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Cross section measurements of high-energy electron and muon neutrino
interactions with FASER’s emulsion detector at the LHC
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This note presents updated 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 681.1 kg, collect-
ing 9.5 fb~! of LHC proton-proton collision data in 2022 at a centre-of-mass energy of 13.6
TeV. The muon neutrino energy is reconstructed by employing a regression BDT, and the
energy dependent cross section is measured in two bins. The electron neutrino cross section
is measured in a single bin without energy reconstruction applied.
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1. INTRODUCTION

In 2024, the FASER Collaboration reported the first v, and v, cross section measurements [I] in
the data taken with its second emulsion detector in 2022, corresponding to an integrated luminosity
of 9.5 fb~! and a target mass of 128.6 kg. The number of observed events was updated in 2025 [2]
using an increased target mass of 314.7 kg.

The current result reports a further update corresponding to a target mass of 681.1 kg, an
increase of a factor of 2.2 (5.3) with respect to the 2025 (2024) result. The muon neutrino energy
is reconstructed, and the energy dependent cross section for v, + 7, is measured in two bins for the
first time with the FASER emulsion detector. The cross section for v, + 7, is measured in a single



bin, without energy reconstruction. The number of candidate events, the energy dependent cross
section measurement for v, and the single bin cross section measurement for v, are presented.

2. DATA SAMPLE

FASER’s emulsion detector (FASERv) consists of 730 layers of 1.1 mm thick tungsten plates as
the target, interleaved with 0.3 mm thick nuclear emulsion films, acting as trackers. The transverse
dimension of each is 25 cm x 30 cm. The total mass of FASERwv is 1.1 tonne. Both the previous and
current analyses are conducted on the second module from the 2022 data-taking period, exposed
to 9.5 fb~! of data [3]. For readout and processing, each film is divided into “zones” as shown in
Fig. [II Furthermore, for analysis, the data is further divided into small volumes of 1.7 cm x 1.7
cm X 30 emulsion films. The data reconstruction process is fully described in the reconstruction
paper [4].

The 2024 analysis focused on interactions occurring in zones 3 and 4 across 291 films, extended
in the 2025 analysis to include films 8-627 in zones 3-4, and films 8-337 in zones 1-2.

In the present analysis films 8-627 are used for zones 1-6. Films 1-7 are used as a veto for charged
parent particles, while 103 films downstream of the target volume are used to identify muons and
measure particle momenta via multiple Coulomb scattering (MCS) [1L 5l [6]. The volume covered
by the current analysis is illustrated in Fig.

The single-film efficiency is evaluated by checking whether a reconstructed track has a hit in
the layer of interest, where the track must have at least four hits among 6 layers, within the £3
neighbouring layers from the layer of interest. To ensure consistency with the previous analysis, we
restrict the analysis volumes to those in which the single-film efficiency exceeds 80%. In addition
to the volume selection described above, fiducial cuts in the XY plane are defined for each zone, as
illustrated in Fig. |3l These cuts are determined by an algorithm based on the averaged efficiency
threshold of 0.8. The mean of the averaged efficiencies for the selected volumes and within the
fiducial regions is found to be 86%.

The detector is aligned with the nominal beam collision axis line-of-sight (LoS), with a transverse
dimension large enough to accommodate changes in collision crossing angle in ATLAS. The LoS is
a few centimetres away from the centre of the detector, as shown in Fig.

The neutrino target mass is then calculated by selecting good volumes and requiring an overlap
of the area with the x-y cut. The analysed target mass is calculated to be 681.1 = 7 kg, about 2.2
times larger than the previous analysis. This corresponds to 93% of the volume included in the six
zones.

3. EVENT SELECTION

Candidate v, and v, charged-current (CC) interactions are selected using reconstructed charged-
particle tracks that form a neutral vertex in the FASERv detector. In a CC interaction, a high-
energy charged lepton and other hadron particles associated with the vertex are back-to-back in
the transverse plane.

