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The first results of the study of high-energy electron neutrino (v,) and muon neutrino (v,) charged-
current interactions in the FASERv emulsion-tungsten detector of the FASER experiment at the LHC
are presented. A 128.8 kg subset of the FASERy volume was analyzed after exposure to 9.5 fb~! of
\/s = 13.6 TeV pp data. Four (eight) v, (v,) interaction candidate events are observed with a statistical

significance of 5.2¢ (5.70). This is the first direct observation of v, interactions at a particle collider and
includes the highest-energy v, and v, ever detected from an artificial source. The interaction cross section
per nucleon ¢/E, is measured over an energy range of 560-1740 GeV (520-1760 GeV) for v, (v,) to be
(1.270%) x 1073% cm® GeV~! [(0.5 £0.2) x 1073 cm? GeV~'], consistent with standard model predic-
tions. These are the first measurements of neutrino interaction cross sections in those energy ranges.

DOI: 10.1103/PhysRevLett.133.021802

Introduction.—To date, neutrino interaction cross sec-
tions have not been measured at energies above 300 GeV
for v, and between 400 GeV and 6 TeV for v,,. One of the
primary physics goals of FASER [1-3], the Forward Search
Experiment at CERN’s Large Hadron Collider (LHC) [4],
is the study of high-energy neutrinos produced in the
LHC’s proton-proton (pp) collisions using the dedicated
FASERv detector [5,6]. FASERv is a tungsten-emulsion
detector that is located in front of the FASER spectro-
meter [7]. With FASERv, charged particle tracks produced
by neutrino interactions in the detector can be reconstructed
with submicron precision. This allows us to identify leptons
and measure the energies of electrons and momenta of
muons, enabling the identification of electron and muon
charged-current (CC) neutrino interactions and the meas-
urement of neutrino interaction cross sections in the
currently unexplored TeV energy range. In this study, we
do not measure the charge of the outgoing charged leptons;
charge conjugation is implied, and v,,, represents the sum
of both v, and 7,,.

The decays of hadrons originating from LHC pp
collisions produce a large number of neutrinos, which
are focused along the beam collision axis or line of sight
(LOS). Neutrinos close to the LOS are characterized by
very high energies up to several TeV, and they therefore
have relatively large interaction cross sections. Since
neutrinos only interact weakly, they are not affected by
the 100 m of rock or by the magnetic fields between the
collision point and the detector. These, however, substan-
tially reduce the rate of background particles.

e/u
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The first evidence for neutrino interaction candidates
produced at the LHC was reported by the FASER
Collaboration in 2021 [8]. The first observation of muon
neutrinos by means of the FASER electronic detector
components was achieved in 2023 [9]. The SND@LHC
Collaboration [10,11] confirmed this observation in Ref. [12],
studying a different rapidity region. Nevertheless, to date no
electron neutrino has ever been directly detected at the LHC.

Neutrinos interact through v, + N - e~ 4+ X (v, CC
events), v, + N - u~ +X (v, CC events), v, + N —
™ +X (v, CC events) [13], and v, + N -y, +X
(I =e, u, 7) [neutral-current (NC) events], where N
represents a nucleon in the tungsten target, and X represents
interaction products. At FASER, the main background to
neutrino detection arises from neutral hadrons interacting
in the detector. These neutral hadrons are generally lower in
energy than the neutrino signal, and they can therefore be
suppressed with appropriate selections on topological
and kinematic variables related to the reconstructed
interaction vertices. The additional requirement of a
high-energy electron or muon signature further suppresses
this background and allows us to distinguish v, and v, CC
interactions.

The current analysis is the first step of a broad physics
program on neutrino measurements at the LHC, which will
provide important insights in neutrino and electroweak
physics, as well as in quantum chromodynamics by probing
forward hadron production and the deep inelastic scattering
of high-energy neutrinos, as detailed in Refs. [14-18].

The FASERv detector and data taking.—The FASERv
emulsion detector is made of 730 layers of interleaved
tungsten plates and emulsion films [19], with a total target
mass of 1.1 metric tons. The tungsten plates are 1.1 mm
thick, and each emulsion film is 0.34 mm thick. The
detector is 1.05 m long and has a transverse area with
respect to the neutrino beam of 25 x 30 cm?. The detector
is aligned with the LOS and placed in front of the FASER
spectrometer, 480 m away from the pp collision point
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(210 pm)
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FIG. 1. Schematic view of the analyzed detector volume (side

view). The FASERv box contains a total of 730 emulsion films
and is shown in gray. The thin green box outlines the recon-
structed volume, and neutrino interactions are searched for within
the fiducial volume defined by the blue box.

within the ATLAS experiment (IP1). A more detailed
description of the FASERv detector is provided in Ref. [7].

