PHYSICAL REVIEW LETTERS 131, 031801 (2023)

First Direct Observation of Collider Neutrinos with FASER at the LHC
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We report the first direct observation of neutrino interactions at a particle collider experiment. Neutrino
candidate events are identified in a 13.6 TeV center-of-mass energy pp collision dataset of 35.4 fb~! using
the active electronic components of the FASER detector at the Large Hadron Collider. The candidates are
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required to have a track propagating through the entire length of the FASER detector and be consistent with

a muon neutrino charged-current interaction. We infer 15377 neutrino interactions with a significance of
16 standard deviations above the background-only hypothesis. These events are consistent with the

characteristics expected from neutrino interactions in terms of secondary particle production and spatial

distribution, and they imply the observation of both neutrinos and anti-neutrinos with an incident neutrino

energy of significantly above 200 GeV.

DOI: 10.1103/PhysRevLett.131.031801

Introduction.—Since their discovery at a nuclear reactor
in 1956 [1], neutrinos have been detected from a variety of
sources: fixed target experiments [2], cosmic ray inter-
actions in the atmosphere [3-5], the Sun [6,7], the Earth
[8], supernovae [9,10], and astrophysical bodies outside our
galaxy [11]. With each new source has come new insights,
with important implications for many fields, from particle
physics to geophysics to astrophysics and cosmology.

Until now, however, no neutrino produced at a particle
collider has ever been directly detected. Colliders copiously
produce both neutrinos and antineutrinos of all flavors, and
they do so in a range of very high energies where neutrino
interactions have not yet been observed. Nevertheless,
collider neutrinos have escaped detection, because they
interact extremely weakly, and the highest energy neutri-
nos, which have the largest probability of interacting, are
dominantly produced in the forward region, parallel to the
beamline [12-18], where collider detectors typically
have uninstrumented regions to allow the entry and exit
of the colliding particle beams. In 2021, the FASER
Collaboration identified the first collider neutrino candi-
dates [19] using a 29 kg pilot detector, highlighting the
potential of discovering collider neutrinos in the forward
region of the Large Hadron Collider (LHC) collisions.
In addition to FASER, the SND@LHC experiment is
expected to observe and study neutrinos produced in the
LHC collisions [20-22] and recently reported preliminary
findings [23]. The observation of collider neutrino inter-
actions will have wide ranging implications for the study of
neutrino properties, QCD, astroparticle physics, and
searches for physics beyond the standard model [24].

This Letter reports the first direct observation of neu-
trinos produced at a particle collider by analyzing 35.4 fb~!
of proton-proton (p p) collision data from run 3 of the LHC
at a center-of-mass energy of 13.6 TeV. Neutrinos of all
flavors are produced in the decays of light and heavy
hadrons as a high-intensity beam along the collision axis. In
this Letter we focus on the charged-current (CC) inter-
actions of v, and 7,,; in the following, charge conjugation
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and natural units are implied throughout. The chosen
analysis strategy is designed to be independent of the
simulation of the detector response and therefore does not
measure the neutrino interaction cross section, but rather
the significance of the observed number of neutrino
candidate events over the non-neutrino background. In
addition to being the first collider neutrinos ever observed,
the neutrinos detected here are expected to be the most
energetic ever detected from a human source, with energies
in the unexplored range 360 GeV—6.3 TeV between fixed
target measurements [25] and astroparticle data [26].

The FASER detector.—FASER [17,27-29], the ForwArd
Search ExpeRiment, is an apparatus dedicated to searching
for light, extremely weakly interacting particles and study-
ing neutrinos. A detailed description can be found in
Ref. [27]. The experiment is located in the TI12 tunnel,
which connects the Super Proton Synchrotron (SPS) and
LHC tunnels, approximately 480 m downstream of the
ATLAS interaction point (IP) and aligned with the collision
axis line of sight (LOS). Charged particles produced in the
forward direction at the ATLAS IP are deflected by
LHC magnets, and FASER is also shielded from the
ATLAS IP by about 100 m of rock and concrete. FASER’s
location therefore ensures that a high-intensity beam of
neutrinos traverses the detector, while backgrounds are
highly suppressed.

