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Interaction studies at LHC

Cosmic-ray (target-rest frame)
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. Bird's eye view of LHAASO, 2021-08
The Site - vLocation: 29021° 27.6" N, 100008°19.6” E
* Altitude: 4410 m .
merf & * 2021-07 completed built and in operation
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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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B KM2A: 1.36 (km)?

> 5195 EDs Scintillator Detectors (ED)
* 1 m?each Steel C
* 15 m spacing / / + eetlase

> 1188 MDs ut/ 1€ 457 Lead (0.5 cm)

* 36 m? each
* 30 m spacing

SC Tiles (2 cm)

/ ( ( / Steel Case

s
-

Inner View of one ED
Muon detector (MD)

k!,;—-electrunics

__l_-___ ' soil

111 m J |_ i m ﬂ“ >
EEIEIE —IImllmlllﬂ‘r\l
- Z =Tl
i cf%f’f{;
6.8m g"“““-h- PMT

55, UL G55 ;‘“ ultrapure water




NFERISE: pF

% F & PR AL 2y

™ 4
=

e

very few muons

many muons ~ 1 PeV y-ray event
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B Muon information from LHAASO
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1 Water Cherenkov Detector Array (WCDA)

300 m, 60 cells

> Total area: 78, 000m?

» 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

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

______________________________________________________

cells

110 m, 20

150 m, 30 cells

150 m. 30 cells 150 m. 30 cells
< <
Y Y
M
P
Y
O 3
-
3
- 8"PMT
g« 1.5”PMT
5m




20210511/131236/0.554788857: nTrig=-1, 0=37.81=0.02°, $=103.39+0.02%

]

N

N

N

N

o |

o e |

2 e |

e

| *

g5 s o |

|+ |

e |

. N

|+ |

g KN

| I

N s b ! ! j ZF dat T ! { ] [

t:.lmh 2 : : el ; ‘[ - "I',- i -"P — ] il
N2 e 3 - T e R | I BN m e
” :m : / |!: *'f// ‘»- [, l'- 3
- ﬂlfl-,'l ; - i / |
{l ' | | .u'-_‘_:‘_’h_ 3 y : A A N N
AR 1l 300. . _ | © ) ] d Op

e et o _ m > / A1 019

< ! § o D A ed opera




E 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 Telescopes‘




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 3x10M—10%° 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. 5x 1013 —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 —-10'7 5x 10?2 4% 104
KASCADE 1020 scint./mu/had 10 —101® 370 5x10° 7x10-4
-Grande
Tunka 900 open Cher.det. 3-1015-3.10'% - 108 -
IceTop 680 ice Cher.det. 1015 —101# 4.2x10? 108 4x10-4
LHAASO 600 Water C 3x10* —10'# 5.2x10? 1.3x10° 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° 4.4x102
TIBET ASvy | 4300 4.5%10° 3.7x10* 1.2x10~!
KASCADE | 110 6102 14x10° 1.5%102
CASA-MIA | 1450 2.5x10° 2.3x10° 1.1x10°2
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Soft interaction models

Collider based Cosmic ray researches
N « QGSJET (#ED
* PYTHIA (Iﬁﬁjxﬂi‘) — QCD pomeron (Regge Pole theory)
B R i Ci D B A s S

High energy collisions = multiple 5-:atterlng processes

U (5 T

—_——— —
— arXIV 1 101 2599 reVICW @ many parton cascades in parallel g E E
\ @ typically small momentum
° DPMJET ( Y£ EE J\ ) transfer along the CESEHdESﬁ?
L Dual Part()n Model [SO, PLB636 (2006) 40; PRD77 (2008) 034009; PRDS3 (2011) 014018]

SIBYLL

E — Mini-Jet Model, parton cascading in
¥ both structure and fragmentation, Q2-
dependence

 EPOS (next page)
— arX1v:hep-ph/0012252
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Detector

Detect
. armz | TAN TAN ARM1
- % — ommilTl=
: . " R 6mm
yomm "~ Taom _ LHCIPl «~—m7m—

- Detectors installed in the TAN region, 140 m away from ATLAS Interaction Pmnt (IP1)

¥ Here the beam pipe splits in 2
separate tubes.

