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High-energy collisions at the Large Hadron Collider (LHC) have traditionally focused on particle
production at small pseudorapidities. However, to further utilize the valuable data from particles
produced at the ATLAS interaction point along the beamline, the proposed Forward Physics
Facility (FPF) aims to study particle production in the far-forward region at the high-luminosity
LHC. The FPF will house a suite of experiments with the ability of enhancing hadronic interaction
models by measurement of the resulting neutrino fluxes. These advancements are critical for
astroparticle physics, linking forward scattering processes to extensive air showers and improving
our understanding of cosmic-ray interactions. This work investigates simulated neutrino fluxes
in the far-forward region from proton-proton collisions at ATLAS, analyzing final state particles
propagated to this new facility. Results from this simulation provide theoretical expectations for
the neutrino fluxes at the FPF, offering insights to refine hadronic interaction models, including the
most recently developed, and better estimate atmospheric neutrino backgrounds in astrophysical
neutrino telescopes.
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1. Introduction

Interactions of high-energy cosmic rays with air nuclei in the atmosphere generate extensive
air showers (EASs). Cosmic rays can only be studied indirectly through the detection of secondary
particles from EASs by large ground-based detector arrays. To infer the properties of primary
cosmic rays (such as their energy and momentum) from these measurements, simulations are
required to interpret the EAS development. Modeling hadronic interactions in the forward region
across a wide energy range remains a key challenge in advancing our understanding of EASs, since
conventional collider experiments cannot directly probe this domain.

Figure 1 illustrates simulated particle densities from proton-proton collisions (solid lines),
with pseudorapidity (77) ranges which are covered by existing LHC experiments overlaid [1]. Except
for LHCb, the LHC experiments were not designed to perform precision tracking and particle
identification at forward rapidities. The dashed lines represent the estimated number of muons, N,
produced by different hadrons, assuming an equivalent energy, El,p, for the fixed target collisions
in the laboratory frame and N, o E%°. The mid-rapidity region only has a minimal effect
on the production of particles in EASs, which are predominantly emitted in the forward region
(n > 4). Their production is mainly driven by hadron-ion collisions at low momentum transfer,
which cannot be described in the context of perturbative QCD. Given the difficulty in modeling
hadron production from first principles, combined with the lack of data from current collider
experiments, EAS simulations typically rely on phenomenological interaction models. However,
discrepancies between model predictions and experimental data have been reported by several
cosmic-ray experiments over many years, a phenomenon referred to as the muon puzzle in EASs. In
particular, measurements at the Pierre Auger Observatory show an excess in the number of muons
compared to simulations [3-5] and a meta-analysis of data from nine air-shower experiments has
revealed an energy-dependent trend in these discrepancies [6—8]. Recent studies suggest that these
discrepancies indicate a severe deficits in our understanding of particle physics [1, 9]. Thus,
accurate measurements of hadronic interactions, particularly in the far-forward region, are crucial
for validating and refining current EAS models.
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Figure 1: Simulated densities of particles as a function of their pseudorapidity [1] in arbitrary units (dashed
lines) in proton-proton collisions obtained from EPOS-LHC [2]. Solid lines show the estimated number
of muons produced by these particles, assuming an equivalent energy for the fixed target collisions in the

laboratory frame, Ejsp, and N, o El(:{bg :
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2. The Forward Physics Facility

The proposed Forward Physics Facility (FPF) [10-12] at the high-luminosity LHC (HL-LHC)
is designed to take advantage of the intense far-forward flux produced at colliders. In 2024,
the FASER and SND@LHC collaborations reported the first measurement of high-energy collider
neutrinos [ 13, 14] and demonstrated the capability of forward neutrino experiments to study hadronic
interaction models with high precision [15]. The FPF is expected to further extend the forward
physics program at CERN into the HL-LHC era to investigate particle production in the high
pseudorapidity region (see Fig. 1) with unprecedented statistics, and to perform neutrino physics
studies that bridge collider and astroparticle physics.

The FPF will be located 88 m underground along the line-of-sight (LOS) of the ATLAS
interaction point, at a distance of approximately 627 m, and shielded by over 200 m of rock. The
facility, shown in Fig. 2, will span roughly 75 m in length and 11.8 m in internal width, providing
the necessary infrastructure to host a diverse set of experiments aimed at investigating physics
phenomena at pseudorapidities above  ~ 7.5. The energies of neutrinos reaching the FPF will
range from a few 10 GeV up to several TeV during HL-LHC operations. The experiments are
designed to reconstruct charged particle tracks from neutrino interactions and determine all three
neutrino flavors at energies comparable to those in EAS, but under controlled laboratory conditions.

