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This letter presents the measurement of the energy-dependent neutrino-nucleon cross section in
tungsten and the differential flux of muon neutrinos and anti-neutrinos. The analysis is performed
using proton-proton collision data at a center-of-mass energy of 13.6TeV and corresponding to an
integrated luminosity of (65.6 ± 1.4) fb

−1
. Using the active electronic components of the FASER

detector, 338.1 ± 21.0 charged current muon neutrino interaction events are identified, with back-
grounds from other processes subtracted. We unfold the neutrino events into a fiducial volume
corresponding to the sensitive regions of the FASER detector and interpret the results in two ways:
We use the expected neutrino flux to measure the cross section, and we use the predicted cross
section to measure the neutrino flux. Both results are presented in six bins of neutrino energy,
achieving the first differential measurement in the TeV range. The observed distributions align with
Standard Model predictions. Using this differential data, we extract the contributions of neutrinos
from pion and kaon decays.

© 2024 CERN for the benefit of the FASER Collaboration. Reproduction of this article or parts of it is allowed as
specified in the CC-BY-4.0 license.

Introduction The Large Hadron Collider (LHC) pro-
duces an intense beam of neutrinos in the forward di-
rection, originating from the decay of pions, kaons, and
charmed hadrons from proton-proton (pp) collisions. The
precision study of these neutrinos will carry broad im-
plications for investigating neutrino properties, quan-
tum chromodynamics, astroparticle physics, and explor-
ing phenomena beyond the Standard Model [1, 2]. In
particular, they provide an opportunity to measure the
neutrino interaction cross section in a previously unex-
plored energy range spanning from 360GeV to 6.3TeV,
bridging the gap between fixed-target measurements [3]
and astroparticle data [4]. Studying collider neutrinos
was originally suggested in 1984 [5], but these neutrinos
have only been measured recently, since they are outside
of the instrumented acceptance of typical LHC experi-
ments. In spring 2023, the FASER Collaboration directly
observed collider neutrinos for the first time [6]. This ob-
servation was shortly after confirmed by the SND@LHC
Collaboration [7]. Neutrino interaction cross sections at
TeV energies were measured for the first time using the
FASER emulsion detector [8]. These measurements mark
collectively the dawn of collider neutrino physics [9]. In
this letter, we report the first measurement of the charged
current (CC) interaction cross section and the differential
flux of muon neutrinos and anti-neutrinos as a function of
the neutrino energy. The analysis uses pp collision data
recorded by the FASER detector and corresponding to
an integrated luminosity of (65.6± 1.4) fb−1 collected at
a center-of-mass energy of 13.6TeV.

The FASER Detector The FASER detector is located
in the TI12 tunnel, approximately 480m downstream of

the ATLAS interaction point (IP1) and is aligned with
the beam collision axis line-of-sight (LOS). Due to the
pp crossing angle in IP1, the LOS is shifted downward
by about 6.5 cm with respect to the center of the de-
tector1. The detector is shielded from the ATLAS IP
by about 100m of rock and concrete. Most background
particles are thus either absorbed or are deflected by the
LHC magnets, whereas weakly interacting neutrinos are
unaffected.
The detector is briefly described below, with a more de-

tailed overview provided in Ref. [10]. FASER consists of a
FASERν emulsion neutrino detector, the VetoNu, Veto,
Timing and Pre-shower scintillator stations, a tracking
spectrometer including three 0.57T dipole magnets, and
an electromagnetic calorimeter. The active transverse
area of the detector is defined by the 200mm diame-
ter magnet aperture. The FASERν emulsion detector
consists of 730 layers of interleaved tungsten plates and
emulsion films. It has a width of 25 cm, a height of 30 cm
and a total mass of 1.1 metric tons. In this analysis,
FASERν serves only as the target for neutrino interac-
tions and the electronic detector components are used to
identify the neutrino events. The VetoNu scintillator sta-
tion is positioned in front of the neutrino target in order
to veto any incoming charged particles. It consists of two
modules measuring 30 cm× 35 cm, which is significantly
larger than the target and therefore allows charged par-
ticles entering with an angle with respect to the LOS

1
The pp half-crossing angle in IP1 was −160 µrad for 2022 data

taking and varied between −165 µrad and −135 µrad for 2023

data taking resulting in slightly different LOS positions.
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to also be discarded. The other scintillator stations are
positioned after the neutrino target and are used for trig-
gering and timing measurements. The Veto scintillator
station is located after the FASERν emulsion detector
and before the first magnet, the Timing station is po-
sitioned between the first and second magnets, and the
Pre-shower station is located after the last magnet and in
front of the calorimeter. Events can be triggered by sig-
nals from the scintillator stations and calorimeter, with
a typical trigger rate of about 1 kHz [11]. The tracking
system consists of an interface tracking station (IFT) and
three tracking spectrometer stations [12]. Each tracking
station is constructed from three planes comprising eight
double-sided ATLAS semiconductor tracker (SCT) barrel
modules [13] per plane.

