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Abstract The SND@LHC experiment investigates neutri-
nos in the 7.2 < n < 8.4 forward pseudorapidity range.
The detector consists of a veto system, a scintillating fiber
tracker interleaved with emulsion cloud chambers, and a
downstream muon system. Muons originating from colli-
sions at ATLAS (IP1) constitute the primary background for
CC neutrino interactions and determine the replacement fre-
quency of the emulsion target. A precise characterization of
this flux is therefore essential. In this work, we report the
muon flux measured in the central 31 x 31 cm? fiducial area
of the detector using data from 2023 through 2025. The mea-
sured fluxes for proton collisions are: (1.90+0.04)x 1072
nb/em? (2023), (3.76 £ 0.09) x 10~2 nb/cm? (2024), and
(2.48 4 0.05) x 1072 nb/cm? (2025). A 2024 reference pro-
ton run at \/s = 5.36 TeV yielded (4.21 & 0.14) x 1072
nb/cm?, providing a direct baseline for the heavy-ion energy
regime. The measured fluxes for heavy-ion collisions are
(3.11£0.12)x10* nb/em?, (5.53+0.22)x 10*nb/cm?, and
(3.244+0.13)x 10* nb/cm? in 2023, 2024, and 2025, respec-
tively. Uncertainties are dominated by systematic effects,
with the statistical component contributing <0.1% to the total
uncertainty. These results are in agreement with Monte Carlo
predictions.

1 Introduction

The SND@LHC experiment [1] is designed to detect high-
energy neutrinos in the forward pseudorapidity region 7.2 <
n < 8.4 produced by proton or ion collisions at IP1. The vast
majority of observed events are from passing muons, which
constitute the primary background to neutrino searches.
Moreover, preventing excessive exposure of the emulsion
films requires regular target replacement. The frequency of
these replacements is directly dependent on the muon rate.
Additionally, heavy-ion data further provides suitable con-
ditions for studying detector response and tracking perfor-
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mance for low-energy muons. For these reasons, a precise
measurement of the muon flux is essential.

We previously reported corresponding measurements for
proton collisions in 2022 [2]. This paper gives an update for
proton collisions and additional measurements for heavy-ion
collisions in 2023, 2024 and 2025.

The muon flux is given by:

N tracks
P, =

= — 1
AL -6 &

where Nyacks 18 the number of muon tracks that traverse the
effective detector area A used for the measurement, Li is the
integrated luminosity at IP1 and ¢ is the tracking efficiency
of the algorithm for the corresponding detector subsystem.

2 Detector and coordinate system

The SND@LHC detector [3] is a hybrid system featuring
an ~830kg target formed of tungsten plates interleaved with
nuclear emulsion films and electronic trackers, which collec-
tively function as an electromagnetic calorimeter (ECAL).
The target is preceded by a veto system to tag charged par-
ticles originating from the IP1 direction, while a hadronic
calorimeter (HCAL) and a muon system are situated down-
stream of the target (see Fig. 1).

Located in the TI18 tunnel, the detector is positioned
approximately 480m from the ATLAS interaction point
along the collision axis. This location is shielded by the bend-
ing of charged particles originating from IP1 by the LHC
magnets and the attenuation of neutral hadrons by 100 m of
rock.

The veto system is made up of parallel planes of scintilla-
tor bars. Each layer consists of seven EJ-200 scintillator bars
with dimensions of 42 x 6 x 1cm? wrapped in aluminized
mylar foil to prevent light leakage between adjacent bars. The
horizontal scintillator bars are equipped with silicon photo-
multipliers (SiPMs) at both ends, whereas the vertical bars
have SiPMs only at the top. At the start of 2024, the entire
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Fig. 1 Schematic side-view
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system was lowered via ground excavation to have better cov-
erage of the target in a higher-intensity region of the neutrino
flux (closer to the collision axis), and a third veto plane was
installed to further improve its efficiency [4]. Since the veto
system is not utilized for track reconstruction, these upgrades
have no impact on the muon flux measurement.

The target, serving as the vertex detector, comprises five
walls of Emulsion Cloud Chambers (ECCs). In this work,
however, the analysis is restricted to data recorded by the
electronic detectors.

