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High Energy Cosmic-rays
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A” measurement of UHECRS

18-20 March 2025
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AS development v.s. Interactions
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Enerqy dependency of muon deficit
Normalized muon numbers results

SGSTe 1104 observed by several CR experiments
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Interaction study at the highest energy
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Alr shower and hadronic interaction

Cosmic-ray

Hadronic interaction
CR-NorO

Leading p, n

Y, TT0

o170 — 2Y

* Induce
electromagnetic
showers

Leading baryons

* bring the energy
to next collisions

* |[nelasticity:
fraction of energy
used for particle
productions
K =1 - Eleading/Ecr



Alr shower and hadronic interaction

Cosmic-ray

Hadronic interaction
CR-NorO

LHCf and RHICf measures
the very forward region at LHC/RHIC

cading p, N

Y, TT0

o170 — 2Y

* Induce
electromagnetic
showers

Leading baryons

* bring the energy
to next collisions

* |[nelasticity:
fraction of energy
used for particle
productions
K =1 - Eleading/Ecr




Interaction studies at LHC

osmic-ray (target-rest frame

CR, 1017 eV N,O
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Interaction studies at LHC

osmic-ray (target-rest frame

CR, 1017 eV N,O

O—» O

LHC(Center-of-mass frame)

proton, 7x1012 eV proton, 7x1012 eV

O—> <+—0O
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Interaction studies at LHC

Cosmic-ray (target-rest frame)

CR, 1017 eV N,O

O—» O

LHC(Center-of-mass frame)

proton, 7x1012 eV proton, 7x1012 eV Scattered proton
— O °
total @ & .
ATLAS X
O o
YT N X
—> k ®
CMS o
CMS
ﬁI!T “'AOE‘ NST ALICE ( ATLAS aLice for AA collisions

at the LHC
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LHCf experiment

——

roton roton
/

‘ Location

* ATLAS interaction point
e +/- 140m from the IP
» Cover Zero degree of collisions

| HCf detectors pseudo rapidity n > 8.4

« Sampling and positioning calorimeters

* Two towers, 20x20, 40x40mm=2 (Arm1) , 25x25, 32x32mm2(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

\\
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RHICT experiment

s ppVs=510 GeV (polarized beam )

0 Equivalent to Eiap = 1.4x1014eV SR TN
o Test of energy scaling with the wide prrange N il
o Single spin asymmetry measurement
o The operation was successfully completed in 2017 ../
o Common operation with STAR
ipole Pseudorapidity coverage: n > 6
Beam pipe STAR
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LHCf/RHICf Operations and Analyses

Run
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LHCf/RHICf Operations and Analyses

LHCf-ATLAS

Run Eiab (eV) Photon Neutron mo .. :
joint analysis
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Photon (779 measurement at pp

» Source of EM components in CR-air showers
" ¥'s originate from T® and n decays ,y_differential cross-section

~ LHCf covers high energy photons Xr >~ 0.1 " LACf 15=13TeV photon
i n>10.94, A¢p=180° -
: ) g nE fLdt=0.191nb™ _
Comparison with model predictions 10° -
EPOS-LHC shows the best agreement _f ;
QGSJETII-04 reproduces spectrum shape well s 107E E
SIBYLL reproduces energy flow well. 4 L -
Z .
Cy 10°E el il
z - e~ Data ban, Tl
Y. energy flow i L - - QGSJET Il-04 =i "-E
EM showers 5 oo T T 40 - - EPOS-LHC 'y
23501 pop Vs=taTev — oceEios | = DPMJET 3.06 .
S  EPOS.LHC | --- SIBYLL23 -
™ measurement T —— S 3001 —sveies || 107°F - PYTHIAB.212 [
_ _ S || wpet | s Preliminary | 250F ' - 4__!!!|!"_
simultaneous detection & " LHCf-Arm1 - ' - 1!
2y from 110 decays o (o PPSSISTEV. 0% 1 « 3F S
! L : 150f w0 8 2_ : i E
4000 r ) % LED : e _ _i -------
‘ ‘ 100 . 18 e . Jg_._-_o_o_-o::doootnlo R
Y 2000_— __ 50K b = feasT Dl W an e
I ;o ] - ol v
O:|l...lll..l|l..l....|....|....§|....|....: 1000 2000 3000 4000 5000 6000
T - e 5 6 7 8 9 10 11 12 13 Energy [GeV]
S o0 ZOOW ol CERN-THESIS-2017-049 "
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Photon: RHICT v.s. LHCf