Dataset and Simulated Samples This analysis uses
data obtained during runs with stable beam conditions
collected in 2022 and 2023. These periods correspond to a
total integrated luminosity of (65.6±1.4) fb−1 [14–16] af-
ter data quality selection. To study the detector response
to neutrino interactions, 2.8 × 106 charged and neutral
current (NC) neutrino interactions corresponding to an
integrated luminosity of 10 ab−1 were simulated. The
neutrino fluxes were obtained using the fast neutrino flux
simulation of Ref. [17] and adjusted to match the LHC
Run 3 configuration [18]. EPOS-LHC [19] is used to simu-
late the production of light hadrons, and the predictions
from POWHEG [20–22] and PYTHIA 8.3 [23] are employed
to model charmed hadron production [24]. The interac-
tion of neutrinos with the detector is simulated using the
GENIE 3.04.0 [25–27] event generator. All other particle
interactions in the FASER detector are simulated using
GEANT4 [28], with the FTFP BERT physics list as the de-
fault. FASER’s offline software system is based on the
Athena software from the ATLAS Collaboration [29] and
the ACTS software framework [30] is used for the recon-
struction of charged particle tracks.

Selection and Background Rejection The analysis is
optimized to select CC muon neutrino interactions within
the fiducial volume, which produce a high-momentum
muon traversing the entire detector. The fiducial volume
is defined as a cylinder with a diameter of 200mm around
the central axis of the tracking spectrometer, closely re-
sembling the experimental setup. The analysis selections
and background estimates were finalized prior to examin-
ing data in the signal region to prevent bias. Events are
selected if triggered by any scintillator downstream of the
VetoNu scintillators, which operate with full efficiency for
muons. A colliding bunch crossing at the ATLAS interac-
tion point is required to exclude beam backgrounds and
cosmic muons. We use the measured charge in the Ve-
toNu scintillator station to discard charged background
events. Neutrino interactions in the target can produce
a charge in the VetoNu scintillator predominantly from
low-energy neutrons produced through the de-excitation
of tungsten nuclei. Thus, we additionally use the time

difference between the VetoNu scintillators in front of the
target and the Veto scintillators after the target to iden-
tify neutrino interactions. For background events, this
time difference corresponds to the muon’s time of flight.
In contrast, neutrino interactions produce charge in the
two scintillator stations from different particles, typically
leading to larger time differences. This is exploited by
defining a reduced charge as the measured charge in each
VetoNu scintillator, integrated over the time window ex-
pected for a background muon to deposit energy. The re-
duced charge closely matches the total scintillator charge
for muons but is typically much smaller for neutrinos. We
require it to be less than 30 pC, ensuring high signal effi-
ciency while rejecting almost all background events. We
also require scintillator signals compatible with a muon
in all downstream scintillator layers. We require at least
one track that passes through all three tracking stations
of the FASER spectrometer. For events with multiple
tracks the one with the highest momentum is assumed
to originate from the muon and is used to determine the
neutrino energy. A large number of secondary particles
can be produced in neutrino interactions, which can sat-
urate the IFT tracking station located directly after the
FASERν emulsion detector. As a result, only the three
tracking spectrometer stations are used for track recon-
struction. To exclude events with tracks that do not tra-
verse the full spectrometer or have poor quality, tracks
are required to have at least 14 hits in the silicon tracker
across at least seven layers2 and to possess a reasonable
fit quality. The tracks are reconstructed starting from the
most downstream tracking station in order to increase the
efficiency for selecting CC neutrino interactions, which
can have a large number of hits in the upstream tracking
stations. To reduce the contribution from background
events, the track is required to have momentum greater
than 100GeV. It is extrapolated to estimate its position
at the Veto and VetoNu scintillator stations. We require
that the track must lie within 95mm from the central
axis of the detector in all tracking stations, including the
IFT, and within 120mm at the VetoNu scintillator sta-
tion. Finally, we require that the angle of the track with
respect to the detector axis is less than 25mrad. These
radial and angular cuts suppress incoming charged par-
ticles that enter FASER at large radii or angles. With
these selections we expect to observe almost exclusively
CC muon neutrino and anti-neutrino interactions.
Background Estimation The primary source of back-

grounds arises from high-momentum muons, originating
upstream of FASER. Almost all of these are vetoed by
the VetoNu scintillators. The inefficiencies of the two
layers were measured to be smaller than 10−7 per layer

