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In detecting neutrinos from the Large Hadron Collider, FASERy will record the most energetic
laboratory neutrinos ever studied. While charged current neutrino scattering events can be cleanly identified
by an energetic lepton exiting the interaction vertex, neutral current interactions are more difficult to detect.
We explore the potential of FASERv to observe neutrino neutral current scattering vN — UN,
demonstrating techniques to discriminate neutrino scattering events from neutral hadron backgrounds
as well as to estimate the incoming neutrino energy given the deep inelastic scattering final state. We find
that deep neural networks trained on kinematic observables allow for the measurement of the neutral
current scattering cross section over neutrino energies from 100 GeV to several TeV. Such a measurement
can be interpreted as a probe of neutrino nonstandard interactions that is complementary to limits from
other tests, such as oscillations and coherent neutrino-nucleus scattering.
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I. INTRODUCTION

As the only neutral and uncolored fermions in the
Standard Model (SM), neutrinos are perhaps some of the
least well understood particles in nature. Precision mea-
surements of neutrino interactions across a variety of
energy scales are important in order to understand neutrino
oscillations as well as to probe new physics in the neutrino
sector. However, most experiments studying neutrinos from
artificial sources are limited to maximum energies of a few
hundred GeV. The exception is the Large Hadron Collider
(LHC): As the highest energy particle collider ever built,
the LHC is the source of the most energetic neutrinos
created in a controlled laboratory environment. Proton-
proton collisions typically lead to a large number of
hadrons produced in the far-forward direction, which can
inherit a significant fraction of the protons’ momenta. The
decays of these hadrons then lead to an intense and strongly
collimated beam of high-energy neutrinos of all three
flavors along the beam collision axis. While the possibility
of probing neutrinos at the LHC was discussed as early as
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1984 [1-6], no LHC neutrino has been detected yet. This
situation will change soon with the upcoming FASERv
detector [7,8], which is expected to detect thousands of
neutrino interactions during Run 3 of the LHC.

One of the most basic measurements involving neutrinos
is the scattering cross section of neutrinos off matter. Both
charged current (CC) and neutral current (NC) scattering
offer sensitive tests of the SM (for a review, see Ref. [9]).
The majority of neutrino cross section measurements are
from experiments using terrestrial sources at low energies,
extending up to neutrino energies of about 300 GeV
[10,11]. Astrophysical neutrino cross sections have also
been measured at IceCube [12,13], probing very high
neutrino energies between ~10 TeV and ~1 PeV, albeit
with significant uncertainties. At the few 100 GeV to a few
TeV scale, there are no precise measurements of neutrino
scattering. FASERv offers an opportunity to study neu-
trinos at these energies. The ability of FASERv to measure
CC neutrino scattering has been studied, but it is not known
yet how well NC scattering could be measured with LHC
neutrinos. In this work, we fill this gap by studying the
capability of FASERv to determine the neutrino NC cross
section at the LHC.

NC scattering is significantly more difficult to identify
than its CC counterpart. While CC scattering produces an
outgoing lepton that carries much of the original neutrino
energy, neutrino NC interactions result only in a neutrino
and any products of the recoiling nucleus. In FASERv,
there are significant backgrounds to NC scattering from
neutral hadron interactions within the detector. We simulate
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FIG. 1.

Location of the FASERwv detector and event topology. Top: The FASER experiment is placed about 500 m downstream of the

ATLAS interaction point in the previously unused side tunnel TI12, which connects the SPS with the LHC tunnel. Center: The detector
is centered around the beam collision axis where the neutrino flux is maximal. It consists of the FASERv emulsion neutrino detector,
followed by a magnetized spectrometer and a calorimeter. Bottom: The emulsion detector consists of tungsten plates interleaved with
nuclear emulsion films. Both interactions of neutrinos and neutral hadrons lead to the appearance of a neutral vertex at which several
charged particles emerge. Different types of events can be distinguished based on the event topology, as explained in the text.

neutrino scattering and neutral hadron events at FASERv
and use a neural network to effectively separate signal from
background using kinematic information of the final state.
By applying another neural network, we show that the
energy of the neutrino can be estimated with ~50%
uncertainty. Taken together, we find that FASERv will
be able to measure the neutrino NC cross section as a
function of neutrino energy.

The rest of this paper is organized as follows. In Sec. II,
we provide an overview of FASERv and how it probes
neutrino scattering. Section III describes our simulation of
signal, background, and the detector. Then, we detail our
analysis procedure in Sec. IV. Section V contains the
results of this analysis, including our estimate of the
precision with which FASERv could measure the NC
scattering cross section and our interpretation in terms of
limits on neutrino nonstandard interactions (NSI). We
conclude in Sec. VI.

II. NEUTRINO INTERACTIONS AT FASERv

FASER [6,14,15] is a dedicated experiment at the LHC
to both search for long-lived particles predicted by models
of new physics [16-24] and to study interactions of high-
energy neutrinos [7,8]. It is located in the far-forward
direction, roughly 480 m downstream from the ATLAS
interaction point (IP). At this location, the highly

collimated neutrino beam produced at ATLAS, which is
centered around the beam collision axis, intersects with the
side tunnel TI12, as shown in the upper part of Fig. 1. TI12
has previously served as an injector tunnel for Large
Electron-Positron Collider (LEP) but remained unused
during the LHC era. To maximize its sensitivity, a trench
has been dug into the floor of TI12 such that the FASER
apparatus can be aligned with the beam collision axis.