m  Test of Feynman Scaling with RHICf (Vs=510GeV) and LHCf (Vs=7,13 TeV)
B Selected same Xr-pt phase space coverage as those results
B Normalized by Oinela. (Tinela= 48.3, 72.9, 79.5 mb for 0.5, 7, 13 TeV)

510 GeV v.s. 7TeV 510 GeV v.s. 7TeV 510 GeV v.s. 13TeV
n>10.94 8.81 <n<8.99 n>10.94

><'-'-1 R D L L L 1'I"'I"'I"'I" N L L L L
3 RHICf 2017 pp, Ys= 510 GeV RHICf2017 pp, Ys=510 GeV RHICf 2017 pp, Ys=510 GeV
-?: 10" p_<0.124 x¢ GeV 10" 0.87 xg GeV < p_<1.04 x¢ GeV p_<0.23 x; GeV
5 1072
- RHICf

107°

LHCE

£ This work (510GeV) 5 This work (510GeV)

i —4— LHCt (13Tev)

1R 4 I B B R R
0.2 0.4 0.6 0.8

ArXiv:2203.15416 "
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Forward Neutron at pp, Vs=13 TeV

A)n >10.75 B) 10.06 <n) <10.75 C) 9.65 <n <10.06

> Inelasiticity measurement
(k = 1- Eleading/ECR),
— important parameters for
understanding CR-air
shower development.

» Update of the past result with
extension of fiducial regions

> Energy resolution : 40%

do, /dE [mb/GeV]
do, /dE [mb/GeV]
do, /dE [mb/GeV]

F) 8.65 <n <8.80
—l T 1 | T T 1 | T T 1 | T LHCf p-p E =13 TeV
5 * | —— QGSJET 1-04

C R 1—_ ....................... .. ..... _— 1__ ,.,. ..... __ 1__ ........ EPOS-LHC
A S i 1 S R I : |~ DPMJET306

[0 )< | P ........... E— ....................... L ..... — [0JF - E— N ....................... * ..... . 08— ..... . . ........ PYTHIA 8.212
| —— sIBYLL23

0.6 = —| ....................... ...... = 0.6 71

do, /dE [mb/GeV]
do, /dE [mb/GeV]
do, /dE [mb/GeV]

AP N W o I = N O WO BN o O N B = = SR U T P A S B -

O-IIIlillllillllillllilllll - O-IIIIillllillllillllill E'— Oll llillll | . —— —
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000

Leading p, n o
O. Adriani et al., JHEPO7 (2020) 016
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Inelasticity from the neutron result

Energy flow

—3— LHCfp-p Vs = 13 TeV
—— QGSJET 11-04
—— EPOS-LHC
—— DPMJET 3.06
PYTHIA 8.212
—— SIBYLL2.3

IIIIIJIIJJJJJ]JIIIIlllllllllllll

5 9 95 10 105 11 115 12 125 13 135
M

Best agreement model

o)
E
OC

Average Inelasiticity: QGSJET [I-4
Energy spectrum: EPOS, SIBYLL

Energy flow: EPOS
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Elasticity distribution <Inelasticity>

2
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—$— LHCf p-p Vs = 13 TeV RN
- |—— QGSUETI-04 LHCf|  —————®
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e M — R R JSJ ET I1-04 ° O
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M) ET 3.06 BN AR NGl e

SIBYLL2.3| @

IIlilJJElllilllilllilllilIlil
048 05 052 054 056 058 0.6 0.62
<1l-k >

— ® neutron inelasticity
k = elasticity in events where o all particles inelasticity
the leading particle Is a neutron

