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The Forward Search Experiment (FASER) at CERN’s Large Hadron Collider (LHC) has recently
directly detected the first collider neutrinos. Neutrinos play an important role in all FASER analyses, either
as signal or background, and it is therefore essential to understand the neutrino event rates. In this study, we
update previous simulations and present prescriptions for theoretical predictions of neutrino fluxes and
cross sections, together with their associated uncertainties. With these results, we discuss the potential for
possible measurements that could be carried out in the coming years with the FASER neutrino data to be

collected in LHC Run 3 and Run 4.

DOI: 10.1103/PhysRevD.110.012009

I. INTRODUCTION

The Forward Search Experiment (FASER) [1-4] at
CERN’s Large Hadron Collider (LHC) complements the
large LHC detectors through its ability to directly detect
light, weakly interacting particles [5,6]. These particles
include the neutrinos of the Standard Model (SM), as well
as proposed new particles. FASER is located along the
beam collision axis, 480 m from the ATLAS interaction
point (IP), and began taking beam collision data at the
beginning of LHC Run 3 in 2022.

With the 2022 dataset, corresponding to an integrated
luminosity of 37 fb~!, FASER detected 153 muon neu-
trinos, the first collider neutrinos to be directly detected [7].
FASER also observed the first electron neutrino inter-
actions at a collider [8] and set new limits on long-lived
particles [9]. The neutrinos were the most energetic
neutrinos ever directly detected from an artificial source.
They have been supplemented by an additional eight muon
neutrinos detected by the SND@LHC experiment [10].
These discoveries have opened up the new field of collider
neutrino physics.

In the coming years, FASER is expected to collect a
total integrated luminosity of 250 fb~! in Run 3, and has
recently been approved to continue operating through
Run 4, which is expected to increase the total (Run 3 +
Run 4) integrated luminosity to 930 fb~! [11]. The large
expected neutrino event rates, together with their energy
and spatial distributions, will have many implications,
including the potential to constrain neutrino scattering
cross sections of all three flavors at unprobed energies,
measure forward hadron fluxes [12], improve constraints
on parton distribution functions (PDFs) using deep-
inelastic scattering (DIS) data [13], resolve longstanding

Published by the American Physical Society under the terms of
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puzzles in astroparticle physics [14], and test predictions
for new physics [15,16].

Because neutrinos play an important role in all FASER
analyses, either as the signal or as a background to new
particle searches, a detailed understanding of neutrino event
rates, as well as estimates of the associated uncertainties, is
required. Simulations of the neutrino event rate require a
number of tools and calculations that are not typically
associated with colliders, since neutrino interactions have
never before played a role at colliders. In this study, the
neutrino fluxes and interactions are simulated in FASER
and described. These results will be the basis for upcoming
FASER analyses.

The forward neutrino beam at the LHC mainly originates
from the weak decay of the lightest mesons and baryons
of a given flavor (pions, kaons, hyperons, D-mesons, and
charm baryons). A variety of tools and calculations are
available to simulate the production of these particles. The
resulting neutrino flux at FASER can then be estimated
using the fast neutrino flux simulation introduced in
Ref. [17]. That original work considered an LHC configu-
ration (collision energy, magnet strength, and crossing
angle) resembling conditions at the end of Run 2. In this
work, this simulation is updated to the LHC configurations
realized in Run 3 and expected in Run 4.

In addition, Ref. [17] only contains a very rough estimate
of the neutrino flux uncertainty. This uncertainty mainly
originates from the modeling of hadron production in the
primary collision, and its description was based on the
event generators available at the time. Since then, addi-
tional tools and calculations of the neutrino flux have been
presented. Here, these new developments are used to
update neutrino flux predictions at FASER and establish
the corresponding uncertainties.

Beyond flux uncertainty, an additional source of uncer-
tainty of the expected number of neutrino events is
associated with the modeling of neutrino interactions.
Although neutrino interaction cross sections in the multi-
hundred GeV region have traditionally been modeled using
the Bodek-Yang model [18-20], several new cross section
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models based on next-to-leading-order (NLO) structure
functions have become available in recent years. These
predictions will be compared, and the corresponding cross
section uncertainties will be defined.

This paper is structured as follows. A brief review of the
original neutrino simulation [17] and assumptions about
the LHC configurations are presented in Sec. II. In Sec. III
models for forward hadron production and their implica-
tions for neutrino fluxes are compared, and in Sec. IV
neutrino interactions and the accompanying uncertainties
are discussed. With the provided neutrino flux and cross-
section results, predictions for neutrino event rates at
FASER are presented in Sec. V. This includes energy
and spatial distributions for all three neutrino flavors.
Additionally, potential measurements that could be con-
ducted with FASER in LHC Run 3 and Run 4 are briefly
discussed. The conclusions derived from this analysis
are summarized in Sec. VI. In the Appendix several
forward charm production models are compared to each
other and to data.

II. SIMULATION OF FORWARD NEUTRINOS
AT THE LHC

The beam of forward, high-energy neutrinos observable
at FASER mainly originates from the weak decays of
hadrons that are produced at the ATLAS interaction point.1
This includes light hadrons (pions, kaons, and hyperons),
which are long-lived and decay inside the LHC vacuum
beam pipe, and also charm hadrons, which decay essen-
tially promptly.

