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Executive Summary

FASERν is a proposed small and inexpensive emulsion detector designed to detect collider neu-

trinos for the first time and study their properties. FASERν will be located directly in front of

FASER, 480 m from the ATLAS interaction point along the beam collision axis in the unused

service tunnel TI12. From 2021-23 during Run 3 of the 14 TeV LHC, roughly 1,300 electron

neutrinos, 20,000 muon neutrinos, and 20 tau neutrinos will interact in FASERν with TeV-scale

energies. With the ability to observe these interactions, reconstruct their energies, and distin-

guish flavors, FASERν will probe the production, propagation, and interactions of neutrinos at the

highest human-made energies ever recorded.

The FASERν detector will be composed of 1000 emulsion layers interleaved with tungsten plates.

The total volume of the emulsion and tungsten is 25 cm× 25 cm× 1.35m, and the tungsten target

mass is 1.2 tonnes. From 2021-23, 7 sets of emulsion layers will be installed, with replacement

roughly every 20−50 fb−1 in planned Technical Stops. In this document, we summarize FASERν’s

physics goals and discuss the estimates of neutrino flux and interaction rates. We then describe

the FASERν detector in detail, including plans for assembly, transport, installation, and emulsion

replacement, and procedures for emulsion readout and analyzing the data. We close with cost

estimates for the detector components and infrastructure work and a timeline for the experiment.

∗ FASER Associate.
† Contact emails: akitaka.ariga@lhep.unibe.ch, tomoko.ariga@cern.ch, felixk@slac.stanford.edu
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I. INTRODUCTION AND OVERVIEW

FASERν is a proposed emulsion detector designed to detect and study the interactions
of neutrinos produced at the LHC [1]. FASERν will be located along the beam collision
axis, 480 m from the ATLAS interaction point (IP) in the unused tunnel TI12, and directly
in front of the Forward Search Experiment (FASER) spectrometer [2–5]. At this special
location, FASERν will be able to record the interactions of ∼ 10, 000 neutrinos at the
TeV energy scale, including neutrinos and anti-neutrinos of all flavors. These interactions
will be the highest energy neutrino-nucleus interactions ever recorded for electron and tau
neutrinos, and they will allow a precise measurement of muon neutrino interaction rates
in an energy range that has never been directly constrained. Such measurements will shed
light on neutrino properties and will also constrain the forward production of heavy mesons,
with important implications for other accelerator, collider, and astroparticle experiments.

The FASERν detector will be composed of 1000 emulsion layers [6] interleaved with
tungsten plates, with a total tungsten target mass of 1.2 tonnes. The total volume of the
emulsion layers and tungsten plates is 25 cm × 25 cm × 1.35m. We propose that FASERν
be installed in TI12 in time to collect data during Run 3 of the 14 TeV LHC. From 2021-
23, 7 emulsion detectors will be installed, with replacement roughly every 20 − 50 fb−1 in
planned Technical Stops. Based on data from pilot emulsion detectors installed in TI12 in
2018, this replacement rate will result in an acceptably low track density to allow for event
reconstruction. The FASERν plans benefit significantly from these pilot data, as well as
from the infrastructure work in TI12 that is already underway to make the area ready for
FASER. The XSEN Collaboration has also submitted a Letter of Intent [7] to construct a
complementary experiment in the tunnel TI18, which is located at a symmetric position on
the other side of ATLAS.

The physics motivations and detector concept for FASERν have been discussed previously
in the FASERν Letter of Intent (LOI) [1]. In this document, we describe the technical
aspects of the experiment in more detail. We begin in Sec. II with a brief summary of the
physics goals of the experiment. We then give an overview of the detector location and
environment in Sec. III, and we discuss our estimates of the neutrino flux and interaction
rates in Sec. IV. In Sec. V, we describe the detector in detail, including our plans for
assembling and transporting the detector and replacing the emulsion films during Technical
Stops, as well as safety-related matters. In Sec. VI, we also discuss the possibility of adding
an interface detector, which would integrate FASERν with FASER, allowing neutrinos and
anti-neutrinos to be distinguished and improving measurements of signal and background.
Sec. VII summarizes plans for off-line analysis. Finally, we conclude with our estimates of
cost and schedule in Sec. VIII.

II. PHYSICS GOALS

The LHC is the highest energy particle collider built so far, and it is therefore also
the source of the most energetic human-made neutrinos created in a controlled laboratory
environment. Proton-proton collisions typically lead to a large number of hadrons produced
along the beam collision axis, which can inherit an O(1) fraction of the protons’ momenta.
The decay of those hadrons then leads to a large flux of high-energy neutrinos, which are
highly collimated around the beam collision axis. We have estimated that in Run 3 of the
14 TeV LHC from 2021-23, roughly 1011 electron neutrinos, 1012 muon neutrinos, and 109
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FIG. 1. Existing constraints on the CC neutrino scattering cross sections on an isoscalar target

for electron neutrinos (left), muon neutrinos (center), and tau neutrinos (right) from previous

accelerator experiments at low energies and IceCube at high energies. The colored histograms

show the expected energy spectra of neutrinos that interact in FASERν. For all three flavors, the

FASERν energy spectra are peaked at energies that are currently unconstrained. From Ref. [1].

tau neutrinos will be produced in the far-forward region of the ATLAS IP [1]. However,
despite the fact that neutrinos are copiously produced at the LHC, no collider neutrino has
been detected so far.

The FASERν detector, which will be placed along the beam collision axis, 480 m down-
stream from the ATLAS IP, will take advantage of this neutrino beam to detect neutrinos
from the LHC for the first time. During Run 3 of the LHC, assuming an integrated luminos-
ity of 150 fb−1, about 1300 electron neutrinos, 20,000 muon neutrinos, and 20 tau neutrinos
are expected to interact with the FASERν detector. This will open a new window to study
neutrino interactions at high energies and therefore extend the LHCs physics program in a
new direction.

In Fig. 1 we show existing measurements of neutrino-nucleon charged current (CC) scat-
tering cross sections for νe (left panel), νµ (center panel), and ντ (right panel). At low
energies Eν < 360 GeV, the neutrino cross section for all three flavors has been constrained
by neutrino experiments utilizing the CERN SPS (400 GeV proton) and Fermilab Tevatron
(800 GeV proton) accelerators [8–10]. At very high energies, Eν > 6.3 TeV, IceCube has
constrained the muon neutrino cross section using atmospheric neutrinos, albeit with rela-
tively large uncertainties [11, 12]. For a detailed discussion of these constraints, see Ref. [1].
In Fig. 1 we additionally show the energy spectra of neutrinos that interact in FASERν, as
obtained in Ref. [1]. We can see that the neutrino spectra are broad band and span over
more than one order of magnitude in energy, indicating FASERν’s potential to measure
neutrino cross sections in currently unprobed energy ranges for all three neutrino flavors.

This potential for measuring the neutrino interaction cross section has been studied in
Ref. [1]. The expected sensitivity for FASERν to constrain neutrino CC cross sections is
shown in Fig. 2. The black dashed curve is the theoretical prediction for the average CC cross
section per nucleon in tungsten, σ = (σνW +σν̄W )/2. The solid error bars show the sensitiv-
ity considering only statistical uncertainties. The shaded bands show the uncertainties from
the range of neutrino production rates predicted by different MC generators, which serve as
a rough estimate for the expected size of systematic uncertainties related to the neutrino
flux. Our efforts to reduce these uncertainties are discussed in Sec. IVA. The combination
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FIG. 2. FASERν’s estimated ν-nucleon CC cross section sensitivity for νe (left), νµ (center), and ντ
(right) at Run 3 of the 14 TeV LHC with an integrated luminosity of 150 fb−1 collected from 2021-

23. Existing constraints are shown in gray. The black dashed curves are the theoretical predictions

for the average deep inelastic scattering (DIS) cross section per tungsten-weighted nucleon. The

solid error bars correspond to statistical uncertainties, the shaded regions show uncertainties from

neutrino production rate corresponding to the range of predictions obtained from different MC

generators, and the dashed error bars show their combination.

of statistical and production rate uncertainties, added in quadrature, is shown as the dashed
error bars. These sensitivity estimates take into account the geometrical acceptance, vertex
detection efficiency, and lepton identification efficiency, and assume that the measurement
is background free. We can see that FASERν significantly extends the neutrino cross sec-
tion measurements to higher energies for both electron and tau neutrinos, while for muon
neutrinos, FASERν will fill the gap between the existing measurements from accelerator ex-
periments and IceCube. An additional interface detector between FASERν and the FASER
spectrometer will further be able to distinguish νµ and ν̄µ events, as discussed in Sec. VI.

In addition to detecting collider neutrinos and anti-neutrinos of all three flavors and
measuring their cross sections at higher energies than observed from any previous human-
made source, FASERν can explore several other topics related to the physics of neutrino
production, propagation, and interaction at the energy frontier:

Tau Neutrino Detection: Of the seventeen particles in the standard model of particle
physics, the tau neutrino is the least well measured. The DONuT and OPERA exper-
iments have each observed about 10 ντ events [9, 13], and these data sets provide the
primary information about tau neutrinos at present. Additionally, SuperKamiokande and
IceCube have recently reported higher statistics ντ appearance in atmospheric oscilla-
tions [14, 15], although with considerably larger uncertainties, resulting in a measurement
with precision comparable to DONuT and OPERA. During LHC Run 3, FASERν will
accumulate about 20 ντ CC interactions, of which about 13 ντ events are expected to be
identified. This will significantly increase the worlds supply of reconstructed ντ neutrinos
and will allow them to be studied at much higher energies Eν ∼ TeV.

Event Shapes and Kinematics: Due to its high spatial resolution, the FASERν detector
will be able to resolve the shape of each neutrino event, including, for example, the
multiplicity and momentum distributions of charged particles. These event shapes will
provide valuable input to tune MC tools used to simulate high-energy neutrino events,
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such as Genie.

