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a b s t r a c t

The Forward Physics Facility (FPF) is a proposal to create a cavern with the space and
infrastructure to support a suite of far-forward experiments at the Large Hadron Collider
during the High Luminosity era. Located along the beam collision axis and shielded
from the interaction point by at least 100 m of concrete and rock, the FPF will house
experiments that will detect particles outside the acceptance of the existing large LHC
experiments and will observe rare and exotic processes in an extremely low-background
environment. In this work, we summarize the current status of plans for the FPF,
including recent progress in civil engineering in identifying promising sites for the FPF
and the experiments currently envisioned to realize the FPF’s physics potential. We then
review the many Standard Model and new physics topics that will be advanced by the
FPF, including searches for long-lived particles, probes of dark matter and dark sectors,
2



L.A. Anchordoqui, A. Ariga, T. Ariga et al. Physics Reports 968 (2022) 1–50

N

t
p
H
c
i
p

eutrinos interactions high-statistics studies of TeV neutrinos of all three flavors, aspects of perturbative and
non-perturbative QCD, and high-energy astroparticle physics.
©2022 TheAuthors. Published by Elsevier B.V. This is an open access article under the CCBY

license (http://creativecommons.org/licenses/by/4.0/).

Contents

1. Introduction............................................................................................................................................................................................... 3
2. The facility and civil engineering ........................................................................................................................................................... 5

2.1. Overview....................................................................................................................................................................................... 5
2.2. Alcoves in the UJ12 cavern......................................................................................................................................................... 5
2.3. Purpose-built facility ................................................................................................................................................................... 5
2.4. Civil engineering costs ................................................................................................................................................................ 7
2.5. Services ......................................................................................................................................................................................... 8
2.6. Sweeper magnet .......................................................................................................................................................................... 8
2.7. Conclusions ................................................................................................................................................................................... 8

3. Proposed experiments ............................................................................................................................................................................. 9
3.1. FASER2 ......................................................................................................................................................................................... 9
3.2. FASERν2 ........................................................................................................................................................................................ 10
3.3. Advanced SND@LHC ................................................................................................................................................................... 12
3.4. FLArE: Forward liquid argon experiment ................................................................................................................................ 13
3.5. FORMOSA: FORward MicrOcharge search ............................................................................................................................... 14

4. Searches for new physics ........................................................................................................................................................................ 15
4.1. Long-lived particle decays .......................................................................................................................................................... 16
4.2. Dark matter scattering and production .................................................................................................................................... 18
4.3. Millicharged particles .................................................................................................................................................................. 19

5. Neutrino physics....................................................................................................................................................................................... 20
5.1. Neutrino fluxes............................................................................................................................................................................. 21
5.2. Neutrino interactions and cross sections.................................................................................................................................. 22
5.3. BSM neutrino physics: Examples............................................................................................................................................... 24

6. QCD ............................................................................................................................................................................................................ 25
6.1. QCD theory for high-energy particle production ................................................................................................................... 26
6.2. Forward charm production in the hybrid formalism ............................................................................................................. 27
6.3. PDFs and forward charm production according to collinear factorization ......................................................................... 29

6.3.1. Constraints on small-x PDFs ....................................................................................................................................... 29
6.3.2. FPF forward charm production at NLO with massive quarks and the intrinsic component ............................. 29

6.4. Neutrino-induced deep inelastic scattering ............................................................................................................................ 31
6.5. Single-inclusive forward and forward-central events at the FPF + ATLAS .......................................................................... 32
6.6. Forward physics in event generators ........................................................................................................................................ 33
6.7. QCD summary .............................................................................................................................................................................. 35

7. Astroparticle physics ................................................................................................................................................................................ 35
7.1. Cosmic ray physics and the Muon Puzzle ................................................................................................................................ 35
7.2. Prompt atmospheric neutrino fluxes......................................................................................................................................... 37

8. Conclusions and outlook.......................................................................................................................................................................... 38
Declaration of competing interest.......................................................................................................................................................... 40
Acknowledgments .................................................................................................................................................................................... 40
References ................................................................................................................................................................................................. 40

1. Introduction

Particle physics is at a critical juncture. The program of discovering Standard Model (SM) particles was completed by
he discovery of the Higgs boson nine years ago, but there are still many outstanding questions, from those internal to
article physics to those originating in cosmological observations. At the same time, the spectacular run of the Large
adron Collider (LHC), now in its second decade, has not produced evidence of new physics, and there is as yet no
onsensus plan for the next generation of particle colliders at the energy frontier. In this context, it is clear that new
deas are welcome and needed, especially if they extend the physics potential of existing facilities, have some guaranteed
hysics return, and may lead to groundbreaking discoveries that will clarify the path forward in the years to come.
At present, existing experiments at the LHC are primarily focused on high-pT physics. For example, most new particle

searches target heavy, TeV-scale states, which are produced with pb to fb cross sections and decay to particles traveling
at large angles relative to the beamline. At the same time, these processes are only a small subset of the total inelastic pp
collisions, which, at center-of-mass energies of

√
s = 13 to 14 TeV, have a much larger cross section of ∼100 mb. Most
3
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f these inelastic collisions produce particles that travel approximately parallel to the beamline and escape through the
oles in existing detectors.
In recent years, it has been realized that these ‘‘wasted’’, inelastic collisions may, in fact, contain a treasure trove

f useful information. Within the SM, pions, kaons, and other mesons may decay to electron, muon, and tau neutrinos,
roducing intense beams of highly energetic neutrinos in the far-forward direction. Modest-sized experiments placed
n the far-forward region may detect millions of these neutrinos in the coming decades, enabling precision studies
f neutrinos and antineutrinos of all three flavors at the highest human-made energies ever observed. These neutrino
vents will also shed light on forward hadron production and both perturbative and non-perturbative QCD, with strong
mplications for models of collider physics and astroparticle experiments. For new physics searches, the far-forward region
s also promising, because the SM particles produced in the far-forward direction may also decay to new particles. These
xotic decays are typically rare, but in many models, the large fluxes of the parent SM particles predict an intense and
ighly-collimated beam of light and extremely weakly-interacting particles in the far-forward region, with discovery
rospects for new gauge bosons, new scalars, sterile neutrinos, dark matter (DM), millicharged particles (mCPs), and
xion-like particles (ALPs).
The Forward Physics Facility (FPF) is a proposal to realize these physics opportunities by creating space in the far-

orward region for a suite of experiments during the High Luminosity LHC (HL-LHC) era. As noted above, for many years,
xperiments at the LHC have been dominated by large detectors focused on high-pT physics. Very recently, however,

the FASER [1–4], FASERν [5–7], and SND@LHC [8,9] detectors have been proposed and approved to operate during LHC
Run 3 in the far-forward region, along or very close to the beam collision axis line of sight (LOS). These detectors are
located approximately 480 m from the ATLAS interaction point (IP) and shielded from the ATLAS IP by ∼ 100 m of
concrete and rock. In the far-forward region covered by these experiments, spanning pseudorapidities from η ∼ 7 to ∞,
a host of interesting SM and beyond the SM (BSM) particle fluxes are maximal, and the shielding of the rock and LHC
infrastructure suppresses backgrounds, providing an extremely promising environment for the diverse array of SM and
BSM studies noted above.

The FASER, FASERν, and SND@LHC detectors are currently being constructed to operate in TI12 and TI18, existing
injector tunnels that merge with the main LHC tunnel. These tunnels were excavated for the Large Electron–Positron
Collider in the 1980s. They were never intended to house experiments or provide the necessary services, which are
currently being assembled piecemeal for each experiment, and there is no room to expand these detectors or to add
additional ones. The FPF will put the far-forward physics program now underway on a solid footing, either by extending
an existing LHC cavern or by building a new, purpose-built facility along the LOS. The resulting facility will potentially
extend coverage to pseudorapidities below 7 and will accommodate larger experiments to more fully realize the physics
opportunities provided by the far-forward region.

The FPF’s special location makes its experiments uniquely sensitive to many SM and BSM phenomena, and its physics
capabilities are complementary to those of other existing and proposed experiments at the LHC. Besides the large LHC
experiments probing high-pT physics, these include a number of smaller detectors performing SM measurements in the
forward region, including ALFA [10], AFP [11], CASTOR [12], LHCf [13], TOTEM [14], and CT-PPS [15]. These are located in
or around the LHC beam pipe close to either the ATLAS or CMS IP, but, in contrast to the FPF, are not shielded from these
IPs by hundreds of meters of concrete and rock. The FPF is also complementary to MoEDAL [16] and MilliQan [17,18], as
well as proposed experiments, such as MATHUSLA [19–21], CODEX-b [22,23], and ANUBIS [24], which also aim to search
for new physics at the LHC, but, in contrast to FPF experiments, are located at large angles relative to the beamline. Last,
there are also important synergies of FPF physics with experiments running or proposed at other facilities, including, for
example, BSM searches at beam dump experiments, such as SHiP [25] at the SPS, and SM studies at accelerators, such as
the Electron-Ion Collider (EIC) [26] at Brookhaven, as will be described below.

To realize the FPF’s promise, physics studies must be carried out to guide which experiments should be placed in
the far-forward region, the experiments must be designed and built, and a facility to house the necessary experiments is
required. Of course, all of these aspects must be considered together to maximize the physics output within the constraints
of time, space, and funding. Although work on the FPF is in its early stages, in the last year, there has been growing interest
in the physics potential of the FPF, leading to a Snowmass Letter of Interest [27], two dedicated workshops [28,29], and
numerous studies, many of which will be reviewed in this paper. The goal of this work is to bring together many of the
rapid developments in this area and to summarize the current status of studies for the proposed FPF.

This paper is organized as follows. In Section 2, we outline the civil engineering studies that have been done so far,
which have identified two leading candidate sites for the FPF. In Section 3, we summarize the experiments currently
envisioned for the FPF, which span a number of detector technologies to realize the FPF’s diverse physics goals. The
physics potential of these experiments for BSM searches, neutrinos, QCD, and astroparticle physics is then described in
Sections 4, 5, 6, and 7, respectively. The division into these four subject areas is somewhat artificial, as there are large
overlaps and synergies between the different sections, but the organization highlights the relevance of the FPF to a diverse
group of well-established communities. We conclude in Section 8 with a brief summary and outlook.
4
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Fig. 1. The locations of the two preferred FPF sites currently under consideration. For the UJ12 alcoves option, the existing UJ12 cavern is enlarged
with alcoves, providing a site located roughly 480–521 m west of ATLAS IP1 in Switzerland. For the purpose-built facility option, a new cavern and
shaft are excavated, creating a site on the LOS roughly 617–682 m east of ATLAS IP1 on CERN land in France.

2. The facility and civil engineering

2.1. Overview

Civil Engineering (CE) generally represents a significant portion of the effort for physics projects like the FPF. For this
reason, CE studies are of critical importance to ensure a viable and cost-efficient conceptual design. This section provides
an overview of the current status of FPF CE studies, including key considerations and the current designs being studied.

The CE studies have been based on the requirement that the FPF be approximately 500–600 m away from an LHC IP
on the beam collision axis or LOS. Following an initial study of the existing LHC infrastructure and geological conditions,
several options were considered to accommodate the facility around the ATLAS IP (IP1). These have been narrowed down
to two preferred solutions: alcoves in the UJ12 cavern and a purpose-built facility. The locations of these two options are
shown in Fig. 1. In the next two subsections, we present more details of each of these two FPF sites.

2.2. Alcoves in the UJ12 cavern

One of the preferred options is to house the FPF in the location of the existing UJ12 cavern by expanding one side of
UJ12 with separate alcoves to accommodate the experiments and to provide the space needed around them. UJ12 is part
of the LHC tunnel system and is situated approximately 480–521 m west of ATLAS IP1 at CERN’s site in Switzerland, as
shown in Fig. 1.

A drawback of the UJ12 alcoves option is the difficulty of accessing the worksite. As an access point, it is envisaged
to use the existing PGC3 shaft located on the top of the abandoned tunnel TI12, and then passing through the 536 m
long TI12, which currently houses the FASER experiment. The PGC3 shaft has an internal diameter of 3 m, which imposes
significant space constraints, and the works need to be designed around what can be achieved with only small equipment.

Following the conceptual design studies, the baseline layout includes three alcoves, each with 6.4 m width, but with
different lengths, as shown in Figs. 2 and 3. It must be noted that the impact of the foreseen works on the existing wall
of the cavern and the cavern itself has yet to be fully assessed. All the works must be carried out in a way that minimizes
the impact on the existing facility. It is assumed that all the existing services and equipment will be removed from the
cavern prior to the works. This would include temporarily removing 4 LHC dipole magnets and a 60 m-long section of
the QRL cryogenic line, as well as electrical and ventilation equipment. Initial studies suggest that this would be possible
during a multi-year Long Shutdown between LHC runs, but it would be significant work for many CERN teams.

2.3. Purpose-built facility

The construction of a new facility is proposed as a second option to implement the FPF at CERN. The proposed location
begins approximately 617 m from IP1 on the French side of CERN land, 10 m away from the LHC tunnel, as shown in
Fig. 1. More detailed views are given in Figs. 4, 5, and 6.
5
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s

Fig. 2. Proposed CE works for the UJ12 alcoves option. The existing UJ12 cavern would be enlarged by adding three alcoves, each with 6.4 m width,
ut with different lengths, to accommodate experiments and accompanying services.

Fig. 3. Plan view of the UJ12 alcoves option. The colored boxes indicate the possible experiments (and their dimensions) that could be installed in
the alcoves, including FASER2 to search for long-lived particles, FORMOSA to search for mCPs, and FASERν2 and AdvSND to detect neutrinos and
earch for DM.

Fig. 4. Situation plan of the purpose-built facility option, located approximately 617 m to the west of IP1 on the French side of CERN land, 10 m
away from the LHC tunnel.

The main features of the current layout for the purpose-built facility are:

• 65 m-long cavern. The experimental cavern located on the LOS will be approximately 65 m long and 8.5 m wide
and equipped with a crane serving the experiments along the cavern. The floor level is set at 1.5 m under the LOS,
with a 1.25% fall towards IP1, following the inclination of the LOS. For safety reasons, given the potential of cold gas
leakage, a 1 m-deep trench is foreseen under the LAr detector (FLArE). See Figs. 5 and 6.

• 9.1 m internal diameter shaft. The 88 m-deep and 9.1 m-diameter shaft will be located on the top of the experimental
cavern. It will be equipped with a lift and staircase for access, having enough space reserved for transport, as shown
in Fig. 6.
6
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Fig. 5. General layout plan of the purpose-built facility option. The colored boxes indicate the possible experiments (and their dimensions) that
could be installed in this option, including FASER2 to search for long-lived particles, FASERν2 and AdvSND to study neutrinos and search for new
articles, FORMOSA to search for mCPs, and FLArE to detect neutrinos and search for DM. The green box is a possible cooling unit for FLArE.

Fig. 6. Section through the cavern and access shaft for the purpose-built facility. The colored boxes are the example experiments shown in Fig. 5.

• Safety gallery. To comply with CERN’s safety requirements and avoid any possible dead ends, a safety gallery will
connect the experimental cavern to the LHC, as shown in Fig. 7.

• Surface buildings. The surface buildings are designed as steel portal frame structures; see Fig. 8. The access building
located over the shaft will be equipped with a 25-tonne overhead crane to lower the experiments into the cavern.
The service buildings for electrical, cooling, and ventilation infrastructure will be adjacent to the access building with
a 1.2 m-deep false floor to allow the services to be distributed into the shaft.

2.4. Civil engineering costs

The cost of construction is difficult to estimate at such an early stage of the study. The variability of ground conditions,
nflation, change of scope, and lack of detailed design means that developing a high level of confidence is not possible. For
PF costing purposes, a comparative costing was adopted, based on the presented layouts. A very preliminary cost estimate
uggests that the UJ12 option would cost about 15 MCHF, whereas the purpose-built facility, including the needed services
as discussed in the next subsection), would cost about 40 MCHF. The accuracy of the estimates is considered Class 4 –
tudy or Feasibility, which could be 15%–30% lower or 20%–50% higher [30]. Until the project requirements are further
eveloped, it is suggested that a suitable band to adopt would be 20% lower to 40% higher for CE costs.
7
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Fig. 7. Proposed safety gallery for the purpose-built facility. The safety gallery connects the FPF cavern on the right to the LHC tunnel (R18) on the
left.

Fig. 8. Surface buildings for the purpose-built facility.

2.5. Services

Given the early stage of the project and the lack of designs and requirements for the proposed experiments in the
FPF, further work is required for a detailed understanding of the needed services. For the UJ12 alcoves option, most
of the needed services would be available from close by within the LHC infrastructure. On the other hand, based on
similar underground facilities at CERN, it is clear that the purpose-built facility would need dedicated services, including
electrical distribution, ventilation system, transport/handling infrastructure, communication infrastructure, access and
alarm systems, and safety systems.

2.6. Sweeper magnet

FLUKA simulations and in situ measurements made by the FASER Collaboration [3] show an expected flux of muons
arising from the collisions in IP1 at the level of 2.5 Hz/cm2 (for the expected HL-LHC luminosity of 5 × 1034 cm−2 s−1)
along the LOS. The rate is expected to rise by up to an order of magnitude in some directions when greater than 1 m
from the LOS. More details on the expected muon flux can be seen in Figs. 4 and 5 of Ref. [3]. Although this background
particle rate is very low compared to the LHC collision rate and to the background rates at the current LHC experiments,
it could be problematic for some of the experiments proposed for the FPF.

To reduce the background rate, it may be possible to install a sweeper magnet in the LHC tunnel where the LOS
leaves the LHC magnet cryostats, but before it leaves the LHC tunnel. This location is about 100 m from the UJ12 cavern
and about 200 m from the proposed location of the purpose-built facility. Preliminary studies suggest that, with some
modifications to the cryogenic infrastructure, there could be space for a 20 cm-diameter magnet with bending power
of 7 Tm to be installed in this location. Detailed simulations are needed to see how much such a magnet would reduce
the muon background in the FPF, but naively this would bend a 100 GeV muon 4 m (2 m) away from the LOS for the
purpose-built facility (UJ12 alcoves) option, significantly reducing the background rate.

2.7. Conclusions

From a pure civil engineering point of view, both the UJ12 alcoves and purpose-built facility options are feasible. The
UJ12 alcoves option would be lower in cost, but would allow only 2 to 3 alcoves, with the experiments being designed
8
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round what is possible, while having a major impact on the existing infrastructure. In contrast, the purpose-built facility
ould be higher in cost, but can be designed around the needs of the experiments and has the advantage of not being

imited in size and length in comparison to the UJ12 alcoves option.
Other important advantages of the purpose-built facility over the UJ12 alcoves option include:

• Much of the excavation work could likely be carried out during LHC operations, allowing more flexible scheduling
of when the FPF could be implemented.

• Initial radio protection studies suggest that people would be able to work in the FPF cavern during LHC operations,
which would be very beneficial for installation, commissioning, and maintenance of the experiments (including the
exchange of emulsion films).

• The size of experiment components would be very limited (by the size of the LHC transport corridor) in the UJ12
alcoves option.