A schematic layout of the FASER detector is shown in
the center part of Fig. 1. Located on the front is the
FASERv neutrino detector. It is followed by the FASER
spectrometer, consisting of magnets and three tracking
stations. FASERv and the FASER spectrometer are con-
nected by an interface tracking station, which allows a
combined analysis of the emulsion and electronic detector
components. In addition, the interface tracker can be used
to time stamp the event, which allows for a front veto to
reject muon-associated background. At the end of FASER
is an electromagnetic calorimeter.

The FASERv detector consists of emulsion plates
that are interleaved with tungsten plates as a target.
This configuration permits the reconstruction of tracks
of charged particles passing through the detector with
a sub-um spatial resolution [25]. This allows observa-
tion of the event topology as shown in the lower part
of Fig. 1.
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Both neutrino and neutral hadron interactions are
expected to produce several hadronic particles forming a
collimated jet. This leads to a characteristic neutral vertex
signature, with several outgoing tracks but no incoming
track, that can be searched for. While most neutral hadrons
escape undetected, charged hadrons will leave tracks
and interact on a length scale of A;, ~ 10 cm, initiating
a hadronic shower. Neutral pions promptly decay into
photons, which can be identified by their displaced electro-
magnetic showers. These showers typically occur within a
radiation length X, ~ 3.5 mm in tungsten and point back to
the neutral vertex.

It is further possible to distinguish different event types
based on their topologies. CC neutrino interaction events
contain an energetic charged lepton. While muons can be
identified from tracks that do not interact further down-
stream in the detector, electrons lead to electromagnetic
showers that emerge from a track connected to the neutral
vertex. NC interactions contain a neutrino in the final state,
which escapes undetected and is expected to recoil against
the hadronic activity, but no charged leptons. In contrast,
neutral hadron interactions lead to a more uniform dis-
tribution of hadrons.

The high spatial resolution of emulsion detectors allows
for the use of multiple Coulomb scatterings to estimate the
momenta of charged tracks passing through the detector.
Momentum measurements of final state charged particles
can be used alongside other topological observables to
estimate the energy of neutrinos. As shown in Ref. [7], an
energy resolution of about 30% can be achieved for CC
neutrino interactions, while results for NC neutrino inter-
actions are presented in this study.

III. SIMULATION

The physics signal considered in this paper is NC
neutrino scattering. While all flavors of neutrinos can
contribute to the signal, the majority of neutrinos passing
through FASERv are muon neutrinos, supplemented by a
subleading component of electron neutrinos. In this study,
we use the fluxes and energy spectra of neutrinos passing
through FASERv obtained in Ref. [7]. There it was found
that muon neutrinos originate mainly from charged pion
and kaon decays, electron neutrinos are primarily produced
in neutral kaon, hyperon, and D-meson decays, and tau
neutrinos mainly come from D, meson decay. All three
neutrino flavors have spectra extending over a broad energy
range with average energies between 600 GeV and 1 TeV.

The main background to neutrino NC events comes from
high-energy neutral hadrons interacting with the detector.
These neutral hadrons are produced by muons striking the
tungsten within FASERwv or the rock in front of it. The flux
and energy spectra of muons have been estimated using
FLUKA, and are presented in the FASER technical proposal
[15]. The expected muon rate is about 2 x 10* fb/cmz,
which has been validated with in-situ measurements. This
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FIG. 2. Expected energy spectrum of neutral hadrons interact-
ing within the FASERv detector during LHC Run 3 with
150 tb~! of luminosity.

corresponds to roughly 2 x 10° muons passing through
FASERv during Run 3 of the LHC with a nominal
integrated luminosity of 150 fb~!. Positively charged
muons have a softer energy spectrum than negatively
charged muons and produce much fewer neutral hadrons,
so in what follows, we neglect them.

Using these results, we then estimate the rate and energy
spectra of neutral hadrons. Using FLUKA [26,27], we
simulate muons striking a 25 cm x 25cm x 1 m block of
tungsten, preceded by a large volume of rock. The nuclear
interaction length is approximately 4;,, = 10 cm, so nearly
all the neutral hadrons produced within FASERv interact.
We find that the number of neutral hadrons at each energy is
roughly independent of the longitudinal position within the
detector. We obtain the spectra of hadrons interacting with
the FASERwv detector, which is shown in Fig. 2. We can see
that the neutral hadron flux is dominated by neutral kaons,
followed by neutrons. Neutral hadrons are also produced by
neutrino NC (and CC) events themselves, but these are a
subdominant contribution to the total flux.

With these fluxes, we simulate the interactions of both
neutrinos and neutral hadrons with PYTHIAS [28,29] using
the Monash tune [30]. We use the nuclear parton distribution
function nCTEQ15 for tungsten [31,32]. Further nuclear
effects in neutral hadron collisions are included with
PYTHIA’s heavy ion module. For simplicity, all neutral
hadrons have been simulated as neutrons. We have checked
that different types of neutral hadrons forming our back-
ground produce similar signatures in the FASERv detector,
as discussed in the Appendix.

To obtain a first understanding of the uncertainty
associated with the simulation, we also simulate neutral
hadron collisions with tungsten using EPOS-LHC [33] and
QGSJET-II-04 [34], as implemented in CRMC [35].
In addition, we generate neutrino interactions using
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GENIE [36,37], following the settings presented in Ref. [7].
While GENIE’s simulation of deep inelastic scattering (DIS)
events is based on PYTHIA 6, it also takes into account final
state interaction effects. We find that the different simu-
lations are in good agreement. However, we note that
dedicated future efforts are needed to further validate and
improve the simulation such that the associated uncertain-
ties can be quantified and reduced. A detailed comparison
between different simulators is presented in the Appendix.