The FASER detector is partially immersed in a magnetic
field and consists of a passive tungsten-emulsion neutrino
detector (FASERv), two scintillator-based veto systems,
additional scintillators for triggering, a tracking spectrom-
eter, a preshower scintillator station, and an electromag-
netic calorimeter. For the current analysis, the most
important components are the veto systems, the tracking
spectrometer, and the tungsten target of the FASERv
detector. A schematic of the FASER detector is depicted
in Fig. 1. The trigger and data acquisition system of FASER
was designed to achieve high efficiency and reliability [30].
Neutrino candidate events are triggered by scintillator
signals that exceed a preset threshold below that of a
single minimum-ionizing particle (MIP), resulting in a
typical trigger rate of 0.5-1.3 kHz.

FASERv consists of 730 layers of 1.1 mm-thick tungsten
plates interleaved with emulsion films. With a width of
25 cm and a height of 30 cm, it has a total mass of 1.1
metric tons. Although the emulsion films provide excellent
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position and angular resolution to identify CC neutrino
interactions, they are not used as the extraction,
scanning and analysis is time intensive. Instead, the
FASERv detector is used as a target for CC neutrino
interactions, and we rely on the active electronic detector
components of FASER to identify suitable muon neutrino
candidates [31].

The FASER scintillator stations are instrumental to
identify suitable neutrino candidates and veto charged
particles originating from the interaction point or from
secondary interactions. The first veto system (FASERv
scintillator station) is located in front of the FASERv
emulsion detector. It is constructed from two modules of
30 cm x 35 cm, 2 cm-thick plastic scintillators, which are
read out with photomultiplier tubes (PMTs). The second
veto system (veto scintillator station) is located after the
FASERv emulsion detector and in front of the first magnet.
It is built from three planes of the same plastic scintillators,
arranged with a 10 cm-thick lead block placed between the
first and second planes. The lead acts as an additional target
for neutrino interactions and to absorb or convert high-
energy photons from muon bremsstrahlung.

The tracking system consists of the interface tracking
station (IFT) and the three tracking spectrometer
stations [32]. Each tracking station is composed of three
planes with eight ATLAS semiconductor tracker (SCT)
barrel modules [33] per plane, arranged as two columns of
four modules. Each SCT module consists of a double-layer
of single-sided silicon microstrips with a 40 mrad stereo
angle and an 80 pum strip pitch. To identify muons from CC
interactions, only the tracking spectrometer stations are
used, whereas the IFT’s location after the tungsten-
emulsion detector makes it ideal to study remnants and
secondary particles of CC deep inelastic scattering neutrino
interactions. A muon candidate traversing the full length of
the spectrometer produces 18 silicon hits. Adjacent silicon
hits in the tracking stations are combined into clusters.
Between the three tracking spectrometer stations are two
1 m-long dipole magnets with magnetic field of 0.57 T,
with a similar 1.5 m-long magnet in front of the spectrom-
eter. The magnets have an aperture of 200 mm diameter,
which defines the active transverse area of the detector, and
bend charged particles in the vertical plane. In addition,
signals from the timing scintillator station, located between
the first and second magnet and in front of the first tracking
station of the spectrometer, are used. The scintillator

— I Calorimeter
Magnets & decay volume

Schematic side view of the FASER detector with a muon neutrino undergoing a CC interaction in the emulsion-tungsten target.

stations in combination with the tracking system are
capable of reliably identifying incoming charged particles
passing through the full length of FASER with inefficien-
cies smaller than 1077, depending on the momentum and
other requirements in the selection.

Dataset and simulated samples.—For this analysis we
use data from runs with stable beam conditions collected
between July and November 2022, corresponding to a total
luminosity of (35.4 +0.8) fb=! [34,35] after data quality
selection. A detailed description of the analysis is follow-
ing; additional details are contained in Appendices A-E.

