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Discovering collider neutrinos at FASER with electronic signals only
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The detection of collider neutrinos will provide new insights about neutrino production, propagation,
and interactions at TeV energies, the highest human-made energies ever observed. During run 3 of the LHC,
the FASER experiment is expected to detect roughly 10* collider neutrinos using its emulsion-based
neutrino detector FASERv. In this study, we show that, even without processing the emulsion data, low-
level input provided by the electronic detector components of FASER and FASERv will be able to establish
a 506 discovery of collider neutrinos with as little as 5 fb~' of integrated luminosity. These results

foreshadow the possible early discovery of collider neutrinos in LHC run 3.
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I. INTRODUCTION

Particle colliders produce electron, muon, and tau neu-
trinos and antineutrinos in large numbers. Nevertheless, until
recently, no collider neutrino had been detected. This is not
because neutrinos interact so weakly that they are undetect-
able at colliders. Rather, it is because neutrinos interact
weakly and those with the largest energies and cross sections
are primarily produced along the beam line and so escape
through the blind spots of typical collider detectors. For these
same reasons, however, the detection of collider neutrinos is
of great interest [1-8], since, if they are observed, they will
have the highest human-made energies ever recorded. Their
detection therefore provides a new window into the pro-
duction, propagation, and interaction of neutrinos with
significant implications for new physics, QCD, neutrino
properties, and astroparticle physics [9-25].

In 2021, the FASER Collaboration announced the first
detection of collider neutrino candidates. This result used
data collected by a lead-emulsion and tungsten-emulsion
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pilot detector with a target mass of 11 kg, which collected
data in the far-forward region for just 4 weeks in 2018 during
LHC run 2 [26]. These results fall short of a 5S¢ discovery of
collider neutrinos, but they demonstrate the potential of
dedicated experiments placed in the far-forward direction.

For LHC run 3 from 2022-2025, FASERv [27,28],
a 1.1-ton, tungsten-emulsion detector, has been installed
on the beam collision axis with pseudorapidity coverage
n > 8.4, 480 m to the east of the ATLAS interaction point
(IP). In this location, and shielded from the ATLAS IP by
approximately 100 m of rock and concrete, FASERv is
expected to detect roughly 1000 electron neutrinos, 10 000
muon neutrinos, and tens of tau neutrinos at TeV energies.
SND@LHC [29,30], a detector similar to FASERv, with a
target mass of 800 kg of tungsten, has also been installed at
a symmetric location 480 m to the west of the ATLAS IP.
SND@LHC is slightly off axis, with pseudorapidity cover-
age 7.2 < n < 8.4, where the neutrino flux is lower, but still
very significant, and a large number of neutrinos are also
expected to be detected at SND@LHC. Together, these
emulsion detectors, with their unparalleled spatial resolu-
tion, will be able to distinguish the different neutrino
flavors, providing complementary and incisive probes of
neutrino properties at TeV energies.

In this work, we show that the far-forward collider
neutrino signal is so spectacular that a 5S¢ discovery of
collider neutrinos may be established even without analyz-
ing the emulsion data from FASERr and SND@LHC. In
particular, we will consider the electronic subsystems of the
FASER [31-35] and FASERv [27,28] detectors [36], which
include scintillators, trackers, and a calorimeter. Neutrinos
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may pass through the front scintillators and scatter in the
back of the FASERv detector, producing electromagnetic
and hadronic showers that trigger downstream scintillators
and trackers, and also deposit significant energy in the
calorimeter. We devise cuts to isolate this signal from
the leading (muon-induced) backgrounds and determine
the effectiveness of these cuts through FLUKA simulations
[37-41]. Given the expected rates for the neutrino signal
and standard model (SM) backgrounds, we find that a 5¢
discovery of collider neutrinos is possible, using only the
electronic detector components, with as little as 5 fb~! of
integrated luminosity.

The analysis described here may form the basis of the
approach that will be used to discover collider neutrinos. Of
course, a thorough study by the FASER Collaboration
including a detailed full simulation of the FASER detector
and experimental systematic uncertainties will be needed to
confirm the realism of the proposed approach. Our analysis
uses only rudimentary information from the FASER track-
ers. Further improvements using detailed tracker data to
suppress the background may improve the analysis, and,
of course, the analysis of the emulsion data will provide a
far more incisive view of the neutrino events. However, the
results presented here already further demonstrate the
promise of the far-forward region, and they foreshadow
the possible early discovery of collider neutrinos in LHC
run 3, followed by detailed studies that fully exploit the
information provided by all the detector components.

This paper is organized as follows: In Sec. II, we
describe the FASER and FASERv detectors and the
qualitative features of the neutrino signal and the dominant
muon-induced backgrounds. In Sec. III, we discuss the
fluxes of neutrinos and muons arriving at FASER and their
simulation in FLUKA. We then define the observables that
we will use to distinguish signal from background in
Sec. IV. Finally, we present the results of the analysis in
Sec. V and summarize our conclusions in Sec. VI.

II. SIGNAL AND BACKGROUND
CHARACTERISTICS IN FASER

The large multipurpose detectors at the LHC are opti-
mized for the rare, but spectacular, events containing
particles with large transverse momentum, for example,
from the decay of the Higgs boson. However, the vast
majority of interactions at the LHC are actually soft, with
GeV-scale momentum transfers between the colliding
protons, and produce hadrons with a sizable fraction of
the proton energy along the beam direction. These hadrons
can then decay into neutrinos, and hence create an intense,
strongly collimated beam of high-energy neutrinos along
the beam collision axis. Similarly, these hadrons may also
decay to as-yet-undiscovered light and weakly interacting
particles, which are predicted by various models of new
physics and could play the role of dark matter or be a
mediator to the dark sector.