In order to simulate the detector response, we perform a
phenomenological detector simulation as follows. First, we
choose a location for the primary interaction vertex within
the detector from a random uniform distribution. In the next
step, observable final states, such as charged tracks,
photons, and electrons, are identified. Unobservable final
state particles, such as neutrinos and neutral hadrons, are
rejected. We also remove soft particles with energies below
300 MeV. We then assign a momentum to each observed
particle using its energy and direction. While emulsion
detectors can measure the directions of final state particles
very accurately, we smear the energies (obtained either via
the electromagnetic shower for electrons and photons or
from multiple Coulomb scattering for tracks) according to
the results obtained in Ref. [7]: We use a Gaussian
smearing with width o5/E = 50% for showers and
o/ E = 46% for charged particles. Finally, charged hadron
tracks will often undergo secondary interactions, which
will later be used to distinguish them from muons. The
distance between primary and secondary interactions is
sampled according to its exponential probability distribu-
tion. Both muons and charged hadrons that are produced
without interacting again inside the detector are marked as
muon candidates.

IV. ANALYSIS

As described previously, emulsion detectors such as
FASERv are able to identify neutral vertices and also to
record associated kinematic and topological features. In
this section, we will present a neural network-based
analysis to separate the NC neutrino interaction signal
from the neutral hadron background and estimate the
energy of the incoming neutrino. In the following, we will
define a set of observables characterizing the interactions in
Sec. IV A and then discuss their use in signal identification
(Sec. IV B) and neutrino energy estimation (Sec. IV C).

A. Event observables

Due to its high spatial resolution, FASERv is able to
precisely measure geometric variables, such as the multi-
plicities of tracks and photons and the directions, as well as
to estimate kinematic quantities, such as charged particle
momenta and energies of electromagnetic showers. We will
now use these features to define a set of observables, which
will subsequently be used as input for a multivariate

analysis. Note that we will only consider tracks and
showers with energy E>1GeV and an angle of 6 < 45°
with respect to the incoming particle direction for the
construction of these observables. This is to reduce the
dependence of soft hadronic physics effects that might not
be modeled accurately by MC simulators.

(1) The charged track multiplicity (ng,) is the number of
charged tracks originating from the neutral vertex. It
is related to the hadronic energy in the event, ngy, ~
log(Eh,q) [38]. Events considered in this study have
ng, > 5 charged tracks, as required by the neutral
vertex selection [7].

(i) Similarly, the photon multiplicity (n,) measures the
number of identified photon-initiated electromag-
netic showers that have been associated with the
neutral vertex. The observed photons mainly origi-
nate from the prompt decays of neutral pions,
making them a proxy for the pion multiplicity,
n, ~ 2n,0, and the hadronic energy, n, ~ 10g(Ep,q).

(iii) The visible hadronic energy (Ey,q,) can be mea-
sured as the sum of reconstructed energies of visible
particles, Ey,qy = > Eqy + > E,, which includes
both charged tracks and photons (mainly from
neutral pion decay). It is proportional to the true
hadronic energy, Ep,qy ~ Epn,g, Which also includes
additional long-lived neutral hadrons.

(iv) Additionally, we consider the momentum of the
hardest track (ppaq)- It is closely related to the
hadronic energy of the event pp..q ~ Epad-

(v) Another observable is the inverse sum of track
angles (> |1/04|), where tan0y, = pr/p. is the
slope of the individual tracks. More energetic events
have hadron tracks with smaller angles and hence, a
larger value for this observable, > |1/0.| ~ Epaq-

(vi) The scalar cone angle (tan83,,.) is defined as the
scalar sum of the momentum-weighted track angles,
tan Oone = > pitan6;/ 3° pi = > pri/ 2o pi 1tis
proportional to the hadronic transverse energy (Hy)
of the event, tan @3, ~ Hy/E} 4.

(vii) Additionally, the vector cone angle (tan@Y,.) is
defined as the vector sum of the individual track
angles weighted by their momenta, with two com-
ponents corresponding to the x and y directions.
Using the tracks’ transverse momenta, pr ;, it can be
written as tan 0., = > pr./ > p;. It is propor-
tional to the missing transverse momentum (pr) of
the event, tan 0Y,,. ~ pr/En.a. Larger values for the
missing transverse energy, |pr|, are expected for NC
neutrino events, in which the final state neutrino will
carry away a sizable fraction of the incoming
neutrino energy.

(viii) The largest azimuthal gap (A ) is defined as the
largest difference in azimuthal angle between two
neighboring visible particles (charged tracks and
photons) whose energy is > 0.1FE},q,. This angle
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FIG. 3. Normalized kinematic distributions for the observables defined in Sec. IV A. The dashed lines show the distributions obtained
with pYTHIAS for the NC neutrino interaction signal at incoming neutrino energies of E, = 100 GeV (blue) and E, = 1 TeV (red). The
solid green lines correspond to the distributions for the neutral hadron interactions simulated with PYTHIA8 for the expected energy
spectrum presented in Fig. 2. The shaded region shows the range of predictions for the background distributions obtained from different
generators: PYTHIAS, EPOS-LHC, and QGSJET-II-04.

will be large for events in which a neutrino recoils =~ We can see that the generator predictions are generally
against all of the hadronic activity (A¢,.x > 7) and  consistent and that the differences between different simu-
small for background events without a neutrino. lators are mild.