Interleaved with the target walls are the Scintillating Fiber
(SciFi) tracker planes, which provide precise measurements
of particle positions and electromagnetic shower energies.
Each plane consists of two orthogonal layers (vertical and
horizontal). Every layer is composed of three fiber mats, each
measuring 13 x 39 cm?. The scintillating fibers have a diame-
ter of 250 mm and are arranged in six staggered layers with a
total thickness of 1.35 mm. The readout system utilizes SiPM
multichannel arrays. Each mat is read out by four SiPMs with
128 channels of width 250 pum, totaling 512 channels per mat
and 1536 channels per plane. For this analysis, the planes are
labeled SF1 to SF5, ordered from most upstream to most
downstream.

The muon system consists of eight iron blocks and nine
scintillator planes arranged alternately along the beam direc-
tion. The iron blocks, each 20 cm thick, serve as the absorber
material for the HCAL. The scintillator planes are catego-
rized into two types: upstream (US) and downstream (DS).

The US system comprises the first five planes following
the target region, labeled US1 to USS5 in order of increasing
distance from the target. Each plane is composed of ten hori-
zontal scintillator bars with dimensions of 1 x 6 x 82.5 cm?.
These bars are read out by eight SiPMs at both ends, provid-
ing precise timestamps for traversing particles and measuring
hadronic shower energy.

The DS system follows the US planes and offers finer
granularity for muon identification and position measure-
ment. DS planes consist of two orthogonal layers of scintil-
lator bars (one horizontal and one vertical), except for the
fourth plane (DS4), which contains only vertical bars. Each
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bar has a 1 x 1 cm? cross-section, with lengths of 82.5 cm
for horizontal bars and 63.5 cm for vertical bars. Horizontal
bars are read out by a single SiPM at each end, while vertical
bars are read out by a single SiPM at the top. Similarly to the
SciFi, the DS planes are labeled DS1 to DS4.

Since 2025, the fourth DS plane has been relocated fur-
ther downstream, with two drift tube planes (mDTs) installed
between DS3 and DS4 to enhance muon tracking [5]. As the
mDT data was not incorporated into this analysis and the
relocation of DS4 did not alter the DS tracking performance,
these modifications have no effect on the muon flux measure-
ment.

The system utilizes a triggerless data acquisition architec-
ture, where all signals exceeding preset thresholds are pro-
cessed by the front-end electronics and clustered in time to
form events. An online software noise filter is subsequently
applied. This maintains both a negligible detector deadtime
and a negligible loss in signal efficiency. Events are recorded
if they have coincident hits across multiple detector planes.

We employ a right-handed orthogonal coordinate system
with its origin at 480 m from IP1 along the LHC beam col-
lision axis (assuming a null crossing angle). The z-axis is
oriented along the detector’s longitudinal axis, while the y-
axis points upward.

3 Data and Monte Carlo simulations
3.1 Data sample

Each dataset analyzed corresponds to a specific LHC fill. For
this study, full track reconstruction was performed on data
from five fills in 2023 and two in 2024, including both proton
and heavy-ion collisions (specifically 2°8Pb%2+). While 2025
data were limited to representative subsamples, one proton
and one heavy-ion fill are included to facilitate a direct com-
parison with the 2023-2024 datasets. This comparison is par-
ticularly relevant following the 2025 introduction of quasi-
continuous crossing-angle anti-levelling, where the crossing
angle is reduced as beam intensity decreases [6]. To provide
a direct baseline for the heavy-ion measurements, a 2024
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Table 1 Beam attributes of heavy-ion and proton LHC fills used for
muon flux measurement with high-statistics track reconstruction. The
given values are the date of the fill number, the number of bunches
per beam N, the crossing angle at IP1, the duration of stable beams
operation of the fill and the integrated luminosities L. The crossing
angle is given as a range for 2025 proton data due to the introduction

of crossing-angle anti-levelling [6], while fill 8695 lists the two spe-
cific values used. The uncertainty on the integrated luminosity is 3.5%
for heavy ions and 2% for protons [7]. The center-of-mass energy is
/s = 13.6 TeV and the time between bunches is 25 ns for proton fills
and 50 ns for heavy-ion fills

LHC Fill Number Heavy-Ion Collisions

Date N IP1 Crossing Angle [prad] Duration [h] Ling [b™1]
9232 5 Oct 2023 1123 170 11.0 61.01
9291 22 Oct 2023 1081 170 6.5 56.98
9312 27 Oct 2023 960 170 9.6 56.61
9317 29 Oct 2023 1080 170 8.2 57.85
10345 9 Nov 2024 1240 150 6.5 65.49
11318 20 Nov 2025 1240 150 8.6 115.82
LHC Fill Number Proton Collisions