Although the LHC will eventually curve away, the
neutrino and dark sector particles will continue to propa-
gate straight along the beam collision axis. 480 m down-
stream from the ATLAS IP, the beam collision axis
intersects with the TI12 tunnel, a vestigial remnant of
the Large Electron-Positron Collider era. This location
provides a rare opportunity to access the beam collision
axis and exploit the beam of neutrinos and other light,
weakly interacting particles. Recently, the FASER experi-
ment has been installed in TI12 to take advantage of this
opportunity. The main goals of the experiment are to detect
and study TeV neutrinos at the LHC [27,28] and to search
for light, long-lived particles [5,42-45].

The schematic layout of the FASER experiment is shown
in Fig. 1. The experiment is placed inside a concrete trench
that has been excavated so that the detector can be aligned
with the beam collision axis, as indicated by the dashed
horizontal line. Located at the front is the FASERv neutrino
detector. Its main component is a 1.1-ton, tungsten target
interleaved with emulsion films, which is housed inside an
aluminum box. This is complemented by two electronic
components. On the upstream side is a front veto, consisting
of two scintillator layers to detect incoming charged par-
ticles. On the downstream side, placed right behind the
FASERv box, is the interface tracking station (IFT), which
will be used to interface the emulsion detector with the
electronic detector components of the FASER main detector.

Behind FASERv is the FASER main detector, which is
specifically designed for long-lived particle searches.
Placed at the front, immediately behind the IFT, is a veto
station consisting of a ~13 cm-thick lead shield with two
scintillator layers directly in front of it and two scintillator
layers directly behind it. This is followed by three cylin-
drical magnets, which are constructed in a Halbach design
and provide a constant 0.6 T magnetic dipole field in the
hollow interior. The inside of the first 1.5 m-long magnet
acts as a decay volume, and it is followed by an additional
scintillator layer for timing and triggering. The remaining
two 1.0 m-long magnets and three additional tracking
stations form FASER'’s spectrometer. Located at the down-
stream end is the pre-shower station, consisting of two
additional scintillator layers interleaved with tungsten
plates, and, finally, the electromagnetic calorimeter with
a depth of 25 radiation lengths.

Although the FASER main detector, composed entirely
of electronic components, was optimized for long-lived
particle searches, it is also able to detect neutrinos, as we
will see. The signature of interest arises when a neutrino
passes through the front veto scintillators and then interacts
in the massive components at the front part of the detector,
either the tungsten in FASERUw or the lead shield, producing
an energetic hadronic shower. When this hadronic shower
is produced near the back of the tungsten or in the lead
shield, it is not contained, producing a distinctive signature
of neutrinos in which no charged particles enter the detector
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FIG. 1. Diagrams of the FASER and FASERv detector geometry used for the FLUKA simulations [37—41], rendered using Flair
[46,47]. Top: End views of the detector, showing the cross sectional areas of detector components as viewed from ATLAS looking along
the beam collision axis. Bottom: Side view of the detector. Particles from the ATLAS IP enter from the left. The dotted horizontal line is
the beam collision axis. The hatched regions in front of and below FASER are concrete, the blue regions are the scintillators, the red
regions are tracker stations [the interface tracking station (IFT), followed by three additional tracking stations], the green region is the
electromagnetic calorimeter, the dark gray regions are considered neutrino targets (the tungsten-emulsion detector and the lead shield),

and the remaining light gray regions are FASERv’s aluminum box and the magnets.

and significant activity is recorded in the downstream
electronic components of the detector.

Although such a signal is indeed quite distinctive, there
are nevertheless significant backgrounds that arise from
the large number of energetic muons coming from the
ATLAS IP. However, the different electronic detector
components may also be used to separate the signal from
these backgrounds:

Scintillators: Neutrino interactions produce a large num-
ber of charged particles that activate the downstream
scintillator layers but not the upstream front veto. In
contrast, the vast majority of muons passing through the
detector can be rejected using the front veto, leaving
only a small number of events in which the muons pass
through sides of the detector and barely miss the veto.

Tracker: In addition, the large number of charged
particles produced in neutrino events can be seen in
the tracking stations. Especially promising for this task
is the IFT, which is located right behind the tungsten
target. In contrast, muons typically deposit only a
small amount of energy in tungsten, with (dE/dx) ~
40 MeV/cm, and so no or only a small number of
additional charged particles are expected to be present.

Calorimeter: Finally, the LHC neutrinos carry between
several hundreds of GeV up to a few TeV of energy,
with typically half of it being transferred to the
hadronic shower. This can lead to a sizable energy
deposit in the electromagnetic calorimeter, which is
typically absent in the muon-induced background.

To illustrate these features, we show in Fig. 2 six
example events. These events were obtained using the
dedicated FLUKA simulation that we describe in Sec. III B.

They have passed the stringent scintillator cuts that require
no hits in the front veto scintillators and hits in all of the
other scintillators. Each panel shows the distribution of
charged particle hits in the IFT, as well as the energy
deposit in the calorimeter. The top three panels show
neutrino interactions occurring in the tungsten target.
The event in the left panel contains a single track near
the center of the tracker corresponding to a muon created
during the neutrino charged current interaction. The
absence of any further activity suggests that the scattering
occurred in the upstream end of the tungsten target. The
muon proceeds to generate a small ~200 MeV deposit in
the calorimeter. These sorts of neutrino events are the most
difficult to distinguish from an incoming muon. In the
middle and right panels we show two events in which the
neutrino scattered closer to the end of the tungsten target.
We observe a large number of hits that are strongly
clustered and located in the center of the tracking station,
accompanied by a sizable energy deposit in the calorimeter.

The bottom three panels show muon events. In the left
and middle panels, we show the most typical muon events
that pass the stringent scintillator cuts; most muons either
miss the first tracker completely or only pass near the edge
of the tracker and deposit little to no energy in the
calorimeter. In the right, we observe a rare muon event
that generates a large number of hits at the edge of the
tracker. Most of the shower seen in the tracker is stopped in
the lead shield, and so there is very little energy deposited
in the calorimeter.