O. Adriani et al., JHEPQO7 (2020) 016
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Muon puzzle solved ??

" |nclusive y, 7', n results

0 Data on the middle of model predictions.

) 2 | Auger SD E=19"eV
15 [
" Model updates " Fe "
1 |-
pre-LHC| = |post-LHC (~2010)| = |Recent :
EPOS 1.99 EPOS LHC EPOS LHC-R |
— EPOS LHC P
QGSJET 01/11-03 QGSJET 11-04 QGSJET Il 0 - EPOS LHC-R
T R N N N RN R R R
SIBYLL 2.1 SIBYLL 2.3 SIBYLL 2.3d 200 250 300
T T Pierog, ISVHECRI 2024 Xmax(g/cm )
[ TeV results | HCf results
N, 0 1. + other 13TeV results
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What we can do In the next.

Strange particle Joint analysis proton-Oxygen
measurement with ATLAS collisions

® One of candidates ® Process based analysis e |deal condition for CR

for muon puzzle e p-1rinteraction study interaction study
e | arge production

iInduce more muons

o KO

decay I \ interaction

3 = —
% ’
1 < \
v ‘ ! ey
‘ ‘ ' Wy | Sade =
f e < | i
\ ) " >
(| | f - o | -
! f b ™ \ :
f o
1 R s ~
_— | >y
» l' |
Wsr $CT Tracker Plxel Detector TRT Tracker

Proton
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How to measure strange particles in LHCf

pp collisions z
Kz XSwept out by D1 magnetic field

KO KOs decays between |IP and detectors.
KOs— 2110—4y

KOs

4r Poor acceptance
ct=2.7/Ccm BR: 31%

Challenging of reconstruction 4 photos

13-15 Mar 2023 ALICE Forward Workshop 2023



How to measure strange particles in LHCf

pp collisions z
Kz XSwept out by D1 magnetic field

KO KOs decays between |IP and detectors.
KOs— 2110—4y

KOg
ct=2.7/Ccm BR: 31%

Other channels

_"M A Decays between |IP and detectors.
é Nug < N— n+'|T0—>n+2Y
n + 170 (uds)  Challenging of reconstruction for

CT‘7-8<>m n+ 2V mix of hadronic and EM showers

BR: 36%
Wk -ﬁ’ N Reconstruction method is well established
(= method for 10 )

cT << 1 BR 39% (Uu+dd+ss)

4r Poor acceptance
Challenging of reconstruction 4 photos

13-15 Mar 2023 ALICE Forward Workshop 2023



n production diff. cross-section at pp, Vs=13 TeV

I 1=
i o s E iani
LS ‘3;3 = 0. Adriani et al., JHEP10 (2023) 169 | HCf-Arm2
! o B Vs=13 TeV, p_<1.10 GeV/c, n meson
@ 103} N 10—1 E_ pT< n
5 = — f Ldt =0.194 nb™ (u=0.01) + 1.9378 nb’ (L=0.03)
iof —| 2 E
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n/ m° Ratio

—
-

-
u —3— Type .
5 ~ LHCf-Arm2 Preliminary —3— Type Il small tower » Data : constant in the whole
g :— ys=13 TeV, pT<1 10 GeV/c, nym’mesons ratio i Qgg J:El;i\rlglg_%‘t‘ower ener ranae
e u j Ldt = 0.194 nb™' (u=0.01) + 1.938 nb™! (u=0.03) (Type 1) —— EPOS-LHC gy 9
o 0.8 — DPMJET 3.06 ‘,»
= —— SYBILL2.3
m — j Ldt = 0.194 nb™ (u=0.01) + 0.620 nb™ (u=0.03) (Typell) ’ E PO S—I_H C S I BYI_I_Z 3
0.6 ~ Much larger than data
— + | QGSJET11-04, DPMJET Il
0.2/1: * l/+>(\l\. - Good agreement with data

| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
0094 05 06 07 08 009
Xp (= E, ! Epam)
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Operation with pp, vs=13.6 TeV in 2022

146D fill - stable beam

m Successfully completed in Sept 2022

0 Record of the longest fill iIn LHC: 50 hours % RECORD LONGEST LHC FILL %+

NEXT morning meeting monday 9am

0 Low luminosity special run L = 0.4 ubl/s, 8*=19.2 m
0 300 M events obtained in total (&< 40 M In 2015)

thanks to improvement of DAQ speed, higher luminosity, and optimization of trigger.