2.1 Experiments

Currently, four experiments are proposed to be housed in the FPF, as shown in Fig. 2. Each
experiment is based on different detector technologies and optimized for a specific purpose, as
briefly summarized in the following. A comprehensive review can be found in Refs. [11, 12].

* FASER2: An upgraded version of the FASER experiment [16], a magnetic tracking spec-
trometer designed for the detection of neutrinos, as well as long-lived particles, such as dark
photons, axion-like particles, heavy neutral leptons, among other beyond Standard Model
scenarios, and to distinguish v and v charged current scattering in the FPF neutrino detectors
by measuring the muon charge. It includes an enlarged volume and enhanced tracking and
calorimetry systems relative to its predecessor.

FASERv2

FORMOSA

Figure 2: Layout of the FPF [12], located around 620 m from the ATLAS interaction point and housing the
four proposed experiments FASER2, FASERv2, FLArE, and FORMOSA. See text for details.
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* FASERv2: Successor to the experiment FASERvy [17] and a dedicated neutrino detector
capable of observations of all three neutrino flavors. It uses dense emulsion layers interleaved
with tungsten plates to enable precise reconstruction of neutrino interactions. With its excel-
lent spatial resolution, it will not only observe neutrino interactions but will also distinguish
between neutrino flavors and measure their energy distributions.

* FLArE: A versatile and large-scale (10 ton) liquid argon time projection chamber, which
reconstructs three-dimensional particle tracks by measuring the ionization from charged
particles as they pass through the detector. This experiment, also covering the lower rapidity
region, will detect neutrinos of all flavors and provide an accurate reconstruction of the
interaction final states.

* FORMOSA: Unlike the neutrino detectors, this experiment is highly focused on beyond
Standard Model searches. It has world-leading sensitivity to detect millicharged particles via
arrays of scintillator panels and coincidence timing techniques.

This suite of experiments will comprise a comprehensive forward physics program [11], provid-
ing measurements of collider neutrinos with unprecedented statistics (up to millions of neutrinos)
and high precision during the HL-LHC era. The normalization of the muon-neutrino flux, for
example, can be measured at the per-mille level at the FPF. Under this program, crucial data will be
collected with the ability to further build a connection between collider and astroparticle physics.

3. Neutrino Fluxes at the FPF

To predict the neutrino fluxes at the FPF, a multi-step simulation is used that models proton-
proton collisions at the LHC, propagates particles from the ATLAS interaction point toward the
FPF, and simulates hadron decays into neutrinos, as well as their interactions in the FPF detectors.
This simulation procedure and the resulting neutrino flux predictions are discussed in the following.

3.1 Event Generators

The software tool CHROMO [18] is used to generate proton-proton collisions at the ATLAS
interaction point with various hadronic interaction models. 100,000 collisions at y/s = 14 TeV
are generated for each of the hadronic interaction models SIBYLL 2.3d [19], DPMIJET-III [20],
EPOS-LHC [2], EPOS-LHC-R [21], QGSJET-1I-04 [22, 23], QGSJet-1II [24], and Pythia 8.2 [25],
including a dedicated forward tune [26]. The model SIBYLL* [27] is a series of phenomeno-
logically modified versions of Sibyll 2.3d in order to increase muon production from hadronic
multi-particle production processes which provide a possible solution to the muon puzzle. This
is done by enhancing the production of baryon-antibaryon pairs, kaons, or neutral rho mesons. It
also provides a mixed model with baryon-antibaryon and neutral rho meson enhancements. These
enhancements take effect at energies above /s = 13 TeV to remain within bounds from accelerator
measurements, however, in order to study potential effects that can be observed at the FPF, we lower
this threshold to /s = 10 TeV. Another example accounting for enhanced kaon production can be
realized in a simple toy model by allowing the substitution of pions with kaons in SIBYLL-2.3d
at large pseudorapidities (7 > 4) [28]. However, this model typically results in even larger kaon
production than the corresponding SIBYLL* version and is not further considered in this work.
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3.2 Fast Neutrino Flux Simulation

