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Cosmic rays

e Highly energetic particles coming
from the universe

e Energies of up to 10%" eV

e Cosmic ray spectrum poorly
understood at highest energies

 Need better measurements to
understand spectrum,

composition, origins etc.
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https://www.annualreviews.org/content/journals/10.1146/annurev.nucl.012809.104544
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e Fnable indirect measurements of
Primary Particle

highest energy cosmic rays v

nuclear interaction

e Reconstructed using ground-based K1K0‘7 with air molecule ¢\

- + M
T ne—K K —7°

observatories, e.g. Pierre Auger N 7\
L Y
Observatory nadronic AEAEA
cascade e e € e € €
* Measure energy of primary particle via L‘““t“;;ﬁ;ﬁon
shower depth and number of muons
: . . _ V V VYV W
e Need simulations of air showers which Wy T oK & yyedyy o
nuclear fragments
reqUire eﬂ:eCtive, data—driveﬂ mOdels Of muonic component hadronic electromagnetic
neutrinos component component
hadronic interactions KCDC - The KASCADE Cosmic-ray Data Centre, PoS

ICRC2023 (2023)
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https://inspirehep.net/literature/2682104

Muon puzzle

e Simulations predict too few muons
at high energies = muon puzzle

* Proposed solution: enhanced
strangeness production

* |ncrease of strange-hadron
production in high-multiplicity
events observed by ALICE

* Need to test this in forward
rapidity region relevant for air-

showers
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https://inspirehep.net/literature/2682104
https://www.nature.com/articles/nphys4111
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LHCb and air showers G -@m D) tinos

e Forward layout optimised
for studies of B mesons

e Suitable for fixed-target

Side View HCAL M5

ECAL M4
M3

studies e e v -
e Run 3 LHCb has a fixed- 7/t
target mode (SMOG2) .7y

Locator

* Acceptance region

relevant for air shower

physics

The LHCb Upgrade I, LHCb collaboration, JINST 19 (2024) CORSIKA Shower Images: Iron Showers
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https://inspirehep.net/literature/2682104
https://www-zeuthen.desy.de/~jknapp/fs/iron-showers.html
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e (Gas injections in front of VELO

e Enables various collision systems

rT: 10° LHI Ch I-2024'.‘/5_.::130ev'- 21)24,@:70.9(!"3\/
. . B 2025, {5y = 113 GeV 2025, {5 = 70.9 GeV
e Data for this ana|y5|s: 2025 OH2 and 2024 £ 10° 7omg 110 GeV 2017, g 68 GeV
é 104 38:;/ F ::ggez 2016, sy = 87 GeV
pNe collisions from SMOG2 =10
2 10°
. o
* Unigue samples that match the actual 5 10 ‘k
Q
L : : s 1
conditions in air showers TS
: . 1072
* Non-perturbative QCD: The hadronic 10 I
interaction models rely on input from par PN Poar O, Nt

Colhslons system
experimental data

LHCDb collaboration (Internal)
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Goal of the analysis
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e Measure the production cross-section ratios R of V' particles (strange, neutral

hadrons)

e Abundantly produced, easy to reconstruct, many uncertainties cancel in ratio

o R(AY, A") tests how well the models describe hadronization in the strange hadron

sector

e The baryon/meson ratios R(A°, Kg) and R(A°, Kg) are sensitive to the muon number

in air showers
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Analysis steps overview

Obtain the raw yields from LHCb data
Use MC simulations to determine
detector efficiencies

Calculate the VY ratios including all
corrections

Run various hadronic interaction
models to obtain their predictions for

the ratios
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Current results (1/3)

e Compare oxygen data with the
common models EPOS, QGS-JET,
SIBYLL and PYTHIA

e Differential measurement in center-of-
mass rapidity y* and transverse

momentum pT

e The measured R(A", A®) ratio lies below

the model predictions
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Current results (2/3)

e Significant A’ enhancement is
visible in the baryon/meson ratio
® The model shapes seem to match
the data shape at least partially
® The increased baryon production
would help to enhance the muon

number in air shower simulations
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Current results (3/3)
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Testing PYTHIA tunes ) e () P, S8 11
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Comparing with pNe (1/2)

e pNe probes the neon

side, while OH, probes

the proton side

e pNe and OH,
measurement at
slightly different
energies
In pNe, the AY excess

is less pronounced
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Comparing with pNe (2/2)

e No visible pT
dependence of A°
excess in both

e Adding more
collision systems to
the study could test
the impact of the

nucleus
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The next steps

e A few additional
studies of corrections
and uncertainties are
still needed

e Enter internal review
process next month

* Aiming for publication

early next year
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Muon puzzle
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Muons in air showers at the Pierre Auger
Observatory:
Mean number in highly inclined events,
Pierre Auger Collaboration,
Phys. Rev. D 91
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SMOG2 = Gas bottles
TP301 | @D Gas ® Restrictions
- Q injection 1, £yacuation
= 9
Detector Box —
H with RF foil LHCb
- Po ! | Detector
’
!
LHC SMOG2 i | - I
beam Storage cell < [ ]
VELO vessel beam
vacuum with RF foil
I Detector Box —
Additional \
Pumping (1G)

VErtex LOcator sensors

SMOG

20m

~ 10 mbar on

SMOG2

IP

up to ~ 10 “mbar on 20 cm
More on the SMOG system, LHCb outreach
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https://lhcb-outreach.web.cern.ch/detector/smog-more-info/