(ix) Similarly, the frack MET angle (A¢ygr) is the The most striking differences between the signal and
azimuthal angle between the reconstructed missing  background can be observed in the azimuthal angle features
transverse momentum, Fy, and the nearest visible  A¢ypr and Ag,,,,. Large values for these observables are
particle with energy > 0.1FE}, . This angle should  caused by the presence of a neutrino in the final state
be large for NC neutrino interaction events  recoiling against hadrons. In contrast, neutral hadron inter-
(A¢ppr > 7/2) and small for neutral hadron events. actions are expected to produce a more uniform angular

In Fig. 3, we show the kinematic distributions for these  distribution of charged tracks, leading to smaller values for

observables. The dashed lines correspond to NC neutrino  these angles. Note that when calculating these observables,
interactions with a neutrino energy of £, = 100 GeV (blue)  we only consider visible particles whose energy is larger
and 1 TeV (red). The solid green lines show the distributions  than 10% of the visible hadronic energy. If only one track
for the neutral hadron background with the energy spectrum  passes this energy threshold, A¢,,.x = 360°. We also note
shown in Fig. 2. The shaded band corresponds totherangeof ~ that most of the backgrounds at FASERv lie in the
predictions obtained from different generators, serving asa  low energy range, ES few 100 GeV. This explains
rough estimate of the background simulation uncertainty. why the background distributions are often similar to the
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FIG. 4. Left: Signal selection efficiencies as a function of beam energy. Each line indicates the fraction of events passing the following
criteria sequentially: (i) neutral vertex identification (blue) requiring > 5 charged tracks, (ii) lepton veto (green) requiring no electron
candidate and no noninteracting charged track, and (iii) signal identification (red) as performed by the NN classifier. The dashed black
line shows the combined efficiency. Right: The energy spectra of particles interacting within the FASERv detector. We show the
expected numbers of neutral hadron interactions (green) and NC neutrino interactions (red) with the FASERwv detector during LHC Run
3 as dashed lines. The solid lines show the spectra for events passing the signal selection (including neutral vertex identification, lepton
veto, and signal identification). The uncertainty associated to the background generation is shown as a shaded band.

E,=100GeV curve but also implies that the energy content
can be used to distinguish the neutral hadron background
from the NC signal with typical energies E, ~ TeV.

Comparing the distributions for the two considered beam
energies, £, = 100 GeV and 1 TeV, we can see that all
observables are sensitive to the incoming neutrino energy.
Not surprisingly, the largest differences are observed for
track momentum-based observables: the visible hadronic
energy, Ep.qy, and the momentum of the hardest track,
Prard- However, complementary information is also pro-
vided by the other observables, motivating the multivariate
analysis to obtain more robust results.

Note that here, we assume that all incoming particles
are moving parallel to the beam collision axis. In reality,
the incoming neutrinos have an angular spread of
6 ~ 0.5 mrad, corresponding to the angular size of the
detector. In addition, neutral hadrons, which are the result
of scattering events occurring close to FASERv, will also
have a small angle with respect to the beam axis of 9 <
10 mrad for energies E > 100 GeV, as shown in Ref. [7].
These incoming beam angles are smaller than typical
values of tan 8. However, small transverse momenta
of incoming neutral hadrons and neutrinos can potentially
distort the observable distributions and should therefore be
taken into account in a full experimental analysis.

B. Signal identification

Let us now turn to the selection of NC neutrino
interaction events. We first require the presence of a neutral

vertex. Following Ref. [7], we demand the presence of
>5 charged tracks with momentum p > 1 GeV and slope
0 < 45° emerging from the vertex. The resulting neutral
vertex identification efficiency for NC neutrino interactions
is shown as the blue line in the left panel of Fig. 4. It is
strongly suppressed at lower energies due to the typically
lower charged particle multiplicity but attains values of
>80% for neutrino energies £, > 1 TeV.

In the second step, we veto all events containing a
charged lepton candidate in the final state. Here, each
charged track with more than 5% of the event’s visible
hadronic energy that leaves the detector before interacting
is considered a muon candidate. While designed to effec-
tively eliminate the CC neutrino interaction background, it
also reduces the acceptance rate for the NC neutrino
interaction signal, especially for interactions occurring
toward the end of the detector. The efficiency of NC events
to pass the charged lepton veto is shown as the green line in
the left panel of Fig. 4. At TeV energies, the efficiency is
about 80%. The efficiency increases toward lower energies,
mainly due to the typically lower multiplicity of charged
tracks that could be potentially misidentified as muons. We
assume that the fraction of CC events passing the lepton
veto is negligible.

After removing CC neutrino interactions, we are left with
the NC neutrino interaction signal and neutral hadron
interaction backgrounds. In this work, we will separate
the two samples using a neural network classifier, which
uses the observables introduced in the previous section
as input.
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normalized mean score decrease for each of the observables) for the signal identification classifier (blue) and neutrino energy estimator
(red) network. We use accuracy as the score metric for the classifier network and mean average percent error for the estimator. Scores

decreases are normalized so that they sum to 1.

We simulate 100 times the expected Run 3 event rate for
both the NC neutrino interaction signal and the neutral
hadron interaction background using PYTHIAS. We then
train a neural network in Keras [39] to classify the event type
as either signal or background. We use a fully connected
neural network with three hidden layers of 64 units and a
sigmoid activation function, minimizing the binary cross-
entropy loss by training with the ADAM optimizer over 20
epochs. Our training employed a batch size of 256, a
constant learning rate of 1073, and early stopping to avoid
overtraining. These hyperparameters are the result of a
coarse manual scan, and we did not perform an exhaustive
optimization. It is likely that performance could be further
improved with additional tuning.