The analyzed dataset was collected between July 26 and
September 13, 2022, corresponding to 9.5 fb~! of pp
collisions at a center-of-mass energy of 13.6 TeV. The
integrated luminosity is measured by the ATLAS experi-
ment [20-22] with an uncertainty of 2.2%. For the analysis
presented in this Letter, only 14% of the detector volume,
shown in Fig. 1, is considered as the target region for
neutrino interaction vertices. In the transverse [23] (x-y)
plane, a region of 23.4 x 9.0 cm? is analyzed, and in the
longitudinal direction, 41.5 cm, including 31.6 cm of
tungsten (291 tungsten plates), is considered. The corre-
sponding target mass is 128.6 kg. Data from seven films
upstream of the target region are used to check the absence
of charged parent tracks. Data from an additional 100 plates
immediately downstream of the target region are used to
measure the energy or the momentum of the particle tracks.
The LOS passes through the center of the analyzed volume
in the horizontal plane and about 2 cm from the bottom in
the vertical plane.

After chemical development, the emulsion films are read
out by the Hyper Track Selector (HTS) system [24]. The
HTS system divides each emulsion film into eight readout
zones. A multistage alignment procedure is used. The first
alignment between each two consecutive films is per-
formed using the recorded track hits for each readout zone.
The data are then divided into subvolumes of 1.7 cm x
1.7 cm x 15 films due to limitations in memory usage and
to achieve a better alignment resolution. After a second
alignment between each two consecutive films and track
reconstruction in each subvolume, an additional alignment
is applied by selecting those tracks crossing 15 plates to
improve the tracking resolution. Finally, the track
reconstruction procedure [25] links track hits on different
films by correlating their positions and angles.

Simulation samples.—Monte Carlo (MC) samples for
neutrino and background processes are used to define the

event selection criteria, to estimate the backgrounds, and to
assess systematic uncertainties.

The neutrino energy spectra, relative flavor composition,
and transverse spatial distribution are simulated as follows.
The neutrino fluxes are obtained using the fast neutrino
flux simulation introduced in Ref. [26]. As described in
Ref. [27], light hadrons (pions, kaons, and hyperons) are
simulated using EPOS-LHC [28], QGSJET 104 [29],
SIBYLL2.3d, and PYTHIAS [30] with a forward physics
tune [31]. EPOS-LHC is used as the baseline flux model,
with the envelope of the considered models used to
determine the systematic uncertainty. Charm hadrons are
simulated using POWHEG+PYTHIAS [32]. In Ref. [32], the
uncertainty is considered by varying the renormalization
and factorization scale by a factor of 2. The interaction of
neutrinos with the tungsten-emulsion detector is simulated
using the GENIE event generator [33,34]. The interactions
of all other particles traversing the tungsten-emulsion
detector are simulated using GEANT4 [35]. In the default
setup, the FTFP_BERT physics list is used to model hadron
interactions.

The main background contributions arise from neutral
hadrons produced in the photonuclear interactions of
muons within the rock in front of the FASER detector
or within the FASERv detector material. The muon flux is
measured to be (1.43 +0.07) x 10* tracks/cm?/fb~!, as
estimated from the reconstructed tracks within an angle of
AO < 10 mrad from the beam direction in the FASERv
detector. The neutral-hadron background is simulated
through a multistep process. First, the energy spectrum
of muons is simulated using the FLUKA package [36,37],
which includes a detailed model of the LHC infrastructure
between IP1 and FASER. GEANT4 was then used to
simulate the interactions of these muons within the rock
in front of FASER or in the tungsten of the FASERv
detector. Finally, high-statistics samples of the individual
neutral-hadron species (Kg, K;, n, A, i1, and A) were
produced and weighted to follow the expected energy
spectra estimated by the previous step.

The simulated events are reconstructed in the same
way as the data. Corrections are applied to the simulated
samples to reproduce the hit efficiencies, position, and
angular resolutions of the data.