To obtain the neutrino flux, one needs to model the
trajectory of the long-lived hadrons through the LHC beam
pipe and magnetic fields and also model the decay of these
hadrons into neutrinos. This is done using the fast neutrino
flux simulation introduced in Ref. [17]. This fast neutrino
flux simulation: (i) reads the forward hadron fluxes from
HepMC files produced by the Monte Carlo (MC) event
generator; (ii) propagates the long-lived hadrons through
the LHC beam pipe and magnetic fields; (iii) obtains the
neutrinos from decays of hadrons at multiple locations
along their trajectory; and (iv) stores the resulting neutrinos
going through a sample plane at the FASER location as a
MC event sample. All parts of the outlined simulation are
implemented as a RIVET module [21,22]. The results of the

'Neutrinos can also be produced in downstream hadronic
showers resulting from collisions of primary hadrons with the
LHC infrastructure. However, given the typically lower energy
and large spread of hadrons in later stages of the shower, as well
as the fact that these hadrons are more likely to interact in the
LHC infrastructure than to decay to neutrinos, the resulting
neutrino flux is subdominant. Indeed, as found in Ref. [17], the
contribution of such processes to the neutrino flux is below the
percent level at ~TeV energies for all flavors. Based on this
finding, this flux component is not considered in our neutrino flux
estimate here.

fast simulation have been validated against the full simu-
lation using BDSIM,” and the predictions were found to be in
good agreement [17]. BDSIM accounts for all contributions
to the neutrino flux, including those arising from hadronic
interactions in the beam pipe and surrounding material;
see Sec. 2.8 of Ref. [16] for a description of BDSIM in the
context of forward physics. In particular, the differences
between the full and fast simulations are significantly
smaller than the differences between MC event generators
for neutrino energies above several hundred GeV, which
are the focus of both SM and beyond the SM (BSM)
studies so far.’

The simulation of Ref. [17] assumed the LHC Run 2
configuration with center-of-mass energy /s = 13 TeV.
For this work, the RIVET module has been updated for
center-of-mass energies of 13.6 TeV and 14 TeV for Run 3
and Run 4, respectively. In particular, the strengths of the
magnetic fields were adjusted to the higher beam energies.
In addition, the planned major changes to the LHC infra-
structure for Run 4 [25] (including the geometry of the
beam pipe, magnet configuration, and position of the target
neutral absorber) were incorporated, as illustrated in Fig. 1.
The magnet strengths as well as the aperture information
are taken from the BDSIM model, which is automatically
prepared from the MAD-X [26] optics strengths in combi-
nation with a separate aperture model and detailed models
of many components.

The simulation of forward neutrinos also depends
critically on the beam crossing angle, which modifies
the nominal line-of-sight (LOS), that is, the LOS in the
absence of a crossing angle, to the true, or actual, LOS, that
is, the LOS with the crossing angle included. The previous
simulation used the 2018 Run 2 beam crossing half-angle
of 6/, = 150 prad vertically upwards. For Run 3, the
beam crossing half-angle at the ATLAS IP was 160 prad
downwards in 2022 and 2023, and it is expected to change
to 160 prad upwards for 2024 and 160 prad horizontally
for 2025.* For simplicity, the estimates labeled Run 3 in this

’BDSIM [23] is a code based on GEANT4 [24], ROOT, and CLHEP
to create radiation transport models of accelerators that can track
all particles. It creates a GEANT4 model with translation to a
curvilinear coordinate system that follows the accelerator, as well
as more accurate and faster tracking algorithms specific to the
magnetic fields of an accelerator. Custom component geometry
can be combined with a library of detailed LHC and generic
magnet geometries to create complete accelerator models
tracking all particles using the full physics of GEANT4, including
in the yokes of magnets. BDSIM tracking has be thoroughly
validated and it is used extensively in the accelerator community
and at CERN.

*In the future, if neutrino events with lower energies become
important, further study of the discrepancies between the fast
simulation, BDSIM, and other transport codes, such as FLUKA,
are warranted.

“The crossing angle is also changed by a few 10 prad during
each physics fill, but this has a negligible effect on the results for
FASER and is not taken into account in this work.

012009-3
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FIG. 1.

Beam pipe geometry and magnets. The boundaries of the LHC’s beam pipe (black lines) and magnetic fields (gray shaded

areas) assumed in the geometric model for LHC Run 3 (left) and Run 4 (right). The x, y, and z coordinates form a right-handed FASER
coordinate system (see text) with the ATLAS IP at the origin, and FASER at approximately (0, 0, 480 m). The red lines show trajectories
calculated by the updated simulation from Ref. [17] of the outward-going 6.8 TeV proton beam at Run 3 (left) and the 7 TeV proton
beam at Run 4 (right). The markers show the tracking points obtained using BDSIM. The TAN and TAS (TAXN and TAXS) are the LHC

(high luminosity LHC) target neutral and passive absorbers.

paper assume the 2022 and 2023 crossing half-angle
01/, = 160 prad vertically downwards. The changes
expected for 2024 and 2025 do not significantly modify
the estimates of the number of neutrino interactions
in FASER. More details can be found in Ref. [11]. This
Run 3 crossing angle shifts the true LOS downward by
7.7 cm from the nominal LOS. For Run 4, we assume
01/, =250 prad [27] in the horizontal plane (away from
the LHC ring), which shifts the true LOS 12 cm horizon-
tally from the nominal LOS.