Date N IP1 Crossing Angle [prad] Duration [h] Lint [ub_l]
8695 1 May 2023 911 —160/—135 8.0 17.90 x 107
9606 7 May 2024 2352 150 14.4 53.24 x 107
103104 2 Nov 2024 2352 170 22.9 8.82 x 107
10676 31 May 2025 2460 160-120 15.1 104.62 x 107

@ Reference proton fill recorded at 4/s = 5.36 TeV

proton reference fill recorded at the reduced center-of-mass
energy of \/s = 5.36 TeV is also included. All ten fills,
including those from 2025 and the 2024 reference fill, are
summarized in Table 1. The integrated luminosity for each
LHC fill was provided by the ATLAS Collaboration [7].

To investigate the time dependence of the muon flux, a
sampling approach was adopted, analyzing a subset of events
from selected LHC fills throughout the data-taking period,
including the entirety of the 2025 dataset. For these fills,
track reconstruction was performed on a small fraction of the
total events, with the results subsequently scaled to account
for this subsampling. This approach is sufficient as the total
uncertainty is dominated by systematic effects rather than
statistics, as detailed in Sect. 6.

3.2 Monte Carlo simulations

The simulation of the hadron collisions at the LHC interac-
tion points is performed by CERN’s SY-STI team with the
FLUKA Monte Carlo simulation package and the embed-
ded external event generator DPMJET [8,9]. The resulting
muons and charged hadrons are transported through the tun-
nel and rock to a virtual plane of dimensions 4.5 x 4 m?
located ~35 m upstream of the SND@LHC detector. Next,
we use the output of this simulation to transport the particles
to and through the detector with Geant4 [10].

The heavy-ion background was modeled by combining
two distinct datasets: nuclear interactions (NI) from inelastic

hadronic collisions and electromagnetic dissociation (EMD).
These components are weighted according to their respective
cross-sections to yield a total flux. So far, heavy-ion simula-
tions were provided only for the 2022 LHC configuration.

4 Muon tracking with the electronic detectors
4.1 Track finding

The Hough transform algorithm [11] maps hits from the
detector coordinate space into a binned parameter space
(Hough space). In this space, each hit is represented by a
curve, and the intersection of multiple curves within a sin-
gle bin identifies a common trajectory. Conceptually, each hit
casts a “vote” for every bin its curve passes through. The bins
that accumulate the highest number of votes are then mapped
back to physical space, effectively grouping hits that form a
line to identify candidate tracks.

4.2 Track fitting

Once atrack is identified, it is reconstructed using the Kalman
filter as implemented in the Genfit package [12,13]. A tol-
erance parameter defines a window around the candidate
line, potentially incorporating additional hits not identified
in the initial Hough transform. At SND@LHC, track recon-
struction is done separately in the XZ and YZ planes, with
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Fig. 2 Normalized DS Hough transform track density distribution at
z = 430 cm in data. Higher density is observed at the upper part for
proton collisions and in the lower part for heavy-ion collisions. The
box illustrates the fiducial region of uniform tracking efficiency for
both SciFi and DS tracking. The diagonal lines of lower occupancy are
artifacts of the 2D binning
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Fig. 3 SciFi tracking efficiency distribution in data. The box illustrates
the selected fiducial region

the combination of which a 3D track can be constructed.
The primary downside of this 3D track construction mecha-
nism is the ambiguity that arises in the pairing process when
multiple tracks are present. For this analysis, only single
track events are considered, while multi-muon events, arising
either from particle decays at IP1 or from muon interactions
in the upstream rock, are excluded. This is justified by their
scarcity (approximately 1/10° for two muons and even less
for three) and the fact that they are the subject of separate
studies.

@ Springer

Table 2 Comparison of tracking efficiency across the two detector
subsystems. Fluctuations between years and bunch types (protons vs.
heavy ions) reflect variations in the muon energy spectra and the energy-
dependent nature of tracking performance. Quoted uncertainties include
both statistical and systematic components. The systematic uncertainty
is derived from the efficiency variance across the fiducial region, while
the statistical component is negligible, contributing less than 0.1% to
the total uncertainty

SciFi Efficiency DS Efficiency

2023 Data
Protons 0.949 £ 0.009 0.932 £0.012
Heavy lons 0.929 +0.018 0.894 £ 0.029

2024 Data
Protons 0.911 +£0.011 0.922 +£0.013
Heavy lons 0.857 £ 0.016 0.853 £ 0.021

2025 Data
Protons 0.922 + 0.008 0.924 +£0.014
Heavy lons 0.898 + 0.018 0.881 £ 0.031

Track reconstruction requires hits in at least three planes,
both horizontal and vertical. The Hough transform typically
produces multiple candidate tracks, with the final track cho-
sen as the one containing the highest number of votes by the
Hough transform algorithm. Since there are significant dif-
ferences in the design and performance of the SciFi and DS
components, tracking is done separately in the two subsys-
tems.