Event reconstruction and selection.—Candidate v, and
v, CC interactions are selected based on reconstructed
charged particle tracks, forming a neutral vertex in
FASERv. The number of neutral hadrons drops quickly
with increasing energy. Since neutrinos are more energetic
than the neutral-hadron background, the tracks associated
with the vertex are boosted in the forward direction. A CC
interaction produces a high-energy electron or muon, well
separated in azimuthal angle from the other particles
associated with the vertex.

Vertex selection: Using the reconstructed tracks pass-
ing through at least three plates, the vertex reconstruction is
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performed by searching for converging track patterns
with an impact parameter less than 5 pm. Tracks with
tan @ < 0.5 are retained, and converging patterns with more
than four tracks are selected as vertices. The tracks are
required to start within three films downstream of the
vertices. The number of tracks with tand < 0.1 relative to
the beam direction is also required to be greater than 3 to
suppress the neutral-hadron background. Furthermore, the
vertices are required to not have a parent track.

Electron identification and energy measurement:
Candidate v, CC interactions are selected from the initial
set of vertices by requesting an associated high-energy
electromagnetic (EM) shower with a reconstructed energy
above 200 GeV and tan € > 0.005. The latter requirement is
used to reduce the neutral-hadron background. It improves
the signal-to-noise ratio because leptons from neutrino CC
interactions have larger angles, due to higher transverse
momenta, than high-energy particles from the neutral
hadron background. The EM shower is required to start
within two films downstream of the vertices. The EM
shower must have an azimuthal angle, relative to the sum
of all other tracks in the vertex, A¢ > z/2. This cut is
motivated by the expectation that, for CC interactions, the
outgoing lepton and hadrons are back to back in the
transverse plane.

The EM shower is formed by reconstructed tracks in the
emulsion, produced from electron-positron pair production
as the shower develops [38,39]. Given the short radiation
length of tungsten, the EM shower remains compact and
can be associated with the vertex. The EM shower
reconstruction is based on searching for track segments
in a cylinder of radius 100 pm around the shower axis,
defined by iteratively fitting the group of segments belong-
ing to the shower. The algorithm selections were defined
using the profile of EM showers from electrons with energy
above 200 GeV in simulation and that of background
showers in data and simulation. The number of track
segments in £3 films around the shower maximum (seven
films in total), which we denote N, is used to identify EM
showers and estimate the electron energy. Several selec-
tions on the track segment position and angle with respect
to the shower axis are applied to reduce the contribution from
background segments not associated with the EM shower.
Additionally, the average residual background is estimated by
using randomly positioned cylinders, whose average number

of segments, N Eegg is then subtracted from the shower before
the energy is estimated. The energy reconstruction is per-
formed using the relation between the difference N seg — N Eegg
and electron energy which is fitted with a polynomial, as
defined with simulation. The energy reconstruction algorithm
performance was tested for electrons in the v, MC simulation,
showing a resolution of around 25% at 200 GeV and between
25% and 40% at higher energies.

Muon identification and momentum measure-
ment: Candidate v, CC interactions are selected from

the initial set of vertices by requiring that one of the
reconstructed charged particle tracks associated with the
vertex is a muon candidate. Muon candidates are defined as
tracks that penetrate more than 100 tungsten plates without
exhibiting secondary hadron interactions consisting of at
least two daughter tracks. Furthermore, the muon recon-
structed momentum p has to be greater than 200 GeV with
tan @ > 0.005. Simulation studies show that the probability
for a charged hadron with p > 200 GeV to satisfy the
muon candidate requirements is about 20%. The muon
candidate track is then required to have an azimuthal
angle A¢p > x/2.

The track momentum is estimated by measuring multiple
Coulomb scattering using the so-called coordinate method
[40]. The performance of the momentum evaluation algo-
rithm is studied using simulated muon tracks with a flat
momentum distribution from 1 to 2000 GeV, including
position and angular smearing to account for residual mis-
alignments between the emulsion films. The resolution, as
quantified by the rms of the distribution of the difference
between the true momentum and reconstructed momentum, is
around 30% at 200 GeV and reaches 50% at higher energies.