To study the detector response to neutrino interactions, we
simulate 4.3 x 10* neutrino events corresponding to
an integrated luminosity of approximately 600 fb~!. The
interaction with the tungsten-emulsion detector is simulated
using the GENIE event generator [36,37]. The neutrino
energy spectra and relative flavor composition are based
on Ref. [38]. To estimate the number of expected neutrino
events, we adjust several of the assumptions of Ref. [38]: we
correct the center-of-mass energy, beam crossing angle, and
LOS alignment, and we use the average of the neutrino flux
from the predicted light and heavy hadron production of
DPMJET [39,40] and SIBYLL [41]. The difference between
the two individual predictions and the average is 27% and is
assigned as an uncertainty. All interactions of particles
traversing the FASER detector are simulated using
GEANT4 [42].

The main background to neutrino signatures originates
from high-momentum muons. We use the energy and
angular spectrum predicted by the FLUKA generator
[43,44], which includes a detailed description of the
LHC machine elements and infrastructure, to simulate a
sample of 2 x 10® muons for background studies. Two
additional sources of backgrounds are relevant: neutral
hadrons produced by muon interactions in the concrete in
front of the FASER detector and geometric backgrounds
from charged particles missing the FASERv scintillator.

We use simulated samples to study the neutral hadron
backgrounds. The contamination from geometric back-
ground events is studied using sidebands and extrapolated
into the signal region using simulations. The backgrounds
from cosmic rays and LHC beam background have been
studied using events occurring when there are no collisions,
and are found to be negligible.

Selection and background rejection.—We focus on

identifying v, and 0, CC interactions produced in the
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tungsten-emulsion detector. Such interactions will produce
a high-momentum g that can be reconstructed in the three
stations of the FASER tracking spectrometer. In addition,
we expect increased activity in the veto and timing
scintillator stations and in the IFT tracking station from
secondary particles produced in the CC interaction. To
avoid unconscious bias, a blind analysis was carried out
where the event selection, background estimations, and
systematic uncertainties were fixed prior to looking at data
in the signal-enhanced region.

We select events triggered by any of the scintillators
downstream of FASERwv. To discard signals from beam
backgrounds and cosmic muons, we further require a
timing stamp consistent with a colliding bunch crossing
identifier. We use the FASERv scintillator to identify
backgrounds from muons or other charged particles enter-
ing the FASER detector and reject events that deposit a
charge of more than 40 pC in the PMTs. Such a charge
deposition would be consistent with the presence of one or
several MIPs. We only look for CC interactions that
produce a muon that traverses the entire length of the
FASER detector. The signals in the scintillators down-
stream of the lead wall in the veto system, and in the
calorimeter, are therefore required to be compatible with
those of a MIP. With the three tracker stations we
reconstruct events with exactly one track and require more
than 11 silicon hits in the tracking stations. The recon-
structed tracks are required to have a reasonable track fit
quality, and we require the reconstructed track momentum
to fulfill p, > 100 GeV. To reject charged particles, whose
trajectory geometrically missed the FASERv scintillator
station, we extrapolate the reconstructed track from the
spectrometer back to the IFT and FASERwv scintillator.
The track’s extrapolation to the IFT must lie within 95 mm
of the detector’s central axis, and its extrapolation
to the FASERv scintillator must be at a distance of
Tvetoy < 120 mm from the FASERv scintillator center.

Neutral hadron and geometric backgrounds.—To esti-
mate the number of neutral hadrons that reach FASER, we
simulate 2.1 x 10° u events based on the FLUKA energy
spectrum, and use GEANT4 to propagate through the last
8 m of rock in front of FASER. From this sample we
determine the number of neutral hadrons with a momentum
larger than 100 GeV that reach the detector. The selection
efficiency is evaluated with an additional sample of neutral
kaons and neutrons with momenta larger than 100 GeV in
front of the FASERv emulsion detector. Most simulated
hadrons are absorbed in the tungsten or do not produce a
charged track with sufficient momentum to pass the signal
selection and only a small fraction of the simulated hadrons
pass all selection steps. From this we estimate the total
neutral hadron background to be ny,q = 0.11 £ 0.06, with
the uncertainty denoting the statistical error. Further sim-
ulation studies show that in most cases the parent muon

enters the detector along with the neutral hadron. Such
events would be rejected by the FASERv veto scintillator.
The estimate assumes that all neutral hadron events are not
already vetoed by the accompanying muon, and is therefore
a conservative estimate of this background contribution.