AFS: 525ns_146b_144_35_22_8bpi_20inj_nocloseLR

’J)\ 90 j—_ | IA I1 CI) tl F; | I | | | I | | | I | | | I | | | I | | | J: ,Qq ‘
= m rm1, Center Pos, - ‘;';‘
S goE_ o Am2, CenterPos. = ' Photo at the control room
° — ® Armi1, 5mm High Pos — o | Ee— qx |
= 70 — , : , — . _ . SR
Z)’ — O Arm2, 5mm High Pos, - > - S = [y
= 60 — N
D — -
S 50k —
2 = =
@) — ‘ —
T 30 =

20 =~ ~150 M events for =

10~ \ each detector!! —

__I' ] i e T _________3{5? ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] |:
23014:0 : 4:00 2502:00 2514:00 2602:00 2614:00 2702:00

Time

9 July 2024 ISVHECRI 2024



Analyses with large statistics

3

_ - pp, \s = 13.6 TeV w0 =
® |mprovement of n and high-E mo - candidates I

n: 2 k events (2015) — 22 k events (2022) x10
— Cross-section measurement in Xr-pT1 DINS

—150

—40

—30

. n ] n
. g i n
| 1 - g I " 20
n . mm at n
2 - : I -. i n 10
| | | l ... | I | B r o 1 | | O

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 XF
m Measurement of strange hadrons (KO, A)
KOs : expect O(103) events  Fxview | MCK®
é . E=4TeV
T A1 Reconstruction U
of multiple hit events

< — Introducing o

A o — a machine learning technlqu%ezé

9 July 2024 ISVHECRI 2024
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Joint operation with ATLAS

" Process-based analyses
0 Detall understanding of interaction

0 Forward-Central correlation
0 Forward(LHCf)-Forward(ATLAS-ZDC, RP)
m  [rigger exchange btw. LHCf and ATLAS

0 merge reconstructed data with event-
matching

Diffractive dissociation One pion exchange Others (Non-diffractive)

ﬂ Final Trigger

Multi-parton
Interaction

(a) dissociation
system

P1

P

%
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Measurement of diffractive contribution

1—'_'10_5:IIIIIIIIIII|IIII|IIII|IIII:
Non-diffraction . Diffraction ' - o =
i e L M > ATLAS-LHCf Preliminary
\“ N 5 \“ SR S [ m \s =13 TeV, 0.191 nb _
| {,’; . | %>'10—6:— g 1>10.94, A¢=180° —
‘\\ T e O ‘\ s p o ==l all events |-
- 107 e P =
Nen >> 1 Nen ~ 0 o el ] E
10—8 “E\af.\\_\i \  //
Identification of diffractive events by ATLAS o .
~ —@— Data LHCf-Arm1, arXiv:1703.07678 o
9 —#— Data N_=0, ATLAS-CONF-2017-075
Method Large rapldlty gap 10 § zyst.+ztat. Unc. LHCf-Arm1
. N yst. + Stat. Unc. Nch=0
* Event selection by Ntracks=0 — An>5 " Uierosio N EPOSLHC N0
Niracks: the number of tracks detected 10~ 10— QGSJET-I-04 === QGSJET--04 N, =0
by ATLAS inner trackers (|n|<2.5, pt > 100 MeV) - 77 SIBYLL23 =i=:= SIBYLL2.3 N,=0
: : Ny - —— PYTHIA8212DL  -'='= PYTHIA8212DL N_=0
— Selecting pure samples of proton dissociations. . /
— Sensitive to only low-mass dissociations qott e L L Lo Lo e
Myx < 50 GeV 1000 2000 3000 4000 5000 6000

ATLAS-CONF-2017-075 Photon Energy [GeV]