Selection efficiencies and systematic uncertainties:
The selection efficiencies for v, CC, v, CC, vy CC, and
v, CC events are shown in Fig. 2. Because of the helicity
combination, leptons in antineutrino events are more
boosted, and the other particles have less energy, than in
neutrino events. Consequently, the efficiency of antineu-
trino events to pass the vertex selection is slightly lower
than that of neutrino events.

Systematic uncertainties related to the signal expectation
are summarized in Table I. The systematic uncertainty from
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FIG. 2. Top: simulation of the fluxes for v, and v, (left) and for
v, and b, (right). Bottom: selection efficiencies for v, CC and 7,
CC interactions (left) and for v, CC and ¥, CC interactions
(right). The statistical uncertainties are shown.
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TABLE I.  Systematic uncertainties related to the signal expect-
ation.
Relative uncertainty
Source v, (%) v, (%)
Luminosity 2.2 2.2
Tungsten thickness 1 1
Interactions with emulsions e e
i +70 +16
Flux uncertainty S 5
i i iti 2.1 +1.9
Line of sight position AEy) By
Efficiency from hadronization 2 2
Efficiency from reconstruction 20 20
Efficiency from MC statistics 4.9 2.8
Total 179 (flux) 150 (flux)
139 (other) 31 (other)

tungsten thickness is estimated based on the variation of
the measured plate thickness. The systematic uncertainty
from the LOS position is estimated by varying the detector
alignment with the LOS by +1 cm. The systematic
uncertainty from hadronization in the neutrino interaction
simulation is estimated using five different PYTHIA physics
tunes, varying the hadronization parameters [41]. The
systematic uncertainty related to the reconstruction, includ-
ing kinematical measurements, is estimated by varying
the track segment efficiency from the nominal value of 90%
to the worst case of 80%. Other systematic uncertainties
in the reconstruction are subdominant, and an overall
reconstruction systematic uncertainty of 20% is assigned.

The systematic uncertainties listed in Table I for v, are
dominated by the flux uncertainty, with the hadronization
and reconstruction uncertainties contributing at the 20%
level. The flux uncertainty is dominant for v, since a
significant fraction of v, originates from decays of charm
hadrons, which have large uncertainties in their forward
production. For v,, the flux uncertainty is subdominant,
with the hadronization and reconstruction uncertainties
dominating.

Backgrounds.—The background from neutral-hadron
interactions is estimated using MC simulation. The neu-
tral-hadron MC samples are normalized to the equivalent
luminosity of the data by using the number of observed and
simulated muons. The final neutral-hadron samples are
equivalent to ~400 times the size of the data.

Table II shows the selected number of neutral-hadron
simulated events when applying the v, and v, CC selections.

Systematic uncertainties on the neutral-hadron back-
ground estimate are evaluated by varying the incident
muon energy distribution and by varying the physics lists
used to model the neutral-hadron interactions in GEANT4.
The incoming muon energy distribution was scaled up and
down by a factor of 1 + E/(3 TeV) to distort the spectrum

TABLE II. The number of MC reconstructed events of neutral-
hadron interactions satisfying the v, and v, CC event selection.
The scaling factor shows the ratio of the data luminosity to the
MC luminosity.

Hadron type K; n A
Events simulated (£, > 200 GeV) 13497 13191 13902
Events selected as v, CC 0 0 0
Events selected as v, CC 6 11 5
Scaling factor (data/MC) 1/232  1/256 1/423
Hadron type Ky 7 A
Events reconstructed (E;, > 200 GeV) 7113 5827 5368
Events selected as v, CC 1 0 0
Events selected as v, CC 3 3 4
Scaling factor (data/MC) 1/436 1/569 1/630

as a function of muon energy E, and the effect on the
expected neutral-hadron background was evaluated. In
addition, the relative change in the background was
checked using the physics list QGSP_BERT [42] to model
the hadron interactions instead of the FTFP_BERT physics
list. From these studies, a systematic uncertainty of 100%
on the expected background is assigned.

In addition to the neutral-hadron background, there is a
contribution to the set of vertices retained by the v, and v,
CC selection from NC neutrino interactions. The back-
ground from NC neutrino interactions is estimated from
simulated samples. None of the simulated NC events
passed the v, CC selection, using a sample equivalent to
300 times the size of the analyzed dataset. The number of
NC events expected in the analyzed dataset after the v, CC

selection is estimated as 0.045“:8:((])(());1 (flux) £0.003 (cross

section) *J07¢ (others) and 0.008070; (flux) £0.001 (cross
section) 09007 (others) for events originating from light
hadrons and charm hadrons, respectively.

