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What we want to know?

Origin and nature of (ultra)-high-energy 
cosmic rays, acceleration mechanism etc…

Dark Matter or 
Beyond Standard 
Models

TA Collaboration, Science, 382, 903 (2023).



Recap: how to measure HE cosmic-ray 

Arrival direction, Energies, depth (mass/charge)

Objectives
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Objective:

• Build probabilistic framework to constrain proton-air interaction properties from the full joint distribution of Xmax and Nμ

Muonic 

component

Decay

Decay

Electromagnetic (EM) 

component

Hadronic 

component / core

Detector level [link]
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[link]

Auger

[link]

[link]

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?

Arrival direction, Energies, 
depth (mass/charge)

Current
• Xmax and Nμ average 

Current+α
• Event-by-event? 
• Proton selection?

Future
• New measurement 

technique ?
• New Observable?

Cosmic-ray skymap
+ mean mass

Proton skymap?

Cosmic-ray Skymap
w/ mass
composition?
(e.g. P/He/CNO/Fe)

Correlation analysis
Proton Astronomy?

Focus on a specific 
direction (e.g. weak 
magnetic field)

Correlation analysis
w/ sources and HE 
CRs?
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Derailed discussion in 
K.Ohashi’s talk [link]

https://indico.cern.ch/event/1477330/contributions/6925046/attachments/3230074/5757518/AirShowerWorkshopOhashi2026Share.pdf


How to approach the origin of cosmic-ray?
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Current
• Xmax and Nμ average 

Current+α
• Event-by-event? 
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Cosmic-ray Skymap
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Focus on a specific 
direction (e.g. weak 
magnetic field)

Correlation analysis
w/ sources and HE 
CRs?

Hadron Interaction matters?
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Derailed discussion in 
K.Ohashi’s talk [link]

https://indico.cern.ch/event/1477330/contributions/6925046/attachments/3230074/5757518/AirShowerWorkshopOhashi2026Share.pdf


Hadron Shower Anatomy with Xmax and Nμ
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Objective:

• Build probabilistic framework to constrain proton-air interaction properties from the full joint distribution of Xmax and Nμ

Muonic 

component

Decay

Decay

Electromagnetic (EM) 

component

Hadronic 

component / core

Detector level

Xmax Nμ

Probes the EM cascade
• Sensitive to first 

interaction depth
• Depends on multiplicity 

Nmult and π0 fraction r
• Determines how fast energy 

flows into the EM shower

Probes the hadronic cascade
• Muons originate from 

charged pion decays
• Sensitive to hadronic 

energy fraction (1−r)
• Depends on multiplicity 

and inelasticity

Affecting Xmax
• p–air cross section → first interaction depth
• Multiplicity Nmult → shower development speed
• π0 fraction r → energy transfer to EM cascade

What matters in hadronic interaction model

10

Affecting Nμ
• Multiplicity Nmult → # of hadrons in cascade
• π0 fraction r → hadronic energy fraction (1-r)
• Inelasticity Kinel → energy retained in hadronic

