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During the summer of 2025, the LHC collided protons with oxygen, oxy-
gen with oxygen, and neon with neon. The ATLAS experiment recorded
these data with its Forward Proton detectors (AFP) inserted on both: the
proton and ion sides. This allows access to many interesting studies with
scattered fragments being tagged. A few analysis ideas are presented fol-
lowed by preliminary studies of what could be visible in the AFP.
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1. Introduction

The proton—oxygen (pO) and oxygen—oxygen (OO) runs performed at
the Large Hadron Collider (LHC) in June 2025 addressed a long-standing
request from the astroparticle physics community [1]. Data from such colli-
sions is expected to provide essential input for modelling both the production
of cosmic rays in astrophysical accelerators and their subsequent interactions
with nuclei in the Earth’s atmosphere [2-5]. In addition, a dedicated neon—
neon (NeNe) fill was carried out, enabling complementary studies of nuclear
interactions in a different light-ion system [6]. Collectively, these runs ex-
tend the LHC heavy-ion programme towards small and intermediate-sized
systems, providing data that can put new constraints on QCD dynamics,
nuclear structure, and particle production mechanisms.
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An important feature of nuclear collisions is the presence of spectator
nucleons, i.e. nucleons that do not participate directly in the primary in-
teraction. These spectators may form nuclear fragments that retain a large
fraction of the beam momentum and are produced at very small angles with
respect to the beam direction. The detection of such fragments provides
valuable information on the collision geometry and on the breakup of the
colliding nuclei [7].

A largely unexplored domain concerns measurements of very forward
charged fragments |8, 9]. In nuclear collisions, such measurements provide di-
rect sensitivity to diffractive and photon-induced processes, nuclear breakup
channels, and peripheral electromagnetic interactions. In particular, in OO
collisions, forward fragment detection enables studies of nuclear excitation
and fragmentation mechanisms.

Finally, if the identification of ion fragments is feasible, a wide range of
measurements becomes accessible. In particular, cross-section measurements
for specific fragment species would provide valuable constraints for Monte
Carlo models and enable studies of nuclear fragmentation processes, such as
beam transmutation [10] or a-particle production.

The ATLAS experiment [11] participated in this programme with ex-
tended forward measurement capabilities, i.e. at high rapidities. The Zero
Degree Calorimeter (ZDC) [12] was used to detect neutral fragments on the
ion(s) side(s), while the ATLAS Forward Proton (AFP) [13] detectors were
inserted on both sides throughout the data taking. During the pO run, the
LHCf detectors |14] were installed on the proton side, further extending the
forward coverage. The LHCf performance was additionally enhanced by the
use of all three ZDC hadronic modules.

2. ATLAS Forward Proton detectors

The AFP system consists of four Roman pot stations, arranged symmet-
rically on both sides of the ATLAS interaction point. The stations located
at 204 m are referred to as NEAR, while those at 217 m are denoted as FAR.
Each station is equipped with 3D edgeless silicon tracking detectors (SiT),
while the FAR stations additionally include a Time-of-Flight (ToF) system,
which was switched off during the data-taking considered here.

The primary purpose of the SiT system is to provide precise reconstruc-
tion of particle trajectories, enabling the determination of their kinematic
properties at the interaction point. Each station contains four detector
planes, with each plane comprising 336 x 80 pixels of 50 x 250 um? size and
230 pm thickness. The detectors are based on the FE-I14b readout chip [15]
and are designed to be radiation-hard. The use of edgeless technology
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reduces the inactive region on the beam-facing side to approximately 100 pm.
The expected spatial resolution is approximately 6 ym in the horizontal ()
direction and 30 pm in the vertical (y) direction [16].

A proper configuration (tuning) of the SiT detectors is essential for op-
timal data quality. In standard proton—proton operation, a typical Time-
over-Threshold (ToT) setting corresponds to 10 at 20 ke™. However, during
the oxygen campaign, significantly larger charge deposits were expected due
to the presence of heavier ion fragments. Therefore, a dedicated tuning con-
figuration was adopted, with a threshold of 50 ke™ at 6 ToT with intention
of reaching the maximal dynamic range of SiT sensors. This adjustment
should broaden the AFP ion identification capability for boron, carbon, and
possibly nitrogen.

3. Scattered proton measurements

One of the primary goals of the campaign was to provide input for the
modelling of ultra-high-energy cosmic-ray air showers [17, 18|. Such data
were provided by the LHC when a proton beam collided with an oxygen
beam, resembling interactions of cosmic rays with atmospheric nuclei. These
types of interactions can proceed via non-diffractive or diffractive mecha-
nisms, as illustrated in Fig. 1.
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Fig.1. Feynman diagrams of non-diffractive (left) and diffractive (right) proton—
oxygen interactions.