Heavy Flavor Associated Processes: In addition to the inclusive CC cross section,
FASERν can also study specific exclusive neutrino interaction processes. One example is
charm-associated neutrino interactions νN → ℓXc + X, which can be directly identified
in FASERν due to the presence of the secondary charm decay vertex. Such measurements
have previously been used to probe the strangeness content of the nucleon, the CKM
matrix element Vcd, and charm fragmentation fractions [16–18]. Additionally, bottom-
associated neutrino interactions νN → ℓXb + X, which are strongly CKM suppressed
in the standard model (SM), might be sensitive to physics beyond the standard model
(BSM), such as W ′ bosons, charged Higgs boson, and leptoquarks at the TeV scale.

Neutrino Production and Hadronic Interaction Models: Aside from probing neu-
trino interactions, the neutrino measurements at FASERν can also be used to constrain
neutrino production rates. Although the existing LHC detectors have great coverage of
the central region, the production of particles in the very forward direction along the beam
pipe is only poorly constrained. In this regime, the measurement of the neutrino flux and
spectrum at FASERν will provide complementary constraints on neutrino production,
which could help to validate and improve the underlying hadronic interactions models.
Those models are used to simulate multi-parton interactions and underlying events at the
LHC, and they are also used to simulate cosmic ray events.

The measurement of forward neutrino production will also be a key input for high-energy
neutrino measurements by large-scale Cherenkov observatories, such as IceCube [19],
ANTARES [20], Baikal-GVD [21], and KM3NeT/ARCA [22]. One of the main aims of
these experiments is to search for high-energy astrophysical neutrinos. This is subject to
atmospheric neutrino background with an important prompt component from the decays
of heavy mesons. Such a component is expected to become dominant at the highest ener-
gies, but it has not yet been identified in the IceCube data [23]. A direct measurement of
the currently poorly-constrained prompt flux by FASERν would provide important data,
not only for IceCube, but also for all current and future high-energy neutrino telescopes.

Sterile Neutrino Oscillations: Given the high neutrino energy Eν ∼ TeV and short base-
line L = 480 m, SM neutrino oscillation effects are expected to be negligible at FASERν.
However, the presence of an additional sterile neutrino with a mass splitting of the order
of ∆m2 ∼ (40 eV)2 could lead to observable sterile neutrino oscillations in the FASERν
neutrino spectrum. By searching for either appearance of extra neutrinos above the ex-
pected rate or disappearance below the expected rate, FASERν could put constraints on
such sterile neutrino models.

III. DETECTOR LOCATION AND ENVIRONMENT

A. Detector Location

The FASERν detector will be placed in tunnel TI12 along the beam collision axis or
line of sight (LOS) directly in front of the FASER detector. The CERN survey team has
performed detailed measurements and mapped out the LOS in TI12, assuming no crossing
angle between the beams at the ATLAS IP. In reality the LHC will operate with a small
half-crossing angle of about 150 µrad, which we will discuss below.
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FIG. 3. Left: Location of FASER and FASERν in the UJ12/TI12 region, 480 m downstream from

the ATLAS IP. Particles from the ATLAS IP arrive from the right. Right: A view of FASER

and FASERν in the trench being excavated in TI12 to allow them to be located along the line of

sight (LOS). FASERν, shown in green, is located at the front of FASER (toward the ATLAS IP)

and consists of emulsion and tungsten layers and their support structure, which together occupy a

volume of 30 cm× 30 cm× 1.35m.

The tunnel TI12 connects the LHC to the much shallower SPS, and therefore slopes
steeply upwards as it leaves the LHC tunnel. Because of this geometry, the LOS is below
the current tunnel floor as it enters the tunnel, and then emerges from the floor. To maximize
the length of the FASER detector that can be centered on the LOS, the floor of TI12 will
be lowered. From the beginning [4], the excavation plans have included a space at the front
of the FASER spectrometer (toward the ATLAS IP) to accommodate FASERν; the current
trench shape is shown in Fig. 3. Note that the front part of the trench, where FASERν will
be located, has been widened and deepened relative to previous designs [1, 4], as shown in
Fig. 4. This enlargement was dictated by civil engineering considerations that required the
redirection of a drainage pipe, but the additional space has the added benefit of providing
more room for FASERν installation and emulsion replacement. It has been checked that
the concrete in TI12 is strong enough to hold the FASERν detector. The minimum distance
from the nominal LOS to the side wall is 150 mm, which defines the maximum width of
FASERν (including the mechanical structure) to be 300 mm if FASERν is centered around
the LOS. The length of the trench in front of the FASER spectrometer is 1350 mm. The
trench excavation is scheduled to be completed by the end of March 2020.

The FASER location is currently being prepared with lighting and power, and a passarelle
(stairs) and support structures are being put in place to safely transport detector components
over the LHC. FASERν will benefit from all of the infrastructure plans already underway
to prepare TI12 for the FASER spectrometer.

B. Run 3 Operation and Beam Configuration

As mentioned above, the LHC runs with a beam half-crossing angle of about 150 µrad
at the ATLAS IP to avoid long range beam-beam effects and parasitic collisions inside
the common beam pipe. At the location of FASERν, a half-crossing angle of 150 µrad
corresponds to a shift of the beam collision axis of 7.2 cm relative to the nominal LOS, which
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FIG. 4. Top left: The original plans for the FASER trench. Top right: The current shape of the

FASER trench. Civil engineering considerations have required the drainage pipe to be redirected,

and as a consequence, the front of the trench has been widened and deepened, providing more room

for FASERν. The trench width around the FASER spectrometer is unchanged. Bottom: Top

and side views of the front of the trench. The box on the right indicates the location of FASERν,

which contains emulsion and tungsten layers and occupies a volume of 30 cm × 30 cm × 1.35 m.

assumes no crossing angle. Given that FASERν’s cross sectional area is 25 cm × 25 cm, if
FASERν is centered on the nominal LOS, the actual LOS will pass through FASERν for
half-crossing angles of 150 µrad in any direction. Our simulations have shown that, when
keeping FASERν centered around the nominal LOS, such shifts of the LOS will reduce the
neutrino flux, and hence the interaction rate, by not more than 10% for muon neutrinos and
less than that for the other neutrino flavors.

During LHC Run 2, it was decided to flip the crossing angle direction periodically (e.g.,
once per year). With the current trench design, FASERν can be shifted to track crossing
angles of this size in either vertical direction. A change to a horizontal crossing angle would
always point the LOS away from the LHC, and in this case the detector would not be able
to be centred fully on the LOS.

The beam crossing angle plans for Run 3 have not yet been finalized, but the expected
luminosity and crossing plane (direction) for the different years of running in Run 3 are
shown in Table I. The table also shows how many emulsion detectors will be needed for
each year to keep the track multiplicity in the detector at a manageable level. We stress
that changes to the crossing plane (horizontal or vertical), the direction of the crossing angle
(e.g., up or down), and the size of the crossing angle are all possible. However, in all cases
under consideration, the crossing angle values will be similar to or smaller than those used
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Year Crossing Plane Luminosity
Sets of

Emul. Detectors

2021 vertical (down) 10− 20 fb−1 1
2022 vertical (down) 80− 100 fb−1 3
2023 vertical / horizontal (TBD) 80− 100 fb−1 3
[2024] [horizontal] [80− 100 fb−1] [3]
Total 170− 220 fb−1 7

[Total incl. 2024] [250− 320 fb−1] [10]

TABLE I. Expected beam operating parameters during Run 3. In the case of a horizontal cross

angle, this will always shift the LOS away from the LHC. The current schedule includes running

from 2021-23, but there are ongoing discussions to run also in 2024. The last column shows how

many sets of emulsion layers are needed each year to keep the track multiplicity in the detector at

a manageable level.
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FIG. 5. Measured temperature (left) and humidity (right) during the period when the emulsion

detector was installed on the LOS in the tunnels TI12 and TI18. The lighter parts of the curves

correspond to the time before placing the detector in (after removing the detector from) the tunnel.

in Run 2. We will therefore align each emulsion detector with the actual LOS whenever
possible.

Additional effects related to beam divergence and the LHC filling scheme have been
discussed in detail in the FASER Technical Proposal [4] and are either small or negligible.

C. Temperature and Humidity

As part of the in situ emulsion detector measurements performed in 2018 to measure the
charged particle flux, temperature and humidity sensors of type T&D TR-72wf were installed
in the TI12 and TI18 tunnels on the LOS. (TI18 is the tunnel that is also 480 m from the
ATLAS IP, but on the other side of ATLAS from TI12.) The measured temperature and
humidity as functions of time are shown in Fig. 5. During this period the temperature in
TI12 was constant at about 18◦C with temperature variations of about 0.1◦C; see Table II.
The humidity varied between 40% and 60%, with a value around 55% for most of the time.
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Location Measurement Time Average [◦C] Deviation (rms) [◦C]
TI12 2018/9/20 - 2018/10/10 17.94 0.08
TI18 2018/9/20 - 2018/11/2 18.75 0.07

TABLE II. Temperature measurements in tunnels TI12 and TI18 during the pilot emulsion detector

runs in 2018.

FIG. 6. Year-long temperature (green) and dew point (yellow) measurements in 2018 in the LHC

tunnel close to TI12 (in the UJ12 region) from LHC monitoring.

Figure 6 shows the variation over a longer timescale of about a year in 2018, but using the
LHC environmental monitoring system sensors that are closest to TI12. The temperature
in the LHC tunnel during LHC operation is also very stable over the longer time scale.

Additional heat could originate from operating the FASER detector. The effect of FASER
on the tunnel temperature is not known yet, but will be monitored by four temperature
sensors around the FASERν detector. To reduce the impact of possible heat from the
chillers, it was decided to move the chillers further away from FASERν.

D. Radiation Levels

The radiation level has been simulated by FLUKA and measured by battery-operated
radiation monitoring devices (BatMons) in the TI12 and TI18 tunnels, with fully consistent
results. As discussed in the FASER Technical Proposal [4], non-radiation-hard electronics
can be used at the location of FASER/FASERν with an estimated dose less than 5×10−3 Gy
per year and a 1 MeV neutron equivalent fluence of less than 5× 107 per year. For thermal
neutrons, the flux of 3 × 106 cm−2 from the simulations agrees well with the measured
one of 4 × 106 cm−2, and this flux is at a low level that will not affect emulsion detectors
as demonstrated by pilot measurements. In fact, the in situ measurements with emulsion
detectors in 2018 showed that the dominant component of charged particles was not low-
energy particles due to neutrons.

