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This Letter presents a measurement of prompt charged-particle production in proton-oxygen interactions
at /sy = 9.62 TeV center-of-mass energy with the ATLAS detector, corresponding to 634 ub™! of
integrated luminosity. A total of 246 x 10° selected events have at least one track with transverse
momentum pr > 500 MeV and pseudorapidity |7| < 2.5. The measured fiducial proton-oxygen cross

section is 6% = 396 + 6(exp .) + 9(lumi.) mb and the extrapolated inelastic proton-air cross section is
oM — 406 £ 6(exp .) + 9(lumi.) + 28(th.) mb. Measurements of charged-particle multiplicity, pr, and

inel.

n distributions are an order-of-magnitude more precise than differences between hadronic-interaction
models. These results enable improved modeling of cosmic-ray air showers, which is important for

astroparticle physics.

DOI: 10.1103/f3nk-51t9

Revealing the origins of cosmic rays is a central goal in
astroparticle physics [1-5]. The steeply falling energy-
dependent flux precludes direct spaceborne measurements
above PeV energies, requiring indirect atmospheric obser-
vations via ground-based detectors [6—10]. Studying PeV
cosmic rays is key to elucidating their mass composition
[11-13], the transition from galactic to extragalactic
sources [14—18], and the origins of planetary habitability
[19-22]. Collider detectors also measure atmospheric-
muon fluxes from cosmic-ray showers [23-28].
Reconstructing cosmic rays from air showers demands
accurate simulation of particle interactions in Earth’s
atmosphere at TeV center-of-mass energies [29-32].
Quantum chromodynamics governs the initial high-energy
interaction, whose nonperturbative processes are difficult to
calculate from first principles. Phenomenological hadronic-
interaction models are instead developed that require tuning
to accelerator data, particularly from the Large Hadron
Collider (LHC) [33-42].

The ATLAS Collaboration has performed inclusive
measurements with proton-proton (pp) data [43-52] and
collisions involving lead (Pb) and xenon nuclei [53-55].
The ALICE [56-59], CMS [60-69], LHCb [70-73], and
LHCT [74-77] collaborations have performed complemen-
tary measurements. Recent LHC results have extended to
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oxygen-oxygen and neon-neon collisions [78-81].
However, existing collision systems differ from and poorly
constrain hadronic models extrapolated to proton inter-
actions with atmospheric nuclei, which introduces long-
standing uncertainties in PeV cosmic-ray results [82-87].
This motivates proton-oxygen (pO) collisions that closely
resemble high-energy atmospheric interactions [88-94].
Inclusive cross-section and particle-production measure-
ments are important to constrain total energy and multi-
plicity observables in air showers [95]. In addition to
collider configuration, LHCb proposes studying these
processes at /sy = 110 GeV in their fixed-target system
[96-98]. Proton-air cross sections above TeV center-of-
mass energies have only been measured at cosmic-ray
observatories [99-107].

This Letter presents the first cross-section measurement
of charged-particle production in /sy = 9.62 TeV pO
collisions. This analysis also measures distributions of
primary charged particles with pr > 500 MeV and |5| <
2.5 [108]. Particles are defined as primary if they have a
mean lifetime of 7 > 300 ps, either from prompt collision
production or decays of promptly produced particles with
7 < 30 ps [51]. The LHC delivered a 3.4 TeV per-nucleon
160 beam traveling in the +z direction and 6.8 TeV proton
beam in the opposite direction. The dataset recorded by the
ATLAS detector in July 2025 corresponds to 634 ub~! of
integrated luminosity. The mean number of inelastic
interactions per bunch crossing (pileup) is 0.025.

The ATLAS experiment [109,110] comprises an inner
detector (ID) [111-114], calorimeters, and a muon spec-
trometer. The ID features silicon pixels (Pixel) including
the innermost B-layer (IBL) [115-117], silicon microstrip
(SCT) [118], and transition radiation tracker [119]
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subsystems. Zero-degree calorimeters (ZDCs) [120] are
situated at z = =140 m from the interaction point. A
software suite [121] is used for simulation, reconstruction,
and analysis of events, detector operations, and data
acquisition.