core



Mass composition with Xmax and Nμ

Using Xmax and Nμ, clearly separated 
between Proton and Iron

イベントごとの粒子種判別

11

Galaxies 2022, 10(3), 75; 
https://doi.org/10.3390/galaxies10030075

と を両方求めることはすでにAugerでできている。


しかし、 以上では、 と の相関関係を見ると
シミュレーションの予測から大きく外れている。

Xmax Nμ

1017 eV Xmax Nμ

と を同時に使うことで、粒子種選別ができるXmax Nμ
https://doi.org/10.1140/epjc/s10052-020-8055-y

Auger 2020

陽子と鉄では分布が綺麗に分かれる

イベントごとの粒子種判別

11

Galaxies 2022, 10(3), 75; 
https://doi.org/10.3390/galaxies10030075

と を両方求めることはすでにAugerでできている。


しかし、 以上では、 と の相関関係を見ると
シミュレーションの予測から大きく外れている。

Xmax Nμ

1017 eV Xmax Nμ

と を同時に使うことで、粒子種選別ができるXmax Nμ
https://doi.org/10.1140/epjc/s10052-020-8055-y

Auger 2020

陽子と鉄では分布が綺麗に分かれる
However, E > 1017 eV, discrepancy between 
data and MC exists

Auger 2021 PRL 126, 
152002
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Proton selection?
100 PeV. The large physical size of the array collects sufficient
statistics which permits very strict quality cuts in event selec-
tion. The flux measurement at every energy in the spectrum
has the statistical error less than 10%. The wide field-of-view
(FoV) Cherenkov telescope array (WFCTA) [21] is designed to
have both a large FoV of 16◦×16◦ and high-resolution pixels
of 0.5◦ that enables fine imaging of the shower in the develop-
ment in the atmosphere. The depth of the shower maximum
is measured with the resolution of 40 g/cm2 [22]. Importantly,
the imaging technique provides a high resolution shower energy
measurement with a Gaussian resolution of 15% throughout the
range from 0.1 to 10 PeV covering the knee. They are located
4410 m above sea level, an altitude close to the atmospheric
depth of the shower maximum for vertical events at ∼1 PeV,
where the shower fluctuations reach their minimum. the tilting
elevation angle of the telescopes allows selection of suitable at-
mospheric depths to optimize the shower measurements in dif-
ferent energy ranges. All of these features make LHAASO an
ideal instrument for performing a precise measurement of the
proton spectrum.

2. Hybrid measurements of air showers

KM2A and WFCTA are used in the hybrid measurements of
showers. The electromagnetic particle detectors (EDs) in the
KM2A array are scintillator counters that measure the number
of secondary particles passing through them and the arrival time
of those particles at various distances from the shower core. The
shower front is constructed, allowing for the retrieval of shower
core position and arrival direction with resolutions of 6.5 m and
0.4◦ at 0.158 PeV, improving to 1.5 m and 0.1◦ at 3 PeV, respec-
tively. The other array in KM2A, muon detectors (MDs) buried
2.5 m beneath the surface count the number of muons passing
through them. On average, even in the lowest energy showers
used in the analysis, over 1000 muons were recorded, which
offers highly precise measurements of the muon content. Im-
ages of the air showers are recorded by imaging atmospheric
Cherenkov telescopes in WFCTA simultaneously. The total
number of Cherenkov photons in the image is a good shower
energy estimator for well-developed showers which pass their
maxima before reaching the telescopes. In order to select those
showers, all telescopes are tilted with the main optical axis to
45◦ in elevation thus ∼850 g/cm2 depth of the atmosphere used
in the shower development. Combining the muon content and
the number of photons together, reconstruction of the shower
energy is further optimized by minimizing the systematic bias
below 1% throughout the energy range and a resolution of 10%
above 1 PeV. Fig. 1a shows the energy resolution functions for
events in three energy intervals. As the energy of the shower is
known, the muon content and depth of shower maximum can
be normalized to be independent of energy. As a result, the cor-
relations with the mass of primary particle become explicitly
manifest. This enables identification of the primary particles.
More details are provided in Supplementary material.

The data were collected simultaneously by KM2A and
WFCTA from October 2021 to April 2022 on clear nights only.
The total observation time for each telescope during the hybrid