E. Particle Fluxes and Backgrounds

The expected particle fluxes passing through FASER and FASERν have been esti-
mated with dedicated extensive FLUKA simulations [24, 25] performed by the CERN STI
group [26]. These studies include high-energy particles produced at the ATLAS IP, 480 m
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away from the detector, and also particles produced in beam-gas collisions and proton-
loss-induced showers in the dispersion suppressor region closer to FASERν. The results
of these studies have been summarized in the FASER LOI [3] and Technical Proposal [4].
In addition, further FLUKA simulations have been carried out for FASERν to determine
the flux of particles produced by high-energy muons interacting in the rock in front of the
detector, as well as in the detector itself. These have been discussed in the FASERν LOI [1].

As noted above, to validate these numerical simulations, measurements have also made
during LHC Run 2 with pilot emulsion detectors installed during Technical Stops in 2018 in
both tunnels TI12 and TI18. The heterogeneous structure of these detectors, which employed
emulsion films interleaved with tungsten layers in their downstream sections, made it possible
to separately measure both the flux of all particles with energies above 50 MeV and the flux
of all particles with higher energies E & 1 GeV. In addition, an active monitoring device (a
TimePix3 Beam Loss Monitor [27]) was installed to correlate the rate of detected particles
with beam conditions, showing that as expected the rate of high energy particles is directly
correlated with the instantaneous luminosity at the ATLAS IP.

The results of these simulations and measurements show that the flux of high-energy par-
ticles passing through FASER/FASERν is dominated by particles coming from the ATLAS
IP that are correlated with the corresponding instantaneous luminosity. This particle flux
has been discussed extensively in the aforementioned references. Here we briefly summarize
the most important findings that are relevant for FASERν.

1. Muons and the Related Electromagnetic Component

Other than neutrinos, by far the dominant flux of high-energy particles passing through
FASERν are muons produced at the ATLAS IP or further downstream. According to
simulations, muons and the related electromagnetic component correspond to more than
99.999% of particles with E > 100 GeV. The flux of muons with Eµ > 10 GeV predicted
in simulations, Φ ≃ 2 × 104 fb/cm2, agrees remarkably well with the one measured within
10 mrad around the collision axis, Φ ≃ (1.9 ± 0.2) × 104 fb/cm2. This corresponds to
about Nµ ≃ 2 × 109 muons crossing FASERν for the LHC Run 3 integrated luminosity of
L = 150 fb−1, with roughly equal numbers of positive and negative muons, as predicted
by simulations. On the other hand, because of the complicated impact of the LHC optics
on muon trajectories on their way to FASERν, the high-energy part of the muon spectrum
is dominated by µ−. For the same reason, the flux of muons passing through TI12 is not
uniformly distributed in the transverse plane. In particular, it is much larger for off-axis
positions, while FASERν, placed along the LOS, is near a local minimum of the flux. This
is illustrated in the left panel of Fig. 7, which shows the flux of negative muons obtained in
the FLUKA simulations performed by the CERN STI group [26].

The total measured flux of charged particles with energies above 50 MeV is Φ ≃ (3 ±
0.3)× 104 fb/cm2. The angular distribution of these charged particles, as measured by the
pilot emulsion detectors, is shown in the right panel of Fig. 7. The pilot detectors had a
cross sectional area of about 10 cm× 25 cm, centered on the LOS. As can be seen, most of
the charged particles are in a narrow peak coming from the direction of the ATLAS IP, and
the peak is especially narrow if one considers only energies above 1 GeV.

Importantly, single high-energy through-going muons are not a background for neutrino
searches, as their mis-identification rate is very low, dropping to a level below 10−10 after the
first 1 cm of the detector. They are, however, useful for obtaining precise alignment between
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and without tungsten plates, corresponding to energy cutoffs of about 1 GeV and 50 MeV due to

multiple Coulomb scattering, respectively. From Ref. [4].

the emulsion films in different layers, and, of course, the muon track density governs the
frequency with which the emulsion layers must be replaced.

The muons also produce other particles. In particular, muon-induced photons, produced
both in the rock in front of the detector and in the detector volume itself, are the second
largest particle flux in FASERν, as shown in Table III. However, these photons initiated
EM showers, either in the front layers of the detector or in close vicinity to the parent muon
inside the detector volume, and so they can be distinguished from neutrino-induced vertices
based on signal characteristics discussed below in Sec. VII.

2. Muon-induced Neutral Hadrons

Photon-nuclear interactions of muons in the rock in front of FASERν, as well as within the
detector volume, can produce secondary neutrons and other neutral hadrons that go through
the detector. Most of these hadrons will interact in the tungsten layers of FASERν with the
hadronic interaction length λint ∼ 10 cm. These interactions, however, will typically take
place away from the parent through-going muon track and can, therefore, more easily mimic
neutrino interactions. The relevant numbers of expected particles are shown in Table III
for several energy ranges: E > 10, 100, 300, 1000 GeV. As can be seen, we expect up to
O(105) neutral hadrons with E > 10 GeV, but the number drops rapidly with increasing
energy. For E > 300 GeV, the number of neutral hadrons drops below the total number of
expected neutrino interactions, and the predicted signal to background ratio grows rapidly
for higher energy cuts. This is also illustrated in the left panel of Fig. 8, where we show the
spectra of the neutral hadron background and the neutrino interaction signal obtained in the
FLUKA simulations. In the right panel of Fig. 8, we show the angular spectrum of neutrons
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Particle
Expected number of particles passing through FASERν
E > 10 GeV E > 100 GeV E > 300 GeV E > 1 TeV

Neutrons n 27.8k / 138k 1.5k / 11.5k 150 / 1.1k 2.2 / 42
Anti-neutrons n̄ 15.5k / 98k 900 / 9k 110 / 1.5k 2.8 / 46

Λ 5.3k / 36k 390 / 4.1k 39 / 800 0.9 / 58
Anti-Λ 3.4k / 31k 290 / 3.5k 31 / 200 0.6 / 14
K0

S 1.3k / 30k 240 / 6.8k 52 / 390 1.8 / 6.2
K0

L 1.6k / 31k 270 / 5.7k 55 / 500 1.2 / 18
Ξ0 240 / 1.3k 13 / 190 2.3 / 12 0.1 / −

Anti-Ξ0 150 / 1k 10 / 200 1.4 / 19 −
Photons γ 2.2M / 62M 160k / 16.3M 38.2k / 6.3M 5.9k / 1.1M

νµ + ν̄µ (signal int.) 23.1k 20.4k 13.3k 3.4k

TABLE III. The expected number of µ−-induced particles passing through FASERν in LHC Run

3 with an integrated luminosity of 150 fb−1, as estimated by a dedicated FLUKA study. In each

entry, the first number is the number of particles emerging from the rock in front of FASERν,

and the second is the number of particles produced in muon interactions in the tungsten plates in

FASERν. 2×109 muons are expected to pass through FASERν in Run 3. Note that the statistical

uncertainties of the numbers presented in this table can reach even factors of a few, especially for

the less abundant neutral hadrons.

emerging from the rock in front of FASERν. A similar spectrum is expected for neutrons
produced inside the detector, as well as for other neutral hadrons. As can be seen, most
of the high-energy neutral hadrons with E > 100 GeV will come from directions consistent
with the ATLAS IP, while those with lower energy often have different directionality.

3. Background for Neutrino Searches

The interactions of high-energy muon-induced neutral hadron background can be distin-
guished from the neutrino-induced signal events at the level of analysis. This is especially
important for the interactions of electron and tau neutrinos, which are far less abundant
than muon neutrinos. The background can be greatly reduced by requiring at least 5 charged
tracks emerging from a single vertex. An additional improvement in background rejection
will be achieved by identifying outgoing charged leptons at the neutrino interaction vertex.
This will be achieved by the use of multivariate techniques employing, e.g., the kinemat-
ical features of the highest momentum particle (HMP) produced in the vertex, as well as
by analyzing its interactions in the rest of the detector. The relevant signal features for
such an analysis have been identified and discussed in Ref. [1] for the three neutrino flavors.
More detailed study will be performed with a dedicated Geant4 detector model, which is
discussed below in Sec. VII.

IV. NEUTRINO FLUX AND UNCERTAINTY ESTIMATES

One of the main goals of FASERν is the measurement of CC neutrino-nucleus interaction
cross sections at high energies. As can be seen in Fig. 2, this measurement is limited not by
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into the detector for energies E > 10 GeV (orange) and E > 100 GeV (blue). The angle is given

with respect to the beam collision axis. The estimated angular resolution of a ∼ 100 GeV hadron

is about 10 mrad, as indicated by the vertical dashed line. From Ref. [1].

statistics, but by the uncertainties associated with the incoming neutrino flux. This implies
that neutrino flux estimates are key inputs to the neutrino cross section measurements.

In Sec. IVA we describe the simulation of forward hadron production at the LHC, how
tuning uncertainties can be quantified, and how existing and future data can be used to
reduce these uncertainties. In Sec. IVB we describe how we use BDSIM to simulate the
propagation of hadrons through the forward LHC magnets and infrastructure before decay-
ing to neutrinos. Finally, in Sec. IVC we discuss nuclear effects that need to be taken into
account when modeling neutrino interactions with the FASERν detector and their effect on
both the interaction rate and the event kinematics.

A. Hadronic Interaction Models and Tuning Uncertainties

The neutrinos that can be observed at FASERν are produced in the decays of hadrons,
mainly pions, kaons and D mesons. In the forward region, the production of these hadrons
can be simulated using hadronic interaction models, such as Epos-Lhc [28], Qgsjet-ii-

04 [29], Sibyll 2.3c [30–33], and Pythia 8 [34, 35], which have been designed to describe
inelastic collisions at both particle colliders and cosmic ray experiments. Despite their
sophisticated modeling of microscopic physics, these models contain a sizable number of
phenomenological parameters, typically in kinematic regimes where perturbative methods
do not apply. It is therefore necessary to adjust or “tune” these parameters to obtain physics
predictions that are able to describe observed experimental data as well as possible. The
procedure to do so is well understood and exercised routinely at LHC experiments with
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the χ2 error construction are shortcomings in the physics modeling, data tension, and unknown
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decomposition and determination of tuning uncertainties. We want to find representative points

on the surface of the hyper-ellipsoid that correspond to a certain level of confidence around the

best-fit point. A suitable decomposition lets us find the principal axes p′1 and p′2 along which to

explore the goodness-of-fit measure. The blue ellipse illustrates the standard error construction

(“∆χ2 + 1”), which is invalid if the goodness-of-fit does not follow a χ2 distribution. Instead, we

want to find the intercepts of the principal axes with the hyper-contour of the bootstrapped Φ2.

