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This note presents the first results from the search for high-energy electron and muon neu-
trino charged-current interactions in the FASER» emulsion/tungsten sub-detector of FASER.
A subset of the FASERv volume is used, corresponding to a target mass of 68 kg, exposed
to 9.5 fb~! of LHC proton-proton collision data with a centre-of-mass energy of 13.6 TeV.
Following stringent selections requiring a lepton (electron or muon) with reconstructed en-
ergy above 200 GeV, three electron neutrino interactions are observed with an expected
background of 0.002 + 0.003, leading to a statistical significance of the neutrino signal of 5
standard deviations. This is the first direct observation of electron neutrino interactions at
a particle collider, and the signal events include neutrinos with ~ TeV energies, the highest-
energy electron neutrinos detected from an artificial source. Four muon neutrino interactions
are also found, with an expected background of 0.5+ 0.3, leading to a statistical significance
of the muon neutrino signal of 2.5 standard deviations.

CONTENTS

Introduction
The FASERv detector
The data and simulation samples

Vertex selection

A. Initial vertex selection

B. Electron identification and energy measurement
C. Muon identification and momentum measurement

Backgrounds
Results
Conclusions
Appendix

References

12

13

14



I. INTRODUCTION

One of the primary physics goals of the FASER experiment [1-3] at CERN’s Large Hadron
Collider (LHC) [4] is to study high-energy neutrinos produced in the LHC collisions using the ded-
icated FASERv sub-detector [5, 6]. FASERv is a tungsten/emulsion detector placed in front of the
main FASER detector [7]. The emulsion allows extremely precise reconstruction of charged particle
tracks originating from neutrino interactions inside the tungsten, and it can be used to identify
and measure the energy of muon tracks and electromagnetic showers from electrons, enabling the
identification of both the electron and muon charged-current (CC) neutrino interactions.

Neutrinos are copiously produced via hadron decay in the LHC collisions, forming a collimated
beam around the beam collision axis line of sight (LOS). Neutrinos close to the LOS are produced
with very high energy and therefore have relatively large interaction cross section, with energies
up to several TeV. Since they are weakly interacting, the neutrinos are not affected by the natural
FASER shielding of the 100 m of rock and magnetic fields traversed between the collision point and
the detector, which reduces backgrounds significantly.

In this note the first observation of neutrino interactions in FASERv is reported. Only a small
fraction of the total FASERv volume is analysed, corresponding to a target mass of 68 kg. The
direct detection of the first neutrino interaction candidates at the LHC using the 2018 pilot detector
was reported in 2021 [8]. The first observation of muon neutrinos produced at a collider using the
electronic FASER detector components was released in March 2023 [9], and more recently the
SND@LHC Collaboration [10, 11] has also reported the observation of muon neutrino interactions
at the LHC [12].

The main background to neutrino detection at FASER arises from neutral hadrons interacting
in the detector. The neutral hadrons generally have lower energy than the neutrinos, and they
are therefore suppressed using appropriate selections on topological and kinematic variables related
to the reconstructed interaction vertex. Further requirements of a high-energy electron or muon
signature provide an additional background suppression and allow to distinguish v, and v, CC
interactions.

The current analysis is the first step of a broad physics programme of neutrino measurements
at the LHC, which will provide important insights in neutrino and electroweak physics, as well as
QCD via probing forward hadron production and deep inelastic scattering of high-energy neutrinos
in the target, as detailed in Refs. [13, 14].

II. THE FASERv DETECTOR

The FASERv detector is made up of 730 layers of interleaved tungsten plates and emulsion films,
with a total target mass of 1.1 tonnes. The tungsten plates are 1.1 mm thick and each emulsion film
is 0.34 mm thick. The detector is 1 m long and 25 x 30 cm? in the plane transverse? to the incoming
neutrino beam. The detector is placed in front of the main FASER detector and is aligned with
the beam collision axis LOS, 480 m away from the collision point inside the ATLAS experiment
(IP1). FASERwv is described in more detail in Refs. [6, 7].

For the first FASERv analysis presented in this note, only a small fraction of the detector volume
is used. Fig. 1 shows the analysed volume. In the transverse (z-y) plane, a region of 24 cm x 9 cm
is analysed, and 16.5 cm in the longitudinal direction (150 tungsten plates), corresponding to a

! In this note charge conjugation is implied such that Vv, /e represents the sum of both v, /. and 7, /..