The resulting signal identification efficiency is shown as
the red line in the left panel of Fig. 4. The combined
efficiency of vertex identification, lepton veto, and signal
identification is shown as the dashed black line. It is
approximately 50% at TeV energies but significantly
reduced at lower energies, mainly due to the low neutral
vertex detection efficiency.

In the right panel of Fig. 4, we show the energy spectra of
NC neutrino interactions (red) and neutral hadron inter-
actions (green). The dashed lines correspond to all inter-
actions occurring within the detector. After applying all
signal selection criteria, the event rates drop to the solid
lines. We can see that the neural network classifier is able to
identify the signal and sufficiently reduce the background.
While the classification network was trained with PYTHIAS,
we have also tested it on data produced with EPOS-LHC and

QGSJET-II-04, assuming the same incoming spectrum
of neutral hadrons. The result is shown as a shaded band
around the background line. We can see that uncertainties
arising from the different simulation of neutral hadron
interactions are small and do not change the background
rates significantly.

Before moving on, we further discuss the trained
classifier network to understand which observables are
most relevant for the signal identification. In the left panel
of Fig. 5, we show the correlation matrix between different
observables, the beam energy, and the event type. Dark
shaded bins correspond to stronger linear correlations,
either positive (red) or negative (blue). We can see that
the event type is most strongly correlated with the visible
hadronic energy and the momentum of the hardest track.
This is expected, as the incoming neutrinos, which interact
with the detector, tend to be harder than the neutral hadrons.
We also see that the more energy associated with an event
(larger Epeam, Enadvs Phara)> the more tightly collimated its
reaction products are (smaller cone angles ..., larger
azimuthal angles A¢). The full network, of course, has the
ability to learn nonlinear relationships.

In the right panel of Fig. 5, we show another common
tool to analyze the network’s performance: the permutation
feature importance. It is obtained by randomly shuffling
the values of one observable (say ng,) between different
events and recording the degradation in the final score
obtained by the network. For the classifier network, the
accuracy is taken as the score. Large decreases in the
accuracy when randomizing a given observable indicate
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FIG. 6. Left: Neutrino energy reconstruction for NC neutrino interaction events obtained by a neural network-based multivariate
analysis using the observables defined in Sec. IV A. Right: Relative RMS energy resolution using the neural network-based multivariate
analysis (solid) and only the hadronic energy of the events (dashed).

that the observable is important for network performance.
The blue bars show the results for the event classification
network. We can see that the most important variables for
classification are the hadronic energy and the cone angles
or, equivalently, pr and Hy. By contrast, when two
observables provide the same information to the network,
the permutation importance of each is low. This happens
with the angular variables A, and A¢ygr; while they
are clearly correlated with the event type, each variable
gives the same information, so removing one alone does not
significantly harm the network performance.

C. Neutrino energy estimation

Having discussed the selection of NC neutrino inter-
action events, let us now turn to the estimation of the
incoming neutrino’s energy. In DIS neutrino interactions at
FASERv, roughly half of the incoming neutrino energy is
transferred to the nucleus on average. Since the final state
neutrino escapes undetected, the observable hadronic final
state is the only handle for energy reconstruction. The
absence of an observable lepton results in degraded energy
resolution compared to results obtained for CC neutrino
interactions in Ref. [7].

As we have seen in Sec. IV A, all observables considered
are sensitive to the neutrino energy, motivating the use of
multivariate energy estimation. We simulate 6 x 103 NC
neutrino interaction events that are uniformly distributed in
log E, using PYTHIA8 and train a neural network to
minimize the mean average percent error between the true
and estimated energy. Here, we use the same network
architecture and hyperparameters as for the classification
network, except the final layer has an identity map as its
activation function.

The result of the energy estimation is shown in Fig. 6.
The left panel shows the correlation between the recon-
structed and true energy. With five bins per decade in
energy, the leakage of events between bins is mild,
indicating that the neutrino energy estimation for neutral
current events is indeed possible. The right panel shows the
RMS energy resolution,

relative RMS error = \/ ((Eyreco = Evrue)* Edrue)s (1)

as a function of energy. We obtain an energy resolution of
about 50%.

As for the signal identification network, let us study
which observables are most important for the energy
estimation. In the left panel of Fig. 5, we see that the
incoming particle energy Ey.., is particularly well corre-
lated with the visible hadronic energy, though there is also a
clear relationship with py,q. In the permutation importance
study for the energy estimation network shown by the red
bars in the right panel, we use the increase in mean average
percent error to quantify the impact of randomly permuting
the values of one observable among events. Ej,q, is by far
the dominant observable, suggesting that our network has
learned the strong correlation between the visible hadronic
energy and that of the incoming neutrino and is relying
heavily on the former to estimate the latter. This depend-
ence arises regardless of the correlation between E},,4 , and
the momentum of the hardest track, which is perhaps not
surprising as pp.q 1S not as directly correlated with the
neutrino energy. While the fraction of the neutrino energy
that is transferred to the nucleus has an almost uniform
distribution, we find that the visible hadronic energy still
serves as an excellent proxy for the energy of the incoming
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Left: Stacked histogram of events passing the event signal selection described in Sec. IV B as function of the reconstructed

energy for LHC Run 3 with 150 fb~! integrated luminosity. The red and green shaded regions show the NC neutrino interaction signal
and the neutral hadron interaction background, respectively. The hatched region indicates the uncertainty arising from the simulation of
neutral hadron interactions, corresponding to the range of predictions obtained by three different generators. Right: FASERv’s estimated
neutrino-tungsten NC cross section sensitivity. Existing constraints are shown in gray. The black dashed curve is the theoretical
prediction for the DIS cross section, averaged over neutrinos and antineutrinos, per tungsten nucleus. The inner red error bars correspond
to statistical uncertainties, the blue error bars additional take into account uncertainties associated with the simulation of the background,
and the outer green error bars show the combined uncertainties with the neutrino production rate (which corresponds to the range of
predictions obtained from different MC generators as obtained in Ref. [7]).