They are shown as dots on the axes in the rotated system. Right: A two-dimensional projection

of bootstrapped tuning results for a 4-dimensional problem. The best-fit point is marked with a

star and the points representing the tuning uncertainties are marked in red.

a mature set of tools. Simulated events for a given set of parameters are analysed with
Rivet [36] to yield histograms directly comparable with published experimental data. We
can then apply numerical optimization techniques, such as Professor [37], on a suitable
test statistic to yield a best-fit point.

Currently, most of the hadronic interaction models, including Epos-Lhc, Qgsjet-ii-04,
and Sibyll 2.3c, only provide a single tune corresponding to a central prediction. However,
to describe the neutrino flux uncertainties at FASERν, it is crucial that the uncertainties
related to the tuning of these models are also quantified.

The estimation and propagation of tuning uncertainties is based on an approach that
is not too dissimilar from the way PDF uncertainties are evaluated by, e.g., the CTEQ
Collaboration. We consider the best-fit point of the tuning to be the central value and are
interested in finding points in the parameter space that deviate from the central value in
such a way that they are representative of a given confidence level. There are two obstacles
that need to be considered. First, the test statistic does not follow a χ2 distribution due
to unknown (unpublished) correlations present in the data and the imperfections present
in the physics modeling of, e.g., the underlying event and hadronization. An illustrative
example is given in the left panel of Fig. 9. Second, there are, in principle, infinitely many
points on the multidimensional manifold that correspond to the confidence volume around
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FIG. 10. Photon energy spectra in two pseudorapidity ranges measured at LHCf (left) and charged

particle pseudorapidity density dNch/dη measured at TOTEM (right). From Refs. [38] and [39].

the central fit value. The first issue is overcome by a bootstrapping procedure of our test
statistic (Φ2), which allows us to find the correct critical value ∆Φ2 that corresponds to the
chosen confidence level. The task of finding representative points on the confidence manifold
is solved by applying a principal component analysis to the post-fit covariance matrix. This
allows one to determine the intercepts of the principal axes with the manifold (see Fig. 9).

The currently available best tunes of MC generators are typically focused on precisely
modeling the physics relevant to ATLAS and CMS data; i.e., they do not have an emphasis
on forward physics. We therefore propose a tuning campaign that focuses more on data
from forward detectors. In addition to the standard data set used for tuning, we will include
the following experiments:

LHCf: The LHCf detector is a forward calorimeter at the ATLAS interaction point, which
covers the pseudorapidity range η > 8.81. It can measure the energy and transverse
momentum spectrum of neutral particles, in particular neutrons, photons, and π0. Ad-
ditionally, upcoming analyses of Run 3 data are expected to measure both the π0 and η
spectra.

TOTEM: The TOTEM experiment consists of ‘Roman Pot’ detectors sensitive to elastic
collisions, as well as forward telescopes sensitive to inelastic collisions. Of particular inter-
est for us are the two T2 telescopes, which detect charged particles in the pseudorapidity
range 5.3 < |η| < 6.5 on both sides of CMS. Additionally, a low-intensity run with dis-
placed interaction point has provided constraints on the charged particle density up to
η ≈ 7.

CASTOR: The CASTOR calorimeter measures the inclusive energy spectra of inelastic
collisions. It covers the forward pseudorapidity range−6.6 < η < −5.2 and can distinguish
between electromagnetic and hadronic components.

An overview of forward data currently available in HepData, which we consider for
tuning, is listed in Table IV. Representative results from LHCf and TOTEM are shown in
Fig. 10. Additionally, measurements of heavy meson spectra at LHCb will be the primary
input to constrain forward charm production. Note that most of the data is already available
in Rivet. As a starting point, we plan to create a dedicated forward physics tune, including
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Experiment Analysis HepData Rivet Refs.

LHCf photon energy spectrum at 13 TeV
√ √

[38]
(η > 8.81) diffractive photon energy spectrum at 13 TeV — — [40]

neutron energy spectrum at 13 TeV
√ √

[41]
neutron energy spectrum at 7 TeV

√ √
[42]

π0 energy and pT spectrum at 2.76 and 7 TeV
√ √

[43, 44]
TOTEM dNch/dη at 8 TeV for 3.9<η<4.7 and η ≈ 6.9

√ √
[45]

(5.3<η<6.5) dNch/dη at 8 TeV
√ √

[46]
dNch/dη at 7 TeV

√ √
[39]

CASTOR inclusive energy spectrum at 13 TeV
√ √

[47]
(5.2<η<6.6) underlying event activity at 7 TeV

√ √
[48]

TABLE IV. Existing LHC analyses considered for tuning for forward physics. The 3rd and 4th

columns show whether the analysis is available in HepData and Rivet, respectively.

tuning uncertainties, for Pythia 8. However, we note that the same procedure can be
applied to other simulators, such as Epos and Sibyll, as well.

In addition to data from other experiments, it might also possible to use data from
FASER or FASERν in the future. The pilot emulsion detectors used in 2018 have measured
the muon flux in TI12/TI18 and found good agreement with simulations. A dedicated
analysis is ongoing and the potential of this data to constrain forward particle production
is being investigated. In addition, the FASER spectrometer, which will start operating in
2021, will not only be able to measure the muon flux more precisely, but will also be able to
measure the muon energy spectrum. Finally, FASERν will measure the neutrino spectrum
over a large energy range from about 100 GeV up to a few TeV. Since the cross section is
known at low energies E < 360 GeV, the low-energy part of the measured neutrino spectrum
could be used to constrain or calibrate the neutrino flux.

B. Propagation through the LHC

The main production mode of neutrinos arriving at FASERν is via the decay of light
hadrons, such as pions and kaons. These particles are long-lived and decay downstream
from the ATLAS IP, which requires us to model their propagation and absorption in the
LHC beam pipe. Importantly, placed around the beamline are both quadrupole and dipole
magnets which deflect charged hadrons, often resulting in non-trivial trajectories. Addition-
ally, secondary collisions of particles with the LHC infrastructure and subsequent showers
can also contribute to neutrino production. Therefore, a dedicated simulation of particle
propagation that accurately describes the forward infrastructure is needed to obtain reliable
predictions for the neutrino flux.

The propagation of an event from creation in a proton-proton collision at the ATLAS IP
up to the FASER detector can be studied using the Beam Delivery Simulation (BDSIM) [49].
BDSIM tracks particles as they travel across the accelerator lattice and simulates their pos-
sible interactions with matter along their trajectory. BDSIM operates using an underlying
Geant4 model of the LHC beamline components, as well as the associated surrounding
materials including the tunnel shielding and soil material.

A BDSIM model for FASER, shown in Fig. 11, has been implemented using a combination
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FIG. 11. Top view of the tunnel section between the ATLAS IP and the FASER location.

of existing and custom-created geometries. The optics for accelerator components (aperture
and magnet strengths) were taken from the MADX model of 2018 collision optics (β∗ =
30 cm) [50]. The section between the ATLAS IP and the end of the straight section (0 to
260 m from the ATLAS IP) is based on an existing FLUKA model [51]. The model for the
part of the tunnel located between 260 m and 450 m is based on a generic BDSIM model,
which uses the LHC tunnel dimensions and materials. The last part of the tunnel, including
the UJ12 cavern and the TI12 tunnel, which houses the FASER detector, was created using
pyg4ometry, a python package generating GDML files for use in BDSIM. Additional
elements important for this model were created in pyg4ometry: the TAN (target absorber
neutral), an absorber stopping neutral particles created at the ATLAS IP, and shielding
blocks located in the tunnel at various locations around the beam pipe designed to decrease
the radiation in the tunnel (see the left panel of Fig. 12). The TAN is especially important
for FASER simulations, as it produces secondary particles to which FASER is sensitive.

FIG. 12. Pyg4ometry custom geometry of the TAN (left), the beam pipe shielding block (center),

and the tunnel geometry at the FASER location (right).

BDSIM simulates particles inside the model using particle accelerator tracking routines
and the FTFP BERT Geant4 reference physics list [52]. The input to BDSIM are particles
produced in the ATLAS collisions simulated by the CRMC event generator [53], which
simulates proton-proton collisions at

√
s = 14 TeV. Simulated particle hits are collected

on the so-called FASER Interface Plane, which is located right in front of the FASER
detector (at 475 m from the ATLAS IP, centered around the line of sight). The simulation
data includes the type, position, momentum, and energy of particles traversing the FASER
Interface Plane. Additionally, BDSIM allows us to analyze the origin and trajectory of
particles.
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The goal of this BDSIM simulation is to estimate the flux and energy of particles reach-
ing the FASER Interface Plane to determine the expected event rate for the detector. In
addition, the simulation will make it possible to (i) study the effect of beam configurations,
for example, the beam crossing angle, (ii) understand the importance of secondary neutrino
production mechanisms, for example in the TAN, (iii) understand additional sources of un-
certainties associated with the simulation, for example, the propagation of hadrons through
the forward magnets, and (iv) study the muon flux at FASER, including their production
mechanisms and propagation through the LHC infrastructure, as well as the feasibility of
using muon measurements as input to constrain forward particle production. The simulation
results will be compared to data taken during Run 2 at the planned location of the FASER
detector.

C. High Energy Neutrino Interactions

Once the neutrino flux is known, additional simulations will be performed to obtain
the expected number of neutrino interactions and event kinematics. It is well known that
large-nuclei nuclear effects will modify the interaction cross section. When measuring the
neutrino cross section, these features would be considered part of the measurement. In con-
trast, when constraining the forward production cross section assuming SM interaction cross
sections, nuclear effects are expected to be an important theory uncertainty. Additionally,
hadronization and final state interactions (FSI) will determine the kinematics of the final
state. A realistic simulation of these effects is important to avoid inducing a simulation bias,
for example, in the energy estimate. In the following, we discuss these effects and how their
uncertainties can be estimated.

