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What we want to know?
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Origin and nature of (ultra)-high-energy

cosmic rays, acceleration mechanism etc...
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Recap: how to measure HE cosmic-ray
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https://indico.cern.ch/event/1258933/contributions/6490707/attachments/3104095/5500854/PrimaryInt_mapping_XmaxNmu_ICRC2025_MAM.pdf
https://indico.cern.ch/event/1258933/contributions/6490667/attachments/3104254/5502080/darko_veberic-auger_universality-icrc2025.pdf
https://arxiv.org/pdf/1409.4809v3
https://arxiv.org/pdf/1409.4809v3

How to approach the origin of cosmic-ray?

Current »Cosmic-ray skymap
* Xmaxand N, average ” + mean mass
Focus on a specific
direction (e.g. weak
] magnetic field)

[ Arrival direction, Energies,

depth (mass/charge)
| Current+a #Proton skymap?
"  Event-by-event? . :
. Proton selection? ‘ Correlation analysis
Proton Astronomy?
Future -Cosmic—ray Skymap Correlation analysis
« New measurement w/ mass w/ sources and HE
technique ? composition? CRs?
* New Observable? (e.g. P/He/CNO/Fe)

Derailed discussion in
K.Ohashi's talk [link]
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https://indico.cern.ch/event/1477330/contributions/6925046/attachments/3230074/5757518/AirShowerWorkshopOhashi2026Share.pdf

How to approach the origin of cosmic-ray?

Current m ’Cosmic-ray skymap
* Xmaxand N, average ” + mean mass
Focus on a specific
direction (e.g. weak
] magnetic field)

Arrival direction, Energies,
depth (mass/charge)
S %‘ S Current+a C »Proton Skymap7

« Event-by-event? : :
. Proton selection? ‘ Correlation analysis
Proton Astronomy?
———————— Future - »Cosmic—ray Skymap Correlation analysis
« New measurement w/ mass w/ sources and HE
technique ? composition? CRs?
* New Observable? (e.g. P/He/CNO/Fe)
Hadron Interaction matters? Derailed discussion in

K.Ohashi's talk [link]
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https://indico.cern.ch/event/1477330/contributions/6925046/attachments/3230074/5757518/AirShowerWorkshopOhashi2026Share.pdf

Hadron Shower Anatomy with X, ., and N,

Xmax

component

X Xﬁrst int + XO 11’1(

111 ax

« Sensitive to first
interaction depth

« Depends on multiplicity
N uit and m0 fraction r

» Determines how fast energy
flows into the EM shower

What matters in hadronic interaction model

2

fAffecting Ximax
« p-air cross section - first interaction depth

* Multiplicity N,,,,;s = shower development speed

« w0 fraction r — energy transfer to EM cascade

Electromagnetic (EM)

o =Xe )/1n 2 o
€. mu1t1 '

Probes the EM cascade
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component / core N K
\\\MP By gy 0D
0\ 1 €, In Nmu It
i Probes the hadronic cascade
Wt « Muons originate from
M :
— charged pion decays
component » Sensitive to hadronic
v energy fraction (1-r)

I

» Depends on multiplicity
and inelasticity

|

' Affecting N,

* Multiplicity N,,.;x — # of hadrons in cascade

« w0 fraction r — hadronic energy fraction (1-r)

Inelasticity Ki,ef — energy retained in hadronic
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Mass composition with X, ., and N,
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https://doi .org/10.1140/epjc/s10052-020-8055-y
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However, E > 1077 eV, discrepancy between

data and MC exists
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Science Bulletin
70(2025)4173-4180 [link]

Proton selection?
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https://arxiv.org/abs/2505.14447

Mass Composition at the PeV-scale

PeV-scale is still relatively open for
mass composition measurement

Hadron interaction model still
affects, but mildly

Tune models with measurements

Establish mass composition study?
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https://academic.oup.com/ptep/article/2025/10/103F02/8263927
https://pos.sissa.it/501/248/pdf

The Era of “PeVatron Zoo"”

What open physics questions you oot Nt Crab Nebula
c o ’ LHAASO, Science (2021)
think may be clarified before 2050 .