• The purpose-built facility would allow dedicated safety systems to be included for a large liquid argon-based detector,
such as FLArE. Such a detector would not be possible in the UJ12 alcoves option.

• If desired by considerations of the physics requirements, the purpose-built facility would allow a detector to be
placed up to a few meters off-axis. Such a positioning would be much more difficult for the UJ12 alcoves option.

• During the preparatory work for the FASER experiment, the radiation level in UJ12 was measured to be low; however,
it could still be at a level that is problematic for experiments installed in the UJ12 alcoves. Due to the shielding
provided by at least 10 m of rock, the radiation level will not be a problem for the purpose-built facility.

• FLUKA simulations and in situ measurements show that the beam-related physics background for the FASER
experiment close to UJ12 is very low. However, for experiments searching for very rare low-energy processes, these
backgrounds could still be problematic for the physics goals of experiments in the UJ12 alcoves option. Due to the
shielding from the beamline provided by greater than 10 m of rock, this will not be a concern for experiments in
the purpose-built facility.

. Proposed experiments

.1. FASER2

The existing FASER experiment is already set to probe new parameter space in the search for BSM physics. However,
he overall size of FASER, and therefore its possible decay volume, has been heavily constrained by the available space
nderground ever since the initial stages of planning. This directly affects the sensitivity and reach obtainable by FASER,
ince, for many representative BSM models, the sensitivity is directly related to the length and radius of the decay volume.
his strongly motivates the case for an enlarged detector, FASER2, which was already explored in the FASER Letter of
ntent [2], Technical Proposal [3], and physics reach [4] documents.

In previous studies, the nominal FASER2 design is comprised of a cylindrical decay volume 5 m in length and 2 m
n diameter. This results in an angular acceptance of neutral pions that increases from 0.6% in FASER to 10% in FASER2,
s shown in Fig. 5 (left) of Ref. [4]. In addition, there is a significant improvement in sensitivities to long-lived particles
LLPs) produced in decays of heavy mesons, due to the additional acceptance of B-meson production, as shown in Fig. 5
right) of Ref. [4]. The larger decay volume also improves sensitivity to larger LLP masses and longer LLP lifetimes. The
ombined effect of all these factors, as well as the increased luminosity expected for the HL-LHC over LHC Run 3, is an
mprovement in reach of 4 orders of magnitude for some models [4].

There are several key design considerations for FASER2. The larger radius reduces the importance of being directly
n-axis. The significant improvement in sensitivity to higher mass LLPs has the consequence of exposing FASER2 to a
ore complicated mixture of decay channels, which strongly motivates particle identification capabilities to differentiate
etween, for example, electrons, pions, and kaons. The factor of 10 increase in decay volume radius corresponds to a factor
f 100 increase in area, which needs to be instrumented. It therefore becomes much more challenging to accommodate an
xtended version of the ATLAS SCT tracker module configuration, currently used in FASER, given cost considerations and
he services required. However, the marked increase in detector length of FASER2 creates the potential to achieve larger
ecay product separations with different and possibly cheaper technologies. The overall increase in detector size will also
ead to a larger background rate, which is likely to require more complicated trigger and data analysis techniques.

Given these considerations, there is much to be studied in terms of possible detector configurations and technologies.
o far, studies have focused on general size/layout optimizations. Several possibilities for decay volume sizes and locations
ave been considered, based on the constraints imposed by the FPF facility scenarios discussed in Section 2; these are
hown in Table 1.
Fig. 9 shows the sensitivity to dark photon (left) and dark Higgs (right) models for a selection of the possible FASER2

cenarios shown in Table 1. The dark photon and dark Higgs models contain new particles with spin-1 and spin-
, respectively, that couple to SM particles through renormalizable couplings; for more details, see Section 4.1. The
ensitivities have been determined using the FORESEE tool [31]. For dark photons, the sensitivity in the nominal FASER2
onfiguration is significantly greater than for FASER. However, the UJ12 alcoves option does not allow for such a large

etector, and Fig. 9 shows a significant loss of sensitivity with respect to the nominal. However, FASER2 scenarios located

9
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Table 1
Possible FASER2 design parameters, given the FPF options described in Section 2. Dimensions in parentheses show
configurations that have been considered, but are not shown in the figures or discussed in the text.
FPF scenario Distance Available Decay volume Available Decay volume

to IP [m] length [m] length [m] diameter [m] diameter [m]

F2: Original FASER2 480 15 5 2 2 (/ 1/ 0.5)
S1: UJ12 alcoves 500 5 1.5 (/ 2) 1.52 2 /1 (/ 0.5)
S2: Purpose-built facility 620 25 10 (/ 15/ 20) 2 2 /1 (/ 0.5)

Fig. 9. Projected reach sensitivities for dark photon (left) and dark Higgs (right) models for various FASER2 scenarios described in Table 1.

n the purpose-built facility option are able to recover and even improve upon the default FASER2 sensitivity, making it
he strongly-preferred scenario. The only downside to the purpose-built facility scenario is the slight shift in sensitivity
long the diagonal due to the increased distance from the ATLAS IP, but this is a rather small effect. Similar conclusions can
e drawn for the dark Higgs sensitivity, where the effect of the increased radius is even stronger due to the enhancement
n acceptance to B-meson decays already discussed.

The FASER2 design can be optimized for either the UJ12 alcoves or purpose-built facility FPF options. The design is not
et strictly defined, but it will be similar to FASER in its general philosophy, modulo changes needed to ameliorate some of
he additional challenges described above. A schematic layout of the FASER2 detector, assuming the purpose-built facility
ption, is given in Fig. 10. The veto system will be scintillator-based, similar to FASER2. The significantly increased area of
he active volume makes it impractical to use silicon tracker technology. A Silicon Photomultiplier and scintillating fiber
racker technology, such as LHCb’s SciFi detector [32], is a strong candidate to replace the ATLAS SCT modules used in
ASER. In addition, Monitored Drift Tube technology, similar to that used in the ATLAS New Small Wheel [33], is also being
onsidered, although this option requires the use of gases in the LHC tunnel that could be problematic for the UJ12 alcoves
ption. Superconducting magnet technology would be required to maintain sufficient field strength across the much larger
perture. Suitable technology for this already exists and can be built for FASER2. There are several possibilities for the
ooling of such magnets, and the use of cryocoolers and the possibility to share a single cryostat across several magnets
re being considered.
Searching for decays of new particles into neutral final states (such as ALP → γ γ ) motivates the need to be

ble to identify events with closely-spaced high-energy photons and to separate these from neutrino interactions in
he calorimeter, for example, with a high granularity pre-shower in front of the calorimeter. Such a detector is under
onsideration to be installed as an upgrade to the existing FASER experiment. In addition, the calorimeter needs to have
ood energy resolution; improved longitudinal separation with respect to FASER; and the capability to perform particle
dentification, separating, for example, electrons and pions. Dual readout calorimetry [34] is a good candidate to satisfy
ll these requirements. Finally, the ability to identify separately electrons and muons would be very important for signal
haracterization, background suppression, and for the interface with FASERν2. To achieve this, a mass of iron will be
laced after the calorimeter, with sufficient depth to absorb pions and other hadrons, followed by a detector for muon
dentification.

To conclude, the physics potential of a larger-scale successor to FASER is clear. Possible scenarios for this larger detector
re being explored, and initial studies strongly indicate a preference for the purpose-built facility option for the FPF.

.2. FASERν2

FASERν [6] at the LHC was designed to directly detect collider neutrinos for the first time and study their properties
t TeV energies. The FASER Collaboration has recently reported the first neutrino interaction candidates at the LHC in a
10
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Fig. 10. Schematic diagram of the proposed FASER2 detector. The design shown has a cylindrical decay volume with 2 m diameter and 10 m length.
The total length is approximately 22 m, which could be accommodated in the purpose-built facility option for the FPF.

Fig. 11. Conceptual design of the FASERν2 detector.

small pilot detector exposed in 2018 [35]. In LHC Run 3 beginning in 2022, FASERν will measure ∼10,000 flavor-tagged,
harged-current (CC) neutrino interactions, with a total tungsten target mass of 1.1 tonnes. However, only a handful of
au neutrino events are expected to be detected, which would be insufficient for sensitive physics studies.

The FASERν2 detector is a much larger successor to FASERν. Following the example of FASERν, FASERν2 will be an
mulsion-based detector able to identify heavy flavor particles produced in neutrino interactions, including τ leptons and
harm and beauty particles. In the HL-LHC era, FASERν2 will be able to carry out precision tau neutrino measurements
nd heavy flavor physics studies, eventually testing lepton universality in neutrino scattering and new physics effects.
ore generally, as discussed in the following physics sections, FASERν2 will provide extraordinary opportunities for a
road range of neutrino studies, with additional and important implications for QCD and astroparticle physics.
Fig. 11 shows a view of the FASERν2 detector. Its ideal location is in front of the FASER2 spectrometer along the

eam collision axis to maximize the neutrino event rate per area for all three flavors. The FASERν2 detector is currently
nvisioned to be composed of 3300 emulsion layers [36] interleaved with 2 mm-thick tungsten plates. It will also include
veto detector and interface detectors to the FASER2 spectrometer, with one detector in the middle of the emulsion
odules and the other detector downstream of the emulsion modules to make the global analysis and muon charge
easurement possible. Both the emulsion modules and interface detectors will be put in a cooling system. The total
olume of the tungsten target is 40 cm × 40 cm × 6.6 m, and the mass is 20 tonnes. The detector length, including the
mulsion films and interface detectors, will be about 8 m.
As described in Ref. [6], analyses of the data collected in the emulsion modules will make possible the identification of

uons, the measurement of muon and hadron momenta by the multiple Coulomb scattering coordinate method, and
he energy measurement of electromagnetic showers. In addition, by conducting a global analysis that ties together
nformation from FASERν2 with the FASER2 spectrometer via the interface detectors, the charges of muons will be
dentified. Given 20 times the luminosity and 20 times the target mass of FASERν, FASERν2 will collect two orders of
agnitude higher statistics than FASERν, allowing precision measurements of neutrino properties for all three flavors.
11
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Fig. 12. Schematic layout of the SND@LHC detector (left) and conceptual design of Advanced SND@LHC (right).

The high muon background in the LHC tunnel might be an experimental limitation. The possibility of sweeping away
such muons with a magnetic field placed upstream of the detector is currently being explored, as described in Section 2.6.
Considering the expected performance, emulsion films will be replaced every year during the winter stops.

3.3. Advanced SND@LHC

The SND@LHC experiment [9] was designed to measure neutrinos and search for light DM at the LHC, via a scattering
signature, in the pseudorapidity region 7.2 < η < 8.6, complementary to all other LHC experiments. The experiment
is located 480 m downstream of IP1 in the TI18 tunnel. The detector is composed of a hybrid apparatus; see Fig. 12.
The neutrino target region exploits the Emulsion Cloud Chamber (ECC) concept with tungsten plates interleaved with
emulsion films acting as a micrometer-accuracy vertex detector. The target is distributed along five walls, each interleaved
with electronic trackers providing the time stamp for the interactions reconstructed in the emulsion and the calorimetric
measurement of the electromagnetic energy. Upstream of the target, a veto system identifies charged particles entering
from outside. The target region is followed downstream by a hadronic calorimeter and a muon system.

Neutrinos in the relevant pseudorapidity range come mostly from charmed hadron decays. The experiment will
therefore measure charm production in pp collisions in this unexplored angular region, where the gluon parton distri-
bution functions (PDFs) are unknown. The charm production measurement in this angular region is also relevant for
understanding the atmospheric neutrino background in astrophysical neutrino searches, as discussed in Section 7.2. The
experiment’s sensitivity to feebly-interacting particles, including light DM, is reported in Ref. [37].

An advanced version of the SND@LHC detector is envisaged for the HL-LHC. AdvSND will be made of two detectors, one
in the FPF at η ∼ 8 or roughly 50 cm off-axis (AdvSND1), and the other located closer to the ATLAS IP at η ∼ 5 (AdvSND2).
dvSND1 will have an angular acceptance similar to SND@LHC and will perform charm production measurements, tau
eutrino studies, and lepton flavor universality tests with neutrinos at the percent level. AdvSND2 will profit from the
verlap with LHCb’s pseudorapidity coverage to reduce systematic uncertainties. To increase the azimuthal angle coverage
f the second detector, the idea is to search for a location in existing caverns that is closer to the IP. We consider this
econd module as a near detector meant for systematic uncertainty reduction, which would be placed outside of the FPF.
t should be noted that it might be sensitive also to neutrinos from W/Z decays, thus extending the physics potential of
he first detector.

Each detector will be made of three elements, as shown in Fig. 12. The upstream one is the target region for the
ertex reconstruction and the electromagnetic energy measurement with a calorimetric approach. It will be followed
ownstream by a muon identification and hadronic calorimeter system. The third and most downstream element will be
magnet with two high-resolution tracking stations to enable muon charge and momentum measurement, thus allowing
or neutrino/antineutrino separation for muon neutrinos and for tau neutrinos in the muonic decay channel of the τ
epton.

The target will be made of thin sensitive layers interleaved with tungsten plates, for a total mass of at least 2 tonnes.
he actual value of the target mass, ranging from 2 to about 10 tonnes, will be optimized by accounting for the systematic
ncertainties in the measurements. Without a way to reduce the muon background, the use of nuclear emulsion at the
L-LHC is made difficult by the very high muon intensity that would make the replacement rate of the target incompatible
ith technical stops. The high muon background has motivated the possibility of a sweeper magnet, which could resolve
his problem, as discussed in Sections 2.6 and 3.2. As an attractive independent solution, compact electronic trackers
ith high spatial resolution are being investigated to fulfill the tasks of both vertex reconstruction with micrometer
ccuracy and electromagnetic energy measurement. The hadronic calorimeter and the muon identification system will be
bout 10 λ, which will bring the average length of the hadronic calorimeter to about 11.5 λ, thus improving the muon

dentification efficiency and energy resolution. The magnetic field strength is assumed to be about 1.5 T over a ∼3 m

12
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Table 2
Detector parameters for FLArE, a LArTPC for the FPF. The top part of the table shows the nominal geometric parameters
for a detector to be considered for the FPF, and the bottom part shows the basic properties of a LArTPC.

Value Remarks

Detector length 7 m Not including cryostat
TPC drift length 0.75 to 1.00 m 2 TPC volumes with HV cathode in center
TPC height 1.5 m
Total LAr mass ∼ 50 tonnes Volume in the cryostat
Fiducial mass 10–20 tonnes
Background muon rate ∼ 1/cm2/s Maximum luminosity of 5 × 1034/cm2/s
Neutrino event rate ∼ 50/tonne/fb−1 For all flavors of neutrinos

Stopping power (MIP) 2.1 MeV/cm
Radiation length 14 cm
Interaction length 85 cm
Molière radius 9 cm
Light yield 50 ph/keV At 0 V/cm
Scintillation time Singlet 7 ns, triplet 1.6 µs Peaked at 128 nm
Rayleigh scattering length 90 cm At 128 nm
Ionization charge yield 10 fC/cm For MIP at 500 V/cm
Electron drift velocity 1.6 mm/µs At 500 V/cm
Electron diffusion coefficient 7.2 cm2/s At 500 V/cm
Achievable drifting electron lifetime > 10 ms < 30 ppt Oeq

2 contamination
Demonstrated drift length 3.6 m ≈ 2.3 ms drift time

length. The ancillary tracking stations, one upstream and the other one downstream of it, will be developed with the same
technology adopted for the vertex detector, thus granting a high position accuracy that would turn into a high-resolution
momentum measurement.

The configuration of the detectors will efficiently distinguish all three neutrino flavors and measure their energy.
dvSND will open a unique opportunity to probe the physics of heavy flavor production at the LHC in a region inaccessible
o other experiments.

.4. FLArE: Forward liquid argon experiment

FLArE, a liquid argon time projection chamber (LArTPC), is considered for the suite of detectors for the FPF. Such a
etector offers the possibility to precisely determine particle identification, track angle, and kinetic energy over a large
ynamic range in energies.
A LArTPC is well motivated by the requirements of the light DM search [38,39], in which an energetic, isolated,

orward-going electron must be identified and its energy measured. The most important background to the DM process of
lastic scattering from electrons is neutrino–electron scattering. Isolated photons frommuon scattering and other neutrino
nteractions will also contribute. To distinguish the DM signal process from background, we must identify the electron
nd measure it with angular precision less than 1◦ and with excellent energy resolution from ∼ 10 MeV to a few GeV.
he energy range for this performance depends on the mass of the DM candidate and backgrounds, both of which must
e further studied.
The same detector is also expected to measure millions of neutrino interactions, including tau neutrinos. The detector

hould have sufficient capability to measure these very high energy (> 100 GeV) events, so that the cross section
or each flavor can be measured. Identification of tau neutrinos with low backgrounds needs detailed simulations and
econstruction studies.

Table 2 summarizes the main parameters of a LArTPC for the FPF. A detector with a fiducial mass of approximately
0 tonnes is envisioned. For 3 ab−1, such a detector will collect hundreds of thousands of muon neutrino/antineutrino CC
vents, about a hundred thousand electron neutrino events, and thousands of tau neutrino events. These numbers have
arge uncertainties due to the poorly understood production cross section in the forward region [40]. It is also important
o note that this flux of events will have the same time structure as the LHC accelerator with a bunch spacing of 25 ns.
t the same time, muons from interactions at the IP will produce a background muon flux of about ∼ 1 cm−2 s−1 at the
ominal maximum luminosity of 5 × 1034 cm−2 s−1 at the HL-LHC.
The nominal configuration for FLArE would include a central cathode operating at a large high voltage and two anode

lanes on two sides of the detector parallel to the beam from the ATLAS IP. The electric field between the cathode and the
node will be at ∼ 500 V/cm, providing a drift field for ionization electrons; the drift time for a 1 m-long drift will be about
.6 ms. For a detector with approximate cross section of 2 m2, we therefore expect about 12 muon tracks to be within
single drift time. Neutrino and DM events must be selected out of these overlaying background particle trajectories.
or the TPC, a readout using wires or pixels is possible. If the granularity of the readout is approximately 3 − 5 mm in
ll dimensions, then an angular resolution of a few mrad for electromagnetic showers appears feasible. A readout of the
cintillation light is crucial to allow the measurement of the distance along the drift. It is also important for the selection
13
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f events that originate in the detector (such as a neutrino or a DM event), as well as generating the trigger necessary for
cquiring the data.
There are two key technical issues that need to be resolved for the selection of the readout technique and the overall

esign of the LAr detector. The measurement of isochronous tracks [41] or tracks that are parallel to the anode plane
resents a particular difficulty for LHC events, given their extreme forward angles. Such tracks will produce a simultaneous
ignal on anode channels, making it difficult to measure their trajectory in the vertical plane. The second issue is the
evelopment of the scintillation photon detector. This detector system needs to have the capability to measure the time
f the event precisely to isolate the several particle tracks that are within a single drift time, but it also needs to have
asic fast pattern recognition capability to select interesting events at the trigger level.
The LArTPC is expected to be installed in a membrane cryostat with passive insulation and with inner dimensions

f 2.1 m × 2.1 m × 8.2 m. Following the example of ProtoDUNE [42,43], the membrane cryostat technology allows the
ryostat to be constructed underground. The insulation, being passive, ensures reliable and safe long-term performance.
he cryogenic system must re-condense the boil-off, keeping the ullage absolute pressure stable to better than 1 mbar,
nd purify the LAr bath. A standard approach is to re-condense the argon with a heat exchanger with liquid nitrogen.
LAr flow of 500 kg/h through the purification circuit is considered sufficient to reach and maintain the required LAr
urity.
The total heat input due to the cryostat and the cryogenics system is estimated to be of the order of 7 kW: 4 kW from

he cryostat, 1 kW from the GAr circuit, 1 kW from the LAr purification, and 1 kW from other inefficiencies. To this, the
etector electronics should be added. A Turbo-Brayton (∼ 8 m × 1.6 m × 2.7 m) TBF-80 unit from Air Liquid installed
n the vicinity of the cryostat provides approximately 10 kW cooling power from ≈100 kW electrical power and 5 kg/s
f water at ambient temperature. Liquid argon and nitrogen storage tanks are required above ground and connected via
iping to the underground cryogenics. Exhaust of gases will be done to the atmosphere on the surface. For safety reasons,
he cryostat in the cavern will be placed in a trench 1.5 m deep, 6.9 m wide, and 12.6 m long, which collects the argon in
ase of a leak. Oxygen deficiency is the main risk associated with the LArTPC. A properly-dimensioned ventilation system
ill constantly extract air in the proximity of the cryostat/cryogenics. A detection of low oxygen content by the oxygen
eficiency hazard system in the cavern and in the trench will trigger increased air extraction.
The FLArE detector could be an excellent choice for the detection of light DM scattering as well as neutrino events at

he 10-tonne fiducial mass scale. Further simulation work is needed to understand event reconstruction and background
ejection. For detector design, in particular, simulation work is needed to understand electromagnetic shower containment
nd energy resolution in a 7 m-long detector. Study of kinematic resolution in the case of wire readout versus pixel
eadout is needed. And finally, the design and performance of the photon detector system needs to be investigated and
emonstrated by R&D. In particular, the photon system has to serve three functions in order of increasing difficulty:
eparation of beam-related muon and neutrino events, accurate timing performance to measure the location of the
eutrino or DM events in the TPC, and the association of a neutrino or DM event with a bunch crossing in the collider
etector.