—= _  x Charged particle are swept away by
magnets

pxperiment at LHC
010, Paris ici

Podts,

~ Mlessia Tricomi
University & INFN Catania



LHCf experiment

roton

roton
pro=g

“¥ Location
#7| « ATLAS interaction point
* +/- 140m from the IP
* Cover Zero degree of collisions

LHCf detectors  Pseudo rapidity n > 8.4

« Sampling and positioning calorimeters

» Two towers, 20x20, 40x40mm?2 (Arm1) , 25x25, 32x32mm?2(Arm2)

* Tungsten layers, 16 GSO scintillators, 4 position sensitive layers
(Arm1: GSO bar hodoscopes, Arm2: Silicon strip detectors)

* Thickness: 44 r|l. and 1.7 A

-

18-20 March 2025 The Interaction workshop, Hong-Kong, China



PYTHIA

I | | I | | | LI
LHCfs=7TeV
Gamma-ray like

. 1> 10.94, Ad = 360

EventsiN, /GeV
2
-

Gamma-ray like

5> 0¥ g T T T T T

8

5 10t LHCIVs=TTeV

£

; —~ 8.81 <1 <8.99, A = 20

a Daia znq.j Lat=0.8E+0.53nb"
[FIT] Data 2610, 34ak = Syt emar
——— DFMLJET 3.04

—— QOIJET 102

MC/Data
MC/Data
)
in

P SN TN AN TN TN TN TN [T T TN TN T AN T T T [N T Y S PR = PR TS TN [N TN TN T N N T S T S T S N T T S S AN ST S T T N ST T S W
1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500
Energy[GeV] Energy[GeV]

M-
500

1. None of the models perfectly agree with data.

2. QGSIJET II, DPMJET3, PYTHIAS: good agreement in 0.5-1.5TeV at
n>10.94 but large difference >2TeV.

3. SIBYLL2 shows good spectral shape >0.5TeV at 1>10.94 but only half
yield

4. Less deviation at 8.81<n<8.99 but still big difference >2TeV in DPMJET3
and PYTHIAS
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Energy dependency of muon deficit

LHC

Normalized muon numbers results
observed by several CR experiments

GSJet-11.04

® Auger UMD+SD ¥

SUGAR

In(N,*) = In(N,,5)
=
ln(NdeZt — ln(N“gEt)

| Muon _ {In4)
deficit  “mass ~ kg

& IceCube KASCADE-Grand]
-=- GSF Yakutsk B AGASA
-2 Expected from X,,,, ® NEVOD-DECOR ¢ Haverah Park
¢ Auger FD+SD
10]5 lol(‘n lOI? 10|8 1010
EleV

J.C. Arteaga-Velmazquez ICRC2023

Interaction study at the highest energy
— LHC (Ns=14TeV, Eib = 1017eV)
Energy dependency
— RHIC (Vs=0.5 TeV, Eiab = 1014eV)
v.s. LHC
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Hadronic Models )(m and Muons Differences

Blurry Picture.

@ “Muon Puzzle” (<Np>) depends on energy measurement technique
=% Update of WHISP analysis (2023)

SIBYLL-2.3d SIBYLL-2.1 —8— Auger FD+SD

+ —— Auger UMD+SD
- —— Telescope Amay
—— lceCube
Fe | —&— Yakutsk
—a&#— NEVOD-DECOR
"# P - r"

J_- - --‘Wﬂ g S NS —¥— SUGAR
I

QGSJet-11L04

1. i —4— KASCADE-Grande
—— EAS-MSU*®
. . ' , . . . . , —m— AGASA
SIBYLL-2.3 SIBYLL-2.3¢ —=qr= HiRes-MIA®
—4#— Haverah Park
Expected from X
+++ -=-= GSF
Fe . Fe
+ﬂﬂi#| .l- .
br F'_ “ ol energy-scale corrected

e ———————— ———————— ——————————— In{Ndety — In (Ve
10’5 10' 10'7 10'% 10" 10'S 10' 107 10" 10"  10'S 10'¢ 10" 10'* 10"  10'S 10'® 10'7 10'% 10" n{N") —In(Vyp
=
EleV E/eV EleV EleV In{NEL) = IndNVss)

w.le

J.C. Arteaga-Update on the combined analysis of p data ICRC 2023, Nagoya, Japan 11