neutrino. Motivated by this, we also show in the right panel
of Fig. 6 the energy resolution that can be obtained by a
linear fit to the visible hadronic energy. The almost similar
performance demonstrates the clear importance of the
visible hadronic energy to neutrino energy estimation.

V. RESULTS AND INTERPRETATION

A. NC cross section measurements

With the analysis described in the previous section, we
proceed to discuss FASERv’s expected physics sensitivity.
In the left panel of Fig. 7, we show the expected number of
NC neutrino signal (red) and neutral hadron background
(green) events simulated with PYTHIAS passing the event
selection as a function of the reconstructed energy. As
noted before, the signal dominates over the background for
energies above about 100 GeV and reaches a signal to
background ratio 2100 for energies above 1 TeV. The
hatched region shows the background simulation uncer-
tainty, corresponding to the range of predictions obtained
from three different event generators to simulate neutral
hadron interactions using the same neutral hadron flux and
energy spectrum.

Assuming no new physics contribution to neutrino
production and propagation, the observed energy spectrum
at FASERv can be used to measure the NC neutrino
interaction cross section. We show FASERv’s expected
sensitivity to constraining the NC neutrino interaction cross

sections with a tungsten nucleus in the right panel of Fig. 7.
The black dashed line shows the SM prediction for the
cross section, flux weighted over neutrinos and antineu-
trinos. We also show the NuTeV neutrino-quark neutral
current strength measurement [40] in gray, which had
superior precision, O(1%) with error bars that are too
small to be visible, but used neutrinos that were less
energetic than the bulk of the FASERv neutrino spectrum.
Several sources of uncertainties contribute to the meas-
urement. In the following, we discuss these uncertainties
and how they could be reduced in a full experimental
analysis.

Statistical uncertainty During LHC Run 3 with a
nominal integrated luminosity of 150 fb~!, FASERv
will collect roughly 7000 NC neutrino interactions.
The corresponding statistical uncertainties in each
energy bin are shown as thin red error bars.

Neutrino flux The neutrino flux uncertainty is associated
with the modeling of forward particle production,
which is mostly governed by nonperturbative physics
and typically described by hadronic interaction mod-
els. Here, we use the neutrino flux obtained in Ref. [7],
where the range of predictions obtained by different
hadronic interactions models was used to estimate the
neutrino flux uncertainties. We note that more efforts
are needed and indeed already ongoing to both
quantify and reduce these uncertainties. We show
the neutrino flux uncertainty as the green error bars in
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Fig. 7 and note that this is expected to be a dominating
source of uncertainty.

In extracting limits on new physics, the flux
uncertainty can be mitigated by taking the ratio of
neutral current to charged current events. This tech-
nique has been used by previous experiments [41-44]
to measure the weak mixing angle.

Signal simulation As outlined in Ref. [8], there are a
variety of uncertainties effecting the signal simulation,
including (i) nuclear effects (such nuclear shadowing
and antishadowing and EMC effect), (ii) the hadro-
nization of final state partons, and (iii) the modeling of
final state interactions in the tungsten target nuclei.
Currently, there is no neutrino interaction generator
that targets this high-energy DIS regime. While
recent efforts on nuclear parton distribution functions
(PDFs) allow one to describe nuclear effects and their
uncertainties [31,32,45-47], more dedicated efforts
are needed to tune and improve the modeling of
hadronization and final state interactions in existing
generators and to quantify the uncertainties. In
principle, data from previous neutrino experiments,
such as DONuT or CHORUS, as well as FASERv’s
CC measurements, could be helpful in this regard.

Uncertainties on the signal simulation will affect
the distributions of observables and hence, induce
uncertainties in all parts of the analysis, including
the neutral vertex identification efficiency, the signal
identification efficiency, and the energy reconstruction
performance. As no reliable estimates of these un-
certainties are currently available, we do not attempt to
quantify the impact of generator uncertainties on our
final results.

Neutral hadron flux Analogous to the aforementioned
uncertainty on the size of the signal, there are also
uncertainties in the numbers of neutral hadrons
impinging on FASERwv. The calculation of the neutral
hadron flux takes the muon flux in front of FASERv as
input and relies on the modeling of neutral hadron
production from muons interacting with the detector
and rock in front of it. The muon flux used in this
study was obtained by the CERN STI group using a
dedicated FLUKA simulation, and it would not be
unreasonable to allow for an O(1) uncertainty on the
number of neutral hadrons [15]. Even such a large
error, though, is expected to have a small impact on
the final cross section uncertainty due to the efficiency
of the classification network. The neutral hadron
contamination of events that are classified as neutrino
interactions is below 10-20% for energies above
200 GeV. Furthermore, at Run 3, FASER will directly
measure the muon flux and energy spectrum, allowing
for reduction of the uncertainty of the input for the
neutral hadron calculation. In addition, the number of
neutral hadron interactions in FASERv can be con-
strained directly using both measurements of a neutral

hadron control sample, as well as charged hadrons,
which leave clearly visible tracks.