The FASERv detector consists of 730 1.1 mm thick
tungsten plates interleaved with emulsion films, with a total
target mass of 1.1 tonnes, and transverse dimensions 25 cm
wide and 30 cm high. In our calculations, FASERv is
simulated by assuming a simplified detector that is 25 cm
wide, 30 cm high, and 80 cm deep in the beam direction,
and filled with 1.1 tonnes of tungsten.

To specify the location of the detector, FASER uses a
right-handed coordinate system, with the positive x-axis
pointing in the horizontal direction toward the center of the
LHC, the positive y-axis pointing vertically upward, and
the positive z-axis pointing from the ATLAS IP toward
FASER. The nominal LOS is at the origin (x,y) = (0,0).
The simplified detector’s location in the transverse plane is
matched to FASERw’s location during 2022/2023 [7],
which is centered at (x,y) = (1.0 cm, —3.3 cm). Given
this location and the 2022/2023 beam crossing angle,
FASERv covers pseudorapidities # > 8.3. Note that the
center of the FASER spectrometer, defined by the axis of
symmetry of the magnets, is at (0, —1.2 cm). For Run 4, the
FASER and FASERv detectors are both assumed to be
shifted 5.0 cm horizontally away from the LHC relative to
their 2022/2023 locations, which brings the centers of
these detectors closer to the true LOS [11]. For Run 4, then,

the center of FASERv is at (6.0 cm,—3.3 cm), and the
center of FASER is at (x,y) = (5.0 cm,—1.2 cm). With
the beam crossing angle discussed above, FASERv covers
pseudorapidities # > 8.2 in Run 4.

III. NEUTRINO FLUXES AND UNCERTAINTIES

As already discussed, the two primary components of
the forward LHC neutrino beam observable at FASER are
neutrinos produced downstream in light hadron decays and
neutrinos produced promptly in charm hadron decays.
Aside from differences in the production location and
the associated simulation requirements, they also differ
qualitatively in their theoretical modeling. We, therefore,
discuss them in turn.

In inelastic collisions at the LHC, forward light hadrons
are commonly produced. Most of these collisions are of a
soft, low-scale nature, with a characteristic energy scale O
roughly equivalent to Agcp, and these collisions generally
don’t result in the production of heavy or large-transverse-
momentum particles. The kinematics of these events falls
outside the scope of perturbative QCD’s applicability. As a
result, these events are often simulated using phenomeno-
logical hadronic interaction models. These models vary
significantly in several aspects, such as their underlying
theoretical framework and the methods they use to re-
present hadronization, parton distributions, diffraction, and
correlations. (For an overview, see Table 2 of Ref. [28].)

Several such tools have been developed for cosmic ray
physics. The most up-to-date event generators include
EPOS-LHC [29], sIBYLL2.3d [30], and QGSJET2.04 [31]; these
version numbers are implicit when omitted below. In
addition, a new tune of PYTHIAS8.3 [32,33] has recently
been presented that is specifically designed to describe

012009-4
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forward particle production at the LHC [34]; this tune will
be referred to as PYTHIAforward.

All of the mentioned event generators have been tuned
to or validated with a variety of low- and high-energy
accelerator data. These include measurements of forward
neutral hadron production at LHCf [35], a zero-degree
calorimeter with two detectors that are located about 140 m
upstream and downstream of ATLAS, covering pseudor-
apidities || = 8.8. In Fig. 2, the predictions of the event
generators are compared to the forward photon [36],
n-meson [37], and neutron [38] energy spectra measured
by LHCf at /s = 13 TeV. Here the photons originate
primarily from neutral pion decay. No production model
gives a perfect fit to the data for all particles, energies, and
pseudorapidities, but the four event generators shown all
provide fairly good descriptions of the data, and together
they form an envelope around most of the data. Notable
exceptions include the very forward photon spectrum at
n>10.94 and the very forward neutron spectrum.
However, the photon spectrum in this region corresponds
to a small radius of r < 1 cm at FASER, and there is also a
conflicting pion measurement at /s = 7 TeV [39], where
the generators overestimate the pion flux. On the other
hand, neutrons only contribute to the neutrino flux through

LHCf 13 TeV: yat n>10.94 LHCf 13 TeV:

secondary interactions, which are negligible for O(TeV)
neutrino energies.

Most of the event generators only provide a central
prediction, with no measure of uncertainty. To define an
associated uncertainty, we follow an approach that is often
adopted in astroparticle physics, that is, the spread of event
generator predictions is taken as an estimator of the
production uncertainty. In particular, we consider the
spread in the four aforementioned event generators, which
have the best agreement with LHCf data: EPOS-LHC,
SIBYLL, QGSJET, and PYTHIAforward. This approach has
the advantage that it captures differences associated with
the underlying physics modeling. It should be noted that an
alternative definition of uncertainties, using tuning varia-
tions in PYTHIAS.3, has been proposed in Ref. [34]. That
study found that the uncertainties obtained in this way are
similar to those obtained using the spread of event
generators.