The event selection follows the same strategy as described in Ref. [I]. The selection is based
on reconstructed tracks obtained after multiple steps of alignment and track reconstruction [4].
Vertex reconstruction is performed using tracks passing through at least three plates, selecting
converging patterns with an impact parameter below 5 pm and more than four tracks. Tracks
must originate within three films downstream of the vertex, and more than three tracks with
tanf < 0.1 are required to suppress the neutral-hadron interaction background, where 6 is the
polar angle measured from the beam direction. The beam direction is defined by the angular peak
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FIG. 1. Left: Definition of zones. The films are divided into eight zones for scanning. To determine the
orientation of the films, a small triangular section (~5 mm) is cut at the top-right corner of each film during
production. Right: Division of a scanning zone into 63 overlapping areas, each with 1.7 cm x 1.7 cm size.
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FIG. 2. A schematic illustration of the FASERv emulsion detector.

of background muons measured around each vertex position. A follow-down process for tracks
(track follow-down, TFD) [4] is applied to the data sample, extending to 100 plates downstream
of each vertex. A reconnection algorithm and an in-track kink search tool are applied to all
reconstructed tracks in the TFD volumes.

Candidate v, CC interactions are identified by requiring an associated EM shower with energy
above 200 GeV and tanf > 0.005 to suppress background. Electrons are identified by detecting
showering track segments in the emulsion films by opening a cylindrical volume around the can-
didate track. The EM shower must start within two films downstream of the vertex and have
A¢ > 7/2 relative to other vertex-associated tracks, where ¢ is the azimuthal angle in the x-y
plane.

Candidate v, CC interactions require at least one muon track, defined as a particle penetrat-
ing over 100 tungsten plates without significant secondary interactions. The muon must have
momentum above 200 GeV and tané > 0.005. The track must also satisfy A¢ > 7/2.

The selection efficiencies lie approximately between 20 - 40% in the 500 GeV — 2500 GeV range
for all flavours. The expected background for v, is O.leg:gg events, and 1.17f8:% events for v,.
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FIG. 3. Fiducial cut (vertex position cut), defined by the averaged efficiency at 0.8. The blue star represents
the LoS.

The selection efficiencies and the estimation of backgrounds are further summarised in the previous
paper [1].

4. NEUTRINO ENERGY RECONSTRUCTION

Muon neutrino energy is reconstructed from interaction daughter track properties by applying
Boosted Decision Trees with gradient boosting (BDTG) to perform a Multivariate Regression
Analysis, implemented with the ROOT TMVA package [7]. For each event in the training sample,
the true neutrino energy EY™" is the regression target variable, and the input variables are the
daughter muon momentum P, the inverse of the daughter muon angle tangent 1/tan#,,, and the
sum of charged hadron momenta > P.j paq.- The resolution of P, is between 20 - 30% below 1 TeV,
and 30 - 40% above 1 TeV [5]. Charged hadrons also undergo MCS, and therefore the same tool
for momentum measurement is applied. The resolution of 6,, is 0.067 mrad [4].

The training sample is produced by simulating neutrino interactions within a central region
of the FASERv detector to ensure event containment, following a 1/E? incident flux distribution
up to 15 TeV, resulting in an approximately flat dN/dlog E distribution of interacting neutrinos
across the full energy range of interest.

For each event, the primary daughter tracks are selected from all reconstructed tracks by en-
suring that: the first segment of the track lies within 5 plates after the truth neutrino vertex; track
momentum is larger than 1 GeV and track tanf is less than 0.5; track has at least 10 segments
(number of films with hits in a reconstructed track). After selecting the primary daughter tracks,
the events for the training samples are selected by requiring CC events of the correct neutrino
flavour, and that the event has at least 1 corresponding daughter lepton track and 1 charged
hadron track, both passing the track selections.

Due to shorter tracks lengths of charged hadrons, predominantly due to secondary interactions,
> Pep had. has a tendency to underestimate the actual hadronic energy. To correct for this in the
training sample, events are selected to only contain tracks which have a reconstructed momentum



of at least 40% of their true momentum. This emulates the effect of the vertexing, reconnection
and kink search procedures that are applied to the simulation sample following the neutrino flux
prediction and to the data, which greatly reduces the number of incorrectly measured charged
hadron momenta. However, statistics in the high energy range are reduced, due to a larger charged
track multiplicity and therefore an increase in tracks that may fail the selection. An additional
1/ V' E weighting during training to increase the relative importance of high energy events is added,
as it was shown to improve reconstruction performance.