2 A cartesian coordinate system is used with the z-axis running along the LOS from the ATLAS collision point to
FASER, the y-axis pointing vertically upwards, and the z-axis pointing horizontally to the centre of the LHC ring.
The angle ¢ is the azimuthal angle in the z-y plane, and 6 is the polar angle measured from the positive z-axis.



target mass of 68 kg. The data from an additional 100 plates, immediately downstream of the
target region, are used in the analysis to follow down tracks and measure their momentum. The
LOS passes through close to the centre of the analysed volume in the horizontal plane and about
2 cm from the bottom of the analysed area in the vertical plane.

The emulsion films are read out by the Hyper Track Selector (HTS) system [15]. The HTS
system divides each emulsion film into eight readout zones. The first alignment between every
two consecutive films is performed for each readout zone using recorded track hits. The data is
then divided into sub-volumes of 1.7 cm x 1.7 cm x 15 films. After the second alignment between
every two consecutive films and track reconstruction in each sub-volume, an additional alignment
is applied by selecting tracks crossing 15 plates to improve the tracking resolution. Finally, the
track reconstruction procedure links track hits on different films by correlating their positions and
angles. The track reconstruction algorithm is based on that of the NA65/DsTau experiment and
is described in Ref. [16]. The reconstructed data quality was checked using penetrating muons.
Fig. 2 shows the measured position resolution of 0.28 um 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 of 99.98% for detecting tracks with at least three hits out of seven
films.

Scanned volume (255 films) (this time)

FASERvV

730 films and
tungsten plates

L Y J
Target volume for the first analysis
(150 tungsten plates)

FIG. 1. Schematic view of the analysed volume.
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FIG. 2. Distribution of the position deviation between the track hits and the straight-line fitting to recon-
structed tracks, measured in the analysed volume. The red line shows the fit of a Gaussian distribution to
the data to extract the resolution, with a fitted resolution of 0.28 pm.



III. THE DATA AND SIMULATION SAMPLES

The analysed dataset was collected between July 26th and September 13th 2022, in which the
LHC delivered 9.5 fb™! of proton—proton collision data with a centre-of-mass energy of 13.6 TeV
to IP1. The luminosity measurement is provided by the ATLAS experiment [17-19]. The charged
particle flux within 10 mrad of the angular peak, which is dominated by energetic muons, is 1.29x 10%
tracks/cm?/fb~! normalized by luminosity.

Monte Carlo (MC) simulation samples for neutrino and background processes are used to define
the selection requirements and to estimate the backgrounds and uncertainties. The interaction of
neutrinos with the tungsten/emulsion detector is simulated using the GENIE event generator [20,
21]. The neutrino energy spectra and relative flavour composition are based on Ref. [22]. All
interactions of particles traversing the FASER detector are simulated using GEANT4 [23].

To estimate the expected number of neutrino events, several of the assumptions of Ref. [22]
are adjusted: the center-of-mass energy, beam crossing angle, and LOS alignment are corrected,
and the average of the neutrino flux from the predicted light and heavy hadron production of
DPMJET [24, 25] and SIBYLL [26] are used with the uncertainty spanning their full difference. The
expected number of neutrino interactions in the analysed region before any selections is 29.4 + 5.0
for v, and 11.8 £ 7.5 for v..

The main background in this analysis arises from neutral hadrons produced in photo-nuclear
interactions in the rock in front of FASER or in the FASERv detector material, initiated by high-
energy muons produced at IP1. There is a flux of around 0.5 Hz/cm? of high-energy muons
passing through FASER during nominal LHC running. The neutral-hadron background is simulated
via a multi-step simulation process. First, the energy spectra of the muons is simulated using
FLUKA [27, 28], which includes a detailed model of the LHC infrastructure between IP1 and
FASER. Then, GEANT4 is used to simulate muons interacting in the rock in front of FASER or in
the tungsten of the FASERv detector with the energy spectra predicted by the FLUKA simulations.
Finally, high-statistics samples of the individual neutral-hadron species (neutral kaons, neutrons
and lambdas) are produced and weighted to follow the energy spectra estimated by the previous
step.

IV. VERTEX SELECTION

Candidate CC neutrino interactions are selected based on reconstructed charged particle tracks,
forming a neutral vertex in the emulsion.