In Fig. 3, the combined energy spectra of charged-
current (CC) interacting electron and muon neutrinos,
summed with their corresponding antineutrinos, that are
produced in light hadron decays and interact in FASERvy
in LHC Run 3 are shown in red. Following the above
discussion, EPOS-LHC is used as the central prediction and

yat8.81<n<8.99 LHCf 13 TeV: n-yy at pr<1.1GeV

10°

1072

1073

1073

1074

10°°

do/dE [mb/GeV]
do/dE [mb/GeV]

-7 -6
10 —— EPOS-LHC 10
QGSJET 2.04
SIBYLL 2.3d

——= Pythia 8.3 (forward)

—— EPOS-LHC
QGSJET 2.04
SIBYLL 2.3d

——= Pythia 8.3 (forward)

—— EPOS-LHC

QGSJET 2.04
SIBYLL 2.3d

——— Pythia 8.3 (forward)

107t

1/o do/dxe [mb]

1000 2000 3000

E [GeV]

4000 5000 6000 1000

LHCf13 TeV: natn>10.76 LHCf 13 TeV:

2000

0.5 0.6 0.7

Xr = E/Epeam

3000 0.8 0.9

E [GeV]

4000 5000 0.4

nat8.99<n<9.22 LHCf 13 TeV: n at 8.81 < <8.99

1073

1074

do/dE [mb/GeV]
do/dE [mb/GeV]

10-°

10°°

—— EPOS-LHC
QGSJET 2.04
SIBYLI

—— EPOS-LHC
QGSJET 2.04
SIBYLI

L2.3d
——= Pythia 8.3 (forward)

L2.3d
——= Pythia 8.3 (forward)

1073

1074

do/dE [mb/GeV]

10°°

—— EPOS-LHC
QGSJET 2,04
SIBYLL 2

.3d
——= Pythia 8.3 (forward)

1000 2000 3000 4000

E [GeV]

5000 6000 1000 2000

3000

2000 3000 4000

E [GeV]

4000 5000 6000

E [GeV]

5000 6000 1000

FIG. 2. Forward particle energy spectra at LHCf and model predictions. The energy spectra of forward photons [36] (upper-left
and upper-center), #-mesons [37] (upper-right), and neutrons [38] (lower-left, lower-center, and lower-right) measured by LHCf in
different pseudorapidity bins, compared to the predictions of the event generators EPOS-LHC [29], SIBYLL [30], QGSJET [31], and
PYTHIAforward [34]. The shaded bands correspond to the spread of the event generator predictions.
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Neutrino CC Interactions in FASERwv. The energy spectrum of electron neutrinos (left) and muon neutrinos (right) expected to

have CC interactions in FASERv in LHC Run 3 with an integrated luminosity of 250 fb~!. The component of neutrinos originating from
light (charm) hadron decays is shown in red (blue). The solid contours are the central values, and the shaded regions show the

corresponding uncertainties (see text).

the envelope formed by EPOS-LHC, SIBYLL, QGSJET, and
PYTHIAforward is used to define an uncertainty band. These
results depend on the assumed interaction cross section. As
will be discussed in detail in Sec. IV, we use the neutrino
interaction generator GENIE3.4 [40] to determine the total
neutrino interaction cross section.

The situation is different for forward charm hadrons.
Their production is, so far, only included in some of the
available hadronic interaction models. Reference [17] used
SIBYLL2.3d [30], PYTHIA8.2 [32], and DPMJET3.2019.1 [41] (an
update of Ref. [42]) and found that their predictions may
differ by large factors of O(10). In contrast to light mesons,
forward charm production can, in principle, be described
using perturbative QCD methods. Although several such
predictions based on analytic perturbative calculations have
been presented [43-45], these often use approximate
descriptions of either the hard scattering or the hadroniza-
tion that may affect their reliability.

More recently, a new calculation was presented that
simulates forward charm production in a way that addresses
the shortcomings of previous estimates. It uses state-of-the-
art QCD predictions for heavy hadron production that
include radiative corrections [46], as well as the sophisti-
cated modeling of hadronization implemented in MC
generators. This simulation uses POWHEG [47-49] with
the NNPDF3.1sx+LHCb PDF set [50,51] to model charm
production at next-to-leading order in a, with small-x
resummation at next-to-leading logarithmic accuracy, and
then matches it with PYTHIAS.3 [33] for parton showering
and hadronization. This analysis also includes an uncer-
tainty estimate based on scale uncertainties. Additional
sources of uncertainties, for example, those arising from
the modeling of hadronization, were investigated, but were
found to be within the scale uncertainty band. We therefore
use the scale variations to define the flux uncertainties.

In Fig. 3, the predicted energy spectra of electron and
muon neutrinos that are produced in charm hadron decays
and interact in FASERv in LHC Run 3 are shown in blue.
Following the above discussion, POWHEG+PYTHIAS.3 with
default scales is used as the central prediction, and the
resummation and factorization scales are varied by a factor
of two to define the uncertainty band.