1. Interaction Cross Section and Nuclear Effects

As discussed above, the typical energy of neutrinos that interact with FASERν is above
100 GeV. In this regime, neutrino interactions can be described by deep inelastic scattering
(DIS) [54, 55]. In Ref. [1], we have estimated the interaction cross section by considering
the tungsten nucleus with mass number A = 184 as a collection of Z = 74 protons and
N = 110 neutrons. However, for neutrino scattering on heavy nuclei, nuclear effects such as
shadowing, anti-shadowing, and the EMC effect become important.1 Therefore the PDFs
of nucleons bound within nuclei have to be modified with respect to their free-nucleon
counterparts, which is described by nuclear parton distribution functions (nPDFs). The

PDF f
p/A
i (x,Q) of a proton bound in a nucleus with mass number A is defined relative to

the free parton PDF f
(p)
i (x,Q) as

f
(p/A)
i (x,Q) = RA

i (x,Q) f
(p)
i (x,Q) , (1)

1 The Genie [56, 57] events generated for this study include such nuclear effects, using “effective leading

order” GRV98 nPDFs, which are tuned to experimental data [58]. As such, it is difficult to meaningfully

discuss the systematic uncertainty on the Genie simulation in this context, and a move to incorporate

more modern nPDF sets is an essential, but longer term, development.
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FIG. 13. Left: Down quark PDFs in a tungsten nucleus f
(W )
i (x,Q) for Q2 = 100 GeV, using

CT14nlo without nuclear effects (blue), EPPS16 (orange), and nCTEQ15 (green). Right:

Interaction cross section of a muon neutrino with a tungsten nucleus, normalized by the incoming

neutrino energy, using CT14nlo without nuclear effects (blue), EPPS16 (orange), and nCTEQ15

(green).

where RA
i (x,Q) is the scale-dependent nuclear modification. From this, we can construct

the PDF in a heavy nucleus f
(A)
i (x,Q) with mass number A as

f
(A)
i (x,Q) = Z f

(p/A)
i (x,Q) +N f

(n/A)
i (x,Q) . (2)

Based on a variety of experimental inputs, several sets of nPDFs have been developed within
the last years: EPPS16 [59], nCTEQ15 [60, 61], and nNNPDF1.0 [62]. In particular,
these nPDFs include error sets that allow one to estimate the uncertainty associated with
the description of the nuclear effects.

In the left panel of Fig. 13, we show the down quark PDF in a tungsten nucleus f
(W )
d (x,Q)

for Q2 = 100 GeV without nuclear effects (CT14nlo in blue) and with nuclear effects
(EPPS16 in orange and nCTEQ15 in green). The shaded bands show nPDF uncertainties.
The lower panel shows the same PDF predictions and uncertainties relative to the central
prediction of CT14nlo. We can clearly see that the nuclear effects cause shadowing at low
x . 0.01, anti-shadowing at x ∼ 0.1, and the EMC effect at x ∼ 0.4. Overall, nuclear effects
change the down quark PDF in tungsten by O(20%).

In the right panel of Fig. 13, we show the total neutrino-tungsten interaction cross section
as a function of the incoming neutrino energy. We see that the nuclear effects, integrated over
phase space, only change the total interaction cross section by about 1%. The uncertainties
of the cross section prediction are about 3% for nCTEQ15 and about 6% for EPPS16.

2. Hadronization and Final State Interactions

A significant source of modeling uncertainty is due to the simulation of hadronization.
TheGenie simulation uses a custom model for hadronization [63], which uses Pythia 6 [34]
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for invariant masses W 2 ≥ 3 GeV2, and so is most relevant here. It should be noted
that Pythia 6 has long been superceded for most collider applications, and reflects the
more common use of the Genie software for much lower-energy physics, where DIS plays
a subdominant role. The Pythia model in Genie has been tuned to neutrino–hydrogen
and neutrino–deuterium scattering data [64], as is shown in Ref. [57]. Alternative tunings
of the model to a wider array of datasets have been investigated by other authors [65], but
are not adopted in the default Genie model. Work to update the hadronization model to
use Pythia 8 is ongoing in the Genie Collaboration, which will benefit the work presented
here, but further work will be required to assess the uncertainties of the hadronization model.

Due to the large density of nuclear matter and the large size of the tungsten nucleus,
any hadron produced inside a tungsten nucleus is likely to re-interact before leaving the
nucleus [66]. Although such FSI do not affect the lepton, they will modify the kinematics
of the final state (hadron multiplicities and energies), and disallowed final states can change
the interaction rate, although the latter is unlikely at the energies relevant here. The effect
on the hadronic system has, therefore, to be taken into account when modeling the neutrino
interaction, which could lead to additional uncertainties, for example, when estimating the
neutrino energy.

Genie has two custom FSI models, referred to as the “hA” and “hN” models [67]. For
the simulations used in Ref. [1], the default “hA” model was used, which approximates the
effect of FSI with an effective single interaction step, calculated separately for each particle
produced at the vertex. The interaction probabilities are based on π±–56Fe and proton–
56Fe data (see Ref. [67] for details), and then extrapolating to other targets assuming A

2

3

scaling. The alternative “hN” model is a cascade model, where each particle is separately
propagated from the interaction point to the edge of the nucleus, and daughter particles from
re-interactions are added into the cascade. Genie has built-in uncertainties to rescale the
total interaction probabilities for different FSI processes (e.g., inelastic or elastic collisions),
but none to modify the outgoing particle kinematics of any type of interaction, so they are
unlikely to be sufficient to reflect the actual uncertainty due to FSI. Estimating the size of
biases to energy estimation with and without FSI is a possible route to assess the possible
impact of FSI uncertainties on the analyses discussed here.

A further step forward would be to investigate alternative models of FSI and check the
effect they have on the energy estimation. Most other neutrino simulation packages use a
classical cascade model similar to the Genie “hN” model [68, 69]. A significantly more
sophisticated model is available from the GiBUU package [70], which does not factorise
the particle propagation in the same way. When propagating particles out of the nucleus,
at each step, every particle feels the potential of the nucleus, and each other. This lack
of factorization makes GiBUU more realistic, but much more computationally intensive.
Although GiBUU is significantly more sophisticated, it is still semi-classical in that it
uses free particle cross sections and modifies them, rather than full calculations for bound
particles.

V. TUNGSTEN/EMULSION DETECTOR

A. Conceptual Detector Design

The FASERν neutrino detector will be placed in front of the FASER main detector, on
the collision axis to maximize the number of neutrino interactions. Figure 14 shows a view
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of the neutrino detector module. The detector is made of a repeated structure of emulsion
films [6] interleaved with 1-mm-thick tungsten plates. The emulsion film is composed of two
emulsion layers, each 70 µm thick, that are poured onto both sides of a 200-µm-thick plastic
base; the film has an area of 25 cm × 25 cm. The whole detector contains a total of 1000
emulsion films, with a total tungsten mass of 1.2 tonnes. The total length of the detector is
1.35 m, corresponding to 285 radiation lengths X0 and 10.1 hadronic interaction lengths λint.
Figure 15 shows the lifecycle of emulsion films for the FASERν detector. Further details are
discussed in the following subsections.

FIG. 14. Conceptual design of the detector structure with the topology of various neutrino event

signals that can be reconstructed in the detector.

FIG. 15. The lifecycle of emulsion films for the FASERν detector, from the production of emulsion

layers in Japan, to assembly, exposure, disassembly, and development at CERN, and finally to the

readout in Japan and the off-line analysis of the data.
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1. Emulsion Films

Figure 16 (left) shows a photo of a standard emulsion film used in the OPERA experiment
and its cross-sectional view. The film comprises two emulsion layers that were poured onto
both sides of a 200 µm thick plastic base. For FASERν, films with a surface area of 25 cm
× 25 cm will be produced.

The emulsion sensitive units consist of silver bromide crystals, which are semiconductors
with a band gap of 2.5 eV, dispersed in a gelatine substrate. The diameter of the crystals is
0.2 µm, as shown in the right-center panel of Fig. 16. When a charged particle passes through
the emulsion, the ionization is recorded quasi-permanently, and it can then be amplified and
fixed by specific chemical processes. A minimum ionising particle track is shown in the right
panel of Fig. 16. An emulsion detector with 200 nm crystals has a position resolution of
50 nm, as shown in Fig. 17. The one-dimensional intrinsic angular resolution of a double-
sided emulsion film with 200-nm-diameter crystals and a base thickness of 200 µm is therefore
0.35 mrad.

The emulsion gel and film production will be performed at an existing facility in Japan,
which is currently being upgraded [71, 72] (Fig. 18). The new facility will be ready for mass
production in mid-2020.

FIG. 16. Photo of an emulsion film (left), its cross-sectional view (left center), electron microscope

image of the silver halide crystals (right center), and a minimum ionising particle track from a 10

GeV/c π beam (right).

FIG. 17. Distribution of the distances between grains and straight-line fits to the tracks of minimum

ionizing particles, showing the emulsion intrinsic spatial resolution [73].
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FIG. 18. The new system for emulsion film production at Nagoya University (left) and a test of

emulsion gel pouring (right) [71, 72].

2. Tungsten Target

Tungsten was chosen from the possible target materials shown in Table V for the following
reasons:

• Its high density will allow for a higher interaction rate, keeping the detector small.
Space for the detector along the beam collision axis is limited by the neutrino trench,
and it’s important to make the detector size small, which also makes the emulsion cost
low.

• Its short radiation length guarantees a higher performance, both in EM shower recon-
struction, keeping shower tracks to a small radius, and in momentum measurement,
by means of multiple Coulomb scattering.

• Low radioactivity.

Material Atomic Density Interaction length Radiation length Thermal expansion
number [g/cm3] [cm] [mm] α [×10−6K−1]

Iron 26 7.87 16.8 17.6 11.8
Tungsten 74 19.30 9.9 3.5 4.5
Lead 82 11.35 17.6 5.6 29

TABLE V. Properties of possible target materials.