In the rest of this study, we quantify these findings. In
particular, we perform a dedicated FLUKA simulation of
both neutrino and muon events in the FASER experiment.
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FIG. 2. Examples of charged tracks in the first interface tracker station (IFT) for typical muon neutrino events (top three panels)
and muon events (bottom three panels). Each panel shows the hit pattern in the transverse plane. All events pass the stringent
scintillator cut requiring no hits in the front veto scintillators and hits in all of the downstream scintillators. The energy indicated in
each panel is the energy deposited in the calorimeter, and the color of the pixel indicates the number of charged tracks traversing that

pixel during the event.

We use this to obtain the kinematic distributions, define
observables, and develop an analysis strategy to distinguish
the neutrino signal from background.

III. SIMULATION SETUP

A. LHC neutrinos and muons

Before proceeding to the details of the simulation and
analysis strategy, let us review the expected fluxes of the
particles that pass through FASER. For the signal, the
relevant particles are the muon and electron neutrinos and
anti-neutrinos. For the background, the most relevant
particles are muons produced near the ATLAS IP and
muons and other particles produced in other ways by the
collider, for example, through beam-gas interactions.

The neutrinos incident on FASER originate from for-
ward hadrons produced at ATLAS, primarily pions, kaons
and charmed hadrons. For this study, we use the neutrino
fluxes presented in Ref. [48], which were obtained using
a dedicated fast neutrino flux simulation to model the
propagation and decay of long-lived hadrons in the forward
LHC infrastructure. In particular, we use the central
neutrino flux, which corresponds to an average of the
predictions obtained using the event generators Sibyl1l
2.3d [49-53], EPOS-LHC [54], QGSJET II-04 [55],
DPMJET III.2017.1 [56,57], and Pythia 8.2
[58,59]. To calculate the neutrino event rate, we use the
neutrino scattering cross section on tungsten obtained using
Genie [60,61]. The resulting energy spectrum of interact-
ing neutrinos, including both charged current and neutral

current scattering in both the FASERv tungsten target and
the lead shield, is shown in the left panel of Fig. 3. The
average energy of the interacting neutrinos is O(TeV) for
both v, and v,,. In addition to the central prediction, we also
show a rough estimate of the neutrino flux uncertainty as a
shaded band, which corresponds to the range of predictions
obtained with the different generators.

The dominant background to the considered neutrino
signal is associated with LHC muons. These are produced at
or near the ATLAS IP and pass through the roughly 100 m of
rock and concrete before reaching FASER. The flux of LHC
muons has been obtained by a dedicated FLUKA simulation
performed by the EN-STI CERN group, which contains a
realistic modelling of the LHC infrastructure and optics; it is
presented in Ref. [31]. The obtained muon energy spectrum
is shown in the right panel of Fig. 3, where we plot the
expected rate for a 43 x 43 cm®* muon beam evading the
initial scintillator veto, which covers the central area of
30 x 35 cm?. In contrast to the spectrum of neutrinos that
interact in FASER, which peaks near TeV energies, the muon
flux peaks at low energies. The uncertainty associated with
this flux estimate has been described as “a factor of a few”
and predominantly originates from the limited simulation
statistics [31]. This flux estimate is in agreement with early
emulsion data collected during the end of run 2 in 2018. We
note also that FASER(v) has now started collecting data in
LHC run 3. The measured total muon flux matches the
FLUKA simulations to within about 30%, validating the
simulations [62].
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Left: The number of expected muon neutrinos (blue) and electron neutrinos (red) interacting with the target material as a

function of their primary energy. The shaded region is a rough estimate of the flux uncertainty. Right: The number of muons expected to

evade the initial veto as a function of their primary energy.

In addition to the muons produced near the ATLAS IP,
muons and other particles may be produced at other points
along the LHC and arrive at FASER. FASER is shielded
from most of these particles by large amounts of rock and
concrete. An exception is particles produced in beam-gas
collisions by beam 1, which travels westward from LHCb
past FASER on its way to ATLAS. Particles produced by
beam 1-gas interactions can therefore travel up TI12 and
pass through FASER without encountering any shielding.
This flux of particles has been observed, as discussed in
Ref. [31]. However, in 2022, 6 80 x 80 x 80 cm?® concrete
blocks were added at the base of TI12 to suppress this
background, and this background can be further suppressed
by the stringent scintillator cuts we discuss in Sec. IV A and
requiring that the scintillators be triggered with timing
consistent with particles coming from the direction of
ATLAS. This background is therefore expected to be far
below the dominant background of muons from ATLAS.

B. FLUKA simulation

We performed a Monte Carlo simulation of the signal
and the main muon backgrounds using FLUKA [37-41].
The FLUKA simulation is composed of the geometry of
the apparatus, scoring (or recording) procedures, and the
primary particles.

The geometry specifies the details pertaining to the
tungsten target and its aluminum cage, the lead shielding,
the magnets and their fields, and the rock and concrete of
the tunnel. A diagram of the setup generated by the Flair
[46,47] geometry viewer is shown in Fig. 1. The tungsten,
aluminum, and lead are all assigned their corresponding
default material in FLUKA, while the magnet, rock, and
concrete are assigned custom materials that match their
nuclear densities. The vacuum inside the magnets is filled
with a 0.6 T magnetic field oriented toward the concrete

floor, while the magnetic field inside the material is
neglected.

For the scoring procedures, for each event, correspond-
ing to the initialization of a single primary particle, we
record a variety of data similar to the experimental
observables with the EVENTBIN routine.

Scintillators: The scintillators are simulated as a volume

of the FLUKA-defined PLASCINT material recording
the energy deposited. The scintillators are 30 x 30 x
2 cm?, except for the timing scintillator located be-
tween the magnets, which is 40 x 40 x 1 cm?, and the
front veto, which is 30 x 35 x 2 cm?. The scintillators
located between the tungsten and lead shield are tilted
3.7° clockwise and the scintillators located between the
lead shield and the magnets are tilted 3.7° counter-
clockwise to match their orientation as installed in the
FASER detector. We mark the scintillator as triggered
during the event if the energy deposited exceeds
100 keV.