IV. NEUTRINO INTERACTION CROSS SECTIONS

The number of neutrino events depends not only on
the neutrino flux, but also the neutrino interaction cross
section. Given the typically large neutrino energy
E, > 100 GeV, most neutrino interactions at FASER can
be described as DIS. It is worth noting, however, that,
especially at lower energies E, < 100 GeV, there can be a
substantial non-DIS contribution. Following the notation of
Ref. [52], the CC neutrino-nucleon interaction cross section
can be written as

do,y G%-mNEU 5
= F 1-y)F
dxdy (14 m¥/0%)? Py"Fy 4 (1= 3)F
+xy(1 = y/2)F3], (1)

where x is the fraction of the nucleon’s momentum carried
by the quark in the initial state, y is the fraction of the
neutrino momentum transferred to the hadronic system,
my and my, are the masses of the nucleon and W boson,
respectively, Q2 = 2E,myxy is the transferred four-
momentum, and F;(x, Q%) are the structure functions of
the proton. Different models for the structure functions
have been proposed in the literature, some of which allow
one to extend this formalism into the non-DIS regime.
The Bodek-Yang model [18-20] is widely recognized as
a phenomenological framework for describing inelastic
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neutrino-nucleon scattering cross sections in the multi-GeV
energy range. It is implemented in GENIE [40], a commonly
used neutrino interaction MC generator, which has been
extensively benchmarked in neutrino experiments in the
0.1-100 GeV energy range and simulates both DIS and
non-DIS contributions to the cross section. The Bodek-
Yang model builds upon structure functions using effective
leading-order GRV98 PDFs [53]. To account for mass,
higher-order QCD, and nuclear effects, various phenom-
enological corrections are employed. In addition, modifi-
cations have been incorporated to extend its applicability to
the nonperturbative, low-Q? regime.

For FASER predictions, however, the Bodek-Yang
model has certain limitations: (i) it relies on obsolete
PDFs that neglect recent constraints on proton and nuclear
structure obtained in the last 25 years; (ii) it only includes
PDFs for up, down, and strange quarks; (iii) it omits
available higher-order QCD calculations; (iv) it was pri-
marily designed for the multi-GeV domain rather than TeV
neutrino energies.

A variety of other cross section calculations based on
NLO structure functions and modern PDF sets have been
presented, primarily for applications in astroparticle phys-
ics, including the CSMS [54] and BGR18 [51,55] models,
as well as cross sections based on the CT18 [56] PDFs.
More recently, additional models have been presented that
further extend the NLO structure function models to the
low Q? regime and hence extend their applicability to lower
neutrino energies. Examples of such models are NNSFv [52]
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and CKMT+PCAC-NT [57], which have good agreement with
CSMS for large E, when DIS becomes dominant. For
NNSFv, the structure functions are determined by a data-
driven parametrization at low and moderate values of Q>
matched to perturbative QCD calculations at high Q2.
Notably, NNSFv also includes an uncertainty estimate
obtained in a data-driven way. CKMT+PCAC-NT uses a
structure function parametrization augmented by a correc-
tion to account for the partial conservation of the axial-
vector current, normalized to structure functions evaluated
at NLO order in QCD, and includes target mass and heavy
quark corrections. We note, however, that the NLO struc-
ture function models do not describe neutrino scattering at
low-W, where W is the invariant mass of the final-state
hadronic system, and are not yet available in event
generators. We can, however, use them to validate the
Bodek-Yang model implemented in GENIE.

In Fig. 4, the neutrino CC interaction cross sections
obtained by the different approaches are compared,
including the inclusive interaction cross sections obtained
using GENIE, and the predictions of GENIE, NNSFv, and
CKMT+PCAC-NT after the DIS selection cuts Q > 0.03 GeV
and W > 2 GeV. The red-shaded band shows the NNSFv
uncertainty, as obtained in Ref. [52]. There is general
agreement between the predictions of the Bodek-Yang
model, as implemented in GENIE, with NNSFv and CKMT

+PCAC-NT, and the cross section uncertainties for neutrinos

with energies above 100 GeV are roughly at the 6% level.
For our calculations of the interacting neutrino rate, the

102 103
Neutrino Energy [GeV]

FIG. 4. Top: Muon neutrino (left) and antineutrino (right) CC interaction cross sections as functions of the incoming neutrino energy,
as obtained using GENIE [40], NNSFv [52], and CKMT+PCAC-NT [57], as indicated. For comparison, we show the neutral-current (NC)
cross section prediction of GENIE in dotted green. The electron neutrino cross section prediction is approximately the same, differing
by less than 0.1% for E, > 100 GeV, and the tau neutrino cross section is <20% smaller, due to the tau mass. The red-shaded bands
show the NNSFv uncertainty band. Bottom: Muon neutrino (left) and antineutrino (right) CC cross sections normalized to the GENIE
W > 2 GeV results. The gray bands correspond to flat 6% uncertainties in the energy range 100 GeV < E, < 3 TeV.
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TABLE L.

The expected number of CC neutrino interaction events occurring in FASERy during LHC Run 3 with 250 fb~! and Run 4

with 680 fb~!. The detector geometry and locations for Run 3 and Run 4 are as described in Sec. II, and results are shown for the various
event generators described in Sec. III. In the bottom row, for the combination, we show the sum of the averages of the light hadron and
charm hadron contributions as the central prediction, and their spread as the uncertainty.