— Sibyll 2.1

cross section (mb)

107 T
f Sibyll 2.1
107 :

-0.5 0.0 0.5
longitudinal momentum x;

Xp - p||/pmax

1.0

Muon content

ross section (mb)

* Very unstable in models:

— Tiny change in p’—production
as a leading particle in n—p

colliding

— Huge difference in muon

content

cross section (mb)

10

Sibyll 2.3rc

05 oo 0s 1.0
longitudinal momentum

— Sibyll 2.3rc3 + meod. pild

S

°
-
o
NA22 /4
&

Sibyll 2.3rc mod m? |

Average number of muons (N} /E ., per energy

Average number of muons {,’\-'JI_},H'-,‘IIH,, per energy

-1.0

-0.5 0.0 0.5 1.0
longitudinal momentum ;.

107

X =2030.0 g/cm’
E, =1.0GeV

\-.‘iillﬂ.lﬁ-':{h . \-h 21
Ny HEL

for Praton@] =10 ev

SIBYLL 2.3rc30
SIBYLL 2.1

- EPDS5 LHC
QCSjet|-04

L factor ~1 3I

10" 10 10" 10" 10" 10"
Energy per particle £, (eV)
10°
X =2030.0 g/em? SIBYLL 2.3rc3b mod. " prod.
E o100 v SIBYLL 2.1
O - EPOS LHC
----- QCSjet!-04
N | AL g g _factor ~2
For Proton@1 =10* eV
-3
10 7 7 2
10" 107" 10" 10" 10" 107"

Energy per particle £, (eV)

Riehn et al., ICRC 2015
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EAS

(g/em?®)

-:)(m“:-

Hadronic Models

Global changes

X,,,, and Muons
X pax @Nd N

Differences

<% Taking into account new data, new EPOS shifted by +20g/cm? (+/- 5g/cm?)
<» QGSJETII-01 shifted by +15g/cm? (=EPOS LHC)
<% Increase of the number of muons by about 10% (+/- 5%) for EPOS LHC-R
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Pseudorapidity

Simple (basic) measurement still important !

< New data at 13 TeV in p-p

# Test extrapolation with different triggers
# Sibyll has a clear difference with other models (and data) : too narrow !

<» Detailed data at 5 TeV for p-Pb

-~ p+p — chrg 13 TeV ALICE Inel>0

’ e e Y
7 L - QGSUET-N
, -= SIBYLL23e
/= EPOSLHC-R .

|.\_

pseudorapidity 1

(1/N) dN / dn
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ALICE Pb + p — chrg Vs =5 TeV NSD

— EPOS LHC
— EPOS LHC-R

III|III|II r.
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pseudorapidity
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“Muon Puzzle”

EPOS LHC-R, first model producing a deeper X __ and more muons and
being compatible with all measured accelerator data :
-» Deeper X __ give larger <InA> reducing the gap with measured muon content