To estimate the geometric background contribution, we
count the number of background events n,., using a
sideband and apply a scaling to the signal region of f o,
which is extracted from simulated samples. The sideband
is defined to enhance the contribution of muons that miss
the FASERwv scintillator station, but may be able to
produce a track in the spectrometer, which passes the
selection by scattering in the tungsten and/or bending in
the magnetic field. We modify the event selection out-
lined above: we require at most 8 IFT clusters, an
extrapolated radius rppr of 90 to 95 mm with respect to
the IFT center, and apply no selection on r,,. None of
the selected sideband events have a momentum larger
than 100 GeV. We thus extrapolate to the signal region
by using a linear fit to the momentum distribution. We
correct this estimate to account for the r,.,, selection by
using the ratio of events with a radius smaller than
120 mm over all sideband events in the fitted range. As
we observe no events with 7., < 120 mm in the fitted
range, we use the 3¢ upper limit of the expectation value
of a Poisson process for an observation of zero events of
5.9. With this we find ny, = 0.01 £0.23 background
events in the sideband, with the uncertainty denoting the
statistical error. We extract a scaling factor between this
sideband and the signal region from simulations, probing
different momenta, angles, and position ranges, and use
the resulting deviation from the nominal simulation
scenario as an uncertainty. This results in a scaling
factor of fg, =7.9+2.4 and a total geometric back-
ground estimate of 0.08 + 1.83 events.

Results.—Figure 2 shows the selected events, as well as
the background-enriched regions with lower momentum or
Tyeto » > 120 mm. In total we observe 153 events passing
all selection steps. Using GENIE we study the composition
of neutrino events passing this selection and find that 99%
originate from muon neutrino CC interactions.

We group the selected events into four categories to
estimate the number of neutrino (n,) and background
events (n;). The categorization is determined by whether
the events pass or fail the FASERv veto scintillator
selection criteria. This allows us to determine in a
simulation-independent way the inefficiencies of the two
layers of the FASERv veto scintillator (p;, p,) under the
assumption that they are uncorrelated.

Besides the signal category, we select:
nio: Events for which the first layer of the FASERv
scintillator produces a charge of >40 pC in the PMT,
but no signal with sufficient charge is seen in the sec-
ond layer.
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FIG. 2. The selected signal region in extrapolated radius 7y,
and reconstructed track momentum p,, is depicted. The region
with lower momenta and larger radii is dominated by background
events consisting of charged particles that miss the FASERv
scintillator station.

ng;: Analogous events for which more than 40 pC in the
PMT was observed in the second layer, but not in the
first layer.
n,: Events for which both layers observe more than 40 pC
of charge.

Table I lists the observed event yields and their relation to
the expected number of neutrino and background events
and the FASERv veto scintillator inefficiencies.

We analyze the observed number of events using a
binned extended maximum likelihood fit, implemented
using the iminuit package [45]. We introduce nuisance
parameters to constrain the estimated background events to
their expectations using Gaussian priors. The likelihood is
numerically maximized, and we use a discovery test
statistic [46] to determine the significance of the observed
signal over the background-only hypothesis. We find

n, = 15373 (stat) 3 (bkg) = 1537/2(tot)

TABLE 1. Observed event yields in 35.4 fb~! of collision data
and their relation to neutrino and background events.