The total background estimates are 0.025700]5 and
0.2270 for the v, and v, selections, respectively.

v, and v, candidate events.—Four events are selected by
the v, selection on data. The highest reconstructed electron
energy from the selected v, CC candidates is 1.5 TeV. It is
therefore the highest-energy v, interaction ever detected by
accelerator-based experiments.

Eight events are selected by the v, selection on data.
The highest reconstructed muon momentum from the
selected Vy CC candidates is 864 GeV, meaning that the
v, sample includes neutrinos with energy likely above
1 TeV, far higher than from previous accelerator-based
neutrino studies.

Example event displays of v, and v, candidates are
shown in Fig. 3. As expected, both events exhibit a back-to-
back topology between the lepton candidate and the other
tracks in the vertex.
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1000 pm

FIG. 3.

Event displays of one of the v, CC candidate events (top) and one of the v, CC candidate events (bottom). In each panel, the

right-handed coordinate axes are shown in the bottom left, with red, green, and blue axes indicating the x (horizontal), y (vertical), and z
(beam) directions, respectively. The right panels show views transverse to the beam direction, and so the blue axes are not visible. The
left panels are slightly rotated views, with the blue axes barely visible, to show the longitudinal development of the event. Yellow line
segments show the trajectories of charged particles in the emulsion films. The other colored lines are interpolations, with the colors

indicating the longitudinal depth in the detector.

The expected number of neutrino signal events satisfying
the selections are in the range 1.1-3.3 (for v, CC) and
6.5-12.4 (for v, CC), where the range covers the uncer-
tainties listed in Table I. The observed number of inter-
actions is consistent with standard model predictions.

The statistical significance of the observation of v, and
v, is estimated by considering the confidence level for
excluding the null hypothesis (background only). Based on
the probability density function (PDF) for the background,
10'% pseudoexperiments were generated. The neutral-
hadron background was generated following separate
Poisson distributions for each neutral hadron species
considered, with a Gaussian-distributed systematic uncer-
tainty of 100% included. The background from neutrino
NC events was generated from a Poisson distribution, with
systematic uncertainties included via Gaussian-distributed
nuisance parameters [separately for the uncertainties
from the light hadron (Ajign hagron) @nd charm hadron
(Acharm hadron) Deutrino flux and the experimental uncertain-
ties (Ayso)]

A random value, N, was calculated following the total
background PDF, and the number of pseudoexperiments
with N > N, was counted, where N, is the number of
observed neutrino events. Based on the fraction of cases
with N > N, observed p values of 8.8 x 1078 for v, and
5.7 x 10~ are obtained, corresponding to significances of
5.2¢ for v, and 5.7¢ for v, for the exclusion of the null
hypothesis. The expected significance is estimated with
pseudoexperiments with the signal expectation from the
baseline flux model to be 3.3¢ for v, and 6.4¢ for v,

v, and v, cross sections.—The number of observed
neutrino events can be described as

Lpl

Ny = / ' o(E)p(E)e(E)dAdE,

Myycleon .
where L is the luminosity, p is the density of tungsten
(19.3 g/cm?), [ is the thickness of the tungsten plates,
Myucleon 18 the mass of the nucleon, o(E) is the cross
section, ¢(E) is the neutrino flux at the detector integrated
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FIG. 4. The measured cross section per nucleon for v, (left) and v, (right). The dashed contours labeled “Bodek-Yang” are cross
sections predicted by the Bodek-Yang model, as implemented in GENIE. Note that the displayed experiments do not all use the same

targets.

over the transverse area A and the energy E, and &(E) is the
detection efficiency.

The v, and v, CC cross sections are measured in a single
energy bin. The ratio between the cross sections evaluated
with the GENIE simulation (6yeory) and with the observed
data is defined as a factor a as described by 6,ps = AGipeorys
assuming that o is common for neutrino and antineutrino
interactions. The energy range for Gyeory Was defined to
contain 68% of reconstructed neutrinos using the baseline
models, which is 560—-1740 and 520-1760 GeV for v, and
v, respectively.