The final training weights for v, + 7, events were produced using the combined v, and v,
training samples after applying the event filtering outlined above.

The performance of the energy reconstruction is first evaluated using the testing sample without
applying the event selection for neutrinos. The simulation samples are produced as described in
Ref. [1I]. Fig. 4 shows the correlation of the truth and reconstructed energy. Fig. [5[shows AE/E),
defined as (E'°© — ETue)/Ee a5 a function of reconstructed energy, in the range 200 GeV -
3 TeV. A good linearity is observed, with the mean of AE/E offset by less than 10% and a
resolution in the range of 30 - 40%.

The final performance and the migration between truth and reconstructed neutrino energy are
then evaluated using the simulated sample passing the event selection for neutrinos. Fig. [6] shows
the correlation of the truth and reconstructed energy, and the subsequent migration matrix of
dimensions 3 x 2.

Sources of systematic uncertainties associated with the input variables are considered in the
energy reconstruction. They are evaluated by varying each measured quantity by the systematic
uncertainty value (i.e. z — = 4+ ox) and applying the TMVA weights to obtain modified migration
matrices. The uncertainty contribution from each variable to the neutrino energy reconstruction
is found as the difference between the nominal migration matrix and the alternate matrices. The
systematic uncertainty of the muon momentum measurement tool from tungsten thickness is es-
timated to be £4.5% in Ref. [5]. The uncertainty on the momentum measurement of charged
hadron tracks is therefore taken to be the same. Tracks lying in the overflow bin at 7 TeV are not
scaled and remain at their overflow value. The sum of charged hadron momenta is then found by
summing the scaled track momenta. The resolution of track angle is calculated by summing the
resolution of track 6, 0.046 mrad, and 6,, 0.049 mrad, [4] in quadrature, giving 0.067 mrad. The
muon angle is scaled by this value, and the inverse of the tangent was calculated. Each source of
uncertainty gives less than a 2% shift in the migration matrix.

5. CROSS SECTION MEASUREMENT

We calculate the neutrino cross section directly from the reconstructed neutrino distribution
using a Markov chain Monte Carlo (MCMC) method, as performed for the first FASERy mea-
surement [I]. This is implemented using the emcee package [8]. The cross section is measured
dependent on energy for v, + v, after neutrino energy reconstruction is applied. For the v, + 7,
cross section, it is measured in a single bin without neutrino energy reconstruction.

The expected number of interacting neutrinos is calculated as a function of true differential
cross section, o;/F;, assumed constant per energy bin E;:

ntreth (o, B = L2 78 / / E) Eii(E;, 7)dTdE; (1)

where L is the integrated luminosity, 2 is the target density normalised by the nucleon mass
(1.16 - 10% cm™3), ¢;(E;) is the detection efficiency, and [ ¢;(E;, Z)dZ is the predicted incident
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FIG. 6. (a) The correlation of the truth and reconstructed energy using the test sample after applying event
selections. (b) The migration matrix for the sample after applying event selections.

neutrino flux integrated over area (cm?). All terms other than o;/F; are calculated using flux

estimates and efficiency.

For muon neutrino events, the expected number of observed events in reconstructed energy bins
E; can be calculated by applying the migration matrix M from the neutrino energy reconstruction
tool described in Sec. 4| (Fig. |§|(b)) to niruth(g;/E;), and adding background terms nzkg:
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where ¢ sums over true energy bins F;, and b sums over sources of background.

For electron neutrino events, no energy reconstruction is performed and no migration matrix
is applied. This is due to limited statistics for a multi-binned analysis. The expected number of
observed events in a single energy bin F; is therefore:

n;e,TECO(Gj/Ej) _ I/e7truth j/E + ankg ) (3)

The likelihood is defined as

£ =[P | nje(o;/Ey) - [ [ G6rs) ; (4)

J k

where P(N° | n7°“(0;/Ej;)) is the Poisson probability of observing N;®¢ events given the
expectation of n;“ events in bin Ej, and G(0y ;) denotes the Gaussian priors of the nuisance
parameters 0y, per source of uncertainty k.