Monte Carlo (MC) simulated pO events are generated
with HUING 1.38 [122]. An alternative sample is generated
using the default Angantyr [123,124] model in PYTHIA 8.308
[34], where EvtGen [125] handles heavy-flavor decays.
These samples undergo detector simulation [126] based
on Geant4 [127]. Samples of models commonly used in
cosmic-ray physics are generated with CRMC 2.2.1 [128]:
DPMIJET I 2019-1 [35,36], EPOS LHC-R [37,38], QGSIET 11-04
[39], QGSIET 111 [40,41], and Sibyll 2.3¢ [42].

A two-level trigger system [129,130] selects events with
at least one transition radiation tracker azimuthal sector
above threshold via the Level 1 “Fast-OR” algorithm [131],
and at least one reconstructed track in the high-level trigger
[132]. Standard data-quality criteria are applied [133].
Selected events must have one primary vertex (PV) with
two or more pr > 100 MeV tracks [134]. To suppress
pileup, events with a second vertex containing five or more
associated tracks are vetoed. Events are not removed if a
second vertex has fewer than five tracks, which are
dominated by secondary interactions reconstructed as
another PV or one PV split into two vertices, where one
has few tracks. The fraction of events rejected by this veto
due to these reconstruction effects is estimated in the
simulation to be 0.02% and deemed negligible.

Events must have at least one reconstructed track
[135-137] satisfying pr > 500 MeV and || < 2.5.
Tracks must have the number of Pixel (SCT) hits satisfying
NBits > 1 (Nhit. > 6). Tracks must have an innermost-
pixel-layer hit if expected [138]; if the innermost hit is not
expected, the next-to-innermost hit is required if expected.
Tracks must satisfy |df“| < 1.5 mm and |z8'sind| <
1.5 mm impact parameter requirements [139]. Tracks with
pr > 10 GeV must have a track-fit y> probability satisfy-
ing P(y2, ) > 0.01 to suppress tracks with mismeasured
pr from material interactions. A total of 246 x 10° events
comprising 5.11 x 10° tracks satisfy the selection.

The dominant background is secondary-particle tracks
due to hadronic interactions, photon conversions, and decays
of long-lived particles. This is estimated by fitting simulated
track dg* distributions without the |dg"| < 1.5 mm require-
ment to the secondaries-dominated sideband 4 < |d5"| <
9.5 mm [51]. The fit scales the secondaries’ normalization
by 1.38£0.23, yielding a background fraction of
foee = (2.5+0.4)%. Uncertainties in f. are estimated
by repeating this procedure using PYTHIA instead of
HUING simulation. Additional subdominant uncertainties
arise from varying the sideband fit range and reweighting
the simulated d&" distributions to match data in the |d5"| <
1.5 mm region. Charged particles satisfying 30 <7 <
300 ps are considered background, which removes strange

baryons that have low reconstruction efficiencies [51]. The
fraction of reconstructed tracks due to strange baryons, f,,
is estimated via HIJING to be negligible on average, but rises
to fg = (3£ 1)% for pr > 20 GeV, where the difference
relative to PYTHIA is taken as the uncertainty. Random
combinations of silicon hits producing fake-track back-
grounds are estimated by using simulation to have a
negligible rate fr;. < 0.01%. Beam-induced backgrounds
[140-142] are estimated by replacing the nominal trigger
with a ZDC-based trigger that selects events with only one
beam filled; this reduces the rate by 4 orders of magnitude so
such backgrounds are deemed negligible. Cosmic-ray back-
grounds are negligible compared with the event rate [51].
The number of events is corrected for the efficiencies of
the trigger €y, and vertex e, requirements using weights
Weyt = 1/ (€yix X emg). These are determined as a function
of the number of selected tracks with the sz sin 6 require-
ment removed, ngg”. The trigger efficiency is measured in
data relative to a ZDC-based reference trigger, and is found
to be 97.8% (99.4%) for n’S* = 1(2), plateauing at 99.8%
for nlg* > 3, with negligible dependence on track p and 7.
Repeating this procedure using a reference trigger based on
random Level 1 hits results in differences of at most 0.3%
and is taken as the uncertainty. The vertex efficiency is
measured from data as the ratio of the number of selected
events with a reconstructed vertex to that with the PV
requirement removed, whose uncertainties arising from
beam-induced backgrounds are negligible [51]. This is
found to be 91.7% for n’5* =1 and rises to 100% for

sel
nt%% > 2. For events with n’%” = 1, e, is also determined

sel sel
differentially in the selected track #, rising from 81% at
|| = 2.5 t0 93% at |5y| = 0. The integrated trigger (vertex)
efficiency is 99.6% (99.5%).