.5. FORMOSA: FORward MicrOcharge search

The FPF provides an ideal location for a next-generation experiment to search for BSM particles that have an electric
harge that is a small fraction of that of the electron. Although the value of this fraction can vary over several orders
f magnitude, we generically refer to these new states as ‘‘millicharged’’ particles (mCPs). Since these new fermions are
ypically not charged under QCD, and because their electromagnetic interactions are suppressed by a factor of (Q/e)2,
hey are ‘‘feebly’’ interacting and naturally arise in many BSM scenarios that invoke dark or otherwise hidden sectors. For
he same reason, the experimental observation of mCPs requires a dedicated detector. Such a detector could also provide
ew sensitivity to other signatures, such as exotic heavy neutrinos with an electric dipole moment [44].
As proposed in Ref. [45], FORMOSA1 is an experiment to search for mCPs at the FPF which would consist of a milliQan-

ype detector [17,18]. This will be technically similar to what the milliQan Collaboration will install in the PX56 drainage
allery near LHC P5 near the CMS IP during Run 3 [46], but with a significantly larger active area and a more optimal
ocation with respect to the expected mCP flux.

To be sensitive to the small dE/dx of a particle with Q . 0.1e, a mCP detector must contain a sufficient amount
f sensitive material in the x dimension, which in this case is chosen to be the longitudinal direction pointing to the
P. The optimal choice of scintillator material is under consideration. Currently, as in Ref. [17], plastic scintillator is
hosen as the detection medium with the best known combination of photon yield per unit length, response time, and
ost. Consequently, FORMOSA is planned to be a 1 m × 1 m × 5 m array of suitable plastic scintillator (e.g., Eljen
J-200 [47] or Saint-Gobain BC-408 [48]). The array will be oriented such that the long axis points at ATLAS IP1
nd is located on the beam collision axis. The array contains four longitudinal ‘‘layers’’ arranged to facilitate a 4-fold
oincident signal for feebly-interacting particles originating from the ATLAS IP. Each layer in turn contains one hundred
cm × 5 cm × 100 cm scintillator ‘‘bars’’ in a 10 × 10 array. To maximize sensitivity to the smallest charges, each

1 The detector considered here corresponds to the FORMOSA-II setup introduced in Ref. [45]. FORMOSA-I refers to a demonstrator prototype that
could be installed in the UJ12/TI12 experimental areas near the current FASER experiment.
14
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Fig. 13. A diagram of the FORMOSA detector components. The scintillator bars are shown in blue connected to PMTs in black.

cintillator bar is coupled to a high-gain photomultiplier tube (PMT) capable of efficiently reconstructing the waveform
roduced by a single photoelectron (PE). To reduce random backgrounds, mCP signal candidates will be required to have
quadruple coincidence of hits with N̄PE ≥ 1 within a 20 ns time window. The PMTs must therefore measure the timing

of the scintillator photon pulse with a resolution of ≤ 5 ns. The bars will be held in place by a steel frame. A conceptual
design of the FORMOSA detector is shown in Fig. 13.

Although omitted for clarity in Fig. 13, additional thin scintillator ‘‘panels’’ placed on each side of the detector will be
used to actively veto cosmic muon shower and beam halo particles. Finally, thin scintillator panels will be placed on the
front and back of the detector to aid in the identification of muons resulting from LHC proton collisions. During Run 2 of
the LHC, a similar experimental apparatus (the milliQan ‘‘demonstrator’’) was deployed in the PX56 draining gallery at LHC
P5 near the CMS IP. This device was used successfully to search for mCPs, proving the feasibility of such a detector [49].

Even though the pointing, 4-layered, design will be very effective at reducing background processes, small residual
contributions from sources of background that mimic the signal-like quadruple coincidence signature are expected. These
include overlapping dark rate pulses, cosmic muon shower particles, and beam muon afterpulses. In Ref. [46], data from
the milliQan prototype were used to predict backgrounds from dark rate pulses and cosmic muon shower particles for a
closely-related detector design and location. Based on these studies, such backgrounds are expected to be negligible for
FORMOSA. Backgrounds from muon afterpulses are considered in Ref. [45] and can be rejected by vetoing a 10 µs time
window in the detector following through-going beam muons. A prototype mCP detector in the FASER cavern would
provide important insights into the optimal design of the FORMOSA detector and is being actively explored.

4. Searches for new physics

The majority of interactions at the LHC are soft, with GeV-scale momentum transfers between the colliding protons,
and produce mesons at high rapidity, with typical angles of order GeV/TeV ∼ mrad. The resulting fluxes of mesons in the
region of the FPF are therefore extraordinary, despite its small solid angle coverage: within 2 mrad of the beam axis, the
HL-LHC will produce 4×1017 π0s, 6×1016 ηs, 2×1015 D mesons, and 1013 B mesons. Due to these large rates, light BSM
states could be copiously produced in meson decays even if the new decay channels have very small branching fractions.
The general-purpose LHC detectors, with coverage only up to |η| ≈ 5, are typically not sensitive to such new physics.

Light BSM fields feature prominently in solutions to many of the most significant outstanding questions in particle
physics, including the nature of DM, neutrino masses, the strong CP problem, the hierarchy problem, and the matter–
antimatter asymmetry of the universe. From a bottom-up perspective, they have also been invoked to explain several
currently unresolved experimental anomalies. Here, we show the reach of a suite of FPF detectors to discover light, weakly-
coupled new physics, considering three main categories of signatures. First, we consider particles that are produced and
then decay to SM states in detectors for long-lived particles, such as the FASER2 experiment presented in Section 3.1.
Then, motivated by DM, we describe the ways in which light invisible states can scatter off dense forward detectors like
FASERν2, AdvSND, and FLArE (see Sections 3.2, 3.3, and 3.4), complementing the neutrino studies that could be performed
at these experiments. Last, we discuss the possibility of seeing new states with non-standard patterns of energy deposition
in matter, focusing on mCPs at the FORMOSA detector described in Section 3.5.

In presenting the FPF BSM physics case, we have employed many of the benchmarks of the BSM working group of the
Physics Beyond Colliders initiative [50]. For many of these scenarios, the FPF will test parameter regions that are otherwise
inaccessible. There is also much well-motivated physics beyond these minimal benchmarks that remains to be studied at
the FPF, such as new U(1) gauge groups and UV-complete models of light DM [51,52]. The results presented here should
thus be considered as only a subset of possible BSM physics searches at the FPF, and we encourage the community to
augment them with further studies.
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Fig. 14. Sensitivities for the dark photon (left) and dark Higgs (right) in the (mass, coupling) plane. The sensitivity reaches of FASER2 are shown
s solid red lines alongside existing constraints (dark gray-shaded regions) and projected sensitivities of other proposed searches and experiments
colorful dashed lines), as obtained in Refs. [54–68] for the dark photon and Refs. [22,25,69–77] for the dark Higgs; also see Ref. [50] and references
herein for further proposals on proposed searches and experiments. The solid black line shows the DM relic target for a complex scalar DM
cenario with mχ = 0.6mA′ and αD = 0.1, where the corresponding direct detection bounds are shown in light gray. The bottom panels show the
LLP branching fractions, as obtained in Refs. [73,78].

4.1. Long-lived particle decays

Long-lived particles are common in theories of hidden sectors [53], where new physics is coupled to the SM through a
mediator. The most minimal of these theories involves a single portal interaction between the mediator and the SM. The
symmetries of the SM admit only three possibilities for this interaction at dimension-4: FµνF ′µν , where F and F ′ are the
ield strengths associated with U(1)EM and a new U(1), respectively (dark photon); µφH2 or φ2H2, with φ being a new
calar and H the SM Higgs doublet (dark scalar or dark Higgs); and HLN , where L is one of the left-handed lepton doublets
of the SM, and N is a new singlet fermion (dark fermion, sterile neutrino, or heavy neutral lepton (HNL)). In addition to
these minimal portals, the mediator could have non-renormalizable interactions with the SM, as in the case of ALPs a
coupling to one of the SM field strengths F through aF F̃ .

If the mediator’s mass is at the GeV scale, its phenomenologically-allowed couplings to the SM are very small, and,
in the absence of non-SM decays, the mediator is often long-lived. At the LHC, light mediators in hidden sector theories
would be produced at high energy in the forward direction, and their decays to SM particles could be seen in FPF detectors.
We focus here on a selection of minimal and non-minimal portals as an illustration of the reach of the FPF; many of these
portals have been studied previously in the context of FASER. Below, we present the corresponding sensitivity reach for
the FASER2 detector located in the purpose-built facility, assuming a location that is centered on the beam axis at a
distance of 620 m downstream from the IP and a cylindrical detector with a decay volume length of 5 m and a radius of
1 m. The results have been obtained with FORESEE [31], a package that can use the LLP production rates, lifetimes, and
decay channels of any desired model to estimate the reach of forward detectors at pp colliders. The results assume that
LLP decays to the SM inside FASER2 can be seen with 100% efficiency, underscoring the necessity of designing detectors
that are sensitive to all possible final states in the highly collimated geometry typical of far-forward searches.
Dark Photon: Dark photons are motivated in a wide variety of theories with new U(1) symmetries [52]. At the LHC,

they are dominantly produced through meson decays and bremsstrahlung in the region that would be covered by the
FPF [1,4,79]. The left panel of Fig. 14 shows the FPF reach from dark photon decays in FASER2 as a function of the dark
photon’s mass mA′ and kinetic mixing ε with U(1)EM [31]. The upper limit of the projection is set by the requirement
that the dark photon lifetime is sufficiently large to reach the detector. Despite having a longer baseline than existing
experiments such as NuCal, FASER2 would achieve increased sensitivity because of the boost with which the dark photons
are produced. The FPF would thus close a significant portion of the gap between searches for prompt dark photon decays
and long-lived searches.

The dark photon could also serve as a mediator for DM annihilation. We show a target line where the correct thermal
relic density of a complex scalar DM particle χ is obtained for mχ = 0.6mA′ and dark coupling αD = 0.1. At low masses,
direct detection does not constrain this model. In this scenario, the dark photon could also be produced via scattering of
DM in the material before FASER2, χN → χNA′, and we show the potential additional FASER2 reach under the same mass
and coupling assumptions [80]. The case of resonant DM annihilation through a dark photon has also been studied [81,82].
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inally, new gauge symmetries could lead to vector mediators whose productions and decays offer further phenomenology
eyond the dark photon case. Those for which the FASER2 reach has been investigated include a B− L gauge boson
4,83–85], lepton-specific Li −Lj and B−3Li gauge bosons [83,86], gauge bosons decaying to tau neutrinos [87,88], and
T3R gauge boson [89].
Dark Higgs: New hidden sector scalars mixing with the Higgs arise in theories addressing the hierarchy problem

73,90], DM [91], inflation [92–94], and the cosmological constant problem [95]. Unlike the dark photon, a dark scalar φ
ould mostly be produced at the LHC through the decay B → Xsφ, given its preferential couplings to heavy quarks [4,96].

In this regard, the FPF offers an advantage over many accelerator probes at lower energies, where heavy-flavor meson
production is more kinematically suppressed. The right panel of Fig. 14 shows the projected FASER2 reach for a minimal
dark scalar φ with mixing angle θ with the SM Higgs. The minimummixing angles probed, as low as 10−5, are a substantial
improvement over existing limits. In addition, compared with other proposed LHC LLP detectors, FASER2 would probe
larger (though as yet unconstrained) mixing angles because its forward position allows for observation of LHC dark scalars
with relatively high energies, leading to extended reach at shorter lifetimes. B-factories could also probe dark scalars with
small mixing angles by searching for displaced vertices [97,98].

If the dark Higgs couples to DM χ with mχ > mφ , secluded annihilation χχ → φφ can lead to the correct relic
abundance [73,96] through thermal freeze-out independent of the mixing angle. We show the current direct detection
limits in this scenario assuming mχ = 3mφ [99–101]. An alternative DM scenario involving freeze-in was discussed in
Ref. [102]. Fig. 14 also shows theory targets motivated by the hierarchy problem and cosmology. The dotted target line
indicates the preferred parameters for the relaxion providing a dynamical solution to the electroweak hierarchy problem
(with the QCD’ scale Λ = 2 GeV), as discussed in Ref. [73]. In addition, the dark Higgs can play the role of an inflaton
driving cosmological inflation in the early universe, as illustrated by additional lines in the figure. A first scenario, labeled
Inflation 1, corresponds to a theory where the inflation potential exhibits classical conformal invariance, which is broken
radiatively via the Coleman–Weinberg mechanism [94]. In this case, the inflationary predictions, in particular the tensor-
to-scalar ratio r , are uniquely determined by mφ and θ , and we show the lower bound on θ arising from Planck 2018
measurements r < 0.064 as a dashed line. A second scenario, labeled Inflation 2, considers a viable low-scale inflaton–
curvaton model that could be discovered in the FPF search space [93]. The dot-dashed line illustrates the mass and mixing
angle for an inflaton that decays when the universe reaches a density around the electroweak scale of ρ ∼ (100 GeV)4,
corresponding to a lower coupling limit motivated by the incorporation of electroweak baryogenesis. In addition, scalars
with couplings different from the Higgs mixing expectation have been considered at forward LHC detectors in the case
of dominant couplings to muons [103] or up quarks [31,104], an additional coupling to the Higgs boson [105], as well as
the dilaton of Ref. [106] employed to address the hierarchy problem.
HNLs: Heavy neutral leptons mixing with the SM neutrinos offer an explanation for neutrino masses through the

seesaw mechanism, can be responsible for the matter–antimatter asymmetry of the universe through leptogenesis, and
can provide a compelling DM candidate [107,108]. In the GeV range, HNLs could be produced at the LHC through meson
and τ decays, and are typically long-lived. At the FPF, their decays to hadrons and/or charged leptons would be visible in
FASER2. LHC production of HNLs mixing with all three neutrino flavors have been studied in Refs. [4,109–111]. Although
a HNL giving neutrino masses through the type I seesaw would decay to all flavors, given the mixing angles required
by neutrino oscillations, in less minimal models, such as the linear seesaw or inverse seesaw, there is more freedom
to fit the neutrino data. In particular, scenarios can be built where the decay of the HNL is predominantly to taus. We
consider this benchmark in the left panel of Fig. 15, showing the expected FASER2 reach. Because the ντ has significant
production from heavy meson decays, the large rates for forward D and B production at the LHC benefit the FPF, allowing
for sensitivity to HNL masses up to several GeV. Besides the minimal HLN mixing case, HNLs decaying through higher-
dimensional operators have been studied in Refs. [112,113], and dipole interactions have been considered in Ref. [114]. In
addition, other portals between fermionic BSM states and the SM have also been investigated, including in supersymmetric
models with light neutralinos [110,115], which are a promising solution to the hierarchy problem, and in effective field
theory [116].
ALPs: In addition to the well-known QCD axion that addresses the strong CP problem, light new pseudoscalars appear

generically in string theory [123]. These ALPs can have feeble couplings to the SM through dimension-5 interactions,
leading to long lifetimes. The production and subsequent decays of ALPs in forward LHC detectors have been considered
for the cases of dominant couplings to photons [4,124], weak gauge bosons [125], gluons [4], and fermions [4]. In the
right panel of Fig. 15, we consider the benchmark of an ALP coupling to W bosons through the interaction aWµνW̃µν , as
iscussed in Ref. [121,122,125]. Such ALPs are mainly produced at the LHC through decays of B mesons, as well as through
he Primakoff process occurring in the TAN, and the primary decay mode is to diphotons. Similarly to the case of the dark
calar, the reach of FASER2 goes significantly beyond existing limits because of the substantial forward B production at
the LHC. In particular, in the GeV mass range, much lower couplings can be probed than in searches for photons in prompt
ALP decays at the LHC and B factories. ALPs with other couplings can have different phenomenology. For instance, in the
charming ALP scenario of Ref. [126], in which the only tree-level ALP couplings are to right-handed up-type quarks, the
main production mode is through the decay of D mesons. Such ALPs decay primarily to photons and, if kinematically
allowed, to pions; depending on the exact coupling structure, decays to leptons can also be dominant. For ALP production
through D meson decays, FASER2 can extend the current limits from CHARM significantly.
Non-Minimal Models:While we have described some extensions of the benchmark portals in the preceding discussion,

more models with additional portal fields and/or interactions exist, often motivated by considerations of UV completeness
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Fig. 15. Sensitivities for a HNL mixing with the tau neutrino (left) and an ALP coupling to SU(2)L gauge bosons (right) in the (mass, coupling) plane.
he sensitivity reaches of FASER2 are shown as solid red lines alongside existing constraints (dark gray-shaded regions) and projected sensitivities
f other proposed searches and experiments (colorful dashed lines), as obtained in Refs. [50,117–120] for the HNL and Refs. [121,122] for the ALP.
he bottom panels show the LLP’s branching fractions, as obtained in Ref. [4].

r experimental anomalies. These theories have the advantage of decoupling the LLP’s production rate from its decay
ifetime, giving rise to rich phenomenology. They can also lead to qualitatively new sources of LLPs, as in the case
entioned above of secondary production for a dark photon coupling to DM. A scenario that has been well studied in

he literature consists of a Z ′ and a HNL [127–129], which could also explain the MiniBooNE anomaly [130]. In addition
o its usual neutrino-mixing based production modes, the HNL could be produced through Z ′

→NN decays [131], or via
he upscattering of SM neutrinos, νp→Np [114]. If the HNL is produced in neutrino scattering in the upstream rock, it
ould also be detected via a multiple coincident muon signature traversing the FPF experiments [132]. Other non-minimal
odels that have been studied for FASER2 include models with both a dark photon and a dark Higgs [80,133,134], models
ith both a dark photon and an axion [135], and models with an ALP decaying into dark sector states [136]. Finally, models
f inelastic DM have been studied in Refs. [80,137].