Category Events Expectation

Signal 153 n, +np - P 'p2+nhad+ngeo 'fgeo
1o 4 ny-(1=pi)-pa
no1 6 ny-pi-(1=pa)
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FIG. 3. Extrapolated transverse position of the reconstructed
tracks of neutrinolike events to the FASERv scintillator station.
The ATLAS LOS is indicated with a red marker and shifted
59 mm in the negative y direction from the center of the
scintillator station.

with a significance of 16 standard deviations over
the background-only hypothesis and based on the asymp-
totic distribution of the test statistic. The excess is com-
patible with the expected number of neutrino events
ny® = 151 + 41, but note that its error does not include
any systematic uncertainties from simulating the detector
response and selection. The determined inefficiencies of the
two FASERv scintillators are p; = (673) x 10~® and
Py = (9f§‘ ) x 1078, showing values close to the expected
performance [27].

We expect that the identified neutrino candidates are
distributed around the ATLAS LOS and do not cluster at a
specific point of origin. We test this by using the extrapo-
lated position to the FASERv scintillator station from the
reconstructed tracks of the neutrinolike events in the signal
category. Figure 3 shows the extrapolated positions and we
observe the expected behavior.

Figure 4 summarizes additional properties of the signal
category events. The CC neutrino interactions produce on
average a larger number of particles than MIP interactions,
which appear in the IFT as charge depositions. The number
of IFT clusters of the signal category is very distinct from
backgroundlike (n,) events and agrees well with the
expectation from GENIE. We also examine the polar angles
60, of the neutrino candidates and observe distributions
close to the simulated neutrino events and distinctively
different from muon backgrounds. We observe a clear
charge separation in ¢/ p,, for the reconstructed tracks, with
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FIG. 4. The figures depict the number of reconstructed clusters in the IFT, track polar angle 6,, ¢/p,, and the reconstructed
momentum p, for events in the signal region (black markers) and compare them to the expectation from GENIE (blue) and muon-like
events (gray markers). The muonlike events are from the n, category, for which both layers of the FASERv scintillator observed a signal,
and show the expected distributions for non-neutrino backgrounds. The blue bands correspond to the statistical error of the simulated
samples and are luminosity scaled for ¢/p, and p,. The other figures are normalized to unity.

q denoting the assigned track charge. In total 40 events with
a positively charged track candidate are observed, showing
the presence of antineutrinos in the analyzed dataset. The
reconstructed momentum of the muon produced in a CC v,
interaction is a good proxy for the incident neutrino energy.
Using the simulated CC neutrino interactions, we estimate
that with our analysis strategy we select neutrino events for
which on average > 80% of the incident neutrino momen-
tum is transferred to the final state muon. This indicates that
a large fraction of the reconstructed neutrino candidates
have energies significantly larger than 200 GeV. A detailed
study of these properties, which accounts for systematic
effects, is left for future work.

Summary.—We report the first direct detection of neu-
trinos produced at a collider experiment using the active
electronic components of the FASER detector. We observe
15377 neutrino events from CC interactions from v, and b,
taking place in the tungsten-emulsion detector of FASERw.
The spatial distribution and properties of the observed
signal events are consistent with neutrino interactions, and
the chosen analysis strategy does not depend on the quality
of the modeling of detector effects in the simulation. For the
signal events, the reconstructed charge shows the presence
of antineutrinos, and the reconstructed momentum implies
that neutrino candidates have energies significantly above
200 GeV. This result marks the beginning of the field of
collider neutrino physics, opening up a wealth of new
measurements with broad implications across many phys-
ics domains [24].
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Appendix A: Geometric sideband.—Figure 5 depicts
the sideband used to estimate the geometric backgrounds
of the analysis. Background events are required to be
consistent with a muon candidate by having <8 IFT
clusters and an extrapolated radius rpr of 90 to 95 mm
with respect to the IFT center. This selection is
dominated by geometric background events that do not
pass the signal selection steps of the analysis. No events
with p, > 100 GeV are observed. To estimate the
number of events within this momentum range, we
linearly extrapolate the events between 30 and 100 GeV
and find 0.2 £4.1 events, with the error denoting the
statistical error. To account for the r,.,, requirement of
the signal selection, we further apply a requirement of
Tyetoy < 120 mm  to the sideband events (orange
distribution). No events with p, > 30 GeV are observed.
We thus use 5.9 as the 36 upper limit and use this to
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FIG. 5. Sideband for geometric background estimation.