B. Detector Structure Implementation

The FASERν detector consists of 1000 layers of emulsion films interleaved with tungsten
plates. The transverse dimensions are 25 cm × 25 cm. The most relevant issue in designing
the detector structure is how to keep the emulsion films aligned. The position alignment
has to be kept within sub-micrometer accuracy for the entire period of data taking (a few
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FIG. 19. Schematic of the alignment problem reported in the DONUT experiment. The residuals

of track position between two consecutive emulsion films are given in the (∆x,∆y) plane. If the

emulsion films are not pressed enough against the metallic plate, they may become misaligned.

months) so that momenta can be measured by the MCS coordinate method described in
Sec. VIID.

In the DONUT experiment, for example, the so-called “Slip” problem had to be addressed
[74], as the relative position between emulsion films changed during the experiment, princi-
pally as a consequence of changes in the temperature of the environment. The thermal ex-
pansion coefficient is very different between emulsion films (α ∼ 10−4/K) and metallic plates
(α ∼ 10−5/K), and therefore small temperature changes cause mechanical stress. This can
result in a change in alignment during the measurement (multiple alignment peaks). This
is depicted in Fig. 19. This problem can be avoided exerting a proper mechanical pressure
on the emulsion films and target plates in such a way that the soft emulsion films follow
the thermal expansion of metallic plates. The thermal expansion coefficient of tungsten is
very small, α = 4.5× 10−6/K. During the pilot run in 2018, the temperature was monitored
in the TI12 and TI18 tunnels, as shown in Table II and its variation was found to be very
small, namely about 0.1 ◦C. The linear thermal expansion of 25 cm tungsten is expected to
be

σx = 0.25[m] · α[K−1] · σT [K] = 0.25 · 4.5× 10−6 · 0.1 = 0.11 [µm]

This value of 0.11 µm is small, and the actual absolute “relative” movement between the
emulsion films would be smaller.

To exert sufficient pressure, a multi-step pressing mechanism will be implemented for
FASERν, as shown in Fig. 20. First, 20 emulsion films and 20 tungsten plates will be vacuum-
packed to create a modular structure in the detector. The pressure on each module is then
given by the atmospheric pressure. Successively, all the 50 modules will be installed in a
mechanical structure, which presses all the modules to one side. A multi-dot, deformable glue
will be applied between the modules to compensate for the non-uniformity of the emulsion
film thicknesses.

A vacuum-packed module prototype has been built with stainless-steel plates, as shown
in Fig. 21. An aluminum-laminated sheet was used for packing; it is custom-made by Meiwa
Pax Co., Ltd. and can keep the vacuum for years. For the sake of safety, since each module
weighs about 24 kg, a sucker cup lifter will be used.

The mechanical support, including a presser, has been designed and is shown in Fig. 22.
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FIG. 20. Module structure of the FASERν detector.

Given the shape of the trench, the width of FASERν is limited to 30 cm. Therefore the
main structure, which must support the detector’s entire 1.2 tonne weight, is planned on the
top and bottom of the detector. It has adjustable legs to optimize the height with respect
to the beam crossing angle by approximately 7 cm. The 50 vacuum-packed modules will be
housed in the structure, and a force of 6250 N will be imposed by the presser (green part)
located upstream.

Charged particle tracks recorded in the emulsion detectors tend to fade over time. This
“fading” effect is accelerated at high temperature. Although the temperature at the TI12
tunnel is not very high (18 ◦C), the fading might not be negligible. We are considering
an option to actively cool the FASERν detector to 10 ◦C with a proper cooling system.
It needs to be carefully designed because temperature instabilities, which have a direct
impact on alignment stability, can be more problematic than fading. Fluctuations of the
environmental temperature caused by the electronics of the FASER main detector could also
have an impact. If the rms variation is more than 0.5 ◦C, it would be worth investigating
the possibility of active cooling. We will run in 2021 without active cooling, and we will
implement it later if it is found to be necessary.
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FIG. 21. Assembly of a vacuum-packed module with stainless-steel plates (top), and a module

being lifted by a suction cup handler (bottom).

C. Assembly

The FASERν detector will be assembled at CERN, in the dark room of Building 169.
The dark room was set up for the CHORUS experiment and has been used by several
experiments, including OPERA (CNGS1), AEgIS (AD6), SHiP (P350), DsTau (NA65), and
for beam tests employing emulsion detectors. A picture of the dark room is shown in the
left panel of Fig. 23. It would be ideal to use this facility for detector assembly and the
chemical processing of emulsions for FASERν.

In the event of activity overlap, the use of this dark room has to be coordinated among
experiments. As a backup solution, we are investigating the possibility to upgrade the dark
room facility available at the IdeaSquare building (shown in the right panel of Fig. 23) for
assembling and disassembling the FASERν detector. The chemical treatment of emulsion
films will not be feasible in the IdeaSquare facility.

Since heavy modules have to be positioned with high precision, we will assemble the
entire detector at a surface facility. The 1.3 tonne detector will then be transported to
the experimental site in one piece. This minimizes the amount of underground work under
restricted conditions, namely, with personal protective equipment and the tight timeline of
Technical Stops. It also minimizes the number of objects crossing over the LHC beamline,
reducing the risk of accidents.
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FIG. 22. Detector support structure and pressing mechanism (neutrinos come from the left). Due

to the narrow space, the weight of the detector is supported by the structures at the top and

bottom. 50 vacuum-packed modules are inserted and a force of 6250 N is imposed by the presser

(green part) located upstream.

D. Transport

The FASERν detector will be brought down to the LHC tunnel using the PM15 elevator
at Point 1, which can withstand a load of 3 tonnes. It will then be transported along the
LHC beamline on an electric cart. To prevent any possible damage to the LHC magnets
or interconnects, the electric vehicles will be equipped with collision detectors and their
speed will be limited to 3 km/h. The FASERν detector will then be carried over the LHC
and QRL cryo-line in UJ12 using the crane already employed for the main FASER detector
installation, as shown in Fig. 24. A protection device has been installed under this crane,
with dimensions similar to those of FASERν and a 1.5 tonne load capability, which will
allow operations even when the LHC is cold.2

2 For heavy load transportation along the LHC tunnel and over the LHC when the machine is cold, a special

permit is required from the CERN-TE department safety officer. According to him, it will be granted, as
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FIG. 23. Dark room facilities at CERN. Left: The common facility dedicated to emulsion activities

in Building 169. Right: The dark room in IdeaSquare. This room is currently used for photo

sensor testing, but could be used for assembling and disassembling the FASERν detector.

FIG. 24. The schematics of the transport setup at UJ12 (left) and a current photo if the site

(right). The yellow QRL protection will allow us to transport FASERν even when the LHC is cold.

The detector will be installed into the neutrino trench in front of the FASER detector
by using the crane that will be installed in TI12 for FASER installation (scheduled to be
installed in March 2020). Since the crane has to reach the neutrino trench, an additional
rail will be needed in TI12, as shown in Fig. 25.

Because of the FASERν operations, the crane in UJ12 will be used more frequently
than originally planned. Consequently, the transport group proposes to install a crane
transport platform. The additional cost for the transport infrastructure on top of that
already approved to be installed for FASER is about 20 kCHF.

The Handling Engineering team (EN-HE) at CERN will be in charge of detector trans-
portation. According to them, the transport works (installation and removal) would take
∼ 1

2
a day and be feasible during the Technical Stops.

long as the above described procedures are followed.
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FIG. 25. The rails (yellow beams) to be installed at the FASER site. The third rail (on the far

right) is newly added to install FASERν.

E. Environmental Monitoring

The monitoring of environmental conditions is essential to diagnose possible alignment
problems and detector sensitivity loss. Four temperature sensors will be installed upstream
and downstream and at the center-bottom and center-top of the FASERν detector. In
addition, a humidity sensor will be installed at the center of FASERν. The sensors will be
connected to a TIM (Tracker Interlock Monitoring) module, and all information will be sent
to the FASER DCS (Detector Control System).

F. Radiation Protection

After the removal of the FASERν detector, the radiation level of FASERν will be mea-
sured. The radiation is expected to be very small at the FASER site. This was already
checked in 2018 through in situ measurements; no activation of the pilot emulsion detectors
was observed at the time of their removal from the experimental area.

We are in contact with the Radiation Protection (RP) team at CERN. The RP team has
agreed to perform the RP scan of the detector during the Technical Stops. The scan itself
would take less than 1 hour. The RP team also suggested to perform the installation/removal
not on the first day of the Technical Stop, but in the following days. This is because some
of the beamline components, especially the TAN, have a high activation immediately after
high luminosity running. One should avoid to pass by such radioactive elements.

In case the detector is activated, it must stay in the buffer zone until it cools down. In
order to minimize an accumulation of cosmic events, the detector should be directed towards
the Jura mountains, which cover about 120 mrad from horizon at Point 1. The cosmic events
and neutrino events can then be separated by the angle.

As a general feature of heavy elements, Tungsten, can be activated relatively easily.
The long term installation in TI12 over several replacements of emulsion films may cause
activation of tungsten plates. The RP team is currently performing a dedicated simulation
to study this effect.
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G. Exchange of Films

The FASERν detector will be replaced during planned Technical Stops. The expected
beam operation is described in Sec. III. In 2021 we expect 10-20 fb−1, while, in 2022 and 2023,
we may get up to ∼100 fb−1 per year. In addition, we might get ∼100 fb−1 in 2024 if LHC
Run 3 is extended by one year. We plan to install seven sets of emulsion layers during LHC
Run 3: one in 2021, three in 2022, and three in 2023. The emulsion films will be produced
a few months before each installation. The emulsion film chemical development will be
performed in the dark room at CERN soon after their extraction. The exchange procedure
steps are: (1) construction of the new emulsion modules using the unused set of tungsten
plates; (2) extraction of the exposed emulsion modules from FASER and installation of the
new modules; (3) disassembling of the emulsion films and their chemical development in the
dark room at CERN.