Cygnus Cocoon
HAWC, Nature Astro (2021)

Maybe, source identification for PeVarons

What key problems you expect will still

. 0.1-100‘TeV:skyHby HAWC -
remain unresolved by 2050 oy s —

; 4 -~ Galactic center PeVatron N ‘_ﬁ:\
P72 2 H.E.S.S. Nature (2016)

Then, the next question is if they could A Nt S

explain the amount of “Knee’s fluxes”

=>» The understanding of PeVatron Physics
would be important

H.E.S.S. Gamma 2022

2 -0 2 4 6 8 10 12 14

M U |t| -messen g € r’ INC | U d N g *incomplete list. Also see TeVCat http:/tevcat.uchicago.edu VTS

CR mass composition?
Adapted from K. Fang's slides
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2030’s: (sub) PeV-scale is intersection?
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https://pos.sissa.it/501/248/pdf

Hadron interaction studies at the LHC

I HCAL

S ECA Mg MS
SciFi
\ e
¥
ZSm\
'y Vi T \\ -
/ At ¥ \\ LAr hadronic end-cap and :l‘
/ N/l / \ \ Y\, forward calorimeters <
L / / Pixel detector
\ /%oid magnets / \ |Ar electromagnetic calorimeters " )
uon chambers Solenoid magnet | Transition radiation fracker ) ) y 4 /) I N
Semiconductor fracker . 200 \ N . ? ]
He &

Charged particles
S P [CIN (o8 Neutrinos

Neutrings
LOS QR e = o e e e S e -> m

LHC magnets Residual hgf"“s TI-12 tunnel

TI-18 tunnel
<—)| Collisions |<_)
100m in ATLAS Jo——
) e
= : 480 m T 480m
LHCF [link]

16

CRC Town Meeting 16th March 2026 Tomohiro Inada


https://alice-collaboration.web.cern.ch/%202024_ALICE_LS2_upgrade_paper
https://lhcb-outreach.web.cern.ch/detector/
https://cms.cern/detector
https://atlas.cern/
https://home.cern/science/experiments/lhcf

Ginel [mb]

Hadron interaction studies at the LHC

Charge particle productlon @ 13 TeV / 13. 6 TeV
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https://link.springer.com/article/10.1140/epjc/s10052-023-11436-8
https://link.springer.com/article/10.1140/epjc/s10052-018-6144-y
https://arxiv.org/pdf/2107.10090
https://cds.cern.ch/record/2937901/files/2506.14989.pdf
https://linkinghub.elsevier.com/retrieve/pii/S0370269317310365
https://fasergen.web.cern.ch/fasergen/PUBLICATIONS/CERN-FASER-CONF-2025-004/

Collider Neutrino Inputs to Hadron Models

Ratio of electron and muon neutrinos is a proxy for the Rk ek — e T e
: : 0 T wrms - mposiica —x 0% T s - mrosinca —x
ratio of charged pions and kaons g | rmmeow - coseta | g |oC rmmeee T weese —_—
A ... DPMlet-111 = QGSJet-lIl — A= m ] . DPMJetlll e QGSJet-11 — A=
3 10° 2 10°
Electron and muon neutrino fluxes populate different £ . £ §
energy regions which will help to disentangle them % %
3 100 2 10pf
One of possible approach “muon excess s =
10! 104 10

Sensitive to measure a charm component, enable to
constrain prompt neutrino for neutrino astronomy inputs
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Neutrino Energy |GeV |
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prompt atmospheric v, + b, flux
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https://arxiv.org/pdf/2510.26260

Cosmic-ray to Hadron Physics?

arXiv:2602.22105 [link]

Epos LHC-R: Ep = 10'%-% eV (/syn = 137 TeV), 6 = 60°

Air shower observables (Xqax, N,)

— first interaction hadron physics o000 (X1)(zem2) 275 1o (ome) s 1Lo (k) |
Enable to approach the forward ; 1000 | 1 '_ 1
hadron production beyond the : ol _ _ ]
LHC (100 PeV) * ] F — 1 1