Generators FASERv at Run 3 FASERv at Run 4
Light hadrons Charm hadrons Vv, + 1, v, + 0, v, + 0, Vv, + 0, v, + 0, v, + U,
EPOS-LHC 1149 7996 3382 23054
SIBYLL 2.3d 1126 7261 3404 21532
QGSJET 2.04 1181 8126 3379 22501
PYTHIAforward 1008 7418 2925 20508
POWHEG Max 1405 1373 76 4264 4068 255
POWHEG 527 511 28 1537 1499 91
POWHEG Min 294 284 16 853 826 51
Combination 167530 8507 55 2871 491917788 2455313368 911,
default GENIE cross section is used. For purposes of
comparison, the NC cross sections predicted by GENIE RUn 3 FASER Smulation
1034 — Vet Ve

are also shown in Fig. 4.

V. NEUTRINO RATES AND DISTRIBUTIONS

We now turn to our predictions for the forward neutrino
spectra at the LHC during Run 3 and Run 4. The hadron
spectra are generated using the event generators discussed
in Sec. III, propagated down the beam pipe, and decayed to
produce a flux of neutrinos. The total neutrino cross section
provided by the GENIE implementation of the Bodek-Yang
model, as discussed in Sec. IV, is used to produce the
energy spectra of CC neutrino interactions in FASERv.

In Table I the total number of neutrinos interacting in
FASERv is shown for each flavor in LHC Run 3 and Run 4.
For neutrinos produced in light hadron decay, results for
EPOS-LHC, SIBYLL, QGSJET, and PYTHIAforward are displayed.
The results from these event generators agree within
roughly 10%. For neutrinos produced in charm hadron
decay, results are shown for POWHEG+PYTHIAS.3 and the
scale variations discussed in Ref. [46], providing a maxi-
mum, central, and minimum prediction for the charm
hadron flux. The spread in event rates is much larger for
charm hadrons than for light hadrons, as seen in the lower
section of Table I. The charm hadrons are the source of
approximately 30% of the v, event rate, 5% of the v, event
rate, and 100% of the v, event rate. Moreover, the fraction
of v, coming from charm hadron decay is large at higher
neutrino energies and is approximately 50% at E, = 1 TeV
and 90% at E, = 3 TeV. In the bottom row, the central
prediction is derived by summing the EPOS-LHC contribu-
tion for light hadrons and POWHEG+PYTHIAS.3 for charm
hadrons, while their variation is used to estimate the
uncertainty. Overall, the v,, v,, and v, event rates are
found to be approximately 1700, 8500, and 30 in LHC Run
3 and 4900, 25000, and 90 in LHC Run 4, respectively,

“m Vut ST,
"""" Vet Ve T 4

102 4

101 4

Interacting Neutrinos [1/bin]

100 4

Ratio wrt. Baseline

Fraction
from

charm
o
19,1

10! 107 103
Neutrino Energy [GeV]

FIG. 5. The energy spectra of neutrinos interacting in FASERv
at LHC Run 3 with an integrated luminosity of 250 fb~! for
electron neutrinos (solid red), muon neutrinos (dashed blue), and
tau neutrinos (dotted green). For each neutrino species, the central
prediction is determined by the decay of light (charm) hadrons as
predicted by EPOS-LHC (POWHEG+PYTHIAS8.3) with the interaction
cross section provided by GENIE. The shaded bands are the
uncertainties due to the flux and do not include cross section
uncertainties. The upper panel shows the energy spectra. The
central panel shows the same data normalized to the central
prediction. The lower panel shows the fraction of neutrinos
produced in charm hadron decays.
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with the uncertainty in each being dominated by the
uncertainty in charm hadron production.

In the upper part of Fig. 5, the interacting neutrino
spectra is shown, including uncertainties, for all flavors at
FASERv for an integrated luminosity of 250 fb~! for the
Run 3 configuration. The central prediction is obtained
using EPOS-LHC for neutrinos from light hadrons and
POWHEG+PYTHIAS.3 for charm hadrons. For light hadron
production, the uncertainty is defined as the spread of event
generators EPOS-LHC, SIBYLL, QGSJET, and PYTHIAforward.
For charm hadrons, the error bands are obtained using scale
uncertainties from POWHEG+PYTHIA8.3. The central panel
shows the same spectra, but normalized to the central
prediction. The lower panel shows the fraction of neutrinos
produced in charm hadron decays.

The spatial distribution in the transverse plane of
neutrinos interacting in FASERy at LHC Run 3 with a

Ve + Ve

vy + by

total integrated luminosity of 250 fb~! is shown in Fig. 6.
The three panels show results for the three neutrino
species, v,, Uy, and v, from left to right. EPOS-LHC and
POWHEG+PYTHIAS.3 for light and charm hadron produc-
tion are used, respectively. Here, the integration has been
performed over all energies. At relatively low energies,
muon neutrinos, produced primarily in pion decays, are
more collimated near the LOS than the other flavors,
electron neutrinos are dominantly produced in kaon
decays and are less collimated, and tau neutrinos are
produced in charm hadron decays and are the least
collimated. At~ TeV energies, muon neutrinos are pro-
duced dominantly in kaon decays, electron neutrinos
have significant contributions from both kaon and charm
hadron decay, and tau neutrinos are again produced only
in charm hadron decays, leading to the same relative
ordering of collimation.
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FIG. 6. The distribution in the transverse plane in nominal coordinates of neutrinos interacting in LHC Run 3 with an integrated
luminosity of 250 fb~! in FASERv for electron (left), muon (middle), and tau (right) neutrinos, with light and charm hadron production
modeled with EPOS-LHC and POWHEG+PYTHIAS8.3, respectively. The dashed black circle indicates the area covered by the FASER

