [--bummenmimsmni oo . ® -
= T | p2 0.05355 + 0.00093 T 4 c e
7 ] ; - = o - * . -
g: %2_ "5'15_ B g g g g g g g g
S B - 3 Eie oia o ) r
oS L i m o~ s g g g g g . D r
o - i > C D
— : (<) E o i
o C ; & —2F >. 10
=} B = c " o N
5.5 o W -4 s [
: C = L
: L e e e e R o W s e e e
] e R R -8F i
L ‘ — | — | ! I L L I — I — | — | T I —_—— I — I — — :l i 1 Il 1 l 1 1 1 1 1 1 1 1 1 1 1 1 Il 1 1 1 1 1 I —I I 1 1 1 l 1 1 1 1 1 1 1 1 1 1 1 1 Il 1 1 1 1 1 I
3638 4 4.2 4.4 456 48 5 52545658 105456 58 6 62 64 66 68 054 56 58 6 62 64 66 68
log1 O(Npe) log10(E/GeV) log10(E/GeV)




8 e

GMHSF« ﬁ(:h ANNIVERSARY OF ACTIVITIES Pr O ton S e]'e Ct | ﬁ\:o\\ P / fzg:figif;i:ze fsiﬁf&fjmiﬁ

. . o p Source 720F
Xmayx for different nuclei: X540 = Ximgx — A INA 700F-
. ax _ 650
Elongation rate : = ——MaX ~ 58g - cm~%/decade ;
dlogloE 600:_
2 ss0F
* Py = 0./ coszenith —1.322 x 107*R,, 500
450
* Py =Py+0.1376 X lgz Eroc —2.271 XIgE, _ 400 F
Centroid !
350; 1 | 111 | 111 1 ‘ 11 | | L 1
14 15 18 17
Proton ;1 PeV Fe 1 PeV log E
| * Proton 0.06/ afl, — Proton
o Helium - EE
© CNO L = R Heavier
A MgA'SI g; L o :
»_lron £0.04
———_, ey 4 ¢ ¢+ —*_._ LUl
_ 3 |
P S T aa N B
00— ! |
o T £
T i 5 0.02—
++_ﬂ_w_ﬁ_—a—+—ﬂ—ﬁ— ] pza i
| L | I i ]
7 -4

6
log1 O(Eest/GeV)




GM HS [ ETTORE MAJORANA» FOUNDATION AND CENTRE FOR SCIENTIFIC CULTURE S
; 1963-2023 i

Proton select

A s S 9k

60" ANNIVERSARY OF ACTIVITIES . LHAASO Large High Altitude Air Shower Observatory
B « Proton
Muons in EAS [  Helium
1.2+ CNO
B »  MgAISi
Nﬁq — Al_ale i I + lIron
e e,
Primary Particle = - ++j“: B o S e, |
a. 0-85~O-92 w QN kk,,__ ___**——__7k7i_:ﬁ_++—&—ﬂ—{_\ﬁ_ﬂ_
. : 16~ . I
0 Z IR R o e
/ ¢ + 0 :o—++ B >-——o ———a——
T <K, K— 1 —1 .8?
\ i+ ’Y’—rr] LL|1( — 1 1 1 | 1 1 1 ‘ 1 1 1 1 | 1 1 1
ol | 5 5.5 6 7
nadronie AT log10(E__/GeV)
$.S cascade v e et e et e
Mass-sensitive parametets S 5614 e oar
p Cherenkoy | — Proton
j22 fluorescen .
d P - lg radiation L Heavier
u P g.83 2
. . . . N W ‘E‘
py: muon density in a ring of 40~200 . RN A S A
f h . nuclear fragments 8 0.05—
m 1rom sSnower axis muonic component, hadronic electromagnetic 2' '
. . . . neutrinos component component g B
Pe: electromagnetic particle density in 5 |
a ring of 40~100 m from shower axis -
[ l
-1 2