4.3 Tracking efficiency

Tracking efficiency is estimated by identifying a “tagging
track” in either the SciFi or DS system that extrapolates into
the acceptance of the other. Tracks found in the other system
of tagged events are referred to as candidate tracks. A tag and
candidate track pair are considered successfully matched if
their extrapolated crossing points on a predefined reference
plane between the two detectors lie within 3 cm of each other.
The efficiency is then calculated as the ratio of matched pairs
to the total number of tagging tracks.

A fiducial region of uniform tracking efficiency is defined
for both the SciFi and DS measurements. The DS track
density distribution and the corresponding fiducial area are
shown in Fig.2, while the resulting spatial map of track-
ing efficiency is illustrated in Fig. 3. The total efficiency is
defined as the average across the fiducial area, where the con-
tribution of each bin is weighted by its local track density.
The calculated uncertainties include a global binomial statis-
tical component and the spatial variance (systematic spread)
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Fig. 4 Track angle distributions and source separation. Panel (a) is
in total counts, while panels (b, c, e, f) are normalized to unit area.
Panel (d) shows a 2D histogram of track angle versus muon energy for
heavy-ion simulations in arbitrary units. The labels IP1, B1Only, and

Fig. 5 The LHC elements LEHR.11R1 and MQ.11R1. Pions and
kaons, generated through ion interactions at LEHR.11R1, decay into
muons. These muons are subsequently directed toward the detector by
the quadrupole magnet MQ.11R1 and following dipoles

across individual bins to address detector non-uniformity.
These results are summarized in Table 2.

5 Angular distribution

Given the detector’s considerable distance from IP1, it is
anticipated that most tracks will exhibit minimal slopes.
However, the angular distribution in Fig. 4 shows a secondary
peak at fxz =~ 45 mrad in the horizontal projection, along
with a plateau near 110 mrad. Monte Carlo simulations indi-
cate that this secondary peak originates from low-energy
muons produced via hadron decays, which are more abun-
dant in heavy-ion data.

B2noB1 denote events coincident with an IP1 collision, a non-colliding
beam 1, or a non-colliding beam 2 bunch slot, respectively. Contribu-
tions from non-colliding beams are negligible and are excluded from
the final muon flux results
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Fig. 6 Muon production distribution along the beamline in heavy-ion
simulations. The coordinate system is centered at IP1 with the z-axis
pointing along the beam collision axis, away from SND@LHC. Con-
centration of muon production within the boxed area, approximately
415m from IP1, aligns with the position of the LHC half-cell 11

A positive angle corresponds to muons traveling away
from the LHC’s center. Extrapolating from the detector to its
intersection with the LHC ring places the deflection or pro-
duction source approximately 60 m upstream. The GIS por-
tal map [14] identifies two LHC elements at this distance:
the quadrupole magnet MQ.11R1 and the empty cryostat
LEHR.11R1, as shown on Fig.5. FLUKA simulations pro-
vide insights into the muon origin before reaching the virtual
plane. Initially, pions and kaons are generated by heavy-ion
interactions at the LEHR.11R1 site. Subsequently, these par-
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Fig. 7 Simulated muon energy spectra at the SND@LHC detector
location. The plot shows the independent spectral contributions from
EMD and NI, alongside the 2022 proton collision baseline. Histograms
are normalized to unit area and corrected for bin width to show the
probability density

ticles decay into muons, whose trajectories are directed to the
detector by the quadrupole magnet MQ.11R1 and following
dipoles. The muon production points in the simulation are
given in Fig. 6.

5.1 Muon energy spectrum discrepancies

Monte Carlo simulations indicate that muons originating
from heavy-ion collisions exhibit a notably softer energy
spectrum compared to those from proton collisions. This
spectral softening may be attributed to two primary factors,
the lower center-of-mass energy per nucleon pair in heavy-
ion fills (\/snn = 5.36 TeV vs. 13.6 TeV for protons) and

SND@LHC 2023 Proton Data,

ulation reveals that while both NI and EMD components are
softer than the 13.6 TeV proton baseline, the EMD process
specifically populates the lowest energy bins.