.2. Dark matter scattering and production

Identifying DM and discerning its fundamental properties is one of the main drivers in particle physics today. Particle
olliders such as the LHC have an important role to play in this effort. As is well known, heavy DM with masses near
he weak scale lead to the characteristic signature of missing transverse energy at colliders, and a mature program is
nderway at the LHC to search for DM of this kind. In contrast, in simple models, light DM with MeV to GeV masses is
ominantly produced in the forward direction at the LHC, rendering traditional searches ineffective. Such DM can scatter
t FPF neutrino detectors. Additionally, in models where the muons and neutrinos reaching the FPF can produce DM, the
roduction of DM can also be inferred by searches for missing energy in the neutrino detectors. We briefly discuss the
ossibilities for each of these signatures.
Scattering of Light Dark Matter: One promising approach to probe light DM is to search for its scattering with ordinary

atter using suitable detectors housed in the FPF. As a similar search strategy is called for to directly detect collider-
roduced neutrinos, emulsion detectors such as FASERν and SND@LHC, and their potential HL-LHC era upgrades, as well
s the proposed LArTPC detector FLArE, would be well-suited to study the scattering signatures of light DM produced in
he forward direction at the LHC.

The prospects for detecting light DM in this way have been examined in several recent studies [37–39]. In simple,
ell-motivated models with a kinetically-mixed dark photon mediator, scattering detectors in the FPF can probe both
he electronic and nuclear interactions of DM through a variety of reactions, including elastic DM-electron scattering,
lastic DM-nucleon scattering, inelastic resonant pion production, and DM DIS. With reasonable assumptions for detector
nergy thresholds and energy and spatial resolutions, one can employ suitable topological and kinematic cuts to separate
he DM signature from neutrino-induced background processes. In Fig. 16, the 90% CL projected exclusion bounds for the
roposed emulsion experiment FASERν2, as well as for the 10- and 100-tonne LArTPC detectors FLArE-10 and FLArE-100,
re displayed in the dark photon model parameter space. In the plot, we have assumed that muon-induced backgrounds
an be suppressed to negligible levels with the use of timing information. Crucially, with the full HL-LHC dataset, the FPF
18
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Fig. 16. Parameter space of dark photon-mediated DM models shown in the (mχ , y) plane, where y = ε2αD(mχ/mA′ )4 , for mA′ =3mχ and αD =0.5.
hown are 90% CL projected exclusion bounds for the proposed FPF scattering detectors, including the emulsion detector FASERν2 (red) and the 10-
nd 100-tonne LArTPC detectors FLArE-10 (orange) and FLArE-100 (magenta). Model parameters predicting the correct thermal DM relic abundance
re shown for Majorana fermion DM (solid black) and complex scalar DM (dashed black). Parameter space excluded by previous experiments is
hown in gray, and projections from several other proposed experiments are also displayed.
ource: From Ref. [39].

xperiments can probe regions of parameter space in these models that explain the observed DM abundance through
imple thermal freeze-out, shown by black lines in Fig. 16 for Majorana fermion and complex scalar DM.
It is worth emphasizing that the search for light DM scattering in the FPF detectors at the LHC will probe DM

nteractions in the relativistic regime, and as such is rather insensitive to the particular DM particle type and interaction
tructure. This is in contrast to traditional DM direct detection experiments searching for the scattering of non-relativistic
alo DM, where event rates can be substantially suppressed in certain models (e.g., spin- or momentum-dependent
cattering). In addition, the DM scattering rate in the LHC far-forward detectors is not sensitive to the precise DM
bundance obtained from its thermal production. We then expect the DM signal to grow with increasing values of the
oupling constants. This is not the case for direct detection searches, since larger couplings lead to larger annihilation
ross sections and smaller values of the thermal relic density. The complementarity between the two types of searches
ould then become very instructive when probing subdominant components of DM. Finally, it is worth highlighting the
omplementarity with experiments utilizing missing energy/momentum techniques with lepton beams. Unlike the FPF
etectors at the LHC, such experiments do not detect the re-scattering of DM and also have diminished sensitivity to the
adronic interactions of DM.
Production of Light Dark Matter in Neutrino Scattering: Another promising approach to probe for light dark sector

tates is to search for an associated missing energy signature. At the FPF, such a signature could occur in models with a
eutrino-philic mediator X , which could be produced in neutrino interactions νq → `q′X . Many well-motivated theories
or BSM physics provide new mediators that exclusively couple to neutrinos. A well-known example is the Majoron [138].
nother scenario with a mediator mass below the weak scale has been proposed to address the relic density of the sterile
eutrino DM [139–141], which otherwise is in severe tension with existing constraints [142]. The thermal freeze-out
echanism for DM via the neutrino-philic mediator has also been explored in Ref. [143]. An additional well-motivated
cenario is a minimal U(1)Lµ−Lτ gauge boson with a vector-like DM candidate, where the mediator mass is below the
uon mass [144,145]. Neutrino-philic mediators provide motivated targets for current and upcoming experiments, and

he search for these particles across a large range of masses is an important task for the future of particle physics.
Constraints on neutrino-philic mediators arise from cosmology [141,146,147], precision decay width measurements

148–150], and neutrino-less double beta decay [151,152], but are typically significantly weaker than those on force
arriers coupled to the SM charged fermions. In the future, planned accelerator neutrino experiments, such as DUNE, will
e able to search for the production of such mediators in neutrino scattering and probe the sub-GeV mass range [143,153].
he FPF offers the potential of using the LHC’s existing TeV-energy neutrino beam to search for neutrino-philic scalars
ith even higher masses in a so-far unconstrained parameter space [154]. Relevant scalar mediator masses are in the
ange of 0.5 GeV to 100 GeV, and the range of coupling to neutrinos between 0.1 and 1 are relevant to FPF experimental
onstraints.

.3. Millicharged particles

The search for mCPs is related to several deep mysteries of the Universe, including charge quantization [155] and
M [156–158]. A mCP with electric fractional charge Q can be modeled simply as L = χ̄ (i∂ − εeA − m )χ , where
χ mCP ◁ ◁ mCP
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Fig. 17. Parameter space for mCPs shown in the (mχ ,Qχ/e) plane. The sensitivity reach of FORMOSA is shown as a solid red curve assuming an
on-axis location, a 1m × 1m cross-sectional area, and an integrated luminosity of 3 ab−1 . Exclusions from previous collider searches are shown
in dark gray [160–168], and projections for proposed searches are shown as blue dashed lines [46,166,169–172]. The millicharged SIDM window
is also presented in terms of the reference cross section σ̄e,ref (right vertical axis). In this case, additional constraints arise from underground
direct-detection, balloon, and satellite experiments [173–176], which are presented assuming a mSIDM contributes 0.4% to the DM abundance. The
green bands correspond to the millicharged dark matter explaining the EDGES anomaly [177].

ε ≡ Qχ/e. A mCP can be a low-energy consequence of a particle coupled to an kinetically-mixed U(1)′ dark photon in the
massless phase [159], but it can also just be a particle with a small hypercharge, without the existence of a dark photon.

The FPF provides one of the best opportunities to search for mCPs, since a large flux of high energy mCPs can be
produced, independent of the DM assumptions, and detected by a detector located in the forward region. The FORMOSA
experiment, discussed in Section 3.5, is a dedicated proposal to exploit this opportunity. Its projected sensitivity, alongside
existing accelerator constraints and other proposed searches, is presented in Fig. 17. FORMOSA will be the most sensitive
experiment to study mCPs in the 10 MeV to 100 GeV mass window. In addition, a liquid argon detector at the FPF, such
as FLArE, might also have the ability to study mCPs, although the sensitivity is not yet properly studied.

Such a mCP can also account for a fraction of the observed DM abundance, making it an example of milli-charged
strongly interacting dark matter (mSIDM) with a large ‘‘reference cross section’’ σ̄e,ref. Such a scenario cannot be probed
by conventional underground direct-detection detectors, since the mSIDM particle flux would be attenuated through
interactions in the Earth’s atmosphere and crust, and they would lose too much energy to meet the threshold for
traditional underground direct-detection experiments [168,173,174]. Accelerator experiments, including FORMOSA, have
advantages in probing mSIDM since they directly produce high-energy mCPs that would not be attenuated before reaching
the detector. The probe of mSIDM is a clear demonstration of the power of accelerator searches in new physics scenarios
where DM interacts strongly with SM particles.

Another interesting physics motivation related to the parameter space that FORMOSA can probe is related to the result
reported by the Experiment to Detect the Global EoR Signature (EDGES) Collaboration [177–180]. To explain the absorption
spectrum reported by EDGES, a mCP can cool the gas to allow a stronger 21 cm hydrogen absorption signal at redshift
z ∼ 17. As again shown in Fig. 17, a large parameter space of millicharged dark matter models motivated by the EDGES
anomaly can be probed by FORMOSA.

In addition to mCPs, there are a variety of other models that could lead to an anomalous energy deposition signature
that could be probed at FPF experiments, such as models of DM with electromagnetic form factors [181,182].

5. Neutrino physics

As the particle accelerator with the highest energy built thus far, the LHC is also the source of the most energetic
human-made neutrinos [5–9,40,183–186]. The pp collisions occurring at the LHC IPs produce a large number of hadrons
along the beam direction, which can inherit an O(1) fraction of the proton energy. The decays of these particles then lead
to an intense and strongly collimated beam of highly energetic neutrinos of all three flavors in the far-forward direction.
In this section, we discuss expected neutrino fluxes at the FPF experiments, explore the potential neutrino cross section
measurements, and lay out some examples of the BSM neutrino physics that can be explored at FPF experiments. The
potential neutrino physics discussed here by no means covers all the possible scenarios that can be explored at the FPF

experiments.
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Fig. 18. Left: The number of neutrinos per energy bin passing through the FLArE detector with an assumed cross-sectional area of 1 m × 1 m
ην & 7.2). The flux is estimated with two different event generators, Sibyll 2.3d and DPMJET 3.2017, and uses the fast neutrino flux simulation
f Ref. [187]. We further assume the detector to be located 620 m downstream of the ATLAS IP at the HL-LHC with 14 TeV pp collisions and an
ntegrated luminosity of L = 3 ab−1 . Right: The differential cross section for the ντ + ν̄τ energy distribution for different rapidity ranges for 2π

zimuthal coverage. The results are evaluated using NLO perturbative QCD with the PROSA PDFs [188] and scale proportional to mT ,2 =

√
4m2

c + p2T
for Ds production and decay [40,189].

Table 3
The estimated number of neutrino interactions as obtained using two different event generators, Sibyll 2.3d and
DPMJET 3.2017, for FPF experiments located 620 m downstream of the ATLAS IP at the HL-LHC with 14 TeV pp
collisions and an integrated luminosity of L = 3 ab−1 .
Detector Interactions at FPF

Name Mass Coverage CC νe+ν̄e CC νµ+ν̄µ CC ντ+ν̄τ NC

FASERν2 20 tonnes η & 8.5 178k/668k 943k/1.4M 2.3k/20k 408k/857k
FLArE 10 tonnes η & 7.5 36k/113k 203k/268k 1.5k/4k 89k/157k
AdvSND1 2 tonnes 7.2 . η . 9.2 6.5k/20k 41k/53k 190/754 17k/29k
AdvSND2 2 tonnes η ∼ 5 29/14 48/29 2.6 /0.9 32/17

5.1. Neutrino fluxes

A crucial ingredient for the FPF’s neutrino physics program will be reliable estimates of the LHC’s forward neutrino
luxes and their uncertainties. The neutrinos at the FPF originate from weak decay of forward-going hadrons, in particular
ions, kaons, hyperons, and charmed hadrons. While the forward production of light hadrons typically relies on non-
erturbative hadronic interaction models tuned to data, the production of forward charm can be calculated using
erturbative QCD methods. More details of forward neutrino production are also discussed in Sections 6 and 7.
In the left panel of Fig. 18, the estimated neutrino flux for all three neutrino flavors is shown. We show the energy

pectrum of neutrinos going through a 1 m × 1 m cross-sectional area, corresponding to the FLArE detector, evaluated
using two different event generators, Sibyll 2.3d [190–193] and DPMJET 3.2017 [194,195], as implemented in the
CRMC simulation package [196]. The fast neutrino flux simulation introduced in Ref. [187] is used to propagate SM
hadrons through the LHC beam pipe and magnets and to simulate their decays into neutrinos. The electron and muon
neutrino fluxes have both light and heavy flavor hadron contributions, where the highest energy neutrinos at the FPF come
predominantly from charm hadron decays. In contrast, the charm decay D±

s → τ±ντ and the subsequent tau decays
dominate the tau neutrino flux over the full energy range. Table 3 shows the numbers of CC and neutral-current (NC)
DIS neutrino interactions in the detectors estimated using the fluxes from Sibyll 2.3d and DPMJET 3.2017. While
we only show the combined results for ν + ν̄, it is worth noting that the LHC’s neutrino beam consists of a similar
number of neutrinos and antineutrinos. We also note that there are currently large differences between the predictions
for the event rate of these two event generators, which are mainly related to the modeling of the charm component. NLO
perturbative evaluations of charm production improve the predicted high-energy neutrino fluxes by decreasing the huge
LO uncertainties. The right panel of Fig. 18 shows a NLO perturbative QCD evaluation of the energy distribution of ντ + ν̄τ
from D±

s [40,189] using the PROSA PDFs [188], for several rapidity ranges and full azimuthal coverage.
As is clear from the discussion and results presented above, there are sizeable uncertainties associated with the

predictions of the neutrino fluxes. On the one hand, this makes the measurement of neutrino fluxes an interesting physics
goal that can help us better understand forward particle production. This will be discussed in more detail in Sections 6
and 7. On the other hand, it is also a source of systematic uncertainties for many measurements, for example, the neutrino
21
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nteraction cross section discussed in the next section. For these applications, it is essential to have reliable flux estimates
nd quantify their uncertainties.
Since different approaches are used to describe forward particle production, different strategies are required to

uantify their uncertainties. The inclusive production of heavy-flavored hadrons, relevant for the description of the ντ
lux and of the νe flux at high neutrino energies, can be described by calculations with a perturbative QCD core. For
ixed-order computations of the hard scattering, associated perturbative QCD uncertainties are given by renormalization
nd factorization scale variations. As the accuracy of these calculations is limited, related uncertainties turn out to be
ignificant. Additionally, these calculations have a non-perturbative component. A complete assessment of uncertainties
herefore requires including uncertainties associated with non-perturbative ingredients, such as PDFs and fragmentation
unctions (FFs). In contrast, the inclusive production of light hadrons, which is most relevant for the evaluation of the
µ fluxes and of the νe fluxes at low neutrino energies, is simulated with hadronic interaction models. They provide
sophisticated description of microscopic physics at the expense of a sizeable number of phenomenological parameters
uned to data. One approach often used in astroparticle physics is to consider the spread of generator predictions as a first
stimate of the uncertainties. While this approach captures some differences due to both tuning and underlying modeling,
t is unclear how to interpret its results statistically. An alternative approach to address this problem is computing tuning
ncertainties [5,197,198]. Here, multiple additional tunes are obtained that deviate from the central tune so that they
epresent uncertainties at a given confidence level. Work in this direction is in progress.

.2. Neutrino interactions and cross sections

As we have seen above, the FPF neutrino experiments can detect many neutrino interactions at the highest human-
ade energies. In the following, we will first discuss the different types of neutrino interactions observed at the FPF and
ow the FPF can help constrain the associated neutrino interaction cross sections at TeV energies. Lastly, we comment on
he final state hadronic physics effects in these high-energy neutrino interactions.
Deep-inelastic scattering (DIS): Due to the large neutrino beam energy, and hence a large energy transfer Q 2,

he majority of neutrino interaction events can be described by DIS. These events are characterized by about 5 − 10
nergetic hadronic particles, carrying an O(1) fraction of the incoming neutrino energy, which form a collimated jet in
he detector [6].

DIS neutrino interaction cross sections have been measured by beam dump experiments at low energies Eν <

50 GeV [199] and by IceCube at high energies, Eν > 6.3 TeV, for muon neutrinos [200]. The first cross section
easurements at TeV energies will be performed by the FASERν and SND@LHC detectors during Run 3 of the LHC [5,6,8,9].
hese cross section measurements can be further improved by the FPF neutrino detectors FLArE, FASERν2, and AdvSND in
he HL-LHC phase with significantly larger event statistics for all three neutrino flavors. This is illustrated in Fig. 19. The
lack solid curve is the theoretical prediction for the average DIS CC cross section per tungsten-weighted nucleon. It is
valuated at LO using nCTEQ15 PDFs [201], where we have included a suppression factor for the tau neutrino cross section
btained in Ref. [202]. The gray error bars correspond to existing neutrino cross section measurements. Note that these
lots compare CC cross sections for different target nuclei, introducing small differences between the different scattering
ross sections. As an example of this effect, we also show the cross section for iron, which is the target material of CCFR
nd CDHS, as a dashed black line in the central panel. To illustrate the capabilities of experiments in the FPF to measure
eutrino cross sections, we show the potential statistical uncertainties in cross section measurements, here illustrated
ith the tungsten-based detector FASERν2 at the HL-LHC, with improvements over projected measurements of FASERν
uring Run 3 of the LHC. Similar results are expected for the other detectors. Systematic uncertainties, included neutrino
lux uncertainties as well as experimental uncertainties, are currently under study and not included in Fig. 19.