2
A good track passing through all tracking stations typically has

18 silicon hits across nine layers
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using events which pass the event selection but have a re-
duced charge larger than 30 pC in one of the two layers.
Assuming that the two scintillator layers are indepen-
dent, we expect for the recorded luminosity about 10−6

muons going undetected through both layers, which is
negligible compared to the other backgrounds. Muons
incident at a large radius and low momentum can geomet-
rically evade the VetoNu scintillator station but may still
create a signal-like track in the detector. The expected
yield is estimated from data using a sideband containing
tracks that pass the event selection but have a momen-
tum smaller than 100GeV. As the contribution from
neutrinos is non-negligible in the higher momentum bins
of the sideband, we subtract the expected neutrino yields
from the data. We then fit the track momentum distribu-
tion in the range of 10GeV to 100GeV and extrapolate to
our signal region. The extrapolation is performed sepa-
rately for positively and negatively charged tracks to esti-
mate the background in charge and momentum bins. The
resulting number of geometric background (Geo. bgr.)
events is compatible with zero in all bins. More details
on the geometric background are given in appendix A.
Muons may also interact with material upstream of the
detector and produce secondary neutral hadrons that can
enter the FASER detector and produce tracks. We esti-
mate the contribution of the neutral hadron background
by using simulations corresponding to about 2 ab−1 of in-
tegrated luminosity within a radial distance of 150mm.
A large fraction of these events fail the event selection,
either because the parent muon, which generated the neu-
tral hadron, hits the VetoNu scintillator and fails the re-
duced VetoNu charge cut, or because the neutral hadron
interacts and is fully absorbed in the 8 interaction lengths
of the FASERν emulsion detector, without leaving any
track through the detector. With this, the expected num-
ber of neutral hadron events, passing the event selection,
is less than 10−3 events for the studied integrated lumi-
nosity, and is therefore considered negligible. The back-
grounds from cosmic rays and LHC beam background
have been studied using events occurring when there are
no collisions, and are found to be negligible. In addi-
tion to the signal neutrino interactions, identified as CC
muon neutrino interactions in the fiducial volume (νµ CC
fid.), there are a small number of electron neutrino (ν

e

CC) or tau neutrino interactions (ντ CC), interactions
outside of the fiducial volume (νµ CC non-fid.), and neu-
tral current neutrino interactions (ν NC) that pass the
event selection. We estimate the contribution of these
neutrino interactions from simulation and subtract them
from data. The resulting number of events is listed in
Table I.

Signal Extraction We apply a linear scaling to the re-
constructed muon momentum, such that p′µ = pµ/0.8.
The factor of 0.8 describes that muons passing the event
selection typically retain, on average, 80% of the inci-
dent neutrino energy and results in a more diagonal re-

sponse matrix, and therefore smaller uncertainties on the
unfolded number of neutrino interactions. We define six
bins in the ratio of the muon unit charge q and calibrated
muon momentum, q/p′µ, with bin edges

[

−
1

100
,−

1

300
,−

1

600
,−

1

1000
,

1

1000
,

1

300
,

1

100

]

GeV−1 .

This binning results in a comparable expected number
of events in each bin, and separates muons originating
from neutrinos and anti-neutrinos up to a momentum
of 1TeV. The charge identification accuracy is signifi-
cantly reduced above this threshold, and we thus com-
bine muons and anti-muons with a larger momentum into
a single bin.
We unfold the number of reconstructed muons (ni

µ) to
the number of neutrino interactions in the fiducial vol-
ume (nk

ν) within bins of the ratio of the negative lepton

number3 and neutrino energy, −L/Eν , via

ni
µ =

∑

k

Mik ǫk n
k
ν + ni

bkg , (1)

with Mik denoting the response matrix, which relates the
reconstructed, calibrated muon momentum in q/p′µ bin i
to the neutrino energy in −L/Eν bin k (c.f. appendix B).
Further, ǫk denotes the efficiency of neutrino events to be
reconstructed within the fiducial volume, and ni

bkg are
the estimated backgrounds from geometric muons and
non-signal neutrino interactions, which includes νµ CC
interactions outside of the fiducial volume.
The response matrix and efficiency are obtained from

simulation and systematic uncertainties are implemented
with nuisance parameters. The number of neutrino inter-
actions is determined through a binned extended maxi-
mum likelihood fit, expressed as:

L =

bins
∏

i

P(N i
µ|n

i
µ)×

∏

l

Gl , (2)

where P represents a Poisson distribution with N i
µ as the

number of observed events and ni
µ as the number of ex-

pected events (calculated using Eq. 1) in bin i of q/p′µ.
The term Gl corresponds to Gaussian priors constraining
nuisance parameters from source l. The likelihood func-
tion in Eq. 2 is numerically minimized using the iminuit
package [31].
Using the simulated neutrino flux, we calculate the

energy-dependent neutrino-nucleon interaction cross sec-
tion σk from the unfolded and efficiency corrected yields

3
Note that the negative lepton number −L of the neutrino is equal

to the unit charge q of the muon produced in the CC neutrino

interaction.
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TABLE I. Number of simulated signal and background, and observed events for an integrated luminosity of 65.6 fb
−1

for the
six q/p

′

µ bins, with q denoting the muon unit charge and p
′

µ the calibrated muon momentum. The uncertainty on the simulated
number of neutrino interactions is dominated by the flux uncertainty.

q/p
′

µ[GeV
−1

]
[

−1

100
, −1

300

] [

−1

300
, −1

600

] [

−1

600
, −1

1000

] [

−1

1000
, 1

1000

] [

1

1000
, 1

300

] [

1

300
, 1

100

]

Total

Simulation

Signal νµ CC (fid.) 33.6± 7.6 59.5± 9.1 51.6± 8.8 84.1±21.4 50.1±11.4 19.6± 5.9 298.4±42.6

Bgr.



















νµ CC (non-fid.) 3.6± 1.4 3.7± 1.7 2.3± 1.3 2.0± 1.2 2.6± 1.3 2.9± 1.3 17.1± 6.6
νe CC 0.7± 0.5 0.2± 0.2 0.1± 0.1 0.1± 0.2 0.4± 0.5 0.9± 0.7 2.3± 1.9
ντ CC 0.0± 0.1 0.0± 0.1 0.0± 0.1 0.0± 0.0 0.1± 0.1 0.0± 0.1 0.2± 0.4
ν NC 1.4± 0.5 0.4± 0.4 0.1± 0.2 0.1± 0.2 0.6± 0.4 1.3± 0.8 4.0± 1.4
Geo. bgr. 0.2± 0.6 0.0± 0.1 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.3± 0.6

Total 39.5± 9.2 63.9±10.2 54.1± 9.6 86.3±22.3 53.7±12.1 24.7± 7.5 322.3±50.5

Data

Total 50 97 71 69 48 27 362

for each −L/Eν bin k, via

σk =
nk
ν

ρA · L ·
∫∫

jksim dEdA
, (3)

where
∫∫

jksim dEdA denotes the simulated neutrino flux
density jsim integrated over the cross sectional area of
the fiducial volume A and the neutrino energy of a given
bin E in units of number of neutrinos per integrated lu-
minosity, ρA = (1.022± 0.010)× 1027 nucleon/cm2 is the
area nucleon density and L = (65.6 ± 1.4) fb−1 is the
integrated luminosity.
Conversely, assuming the theoretical cross section, the

total flux φk through the fiducial volume in each neutrino
energy bin k is determined via

φk =
nk
ν

ρA · L · σk
sim

. (4)

Since the neutrino cross section varies within a measured
bin, we use the flux-weighted cross section σsim within a
bin. This depends on how the flux varies in each energy
bin, and we apply a systematic uncertainty related to the
variation using the different generators considered. Ad-
ditionally, we follow the approach in Ref. [18] and apply
a 6% uncertainty to account for the difference between
cross section predictions of the Bodek-Yang model [32–
34] and more recent models [35, 36].
Systematic Uncertainties The presented results are

affected by several systematic uncertainties. To estimate
the uncertainty from the modeling of the neutrino inter-
actions and the passage of the particles, produced in the
neutrino interaction, through the detector, we run GENIE

and GEANT4 with different tunes and physics lists mod-
ifying the final state interactions and hadron transport.
More details on these models are given in appendix C.
To quantify a systematic uncertainty due to mismodel-
ing of detector components or responses in the simula-
tion, we vary the nominal selection requirements within