While proton simulations at a matching /s = 5.36 TeV
are currently unavailable, the 2024 reference dataset (Fill
10310) provides a baseline closer to the heavy-ion collision
energy. The narrower angular distribution observed in this
reference fill indicates a higher mean muon momentum com-
pared to the heavy-ion data. This suggests that the energy
difference is not solely a function of the collision energy, but
is likely driven by the EMD contribution inherent to heavy-
ion collisions. However, a definitive conclusion cannot be
made without a validation with energy-matched simulations
to isolate these physical processes from other confounding
experimental variables.

6 Muon flux

The muon flux per reaction is different across the years due to
changing LHC configurations. The difference between pro-
ton and heavy-ion collisions is an interplay of many factors
including different interaction mechanisms and also addi-
tional tuning of the machine for ion operation.

The fiducial area for both subsystems has been chosen
with boundaries of —42 cm < X < —11 cm and 18 cm <
Y < 49 cm. Muon flux contributions from non-IP1 meson
decays originating 60 m upstream of the detector cannot be
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Fig. 8 Muon flux measurement for all LHC fills with production-mode filling schemes. Vertical error bars represent the total uncertainty, comprising

both statistical and systematic components
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Fig. 9 Evolution of the muon flux within a representative LHC fill,
calculated over consecutive time intervals

isolated and are thus included in the final results. All inde-
pendent measurements from the two subsystems, along with
the weighted average, are presented in Fig. 8, which shows
that the flux remains stable over time. This temporal stabil-
ity within individual LHC fills is further confirmed in Fig. 9,
demonstrating that the measurement is independent of the
instantaneous luminosity during both the initial leveling and
subsequent non-leveling phases of beam operation.

The muon flux results for heavy-ion and proton data from
2023 to 2025 are summarized in Table 3. No heavy-ion data
was collected in 2022 due to the decision to conclude the run
two weeks early to mitigate the European energy crisis [15].
Heavy-ion collision simulations were only provided with the
2022 machine configuration.

For proton data, the observed flux deviates from predic-
tions by 10% to 20%. Given the complexity of the simula-
tions, from the collision generator to the propagation through
rock of varying composition, with cumulative uncertainties
ateach stage, this level of agreement can be considered excel-
lent.

6.1 LHC configurations

The significant increase in muon flux by a factor of ~2
between 2023 and 2024 can be attributed to changes in
the LHC configuration [16]. Most notably, the LHC IR1
triplet polarity was reversed in 2024, inverting the quadrupole
sequence from Focus-Defocus-Focus (FDF) to Defocus-
Focus-Defocus (DFD) to optimize the machine lifetime and
Run 3 performance. For heavy-ion operations, the ampli-
tude of the bound-free pair production (BFPP) orbit bumps
was also adjusted to prevent magnet quenching under these
new settings. As aresult, an increased number of TeV-energy
muons reached the detector.

In 2025, the nominal settings were restored, but the cross-
ing angle at IP1 was set to the horizontal plane. This config-
uration resulted in a muon flux ~23% higher than in 2023
for proton collisions, whereas no such increase was observed

for heavy-ion data. The detailed analysis is part of a separate
study and is not addressed here.

A notable observation is the elevated muon flux and nar-
rowed angular distribution measured for the low-energy ref-
erence proton fill compared to standard 2024 proton data.
This discrepancy is likely attributable to two key machine
configuration differences. First, the muon background is sen-
sitive to the settings of the physics debris collimators (TCLs),
located approximately 270m from IP1 in the direction of
the SND @LHC detector. During the reference fills, the TCL
half-gaps were set to 25 mm, significantly wider than the
standard 2024 operating parameters of 12.3 mm, 14.5 mm,
and 1.586 mm for TCL4, TCLS, and TCL6, respectively.
These wider gaps permit a greater flux of forward pions and
kaons to propagate and subsequently decay into the muons
detected by the experiment. Second, the reference fill uti-
lized de-squeezed optics with an amplitude function * of
3.0 m, in contrast to the 0.5 m employed for standard 13.6
TeV fills. The resulting less aggressive magnetic corrections
likely lead to reduced proton losses at the dispersion suppres-
sor near LHC half-cell 11. A full quantitative assessment of
how the increased B* affects the dispersion function has not
yet been established.