Background simulation As shown in Fig. 3, different
generators for neutral hadron interactions produce
variations in the distributions of the observables that
are used for our analysis. This leads to an uncertainty
on the rate of background events passing the event
selection, as indicated by the hatched region in the left
panel of Fig. 7. We have included the resulting
uncertainty as blue error bars in the right panel of
Fig. 7. While this uncertainty dominates the NC
neutrino cross section sensitivity at low energies
below 100 GeV, it only mildly affects the measure-
ment at higher energies. These uncertainties can be
further improved both using FASERv and measure-
ments from dedicated beam dump experiments, such
as DsTau [48] and NA61 [49].

Experimental uncertainties While we have incorporated
detector effects in our simulation, we do not include
experimental uncertainties regarding the detector
performance.

Energy estimation We have estimated the incoming
neutrino energy with an error of approximately
50% for events classified as neutrino neutral current
events, as shown in Fig. 6. In an experimental
analysis, a transfer matrix among the bins could be
derived from the network performance. Then, the
obtained energy distribution could be unfolded to
obtain a better approximation of the incoming neu-
trino energies. At our level of precision, it is reason-
able to assume that this matrix is approximately
diagonal given the width of the energy bins, and
we do not consider this uncertainty further.

Our results for the neutrino NC cross section are
summarized in the right panel of Fig. 7. The most
significant source of uncertainty is the neutrino flux at
higher energies and the background simulation at energies
below 100 GeV. We note that statistical uncertainties
could be reduced with a neutrino detector in the forward
region of the HL-LHC, which has a nominal integrated
luminosity of 3000 fb~!. Such a detector could be placed
in a future Forward Physics Facility [S0] at the High
Luminosity LHC.

B. Nonstandard interactions

The neutrino neutral current cross section can be used to
probe new interactions between neutrinos and quarks.
Historically, the ratio of the neutral to charged current
cross section has been considered as a measurement of the
weak mixing angle, as it depends on sin’@,,. Since the weak
mixing angle is measured very precisely by other facilities
such as LEP [51], however, we choose to assume no
deviations from precision electroweak physics in the SM
and instead place limits on BSM interactions. As fully
SU(2) x U(1)-symmetric interactions typically face strong
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FIG. 8. Left: Limits on neutrino NSI involving the up quark. The red ellipse indicates the expected 95% allowed region by FASERy,
with limits from CHARM [42] (blue) shown for comparison. The one-dimensional allowed region from oscillation and COHERENT
[52] is also shown (green). Right: Same as left plot but for NSI involving the down quark.

constraints from processes involving charged leptons, we
focus on the usual NSI [52],

£ =V2Gry [0 Puvglety Truf + e Frirfl. ()
f.ap

where f =u, d and a, f = e, u, 7. These interactions
would interfere with Z exchange, affecting the neutrino
neutral current cross section. Data on neutrino oscillations
[53] and coherent neutrino-nucleus scattering [54] probe

the vector couplings ef . cfficiently but are not sensitive to

their axial counterparts that only couple to net spin. By
contrast, high-energy experiments can probe NSI regard-
less of the underlying spin structure [55-57].

In passing, we remark that while the validity of any
effective operator treatment breaks down at sufficiently
high energies, the momentum transfers that we consider are
of order \/2myE, < v, where v = 246 GeV is the electro-
weak vacuum expectation value. We will obtain limits on
the NSI parameters that are less than O(1), corresponding
to operator suppression scales above the electroweak scale.
At even higher energies, of course, a full UV completion of
the NSI should be considered [56]. It would be interesting
to examine the sensitivity of FASERv neutrino NC scatter-
ing measurements to light mediators, where we would
expect different kinematics from NC scattering in the SM.

To limit NSI, we anticipate a FASERv measurement of
the neutrino neutral current cross section as in Fig. 8, in
conjunction with a charged current cross section measure-
ment [7]. We take the ratio of the neutral current to the
charged current cross section assuming that the flux

uncertainties will largely cancel, with the main remaining
considered sources of error being the statistics on the
neutral current events and the uncertainty on the back-
ground. Following the discussion above, other uncertainties
such as the neutral hadron flux and energy estimation are
assumed to be subdominant in the cross section ratio. In
particular, FASER will directly measure the muon flux and
energy spectrum once it turns on, which will reduce the
neutral hadron flux uncertainties. By performing a y? fit
using the cross section ratio in each energy bin as input, we
obtain the overall expected NSI sensitivity. Throughout, we
make the simplifying assumption that all of the incoming
neutrinos are muon (anti)neutrinos. Weaker bounds could,
in principle, be obtained on NSIs involving electron
neutrinos using the subdominant v, flux.

Our projected sensitivity is shown in Fig. 8. We also
show the limits obtained from taking the ratio of the NC to
CC cross-sections at CHARM [42], as well as the current
bound on the vector NSI couplings from oscillation and
COHERENT data [52]. We note that CHARM probes a
different combination of the up and down quark NSIs
because the limits come from neutrino scattering, whereas
at FASERv, we have a combined constraint from neutrinos
and antineutrinos. In summary, we find that FASERv has
the potential to provide competitive NSI sensitivity, par-
ticularly in the axial case where bounds from oscillation
and coherent scattering experiments do not exist.