observations with KM2A was approximately 900 h. Approx-
imately 9.4 × 106 events with energy between 0.158 and 12.6
PeV survived the quality cuts. The selection efficiency is 100%
within the effective aperture of Aeff ∼ 75000 m2 sr for the hybrid
observation. For details of the analysis, see the corresponding
descriptions in Supplementary material.
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Figure 1: Energy reconstruction, proton selection principle and perfor-
mance. (a) The energy resolution functions for events with reconstructed
energy from three energy bins. They are symmetric and well fitted with
Gaussian functions, with the systematic bias less than 1% and σ-parameter
∼14% [log(E/PeV)=−0.8 to −0.7], ∼10% [log(E/PeV)=0.0 to 0.1] and
∼10% [log(E/PeV)=1.0 to 1.1], respectively. (b) Simulated event distributions
in the two-dimensional parameter space (Pθc, Pµe). Pθc is a component sensi-
tive variable related to shower maximum measured by WFCTA, while Pµe is a
component sensitive variable related to muon content measured by KM2A. For
detailed descriptions, please refer to the following text and Supplementary ma-
terial. Many proton events (red contours) are clearly separated from the other
events (blue contours). The gray points show the scatter plot of the association
between Pθc and Pµe for heavier components. The black solid line indicates
the selection criterion for protons. The events to the lower right of the black
line are those retained after selection. (c) Distributions of Pθc+µe for events
with energy between 1.58 and 2.51 PeV. The experimental data (black dots)
are shown together with simulated protons (pink histogram), helium (blue his-
togram), heavier components(green histogram), and their sum which is marked
as MC (red histogram). The sum of the simulated events fits the data well. The
simulation events are based on the EPOS-LHC model. The black line represents
the proton selection criterion. It can be seen that, after selection, events heavier
than helium (CNO+MgAlSi+Iron) are almost completely excluded, allowing
the contamination of proton events to be neglected. (d) The corresponding se-
lection efficiency of protons (black dots) and other components (blue squares),
as well as the purity of protons (red dots), as a function of energy. The three
dashed lines at 25% (black), 90%(red), and 3%(blue), serve as their reference
values, respectively.

3. Proton sample identification

Showers induced by heavier nuclei have larger muon con-
tents, which are roughly proportional to A0.1, where A is the
atomic number of the nucleus [23]. Among ground-based ar-
rays of comparable scale, LHAASO has the largest area of
muon detectors, with a total area of 40000 m2, which is evenly
distributed throughout the entire array. It can effectively and
evenly measure the muon contents in the EAS whose cores well
contained in KM2A. Given the energy of a shower, the number
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PeV-scale seems Ok for proton selection? 
Then, mass composition study in these enegies?

Science Bulletin 
70(2025)4173-4180 [link]

Muon content 
related parameter 

https://arxiv.org/abs/2505.14447


Mass Composition at the PeV-scale
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PoS(ICRC2025)248

Global Spline Fit GSF-2025 – An update of the data-driven model of the cosmic-ray flux and its mass
composition

Figure 3: Scaled cosmic-ray flux per energy interval from direct and indirect measurements (see Tab. 1).
Solid markers indicate direct measurements of the leading elements in each mass group; open markers
represent indirect air-shower observations. Error bars denote the quadratic sum of statistical and systematic
uncertainties, except for indirect mass-group data, where they are omitted for clarity. All data points are
adjusted to a common energy scale E , consistent with Fig. 1. Solid lines and shaded bands show the GSF
prediction and its uncertainty. Note that the fluxes of elemental oxygen and iron are lower than the total flux
of their respective mass groups, as discussed in the text.

for future theoretical and experimental studies.

Acknowledgments AF and KF acknowledge support from Academia Sinica (Grant No. AS-
GCS-113-M04) and the National Science and Technology Council (Grant No. 113-2112-M-001-
060-MY3). RE has been supported by the German Ministry of Education and Research (BMBF)
grant no 05A23VK4.
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G Imaizumi et al., 
PTEP 10 (2025)
[link]

• 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?  

[link]

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


The Era of “PeVatron Zoo”

15

Victor Hess 1912

• New types of sub-PeV emitters*:
Microquasars: SS 443
Stellar cocoons: Cygnus Cocoon  
SNRs: G106.3+2.7 
TeV halos

PeVatron “zoo” still underpopulated!  

Scarcity of PeVatrons in the Gamma-ray Sky

15 Ke Fang γ

Adapted from K. Fang’s slides
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What open physics questions you 
think may be clarified before 2050

Maybe, source identification for PeVarons

What key problems you expect will still 
remain unresolved by 2050

Then, the next question is if they could 
explain the amount of “Knee’s fluxes”
èThe understanding of PeVatron Physics 

would be important
Multi-messenger, including 

CR mass composition? 