18-20 March 2025 The Interaction workshop, Hong-Kong, China 24



Joint operation in 2022

Improvement from the last run in 2015 LHCf-Arm1  ATLAS ZDC

0 Large statistics 300 M events (« 6 M in 2015)

0 Participation of ATLAS ZDC and RPs
/DC — Improvement of energy resolution for neutrons
RPs — Tagging scattered protons

1.7 )\inela

m  Physics Targets

Detailed study of single diffractive collisions
]wl RPs

neutron enerqgy spectrum

Measurement of proton excitation (A+)

><‘IF'C.>

0 :
Measurement of A (A— n + 70) ]W/ ZzDC & —
p-m interaction study using OPE processes < [T
P n 3 T i
—_— —e 8 .
m g
0 : - -.n OPE [;
: — IR : L A4k 10°
One Pion Exchange (OPE) S R R

Energy [GeV]
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Joint operation with ATLAS RPs

Physics targets:
0 Detailed study of single diffractive collisions,
0 Measurement of proton excitation (very low-mass diff.)

P — >— p = AFP/ALFA p hadrons

Single diffractive P A+(1232)
= AFP/ALFA

p —> 70, v, n = LHCf }X D —> > A+< b
7w = LHCf

AT(1232) Decay Daughter Protons

ATLAS Simulation Prellmmary
d =15.0o0,,,+0.8mm

Fusibility study using MC
ATL-PHYS-PUB-2023-024

. SDlntact Protons
ATLAS Simulation Preliminary
d =15.00, ,,+0.8mm
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%05 1 15 2 a5 3 107 %05 1 15 2 25 3 107
proton transverse momentum p_ [GeV] proton transverse momentum p_ [GeV]
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p-O measurement in 2025




Motivation

m |deal condition of CR-AIr interaction study
First proton-"light ion™ collisions at colliders
Different modeling of nuclear effect induces difference predictions among models.
Negligible contribution of Ultra Peripheral Collisions (UPCs)
. e e
Nucleus(nucleon)-Nucleus interactions m . 88<y<90 | v
Glauber theory O > ' ? :_ ____________________ ____________________ _____________ SBYLL 25085 <y <50 |-
describe as superposition O— <O i SIBYLL2 3c EPOS_LHC
o + |_ ............................... —'_I_ .........
of nucleon collisions O—) : %;:_ H
Nuclear effect | Nuclear Modification Factor °-4 - QGSJETIIO4 """" e
- Nuclear shadowing . o . I : : | —
imiting E foti R — pO : ~ Nuclear modification factor
- Limiting rragmentation — Ao . - for nO Droductlon at DO
_ _ : : 00 L. i, 1 1 i 0 N
QGP (core-corona) : pp o 0 08 v

A: average number of .
nucleon collision : pT [GeV/c]
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Operation strategy

. Setup

0 Only Arm2 detector is

Installed In p-remnant side.
too-high multiplicity (<#Hits> > 5) in O-remnant side

0 Joint operation with ATLAS

Proton Oxygen

Arm?2

Jul 2025
m Oxygen run in July 2025

1 week special run ( p-O and O-0 )
0 |nstall the detector during TS1

0 Beam commissioning (4 day)

0 p-0 collisions (2 days) < LHCf Operation
————— Remove the detector from LHC - - - - -

0 O-0 collisions (2 days) < too high multiplicity

*) This schedule might be changed
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Summary

m | HCt measures the very forward neutral particles,
which are motivated for cosmic ray physics.

m Presented results from Run 2 data

0 Updated neutron results — Inelasticity measurement.
O 1 meson diff. cross-section

B Many analyses are on-going

0 n, 70 with high statistics data, KOs measurement
a0 Joint analyses with ATLAS including ZDC, RPs

(Joint analysis using Run 2 data is on-going, also)
m PO operation will be In 2025

0 |deal condition for studying CR-AIr interactions.
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Thank you very much !!