R e . =
& | <«ETTORE MAJORANA» FOUNDATION AND CENTRE FOR SCIENTIFIC CULTURES" : / \ 'ﬂ] ,,& ;{g\ 03_' 3 1’ . M‘l‘ﬂ' ig
2023 Ly A a w
6MHS[ GO'J'ANN]VERISS‘:;{_‘EU(;%ACTIVITIES . PrOton Se]'eCt @ Large High Altitude Air Shﬁver Obser\!atory
. . 2
Multi-parameter analysis :
B # Proton 0 Heavier
L=
ROOT_TMVA paCkage 4 A | ' $ * 8 9 g 9 .
<
<
* Parameters: Py, £ O
* Signal: Proton i
1
* Background: Helium+CNO+MgAlSi+Iron
T T B B
255 6 6.5 7
log10(E,_ /GeV)
40r 110;
35— 105¢- Putity: ~95%
E 100
<IENN IR S HH RS STEE SIS e .
‘;:?\ 2 5 i . E\\\\\\\D\\\\\E}\\\@\\\\Q\\\\j\\\\&\\\\m\\\\@\\\\m\\\\ﬂx\\\Q\\\\&\\\\g\\\wg\\
~ - ¥ 90
C — C
g . g o
2 s Select efficiency: ~20% 2 80—
- 75
105_ —s— Seletion Eff: 20% 70E —s— Seletion Eff: 20%
5— —&— Seletion Eff: 30% 65= —&— Seletion Eff: 30%
F 1 1 1 | 1 1 1 | 1 1 1 ‘ 1 1 1 | 1 | 1 ‘ 1 1 1 | 1 1 1 | 1 I 6 F 1 1 1 | 1 1 1 ‘ 1 | 1 ‘ 1 | 1 ‘ 1 1 1 | 1 1 1 | 1 1 1 | 1 I
84 56 538 66 68 8456 538 66 68

6 6.2 6.4 6 6.2 6.4
log10(E_ /GeV) log10(E_ /GeV)

10



TN
=t
T

g _«ETTORE MAJORANA» FOUNDATION AND CENTRE FOR SCIENTIFIC CULTURE #
5 1963-2023
60" ANNIVERSARY OF ACTIVITIES

5

Proton purity

A s R AL 9k

LHAASO _‘[\/ Large High Altitude Air Shower Observatory
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Gaisser Model: Gaisser, T.K,, Stanev, T. & Tilay, S. Front. Phys. 8, 748-
758 (2013)

Horandel Model: Horandel | R. Astroparticle Physics, 2003,
19(2):193-220

GSF Model: H. P. Dembinski, R. Engel, A. Fedynitch, T. Gaisser,
F. Riehn, and T. Stanev, PoS ICRC2017,533 (2018)

BX] Model: Lv X.-]., Bi X.-]., Fang K., et al., arXiv:2403.11832. (2024)

11



o2

d . _«ETTORE MAJORANA» FOUNDATION AND CENTRE FOR SCIENTIFIC CULTURE #
3 6 t 7 1963-2023 |
M & 60" ANNIVERSARY OF ACTIVITIES

Summary A ik 55 AL b

LHAASO _‘[\/ Large High Altitude Air Shower Observatory

» Energy resolution:

» Reconstructed energy bias is less than 2%, and energy resolution is about 15%
» Component disctimination capability:

» Purity of proton in selected events is higher than 90%

» The differences of proton purity among different composition model assumptions are less than 3%
» Large statistics: KASCADE
200m X 200m

GRAPES 600
Area: 25000 m?

400

+*

HAWC
Area: 22000 m?

| I | :
—-600 -400 -200 0 200 400 600
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LHAASO ‘Q Large High Altitude Air Shower Observatory
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* Identification Parameters (<5%)

—— Proton

—— Heavier

Black line: Peompine = By + A X Px
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Influence of energy bias to select proton events
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Proton Purity
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LHAASO N “ Large High Altitude Air Shower Observatory
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Purity (%)
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Proton Spectrum A i Rk

LHAASO N “ Large High Altitude Air Shower Observatory

Fp) = —C)P
A-n-T-AE
N(E) Number of events in energy bin
T Observation time
A Effective aperture
p Purity of proton events
n Select efficiency of proton events
100%X10°
90
80=
5 - .
E 60-
g 505 )
5 40F .
< 30-
201 .
105 .
IR s 65 7
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Telescopes:

~5 m? spherical mirror
Camera: 32x32 SiPMs array
FOV:16° X 16°

Pixel size: 0. 5°

>30% duty cycle in winter

i 18 Telescopes
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/ / T Steel Case
ut/ 1€ %V Lead (0.5 cm)
SC Tiles (2 cm)

A =i 1/"3\ Steel Case
| N

pnE\ Muon detector (MD)
/electronics

soil

» 5195 EDs > 1188 MDs
e A: 1 m? e A:36 m?

* S: 15 m * S: 30 m %//123 ///KVW////////

— PMT

| ultrapure water
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Outline

» Proton spectrum instruction
» Hybrid expetiment

» Data selection and simulation
» Energy reconstruction

» Proton select
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