Magnetized detector components would allow identification of the charge of muons produced in neutrino interactions,
nd hence allow measurements of the neutrino and antineutrino CC cross sections separately. This applies to muon
eutrinos, but also to tau neutrino interactions, where the produced tau lepton decays into a muon. The FPF neutrino
xperiments would therefore be able to differentiate tau neutrinos and tau antineutrinos for the first time. This is
llustrated in Fig. 19, where we show separate cross section measurements for neutrinos and antineutrinos in the center
nd right panel, assuming perfect charge identification. For tau neutrinos, we include only tau decay into muons, which
ccurs with a branching fraction of about 17%. Further information about the outgoing muon could be obtained by
ssociating the event in the neutrino detector with the activity in subsequent detectors placed in the FPF, including
ASER2.
In addition to CC cross sections, NC scattering can also be measured by neutrino detectors at the FPF. Although

eutral hadron backgrounds need to be identified and removed [203], the timing capabilities of the FPF detectors will
llow for efficient vetoing of neutral hadron events. The ratio of the NC and CC cross sections can be interpreted as
measurement of the weak mixing angle, which could have sensitivity comparable to existing high energy neutrino
atasets from CHARM [204] and NuTeV [205], if uncertainties can be brought below the percent level. This ratio can also
e used to limit neutrino non-standard interactions [203].
Quasi-elastic (QE) and resonant (RES) scattering: In addition to the total inclusive scattering cross section, one can

lso study specific exclusive neutrino interaction processes. In the 10-tonne detectors operating during the HL-LHC era,
e expect O(103) such CC quasi-elastic (CCQE) events and a similar number of processes in which only the soft pions
22
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Fig. 19. Illustration of the estimated statistical uncertainties for FPF experimental measurements of the ν-nucleon CC cross section for electron (left),
uon (center), and tau (right) neutrinos. Here we present results for FASERν at the LHC and FASERν2 at the HL-LHC with integrated luminosities
f 150 fb−1 and 3 ab−1 , respectively. For muon and tau neutrinos, we show separate results for the neutrino and antineutrino cross section, where
e assume perfect charge identification. The sizes of systematic uncertainties are under study and not included in this figure. Existing constraints
re shown in gray. The black curves are the theoretical predictions for the average DIS cross section at LO per tungsten-weighted (solid) and
ron-weighted (dashed) nucleon.

re produced (CCRES) [39]. The dominant contributions to both types of processes are related to the interactions of the
uon (anti)neutrinos with the mean neutrino energy for the interactions typically between 200 and 300 GeV. Notably,

he up-to-date CCQE cross section measurements have been performed for Eν . 100 GeV; see Ref. [206] for a review. The
elevant measurements in the FPF could then extend these results to larger values of Eν . In addition, the measurement of
on-DIS CC events, in which the outgoing lepton energy is a very good estimator of the incoming neutrino energy, would
rovide independent information about the incident neutrino spectrum, which has important implications for QCD and
eutrino oscillation studies.
Shallow inelastic scattering (SIS) and the SIS-DIS transition region: Beyond the resonance states is a region of

ontinuum non-resonant π production that starts at hadronic invariant mass W = MN + Mπ , where MN is the nucleon
ass. The non-resonant π production in the 1.4 GeV ≤ W ≤ 2 GeV and Q 2

≤ 1 GeV2 kinematic range is defined as
he SIS region, which transitions into the DIS region (W ≥ 2 GeV and Q 2

≥ 1 GeV2). The boundary between the SIS
and DIS regions is not well defined, and it lies in the transition region between where the interactions are described
in terms of hadronic degrees of freedom and where the interactions are described with quark and gluon degrees of
freedom. In the electromagnetic sector, these can be described by the quark–hadron duality phenomenon that provides
a connection between the average value of interaction strengths in the quark–gluon description of the DIS formalism
at high Q 2, and the average value of interaction strengths in the pion–nucleon description in the region of resonance
excitation at low Q 2 [207,208]. Although the duality has been extensively studied both experimentally and theoretically
with electromagnetic-induced processes, it is only poorly known in the weak sector [209]. The experiments at FPF are
expected to have O(103) neutrino events in this kinematic region and would provide a rare opportunity to study quark–
hadron duality in the weak sector. Additionally, the so-called Soft-DIS region (kinematically defined as W ≥ 2 GeV and
Q 2

≤ 1 GeV2), as well as the SIS region above the well-studied ∆-resonance region are only minimally studied both
xperimentally and theoretically. Data from FPF experiments would provide unique insights in studying these processes.
Neutrino�electron scattering: The exceptionally hard neutrino spectrum in the forward region of the LHC allows one

o observe neutrino scatterings off electrons, which are highly suppressed at low energies. This relies on the NC scatterings
f muon neutrinos, as well as on both the CC and NC interactions of electron neutrinos. During the HL-LHC era in the
0-tonne detectors placed in the FPF, we expect about 50 such scatterings leading to final-state electrons and ∼ 200
vents with an outgoing muon. The latter are mostly due to νµe−

→ νeµ
− and can therefore provide an independent

easurement of the total muon neutrino flux. Importantly, the scatterings off electrons typically lead to far-forward
utgoing leptons, which allows for discriminating between them and the CCQE scatterings of νµ discussed above.
Test of lepton universality: An intense beam of neutrinos of all three flavors in the far-forward direction coupled with

the high expected CC events statistics (see Table 3) at FPF experiments will provide a unique opportunity to test lepton
universality in neutrino scattering by comparing the CC cross section of all three neutrino flavors.
Final state hadronic physics effects in neutrino interactions: The neutrino experiments at the FPF will observe

high-energy neutrino interactions with various nuclear targets, e.g., tungsten and argon. On the one hand, an accurate
description of these interactions and its uncertainties is important for many of the considered SM and BSM applications.
On the other hand, this high-energy neutrino–nucleus collider setup also provides additional opportunities to improve
our understanding of the associated hadronic and nuclear physics.

Most of the detected events can be described by deep inelastic neutrino scattering, for which the cross sections are
available at NNLO and beyond [210]. Hadronic and nuclear effects associated with the initial state are included through
23
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nuclear) PDFs, and are discussed in more detail in Section 6.4. In addition, there are a variety of final state hadronic and
uclear effects that need to be considered when modeling high energy neutrino interactions. This includes the parton
hower, the hadronization process, and the interactions of both partons and hadrons when passing through the dense
atter of the target nucleus.
All these effects have an impact on the kinematics of the final state, such as the multiplicity and energies of hadrons.

he FPF neutrino detectors, in particular an emulsion detector with its high spatial resolution, will be able to measure the
hape of the neutrino events. Analogous to electron–nucleus DIS at the EIC (see Sec. 3.3.2 in Ref. [211]), neutrino–nucleus
IS at the FPF could then be used to obtain complementary information on, for example, (i) the response of nuclear matter
o fast moving light and heavy quarks, (ii) medium-induced energy losses and their impact on FFs, (iii) color transparency,
nd (iv) final state interactions of hadrons in nuclear matter. In addition, these event shapes could also be used as valuable
nput to tune neutrino event generators, such as GENIE [212,213] or GiBUU [214].

.3. BSM neutrino physics: Examples

If the neutrino fluxes and interactions are sufficiently well understood, the energy spectrum and total rate of interacting
eutrinos at FPF experiments can also be used to probe BSM effects. In the following we consider three such scenarios:
on-standard interactions, neutrino dipole moments, and sterile neutrino oscillations.
Non-standard interactions and effective field theories: One of the main goals of the FPF neutrino experiments

s to measure neutrino interaction cross sections at TeV energies. These measurements can be used to probe new
hysics associated with the interactions between neutrinos and hadronic matter. Given the excellent agreement between
xperiments and SM predictions up to LHC energies, one motivated approach is to parametrize the effects of new
hysics in terms of the standard model effective field theory (SMEFT). The SMEFT has the same particle content and
espects the same local gauge symmetries as the SM, and effects of new physics are included via higher dimensional
on-renormalizable operators that are added to the Lagrangian. In the top-down approach, the SMEFT can be obtained
y integrating out the heavy particles from some UV models above the weak scale [215–218]. After further integrating
ut the top quark and weak bosons, one obtains new 4-fermion interactions between leptons and leptons/quarks, which
re also referred to as neutrino non-standard interactions (NSIs) [219–221]. Constraints obtained at different energies can
hen be translated by considering the matching and running between different EFTs [222–230].

NSIs can give observable effects in the production, propagation, and detection of neutrinos, and so the relevant
oefficients can be probed at neutrino detectors [231–240]. Using the approach introduced in Refs. [233,234], the
ensitivity of the FASERν detectors was investigated taking into account SMEFT coefficients that modify either neutrino
roduction through meson decays or neutrino detection through DIS [235]. In this study, it was shown that forward LHC
eutrino experiments can constrain interactions that are in principle weaker than the SM weak interactions (by two to
hree orders of magnitude), corresponding to new physics at the multi-TeV scale.
Neutrino magnetic moments: The electromagnetic properties of the SM neutrinos are of much interest recently, as

hey could explain various anomalies, such as the XENON1T excess [241], the observation of black holes in the mass gap
egion [242], and the MiniBooNE excesses [243]. In addition, an observation of a neutrino magnetic moment could shed
ight on the origin of neutrino masses and allow to distinguish a Dirac or Majorana nature [244–247].

Although the SM prediction for the neutrino magnetic dipole moment is very low, ≤ 10−19 µB [248], it can be
substantially larger in some BSM theories [249]. The unprecedented flux of neutrinos at the FPF, particularly the tau
neutrino flux, and the controlled backgrounds allow one to place stringent constraints on neutrino magnetic moments by
looking at neutrino–electron scattering. In the absence of a right-handed neutrino, one can generate a substantial neutrino
magnetic moment with the addition of the operator, νσµννFµν . FLArE-10 can put an upper limit on the ντ magnetic
oment of a few 10−8µB [250], which is an order of magnitude lower than the current direct bounds from DONUT [251].

n theories with a right-handed neutrino, one can include the so-called dipole portal [171,252,253], L ⊃
1
2µ

α
ν ν̄

α
L σ

µνNRFµν ,
hich can lead to excess events at low electron recoil energies [114]. Bounds derived for ντ are shown in Fig. 20 (left) in
he (MN , µντ ) plane [254].
Oscillations to sterile neutrinos: The large flux of neutrinos and the capability of FPF experiments to detect and

dentify their flavors will provide an opportunity to probe sterile neutrinos via their oscillations. Given that the baseline
s L ≃ 600 m and the neutrino energies are typically Eν ∼ few 100 GeV, the sterile neutrino masses in the sensitivity
ange of the FPF will be of the order of tens of eV, i.e., ∆m2

41 ∼ 1000 eV2. The possibility of exploring such sterile neutrino
scillations at LHC forward experiments has been investigated in Refs. [6,40]. These studies can be performed with muon
nd electron neutrinos at FASERν and SND@LHC during Run 3. During the HL-LHC era, however, the FPF would enable
imilar studies with tau neutrinos, which would be impossible otherwise, given the low number of tau neutrinos.
In Fig. 20 (right) we show the (|Uµ4|2,∆m2

41) parameter space that can be constrained at 95% CL by FASERν in Run 3
nd FLArE-10 in the HL-LHC era. These results use the Feldman-Cousins procedure [255] and the current global oscillation
onstraints [256] are shown for reference indicating that FLArE-10 will have leading sterile neutrino constraints in the
4 & 10 eV mass region [257]. The neutrino flux uncertainty is modeled with a single nuisance parameter scaling the

lux between the predictions from Sibyll 2.3d and DPMJET 3.2017. Cross section uncertainties are not included.
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Fig. 20. Left: Projected 90% CL exclusion bounds at FASERν2, FLArE-10, and FLArE-100 for the tau neutrino’s magnetic moment µντ . The gray shaded
egions are current constraints from terrestrial experiments, and the black dashed lines are projected sensitivities. Right: Constraints on the mixing
arameter of a sterile neutrino, |Uµ4|2 , that can be probed by FASERν at LHC Run 3 with 150 fb−1 (light shaded regions) and by FLArE-10 at the

HL-LHC with 3 ab−1 (dark shaded regions) at 95% CL.

6. QCD

Quantum Chromodynamics (QCD) is unanimously accepted as the theory of the strong interactions. Yet, there are
kinematic regimes in which QCD has not been stringently tested. The FPF offers a number of unique opportunities for
testing and studying QCD in some of these regimes, as can be inferred from the fact that predictions for fluxes and cross
sections at the FPF introduce unique challenges for QCD theory. We expect that the neutrinos reaching the FPF will be
mostly emitted in the decays of various hadrons produced in collisions at the LHC ATLAS IP. In particular, as explained in
Section 5, muon neutrinos will be produced mostly in the decays of light mesons and, to a lesser extent, the light baryons.
Tau neutrinos will be produced by decays of heavy-flavored hadrons, especially D±

s mesons. Electron neutrinos will be
produced in decays of both light and heavy-flavored hadrons, with the latter dominating at the largest neutrino energies.

Therefore, the FPF, with its capability of distinguishing neutrinos and antineutrinos of different flavors, will provide
versatile experimental data on both light- and heavy-flavor production. Interpretation of these data will require diverse
theoretical approaches. When describing heavy-meson production, charm and bottom quark masses above 1 GeV allow
one to apply perturbative QCD (pQCD) methods down to pT = 0. However, the smallness of the c and b masses compared
to the other physical scales, notably the LHC center-of-mass energy

√
s, introduces typical pQCD challenges associated

ith so-called multi-scale processes. Additionally, non-perturbative QCD effects are expected to be enhanced in forward
eavy-flavor production. On the other hand, low-pT light-flavor production is dominated by non-perturbative QCD effects

and multiple parton interactions, compensating for the long-distance pQCD divergences in hard-scattering contributions.
Production of all these hadrons can be described either by dedicated calculations, with different levels of accuracy and
approximations employed, or by general-purpose event generators.

As we discuss in the following, QCD opportunities can be enhanced by covering a wide rapidity range either by
placing the FPF detectors at different radial distances from the beam collision axis or by making the FPF detectors
work in coincidence with the ATLAS detector. Deployment of diverse detection techniques, with several detectors having
partial overlap in their rapidity ranges, will allow one to cross-check the consistency and robustness of independent
measurements. The use of a range of nuclear targets with mass numbers varying in a wide range will fundamentally
enhance the FPF potential for constraining nuclear PDFs.

The novelty of the QCD regime probed at the remote FPF site can be illustrated by the example of forward neutrinos
from charmed meson decays in ATLAS, as shown in the left panel of Fig. 21. For the production of charmed hadrons
observed inside ATLAS at central rapidity, the standard collinear factorization framework presents the pp cross section
as the factorized convolution of the hard scattering cross section H , jet functions J1 and J2 describing the breakup of
initial protons 1 and 2, and a jet function J3 describing the fragmentation of the charm quark into a charmed hadron
whose decay, in turn, may generate a neutrino. The initial-state jet functions J1 and J2 depend on PDFs. The final-state
jet function J3 depends on the FFs into charmed mesons and the branching ratios for meson decays into neutrinos. The
aforementioned jet functions are essentially independent of one another and of the hard cross section H . Indeed, when
the charm quark escapes at a large angle to the beam axis, these jet functions, accounting for collinear and soft-collinear
emissions, describe the development of parton showers in the directions of the initial-state protons and in the direction
of the fragmenting charm quark, respectively. These kinematic sectors are spacelike-separated, and so the dominant
dynamical contributions in these sectors can be calculated independently (in this approximation, we are neglecting wide-
angle, soft-gluon interactions producing color correlations between different sectors and driving hadronization at the end
of the perturbative phase of the scattering event.).
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Fig. 21. Left: Production of a forward neutrino at the ATLAS IP, and its detection via CC DIS on a tungsten target in the FPF. Right: The Feynman graph
shown in dark blue represents a typical radiative contribution included in the collinear factorization framework at central rapidities. In far-forward
pp → cc̄ production, additional enhanced corrections from higher orders of αs are expected, such as those obtained by including the partonic
interactions and emissions indicated in gray color, as discussed in the main text.

On the other hand, to produce a neutrino in the direction of the FPF, the charm quark escapes close to the beam axis
in nearly the same direction as the comoving remnants of proton 1. For pseudorapidities of at least 6 and possibly as high
as 9, the incident parton 1 carries nearly all the energy/longitudinal momentum of proton 1, while the incident parton 2
carries a vanishing fraction of the energy/longitudinal momentum of proton 2. In this configuration, we expect important
QCD contributions that are not included in the standard collinear factorization. In the right panel of Fig. 21, the dark-blue
Feynman graph is a typical QCD contribution included in computations of charm production at central rapidities. These
contributions are known at least to the next-to-leading order (NLO) accuracy in the QCD strong coupling constant αs. In
the far-forward region, there are at least two more categories of important contributions. First, the forward charm quark
now travels for an extended duration of time in the mean gluon field created by the remnants of proton 1. Contributions
to jet functions J1 and J3 are no longer cleanly separated. While the gluon PDF in the leading-power contribution falls
off rapidly in the x1 → 1 limit, one may encounter enhanced power-suppressed contributions with the charm quark
connected to jet 1 by two or more gluon propagators, as illustrated by the gray gluon propagator in the upper half of the
right panel of Fig. 21. Some of these effects can be estimated by introducing a non-perturbative, or ‘‘intrinsic’’, charm PDF.
Also, the final-state fragmentation may be affected by interactions with the proton remnants. Second, accounting for the
multiple gluon emissions responsible for the immense longitudinal energy loss from the initial-state partons with small
x (see emissions from the incident parton 2 in the right panel of Fig. 21) requires one of the theoretical approaches that
introduces alternative forms of factorized cross sections applicable for such kinematics, as summarized in Section 6.1.
While the full theory for describing both kinds of novel QCD effects is still to be developed, Sections 6.2 and 6.3 review
some estimates that can already be made by the extensions of available techniques.

We note that these measurements ultimately shed light on fundamental aspects of QCD factorization for hadron–
hadron collisions at the highest energy

√
s reached at a collider. Systematic proofs of all-order factorization have

been made only for the simplest hadron–hadron observables, such as the inclusive cross section for the lepton pair
production process (see Refs. [258–260] and Chapter 14 of Ref. [261]). These proofs are complicated to a large extent
by multiperipheral scattering contributions in precisely the forward directions relevant for the FPF. Clean measurements
of forward cross sections may shed light on the emergence of various types of QCD factorization or the situations when
factorization is absent. For example, measurements of neutrino production rates in pp collisions can shed light on QCD
factorization and saturation and probe PDFs in so-far unconstrained regions; see Section 6.3.

On the detection side, the primary method to observe forward neutrinos in the FPF is via CC DIS on a nuclear target,
such as argon or tungsten (see the left panel of Fig. 21). Successful measurements must be able to control the nuclear
dynamics in CC DIS, and in turn they will provide an opportunity to test poorly known aspects of nuclear PDFs, such as
those related to strange quarks and PDF ratios for sea quarks of different flavors. Section 6.4 addresses the physics issues
and opportunities for CC DIS on heavy nuclei in the FPF detectors.

In addition to observing forward neutrinos, the FPF rapidity reach may be extended to detect processes involving
the associated production of one of these neutrinos with a less forward hadron/jet/lepton, by employing the timing
coincidence technique reviewed in Section 6.5, which discusses some of the physics opportunities presented by this FPF
configuration. Finally Section 6.6 describes the FPF potential for constraining and further developing the phenomenological
models of non-perturbative QCD embedded in Monte Carlo event generators currently used for the LHC and astroparticle
physics. Given the rich panoply of the barely explored QCD effects that will impact FPF measurements, it is clear that the
successful interpretation of FPF measurements requires a coordinated program to study the relevant QCD effects at the
FPF and other facilities, notably forward production at LHCb, large-x CC DIS at the EIC [26], and small-x dynamics at the
LHC and in future DIS experiments.