Fig. 3 shows the MC simulation energy spectrum of neutral hadrons emerging from rock or
produced within the detector, compared to the spectrum of neutrinos interacting in the detector.
The number of neutral hadrons drops quickly with increasing energy. Since neutrinos are more
energetic than the neutral-hadron background, the tracks associated to the vertex are required to
be boosted in the forward direction. The CC interaction signature produces a high-energy lepton
(electron or muon), which is well separated in azimuthal angle from the other particles associated
to the vertex.

A. Initial vertex selection

Using reconstructed tracks passing through at least three plates, vertex reconstruction is per-
formed by searching for converging patterns of tracks with a minimum distance within 5 gm. Tracks
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FIG. 3. MC simulation distributions of the energy of neutral hadrons produced by muon interactions (black),
as well as neutrinos interacting with the detector: v. (green) and v, (blue). The distributions correspond to
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with tan € < 0.5 are used. Converging patterns with more than four tracks are selected as vertices.
An additional selection was applied to these vertices to suppress neutral hadrons: the number of
tracks with tan @ < 0.1 relative to the beam direction is required to be greater than three.

The vertices are categorized as charged (where the vertex is from the interaction of a charged
particle) or neutral (where the vertex is from the interaction of a neutral particle, as in the case
of neutrinos) based on the presence or absence, respectively, of charged parent tracks. A charged
parent track is a track with at least three track hits detected within ten films upstream of the recon-
structed vertex with an impact parameter to the vertex within 5 ym and with a minimum distance
to at least three vertex tracks within 3 pm. A looser set of selections in the track reconstruction
procedure is used for finding the charged parent track, with a track reconstruction inefficiency of
less than 107°. The background from charged vertices being selected as signal vertices is thus
negligible.

B. Electron identification and energy measurement

Candidate electron neutrino CC interaction vertices are selected from the initial set of vertices by
requiring an associated high-energy electromagnetic (EM) shower with reconstructed energy above
200 GeV. The high-energy EM shower is then required to have the azimuthal angle relative to the
sum of all other tracks in the vertex, A¢ > m/2. The EM shower is formed from reconstructed
segments in the emulsion produced by electron/positron pair production as the shower develops.
Given the short radiation length of tungsten the associated EM shower is compact, and can be well
associated with the vertex.

Fig. 4 shows the concept of the EM shower reconstruction. It is based on a cylinder around
the shower axis, and the energy measurement uses the number of segments in +3 films around
the shower maximum (seven films in total) in the longitudinal direction. The segments used are
required to be connected to more than two films and to satisfy selections on the angle from the
shower axis (60 < 10 mrad) and the distance (position displacement from the shower axis dpos <
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FIG. 4. Schematic view of the definition for the cylinder with 100 pm radius, catching the electromagnetic
shower from the primary electron generated in v, CC interactions.

100 pgm, minimum distance between the shower axis line and track line upstream of the segment
dmin < 50 pum) to reduce the effect of background segments. Additionally, the average background
is estimated by using random cylinders and then subtracted from the shower before the energy
estimate. The energy reconstruction algorithm performance is tested in MC simulation (Fig. 5).
It shows a resolution of around 25% for EM energies at 200 GeV and between 25-40% at higher
energies, depending on the electron angle. In the future, the EM energy reconstruction performance
will be further calibrated following a testbeam in 2023 using high-energy electrons at the CERN
SPS.
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FIG. 5. The reconstructed electron energy versus the true energy in v, CC MC simulation.

C. Muon identification and momentum measurement

Candidate muon neutrino CC interaction vertices are selected from the initial set of vertices by
requiring that one of the reconstructed charged particle tracks associated with the vertex pene-
trates more than 100 tungsten plates without exhibiting secondary hadron interactions and have a
reconstructed momentum greater than 200 GeV. Simulation studies show that the probability for a
charged hadron with p > 200 GeV to satisfy this requirement is about 60%. The high-momentum
long track is then required to have the azimuthal angle relative to the sum of all other tracks
associated to the vertex, A¢p > 7/2.

The track momentum is estimated by measuring Multiple Coulomb Scattering using the so-called
coordinate method [29]. The performance of the momentum estimate is studied using simulation,



including smearing to account for residual mis-alignments between the emulsion films, and shows
a resolution of around 20% at 200 GeV (Fig. 6) and between 20-30% at higher energies. The track
momentum estimation performance is validated in data, by studying the momentum of long tracks
by splitting these into two tracks, and comparing the reconstructed momentum of the two halves.
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FIG. 6. The resolution of the muon momentum measurement for muons with momentum in the range 100-
300 GeV in MC simulation. The red line shows the fit of a Gaussian distribution to the simulated data to
extract the resolution, with a fitted resolution of 21%.