Uncertainties on the migration matrix are considered by converting M;; — M;; + Z GmaMJ“
where OM;;,m terms are matrices of the absolute differences between the nominal migration matrix
and the matrices produced by scaling the systematic uncertainties on reconstructed energy by +1o.
The uncertainties are assumed to be fully correlated between energy bins, and a single nuisance
parameter is used for each source.

All other uncertainties are considered by converting:

n§TUth(JZ‘/EZ') N n§TUth(JZ‘/EZ') . H(l + epagorr.) . H(l + 9q Zo_uncorr) : (5)

p q,i

where [, ;(1+60;0,7°"") is the product of uncorrelated uncertainties ¢, and [[,(1 4 6o,”™) is
the product of correlated uncertainties p.

The MCMC iterates over 53000 steps, rejecting the first 3000 for initialisation, and provides
the probability distribution function (PDF) for each cross section measured. The measured value
for each cross section is taken as the mean of the PDF, and the associated uncertainties are taken
as the 16th and 84th percentiles of the PDF.

6. RESULTS

The number of observed v, CC and v, CC candidate events are summarised in Table Example
event displays of v, and v, candidates are shown in Fig. m As expected, both events exhibit a back-
to-back topology between the lepton candidate and the other tracks in the vertex. The positions
of the selected vertices in the transverse and longitudinal planes are shown in Fig.

Seven events are selected by the v, selection on data. The properties of the selected vertices
are compared with the expectations from v, CC simulation (Fig. E[) The simulation samples are
described in Ref. [I]. It is based on GENIE, and the flux predictions described in Ref. [9] are used.
Two additional candidates were found in the sample from the added target mass.



TABLE 1. Summary of the selected events, including the candidate events reported in Ref. [I]. The flux
predictions described in Ref. [9] are used.

Ve CC l/l,, CC
Expected signal 7.7t§;§ 40.():1)%7'5
Expected background — 0.13705% 1.1715%2
Observed events 7 33

In total 33 events are selected by the v, selection on data. The properties of these selected
vertices are compared with the expectation from v, CC simulation (Fig. . An additional 13
candidates were found in the sample from the added target mass.

More details about the properties of the individual tracks forming the vertices can be found
n [I0]. In general, the simulation describes the data well for both the v, and v, selections. The
expected number of neutrino signal events satisfying the selections are in the range 5.2-14.0 for v,
CC and 30.3-54.5 for v, CC, where the range covers the uncertainties reported in Ref. [I]. Flux
and selection efficiency uncertainties dominate. The observed number of interactions is consistent
with Standard Model predictions.

The energy of the muon neutrino candidates is reconstructed using the method described in
Sec. 4] and the events are binned following the migration matrix in Fig. @(b) In the reconstructed
energy range of 200 GeV — 1000 GeV, 19 events were observed, and 14 events were observed with
a reconstructed energy > 1000 GeV. Table [2] and Fig. show the binned number of observed
neutrinos compared to the expected true and the expected observed (reconstructed + background)
number of neutrinos from flux and efficiency estimates. Fig. shows, in finer bins, the observed
neutrino events compared to the expected number of events from MC scaled to luminosity and
target mass. The highest reconstructed muon neutrino energy from the selected v, CC candidates
is 2.95 TeV, with P, = 1.58 TeV.

The energy dependent cross section is calculated in two bins following the method described
in Sec. The measured cross section is calculated as 0.32f8:%g x10738 cm? GeV~! (stat.) and
0.32f8:i %1073 cm? GeV~! (stat. 4 syst.) in the neutrino energy range 200 GeV — 1000 GeV,
and 0.557032 x1073% ecm? GeV ™! (stat.) and 0.55703% x1073% cm? GeV ™! (stat. + syst.) for
neutrinos with energy > 1000 GeV. The measured cross section is shown in Fig. along with
the predicted theoretical cross section and previous experimental results [I1H33]. The lower bin
centre is calculated as the log centre of the range, 447 GeV. The upper bin centre is defined as
the mean of the reconstructed neutrino distribution, using baseline models, that fall in the range,
1483 GeV. The upper bin edge is defined as as the 95th percentile of the distribution, 3129 GeV.
The statistical uncertainty dominates. Among the systematic uncertainties, the leading sources
(depending on the bin) are the selection efficiency uncertainty due to the hadronisation in neutrino
interactions in simulation (15 - 29%), and the selection efficiency uncertainty from reconstruction
(20%), followed by the flux uncertainty on light hadron production (10 - 22%).