Tracker stations: The trackers are simulated as 25 x 25 x
0.1 cm? regions divided into 625 1 x 1 x 0.1 cm? bins
with each bin scoring the number of charged hits in
each bin. The SCT modules used in FASER have a
resolution of 17 ym x 580 ym, resulting in a large
number of pixels. Since implementing such a large
number of pixels is impractical for our FLUKA
simulation, we segmented the pixels in larger bins.

Calorimeter: The calorimeter is simulated as a 24.3 x
24.3 x 13 cm® (88 kg) lead target that has the same
cross section and mass as the calorimeter in the FASER
detector. The energy deposited in the calorimeter is
recorded for each event.

To model the neutrino signal, we initialize electron and

muon neutrino interactions evenly distributed throughout
the tungsten target and lead shielding with their momenta
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aligned with the long axis of FASER. Neutrinos in FLUKA
interact immediately with the material they are initialized
in, so the simulated neutrinos are weighted according to the
expected number of neutrino interactions. The origin and
spectra of the neutrino interactions are as discussed in
Sec. Il A. We simulate 3 x 103 muon neutrino and 8 x 10*
electron neutrino interactions, while we expect only 10*
total neutrino interactions in all of run 3. Due to over-
sampling of the neutrino interactions, the uncertainty in the
signal rate predicted from the MC simulation is small, and
our results are reliable.

To model the background, we simulate the muon fluxes
discussed in Sec. III A. We simulate muon samples in two
regions in the transverse plane: a central region with area
30 x 35 cm?, corresponding to the area covered by the
front veto scintillators, and an outer region corresponding
to a 43 x 43 cm? square centered on the beam collision
axis, but omitting the 30 x 35 cm? region occupied by the
front scintillators. In both cases, the primary muons start
16 cm in front of the initial scintillators with momenta
aligned with the long axis of FASER, and we propagate
them through 10 cm of rock. The muon interactions in this
rock can produce neutral hadrons before reaching the
FASER detector. A priori these neutral hadrons could be
an important background, and they are included in the
simulation. For the muon energy distribution, we divide the
spectrum into the energy bins shown in Fig. 3.

For muons in the central region, we simulate approx-
imately 10* muons per energy bin. Given a conservative
scintillator veto efficiency of 99.9% for each scintillator
(the expected efficiency is above 99.95%), ~10 muons per
fb~! pass the central veto. These muons are, therefore,
very well sampled in our simulation and are shown not to
pose a problem.

For muons in the outer region, we simulate approxi-
mately 2 x 10° muons per energy bin. In all of run 3, we
expect ~10” muons in the outer region with energy above
1 TeV, which is computationally taxing to simulate.
However, our analysis finds that only the ~10° high-energy
muons with energy E 2 1 TeV are problematic, and these
muons are sufficiently sampled in our simulation.

C. Cosmic muons

In addition to the muons and other particles produced by
the collider, high-energy cosmic muons may also propagate
to FASER. The flux and typical energies of cosmic muons
are tiny compared to muons produced at the ATLAS IP. On
the other hand, cosmic muons may impinge on the FASER
detector at significant angles relative to the beam collision
axis. One could therefore worry that they could more easily
evade the front scintillator veto, but still deposit energy in
the downstream components, thereby passing the stringent
scintillator cuts and mimicking the signal with a greater
efficiency than the LHC muons.

To investigate this, we have simulated the cosmic muons
in FLUKA. The flux of cosmic muons has been estimated
by propagating the cosmic muon flux at the Earth’s surface
to the tunnel where FASER is located [63]. It peaks for
low energy muons coming from directly above, but muons
coming at a large angle with respect to the beam axis will
activate the scintillators in a way that is inconsistent with
the timing signatures expected from neutrino events, and so
can therefore be rejected. The most problematic muons are
therefore those coming from near the direction of ATLAS,
but the flux dramatically decreases for such angles and also
for higher energies. Over the 4 years 2022-2025 of run 3,
there are O(107) cosmic muons arriving at FASER from all
angles and with energies above 10 GeV, but only O(10%)
within an angle of 25° of ATLAS and with energy above
500 GeV.

When these muons interact more than a few m before
they reach the tunnel, the resulting showers are absorbed by
the rock, but if they interact in a thin layer of rock that
surrounds the tunnel, the resulting showers could propagate
into the tunnel and trigger the scintillators. We have
modeled the tunnel as a cylinder with a radius of 2 m
surrounded by rock, and with a concrete floor, as shown in
Fig. 1. The axis of the tunnel and FASER are offset by an
angle of roughly (17°). We then simulate muons that start
2 m into the rock and consider primary muon trajectories
that are pointed at all parts of the FASER/FASERv
detector. We find that the expected rate of cosmic muon
events that pass the stringent scintillator cut is O(107%)
events in the typical time it takes ATLAS to collect 1 fb~!.
This rate can be further suppressed by an order of
magnitude by requiring that the muon arrive in coincidence
with a bunch crossing.

We conclude, then, that the cosmic muon rate is
completely negligible and far below the LHC muon back-
ground rate. Although the cosmic muon simulation could
certainly be refined, this preliminary analysis indicates that
it will be easily suppressed by the cuts that we impose to
remove the LHC muons. We note also that the cosmic
muon background will be well measured in a data-driven
way when FASER is on, but the LHC beam is off. In the
following, we therefore focus our attention on the dominant
background from LHC muons.

IV. OBSERVABLES AND ANALYSIS

In the previous section, we described the experimental
input for our analysis. In this section, we discuss how this
may be used to separate the signal events from neutrino
interactions from the background events arising from
muons originating in the LHC. In Sec. IVA we describe
how the majority of the muon background can be rejected
using the scintillator activation pattern, in Sec. I[IVB we
discuss the origin of large calorimeter energies and their
rates for signal and background, and in Sec. IVC we
consider physically motivated tracker image observables.
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A. Scintillators

Throughout FASER, there are nine scintillators that
will trigger when a charged particle passes through with
efficiencies that have been measured to above 99.95%. A
striking feature of a muon neutrino interacting in FASERv
is the resulting muon which passes through the entirety of
FASER. The muon from this interaction will proceed to
trigger the scintillators following the interaction, but the
background muons from cosmic rays and the LHC are
a priori capable of producing the same signal. The two
scintillators at the front of FASER provide an efficient
veto for the majority of muons entering from the LHC.
However, there remain ~107 muons that pass the edges of
the initial veto for just 1 fb~! at the LHC. Since there are
expected to be on the order of 10—100 neutrino interactions
for the same integrated luminosity, this large flux of muons
can easily generate backgrounds that eclipse the neutrino
signal despite a low probability for an individual muon to
generate a given signal.