Track reconstruction efficiencies are defined via simu-
lation by ey (pr.n) = Njpah /Nye,, Where Nge, is the
number of generated primary particles in a (pp,7) bin
and NM¢h j5 the number of reconstructed tracks matched
[143] to a generated primary particle that can be outside
kinematic acceptance. This accounts for resolution effects
that cause primary particles to migrate outside the kinematic
range. The passive material between the Pixel and SCT in
the || > 1.5 region (PPO) is difficult to simulate accurately,
so corrections of up to 3% in ey are derived by comparing
the efficiency to extend a track reconstructed in the Pixel
into the SCT for data and simulation [51]. The simulation
imperfectly describes the # dependence of the mean number
of IBL hits (Nyg; ), so data-to-MC corrections of up to 2%
derived from (NMC)/(N{&a) are applied to eg. The
corrected efficiencies range from 86% for || < 1 to 63%
at || > 2.4. Track distributions are corrected as a function

of pr and i using weights wy (pr,17) = [1 = feec(pPr.1) —

Fao(pr)l/€npron).
The following charged-particle distributions are mea-

sured: multiplicity (1/N¢,)(dN,/dng,), transverse momen-
tum  (1/Ney)(1/22p1)(d*New/dydpr) [144], mean pr
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({pr)) versus ng,, and pseudorapidity (1/N.,)(dNy,/dn).
Here, ng, is the charged-particle multiplicity in an event, N,
is the total number of corrected events, and N, is the total
number of charged particles in all events. Bayesian
unfolding [145-147] is applied to correct the multiplicity
of selected tracks, ng,, to that of charged particles ng,.
Unfolding also corrects the pr distribution of tracks to that
of charged particles. For the dependence of (pg) on ng,
unfolding separately corrects > p%, (sum over all tracks
and events) versus ng, and the total number of tracks in all
events versus 1y, before taking the ratio. The # distribution
is corrected using only weights as kinematic migrations in #
are negligible.

Systematic uncertainties in track reconstruction efficien-
cies arise from 5%, 10%, and 25% uncertainties in the
amount of passive material for the ID, IBL, and PPO,
respectively [112]. Simulated samples with passive
material increased by these amounts are used to reevaluate
€xk, Whose variations are added linearly to account for
possible correlated missing material in the simulation. This
yields the following uncertainties in the measured distri-
butions: 0.8% to 3.6% from || <1 to || > 2.3 regions,
1.5% to 18% from low pr to pp > 30 GeV, and 2% to 18%
from low ngy, to ny, > 150. Uncertainties in €, also arise
from differences in the number of detector hits between
simulation and data, which are estimated from data-to-MC
differences in the ratio ng (P, 1)/ Nretax (P1, 1) Here, Ay
is the number of tracks with the NBIS NHS P2 )
requirements relaxed to > 0, > 5, and > 0, respectively.
The differences are negligible on average, but reach 4% for
30 < pr < 50 GeV and rise further above this. Differences
of 0.1% to 0.3% when calculating (NMS)/(N{ata) correc-
tions using PYTHIA instead of HIING are added in quad-
rature to €, uncertainties.

Further uncertainties arise from the simulated detector
response being sensitive to differences in generator particle
composition, where HIING (PYTHIA) more accurately
describes high-ng, (pr and 7) data. These generator-
dependence uncertainties are estimated from the unfolding
procedure not reproducing generator distributions when
applied to PYTHIA events, which are found to be 1% to 20%
from low to high ng,, 0.5% to 23% from low to high pr,
0.5% for the # distribution, and up to 2.5% (0.25%) for
ney <10 (ng, > 10) in the (pr) versus ng, distribution.
This has a 1.4% impact on N, and is its dominant source of
uncertainty. Uncertainties also arise from simulated longi-
tudinal PV positions being reweighted to match data, which
is estimated by removing the pileup veto, resulting in a
0.3% impact on average, rising to 1% for || > 2.4.