The PDF of a from a Bayesian method [43] can be
calculated by integrating the product of the likelihood £
and the prior probability distribution of the nuisance
parameters z. The likelihood £ is constructed using the
parameters N, obs> &> Alight hadron> lcharm hadron>» and /1syst that
were defined in the previous section, the nuisance param-
eters for each neutral-hadron background and its systematic
uncertainty, and the nuisance parameters for the NC
background. The prior distribution 7 is flat and assumed
to be 1 except for unphysical values of the parameters
where it is 0. The posterior is obtained with a Markov chain
MC with the Metropolis-Hastings algorithm [44].

The a parameter is measured to be 2.4 % (0.9 4 0.4) for
v, (v,), respectively, where statistical and systematic
uncertainties are combined. The statistical uncertainty is
8 (199, which dominates the uncertainty of the meas-
urement. The next most important component is the flux
uncertainty, estimated in a fit where only the flux nuisance
parameter is free and equal to g (09%), after quadrati-
cally subtracting the statistical uncertainty. The other
systematic uncertainties are fg_'? (fg:g). The sum of these
individual uncertainties should include correlations to
result in the total uncertainty. The energy-independent part
of the interaction cross sections per nucleon, o/ E,, is

measured over the considered energy ranges to be
(1.279%) x 1073 cm?> GeV~! for v, and (0.540.2) x
107 ¢cm? GeV~! for v,. Figure 4 shows the measured
cross sections, together with those obtained by other
experiments [45-69]. The measured value of o, is shown
as the blue curved line for v, and the red curved line for v,.
The weighted average of the GENIE-predicted cross section
is also shown, assuming the ratio of the incoming neutrino
to antineutrino fluxes to be 1.04 for v, and 0.61 for v,
Conclusions.—First results from the search for high-
energy electron and muon neutrino interactions in the
FASERv tungsten-emulsion detector of the FASER experi-
ment have been presented. The analysis uses a subset of
the FASERv volume, corresponding to a target mass of
128.6 kg, exposed t0 9.5 fb~! of LHC pp collisions during
the summer of 2022. Selections are applied to retain
reconstructed vertices consistent with high-energy v, and
v, CC interactions, while minimizing the background from
neutral-hadron interactions. Four electron neutrino inter-
action candidate events are observed, with an expected
background of 0.02570013, leading to a statistical signifi-
cance of 5.2 standard deviations. This represents the first
direct observation of electron neutrinos produced at a
particle collider. Eight muon neutrino interaction candidate
events are also found, with an expected background
of 0.221“8;879 , leading to a statistical significance of 5.7
standard deviations. The interaction cross section per
nucleon is measured over an unexplored energy range
of 560-1740 GeV for v, and 520-1760 GeV for v,. In
these energy ranges, the neutrino-antineutrino combined
cross sections, oo,/ E,, are constrained to be (1.2703) x
1073% cm? GeV~! for v, and (0.5+0.2) x 1078 cm?GeV~!
for Vys both consistent with the cross section predictions of
the standard model. These results demonstrate the capabil-
ity to study flavor-tagged neutrino interactions at TeV

021802-7



PHYSICAL REVIEW LETTERS 133, 021802 (2024)

energies with the FASERv emulsion-based detector at
the LHC.
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Appendix A: Reconstructed data quality.—This
appendix describes the reconstructed data quality of the
analyzed volume, checked using penetrating muon
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FIG. 5. Distributions of the position deviation of the track hits
with respect to a linear-fit line for the reconstructed tracks,
measured in a typical subvolume of the FASERwv data. The blue
line shows a Gaussian fit to the data, giving a position resolution
of 0.29-0.30 pm.
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FIG. 6. Simulation of the energy spectrum of electron (solid
green curve) and muon neutrinos (solid blue curve) within the
analyzed detector volume are shown for an integrated luminosity
of 9.5 fb~!. The dashed lines envelope the predictions from
different generators; for more details, see text. The energy
spectrum of neutral hadrons (gray curve) is also shown.

tracks. Figure 5 shows the measured position resolution
of 0.3 pm in a plane transverse to the beam. The track
hit efficiency in each film was measured to be greater
than 90% in the reconstructed volumes, corresponding to
an efficiency greater than 99.98% for detecting tracks
with at least three hits in seven films.

Appendix B: Expected energy spectrum of interacting
neutrinos.—This appendix describes the expected energy
spectrum of interacting neutrinos, as well as that of the
neutral-hadron backgrounds; these are shown in Fig. 6.
The expected numbers of neutrino interaction events
before selection cuts are listed in Table III.