calculate the ratio with respect to the number of events
without any r,, selection, to correct the sideband
background events for the r.y,, requirement. With this
factor we find ng, = 0.01 & 0.23 geometric background
events. To account for the fact that this number
corresponds to an annulus, the correction factor
Soeo = 7.9 £ 2.4, determined from simulation, is applied.
It is obtained from simulation with the uncertainty
spanning  different assumptions about the angle,
momenta, and positions of the geometric background
events.

Appendix B: Event display.—Figure 6 shows an event
display of an example neutrino candidate event. The event
has a momentum of p, = 843.9 GeV, negative charge,
0, =25 mrad, ryo, =57.2 mm, rEr=>55.8 mm and
produced 57 clusters in the IFT.

Appendix C: Likelihood fit—The used likelihood has
the form

(C1)

L= HP(Ni|ni> : ng-

LHC Fill 8315, Event 47032829,
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AdSer
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FIG. 7. The log-likelihood ratio of the estimated number of
neutrinos is shown in blue. The dashed orange contour fixes the
parameters of G; to determine the statistical uncertainty of the
neutrino signal yield.

Here P denotes a Poissonian with the index i running
over the four event categories with observed event
counts N; and expectation values n;. We introduce
nuisance parameters to constrain the estimated number
of background events to their expectations using three
Gaussian priors G;. The used test statistic has the form

—2InA(n, =0
qo—{ ( )

n,
0 i,

A IV

0
. (@

and the significance of the observed signal 71, over the
background-only hypothesis is given by /g, in the
asymptotic  limit. Further A(n, =0):= L(n,)/L(7,)
denotes the ratio of the likelihood maximized with the
condition of no signal, n, =0, to the unconditionally
maximized likelihood. The log-likelihood ratio is shown
in Fig. 7.

Appendix D: Momentum resolution.—Data-driven
alignment corrections are applied to the positions and
orientations of the modules of the tracking spectrometer
stations using a sample of reconstructed muons. In the

FIG. 6. Event display of a neutrino interaction candidate in which secondary particles produced in the CC interaction produce activity

in the IFT.
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TABLEII.

The expected numbers of neutrino and anti-neutrino events from SIBYLL (first number) and DPMJET (second number) for

an integrated luminosity of 35.4 tb~! and different energy intervals, along with the sum over all energy intervals, and the average
neutrino energy E,. Results are shown requiring the interactions to be (i) in the FASERv detector volume or (ii) in the target region and

within a radius of 95 mm from the center of the FASER detector.

Volume Type 0 < E, <500 GeV 500 < E, < 1000 GeV E, > 1000 GeV > E, (GeV)
FASERv Uy 359/379 239/273 291/790 890/1442 880/1376
FASERv Uy 116/130 62/85 49/151 227/367 657/1028
r <95 mm vy 147/154 105/118 141/375 394/647 943/1477
r <95 mm U, 48/53 28/37 23/67 99/157 687/1057

case of perfect alignment of the FASER tracking
detectors, we expect a momentum resolution of 2.1% at
100 GeV, 4.7% at 300 GeV, and 16.4% at 1 TeV. The
accuracy of the alignment is validated using a photon
conversion sample for momenta up to 250 GeV.

Appendix E: Expected number of neutrino events.—
The predicted numbers of neutrino and antineutrino
interactions from SIBYLL and DPMJET are listed in
Table II. Results are shown requiring the interactions to
be (i) in the FASERv detector volume or (ii) in the
target region and within a radius of 95 mm from the
center of the FASER detector. Note that no additional
acceptance and efficiency corrections are applied and the
second requirement approximates the fiducial volume
used in the analysis.
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