The electron neutrino cross section is measured in a single bin without energy reconstruc-
tion, following the method described in Sec. The measured cross section is calculated as
0.43%017 x1073% cm? GeV™! (stat.) and 0.437032 x1073% cm? GeV~! (stat. + syst.) The
measured cross section is shown in Fig. along with the predicted theoretical cross section and
previous experimental results [34],[35]. The energy range displayed is defined to contain the central
68% of reconstructed neutrinos using baseline models, which is 553 GeV — 1670 GeV, with the
central point marking the 50th percentile of the distribution, corresponding to 950 GeV. The sta-



tistical uncertainty dominates. Among the systematic uncertainties, the leading source is the flux
uncertainty on charm hadron production (65%), followed by the the selection efficiency uncertainty
due to the hadronisation in neutrino interactions in simulation (22%).

FASER

Preliminary 'l"relimlnary

FASER LASEd

Preliminary P’reliminary

—~ 7
1000 pm T 500 pm J//,

FIG. 7. Event displays of one of the v, CC candidate events (top) and one of the v, CC candidate events
(bottom) detected in the newly analysed volume. 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 left panels are slightly rotated views to show the longitudinal development
of the event. The right panels show views transverse to the beam direction, and so the blue axes are not
visible. Yellow line segments show the trajectories of charged particles in the emulsion films. The other
coloured lines are interpolations, with the colours indicating the longitudinal depth in the detector. The v,
CC candidate event has an electron energy of 465 GeV. The v, CC candidate event has a reconstructed
neutrino energy of 767 GeV, with P, = 539 GeV, > Pej heda. = 189 GeV, and tan 6, of 0.023.

TABLE 2. The expected number of observed muon neutrino events in each bin for truth MC and recon-
structed MC with background (flux predictions described in Ref. [9] and efficiencies from Ref. [I] are used),
and the observed number of muon neutrino events in data.

Reconstructed E, bin (GeV)  10—200 200 — 1000 > 1000

truth +0.00 +8.4 +7.0
nir 0.00t9:00 923+84 179470
— truth bk +0.01 +9.0 +5.8
nreeo = (M x niiehy +nbhe 0.025090 258739 155755
0 19 14

obs
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displayed is defined to contain the central 68% of reconstructed neutrinos using baseline models, which is
553 GeV — 1670 GeV, with the central point marking the 50th percentile of the distribution, corresponding
to 950 GeV.

7. CONCLUSIONS

Updated results of the high-energy electron and muon neutrino interactions in the FASERv
tungsten/emulsion detector of the FASER experiment have been presented. Seven electron-
neutrino interaction candidate events and thirty three muon-neutrino interaction candidate events
are observed in 9.5 fb~! of data with a target mass of 681.1 kg.

The muon neutrino energy is reconstructed, and the energy dependent cross section is mea-
sured in two bins to be 0.32+8:}§ %1073 ¢cm? GeV~! in the range 200 GeV — 1000 GeV and

0.55703% x10738 cm? GeV~! above 1000 GeV. The electron neutrino cross section is measured in
a single bin, without energy reconstruction, to be 0.43f8:§§ %1073 cm? GeV ™1 .

The muon and electron neutrino cross section measurements are consistent with previous FASER
results within experimental uncertainties, both for analyses using the electronic detector (v,) [36]
and emulsion detector (v, v.) [1].

This analysis represents progress toward an extensive physics program focused on neutrino
studies, offering valuable understanding not only of neutrino and electroweak physics, but also
of quantum chromodynamics through the investigation of forward hadron production and deep

inelastic scattering involving high-energy neutrinos.



Appendix A: Cross section plots in linear scale
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The plots in this section, Fig. [15] and Fig. are identical to Fig. [13] and Fig. respectively,
but plotted with a linear y-axis scale.
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FIG. 15. Same as Fig. with a linear y-axis scale.
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FIG. 16. Same as Fig. with a linear y-axis scale.
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