VI. OUTLOOK

While LHC neutrinos have never been directly detected,
FASERv will provide the ability to probe their interactions
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for the first time. Measurements of neutrino cross sections
at TeV-scale neutrino energies will fill a gap between lower
energy laboratory experiments and astrophysical neutrino
data. Neutral current scattering is significantly more diffi-
cult to observe than charged current scattering, owing to the
final state neutrino that carries away much of the energy of
the interaction. At FASERv, there is a significant back-
ground from neutral hadrons induced by muons from
the LHC.

We have demonstrated that the neutral hadron back-
ground to neutrino neutral current scattering in FASERv
can be significantly reduced for neutrino energies
2100 GeV. Furthermore, we have shown that the energy
of the incoming neutrino can be estimated from the
measured particles exiting the interaction vertex. The
precision of our energy estimation procedure for neutral
current scattering is comparable to that which could be
obtained for charged current scattering. In both our
handling of the background and our estimation of the
neutrino energies, we have used neural networks to make
maximal use of the available kinematic information in each
event. We have identified areas where further work is
warranted to maximize the power of a full experimental
analysis, in particular, the improvement of simulation tools
for neutrino DIS at TeV energies and the quantification of
associated uncertainties.

The NC cross section measurement here would serve as a
test of whether neutrinos interact as predicted by the SM
and can thus be used to test new couplings between
neutrinos and quarks. We have interpreted our projected
cross section measurements in terms of limits on neutrino
NSIs, finding sensitivities that are competitive with other
experiments. In particular, we obtain limits on axial NSIs,
which are not constrained in any significant manner by
oscillation or coherent scattering data.

As the most weakly interacting particles in the SM, there
is still much to be learned about neutrinos. We have
extended the potential of the LHC to test neutrino couplings
by considering NC scattering at FASERv. Taken in the
broader context of data from dedicated laboratory and
astrophysical neutrino facilities, we hope that collider
studies of neutral current scattering will lead to an increased
understanding of the neutrino sector.
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APPENDIX: COMPARISON OF DIFFERENT
GENERATORS

Throughout this work, we have used signal and back-
ground samples generated using PYTHIAS. Though reason-
able agreement was found between various generators for
background samples in Fig. 3, here, we explore generator
differences in more detail. Currently, generators do not
provide uncertainties for their hadronic interaction models.
Also, no generator has been tuned to neutrino interactions
at the energies of interest in this work. We therefore
compare between PYTHIAS [28,29] (using the Monash tune
[30] and the nCTEQ15 nPDF for tungsten [31,32]) and
GENIE [36,37] for neutrino interactions and PYTHIAS, EPOS-
LHC [33], and QGSJET-II-04 [34] for neutral hadron
interactions to obtain a first qualitative understanding of the
sizes of these uncertainties.

We first look at the differences between PYTHIAS,
EPOS-LHC, and QGSJET for neutral hadron interactions.
The latter have been carefully tuned to a variety of data
from collider, heavy ion, fixed target cosmic ray experi-
ments. We show three relevant observables for neutral
hadron energies of 60 GeV and 300 GeV (top row in
Fig. 9). The differences between generators are greatest for
the charged track multiplicity, where PYTHIAS predicts more
events with small numbers of charged tracks than EPOS-LHC
or QGSJET. In Fig. 3, we use the range of generator
predictions for the observables to draw the shaded uncer-
tainty bands, using the physical energy spectrum for neutral
hadron events. This spectrum peaks around E ~ 60 GeV,
and events at lower energy tend to fail the neutral vertex
identification criteria due to the lack of >5 charged tracks.
The shape of the charged track multiplicity distribution at
very low ng, can thus affect the neutral vertex identification
efficiency of Fig. 4. Measurements from dedicated beam
dump experiments such as DsTau [48] and NA61 [49]
could help in tuning generators in the relevant kinematic
regime to reduce this background uncertainty. In particular,
DsTau [48] will use the high-energy SPS beam and a
tungsten based emulsion detector and so, would be able to
provide data in an environment that is very similar to that
at FASERw.

In the second row, we compare the same distributions for
interactions of different neutral hadrons, 7°, K, n, and A at
300 GeV, as generated with EPOS-LHC. The event shapes for
7° and K, (meson) are similar to each other, as are those for
n and A (baryon) lines, but the two groups differ from each
other. This shows that there is a slight difference between
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FIG. 9. Comparison of 3 observables for NH interactions generated using PYTHIA8, EPOS-LHC, and QGSJET-II-04 and NC
interactions using PYTHIA8 and GENIE. Top: NH interactions at 60 GeV, 300 GeV. Middle: Different NHs (mesons and baryons) generated
via EPOS-LHC at 300 GeV. Bottom: NC interactions at 100 GeV, 1 TeV generated via PYTHIA8 and GENIE. See text for more details.

mesons and baryons. The difference is small enough to
justify our simplified assumption of simulating all inter-
actions of neutral hadrons as neutrons. We note, however,
that these differences should be taken into account for a full
experimental analysis. Also, the similarities between the A
and n event shapes, as well as those for K, and 7°, allow us
to conclude that the strange quark content is not important
for our simulations.

The last row of Fig. 9 shows NC interactions generated
using PYTHIAS and GENIE, at energies of 100 GeV and
1 TeV. In spite of PYTHIAS not including final state
interactions, we see good agreement between the two.
So far, no generator has been tuned at these energies for
neutrino interactions and hence, care must be taken while
interpreting these results as a measure of our background
uncertainty.
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