We considered many possible combinations of scintilla-
tor cuts and define three representative combinations:

Scintillators ‘ 1 6 ‘ 7 ‘ 8 9
only veto x x| — —| — = | =] = =
weak cut x x|/ L\ VS| =] = =

a4

(1)

X

X

\
\
\
\
N

stringent cut

The scintillators are numbered from the front of the detector
(see Fig. 1): scintillators 1 and 2 are the veto scintillators at
the front of the detector, 3 and 4 are just before the lead
shield, 5 and 6 are just behind the lead shield, 7 is the
timing scintillator just behind the first magnet, and 8 and 9
are part of the preshower. In Eq. (1) the x indicate that the
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scintillator is off, the v/ indicate that the scintillator is
on, and the — indicate that the scintillator can be either on
or off.

In the left panel of Fig. 4, we plot the expected event rate
of muons, muon neutrinos, and electron neutrinos passing
these three cuts as a function of their primary energy. As we
can see, muons that barely miss the front veto in some cases
still activate the downstream scintillators. The signal to
background ratio improves from ~10~7 when only apply-
ing a front veto cut to ~10~* with the stringent scintillator
requirements. However, even with the drastic improvement
in signal to background ratio provided by the most stringent
cut, the scintillators are not sufficient to distinguish the
background from signal alone. Combined measurements,
from the calorimeter and interface trackers, are necessary to
distinguish signal and background. Given the effectiveness
of the stringent scintillator cut, it is assumed throughout the
rest of our analysis.

In the right panel of Fig. 4, we show the origins of the
interacting neutrinos that pass the stringent scintillator
requirement. The neutrino interactions are predominantly
located at the back side of the tungsten or in the lead shield
because the shower from the neutrino interaction near
the front of the tungsten can “backsplash” and activate the
initial veto.

B. Calorimeter energy

The FASER calorimeter is primarily designed to measure
large energy deposits of the order of hundreds of GeV and
above, which are the energies expected to be deposited by
the decays of dark photons and other long-lived particles. In
addition, it can also be used to measure more moderate
energy deposits resulting from neutrino interactions occur-
ring in the front of the detector. Given the focus on high
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FIG. 4. Left: The expected rate of y, v, v, events passing various scintillator cuts as a function of the primary energy. The three cuts
are described in Eq. (1). The stringent cut reduces the background event rate by ~10? while keeping O(1) of the signal. Right: The
distribution of neutrino events that pass the stringent scintillator cut. The bins are colored according to the number of interactions
expected to generate the signal for 10 fb~! integrated luminosity at ATLAS. The energy spectrum matches that of the neutrino
interactions. The scintillator cut favors neutrino interactions at the back of the tungsten and in the lead shield.
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energies, however, the performance of the calorimeter may
not be optimized for low energy deposits, however, and the
calorimeter’s ability to detect small energy deposits below
O(10 GeV) may be limited. In the following, we will
consider even low energy deposits in the calorimeter to be
observable, but we note that it might not be possible to
measure very small values below O(10 GeV).

Depending on the incident particles, the energy deposits

can be very different:

Muons: As a minimum ionizing particle, the muon
deposits on average 1.66 MeV/cm in water [64]. A
muon aligned with the beam axis travels through
13 cm of lead, depositing ~147 MeV into the calo-
rimeter. Of course, on rare occasions, a muon may also
have a hard interaction and deposit more energy in the
calorimeter; this is included in the simulation.

Hadrons: Charged pions, kaons, and other similar
hadrons begin showering in the calorimeter, but most
of the hadronic shower will escape the back of the
calorimeter.

Electromagnetic showers: FElectrons and photons
quickly shower and deposit most of their energy in
the calorimeter. Therefore, they are the dominant
source of large energy deposits. However, note that
low-energy electrons entering the FASER decay
volume are typically deflected by FASER magnets
before reaching the calorimeter.

Incident neutrinos are more likely to leave large energy
deposits in the calorimeter than the incident muons. The
high energy neutrino-nucleon interactions in the back of
the tungsten target or lead shielding create showers of high
energy hadrons and photons. In contrast, the incident
muons will pass through FASER, leaving little trace apart
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from their ionizing track and emission of low energy
photons through bremsstrahlung.

This can be seen in Fig. 5 where we plot the event rate
for muons, muon neutrinos, and electron neutrinos as a
function of the energy they deposit in the calorimeter. Low
energy deposits are dominated by muon ionization as can
be seen in the large jump in the event rate between 100 and
200 MeV. The muon event rate drops significantly at high
energy deposits, while the neutrino rate remains largely
intact. The neutrino event rate eventually surpasses the
muon event rate around ~10 GeV, but, as we show in
Sec. V, even calorimeter energy cuts as low as 1 GeV can
significantly improve the discovery potential.

Additionally, we plot the locations and primary energies
of the neutrino events that deposit at least 15 GeV in the
calorimeter. The events with high energy deposits are
dramatically favored to result from neutrinos with energies
~1 TeV which interact in the back 10 cm of the tungsten or
in the lead shield.

The signal to background ratio can be quite high for cuts
that require large energy deposit in the calorimeter, but the
trade-off is a significant reduction in the signal event rate.
As we show in the next section, tracker observables, either
alone or in conjunction with the calorimeter energy, can
be used to dramatically improve the discovery potential of
our analysis while keeping a large fraction of the signal
event rate.