The propagation of all particles, their decay into neutrinos, as well as the interaction of neutrinos
in the FPF detectors is simulated using dedicated software [29]. It has been shown that neutrinos,
especially at the higher energies of interest, are primarily produced in the vacuum of the LHC
beam pipe, while neutrinos from secondary interactions only contribute a very small fraction to
the neutrino flux. The fast simulation obtains the trajectories of hadrons through the LHC beam
pipe and magnets, using a geometrical model used from BDSIM [30], and models their decay
into neutrinos, following Pythia 8.2 [25]. The interactions of neutrinos in the FPF detectors is
modeled based on GENIE [31]. The entire simulation procedure is implemented as a RIVET [32]
module which provides easy access to the entire community. For the purpose of illustration, we
simulate neutrino fluxes in FASERv2 using this approach, however, the general conclusions are
mostly independent of the specific FPF experiment.

3.3 Results and Discussion

Figure 3 shows the simulated neutrino energy spectra for electron neutrino and muon neutrino
interactions in FASER Y2, assuming an integrated luminosity of 2 ab~!. These predictions, are based
on the interaction models SIBYLL 2.3d, DPMJET-III, EPOS-LHC, EPOS-LHC-R, QGSJET-II-04,
QGSJet-III, and Pythia 8.2, including a forward tune. Also shown are the differences between the
models with respect to SIBYLL 2.3d which are up to 100% at low energies, depending on the
particular model, much larger than the expected uncertainties at the FPF [29, 33]. At the highest
energies (above a few 100 GeV), the model differences become even larger. This is mainly due to
very different treatment of charm hadrons between the models. It is interesting to note that the
differences are minimal at energies of around 300 GeV. Differences in the predicted neutrino spectra
can also be observed for predictions based on SIBYLL* at a similar level, in particular, for the
kaon enhancement model, as shown in Fig. 4.
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Figure 3: Simulated neutrino energy for electron neutrinos (left) and muon neutrinos (right) interacting in
FASERY2, obtained from different hadronic interaction models. The bottom panel shows the corresponding
model differences with respect to SIBYLL 2.3d.
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Figure 4: Simulated neutrino energy for electron neutrinos (left) and muon neutrinos (right) interacting
in FASERY2, obtained from different variations of the SIBYLL* model. The bottom panel shows the
corresponding model differences with respect to the benchmark model SIBYLL 2.3d.

Figure 5 shows the corresponding composition of parent hadrons of neutrinos observed in
FASERv2. The ratio of electron neutrino to muon neutrino fluxes offers an indirect method for
determining the ratio of charged kaons to pions. As shown in the figure, neutrinos from pion
and kaon decays have distinct energy spectra, which allows them to be differentiated, as recently
demonstrated by FASER [15]. Additionally, neutrinos from pion decays are more concentrated
around the LOS compared to those from kaon decays. This is due to the lower mass of the pion
and the resulting smaller transverse momentum. Therefore, the rapidity distribution of neutrinos
can be additionally used to disentangle the origins of the neutrinos and provide an estimate of the
pion-to-kaon ratio. In fact, it is expected that flux measurements at the FPF will be able to constrain
the individual flux components with percent-level precision [34] and thereby provide important
tests of hadronic interaction models.
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Figure 5: Simulated neutrino energy spectra for electron neutrinos (left) and muon neutrinos (right) inter-
acting in FASERv2, obtained from various hadronic interaction models for different production modes, i.e.,
pion (red), kaon (green), charm (purple), and hyperon (blue) decays.
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4. Conclusions

We have presented simulations of the expected neutrino fluxes at the FPF, in particular, in the
FASERvY2 experiment, assuming various hadronic interaction models. These model predictions
differ by up to 80-100%, much larger than the anticipated uncertainties of the FPF experiments,
and even more at the highest energies. The examples presented in this work demonstrate how
the FPF will be uniquely positioned to test and constrain hadronic models, providing a significant
advancement in our understanding of multi-particle production in EASs. Thereby, measurements at
the FPF will lead to a better understanding of the properties of the highest-energy cosmic rays and
will be critical for reducing associated uncertainties in high-energy astrophysical neutrino searches.
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Figure 7: Ratio of the number of muon neutrinos from kaon and pion decays in FASERv2, obtained
from different models. Also shown is the measurement by FASER [15] with an integrated luminosity of
(65.6 +1.4) b1, including 1o, 207, and 30" uncertainty bands.
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