Using only the central ATLAS detector, the discrimination between these
interaction classes is limited, as their signatures can appear similar in the
central region. The inclusion of forward proton detectors gives a powerful
handle by providing direct information about the scattered proton.

The proton transport to the AFP detectors is governed by the LHC
magnetic lattice, consisting of dipole and quadrupole magnets. These set-
tings, referred to as the optics, determine the mapping between the proton
kinematics at the interaction point and its position in the detectors. Fig-
ure 2 (left) illustrates proton trajectories for different values of the fractional
energy loss, £ = 1 — Eproton/ Ebeam-

The LHC optics convoluted with kinematics of the event leads to a char-
acteristic diffractive pattern in the AFP detectors. An example of such
a pattern is shown in Fig. 2 (right). The distributions of hit positions in
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Fig.2. Left: Proton trajectories between the ATLAS collision point and forward
proton detectors. Various dotted and dashed lines represent situation in which
proton lost a certain portion of its initial energy, £ = 1 — Epvoton/FEheam- Particles
significantly diverging from the beam are stopped by the collimators: TCL4 and
TCL5. Right: Diffractive pattern registered in the AFP station C NEAR SiT plane
0 on proton side during one of pO runs. From [19].

detector coordinates — pixel rows and columns — reflect the underlying
kinematics of the scattered protons. Protons with larger energy loss are de-
flected further from the beam and are therefore detected at larger horizontal
positions. From the position measurements, the proton kinematics at the
interaction point can be reconstructed [20, 21].

4. Ion fragments

In addition to proton measurements, the AFP detectors were also oper-
ated on the ion side to observe charged nuclear fragments. A key question
concerns which fragment species can be detected within the AFP acceptance.
As in the proton case, the determining factor is the LHC optics.

The transport of ion fragments through the magnetic lattice depends on
both their kinematics, atomic (Z) and mass (A) number. The LHC acts as
a magnetic spectrometer — see trajectories of selected ion species, Fig. 3
(left).

Simulations indicate that, among possible fragments, "Be, °B, 1'C, 13N,
140, and O may fall within the AFP acceptance. The corresponding ex-
pected hit positions are shown in Fig. 3 (right). Particles with Z/A = 0.5,
identical to that of 160, follow trajectories close to the nominal beam orbit
if they retain the full beam velocity. If fragments lose energy or acquire
transverse momentum, they may be deflected enough to enter the detector
acceptance.

Hitmaps recorded during pO, OO, and NeNe data taking are presented
in Fig. 4. In contrast to the proton side, the ion side exhibits a more complex
structure. In addition to a continuous distribution, potentially associated
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with fragments having Z/A ~ 0.5, localized enhancements are observed at
specific detector positions. These features may indicate contributions from
distinct fragment species.
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Fig.3. Left: Trajectories of various ions between the ATLAS collision point and
forward proton detectors. The two black vertical lines indicate the locations of the
AFP NEAR and FAR station, respectively. Trajectories for 2H, 4He, SLi, '°B, and
160 lie on top of each other. The 97 mm shift around z = 80 m reflects transition
from a single beampipe present around ATLAS to two separated ones. Right: Hit
positions 205 m from the ATLAS collision point. Transverse energy of ions was
smeared accordingly to Fermi motion. Only fragments within the AFP geometric
acceptance are drawn.
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Fig.4. Hitmaps registered by the AFP detectors during proton—oxygen (left),
oxygen—oxygen (middle), and neon—mneon (right) collisions. From [19].

5. Summary

The 2025 light-ion campaign at the LHC extends the heavy-ion pro-
gramme to small and intermediate-sized systems and provides important
input for both QCD studies and cosmic-ray physics. In particular, measure-
ments in the very forward region may constrain particle production mecha-
nisms relevant to extensive air showers.

The ATLAS experiment contributed to this programme using its for-
ward instrumentation, combining the ZDC for neutral fragments and the
AFP detectors for charged particles. On the proton side, AFP enables the
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identification of diffractive and photon-induced processes through the detec-
tion of intact scattered protons. On the ion side, it provides sensitivity to
charged nuclear fragments.

Preliminary observations indicate interesting structures in the ion-side

hit distributions, suggesting the presence of various fragments. If confirmed,
the capability to differentiate ion fragments would open new avenues for stu-
dying nuclear breakup and for constraining models of hadronic interactions.
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