C. Tracker observables

There are four tracking stations that provide high
resolution images of events as they progress through
FASER. Each tracking station is equipped with SCT
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Left: The expected event rate for u,v,,v, as a function of the calorimeter energy assuming the stringent scintillator cut in

Eq. (1). The error bars correspond to uncertainties from our MC statistics. The event rate for muons in the central region is separated
from the muons in the outer annular region to distinguish between the origins of the muon background. Right: The distribution of
neutrino events that pass the stringent scintillator requirement and deposit at least 15 GeV in the calorimeter. The bins are colored
according to the number of interactions expected to generate the signal for 10 fb~! integrated luminosity at ATLAS. The energy
spectrum matches that of the neutrino interactions. The calorimeter energy cut favors high energy neutrinos interacting in the back side

of the tungsten and in the lead shield.
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modules consisting of two pairs of silicon strip detectors
with an 80 um pitch size. They therefore allow one to
identify the position of individual hits with excellent
precision, and we therefore proceed in our analysis using
the truth level information provided by FLUKA. We note,
however, that their performance will be reduced when the
number of hits becomes so large that almost all strips are
activated. This effectively sets an upper limit on the number
of observable hits of around 100/cm?. A full simulation of
the actual tracker would be needed to study the tracker
performance at high track multiplicities and confirm the
results derived here.

The most useful input is provided by the first tracking
station, the IFT. Some example event displays have been
shown in Fig. 2. Conceptually, distinguishing between the
neutrino signal and muon background can be seen as an
image/pattern recognition problem, and there are a variety
of modern techniques for this task. Instead, we take a
different approach and define three physics-driven observ-
ables and focus on the first tracker located directly after the
emulsion detector. While this approach helps to understand
the physical differences between neutrino and muon
interactions, an analysis using the full images of all trackers
will undoubtedly perform better at distinguishing signal
and background events.

The track multiplicity N is defined as the total number of
tracks in each image. It is calculated as

N = Zn,-, (2)

where n; is the number of tracks estimated in each pixel
of the tracker image, where FLUKA records the number of
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FIG. 6. Left: The expected event rate for u, v,

hits per pixel. The expected counts for muon and neutrino
events as a function of the number of charged tracks in the
first tracker are shown in the left panel of Fig. 6. It is clear
that a large number of tracks is a good indicator of a neutrino
event due to the nature of the high energy neutrino-nucleus
interaction. The neutrino interactions occurring in the back
of the emulsion detector typically create an energetic
hadronic shower containing large numbers of charged tracks.
Meanwhile incident muons travel through the emulsion
leaving a track possibly surrounded by a few ionized
electrons. The primary way for muons to generate large
numbers of charged tracks is via dramatic energy loss events,
for example, via bremsstrahlung. The resulting high energy
photon would then cause an electromagnetic shower con-
taining a large number of electron tracks.

Since the primary mode for muons to generate large
numbers of tracks is through an electromagnetic shower,
most of the tracks going through the IFT will either be
stopped by the lead shielding or diverted before the
calorimeter by the magnets. In contrast, neutrino events
often contain energetic hadrons that could be able to
propagate until the calorimeter and deposit energy there.
Thus large calorimeter deposits in events with large
numbers of tracks should further distinguish neutrino signal
events from muon background events. We present the
neutrino and muon event rates as a function of the number
of tracks and calorimeter energy in the left and central
panels of the top row of Fig. 7, respectively. The right panel
shows the signal to background ratio. Indeed, the high
signal to background region in the upper-right portion of
the phase space, highlighted by a dashed line, indicates a
potentially powerful search strategy. We will discuss the
discovery potential of this region in Sec. V.
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v, as a function of the number of tracks in the first tracking station (IFT) assuming the

stringent scintillator cut in Eq. (1). The error bars correspond to uncertainties from our MC statistics. The event rate for muons in the
central region is separated from the muons in the outer annular region to distinguish between the origins of the muon background.
Right: The location of neutrino interactions that pass the stringent scintillator requirement with at least 50 charged tracks in the IFT.
The bins are colored according to the number of interactions expected to generate the signal for 10 fb~! integrated luminosity at ATLAS.
The energy spectrum matches that of the neutrino interactions. Increasing the number of tracks in the cut further favors interactions in the

back of the tungsten.
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FIG. 7. Distribution of events in calorimeter energy vs track multiplicity (top row), centrality vs track multiplicity (middle row) and
spread vs track multiplicity (bottom row). The rates for neutrinos and muons are shown in the left and center columns, respectively. The
right columns shows the ratio of the neutrino and muon event rates, with red colors indicating promising regions for distinguishing
signal from background. The dashed black lines correspond to the correlated cut discussed in the text.

To further characterize the tracker images, we define two
quantities, centrality and spread, which characterize the
central position and width of the shower that the tracker
images capture. We define the central position of the tracker
image as

(X.7) = 2> x (), ()

where (x;, y;) are the coordinates and »n; are the number of
tracks of each pixel. The centrality C is then the maximum
of the two average coordinates

C = max(|X

Y)). (4)
The intent is to quantify how close the event is to the center
of FASER, which is aligned with the beam collision axis.
Equivalently, this observable also quantifies the distance

s

from the edge of the tracker plane. Here low centrality
means an event close to the center of the tracker, while high
centrality corresponds to the edge of the detector. As the
muon background predominantly originates from muons
which pass the edges of the initial scintillator veto, central-
ity is physically motivated to distinguish between muons
and neutrinos.

We find that centrality alone is not sufficient to identify
neutrino signal, but correlated cuts using the centrality can
improve event selection. We show the two-dimensional
distribution of events in terms of centrality and track
multiplicity for neutrinos and muons in the left and center
panels of the middle row in Fig. 7, respectively. The right
panel shows the signal over background ratio. We can see
that the track multiplicities provide the most useful handle
to isolate the signal. At small numbers of tracks, low
centrality favors neutrino interactions, but the event rate is
low. At high numbers of tracks, the centrality can help
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identify either neutrino or muon events as can be seen by
the correlated cut illustrated with a dashed, black line. We
present the discovery potential of such a cut in Sec. V.