6.1. QCD theory for high-energy particle production

The minimal longitudinal momentum fraction x accessed in a hard-scattering process is Q 2/s, where Q is the invariant
mass of the hadronic final state produced in the hard scattering H (see Fig. 21). With

√
s = 14 TeV at the LHC and Q no
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igher than a few GeV in most events contributing to forward neutrino production, the hierarchy of energy scales, s ≫
2

≫ Λ2
QCD, puts the FPF squarely in the kinematic regime where collinear factorization possibly needs to be augmented

r replaced by an alternative theoretical approach. Fixed-order calculations in pQCD within the collinear factorization
ramework have a long record of successes in describing experimental data and have been consistently at the core of
CD validation in lepton–lepton, lepton–hadron, and hadron–hadron collisions. However, there are kinematic regimes in
xperiments involving ep, eA, pp, pA, and AA collisions, where fixed-order QCD calculations might not be enough. The high-
nergy or Regge limit belongs to this category and corresponds to the kinematic limit where s ≫ |t|, with s and t being
he usual Mandelstam variables. It is related to the presence of large logarithms of the form ln(s/Q 2) ≈ ln(1/x). These
large logarithms originate in specific Feynman diagrams (so-called ladder diagrams) of arbitrarily high order. Leading
logarithmic terms at order n have the form (αs ln s)n, whereas the next-to-leading ones have the form αs(αs ln s)n. The
ll-order resummation of the aforementioned towers of logarithms is provided by the Balitsky–Fadin–Kuraev–Lipatov
BFKL) framework [262–265]. An important addition to the BFKL resummation program is the inclusion of non-linear
ffects. These are associated with high partonic densities, and they also restore unitarity at very high center-of-mass
nergies [266–274].
Typically, for observables in hadron colliders, a hybrid approach is adopted where one incorporates the BFKL

esummation inside the standard collinear description. By ‘‘hybrid’’ here we mean cases where either (i) the cross section
s a convolution of the PDFs of the two colliding partons, the FFs of the outgoing partons, and the partonic cross section,
hich itself is built as a convolution between the partonic impact factors and the BFKL Green’s function, or (ii) both the
DF of one colliding parton and the kT -dependent unintegrated gluon distribution (UGD) for the other one appear in
he factorization formula. While approach (i) is suitable for processes with two hard final states with a large rapidity
eparation, as in, e.g., forward-central production processes (see Section 6.5), approach (ii) is appropriate for single-
nclusive forward heavy-flavor production (see Section 6.2), in which the hadronic impact factor for the emission of
he identified final-state particle from the initial-state large-x parton is taken in collinear factorization, i.e., built from a
tandard collinear PDF, and in turn is convoluted with a kT -dependent UGD [275] associated with the small-x initial-state
arton and given by the solution of the BFKL equation.
In the following we will show examples of the application of the hybrid formalism to make predictions for the FPF.
possible first sign of the onset of BFKL dynamics at LHC energies emerged in the Mueller–Navelet dijet channel [276],
here next-to-leading logarithmic approximation (NLA) BFKL predictions [277,278] and CMS data [279] were compared
mong each other for azimuthal-angle distributions at 7 TeV, with a satisfactory level of agreement. Quite recently,
t was shown how certain kinematic configurations probed in the production of jets [280,281] and identified hadron
inal states [282,283] might allow for a clear discrimination between BFKL-driven predictions and the standard collinear
actorization ones, when data will be available. As discussed in the following, we expect that measurements at the FPF
ill also help to discriminate between these two approaches.

.2. Forward charm production in the hybrid formalism

In recent years the LHCb Collaboration has performed several analyses of heavy meson production at high energies
nd rapidities y up to 4.5 (see e.g. [284–286]). IceCube has probed the astrophysical and atmospheric neutrino fluxes
t even higher energies [287]. Such distinct sets of data are intrinsically related, since a robust description of heavy
eson production at high-energy colliders is indispensable for reliable predictions of the prompt neutrino flux, which

s expected to dominate the atmospheric neutrino flux for large-enough neutrino energies. In particular, the results
resented in Ref. [288] and in Section 7 indicate that the behavior of the prompt atmospheric neutrino flux at the highest
nergies accessible at IceCube and at future neutrino telescopes is determined by the production of charmed mesons
t very forward rapidities, beyond those probed by the current LHC main detectors. The relevant kinematic region may
e accessible at the FPF, provided it is built to cover a wide-enough rapidity range. According to the present layout,
escribed in Section 2, the FPF neutrino rapidity coverage will extend down to at least 6.5. Smaller rapidities, down to ∼

.8, will be possible only for processes with particularly high cross sections, considering that for an off-axis detector with
typical area of 1 m2, only a very few percent of the geometric acceptance can be seen. The FPF will provide information
omplementary to that from the central and mid-rapidity detectors (ALICE, ATLAS, CMS, LHCb), which are not capable of
etecting individual neutrinos, but only of providing the whole missing energy associated with a collision event.
Charm production was first computed in QCD by using collinear factorization. The core of these calculations are

ard-scattering partonic cross sections for the production of cc̄ pairs, which are currently known up to NLO accuracy.
lready long ago, however, first calculations in the kT factorization framework [275], involving two UGDs associated to
he initial-state partons, started to appear. Currently the hybrid approach which combines elements of collinear and kT -
actorization is in use for BFKL-related applications in the kinematic regime of the FPF, as discussed in Section 6.1. At
resent, the accuracy of the calculations of short-distance cross sections/impact factors for heavy-quark hadroproduction
n this alternative framework is, however, still limited to the leading order.

Future measurements at the FPF will advance our understanding of several aspects of forward charm production that
re currently topics of intense debate, including:
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Fig. 22. The impact of nonlinear effects (left), subleading fragmentation (center), and the intrinsic charm component (right) on the rapidity distribution
or Ds meson production in pp collisions at

√
s = 14 TeV.

• Discrimination between the purely collinear and the hybrid factorization formalism. Forward charm production
at the LHC mostly proceeds through the collision of one large-x and one small-x parton. Present predictions in the
standard collinear framework are in agreement with the available LHC experimental data, at least when considering
the large uncertainty bands affecting the calculations. However, the calculations in collinear factorization may not
take into account all the relevant small-x corrections. The FPF, probing more extreme x values than LHCb, may clarify
if and up to which extent the resummation of the latter corrections is important at LHC energies. To fully realize this
program in practice, however, it is critical to upgrade the calculations in both formalisms to higher orders with the
aim of reducing the present uncertainties, which are large in collinear factorization and even larger in the hybrid
formalism.

• The evidence (or not) of nonlinear saturation effects resulting from extreme partonic densities in the QCD
dynamics at high energies [274]. Charm production at very forward rapidities (y & 5) probes the hadronic wave
function at very small partonic momentum fractions (x . 10−5), where the recombination process gg → g may
become important, especially at low hadronic scales Q ∼ 1 GeV. The typical outcome of saturation is to tame
the growth of the gluon PDF to protect the unitarity of the cross sections. The results presented in Refs. [289,290]
indicate that the nonlinear (saturation) effects strongly modify the magnitude of the xF distribution, suppressing
charm production in the kinematic region that will be probed by FPF experiments. The impact of the nonlinear
effects on D±

s production in the kinematic range of an FPF experiment can be estimated using the hybrid approach
described in Ref. [290], and the results are presented in Fig. 22, left panel. It turns out that, in comparison to the linear
predictions, denoted as ‘‘KS-linear UGD’’, the inclusion of the nonlinear effects suppresses the rapidity distribution
by a factor of approximately 3.

• The role of subleading fragmentation channels in charmed meson production. Additional scattering channels
may become competitive in cases where the channel with the dominant fragmentation mode, such as c → D, is
suppressed. In recent years, it has become clear that the description of LHC measurements of charge production
asymmetries in heavy meson production [291,292] is still a challenge for many theoretical approaches. In the FPF
case, the studies performed in Refs. [293,294] indicate that the channels with subleading fragmentation may become
dominant at very forward rapidities and even enhance the overall rate. Indeed, the main charm production channel
g + g → c + c̄ with the leading c → Ds FF is kinematically suppressed at the highest rapidity by the rapidly
falling gluon PDF, while the gg + gq + qq̄ + qq′

→ s + s̄ channel with the subleading fragmentation s → Ds may
win on balance because of the much larger quark PDFs. The possible impact of subleading fragmentation on D±

s
meson production in the kinematic range probed by FPF experiments is presented in Fig. 22, central panel. This
contribution becomes non-negligible at very forward rapidities, implying the enhancement of the associated ντ flux
probed by FPF experiments. We note that both the leading and subleading curves in the figure have very large PDF
uncertainties at the edge of phase space at y ∼ 8.5. At most, we can conclude at this point that the subleading mode
can become competitive. Constraints on the large-x PDFs from other experiments, such as the EIC, will help reduce
these uncertainties.

• The evidence (or not) for intrinsic heavy quarks. A significant volume of research suggests that production of
charm quarks may receive substantial enhancements, as compared to the gluon-fusion g +g → c+ c̄ channel, when
an initial-state charm quark/antiquark component carrying a large longitudinal momentum fraction of the parent
nucleon is included. Differently from the extrinsic heavy quarks/antiquarks that are generated by perturbative gluon
splittings at the leading power, this non-perturbative, or intrinsic, component arises from charm-quark subgraphs
with multiple connections to the light partons in the proton [295,296]. At the diagrammatic level, the intrinsic
component of the charm quark PDF arises as the leading part of ‘‘type-1’’ scattering contributions in the right panel
of Fig. 21 with two or more gluon connections between the hard charm quark and the proton jet function [297]. As
explained below in Section 6.3.2, such an intrinsic component generically enhances charm PDFs at large x (> 0.2)
as a result of kinematic conditions satisfied by a stable proton bound state [295,298]. In recent years, a nonzero
initial condition for the evolution of the charm PDFs from the initial scale Q has been included in several global
0
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QCD analyses [297,299,300]. The resulting intrinsic-charm (IC) PDFs are compatible with the world experimental
data, while the magnitude of the proton’s momentum carried by the IC at scale Q0 is constrained to be below 1%,
with the specific constraints varying between the different analyses [301–303]. The hybrid framework computations
in Refs. [289,290] indicate that if an intrinsic component is present in the hadronic wave function, the atmospheric
neutrino flux for Eν > 5 × 105 GeV will be enhanced by a factor & 2, depending of the probability of finding
an intrinsic heavy quark component in the nucleon. The right panel of Fig. 22 shows predictions for the rapidity
distribution of the D±

s production in pp collisions at
√
s = 14 TeV in the rapidity range probed by FPF experiments,

with and without including an intrinsic charm component accounted for by the use of the CT14NNLO IC PDFs (BHPS
1.0%) in the hybrid factorization approach described in Ref. [290]. We can see that, in the rapidity range of interest
for the FPF, for increasing rapidities, the IC component generically enhances the cross section by a multiplicative
factor that can be large in the allowed models.

.3. PDFs and forward charm production according to collinear factorization

We now turn back to collinear factorization in the MS factorization scheme, which serves as the backbone QCD
ormalism for making the most of LHC predictions and obtaining the non-perturbative PDFs and FFs needed for these
redictions. These PDFs and FFs not only play a key role in collinear factorization, but are also an essential ingredient for
redictions in the hybrid factorization framework, as discussed in Sections 6.1, 6.2, and 6.5. The collinear factorization
ramework may accommodate to some extent both the large-x and small-x QCD effects present in forward charm
hadroproduction at the FPF. This is done in part by judiciously choosing the factorization scales and other auxiliary
parameters in the QCD cross sections, implementing logarithmic expansions of all-order resummed cross sections, and
constraining the currently uncertain PDFs in the relevant x regions using measurements either at the FPF itself [40] or in
other experiments.

In a typical very forward kinematic configuration accessible to the FPF experiments, neutrinos are produced from
decays of charmed mesons with large rapidity values. In particular, charm y values up to ∼ 9 correspond to QCD scattering
contributions with disparate partonic momentum fractions as high as x1 ∼ 0.5 in one proton beam and as low as
x2 ∼ 5 × 10−8 in the other. As we have already pointed out, the standard QCD framework is modified in both limits
of x → 1 and x → 0, where little or no experimental measurements currently exist.

6.3.1. Constraints on small-x PDFs
As discussed in Section 6.1, for x → 0, such very forward measurements are likely sensitive to BFKL phenomena or

saturation [304] effects, the onset of which may have already been observed in the inclusive HERA data [305–307]. For
small x below 10−4, higher-order QCD terms with ln(1/x) dependence grow quickly at factorization scales of order 1 GeV.
Nevertheless, collinear factorization employing precisely known PDFs can provide useful small-x extrapolations for ap-
plications in astroparticle physics, such as the calculation of the ultra-high-energy neutrino–nucleus cross sections [308],
the attenuation rates of astrophysical neutrinos as they cross the Earth on their way to the detector [309], and the flux
of prompt neutrinos arising from charm production in cosmic rays collisions in the atmosphere [310,311].

The impact of forward charm production data on the small-x PDFs [312] is quantified in Fig. 23, where NNPDF3.1
global fits without and with the LHCb D meson data [313] at 5, 7, and 13 TeV are compared. One can observe how
forward charm measurements constrain markedly the small-x PDFs, as also pointed out in other analyses using open
heavy-flavor data [188,314]. Similar or even stronger constraints could be expected from the corresponding forward FPF
measurements, considering the aforementioned x coverage. It will be interesting to compare the new constraints with
those by complementary studies with forthcoming data on charmonium exclusive production in pp collisions and DIS (for
first studies in this direction, see Ref. [315,316]), processes that cannot be measured at the FPF, at least according to the
present setup.

It would be appealing, but challenging, to extend the QCD analyses to neutrinos from heavy-flavor production and
decay in proton–nucleus collisions, with either the proton or nucleus beam traveling toward the FPF, which offers the
possibility of probing different physics mechanisms. Provided that these measurements are technically feasible and the
integrated luminosity will be sufficient to accumulate enough statistics, in the simplest interpretation, such measurements
would constrain nuclear PDFs in regions where they are currently even less constrained than proton PDFs, as shown in
Fig. 23, where the lead PDF from the nNNPDF2.0 fit [317] is compared to the proton one. Given much higher parton
densities in the nuclei, the onset of saturation is expected to happen at much higher x2 in proton-lead collisions than in
pp, facilitating the study of this mechanism. The FPF would then provide access to information on non-linear dynamics in a
nuclear environment, complementing the constraints on large-x nuclear PDFs expected from the study of lepton–nucleus
DIS at the EIC [26,318].

6.3.2. FPF forward charm production at NLO with massive quarks and the intrinsic component
At x → 1, intrinsic charm (IC) production contributions arising from power-suppressed (higher-twist) scattering pro-

cesses may strongly enhance the event rate prediction based on the leading-power (twist-2, or perturbative) calculation.
The earliest parton-model formulation [295,298,319–322] introduces IC as a component of the charm PDF that arises

¯ ¯
from excited |uudcc⟩ Fock states of the proton wave function rather than from g → cc perturbative splittings. ‘‘Fitted

29



L.A. Anchordoqui, A. Ariga, T. Ariga et al. Physics Reports 968 (2022) 1–50

t
p

u
C

c
P
i
c
l

Fig. 23. Left: The small-x gluon PDF at Q = 1.7 GeV in the NNPDF3.1 proton fits without and with forward D meson data from LHCb, together with
he lead nuclear PDF in the nNNPDF2.0 analysis. Right: The d̄(x,Q ) PDF at large x, discussed in Section 6.4, here comparing the NNPDF3.1 global
roton fit with variants where all fixed-target DIS data are removed and where only data associated with proton targets are retained.

Fig. 24. Left: Gluon PDF ratios. Right: Charm-quark fraction ratios. The error bands represent the CT18NNLO (red) and CT18XNNLO (blue) PDF
ncertainties at 90% C.L. [307]. The solid, dashed, and dot-dashed lines correspond to CT18XNNLO-IC/CT18XNNLO, CT18NNLO-IC/CT18XNNLO, and
T14NNLO-IC/CT18XNNLO, respectively.

harm’’ is a phenomenological parametrization of the IC that is determined in a global QCD analysis as an independent
DF functional form [297,299,301,323]. In the context of QCD collinear factorization, IC is best understood in DIS, where
t contributes via convolutions of universal twist-4 non-perturbative correlator functions with process-dependent hard
ross sections [297]. Therefore, the IC contributions parametrized by the fitted charm PDF need not coincide in reactions
ike ep → ecX and pp → cX . Charm hadroproduction and Z + c production at the LHC can constrain the IC contributions
in pp collisions [297]. Some of these measurements can be extended to the FPF case and could further benefit from the
possibility of coordination between the FPF and ATLAS detectors. This is particularly interesting for events with at least
two identified final-state objects, with one at small rapidity seen by ATLAS and the other one emitting a large-rapidity
neutrino seen by a properly configured FPF detector.

Fig. 24 shows the standard CT18 NNLO PDFs [307] that include only extrinsically produced charm, together with
the alternative CT18‘‘BHPS3’’ PDFs [297,324] with the large-x intrinsic sea PDFs included according to the model from
Ref. [298], as well as the CT18X PDFs [307] determined with a scale choice in DIS that mimics the impact of low-x
resummation. The differences among the PDF models propagate into predictions for prompt charm production shown
in Fig. 25 for the transverse momentum and rapidity distributions of charm quarks with rapidity yc > 8 at the NLO
in QCD. The theory predictions are obtained in the recently developed S-ACOT general-mass factorization scheme with
massive phase space (S-ACOT-MPS) [325], an amended version of the S-ACOT scheme [326–331] applied to the case of
pp collisions. CT18, CT18X, and CT18 IC NLO PDFs were used in this figure. The error bands indicate the 68% C.L. PDF
uncertainties.

The differences among the predictions in Fig. 25 originate from the underlying gluon and charm PDFs in the relevant x
intervals in Fig. 24. On the one hand, the IC contribution substantially enhances the electron and tau neutrino interaction
rates at the FPF by an amount that varies among the IC models [40,332]. On the other hand, the bulk of the PDF uncertainty
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Fig. 25. Transverse momentum and rapidity distributions of prompt charm produced in pp collisions at the LHC for
√
s = 13 TeV in the very forward

region (yc > 8) (upper panels) and at mid-rapidity (2 < yc < 4.5) (lower panels). Central predictions refer to the CT18NLO, CT18XNLO and CT18NLO
IC PDF sets. The red error band represents the CT18NLO-induced PDF uncertainty at 68% C.L.

for the charm kinematic distributions in Fig. 25 arises from the small-x region, where the gluon PDF is hardly known and
differs when comparing the CT18 and CT18X fits. The CT18X prediction gives a significantly larger cross section in the
large pT ,c and yc tails. The tails of the pT ,c and yc distributions fall off rapidly in this very forward region. The IC prediction
mainly enhances the overall rate. The CT18 PDF uncertainty covers all central predictions, except in the largest yc bin.

The analysis of Figs. 23–25 thus suggests that FPF experiments will be most successful as a part of a larger physics
program that includes LHCb, the EIC, and possibly the LHeC [333] to shed light on the appropriate QCD theoretical
formalism(s) and constrain the PDFs in the currently unconstrained regimes of extreme x values. NC ep DIS at the EIC
with tagged charmed final states is highly discriminating among the various IC models [334,335]. Forward and light-state
production processes at the LHC probe the novel small-x dynamics. A coordinated effort will in turn dramatically reduce
the PDF uncertainty in the predictions for neutrino fluxes in FPF experiments. The FPF will allow us to better investigate
the relevance of small-x resummation, the transition from collinear to more general factorization frameworks, including
the effects of initial-state partonic transverse momentum, and, as we will see in Section 6.4, CC DIS on heavy nuclei.