Appendix C: Resolutions of electron energy and muon
momentum measurements.—This appendix describes the
electron energy and muon momentum measurement
resolutions used for the event selection. The energy
reconstruction algorithm performance was tested for
electrons in the v, MC simulation (Fig. 7), showing a
resolution of around 25% at 200 GeV and between 25%
and 40% at higher energies.

The resolution, as quantified by the rms of the distribu-
tion of the difference between the true momentum and
reconstructed momentum, is around 30% at 200 GeV and
reaches 50% at higher energies; see Fig. 8. The track
momentum assessment performance is validated with data
by studying the momenta of long tracks: they are split into

TABLE III. Expected number of CC and NC neutrino inter-
action events with the analyzed detector volume, along with the
uncertainty from the neutrino flux.

v, + v, CC

8.5

v, +1, CC
43.6f§‘;27

v, + 7, CC NC

0.22 3.0
0124022 16543

021802-8



PHYSICAL REVIEW LETTERS 133, 021802 (2024)

2000—————————
- FASER Simulation T
[ Electrons in v, CC MC y ]
1500~ . ’ .
= i - £ . Y
3 i . . 1
= 1000 . - -
ur L . " |
5001 -
ol ! R R B

GO 500 1000 1500 2000

Etruth [GGV]

FIG. 7. The reconstructed electron energy versus the true
energy in v, CC MC simulation.
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60 60p

FASER FASER
r */ r */
50:— MC (neutral hadron interactions) 50} MC (neutral hadron interactions)

Data except for v candidates Data except for v candidates

40F

2 @ 40F
: R: |
s 30:-|-_|_ & 30F
SR gt Z 0 f
0L 4+ 10F
3 +—|—_'__|_ 3 ++|- +
S ] of thithy
6 8 10 12 14 16 102 100
N tracks P [GeV]
highest

FIG. 9. MC simulation distributions of track multiplicity (left)
and momentum of the highest momentum track (right) from
neutral-hadron interactions vertices. The observed events in the
data sample (except for neutrino candidate events) are shown in
black. The MC simulation distributions are normalized to the
number of events observed in the data with the normalization
factor of 0.57.

two tracks, and the reconstructed momenta of the two
halves is compared, resulting in a reasonable agreement.

Appendix D: Validation of the modeling of the
neutral-hadron background.—This appendix describes
the validation of the modeling of the neutral-hadron
background, using the initial neutral-vertex sample of
data (before the high-energy electron or muon selection
is applied), which is dominated by neutral-hadron
interactions. For this validation study, only a part of the
analyzed volume (150 tungsten plates from film 7 to

156) was used. The expected number of hadron
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FIG. 10. MC simulation distributions of the track multiplicity
(N tracks), lepton angle (tan 6y.,), lepton momentum (p,,), and
Ag for the v, CC (top four figures) and v, CC (bottom four
figures) signal that passed the selection criteria. The observed v,
CC and v, CC candidate events in the data sample are shown in
black. The MC simulation distributions are normalized to the
number of observed events with the normalization factor of 2.3
(0.9) for v, ().
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FIG. 11. MC simulation distributions of track angle and

momentum from vertices of the v, CC (top) and v, CC (bottom)
signal. The observed v, CC and v, CC candidate events in the
data sample are shown in black. The MC simulation distributions
are normalized to the number of observed tracks.

interaction vertices is 246, while the number of neutral
vertices in the data sample is 139. Figure 9 shows a
comparison of the number of tracks in the vertex, and
the reconstructed momentum of the highest momentum
track, between the neutral-hadron MC and the data. For
the comparison, the MC distributions are normalized to
the same number of vertices as observed in the data. The
neutrino candidates that satisfy the event selection are
excluded from the data for this comparison. The
distribution shapes are well modeled in the simulation, and
the number of interactions is found to be compatible at
better than the 50% level, with more neutral-hadron
interactions predicted in the MC than observed in the data.

Appendix E: Properties of the v, and v, CC candidate
events.—This appendix describes the properties of the
selected vertices compared with the expectations from
v, CC and v, CC simulation (Fig. 10) and for the
properties of the individual tracks forming the vertices
(Fig. 11). In general, the simulation describes the data
well for both the v, and v, selections.
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