The spread S parametrizes the width of the shower seen
in the IFT and is defined as

1/2

s= [F o - ")

As noted earlier, high-energy neutrino-nucleon interactions
typically produce several showering particles that produce
several tracks throughout the tracker whereas muons
typically produce a few highly collimated tracks. While
it is rare, muons can generate large numbers of tracks
through an electromagnetic shower. The descendants of
these shower will undergo several low energy interactions
which cause the descendants to spread out around the muon
track over short distances. In contrast, the large track
numbers from neutrino events originate from a single high
energy neutrino-nucleon interaction where the nuclear
descendants travel longer distances between interactions,
resulting in less spread out tracks than in the muon events.

Similar to centrality, spread alone is not capable of
differentiating neutrino signal from muon background.
However, there are easily identifiable regions of spread
and number of tracks which can significantly improve the
signal to background ratio. In the bottom row of Fig. 7, we
compare the neutrino and muon event rates as a function of
spread and number of tracks to illustrate this point. The left
and center panels show the neutrino and muon event rates,
while the right panel shows the signal to background ratio.
Just as with centrality, the signal to background ratio is
largest at large numbers of tracks. The main difference with
centrality is that the neutrino event rate remains large at
high numbers of tracks with small spread. This can be seen
by comparing the event rate of neutrinos under the dashed
in lines in the bottom two rows of the left column of Fig. 7.
The additional handle of spread allows further rejection of
muon background without removing the neutrino signal. In
particular, the neutrino events favor small spread ~2—4 cm
for all numbers of tracks, while the muon event rate falls
drastically at low spread and a high number of tracks,
opening a promising search strategy. We present possible
cuts and their discovery potential for various integrated
luminosities in Sec. V.

V. RESULTS

In the previous section, we discussed the physics of
several observables and their ability to distinguish neutrino
events from muon events. Using these results, we design
several possible analysis strategies to extract the neutrino
signal. The corresponding results are shown in Fig. 8. Here
the upper panel shows the number of neutrino signal and
LHC muon background events after the selection cuts. Note
that all of these cuts reduce the muon background by orders

of magnitude while having little effect on the neutrino
signal. The lower panel shows the corresponding expected
statistical sensitivity, obtained from a likelihood ratio test,
for several luminosities: 5 fb~!, which roughly corresponds
to the first month of data taking; 25 fb~!, which roughly
corresponds to luminosity expected in 2022; and 150 fb~!,
which is the nominal luminosity for LHC run 3.

Starting on the left, we present four different single
variable analyses requiring either a minimum energy
deposit in the calorimeter, E,;,, or minimum number of
charged tracks in the IFT, N,;,. We can see that stringent
cuts Eip =2 GeV and N,,;,, = 100 lead to a significance
of about 3.5¢ and 20, respectively, at a luminosity of
5 fb~!. Further improvements can be obtained using
multivariate analyses. In particular, we present five differ-
ent analyses, shown on the right, which are able to provide
~5¢ evidence for neutrinos already at a luminosity of
5 tb~!. The cuts used in these approaches vary widely and
rely on various subsets of experimental assumptions,
implying a robustness to the claim that very little lumi-
nosity may be required for a 5o discovery.

The sensitivity estimates discussed above only consider
statistical uncertainties. However, in reality, several sources
of systematic uncertainties will have to be taken into
account for this analysis. The primary sources of uncer-
tainty are expected to be related to particle fluxes.

Uncertainties associated with the muon flux will mainly
affect analyses in which the number of muon-induced
background events is comparable to or larger than the
neutrino event rate. However, if the background rate can
be reduced well below the signal, as in the last five examples
presented in Fig. 8, flux uncertainties will have a minor
impact. As described in Sec. III A, the muon flux and energy
spectrum used in this study have been obtained using a
dedicated FLUKA simulation, and the associated uncertain-
ties are at a O(1) level. A first in siftu measurement of the
overall flux was performed in 2018 using an emulsion
detector and a good agreement with the simulation was
found. The situation will significantly improve in the near
future once FASER starts to collect data. The muon flux and
muon energy spectrum will therefore be constrained using
the magnetized spectrometer in a data-driven way and
significantly reduce the associated uncertainties.

An additional uncertainty is associated with the neutrino
flux, which will have a more direct impact on the expected
sensitivity. A first quantitative estimate of this uncertainty
was obtained in Ref. [48] by comparing the predictions of
different Monte Carlo event generators and shown as
shaded band in Fig. 3. The uncertainties are around tens
of percent at lower neutrino energies but increase signifi-
cantly at higher energies above 1 TeV. This is due to
an increasing contribution of neutrinos from charmed
hadron decay to the overall flux for which the considered
generator predictions differ by up to an order of magnitude.
Dedicated efforts are needed, and have indeed already
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sensitivity for the same cuts for 5, 25, and 150 fb~!. Here, E,;, is the minimum required energy deposit in the calorimeter in GeV, N,

is the minimum required number of charged tracks in the IFT, and
diagonal cuts in the 5th, 7th, and 10th columns corresponds to those

Smax 18 maximum allowed spread of the charged tracks in cm. The
indicated in the middle, bottom, and top rows of Fig. 7, respectively.

The stringent scintillator cut in Eq. (1), is required in all analyses. Note that in each cut, the number of neutrino events stays relatively
constant, while the number of muon events changes drastically. We see that there is potential for a multivariate analysis to discover
neutrino events at 5¢ with an integrated luminosity as low as 5 fb™!.

begun [11-16], to provide more reliable predictions for this
forward charm production.