spectrometer.
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FIG. 7. The rate (in fb per bin) of neutrinos interacting ina I m x 1 m x 1 m FASERw-like detector in the (x, Energy) plane in LHC
Run 3. The detector is centered on the true LOS, so the LOS is at x = 0. Results are shown for electron (left), muon (middle), and tau
(right) neutrinos with light and charm hadron production modeled with EPOS-LHC and POWHEG+PYTHIAS.3, respectively.
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In Fig. 7, the distribution of interacting neutrinos is
shown in the (x, Energy) plane, where x is the horizontal
spatial coordinate; this plot would look similar for the
vertical component. Here a detector is assumed with the
same material as FASERv, centered on the true LOS, but
with dimensions 1 m x 1 m x 1 m, where the larger trans-
verse extension is chosen to show the distribution over a

larger range. As in Fig. 6, muon neutrinos are more
collimated than electron neutrinos, which are more colli-
mated than tau neutrinos, but we also see that the highest-
energy neutrinos of each species are focused along
the LOS.

In Fig. 8 the binned event rate is shown for v,, v,, and v,
for Run 3 (upper panels) and Run 3 + Run 4 (lower panels).
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FIG. 8. Binned energy spectra for electron (left), muon (center), and tau (left) neutrinos interacting in FASERv at LHC Run 3 with a
total integrated luminosity of 250 fb~! (upper panels) and at LHC Run 3 + Run 4 with a total integrated luminosity 930 fb~! (lower
panels). For each bin, the neutrinos are separated by their parent hadrons: pions (red), kaons (green), charm hadrons (blue), and hyperons
(yellow). Hadron production and decay of light (charm) hadrons are modeled by EPOS-LHC (POWHEG+PYTHIAS.3). Also shown are
statistical errors per bin, defined as \/Ny;,, which demonstrate that Run 3 measurements will have sufficient statistics to be sensitive to

components of neutrinos from the different parent hadrons.
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FIG. 9. The energy spectra of muon neutrinos and antineutrinos detected through their CC interactions, using only the electronic
detector components of FASER in LHC Run 3 with a total integrated luminosity of 250 fb~! (left) and in LHC Run 3 + Run 4 with a
total integrated luminosity of 930 tb~! (right). For each bin, the neutrinos are separated by their parent hadrons, as indicated. FASER’s
magnets enable charge identification of the outgoing muons, which allows v, and 7, separation for energies below a TeV.

012009-10



NEUTRINO RATE PREDICTIONS FOR FASER

PHYS. REV. D 110, 012009 (2024)

For each energy bin, the colors show the composition in
terms of the parent hadron. Also shown for each bin is
the statistical uncertainty, defined as \/N;,. For v, the
event rate is dominated by kaon decays at low energy,
with charm decays becoming comparable at higher
energies. Hyperon decays also provide a non-negligible
contribution to the v, event rate. For v, the event rate is
dominated by pion decays at low energies and kaon
decays at high energies, with charm decays providing a
subleading component. Charm hadrons are the only
hadrons that produce v, at FASERv. In the absence of
sizeable systematic uncertainties, we find that Run 3 will
provide sufficient number of events to distinguish the
contributions of the various parent hadrons to the neutrino
flux detected at FASER.

In Fig. 9 the energy distribution of muon neutrinos
with CC interactions in FASERv is shown. In Ref. [7] the
electronic detector components of FASER were used to
track the outgoing muon in CC v, interactions. By
measuring the curvature of the muon in the magnetic field
of FASER, the charge of the muon was identified for muons
with energy below a TeV, allowing one to distinguish v,
and 7, interactions. In Fig. 9, the energy distributions are
therefore separated into v, and 7, for energies below 1 TeV.
Above O(1 TeV) the charge measurement becomes unre-
liable, so v, and 7, are grouped together. Here, only
neutrinos that interact within the portion of FASERv that
is within the aperture of the FASER spectrometer are
included, so that the forward-going muon can be measured.
Also included is a 20% efficiency for this signal, which is
typical for this measurement at FASER [7]. By measuring
the muon’s charge, measurements by the electronic detector
components of FASER will be able to distinguish v, from
vy, providing a further probe of forward hadron production.

VI. CONCLUSIONS

The recent discovery of collider neutrinos at FASER has
opened up the new field of TeV laboratory neutrinos. Their
large fluxes and relatively large interaction cross sections
imply large event rates, even with relatively small detectors.
To fully realize the potential of these neutrino events for
both SM and BSM physics [15,16], it is necessary to have
accurate predictions of the forward neutrino spectrum.

The forward neutrino flux at the LHC is dominantly
produced by the decays of pions, kaons, hyperons, and
charm hadrons. As the forward region is relatively
unprobed, there are sizeable uncertainties in the fluxes
of these parent hadrons. For neutrinos from light hadron
decays, the central value is taken to be the predictions of
EPOS-LHC [29], with the associated uncertainty given by
the spread in predictions from the event generators EPOS-
LHC [29], sIBYLL [30], QGSJET [31], and PYTHIAforward [34].
For neutrinos from charm hadron decays, the central value
is taken to be the results of POWHEG+PYTHIAS.3 [33,49],

with the uncertainty given by the variation resulting from
varying the factorization and renormalization scales [46].