V. BACKGROUNDS

The background from neutral-hadron interactions is estimated from the MC simulation samples
detailed in Section III. The final samples used are normalized to the equivalent luminosity of the
data, by using the number of muons observed in the data and simulations to derive the scaling
factor. The final neutral-hadron samples are equivalent to 15 to 20 times the size of the data.

The modelling of the neutral-hadron background in the simulation is validated in data using
the initial neutral-vertex sample (before the high-energy lepton selection is applied), which is dom-
inated by neutral-hadron interactions. The expected number of hadron interaction vertices is 216,
and the number of vertices in the data is 140 (7 of which satisfy the high-energy CC interaction
selection requirements). Fig. 7 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, where the MC distributions are normalized to data to aid comparison. The shapes of the
distributions are well modelled in the simulation, and the number of interactions is compatible
at better than the 50% level, with more neutral-hadron interactions predicted in the MC than
observed in the data.

Table 1 shows the selected number of neutral-hadron events in the simulation when applying
both the v, and v, selections, and also with reduced lepton energy requirements of 50 GeV. The
samples studied were Kg, K1, n, m, A and A, but only those in which at least one event passed
any of the selections are included in the table.

The background estimate for the v, CC selection is taken directly from the MC simulation as
0.32 £ 0.15 vertices, if accounting only for the statistical uncertainty. A 50% systematic uncertainty
is assigned related to the modelling of the neutral-hadron interactions in the MC.

Since no neutral-hadron MC event passes the full v, selection, the background is estimated
from the number of selected events with the looser requirement on the electron energy of 50 GeV.



Simulation studies show that for lepton energy requirements above 50 GeV, the dependence of
the number of selected neutral-hadron events as a function of the lepton energy requirement is
similar when evaluated with either the muon or electron neutrino selections. The background to
the electron selection is therefore estimated as:

N(had)?,oo GeV
N(had)3* &V = N(had)j! “V x < — e (a d)f;g s (1)
where N(had)® ¥¢V, is the number of neutral-hadron events passing the selection A, with the
lepton energy requirement of B GeV. This leads to a final estimate of N(had)2? GV = 0.002 +
0.002 vertices, where the statistical uncertainty is shown. A systematic uncertainty of 100% is
assigned to cover both the modelling of the neutral-hadron interactions in the MC, as well as the
uncertainties related to the scaling of the estimate to the higher electron energy requirement.

TABLE I. Number of events satisfying the different selections for neutral-hadron MC simulation samples.
Both the raw number of MC events passing the selections, and the number scaled to the analysis dataset
are shown.

Selection Quantity K n A Total
v, selection E > 50 GeV Raw MC events 7 71 70 -
M 3 1 2 -
v, selection £ > 200 GeV R MC e\fentb s
Scaled to analysis dataset 0.07 0.16 0.10 0.32
v, selection EE > 50 GeV Raw MC events 0 1 0 -
v, selection E > 200 GeV Raw MC events 0 0 0 )
Scaled to analysis dataset 0 0 0 0
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FIG. 7. MC simulation distributions of track multiplicity and momentum of the highest momentum track
from vertices of the hadronic interactions. The observed events in the data sample, except for v, candidate
events, are shown in green. The MC simulation distributions are normalized to the number of observed
tracks.

In addition to the neutral-hadron background, there is a contribution to the vertices selected
by the muon CC selection from neutral-current (NC) neutrino interactions. This is estimated by



using MC simulation as 0.19 4+ 0.15 vertices, where the uncertainty includes the contribution from
the incoming neutrino flux.

The number of expected vertices from background sources, including neutral-hadron interactions
and NC neutrino interactions, is shown in Table II for both the v, and v, selections.

TABLE II. The number of expected vertices from background sources including neutral-hadron interactions
and NC neutrino interactions after the v, and v, selections.