Backup



Effect of the Ultra Peripheral Collisions (UPCs)

¢— ------------------------------

p-Pb at Vsyn = 8.2 TeV

» Central Collision Perlpheral Collisions ; _ R
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. UPCS are baCkground 10_5§ 50:_ ..................................
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B OgupC « /? VT E=
0 p-Pb: QCD ~ UPC S R R e
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Photon energy [GeV]

a Air: Oxygen atom (neutral)

LHC Beam : Oxygen nucleus (+8e)

- er sub. : : : :
100,_ ................... ‘ ....................... ........................ ....................... , ................. o
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Relative error [%]
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Impact on LHCT-ATLAS joint analysis

B Need to be careful In the

central-forward correlation
analyses with ATLAS.

® |n single diffractive study.

Little central activity in both
low-mass diffractive and UPC
events.

— No way to separate

these events experimentally.

The UPC contribution is still a
controllable level.

18-20 March 2025

Non-diffractive
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LHCf+ZDC beam test at SPS

Ies

3500

ntr

m CERN SPS H4 beam line |

W 3000

" | week in Sept. 2021

2000

m Proton 350 GeV/c beams
m obtained 650 k events in total

500

LHCf alone

Preliminary

o/E ~ 50%

 LHCf-ATLAS ZDC
Preliminary

SPS joint beam test in 2021
- proton, 350GeV/c
LACf-Arm1 TS

R T TTTT]
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ai

6 71 8 10
dE in LHCf Arm1
Confirmed improvement of
energy resolution to 21%

18-20 March 2025 The Interaction worKSI

#events [/7GeV]

700

600

500

400

300

200

8

LHCf_Arm1 sumdE[GeV]

|
10

3
AR
h_sumdE_LHCf center &
Entries 17305 \J ) \; N
M 3.064 )
Std Dev 2214 2
1 ¥ y A
= - . | ,
: '/”,' ? LE ‘.\’" -~
— i 'wu‘ ) ———
= / 5 O
- 7 { \‘ N N
- / \ \ o e - Rl s ~
— \(I\ NN R e, l\\ 2
] "\'\\}\\'\; 4.5 gt =% =
] A\ ‘\\\\'Q»\:\‘:NQL fj—ﬁ';’-'z—“ oyl R =&
_ LN \iirsz:’f" E o ‘\54 f .Q_
E = = N
\ 1 r
i’ [}

=

“SNN
WA
A
: {
y
f
I ‘
\
\
)
-~ /i
-
4

LHCI{-ATLAS ZDC
Preliminary

SPS joint beam test in 2021

proton, 350GeV/c

LHC{-Arm1 TL
All events

200 Enérgy meésured I
by LHCf-Arm1 + ZDC [GeV]




On-going Joint analyses with ATLAS

Diffraction
AI]Ragldlty gap

Arm2-Large Tower

— EpT"S4500 GeV

- - - 500<E[-2""<1500 GeV

— EPOS-LHC

—— QGSJET II-04

~7- —— SIBYLL 2.3
\1\ A PYTHIA 8.212 DL

| I
\

1074

I T TTTIH
1\
I /
7
/ Ve
s
Vv
s 17
/7
/

107°

SOOGeV < E

trwe

< ISOOGeV

Cross-section

events normalized by the number of collisions

.....

) - : .'.' AN b .
" - " - )
’ o "._ . 2

A1} - . .. & )

Il ) o $ = . ‘

: ! - 0 >
| : ') (a - h" 1 -\‘ “# ¥

b o W0 " LN AN,
\ e .
\ y P \ N N YN
- N RN \ .
\ - 7 ~ \
IR GEEN \ \
- \
— \ \
Torold Magne!, - not SCT Trocker Pixel Detector 1RT Tracker 10 7 \ \
\ \
roton E..  >4500GeV I
- N \
frue
/\ /\ N
N
- - - - -8 ] ] ] | ] ] ] ] [\/ \ [

0 20 40 00 120

m Study of diffractive collisions No i ATLAS
0 Photon spectra with Nch=0 in ATLAS (p>0.1GeV, |n| < 2.5)
. Study of MPI

O Correlation between forward neutron and Nch In ATLAS

Superposition of single APl: MPI ./ Forward neutron energy
Kinematic overlap - MPI /' Forward neutron energy —
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