a range determined by comparisons between data and
simulation. In particular, the positions of the SCT mod-
ules in the tracking stations can deviate from their nom-
inal positions, resulting in a different momentum scale
and resolution between simulation and data. Following
a similar approach to that used in Ref. [37], we study
the impact of these misalignments on our analysis us-
ing simulations with misaligned geometries that repro-
duce the performance observed in data. The system-
atic uncertainty on the number of background geometric
muon events originates from the statistical uncertainties
on the data and the uncertainty on the simulated num-
ber of neutrinos in the pµ < 100GeV region. The uncer-
tainty on the number of non-signal neutrino interactions
is estimated from simulation and dominated by the flux
uncertainty. To estimate the uncertainty from neutrino
flux predictions, we follow Ref. [18] and simulate neu-
trino interactions using the flux from the MC generators
described in appendix C. The neutrino rate and energy
distribution depend on the distance from the LOS, which
is determined by the beam crossing angle at the IP. We
simulate neutrino interactions for half-crossing angles of
both −160 µrad and −135 µrad and apply the difference
as a systematic uncertainty for all time periods where the
crossing angle was not −160 µrad (26.9% of all events).
Fig. 1 summarizes the resulting relative systematic un-
certainties on the determined number of fiducial neutrino
interactions in bins of the neutrino energy.
Results After subtracting the number of expected

background events, we observe

nν,obs = 338.1± 19.0 (stat.)± 8.8 (sys.) (5)

events from CC muon neutrino and anti-neutrino inter-
actions. This agrees well with the expected value of
298.4± 42.6 within the uncertainties. Table I and Fig. 2
(top panel) show the number of observed and expected
signal events in each bin. We observe more negatively
charged muons with an energy between 300GeV and
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FIG. 6. The response matrix relating the reconstructed, calibrated muon momentum q/p
′

µ to the neutrino energy −L/Eν ,
expressed as a conditional probability. The off-diagonal elements are dominated by the fluctuations in the fraction of the
neutrino energy that the muon takes in the interaction. The uncertainties reflect the quadratic sum of statistical and systematic
uncertainties and are dominated by the modeling of the neutrino interactions (these uncertainties are about 2.5 times larger
than detector related uncertainties, such as alignment).

Appendix C: Flux and neutrino interaction modeling uncertainties

The primary source of the neutrino flux uncertainty originates from the modeling of the forward hadron rate. To
estimate this uncertainty for light hadron production, we follow Ref. [18] and consider the range of predictions from
EPOS-LHC, Sibyll 2.3d [58], QGSJET 2.04 [59], and the forward physics tune of PYTHIA [60]. For heavy hadron
production we follow Ref. [24] and vary the factorization and renormalization scales by a factor of 2 around their
nominal value.

The neutrino interactions with the detector material are simulated with GENIE 3.04.0 [25–27]. To estimate the
uncertainty from the modeling of final state interactions and intranuclear hadron transport, two different tunes are
applied using the default INTRANUKE hA effective intranuclear rescattering model and the INCL++ implementation of
the Liège intranuclear model [61]. The passage of the particles produced in neutrino interactions through the detector
is simulated with GEANT4. To estimate the uncertainty from hadron transport [62, 63], we study the FTFP INCLXX,
FTF BIC, and FTFP BERT HP physics lists together with the G4NDL, JEFF-3.3 [64] and ENDF/B-VIII.0 [65] neutron
data libraries.

Appendix D: Comparison of signal and background distributions

We compare the distribution of the signal events, with simulation and background-like events. In the following
signal refers to muons produced in a neutrino interaction in the tungsten target, and background muons refers to
muons from the decay of particles produced at the ATLAS IP. For the background, we select events which pass the
event selection but have a reduced charge larger than 30 pC in both layers of the VetoNu scintillator: (i) Background
events have usually only a single muon traversing the IFT, which creates one hit in each wafer, resulting in a total
of six hits. In contrast, the neutrino interactions can produce an electromagnetic and hadronic shower which may
hit the IFT, resulting in a large number of hits. (ii) Muons from the decay of particles produced at the ATLAS IP
are only slightly deflected by the LHC magnets (otherwise they miss the FASER detector), resulting in small angles
with respect to the LOS. In contrast, muons produced in a neutrino interaction in the tungsten target can have much
larger angles. (iii) Muons from background and signal events have slightly different q/pµ distributions. As shown in










