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LHC

World’s highest energy hadron collider

ATLAS

From the LHC to the cosmos
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Outline

Run: 501640 Event: 515109806

2025-07-01 23:23:29 CEST

The LHC as a cosmic collider
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Cosmic rays: Energetic particles from outer space 

 Can reach EeV energy scales 
 Highest energy cosmic ray observed: 320 EeV 
 Questions about cosmic ray origins & composition 

→
→
→

Cosmic ray physics is limited by 
air shower modelling (soft QCD)

Cosmic ray

Collision

Air shower

Cosmic collisions

Image credit: Osaka Metropolitan University/L-INSIGHT, Kyoto University/Ryuunosuke Takeshige 

https://www.eurekalert.org/multimedia/1006072
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Key area where knowledge of 
fundamental processes is limited  

Theoretically: 

    - Beyond perturbative QCD regime   

    - Employ phenomenological       
      models with tunable parameters

Soft QCD in the sky!

 Measurements are vital 

Soft QCD

Image credit: Osaka Metropolitan University/L-INSIGHT, Kyoto University/Ryuunosuke Takeshige 

https://www.eurekalert.org/multimedia/1006072


Run: 501640 Event: 515109806

2025-07-01 23:23:29 CEST

16O

p
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From the cosmos to the LHC
In July 2025 LHC became world’s highest energy 

proton-Oxygen collider  = 9.62 TeV 

Equivalent fixed-target energy = 49 PeV

sNN

3.4 TeV per nucleon

6.8 TeV



Run: 501640 Event: 515109806

2025-07-01 23:23:29 CEST
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From the cosmos to the LHC
• Recreate physics of cosmic ray air showers in the lab  
• Models currently tuned to pp/p+Pb LHC data  
• Measure fundamental processes in p+O data  

 Improve air shower modelling→

16O

p

3.4 TeV per nucleon

6.8 TeV
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ATLAS physics briefing 
 CERN news article

PRL 137 (2026) 121901 

https://atlas.cern/Updates/Briefing/Proton-Oxygen-Cosmics
https://home.cern/news/news/physics/atlas-acts-cosmic-ray-laboratory
https://journals.aps.org/prl/abstract/10.1103/f3nk-5lt9


Run: 501640 Event: 515109806

2025-07-01 23:23:29 CEST
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From the cosmos to the LHC

16O

p

1st ATLAS p+O measurement: Measure prompt charged-particles 

Inelastic cross-section & differential spectra  
Uses 634  15 µb-1 p+O data with ⟨µ⟩ ≃ 0.025±

3.4 TeV per nucleon

6.8 TeV
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Motivation

Charged-particle multiplicity  
(particle-level)

Huge differences between models: 
50–500% model spread 

Which one is correct, if any?  

Even 5%-level measurement 
precision may improve p+O 

knowledge by order of magnitude
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Particle-level distributions Hijing 1.38b  
Pythia 8.308 (Angantyr) 
EPOS-LHCR

Multiplicity Transverse momentum Pseudorapidity Mean pT vs multiplicity

DPMJET III 2019-1 
QGSJET II-04 
QGSJET III 
Sibyll 2.3e 
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ATLAS minbias data =   = Pomeron  ℙ

Non- 
diffractive

Double 
 diffractive

Elastic  
scattering

Single  
diffractive

Non-diffractive

Central diffractive (CD)

ℙ

ℙ

ℙ

Single diffractive (SD)

-pT2≈

Double diffractive (DD)

ℙℙ

Elastic 

ℙ
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A word on triggers
Traditionally we trigger using the Minimum Bias Trigger Scintillators (MBTS) 

Hit in at least one MBTS module 2.08 ≤ |η| < 3.75 on A or C side (L1_MBTS_1 trigger)
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A word on triggers
In p+O analysis we use L1_TRT trigger as its performance surpasses MBTS 
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 PreliminaryATLAS
=9.62 TeVNNsp+O 

Data 2025

Reference trigger:
HLT_mb_sptrk_L1RD0_FILLED

L1_TRT: a signal in TRT detector consistent with presence of at least one charged particle in the TRT acceptance 
L1_ZDC_OR: a signal above noise level in one or both arms of the ZDC 
L1_MBTS_1 & L1_MBTS_2: a signal above noise level in at least one and at least two MBTS segments, respectively

Public plot 

ATLAS has a 
track trigger 

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HeavyIonTriggerPublicResults
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ATLAS inner detector Minbias track reconstruction 
Track pT > 500 MeV, | | < 2.5 
Full track selection in backup

η
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Event selection 

Event requirement Number of events

Initial 300,026,897
Data quality 297,851,889
Trigger 259,568,152
At least one primary vertex 248,463,797
Veto second vertex with → 5 associated tracks 246,131,825
At least one selected track 245,739,812

~300 million events
 Efficiency: 99.3% 

87.1% 
95.7% 
99.1% 
99.8%

Overall selection efficiency: 81.9% 
~246 million events  



1 10 210
 [GeV]

T
p

5−10

4−10

3−10

2−10

1−10

1

10

210

Fr
ac

tio
n 

of
 T

ra
ck

s

Primaries
Secondaries
Strange baryons
Fakes

 SimulationATLAS
 = 9.62 TeV pONNs

Hijing MC

17

Background estimation

Secondary particles e.g. from interactions  
of particles with detector material 

• MC + data-driven correction, ~2.3% 

Decay products from strange baryons  

• Estimate using MC, dominates at pT  10 GeV  

Fake tracks reconstructed from random hits 
• Negligible

≳

MC truth origin label 
Hijing with full detector simulation  



18

Unfolding 
Correct for trigger & vertex inefficiencies then ‘unfold’ measured data