6.4. Neutrino-induced deep inelastic scattering

The high-energy neutrino beam reaching the FPF can be used to measure CC DIS events upon interaction with FPF
nuclear targets (liquid argon for LAr experiments and tungsten or other materials for emulsion experiments). These
observations will constrain the nuclear PDFs for the target. Using different nuclear targets would probe the nuclear
modification effects as a function of the nucleus mass number, which would be valuable, given that the scattering
measurements for determination of the nuclear PDFs remain limited to a restricted set of mass numbers. Analogous
information from the previous neutrino-induced DIS measurements, such as CHORUS and NuTeV, plays a prominent role
in many global PDF fits of nucleon and nuclear PDFs (with the two related via nuclear corrections). The reason is that
inclusive CC DIS and especially semi-inclusive charm production in CC DIS are the primary channels to probe the PDFs for
strange quarks and anti-quarks. Strangeness PDFs offer insights about the nonperturbative proton structure [336], while
they are also responsible for a large part of the PDF uncertainty in weak boson mass measurements at the LHC [337].
On the experimental side, determination of the (anti-)strangeness PDF has been one of the hottest topics for the PDF
community. This is because, depending on whether one uses lepton-hadron or hadron–hadron data, or whether one uses
results from emulsion experiments or those using calorimetric techniques, the fits prefer somewhat different shapes for
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he strangeness PDFs for reasons that are not fully understood [307,338–340]. The elevated PDF uncertainty from fitting
uch inconsistent experiments propagates into various pQCD predictions (see e.g. those recently presented in Ref. [341]).
Dimuon production in CC DIS with various (anti)neutrino flavors thus offers a window on the differences between the

DFs for s, s̄, ū, and d̄ (anti)quarks. The right panel of Fig. 23 shows an example of the role played by neutrino–nucleus DIS
ata in global fits. The figure compares the down antiquark PDF from the NNPDF3.1 global proton PDF fit [342], which
ncludes, among others, neutrino DIS data obtained with deuteron and heavy nuclear targets, with two fits from which the
eutrino DIS data have been removed: one without any fixed-target DIS data, and another where only data measured on
roton targets are retained. One sees that the PDF uncertainties on d̄(x,Q ) increase significantly for x ≥ 0.05 if neutrino

DIS data are excluded. Analogous considerations would apply to the nuclear PDF case. Hence an important benefit of the
FPF would be to provide measurements analogous to existing neutrino DIS experiments, but now at a higher energy, where
measurements have fewer theoretical uncertainties. Experiments at the FPF, being able to measure charm production in
DIS, while distinguishing neutrino and antineutrino induced events, will help to solve the strangeness puzzle introduced
by the tensions between the already existing data mentioned above. A peculiar aspect will be the possibility of using
different techniques for charm tagging, considering the fact that at the FPF not only experiments allowing to tag charm
through dimuon events, but even emulsion experiments, allowing to tag various kinds of charmed mesons and baryons by
reconstructing in detail the topology of their decays, will be present. In this respect, emulsion experiments are expected
to be particularly powerful.

As the incoming neutrino beam will be quite broad, one must measure observables in which uncertainties associated
with the incoming flux partially cancel out, such as in the ratio between charm-production and inclusive events. Also,
it has not been excluded that the nuclear medium effects on the nuclear PDFs are different at some level in NC and CC
DIS [343–345], and that final-state nuclear medium effects may affect the extraction of PDFs from DIS events [346,347].

6.5. Single-inclusive forward and forward-central events at the FPF + ATLAS

In this subsection we consider the detection of far-forward hadrons at the FPF using the time-coincidence method,
which offers an unprecedented opportunity for deeper tests of QCD in the high-energy regime, opening the road to the
possibility that the FPF might complement the reach of the ATLAS detector.

The possibility of combining information from ATLAS and a forward detector at the FPF relies on the ability to use an
FPF event to trigger ATLAS. This requires very precise timing and has consequences for the design of the forward detector.
The forward detector should at least be capable of separating the various bunch crossings, which implies that, at the very
least, one needs a resolution better than 25 ns if one wants to associate the forward signal in the FPF with a particular
bunch crossing in ATLAS. For a detector located at ∼ 620 meters from the IP, taking into account a trigger latency of ∼

10 µs for the ATLAS Level-0 system and the time needed for the neutrino to reach an FPF detector and for the trigger
signal (traveling in air-core cables with speed β of about 0.8) to reach the Central Trigger Processor, the trigger decision
should be taken within 5-6 µs to be able to be used by the ATLAS Level-1 trigger system.

An additional issue is pileup. Under the extreme values of the pileup parameter ⟨µ⟩ ∼ 150–200 expected at the HL-LHC,
related to the average number of pp collisions in a bunch crossing, events with multiple hard scattering processes within
the same bunch crossing will be more common than in previous Runs. With very precise timing measurements, it would
be possible not only to assign the forward signal to a specific bunch crossing, but also to a subset of the luminous region.
Since a time resolution of 100 ps, quite challenging to obtain by a large detector, corresponds to a position resolution
of about 3 cm, a similar precision would allow one to identify the area of the luminous region from which the particles
detected in the forward detector are coming, and thereby reduce the background due to the pileup. The effect of pileup
can indeed be mitigated by requiring events with very hard objects, which would in turn allow one to work with coarser
time resolutions. In any case, considering the present status of developments of timing techniques in association with LAr
detectors, time resolutions of ∼ 1 ns are within reach. On the other hand, obtaining time resolutions of ∼ 100 ps will
require some R&D, which will also be useful in view of possible applications to other experiments (see, e.g., the ICARUS
case [348]).

A first class of reactions that can be investigated at the FPF includes single-inclusive forward emissions, where a neutrino
with rapidity y & 6.5 is identified. Both inclusive and exclusive processes can be measured and predicted using the
hybrid small-x formalism discussed in Section 6.1. Tests of this formalism and the UGD evolution can be done at the FPF
by considering the emission of several kinds of final states, such as charged light hadrons, vector mesons (extensively
studied at HERA [349–356]), and mesons with open charm/beauty, accompanied by their decay producing at least a
forward neutrino. This kind of study can be performed by the FPF detectors alone. Requiring coincidence with ATLAS may
allow identification of states with large invariant masses, whose decay products are not entirely captured by the FPF,
but fall partly into the FPF’s and partly into ATLAS’s coverage areas. Additionally, combining the data on single-inclusive
forward emissions at ATLAS and at the FPF will allow one to investigate in which rapidities and kinematic configurations
the aforementioned hybrid formalism provides a better physics description than the standard collinear formalism for
single-inclusive particle production and in which ones, instead, it does not, with the long-term aim of filling the gap
between the two descriptions.

Probed production channels of the second class feature two identified final-state objects emitted in hard scattering and
separated by a rapidity interval ∆y larger than about 2. These processes are predicted within the hybrid formalism using
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Fig. 26. Left: A cross section for a forward-central hadroproduction process leading to two hadrons with large rapidity separation in the hybrid
formalism. Right: Predictions of the hybrid formalism for the normalized distribution of the azimuthal angle ϕ = ϕ1 − ϕ2 − π in the forward-
entral production process pp → D∗(y1) + D∗(y2) + X with y1 = 6.5, y2 = 2, and pT ,1, pT ,2 > 10 GeV, as testable by the FPF + ATLAS
detectors in a tight timing coincidence setup. The constraints on time coincidence might be made less severe by increasing the pT cuts. The
predictions are based on the resummation of BFKL logarithms in the leading logarithmic approximation (LLA) and NLA. Uncertainty bands refer to

the µR = µF = µ0 =

√
p2T ,1 + m2

1 +

√
p2T ,2 + m2

2 scale variation in the interval [1/2, 2]µ0 .

two partonic impact factors, convoluted with the BFKL gluon Green’s function that embodies the resummation of energy
logarithms in the t-channel. The result is then convoluted with initial-state collinear PDFs and, in the case of hadron
production and identification, final-state collinear FFs (see Fig. 26, left panel).

Here, we expect to see a stabilization of the BFKL series with respect to scale variations upon inclusion of subleading
logarithms, as was already observed when comparing NLL calculations with the LL ones in CMS configurations for Higgs-
plus-jet [357], heavy–light dijet [358], and Λc baryon [359] emissions. The ATLAS-FPF coincidence observations would
allow one to explore large rapidity intervals, e.g., ∆y ∼ 5, with the most forward of the two emitted objects detected
by the FPF, and the most central one by ATLAS. We call these channels forward-central production channels. We expect
the BFKL effects to be enhanced with increasing ∆y. In this setup, we can even study production channels where the
most centrally detected object is a jet. Jets in fact are not visible at the FPF, but can easily be reconstructed in ATLAS. An
example is shown in the right panel of Fig. 26, where a pp collision produces two D∗ mesons at pT values large enough
to ensure the dominance of perturbative effects in the production process, with a ∆y value that can be explored in the
FPF + ATLAS coincidence setup. The panel shows a comparison between predictions in the LLA and NLA. The fact that
the NLA predicts a stronger correlation in the azimuthal plane between the two emitted identified objects than the LL
approximation (the peak at ϕ = 0 corresponds to back-to-back emissions in the azimuthal plan) is expected and gives
a strong hint of the relevance of BFKL dynamics in the considered kinematic domain. The differences between LLA and
NLA at the peak would be enhanced in case of asymmetric pT cuts. Studies in this directions are underway. The practical
feasibility of this kind of study will depend on the timing resolution that can be achieved. Employing harder pT cuts might
be helpful to reduce pileup, which, in turn, would loosen the timing resolution requirements. The considered example
confirms the importance of complementing the information of the FPF with that of ATLAS for QCD-related studies. In
general, many other studies of the associated production of multiple objects will benefit from a FPF + ATLAS coincidence
setup.

6.6. Forward physics in event generators

Event generators are standard tools for emulating complete events in as much detail as possible. The main components
include hard and soft processes, parton showers, multiparton interactions (MPIs), hadronization, and decays. Generators
can be used to predict, e.g., the inclusive neutrino flux as a function of energy and angle (see Section 5). However, their
main strength is that they can be used to explore nontrivial correlations, say between forward and central activity.

The general-purpose LHC pp physics event generators, Herwig [360], Pythia [361], and Sherpa [362], are primarily
intended and tested for the central region, say, in the rapidity region |y| ≤ 5. QCD-centered generators more common in
osmic-ray studies, such as Sibyll [193], QGSJET [363], DMPJET [194], and EPOS [364], generally are better tuned in the
orward region. Nevertheless there is not one that provides a good overall description of all existing data, e.g., of the LHCf
eutron and π0 spectra [365,366]. At present, these spectra may be considered as representatives of baryon and meson
orward spectra more generally, for lack of alternatives. The FPF, on the other hand, will provide information on charged
eson and baryon spectra, complementing the one on neutral hadrons provided by LHCf.
A common feature of all generators is that MPIs may occur, mainly in the central region. This means that several

artons are taken out of the colliding hadrons, leaving behind a beam remnant. This remnant usually is color-connected
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Fig. 27. Nucleon (p, n) (left) and pion (π±,0) xF = 2|pz |/ECM (center) distributions in
√
s = 14 TeV pp collisions, for options as presented in the text.

lso shown are the spectra of remnant diquark and quark string ends. The ratio of π0 to (π0
+ π+

+ π−) xF distributions is also shown (right) and
eads to an approximately constant value ∼ 0.35.

o the activity in the rest of the event (if not, we have a diffractive topology). Each such color line can be associated with
color-confinement string that eventually will break up to produce the primary hadrons. To the first approximation,

here will be one string stretched to the remnant for each (anti)quark taken out, and two for each gluon. If the remnant
omentum is evenly shared between all string ends, then the hadron spectra will drop too steeply at large momenta. All
enerators therefore use some procedure to increase the likelihood that a single hadron can take an appreciable fraction
f the remnant’s momentum.
One example is Herwig, where an enforced parton-shower-like backwards evolution is used to reconstruct, e.g., a

uark entering an MPI as coming from a gluon that in its turn is emitted from the color line of the hardest MPI. This
PI is evolved back to come from a single valence quark, meaning that the proton beam remnant always is a single
iquark, but, of course, the energy of that diquark can vary widely by the steps taken. Another example is Sibyll, where
ll non-hardest MPIs are assumed to give simple closed gluon pairs disconnected from the remnants. The latter therefore
onsist of at most two objects each, say a quark and a diquark. These share the energy unevenly, with the diquark taking
ost. Additionally the first string break of the diquark uses a special extra hard FF to ensure a hard leading baryon.
In Pythia more complicated beam remnants are allowed, such that the momentum can be split more ways, which

ould give too-soft leading-baryon spectra. Several steps are introduced to improve the situation. A color line from a
emnant to one MPI may be identified to an anticolor line to another MPI, which means that this linked line can be
emoved from the remnant. This procedure takes care of all gluons and all same-flavor quark–antiquark pairs. In the case
f multi-parton remnants, it is also possible to split off color-singlet hadrons, e.g., a four-quark remnant could be split into
baryon plus a single quark. Another complication arises when two valence quarks are kicked out into separate MPIs,
hich means that the baryon number (represented by a junction) drifts into the central region of the event. In most
vents one still is left with a diquark in a proton remnant, possibly in association with a quark or meson. Even though
he diquark is made here to take the major part of the remnant’s momentum, the resulting baryon spectra still are softer
han data.

Recently a first attempt has been made to remedy the situation [367], with two new options. Firstly, the popcorn
echanism [368] can be switched off for the remnant diquark. Thereby one reverts to the simpler diquark picture, where
diquark is handled as a stable unit, and the leading particle (in a flavor sense, but usually also in energy) becomes a
aryon. This is in contrast to the default popcorn scenario, where a quark–antiquark pair may be created in between
he two quarks of a diquark, breaking it up. When that happens, the leading particle becomes a meson, and the baryon
roduced next has a lower average energy than otherwise. And secondly, a separate harder FF may be tuned for the
emnant diquark, similarly to Sibyll. These two have about equal importance for the harder nucleons result shown in
ig. 27, which are better in line with what is needed to describe the LHCf neutron data. The remnant diquark xF spectrum
hows that an even harder FF would have been possible. The pions take less energy when the neutrons take more, which
lso improves agreement with the LHCf π0 spectrum, though with remaining problems. Here fragmentation of both quark
nd diquark string ends plays a role.
It should be noted that also the simulation of transverse momentum effects is relevant. A smaller p⊥ spread leads to

larger number of hadrons in the forward direction. This affects the rate within the LHCf acceptance and also the FPF
vent rates. There are three contributing main sources: primordial k⊥ of the MPI systems that are compensated by the
emnants, relative p⊥ kicks between the remnant constituents, and regular fragmentation p⊥ when the strings break.

The forward neutrino flux comes from a combination of hadron production and their subsequent decays. For lighter
articles, such as π±, K±, Λ/Λ, µ±, and τ±, the handling of weak decays with proper V − A matrix elements offers only
inor problems. Also the bulk of charm and bottom weak decays are understood, where the EvtGen package [369] is
ften used as a plugin to better handle bottom decays, but some complex final states are only crudely modeled.
Charm and bottom quarks can be produced in hard processes or in initial- or final-state parton showers, both in the

rimary hard interaction and in subsequent MPIs. The overall production rate is quite sensitive to a number of choices,
uch as that of quark masses or parton distributions. Some element of tuning will therefore always be necessary to describe
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he data. The c/b quark is always at one end of a string, and for the hadronization step it is relevant where the other end
f that string is. If that end is in a beam remnant, then the c/b quark is pulled forward by the string tension, and the

resulting hadron typically will have a larger longitudinal momentum than the mother quark. In extreme cases, a string
may even be so short that it collapses into a single hadron, like a Λ+

c if a c combines with a ud remnant diquark, and a
D

0
if a c̄ combines with a u remnant. Note that quarks and antiquarks may be pulled in different directions and collapse

nto different hadrons, giving rise to small particle–antiparticle asymmetries. Such asymmetries have been observed and
re well modeled at low energies [370], and they are now also observed by LHCb, as already noted in Section 6.2. This is
n example where a full event generator can be more predictive than the semi-analytical FF approach. The latter typically
arametrizes c/b FFs based on LEP/SLC data, where the c/b quark is always pulled backwards by the string, and so is

not well equipped to address the more complicated color topologies of hadronic collisions. String effects also need to be
taken into account before intrinsic charm is introduced as a way to increase forward charm production.

Event generators address a multitude of physics aspects, many of a non-perturbative nature where theory currently
has little to say. This means that parameters have to be introduced and tuned to data. Typically this is a two-step process,
where final-state showers and hadronization are tuned to LEP data, and then initial-state radiation, MPIs, beam remnants,
and more are tuned to hadron collider data. An example is the Pythia Monash tune [371], where more than 50 parameters
re explored. Subsequent tunes by the LHC collaborations work with a smaller subset, but they have the advantage that
he collaborations have better access to and understanding of their own data. We expect that data extracted from the FPF
ill have an impact on future tunes, complementing those of the LHC experiments. This might be relevant not only for
enerators for LHC physics, but even for those for high-energy cosmic-ray physics.
In summary, progress is being made in the modeling of the forward region and the tuning to the limited forward

ata, but more remains to be done. One should add that generators can also be used to simulate subsequent neutrino
nteractions with matter. This is a capability that already exists, but where work is ongoing to improve the modeling, and
uclear effects could be nontrivial. Standard detector simulation should also not be forgotten, where bits and pieces of
ythia are already used inside various generators commonly adopted at this purpose.

.7. QCD summary

In this Section 6, we have explored the promise of the FPF for probing the strong interactions and the structure of
he proton and nuclei. As discussed above, the FPF will be sensitive to the very forward production of light hadrons and
harmed mesons, providing access to both the very low-x and the very high-x regions of the colliding protons. The low-x
egime will shed light on many important topics in QCD, such as BFKL effects and non-linear dynamics, as well as the
luon PDF down to the ultra-low values of x ∼ 10−7, extending the coverage of other experiments. The very high-x
egime provides access to other open questions, including, for example, the possibility of intrinsic charm. In addition, the
PF acts as a neutrino-induced DIS experiment with TeV-scale neutrino beams. The resulting measurements of neutrino
IS structure functions will provide valuable constraints on the partonic structure of nucleons and nuclei. Finally, the FPF
ill also provide additional data to refine hadron production in event generators in the forward region, where they are
urrently relatively poorly constrained.
In summary, QCD provides an important physics motivation for the FPF, supplementing the motivations from new

hysics searches and neutrino physics discussed above in Sections 4 and 5, respectively. In addition to the intrinsic interest
n the strong interactions and proton and nuclear structure, the QCD studies described here will also have important
mplications, for example, for astroparticle physics, to which we now turn in Section 7.