Background v, CC v, CC
Neutral-hadron interactions | 0.32 + 0.15 (stat.) + 0.16 (syst.) | 0.002 & 0.002 (stat.) £ 0.002 (syst.)
NC neutrino interactions 0.19 £ 0.15 -

Total 0.51 £ 0.27 0.002 + 0.003

VI. RESULTS

Three vertices are selected by the v, selection in data. The properties of the selected vertices are
compared with the expectation from v, CC simulation in Fig. 8. Four vertices are selected with the
v, selection in data. The properties of these selected vertices are compared with the expectation
from v, CC simulation in Fig. 9 and for the properties related to the individual tracks forming the
vertex in Fig. 10. In general the simulation describes the data well for these variables. The position
of the selected vertices in the transverse plane are shown in Fig. 11. Event displays of an example
selected v, candidate vertex and a v, candidate vertex are shown in Fig. 12.

The selected electron neutrino interaction candidates have reconstructed electron energies of
1.5 TeV, 700 GeV, and 400 GeV. These are therefore the highest-energy v, interactions detected
by accelerator-based experiments.

The expected number of neutrino signal events satisfying the selections are in the ranges 0.6-5.2
(for v, CC) and 3.0-8.6 for (for v, CC), where the range covers the predictions of the different
event generators, but does not include the systematic uncertainty related to the vertex selection.
The observed number of interactions is compatible with the expectation.

The statistical significance of the observation of the v, and v, candidate events is estimated by
considering the confidence for excluding the null (background-only) hypothesis. The probability
to obtain the observed number of v, and v, candidate events from the background is estimated
by generating 5000 toy events based on a Poisson Probability Density Function (PDF) whose
mean is the sum of all background contributions. The backgrounds from the various neutral-
hadron components (K, neutron, A) are generated following a separate Poisson distribution for
each species. For v, this is based on the expected background satisfying the nominal momentum
requirement, while for v, it is based on the number of events satisfying the lower energy requirement
described above multiplied by the scaling factor to the nominal energy requirement. On top of this,
a Gaussian-distributed systematic uncertainty of 50% (100%) in the v, (v.) case is included. Finally,
the NC neutrino background is generated following a Gaussian PDF, centred on the MC expectation
and with a width equal to its total uncertainty. Based on the combined PDF, an observed p-value
of 1.60 x 1077 for v, (5.17 x 1073 for v,,) is obtained, corresponding to a significance of 50 for v,
(2.50 for v,) for the exclusion of the null hypothesis.
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FIG. 8. MC simulation distributions of the track multiplicity, electron angle, electron energy, and A¢ for
the v, CC signal. The observed v, CC candidate events in the data sample are shown in green. The MC
simulation distributions are normalized to the number of observed events.
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FIG. 9. MC simulation distributions of the track multiplicity, muon angle, muon momentum, and A¢ for
the v, CC signal. The observed v, CC candidate events in the data sample are shown in green. The MC
simulation distributions are normalized to the number of observed events.
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FIG. 10. MC simulation distributions of track angle and momentum from vertices of the v, CC signal. The
observed v, CC candidate events in the data sample are shown in green. The MC simulation distributions
are normalized to the number of observed tracks.
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FIG. 11. Vertex positions in the transverse plane of the observed v, CC and v, CC candidate events in the
data sample. The uncertainty on the vertex position is less than 10 pum, whereas the uncertainty in the LOS

position is about 1 cm.
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FIG. 12. Event displays of one of the v, CC candidate events (top) and one of the v, CC candidate events
(bottom). The right panels show the views transverse to the beam direction.



12

VII. CONCLUSIONS

First results for the search for high-energy electron and muon neutrino interactions in the
FASERv tungsten/emulsion detector have been presented. The analysis uses a subset of the
FASERv volume, corresponding to a target mass of 68 kg, exposed to 9.5 fb~1 of LHC proton colli-
sion data in the summer of 2022. Selections are applied to retain reconstructed vertices consistent
with high-energy CC electron and muon neutrino interactions, while minimizing the background
from neutral-hadron interactions. Three electron neutrino candidate vertices are selected with an
expected background of 0.002 4+ 0.003, leading to a statistical significance of the neutrino signal
of 5 standard deviations. This represents the first direct observation of electron neutrinos pro-
duced at a particle collider. Four muon neutrino candidate vertices are selected with an expected
background of 0.5 + 0.3, leading to a statistical significance of the neutrino signal of 2.5 standard
deviations. These results demonstrate the ability to carry out neutrino studies with the FASERv
emulsion-based detector at the LHC.



VIII. APPENDIX

Fig. 13 shows additional event displays of selected neutrino interaction vertices.
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FIG. 13. Event displays of v, and v, CC candidate events. The right panels show the views transverse to

the beam direction.
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