The fiducial cross section, 6y = N, /L, is measured in
a region with at least one primary charged particle satisfy-
ing pr > 500 MeV and || < 2.5. The total number of
corrected events is N, = (251 4 4) x 10°. The luminosity
and its 2.3% uncertainty, £ = 634 + 15 ub~!, is derived
using procedures detailed in Ref. [148] with the LUCID-2

detector [149]. This results in a measured fiducial cross
section of

ol =396 + 6(exp.) + 9(lumi.) mb. (1)

Statistical uncertainties are negligible and the luminosity
calibration is the dominant uncertainty. Model predictions
in the fiducial region are evaluated using RIVET [150];
strange baryons (X*,E7,Q7) are explicitly removed,
which has at most a 0.15% impact. Figure 1(a) shows this
measurement is compatible with EPOS and HIJING, but is
lower by at least 3 standard deviations than other models.
Models can overpredict hadronic cross sections due to
underestimated diffractive events escaping detector accep-
tance [46,64], where EPOS compatibility with data possibly
suggests better diffractive modeling.

The cross section is extrapolated to the full inelastic
phase space, 6;,,] = 054/A, using the mean fiducial accep-
tance A determined from DPMIET I 2019-1 (95.9%), EPOS
LHC-R (84.2%), PYTHIA 8.308 (89.1%), QGSIET 11-04 (89.9%),
and Sibyll 2.3e (92.5%). This yields A = (90 £ 6)%, where
the maximum difference from the mean is taken as the
theory uncertainty. The measured cross section is

6’9 =438 + 6(exp.) £ 10(lumi.) & 30(th.) mb.  (2)
Hadronic modeling is the dominant uncertainty arising
from the model-dependent extrapolation outside kinematic
acceptance. This result is compatible with EPOS (465 mb)
and HUING (413 mb), while DPMJET 111 2019-1 (497 mb),
PYTHIA (496 mb), QGSIET 1-04 (489 mb), QGSJET III
(487 mb), and sibyll (478 mb) overpredict data by up to
2 standard deviations.

The inelastic proton-air cross section is inferred from

Eq. (2) using an MC-based scale factor, o/ " =

Far X 679, where £ =0.78 x (670 /oli) +0.22 assumes
air comprises 78% nitrogen and 22% oxygen [152]. The ratio
of the proton-nitrogen (pN) to pO cross sections,
ol /ol = 0.90 4 0.02, is taken as the mean of the values
from DPMIET 1 2019-1 (0.899), EPOS LHCR (0.918), PYTHIA
8.308 (0.921), QGSIET 11-04 (0.888), and sibyll 2.3¢ (0.895). The
1.8% maximum difference from the mean is added in
quadrature to the theory uncertainty. This yields f,; =
0.93 £ 0.02 and a measured proton-air cross section of

ol M =406 £ 6(exp.) £ 9(lumi.) & 28(th.) mb.  (3)
Figure 1(b) compares this result with predictions and non-
collider measurements at different energies. LHC collisions at
V/Snn = 9.62 TeV  correspond to a cosmic-ray proton
energy of 49 PeV in the target-nucleus rest frame. This
result is compatible with measurements at similar energies by
Akeno [100] rescaled with Ref. [151] and Yakutsk [102], and
within 2 standard deviations of models.
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(a) Fiducial pO cross-section measurement (filled marker) compared with predictions (open markers) by HING 1.38 [122],

PYTHIA 8.308 [34], DPMJET Il 2019-1 [35], EPOS LHC-R [38], Sibyll 2.3e [42], QGSIET 11-04 [39], and III [40,41]. The error bar is the
quadrature sum of experimental and luminosity uncertainties. (b) The proton-air cross-section measurement (filled marker) is shown
versus center-of-mass /sy and equivalent fixed target £/, energy with predictions (lines) by DPMJET Iif 2019-1, EPOS LHC-R, QGSJET II-
04, and Sibyll 2.3e. Observatory results (open markers) are by Fly’s Eye [99], Akeno [100], HiRes [101], Yakutsk [102], EAS-TOP [103],
Auger [104], Tien Shan [105], Telescope Array [106,107]. Rescaled values for Refs. [99,100] are from Ref. [151].