The corresponding neutrino fluxes are obtained using the
dedicated fast neutrino flux simulation of Ref. [17], which
has been updated for the Run 3 and Run 4 beam
configurations. To produce the spectra of CC neutrino
interactions in FASERv, the Bodek-Yang model [18-20]
implemented in GENIE [40] is used, which agrees with
more recent cross section calculations for TeV neutrinos,
NNSFv [52] and CKMT+PCAC-NT [57], to within <6% over
the range of energies of interest.

The expected neutrino event rates are presented in
Table I. These include results for LHC Run 3 with an
expected integrated luminosity of 250 fb~!. In addition,
given the recent approval of FASER for LHC Run 4 [11],
neutrino event distributions are simulated for LHC Run 4
with an expected total integrated luminosity of 680 fb~!.
The central values of the expected neutrino event rates for
Ve, Uy, and v, are 1700, 8500, and 30 in LHC Run 3 and
4900, 25,000, and 90 in LHC Run 4. Such event rates imply
percent-level statistical uncertainties for electron and muon
neutrino studies. For tau neutrinos, the number of events
that will be observed at FASER in the coming years will
greatly enhance the number that have been observed
to date.

Last, in Figs. 8 and 9 results are presented for both Run 3
and Run 3 + Run 4 for the energy spectra of neutrinos
interacting in FASERvy, decomposed into components
based on the parent hadron species. It can be seen that
statistical uncertainties will be small enough that FASERv
will be sensitive not only to the leading contributions, but
also to sub-leading contributions. Provided experimental
systematic uncertainties are not dominant, these results
imply promising prospects for studying very high-energy
neutrinos, forward hadron production, and their many
related topics with FASER in the coming years at LHC
Run 3 and Run 4.
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APPENDIX: COMPARISON OF FORWARD
CHARM PRODUCTION MODELS

As evident in Fig. 8, forward charm hadron production
plays an important role in determining neutrino event rates
at FASER, contributing significantly to v, and v, rates, and
providing essentially all of the v, rate. In this work, the
central value for forward charm production is taken to be
the results of POWHEG+PYTHIAS.3 [33,49], with the uncer-
tainty given by varying the factorization and renormaliza-
tion scales [46].

Here we compare the results of this prescription to the
results from other generators. In Fig. 10, we show results
from POWHEG+PYTHIAS8.3, along with results from
SIBYLL2.3d [30], PYTHIA8.3 [32], and DPMIJET3.2019.1 [41].
As noted by the author [58], DPMJET was never validated for
charm production and is not intended to be used for forward
charm production. However, DPMJET is used by FLUKA
[59], a widely used framework for propagating particles
through the LHC infrastructure and estimating event rates
in forward detectors, and so it is instructive to include it
here for comparison.

In Fig. 10 (left), results are shown for charm hadron
production for pseudorapidities # in the range 2 to 4.5,
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along with data from LHCb. POWHEG+PYTHIAS.3,
SIBYLL, and PYTHIA give comparable predictions, and
the variation in these generators is well characterized by
varying the factorization and renormalization scales in
POWHEG+PYTHIAS.3, as prescribed in this work. These
results are also consistent with LHCb data. In contrast,
DPMJET deviates from the other three generators and
predicts charm hadron rates that are inconsistent with
the data. This inconsistency may be attributed to a number
of aspects of the DPMIJET model: (i) the assumption of
massless charm quarks in calculating the underlying matrix
element for gg — cc; (ii) the use of CT14LO PDFs that
may overestimate the charm quark content; and (iii) a k
factor (~2) that, although not unreasonably large in this
context, significantly enhances the rate.

The results of these generators for the spectrum
of electron neutrinos detected at FASERv is shown in
Fig. 10 (right). Once again, POWHEG+PYTHIAS.3, SIBYLL,
and PYTHIA give comparable predictions, and the variation
between them is fairly well characterized by the uncertainty
prescription for POWHEG+PYTHIA8.3. However, DPMIJET
predicts much larger event rates, differing from the other
prescriptions by a factor of 10 or even larger at the highest
energies. Until the discrepancy with LHCb data is under-
stood and resolved, projections for neutrino event rates
originating from DPMJET charm hadron predictions cannot
be considered on a solid footing and may be overestimating
the flux by as much as an order of magnitude.
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FIG. 10. Comparison of forward charm production models. Left: Comparison of estimates of charm hadron fluxes from
POWHEG+PYTHIAS.3, SIBYLL, PYTHIA, and DPMJET for pseudorapidities 2 <5 < 4.5, along with data from LHCb for pp
collisions at center-of-mass energy /s = 13 TeV [60]. The spectra for the 3 <7 < 3.5 and 4 < 5 < 4.5 pseudorapidity regions
are rescaled by factors of 10 and 100, respectively, for display purposes. Right: For the same models, the predicted energy
spectra of electron neutrinos from charm hadron decay that interact in FASERv during Run 3 at /s = 13.6 TeV. The gray-
shaded region in each panel is the uncertainty envelope for the POWHEG+PYTHIAS8.3 prediction, as determined by varying the

factorization and renormalization scales.
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