<% Increase of muons further decrease the gap to reach Auger systematics

<% No big change for QGSJETIII
J geforQ InNget — InNget

< |mpact at low energy ??? T pNdet 1y det
p,Fe H,p
N 175 | N B
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1.25 i— 15 | !
= - ~.
U 1 Fe s
0.75 3 - S
05 | 05 |~ — EPOSLHC ~ o
025 |- 5 EPOS LHC-R *~.
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Figure S16: Parameter comparison. These three sets of figures represent the comparisons of Py ;¢ in the energy
ranges of 10°-2 ~ 10°-® GeV (pad A), 10°-° ~ 10°° GeV (pad B), and 10°° ~ 107! GeV (pad C). The above row
shows the distribution of Py, . in both the data and the simulation in different energy intervals. The simulation
events are based on EPOS-LHC model. The black dots represent the data, while the blue square represent proton
events in simulation and pink circle represent Helium events in simulation. The row below shows the deviation
between the data and the simulation.
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Figure S17: Parameter comparison. These three sets of figures represent the comparisons of Py. ¢ in the energy
ranges of 10°2 ~ 10°% GeV (pad A), 10°-6 ~ 10%° GeV (pad B), and 10%° ~ 107! GeV (pad C). The above row
shows the distribution of Py . in both the data and the simulation in different energy intervals. The simulation
events are based on QGSJET model. The black dots represent the data, while the blue square represent proton
events in simulation and pink circle represent Helium events in simulation. The row below shows the deviation
between the data and the simulation.
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1 Energy Reconstruction

* Electromagneticcomponent: Cherenkov photons (N, ) or electrons + gamma rays (N,)

* Hadronic component:nt - p (N u )

Nc‘n = Nph + CN,
E,ee = kNCn
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Energy Bias, Resolution (%)

 Energy Resolution : <15%
e Systematic Bias : <2%
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1 Energy reconstruction

» Energy reconstruction independent of the primary CR component

> Scintillator detector array (ED) : Electromagnetic component (N, )
> Muon detector array (MD) : hadron componentnt —p ( N,)

T 9 AP — _
54 X Vip + 33 X I = (A 4+ (A = (1 N.,,=N,+aN, E,..=b X Ng,
J. Matthews, Astropart. Phys. 22, 387
(2005)
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All-particle energy spectrum &

composition by LHAASO
(from 0.3 to 30 PeV)

RN T
- Knee: 3.72 PeV
-yl = -2.743+(
- y2 = -3.13%0.

2.5

- S=41+0.1

D05

® LHAASO (QGSJETI04)

005

10°
Energy

GeV)

*  LHAASO (QGSJETHN-04)

e ENOQ,

I I..I..I..l............lﬁé....l

10°

107

Energy (GeV)

E*"5x J(E)(GeV' *m2sris)

v __f'_-“\

[ LT A SO |
b 4 F &AL 3%

LHAASO Collaboration, PHYSICAL REVIEW LETTERS 132, 131002 (2024)

-
o
i

o]

- W
= L
't

e~ LHAASO(QGSJETII-04)

—a— LHAASO(EPOS-LHC)

=== CASA-MIA1989(MOCCA-SIBYLL)

@ KASCADE2005(QGSjeto1)

Tibet2008(Sibyll2.1+HD)
HAWC2017(QGSJETII-03)

—a— lceCube/lceTop2019(Sibyll2.1)

—#— leeCube/lceTop2020(Sibyll2.1)

(In{A);

®  LHAASO (QGSJETIHDA)

CASA-MIA [MOCCA-Sabyll)
ke CubalcaTop {Sikyll2.1)

®  LHAASD (EPOS-LHE)
Tumkn-133 {DOSje801) === Galzser Hia
G5jerd1} —— Horandal
1 | e e e e i et ey e M T F i il i i i
55 6 6.5 i 7.5
log, (E/GeV)

Fe

* Systematic
uncertainties
are sufficiently
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correlation
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flux and the
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FMDIRERER . IB(CZEXIFRIERIERIA T

O Using the most energetic y-rays observed by LHAASO
* The Lorentz symmetry was tested for the 1%t order effect w/ the breaking energy 10° higher
than the Planck scale, a dozen of times higher than the previous result
* The 2" order effect is still possible, w/ the breaking energy 10° below the Planck scale

Process: y— ete

. . E, \3 o —14
7~ g5 23 oy | 7 T. 3. =5x10
E' 2957 x 107 ¢ (ch) . y— 3y
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3 orders of magnitudes below the
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1 Component sensitive parameters

Muons and electromagnetic particles in
FAS

N ocAl_ﬁ( Eo

1 PeV

104 to 108 eV, Mod. Phys. Lett. A 22,1533 (2007)
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1 Component sensitive parameters

X,.,, in EAS
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* Normalizationin the impactparameterR,:
250 _ bc
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