. Astroparticle physics

Historically, cosmic rays and cosmic neutrinos have contributed greatly to high-energy physics, from the landmark
dentification of new elementary particles in the early days, to the confirmation of long-suspected neutrino oscillations, to
easuring cross sections and accessing particle interactions far above current collider energies. Two recent examples that

llustrate the astroparticle� high-energy physics connection are (i) the measurement of the pp cross section at a center-of-
ass energy of

√
s ∼ 75 TeV [372–374], which provides evidence that the proton behaves as a black disk at asymptotically

high energies [375,376], and (ii) the measurements of both the CC neutrino–nucleon cross section [200,377,378] and the
NC to CC cross section ratio [379] at

√
s ∼ 1 TeV, which provide restrictive constraints on fundamental physics at sub-fermi

distances. In this section, we will explore the synergistic links between astroparticle physics and the FPF.

7.1. Cosmic ray physics and the Muon Puzzle

Cosmic rays have been measured in the Earth’s atmosphere with energies exceeding 1011 GeV, but their sources remain
unclear, their acceleration mechanisms and nuclear composition are uncertain, and several features observed in the energy
spectrum are not well understood [380–382]. Observations of cosmic rays with energies exceeding about 106 GeV rely on
indirect measurements of air showers. To infer the energy and mass of cosmic rays from observable air shower features,
for example, one has to quantitatively model the shower based on known particle physics [383]. Simulations reasonably
reproduce many air shower features, but there is a longstanding deficit in the number of muons produced in air showers,
35
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Fig. 28. Linear fits to the ∆z = z − zmass distributions as a function of air shower energy from Ref. [390], where zmass is the number of muons
predicted by a hadronic interaction model, here EPOS-LHC (left) and QGSJet-II.04 (right), assuming a mass composition of the primaries based on
experimental parametrization from Ref. [388] (global spline fit). The quantity ∆z measures the difference between the experimental data and the
inferred number of muons for a given hadronic model. A positive value indicates an excess of muons in data with respect to simulations, and zero
indicates a perfect match. Shown in the inset are the slope b and its deviation from zero in standard deviations for an assumed correlation of the
point-wise uncertainties within each experiment. Examples of the fits are shown for correlations of 0.0, 0.5, and 0.95 in varying shades of gray.

which was first observed by the HiRes-MIA experiment more than 20 years ago [384]. Since then, both simulations and
experiments have made enormous progress, but the Muon Puzzle persists [385]. The most unambiguous experimental
evidence of the deficit was revealed in the analysis of Auger data [386,387]. A meta-analysis [388–390] of recent muon
measurements from several experiments is shown in Fig. 28. The z-scale is used to make different muon measurements
in air showers comparable. It is approximately independent of the experimental details, but depends on the hadronic
interaction model used in air shower simulations [388]. After subtracting the expected variation due to the cosmic ray
mass composition, zmass, an upward trend remains, which starts at moderate center-of-mass energies of about 10 TeV,
accessible by the LHC, followed by a linear increase with the logarithm of the shower energy.

The muons seen by air shower experiments are of low energy (a few to tens of GeV). They are produced at the end of a
cascade of hadronic interactions with up to 10 steps, where the dominant process is soft forward hadron production, which
cannot be calculated from first principles in perturbative QCD. Effective theories are used to describe these interactions,
in particular Gribov–Regge field theory. Detailed simulations [391,392] have shown that the hadron multiplicity and, in
particular, the hadron species at forward pseudorapidities of η ≫ 2 have the largest impact on muon production in
air showers. The sensitivity to the produced hadrons is high, and even small deviations of 5% in the multiplicity and/or
identity of the secondary hadrons have a sizeable impact on the muon production.

Proposed models that account for such deviations are based on the restoration of chiral symmetry [393], the production
of fireballs [394], a core-corona effect [392], and a quark–gluon plasma [395,396]. These models have in common
that the neutral particle production is suppressed with respect to the effective theories encapsulated in the current
post-LHC hadronic interaction models (for example, EPOS-LHC [397], QGSJet-II.04 [398], SIBYLL-2.3c/d [192,193], and
DPMJet-III.2017 [194,399]). This indirectly enhances the muon content at ground without altering the remainder of the
shower development. Regardless of the details of the model, generally two extremes can be distinguished: a rather
strong suppression occurring in the first few interactions of the air shower—reflecting some kind of threshold effect of
exotic physics—or a small suppression over a large range of energies where the effect on the muon content accumulates
throughout the shower development. The fit shown in Fig. 28 seems to favor the latter, as ∆z is continuously increasing
with shower energy. A measurement of shower-to-shower fluctuations of the muon content [400] further motivates the
accumulation scenario, which, in turn, requires an effect to be visible at FPF energies.

The amount of forward strangeness production seems of particular relevance [401]. It is traced by the ratio of charged
kaons to pions, for which the ratio of electron and muon neutrino fluxes is a proxy that will be measured by the FPF [187].
While pions primarily decay into muon neutrinos, kaon decays contribute to both the electron and muon neutrino fluxes.
In addition, as shown in Fig. 29, νe and νµ from different sources populate different energy regions, which can be used
to disentangle them. Furthermore, neutrinos from pion decay are more concentrated around the LOS than those of kaon
origin, given that mπ < mK , and thus neutrinos from pions obtain less additional transverse momentum than those from
kaon decays. Thereby, the closeness of the neutrinos to the LOS, or equivalently their rapidity distribution, can be used
to disentangle different neutrino origins and estimate the pion to kaon ratio. If technically feasible, a correlation of the
FPF measurements with activity in ATLAS could also be interesting, as it would allow one to study the dependence of the
charge ratio on the charged particle multiplicity as a function of rapidity in an extended rapidity range [402].
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o

Fig. 29. Neutrino energy spectra for electron neutrinos (left) and muon neutrinos (right) passing through FASERν2. The vertical axis shows the number
f neutrinos per energy bin that go through the detector’s cross-sectional area for an integrated luminosity of 3 ab−1 . The different production modes

are indicated by different colors: pion decays (red), kaon decays (orange), hyperon decays (magenta), and charm decays (blue). The different line
styles correspond to predictions obtained from SIBYLL-2.3d (solid), DPMJET-III.2017 (short dashed), EPOS-LHC (long dashed), QGSJet-II.04 (dotted), and
Pythia 8.2 using soft-QCD processes (dot-dashed) and with hard-QCD processes for charm production (double-dot-dashed). Note that the predictions
differ by up to a factor 2 for neutrinos from pion and kaon decays, which is much bigger than the anticipated statistical uncertainties at the FPF [187].

In addition to neutrinos, it might also be possible to use the large number of forward-going muons that pass through
the FPF experiments to constrain forward particle production. Based on in situ measurements, the muon flux at FASER is
estimated to be approximately 1 Hz/cm2 [3]. This implies that about 2 × 109 muons will be detected by FASER in Run 3
(2022-24). The number at FASER2 in the FPF at HL-LHC (2027-36) is about 1000 times larger. However, despite the large
fluxes, the potential of muon measurements is dimmed for two reasons: (i) The origin of this muon flux is currently not
well understood. Besides in-flight decay of pions and kaons, muons are also produced in secondary interactions occurring
in the downstream infrastructure, e.g., in hadronic showers caused by very high energy neutrons that hit the TAN. (ii)
Along their trajectories to the FPF, the muons will likely pass through various LHC magnets and undergo multiple Coulomb
scattering in the rock, which will both lead to a change of the muon direction. Therefore, the direction of the muon at
the FPF cannot be correlated anymore with the direction of the muon at its point of production. Dedicated studies are
needed to understand the origin, the trajectories, and the physics potential of muons passing through the FPF.

As we have seen, the FPF experiments will provide complementary data on far-forward hadron production. While the
LHCf experiment has previously measured the neutral pion and neutron production cross sections [365,366,403,404], the
FPF experiments can make complementary measurements of the charged pion production cross section by using neutrinos
and possibly also muons as proxies. A combination of data from the FPF and LHCf will constrain the hadron composition
in the far-forward region. As the Muon Puzzle is assumed to be of soft-QCD origin, there is a strong connection to the
QCD program of the FPF and the measurements will help to better understand multi-particle production in air showers.

7.2. Prompt atmospheric neutrino fluxes

In 2013, IceCube reported the first observation of a diffuse astrophysical neutrino flux at energies above ∼ 30 TeV [405,
406], and subsequent measurements up to energies of a few PeV [287,407–410] have further improved the understanding
of the astrophysical flux since then. However, prompt atmospheric neutrinos produced in air showers yield an important
background to these measurements and introduce large uncertainties in the determination of spectral index and flux
normalization. The dominant contribution to the prompt neutrino flux comes from charm hadron production and decay
in the atmosphere. Calculations of the prompt neutrino fluxes (see, e.g., Refs. [411–414] and Ref. [290]) produced in
high-energy cosmic ray collisions in the atmosphere depend sensitively on the D meson production cross section in pA
collisions, which in turn depends on both the proton and nuclear parton distributions at Q ≃ mc .

Predictions of the prompt flux have been made with charm production models consistent with LHC data in the
forward region [188,310,313,415–418]. The left panel of Fig. 30 shows several evaluations of the prompt atmospheric
νµ+ ν̄µ flux using a broken power law incident cosmic ray flux to illustrate the range of uncertainties associated with the
charm mass, PDF variation, scale variations, and model. The atmospheric flux of high-energy neutrinos (Eν > 105 GeV)
comes predominantly from the production of charmed mesons with large Feynman-x (xF ∼ 0.1) and small transverse
momentum. The main contribution to the charm production cross section originates from partons with very small values
of parton momentum fraction, x, in the target air nucleons and very large x values in the cosmic ray nucleons. The
37
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Fig. 30. Left: Comparison of the prompt atmospheric muon neutrino flux, φ, as a function of the neutrino energy, Eν , assuming a broken power law
(BPL) for the incident cosmic ray flux, from recent calculations [188,310,411–413,416,417] following Ref. [188]. Right: Prompt atmospheric neutrino
fluxes from different collider rapidity ranges [419] for charm production and the conventional atmospheric neutrino flux from Ref. [420]. In the
prompt flux evaluation, the pp charmed hadron energy distributions are scaled to account for the air target average atomic number A = 14.5.
he calculation of prompt atmospheric fluxes involves pA collisions in a wide range of center-of-mass energies, including, but not limited to, LHC
nergies. The peak of E3φ is particularly sensitive to collisions at LHC energies.

ominant regions of the cc̄ phase space relevant to the prompt atmospheric neutrino flux are discussed in Ref. [288]. The
apidity dependence of the prompt neutrino flux as a function of neutrino energy is shown in the right panel of Fig. 30.
he solid prompt neutrino flux curve and the y > 0 dashed curve overlap. For neutrino energies Eν & 105

− 106 GeV,
here the prompt flux dominates the conventional neutrino flux, prompt atmospheric neutrinos are mostly from the
harm produced at rapidities y & 4.5.
Predictions of the prompt atmospheric neutrino flux can be improved by tuning the charm production models to LHC

ata, in particular in the forward region [188,310,313,415]. The information to be provided by the FPF will make possible
inning down the small- and large-x proton and nuclear PDFs from charm production in pp and pA collisions, and hence
mprove theoretical predictions for the neutrino flux from charm. These constraints on the proton and nuclear structure
ill be fully complementary to those arising from other experiments operating at the same time, in particular from the
IC [309,318]. Existing calculations of the prompt neutrino flux at the FPF are also very uncertain [40,187,421]. Another
pproach to improve the calculations of the prompt neutrino flux will be the exploitation of the recently computed NNLO
CD corrections to heavy quark production [422,423], which will reduce the currently limiting theoretical uncertainty
rising from missing higher-order uncertainties in both current FPF neutrino flux and prompt atmospheric neutrino flux
redictions.
The future FPF measurement of forward neutrinos could thereby provide critical information on perturbative charm and

ssociated charm production at Feynman xF close to 1. These processes almost certainly yield the dominant atmospheric
ackground for measurements of cosmic neutrinos above 100 TeV and are among the largest uncertainties in determining
he spectral index and flux normalization of the diffuse astrophysical neutrino flux [287]. Measurements at the FPF
ill therefore also provide crucial information to reduce the uncertainties in future measurements of the astrophysical
eutrino flux in large-scale neutrino telescopes.

. Conclusions and outlook

In 2022, the LHC will begin Run 3 with an expected integrated luminosity of 150 fb−1 collected over 3 years. At the
onclusion of Run 3, after a 2- to 3-year Long Shutdown, the HL-LHC will continue running for another decade, with a
arget integrated luminosity of 3 ab−1. The importance of making good use of the remaining lifetime of the LHC cannot
e overstated.
At present the far-forward region is largely unexplored at the LHC. For Run 3 and the HL-LHC, the total pp inelastic

ross section is of the order of 100 mb, but the overwhelming majority of these inelastic collisions produce particles that
isappear down the beam pipe and are undetected. It is now clear that many physics opportunities are being missed in
he far-forward region. As an indication of promise, a small 11 kg detector, constructed from parts recycled from other
xperiments and placed in the far-forward region for 6 weeks, has recently detected several neutrino candidates, the
irst such events ever recorded at a collider. In Run 3, the FASER, FASERν, and SND@LHC detectors will begin operating
n or just slightly off the beam collision axis in the far-forward region of the ATLAS IP. Shielded from the ATLAS IP by
100 m of concrete and rock, these small detectors will detect ∼ 10, 000 neutrinos with energies in the currently almost

ompletely unexplored window between 400 GeV and 6 TeV, and they will sensitively probe new regions of parameter
pace in many BSM models that predict new light, weakly-interacting particles.
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The proposed FPF will extend this nascent far-forward research program into the HL-LHC era by providing the dedicated
pace and infrastructure to house a suite of far-forward experiments. As discussed in Section 2, two options for the FPF
ite are currently under study. In the first, UJ12, an existing cavern along the LHC tunnel, would be enlarged with alcoves
o house up to 3 experiments along the beam collision axis. UJ12 is roughly 500 m from the ATLAS IP on the Swiss side,
ear the current location of the FASER and FASERν detectors. The second option is to construct a purpose-built facility,
onsisting of a new cavern and shaft on the French side of ATLAS. This option would provide a space roughly 617 to 682 m
rom the ATLAS IP along the beam collision axis for a large number of experiments. Both options are shielded from the
TLAS IP by at least 100 m of rock and concrete, providing excellent locations for both SM and BSM studies. The UJ12
lcoves site is the less expensive option, while the purpose-built facility would provide far more flexibility during both
he construction and operation phases, as discussed in Section 2.

In Section 3, we have presented several possible experiments that could be housed in the FPF. The FPF will provide
n ideal location for upgrades of existing experiments, which are currently located in tunnels where the available space
nd infrastructure are severe limitations, as well as for new technologies. The experiments discussed include FASER2,
magnetic spectrometer and tracking detector targeting searches for new long-lived particles; FASERν2, an emulsion
etector designed to detect a million flavor-tagged neutrinos during the HL-LHC era; AdvSND, consisting of two electronic
etectors, one located in the FPF and targeting charm physics, tau neutrinos, and tests of lepton universality, and a near
etector, placed closer to the IP and at smaller pseudorapidities to overlap with LHCb’s coverage and reduce systematic
ncertainties; FLArE, a ∼ 10-tonne liquid argon TPC, designed for neutrino studies and dark matter searches; and
ORMOSA, an experiment dedicated to searches for mCPs and related signatures.
Many models of BSM physics predict the existence of new light and weakly interacting particles. In Section 4, we

iscussed the potential for experiments at the FPF to discover these new states. We have shown that these experiments
ill be sensitive to a variety of signatures associated with these new particles, including (i) the displaced decays of new

ong-lived particles, e.g., dark photons, dark scalars, HNLs, and ALPs, inside the FASER2 detector; (ii) the scattering of new
table particles, e.g., dark matter, with the dense neutrino detectors FASERν2, AdvSND, and FLArE; and (iii) the anomalous
nergy depositions induced by mCPs at FORMOSA. For each signature, we have presented the associated reach for selected
enchmark models and discussed how the FPF can help to address outstanding problems in particle physics, such as the
article nature of DM, the origin of neutrino masses, the strong CP problem, the hierarchy problem, the matter–antimatter
symmetry of the universe, and inflation, as well as currently unresolved experimental anomalies.
In Section 5, we discussed the FPF’s potential for neutrino physics. The FPF will utilize the LHC’s beam of high-

nergy neutrinos and observe neutrino interactions with unprecedented statistics in the several hundreds of GeV to
eV energy range. For example, the FASERν2 detector with a target mass of 20 tonnes will detect as many as O(105)
lectron neutrinos, O(106) muon neutrinos, and O(103) tau neutrinos in the HL-LHC era. This will allow one to measure
he neutrino cross section for deep-inelastic, resonant, and quasi-elastic neutrino–nucleus scatterings, as well as neutrino–
lectron scattering at TeV energies; to test lepton universality in neutrino scattering; to probe quark–hadron duality in
he weak sector through shallow inelastic scatterings; and to study final-state hadronic effects in neutrino interactions.
inally, FPF neutrino measurements will also have the potential to discover or constrain BSM neutrino physics, such as
on-standard interactions, neutrino dipole moments, and sterile neutrino oscillations.
In Section 6, we discussed QCD challenges and opportunities, ranging from the concrete exploration of different

actorization frameworks not easily accessible at the major LHC central detectors, to the possibility of bounding (nuclear)
DFs in regions not yet constrained by any other experiment, and better investigating the interplay between perturbative
nd non-perturbative QCD elements. All of these aspects are of great relevance for our understanding of QCD and future
ollider experiments. In addition, they will provide more reliable and less uncertain descriptions of the interactions of
osmic rays with the atmosphere, which, in turn, will sharpen and possibly help resolve a number of longstanding
stroparticle physics puzzles, as discussed in Section 7. We envisage the opportunity of joined analyses of FPF data
ogether with complementary data from the HL-LHC phase and forthcoming colliders, such as the EIC and the LHeC,
hich together will advance our conceptual understanding of QCD theory.
Studying the compatibility of FPF data with those from high-energy astroparticle physics experiments, such as very

arge volume neutrino telescopes and extended air shower observatories, will provide additional insights on the virtues
nd limitations of the SM. Together with the possibility of distinguishing neutrinos from antineutrinos and recognizing
ifferent flavors, a crucial element for the success of this program is the possibility of extending the neutrino rapidity
overage of the FPF towards values at least as low as ∼ 6.5. This will provide information that is complementary to the
LHC central detectors, which are sensitive to hadrons and charged leptons at smaller rapidities, but are not capable of
measuring individual neutrinos. The possibility of combining data from the FPF and ATLAS through specific triggering
schemes and timing techniques currently under development will further enhance QCD opportunities, opening the road
for the detection of new channels involving simultaneously a very forward neutrino and a more central object, not
accessible at the FPF by itself. The possibility of measuring/reconstructing Feynman x distributions will also be very
elcome, especially in view of astrophysical applications.
Organized interest in the FPF began just over a year ago with the Snowmass Letter of Interest [27] and continued in

wo dedicated FPF meetings in November 2020 [28] and May 2021 [29]. In this work, we have summarized the current
tatus. Further work will address key aspects, including specifying the FPF location and cost and designing the experiments
hat will be housed in the FPF. We anticipate additional meetings to discuss progress on the FPF in the coming months
nd a more comprehensive paper that will be submitted to the Snowmass process in Spring 2022, detailing progress in
uantifying the FPF’s diverse physics capabilities and exploring its unique physics potential [424].
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