Underlying  
distribution

Measured  
distribution

Measure 

Unfold

Iterative Bayesian unfolding applied to nch and pT distributions,  corrected by track-weightsη
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Track reconstruction efficiencies

ϵtrk =
Nmatched

reco

Ngen

Accounts for out-of-kinematic-range migrations by allowing tracks 
to match with truth particles outside kinematic acceptance 



20

Track modelling

Difficult to accurately model material between 
Pixel and SCT in | | > 1.5 region (PP0)η

Mis-modelling also seen in central 
region for inner tracking layers 
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Additional track efficiency corrections 

PP0 correction  

• Accounts for mismodelled material  
between Pixel and SCT   

IBL hit correction  

• Accounts for differences in IBL hit 
efficiency between data and simulation 

Differences between simulated and observed track reconstruction efficiencies  
 Apply corrections derived as a function of → η

Track  distribution with & without 
IBL and PP0 correction
η
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First TeV-scale proton-Oxygen cross-sections
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Pythia 8.308 (Angantyr) 442 mb

EPOS LHC-R 391 mb

Sibyll 2.3e 442 mb

QGSJET III 440 mb

QGSJET II-04 439 mb

DPMJET III 2019-1 476 mb

ATLAS Data 2025 396 ± 11 mb

ATLAS
p

sNN = 9.62 TeV pO

nch ∏ 1, pT > 500 MeV

|¥| < 2.5, ø > 300 ps

Fiducial region:   1,     
  500 MeV,  2.5, 

remove strange baryons

Nch ≥
pT > |η |<Cosmic-ray  

models

Heavy-ion 
models
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Extrapolated to full phase-
space inelastic cross-section: 

Divided by acceptance 
calculated using models 
(mean excluding Hijing as not 
tuned to previous LHC data & 
maximum difference from the 
mean as theory uncertainty) 

First TeV-scale proton-Oxygen cross-sections

Cosmic-ray  
models

Heavy-ion 
models
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Cosmic comparisons 

Assume air = 78% 14N + 22% 16O
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First ATLAS p+O differential measurements 

Multiplicity Transverse momentum
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First ATLAS p+O differential measurements 

Multiplicity Transverse momentum

Measurement order-of-magnitude more precise than model differences
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Summary

• In 2025 LHC became world’s highest energy 
proton-Oxygen collider 

• LHC p+O measurements  crucial inputs to 
improve modelling of cosmic ray air showers 

• Presented 1st ATLAS p+O measurement 
         PRL 137 (2026) 121901 

→

https://journals.aps.org/prl/abstract/10.1103/f3nk-5lt9
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Backup
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Cosmic-ray spectra
Dembinski et al PoS ICRC2025 (2025) 248 

LHC energies

https://pos.sissa.it/501/248/pdf
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p+O event and track selections

Track requirement Number of tracks

Initial 13,723,685,399
pT > 500 MeV 6,365,824,120
|ω| < 2.5 6,258,204,726

Nhits
innermost → 1 5,763,416,052

Nhits
Pixel → 1 5,663,741,725

Nhits
SCT → 6 5,352,225,689

|dBL
0 | < 1.5 mm 5,169,398,079

|zBL
0 sin ε| < 1.5 mm 5,107,153,531

P (ϑ2
trk-fit) > 0.01 if pT > 10 GeV 5,107,138,574

Event requirement Number of events

Initial 300,026,897
Data quality 297,851,889
Trigger 259,568,152
At least one primary vertex 248,463,797
Veto second vertex with → 5 associated tracks 246,131,825
At least one selected track 245,739,812

ATLAS PRL 137 (2026) 121901 

https://journals.aps.org/prl/abstract/10.1103/f3nk-5lt9
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Variable definitions
ATLAS PRL 137 (2026) 121901 

https://journals.aps.org/prl/abstract/10.1103/f3nk-5lt9
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p+O Background estimation
Secondary particles e.g. from interactions  
of particles with detector material 
• MC + data-driven correction ~2.3% dominant 

Decay products from strange baryons  

• Estimate using MC, dominates at pT  10 GeV  

Fake tracks reconstructed from random hits 
• Negligible

≳
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MC truth origin label 
Hijing with full detector simulation  

ATLAS PRL 137 (2026) 121901 

https://journals.aps.org/prl/abstract/10.1103/f3nk-5lt9


Integrated trigger efficiency: 99.6%  
negligible pT and  dependenceη
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Trigger & vertex efficiency
Integrated primary vertex 

reconstruction efficiency: 99.5% 
 91.7% for 1 track, 100% after
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p+O 2D track reconstruction efficiencies
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ϵtrk =
Nmatched
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Ngen

ATLAS PRL 137 (2026) 121901 

Accounts for out-of-kinematic-range migrations by allowing tracks 
to match with truth particles outside kinematic acceptance 

https://journals.aps.org/prl/abstract/10.1103/f3nk-5lt9
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p+O inelastic cross-section measurement
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Pythia 8.308 (Angantyr) 496 mb

EPOS LHC-R 465 mb

Sibyll 2.3e 478 mb

QGSJET III 487 mb

QGSJET II-04 489 mb

DPMJET III 2019-1 497 mb

ATLAS Data 2025 438 ± 12 (exp. © lumi.) ± 30 (th.) mb

Exp. © lumi. TotalATLAS
p

sNN = 9.62 TeV pO

ATLAS PRL 137 (2026) 121901 

https://journals.aps.org/prl/abstract/10.1103/f3nk-5lt9
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p+O extrapolation to p+air cross-section
ATLAS PRL 137 (2026) 121901 

https://journals.aps.org/prl/abstract/10.1103/f3nk-5lt9
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p+O systematic uncertainties 
ATLAS PRL 137 (2026) 121901 

https://journals.aps.org/prl/abstract/10.1103/f3nk-5lt9