1st Interact|on depth 1 Mult|pI|C|ty 1t » EIastl,C|ty 1
Different regions of the (Xmax . N,) 200k 0 (ahad) 1l o0 (Cea) a4 1 ;0_0' C(CeM) 15 g
plane correspond to = —:1 ][ W— ][ W i
different properties of the first § 1000 1t 1t
proton-air interaction % [ ] ]
— sensitive to forward particle £ soof 1[ 1F 1
oroduction Hadron Energy fraction] [Hadron energy sharing] | EM energy sharing,

0.5 1.0 la 05 1.0 1.5 0.5 1.0 1.5
Ny /(Ng) Nu/(Ny) Ny /(Ny)

This work does not directly compare with LHC data,, but provides a framework to interpret cosmic-ray air showers
in terms of particle production in the first interaction, complementary to accelerator measurements.
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https://arxiv.org/pdf/2602.22105

Transition from Galactic to Ex-Galactic?

What open physics questions you think
may be clarified before 2050

Proton extraction would work with hadron
interaction model tuning and other technique
improvement e.g. ML-based analysis: Auger
PRL 2025 [link]

Hopefully, some mass composition studies are
done.

Tuned hadron interaction model for UHECR
study

What key problems you expect will still
remain unresolved by 2050

Maybe still, need to knowthe UHECR origin?7??
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Details should be discussed in
Keitaro and Max's talk
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.021001

Cosmic-ray as a unique laboratory for fundamental physics

Your personal perspective and
aspirations looking toward 2050

HL-LHC < 2040’s and EIC ~ 2040’s (?)

. FutUre Clrcu)ar“ |
No hadron collider for a few decades after 2040s — 50s. "f@:CERN ‘

The FCC-ee is a Higgs factory

Turns out we need to finish measurements for hadron
interaction model before then (High priority!!)
(FASER upgrade by Menjo-san)

The tool for the direct measurement in the energy frontier

(>TeV) might be only cosmic-ray
CRC Town Meeting 16th March 2026 Tomohiro Inada
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High-Energy Particle Interaction study with Cosmic-ray

* Precision Cosmic-ray measurement enables | . 5 L (RGS Ll
Very small-x and dense QCD (gluon) frontier, hinting ; ’ <
the origin of proton mass

Searches Dark matter or New Physics Beyond
Standard Model in the energy frontier (like pion or
muon discovery in the early time)

10°
. . . . Forward Physics Facility ‘_‘W
Would be good to cooperate with neighboring field 72 LDIS/VDIS - oy
EE v-flux
10 < Other Projects
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95% CTAO Projection [up to 20 TeV - halo dependent] 10—28 (@% 102 1 SHIP VDlS and v-flux Tevatron
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https://arxiv.org/pdf/2511.03883
https://arxiv.org/pdf/2510.26260
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.111.083048

Summary

1. Cosmic-ray physics requires understanding of hadronic
interactions

« Air-shower observables (Xmax, Ni) depend on hadron interaction
properties

 Current tension between data and interaction models

eeeeee

13.6 TeV

13 TeV

e limit LI Installati
7Tev BTeV buiton coiim ‘ fg{;;:m nnnnnnnnnnn e

-mmmmmm}

rrrrrr

2. LHC and collider neutrinos provide key inputs -mmm-m-mqﬁm Ty
 Forward particle production measurements e o

 Neutrino measurements constrain /K production and muon excess | ™=

||||||||||||||||||||||

DEFINITION EXCAVATION BUILDINGS cones

3. Cosmic rays themselves probe hadron physics beyond accelerators
» Air showers access >100 PeV interactions

« Complementary to accelerator experiments

eeeeee

integrated IR
tuminosity REVIR TR

PROTOTYPES / ‘CONSTRUCTION INSTALLATION & COMM. | PHYSICS

4. Toward the 2030-2050 era (Take-home message

« Improve proton extraction and mass composition Cosmic rays are not only astrophysical

e Tune hadron interaction models

high-energy particle interactions.

messengers but also a unique laboratory for

~N

/

« Enable light hadron astronomy, and extend heavier nuclei for the
future as well as PeVatron studies
CRC Town Meeting 16th March 2026 Tomohiro Inada
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https://project-hl-lhc-industry.web.cern.ch/content/project-schedule