Although the observation of neutrinos at the LHC
constitute an important milestone on its own, high energy
neutrinos at the LHC also provide a array of opportunities
for physics measurements. As a specific example, we
interpret our proposed analysis as a measurement of the
neutrino cross section. This is illustrated in Fig. 9 where
we show the neutrino-nucleon interaction cross section as
a function of the neutrino energy. Up to an energy of about
350 GeV, there are a variety of measurements of both the
v, and U, cross sections from accelerator neutrino experi-
ments [65-71]. In addition, there are several measure-
ments using high energy cosmic neutrinos observed at
IceCube which constrain the average v, + 7, cross sec-
tions at energies between 10 TeV and 10 PeV [72-74]. In
the future, measurements with ultrahigh energy cosmic
neutrinos will allow to extend these measurements to even
higher energies [75].

At TeV energies, in between the accelerator neutrino and
high-energy cosmic neutrino experiments, there remains a
gap that has evaded cross section measurements. This gap
can be accessed by LHC neutrinos. Indeed, the FASERvy
pilot detector results can already be used to constrain this
region, although with large uncertainties. We have reinter-
preted the results presented in Ref. [26] and obtained the

first measurement on the neutrino cross section at TeV
energies. This is shown as a gray error bar in Fig. 9 and
takes into account both the uncertainty on the measured
number of neutrinos as well as the flux uncertainty. Since
the detector lacked the ability to identify leptons, this result
should be understood as a constraint on the overall
interaction strength for both charged and neutral current
interactions of neutrinos and antineutrinos of all flavors.
Shown in red we include the projected sensitivity that
could be obtained with the analysis strategy presented in this
work, assuming a luminosity of both 5 and 25 fb~!. Similar
to the FASER pilot run, this constrains the average v, and 7,
cross section due to a lack of energy resolution and flavor
identification abilities. The energy error bars are the 68%
confidence level (CL) in the energy of a neutrino interaction,
and the cross-section error bars are the combined uncertain-
ties from the statistics of the limited number of events and
the neutrino flux uncertainties. We emphasize that, while the
FASER pilot detector recorded the first neutrino interaction
candidates at the LHC, the analysis we are proposing would
be the first 5o signal of TeV neutrinos constraining the
neutrino-nucleon cross section in this novel region.
Finally, we also present the projected cross section
sensitivity for FASERv assuming a luminosity of 150 fb~!.
Unlike the analysis strategy proposed in this paper, the
emulsion neutrino detector will provide additional
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FIG. 9. Measurements of the neutrino-nucleon charged current cross section as a function of energy alongside the projected charged
current cross-section measurements from FASERv emulsion [27] and the projected combined charged current and neutral current cross-

section measurement of the analysis presented in this work.

information on the neutrino interaction which allows to
both identify the leptons and estimate the neutrino energy
[27]. In addition, the interface with the FASER spectrom-
eter will measure the final state muon charge and therefore
distinguish neutrinos and anti-neutrinos. Here we take into
account a geometrical efficiency of 42% for a muon
produced in the emulsion detector to enter the smaller
FASER spectrometer. The corresponding results are shown
in blue and include both statistical and flux uncertainties.

VI. CONCLUSIONS

The 2021 detection of far-forward neutrino candidates
by an 11 kg FASER pilot detector [26] has signaled the
opening of the new field of LHC neutrino physics. With the
successful installation of the ton-scale detectors FASERv
and SND@LHC in the far-forward regions 480 m from the
ATLAS IP, it is expected that ~10 000 TeV-scale neutrinos
will be detected with the 150 fb~! of integrated luminosity
at LHC run 3 from 2022-25.

The full analysis of FASERy and SND@LHC data,
especially the emulsion data, will take time. In this work,
we have shown that, even without an analysis of the
emulsion data, a 5o discovery of collider neutrinos is
possible with as little as 5 fb~! of integrated luminosity. In
addition, this electronic-detector-only analysis provides an
alternative way of studying LHC neutrinos with exper-
imental systematics that are very different from emulsion
detectors. It therefore provides an independent cross check

and an alternative view that may be sensitive to different
new physics effects. Of course, as noted in Sec. I, a detailed
study with full simulation by the FASER Collaboration is
needed to confirm the proposed analysis.

The analysis is designed to isolate neutrinos that pass
through the front veto scintillators and interact in the back
of the tungsten target of the FASERv detector or the lead
shielding. The resulting shower of particles may then
be seen as charged tracks in the IFT and downstream
trackers, in the downstream scintillators and through the
deposit of significant energy in the calorimeter.
The leading background is from muons produced at
the LHC. Very rarely, these may pass through the front
veto scintillators undetected, or they may just miss these
scintillators, interact in the material on the sides of the
detector, and produce particles that are detected in the
downstream components.

We have simulated the neutrino signal and muon-
induced background in FLUKA. We have found that the
signal sensitivity is maximized by requiring a set of
stringent scintillator cuts, in which there are no hits in
the front veto scintillators, but hits in all of the other
scintillators. In addition to this requirement, we have
examined the effect of requiring, in various combinations,
a minimal number of charged tracks in the IFT, a maximal
spatial spread of these tracks in the transverse plane, and
a minimal energy deposit of 1, 5, or 15 GeV in the
calorimeter. The results are given in Fig. 8. We see that
the most effective set of cuts retain roughly 1-10% of the
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neutrino signal rate, while simultaneously suppressing the
background by many orders of magnitude. A 56 discovery
is possible with the data collected in the early running of
LHC run 3 in 2022. The study of LHC neutrinos will
therefore quickly pass through the discovery stage into the
stage of studying TeV neutrinos. As an example, in Fig. 9
we show that neutrino detection at FASER with just 5 fb™!
will provide an interesting constraint on the neutrino-
nucleon cross section in the currently open window
from E, ~ 350 GeV — 10 TeV.

Although our results are promising, we emphasize that
our analysis is limited to using the number of tracks and
spread of the first tracker image and simple cuts. A
thorough analysis of the full tracker data of all four tracker
stations could improve this analysis, allowing a discovery
with less integrated luminosity at the LHC and a better
measurement of the neutrino-nucleon cross section.
Additionally, the event rate could deviate from SM pre-
dictions. Such an anomaly could be the sign of new muon,
neutrino, or dark physics. An analysis of these scenarios is
outside the scope of this study, but it would be interesting to
consider these possibilities.
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