Figure 2 shows charged-particle distributions in the
fiducial region compared with model predictions [153].
The dominant uncertainties in data arise from unfolding
generator dependence and track reconstruction.

Figure 2(a) shows the n, distribution, which probes the
interplay between soft and hard particle production. No
model correctly describes n,, so the precise data with 1.5%
to 28% uncertainties are key to resolving these discrepan-
cies. Hadronization tuning is important for n., modeling
[85], while multiple parton interactions (MPIs) [154] are
significant at high ny,. Angantyr (QGSJET II) are the least
discrepant with data at low ny, < 80, but underestimate
(overestimate) data by an order of magnitude at high n,,
motivating retuned MPIs or color-coherence modeling
[155]. EPOS treats energy conservation in particle produc-
tion and cross sections consistently [38], which suppresses
MPIs and narrows n, distributions to better describe pp
data [156], but the extrapolation to pO collisions predicts
too many low-ng, events.

Figure 2(b) shows the pt distribution, which probes the
transition from soft particle production and hadronization at
low pt to perturbative hard processes at high pr. Data
uncertainties range from 2.5% to 17%, which constrains the
considerable spread in model predictions. Angantyr is the
least discrepant with data, being within 12% throughout.
DPMJET, HIJING, and Sibyll predict harder spectra while
QGSIET predicts softer spectra than data.

Figure 2(c) shows the dependence of (pr) on ny,. The
increasing trend in data indicates color-coherence effects in
dense parton environments, which reduces extra particles
produced with every additional MPI while an equally large

pt 1s shared among the hadrons [155]. These collective
effects are modeled using string fusion in DPMIJET, core-
corona method in EPOS, and color reconnection in PYTHIA,
which describe the rising trend in data within 8%. QGSJET
and Sibyll do not model color-coherence effects so predict
little dependence on n,, in tension with data.

Figure 2(d) shows the # distribution. The 1.9% to 4.4%
uncertainties in data constrain the peak particle density of
524+0.1 at n = 1.1, falling to 4.7+0.2 (45£0.2) at
n > 2.4(< =2.4). The balance of soft and hard MPIs
controls the distribution width and height while the pO
system impacts the forward-backward asymmetry. Angantyr
describes the data within uncertainties. DPMJET and Sibyll
model soft and hard processes separately, which describe
the shape in pO data despite being too narrow in pp
collisions [156]. The semihard approach [38] in EPOS
produces analogs of initial- and final-state radiation [95],
which broadens the # shape to improve p p modeling [156],
but is too broad when extrapolated to pO collisions.

In summary, ATLAS has measured charged-particle
production in /syy = 9.62 TeV proton-oxygen collisions.

The fiducial cross section, ofy =396+ 6(exp.) +
9(lumi.) mb, and inelastic proton-air cross section,
ol " =406 & 6(exp.) & 9(lumi.) & 28(th.) mb, ~ favor
lower values among predictions. Models poorly describe
the particle multiplicity while kinematic spectra prefer the
Angantyr model. No model can consistently describe all
reported results, so these precise data provide valuable
input for generator tuning with significant potential to
improve the modeling of cosmic-ray interactions in Earth’s
atmosphere.
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FIG. 2. Primary charged-particle distributions in the fiducial region for data (black points), where the shaded band denotes the
combined statistical and systematic uncertainties. The x value in each bin corresponds to the bin centroid. Overlaid are model predictions
by HIJING 1.38 (blue), PYTHIA 8.308 Angantyr (red), EPOS LHC-R (pink), DPMJET 11 2019-1 (black), QGSJET 11-04 (purple), QGSJET III (orange),
and sibyll 2.3e (green). The lower panel shows the ratio of MC predictions to the data.
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