2030’s: (sub) PeV-scale is intersection?
PoS(ICRC2025)248

Global Spline Fit GSF-2025 – An update of the data-driven model of the cosmic-ray flux and its mass
composition

Figure 3: Scaled cosmic-ray flux per energy interval from direct and indirect measurements (see Tab. 1).
Solid markers indicate direct measurements of the leading elements in each mass group; open markers
represent indirect air-shower observations. Error bars denote the quadratic sum of statistical and systematic
uncertainties, except for indirect mass-group data, where they are omitted for clarity. All data points are
adjusted to a common energy scale E , consistent with Fig. 1. Solid lines and shaded bands show the GSF
prediction and its uncertainty. Note that the fluxes of elemental oxygen and iron are lower than the total flux
of their respective mass groups, as discussed in the text.

for future theoretical and experimental studies.
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[link]

https://pos.sissa.it/501/248/pdf


Hadron interaction studies at the LHC
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ALICE [link]LHCb [link]CMS [link]ATLAS [link]

LHCf [link]

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
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Hadron interaction studies at the LHC

Forward photon 
~ π0 production

EPJC 83 (2023) 441
EPJC 78 (2018) 697 JHEP 01 (2022) 166

ALI-PREL-595678

Charge particle production @ 13 TeV / 13.6 TeV

PLB 780 (2018) 233-239

Inelastic pp cross section@13 TeV

CERN-FASER-CONF-2025-004

Forward Hadoron production @ 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 
ratio of charged pions and kaons

Electron and muon neutrino fluxes populate different 
energy regions which will help to disentangle them

One of possible approach “muon excess” 

Sensitive to measure a charm component, enable to 
constrain prompt neutrino for neutrino astronomy inputs

CRC Town Mee*ng 16th March 2026 Tomohiro Inada 18FPF LoI [link]

https://arxiv.org/pdf/2510.26260


Cosmic-ray to Hadron Physics? 
arXiv:2602.22105 [link]

Air shower observables (Xmax, Nμ) 
→ first interaction hadron physics

Enable to approach the forward
hadron production beyond the
LHC (100 PeV)

Different regions of the (Xmax , Nμ) 
plane correspond to
different properties of the first 
proton–air interaction
→ sensitive to forward particle 
production

1st Interaction depth Multiplicity Elasticity

Hadron Energy fraction Hadron energy sharing EM energy sharing

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?
The cosmic ray spectrum
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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???
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 

• HL-LHC < 2040’s and EIC ~ 2040’s (?)
No hadron collider for a few decades after 2040s – 50s.
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

Your personal perspective and 
aspirations looking toward 2050

LHC@CERN Electron Ion Collider@BNL

Future Circular Collider (FCC) 
@CERN
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High-Energy Particle Interaction study with Cosmic-ray
• Precision Cosmic-ray measurement enables 

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)

Would be good to cooperate with neighboring field 

?link

FPF LoI [link]

PRD 
(2025) 
[link]
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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
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1. Cosmic-ray physics requires understanding of hadronic 
interactions
• Air-shower observables (Xmax, Nμ) depend on hadron interaction 

properties
• Current tension between data and interaction models
2. LHC and collider neutrinos provide key inputs
• Forward particle production measurements
• Neutrino measurements constrain π/K production and muon excess
3. Cosmic rays themselves probe hadron physics beyond accelerators
• Air showers access >100 PeV interactions
• Complementary to accelerator experiments
4. Toward the 2030–2050 era
• Improve proton extraction and mass composition
• Tune hadron interaction models
• Enable light hadron astronomy, and extend heavier nuclei for the 

future as well as PeVatron studies

Take-home message
Cosmic rays are not only astrophysical 
messengers but also a unique laboratory for 
high-energy particle interactions.

We are here!
[link]

https://project-hl-lhc-industry.web.cern.ch/content/project-schedule