It would take 3–4 days to prepare the new modules. Two to three people will work
for 8–10 hours/day in the dark room, which could be divided into two shifts. The work
can be done with one expert and one non-expert, and there is sufficient expertise in the
Collaboration for this to be carried out. In addition, two people will be needed to conduct
the extraction and installation operations.

H. Chemical Development

The recorded signal in the silver bromide crystals (latent image) will be amplified by
chemical development. The procedure and the chemical solutions are described in Table VI.
In the developer solution, filaments of metallic silver start to grow from the latent image
spec and become visible as dots under optical microscopes. The amplification gain is about
O(108), and it depends on the temperature and duration of the chemical treatment. After
the development of an entire detector, which corresponds to an emulsion area of 63 m2,
about 2 tonnes of chemical waste need to be disposed (see Table VI).

The chemical development will be carried out in the dark room at CERN, which will be
equipped so that 200 films/day could be processed. One week will be necessary to develop
1000 films. As discussed in Sec. VC, the dark room of Building 169 is well-suited also for
chemical development. If this facility is unavailable, we will establish another dark room at
CERN. The existing emulsion development facility of the University of Bern could also be
used.

I. Safety

The FASERν detector does not require electricity consumption. Furthermore it is sur-
rounded by an aluminum support structure, and so it is not flammable. The relevant safety
issue for FASERν would be the handling of heavy objects and its transportation. The basic
unit of the FASERν detector is the vacuum-packed module, which weighs about 24 kg and
will be assembled and partly handled in the dark, where special care is required. During
assembly, we will handle already-furbished tungsten plates. No powder will be present, so
no special requirement or precaution will be needed for using tungsten. People should wear
gloves and safety shoes. To help safe handling, a support device with vacuum suckers will
be prepared. When the assembled module is handled, the light level will be maximized,
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Solution Time and

Temperature

Function Chemical Amount

/63 m2

Developer 20 min at

20± 0 1◦C

Chemical amplification of

signal with a gain of O(108)

OPERA Dev (Fujifilm),

RD-90s starter (Fujifilm)

400 L

Stopper 10 min Stop chemical amplification Acetic acid 200 L

Fixer 90 min Resolve unused silver bro-

mide crystals

UR-F1 (Fujifilm) 1150 L

Wash >300 min Wash out all chemicals Running water

Thickener 20 min Control emulsion layer

thickness

Glycerine, Drywell

(Fujifilm)

50 L

Drying ∼ 1 day Dry films for shipment Air at R.H.=50–60%

TABLE VI. Solutions required for the emulsion chemical development of each FASERν detector,

which has an emulsion film area of 63 m2.

allowing for the dark room operation. Installation of the emulsion module into the support
frame can be done in the light.

Additional safety issues related to detector transportation and radio protection have been
discussed above in Secs. VD and VF, respectively.

VI. INTERFACE DETECTOR

The FASERν emulsion detector is a stand-alone detector component. As discussed in
Ref. [1], this emulsion detector will allow us to detect neutrinos, to estimate their energies,
and to separate them from background.

At the same time, there are benefits to coupling FASERν to the FASER spectrometer,
which is located immediately downstream of FASERν. This can be done by means of an
interface detector, an additional silicon tracker layer that interfaces FASERν with the main
detector, as shown in Fig. 26. Such a hybrid emulsion/electronic detector has been suc-
cessfully demonstrated in several experiments, such as E653 [75], WA75 [76], CHORUS [77],
DONuT [9], and OPERA [78]. If an event in the emulsion detector and the interface detector
can be matched, a combined analysis will be possible, giving the following improvements:

Charge Identification: The FASER spectrometer can distinguish muons from anti-
muons, and thus provide the charge information needed to distinguish muon neutrino
and anti-muon neutrino interactions. The lepton charge identification would allow us to
measure neutrino and anti-neutrino cross sections separately, making the measurements
significantly more incisive. Charge identification for electrons and taus would be difficult
because of their paths; electrons make electromagnetic showers and taus mostly decay
into hadrons.

Improvement of energy resolution: The FASER spectrometer can provide an addi-
tional measurement of the charged particle momenta and thus improve the energy reso-
lution.

Background rejection: By only using the emulsion detector it is often impossible to relate
spatially disconnected segments of an event, for example a muon and an associated muon-
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FIG. 26. Upgrade of the FASERν detector to include an interface detector, which couples FASERν

to the FASER main detector. The components of the overall detector include the FASERν emulsion

detector (black), scintillators (grey), the interface detector and additional tracking layers (blue),

magnets (red), and the electromagnetic calorimeter (purple).

initiated neutral hadron interaction (background). The time information provided by
the interface detector would allow us to correlate the different parts of the same event
and reject muon-initiated backgrounds. Moreover, a scintillator positioned upstream of
the emulsion detector provides an additional opportunity to identify an incoming muon,
improving the discrimination between the muon-induced background and the neutrino
interaction events.

A typical event in FASERν +FASER is shown in Fig. 27. The tracks detected in FASERν
will appear as hits in the interface detector, and matches of the hit patterns can be analyzed.
In each set of FASERν data (∼ 30 fb−1), about 4× 108 muons are expected (see Sec. III E),
most of which are single-track events. On the other hand, we expect O(104) neutrino and
hadron events. If we require 1 mm positional matching in both dimensions of the detector
(25 cm × 25 cm) and an angular matching of 10 mrad in the 50-mrad angular spread of
background particles, the probability of fake matching is (1/250)2(10/50)2 = 6 × 10−7. By
requiring that two or more tracks match, the correspondence between events in FASERν
and the FASER main detector will be uniquely identified.

The interface detector should have a spatial resolution of the order of 0.1 mm. Our
current baseline is to copy the tracker station of the FASER spectrometer, which is made
of ATLAS silicon strip detectors (SCT) [79, 80]. The SCT modules consist of two layers of
strip detectors with a pitch of 80 µm, that are tilted by 40 mrad. The effective resolution is
23 µm in one direction, and 580 µm in the other. Each tracker station has three planes of
8 SCT modules. Each plane has an area of 24 cm × 24 cm.

In October 2019, we requested that the ATLAS SCT Collaboration allow us to use an
additional 40 spare SCT modules, sufficient to construct 5 tracking planes, for the interface
detector. (This request is in addition to the 80 spare modules already granted to us to
construct the FASER main detector tracking stations.) The SCT Collaboration kindly
approved this request in October 2019. The quality assessment of these SCT modules will
be performed by the end of 2019.

To avoid any interference between construction of FASERν and the construction and
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FIG. 27. Schematic of the FASER/FASERν global reconstruction with an additional interface

tracker.

commissioning of the FASER main detector, we plan to install the interface detector after
the 2021 run, during the year-end Technical Stop. This would also allow us to carefully
design the interface detector.

As an example, a simulated νµ CC neutrino interaction event with Eν = 1 TeV is shown in
the top panel of Fig. 28. Due to the long lateral length of FASERν of 10 λint, a large fraction
of hadrons would interact before exiting FASERν. Therefore it is reasonable to use the last
track segments in FASERν to match the hits in the interface detector. These FASERν tracks
will be compared with all events in the interface detector which have multiple tracks. Such
multi-track events would also frequently be generated by primary high energy muons due to
the electromagnetic showers resulting from knock-on electrons. An example event is shown
in the bottom panel of Fig. 28 for a 1 TeV muon. However, such muon-initiated background
events can be removed using an additional veto scintillator which will be installed at the
upstream part of FASERν to tag the incoming muons.

Event matching of upstream neutrino events is expected to be less efficient due to the long
lateral thickness, which means charged hadrons produced in the neutrino decay can interact
before reaching the interface detector. Additionally, the active transverse area of the FASER
spectrometer is a circle of radius 10 cm which is smaller than the emulsion detector (25 cm
× 25 cm). The fiducial volume of FASERν where matching to the FASER spectrometer
is possible will therefore be reduced compared to the full FASERν volume. Nevertheless,
the limited efficiency/acceptance can be compensated by the abundant statistics of νµ and
ν̄µ events. Therefore the goal to separately measure the neutrino and anti-neutrino cross
sections can be achieved. Further detailed studies of the design and performance of global
reconstruction are under way.

VII. OFFLINE ANALYSIS

A. Detector Simulation Framework

We are preparing a complete simulation to study neutrino interactions, as well as back-
ground muon interactions, with the FASERν detector. Geant4 [81] is used for the emulsion
and interface detectors. The emulsion detector is composed of 1000 layers, with each layer
consisting of a 1 mm thick tungsten plate and an emulsion film, as described in Sec. V.
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FIG. 28. Illustration of the primary and secondary particle trajectories of a 1 TeV νµ (top) and

a 1 TeV µ− (bottom) through the emulsion and interface detectors. The white box indicates the

FASERν emulsion detector, and the green vertical lines indicate the silicon planes of the interface

detector. The particles enter from the left. The primary interaction of the incident neutrino

with the tungsten nucleus is set at the center of FASERν. The charged (neutral) particles are

indicated by red (white) lines. In the neutrino event, only particles with momenta larger than 1

GeV are shown, corresponding to the track selection in the emulsion detector. In the muon event,

lower-energy particles (E & 0.1 MeV) are also shown, corresponding to the threshold of the SCT.

The interface detector is made of three silicon planes with transverse dimensions of
24 cm×24 cm. Each plane is composed of eight 6 cm×12 cm modules, and each mod-
ule consists of a 380 µm carbon baseboard (thermal pyrolytic graphite with a density of
2.2 g/cm3), and two silicon strip layers glued to each side of the baseboard. The silicon
layer has a thickness of 285 µm, and the glue (epoxy with a density of 0.95 g/cm3) has a
thickness of 25 µm on each side of the baseboard. The separation between two adjacent
planes is set to 3.5 cm, and the separation between the first interface plane and the emulsion
detector is 2.0 cm. The glue material is mainly made of the elements H, C, O, and N.

The neutrino interactions will be generated, for example, by the Genie and Pythia
neutrino interaction generators. The generated primary particles from the neutrino-nucleus
interaction are further passed to Geant4 for subsequent simulations. Figure 29 shows such
a neutrino interaction event visualization. The initial neutrino νµ energy is 1 TeV, and the
first primary interaction is generated by Genie. This simulation framework will be used for
future studies.