7 Conclusion

We have reported the muon flux measurements for heavy-ion
and proton collisions at the SND@LHC experiment using
data collected between 2023 and 2025. Muons originating
from beam interactions at LEHR.11R1 follow the same tra-
jectory as IP1 muons and are synchronous with collision
events. Consequently, they cannot be temporally separated
and are included in the reported flux values.
The measured muon fluxes for heavy-ion collisions are:

2023 Data: @, = (3.11 +0.12) x 10* nb/cm? (2a)
2024 Data: @, = (5.53 +0.22) x 10* nb/cm? (2b)
2025 Data: &, = (3.24 4 0.13) x 10* nb/cm? (2¢)

The measured muon fluxes for proton data are:

2023 Data: @, = (1.90 +0.04) x 1072 nb/cm®>  (3a)
2024 Data: @, = (3.76 +0.09) x 1072 nb/cm®>  (3b)
2025 Data: @, = (2.48 £0.05) x 1072 nb/ecm?  (3¢)

Systematic uncertainties dominate, with the statistical
component contributing less than 0.1% for both proton
and heavy-ion data (see Table 3). Unlike the 2022 proton
data analysis, a unified fiducial area was adopted for both
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Table 3 Measured and

. Dataset Muon Flux Uncertainty Breakdown (% variance)

simulated muon fluxes for the

2023-2025 periods. One 2024 Statistics Tracking Efficiency Luminosity

proton reference fill recorded at - R 5

areduced center-of-mass energy ~ Heavy-lon Collisions (10"nb/cm”)

of /s =5.36 TeV is also 2023 Data 3.11£0.12 < 0.01 22.06 77.94

included. Relative contributions 2024 Data 5.53+0.22 <001 22.80 7720

to the total uncertainty are ' ' ) ’ ’

provided for each measurement. 2025 Data 324 £0.13 0.06 20.48 79.46

For these calculations, a 2022 Simulation 2.99 +0.09 96.70 3.30 -

luminosity uncertainty of 2.0% Proton Collisions (10~ 2nb/cm?)

for proton data and 3.5% for

heavy-ion data was adopted [7] 2023 Data 1.90 £ 0.04 0.02 16.94 83.04
2023 Simulation 1.67 £ 0.05 94.71 5.29 -
2024 Data 3.76 £ 0.09 0.01 27.62 72.37
2024 Data (Reference Fill)* 4.21+0.14 1.33 64.50 34.16
2024 Simulation 3.34£0.12 87.88 12.12 -
2025 Data 2.48 £0.05 0.03 12.64 87.33
2025 Simulation 3.13£0.14 87.21 12.79 -
2022 Data® 2.06 £0.12 8.33 91.67 (Combined Systematics)

(2026) 86:984

2 LHC fill 10310, measured at /s = 5.36 TeV
b 2022 proton flux results are taken from Ref. [2]

SciFi and DS measurements. This consistency eliminates the
choice of detector subsystem as a source of systematic uncer-
tainty.

A comparison with Monte Carlo simulations shows agree-
ment within ~10% for the 2023 and 2024 proton data, and
within ~20% for the 2025 data. Heavy-ion simulations were
performed using the 2022 LHC configuration. Given the sim-
ilarities between the 2022 and 2023 heavy-ion LHC configu-
rations, these simulations show good agreement (~5%) with
the 2023 experimental results.

A dedicated proton reference dataset at reduced collision
energy was recorded in 2024 to provide a controlled base-
line for heavy-ion measurements. Comparing this reference
dataset to heavy-ion data at an equivalent energy, the nar-
rower angular distribution observed in the reference fill indi-
cates a higher mean muon momentum. When contrasted with
the softer spectrum predicted by EMD processes character-
istic of heavy-ion collisions, these observations suggest that
EMD is the primary driver of the lower energy spectrum in the
ion data. However, definitive confirmation of this hypothesis
requires validation through energy-matched simulations.

Distinct from the ion-to-proton comparison, the refer-
ence fill also highlights the detector’s sensitivity to machine-
induced backgrounds. Compared to standard 2024 proton
runs, the reference fill exhibited an ~11% increase in muon
flux and a narrower angular distribution lacking the charac-
teristic secondary peak at ~45 mrad, which has been traced
to proton losses at the dispersion suppressor near half-cell 11.
These discrepancies are directly attributable to the specific
machine configuration of the reference fill. The wider half-
gaps of the TCLs facilitated an increased yield of forward-

@ Springer

propagating pions and kaons, while the use of de-squeezed
optics likely mitigated the beam losses at the dispersion sup-
pressor.
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