B. Emulsion Readout

The emulsion readout system takes a sequence of tomographic images by changing the
focal plane through each emulsion layer, as shown in Fig. 30. The digitized images are
then analyzed to recognize sequences of aligned grains as a track segment (microtracks). In
FASERν, the neutrino event analysis will be based on readout of the full emulsion detectors
by the Hyper Track Selector (HTS) system [82] in Japan, which is the fastest readout

36



2 cm

5 mm

FIG. 29. 1 TeV νµ CC interactions generated by Genie and propagated in FASERν by Geant4.

The hits on emulsion films are shown along the depth of 200 tungsten plates, corresponding to

57X0 and 2λint. Cuts on momentum (P > 0.3 GeV) and angle (tan θ < 0.5, where θ is the

angle with respect to the neutrino direction) are applied. The color shows dE/dx, where green

indicates minimum-ionizing particles and red represents heavily-ionizing particles. Top: side view.

Bottom: tilted view.

system at present. The HTS system includes a dedicated lens, camera, XYZ-axis stage, and
computer cluster for image processing; see Fig. 31. It takes 22 tomographic images, and 16
successive images in the emulsion layer are used for track recognition.

Conventional systems use a field of view of 0.12 mm× 0.12 mm or 0.3 mm× 0.4 mm. HTS
makes use of a custom-made objective lens with a much larger field of view of 5.1 mm × 5.1
mm and a magnification of 12.1. The optical path is divided into six, and correspondingly
the image is projected on to six mosaic camera modules. Each mosaic camera module
consists of 12 2.2-Mpixel image sensors. In total, 72 image sensors work in parallel to build
the large field of view. The raw image data throughput from 72 image sensors amounts to
48 GBytes/s, which is then processed in real time by 36 tracking computers with two GPUs
each. The readout speed of the HTS system is 0.45 m2/hour/layer, which is a big leap from
the previous generations, as shown in Table VII. By the time of the runs in 2021/2022, an
upgraded HTS system (HTS2, which will be about 5 times faster) will also be available.
The baseline plan for FASERν is to use HTS, since its performance, such as the readout
speed and resolution, is already proven. The total emulsion film surface to be analyzed in
FASERν is 189 m2/year implying a readout time of 840 hours/year. Assuming some hours
of machine time each day, it will be possible to finish reading out the data taken in each
year within a year.
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FIG. 30. Schematic view of the emulsion readout system [82].

FIG. 31. The fast emulsion readout system (HTS) in Japan [82].

The information stored by the HTS system is the track segments recorded in the top
and bottom layers of films, or “microtracks.” By connecting the microtracks on both lay-
ers, “basetracks” are formed, as shown in Fig. 32, which are the basic unit used in later
processing. Each basetrack provides 3D coordinates ~X = (x, y, z), 3D vector information
~V = (tan θx, tan θy, 1), and dE/dx parameters, where the vector information has an angular

Field of view [mm2] Readout speed [cm2/hour/layer]
SUTS (used in OPERA) 0.04 72
HTS (running) 25 4500
HTS2 (under development) 50 25000

TABLE VII. Comparison of recent emulsion scanning systems and their performance properties.
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FIG. 32. Definitions of microtracks and basetracks.
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results are from the work of the DsTau Collaboration in Ref. [84].

resolutions of 2 mrad.

C. Data Reconstruction

FASERν expects high-energy particles (∼ TeV) at high density (O(105)µ/cm2). The
reconstruction of these particles requires software dedicated to such a high-energy and
high-density environment, for which the experience accumulated for the DsTau experiment
(NA65) can be directly used [83, 84]. As an example, the films may be aligned by using
high-energy muon tracks. The data processing is divided into sub volumes, for example, 2
cm × 2 cm × 30 emulsion films. The alignment precision has a dependence on the processing
area size, which is due to a non-linear distortion of the plastic base. With this method, an
alignment accuracy of 0.4 µm has been reached in the work of the DsTau Collaboration [84],
as shown in Fig. 33. Depending on the purpose, the processing unit will be optimized.

The basic concept of track reconstruction is based on the correspondence of basetracks on
different films in position and angular space. The widely-used algorithm uses a correspon-
dence test of two consecutive basetracks. However, the track density in FASERν (105–106

/cm2 in a small angular space) is relatively high. The conventional reconstruction tools
for OPERA, which had a track density of 102–103 /cm2 in a large angular space, are not
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appropriate. This is especially true if two or more tracks with similar direction (within a
few mrad) become close to each other (in a few micron), because the algorithm may not
resolve the correct paths.

A new tracking algorithm has recently been developed by the DsTau Collaboration to
reconstruct tracks in environments with high track density and narrow angular spreads.
Some detail of the algorithm is described in Ref. [84]. The reconstruction tools will be
implemented in the FASERν analysis.

After the processing to reconstruct tracks in the full area of the emulsion films, a system-
atic analysis will be performed to locate neutrino interactions. The analysis for the neutrino
interactions is described in Ref. [1].

D. Neutrino Energy Reconstruction

An important part of the analysis of FASERν data is the reconstruction of the neutrino
energy. Information from the track reconstruction and the identification of the neutrino
vertex will be used to estimate the neutrino energy. This requires studying charged particles
and the electromagnetic component associated with both the leptonic and hadronic recoil
products of neutrino scatterings. The latter are important because of the possible large
momentum transfer in DIS.

Because of its high spatial resolution, FASERν will be able to precisely determine the
final state topology and estimate kinematic quantities. In particular one can employ (i)
topological variables, such as track multiplicity and the slopes of tracks, (ii) track momenta
measured with the use of the multiple Coulomb scattering (MCS) method [74], and (iii) the
energy measurement of the EM component performed by the analysis of shower development
in the emulsion detector. A more detailed discussion of the relevant variables and methods
has been given in Ref. [1].

We have considered two strategies for energy reconstruction, based on only the visible
energy measurements and also a multivariate analysis. In fact, even a simple sum of the
visible energy of charged particles and EM showers already gives a relatively good estimate
of the neutrino energy, as illustrated in the left panel of Fig. 34. For energies above 1 TeV,
however, this is limited by the precision of the momentum measurement in the MCS method.

Further improvement can be achieved by the use of a combination of the aforementioned
topological and kinematical variables serving as an input to an artificial neural network
(ANN). We present example results of such an analysis in the central panel of Fig. 34 for νµ
CC events. These have been obtained by employing the ANN algorithm implemented using
the MLP package in the CERN ROOT framework [85]. The algorithm was trained on data
simulated in Genie and by taking into account realistic EM energy and charged particle
momentum reconstruction resolutions. Here we haven’t done this study with a realistic
density of background tracks. The EM shower reconstruction would be affected, therefore
we accounted for a relatively large uncertainty on the shower energy measurement of 50%.
Thanks to the use of the ANN algorithm, the expected resolution of the neutrino energy
measurement is about 30% for a wide range of energies between 100 GeV and several TeV,
as shown in the right panel of Fig. 34.

Prior to the physics run, thorough tests will be performed to cross-validate the ANN
algorithm with respect to the simple estimate of visible energy at Eν < 1 TeV, as well as
to assess the impact of possible inaccuracies in Genie modeling of high-energy neutrino
interactions in tungsten, as discussed in Sec. IVC.
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From Ref. [1].

VIII. COORDINATION, SCHEDULE, AND COST

A. Coordination and Schedule

FASERν is an additional component of the FASER detector, and its construction and
operation will be organized by the FASER Collaboration. Given the already-tight schedule
of the FASER main detector construction, the FASER Collaboration will put priority on
the completion the main detector. The part of FASERν that is independent of the resources
required for the main detector, namely the tungsten/emulsion detector, will be ready in
time for data-taking in 2021. On the other hand, the interface detector would require a non-
negligible effort from the spectrometer team. Simulation studies are ongoing to evaluate
the effectiveness of the matching between FASERν events and the main spectrometer using
the interface detector. Based on these results, the implementation of the interface detector
could take place after the end of the 2021 run possibly in time for 2022 data-taking. The
lack of an interface detector in 2021 will have a minor impact on physics performance, as
we expect only a small fraction of the total luminosity to be gathered in 2021 (see Table I).

The global schedule of FASERν is given in Fig. 35. The emulsion films will be produced
in Japan a few months before installation, which is optimal to avoid unnecessary cosmic
background, but still provides enough time to assess the quality of the emulsion films. The
films will then be shipped to CERN by air. The FASERν detector will be assembled right
before installation to minimize background events from cosmic neutral hadron interactions.
The emulsion films will be replaced in every Technical Stop. For 2021, since the expected
integrated luminosity is relatively small, the detector will remain in the TI12 location longer
than in later years. However, various diagnostic tests will be conducted by sampling parts
of the detector, which will allow timely feedback to optimize subsequent runs. The chemical
processing of emulsion films will be done after each data taking, and the developed films will
then be sent to the scanning facility at the remote site. The readout of emulsion films will
take about 4 months (depending on the machine time and shift organization for exchanging
films) for each chunk of data. As a result, the data collection time and the readout time for
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FIG. 35. Timeline of the project.

each set of emulsion films are roughly comparable.

The reconstruction tools will be shared with the DsTau Collaboration, which largely saves
the effort of software development. The FASER Collaboration is currently working on the
analysis of the 2018 pilot runs, which provides a good training sample to establish the data
processing pipeline. A large part of the software will be ready by the 2021 run.

In parallel to the planning, construction, and operation of the experiment, we will improve
our understanding of neutrino fluxes and the corresponding uncertainties. As outlined in
Sec. IV, these efforts include (i) the creation of a dedicated forward physics tune, based
on available external/internal data to quantify the uncertainties from hadronic interaction
models, (ii) the full implementation of beam transport by BDSIM, and (iii) the analysis of
nuclear effects and their impact on the neutrino energy estimation. These efforts will involve
FASERν associate members as well as external groups, such as the Professor team, which
is already involved in the preparation of this Technical Proposal.

B. Cost Estimate

The cost estimates for the tungsten/emulsion detector and for the interface detector are
summarized in Tables VIII and IX, respectively. The largest budget items are the emulsion
gel and tungsten plates. For the tungsten plates, we have included two sets, so that a
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replacement detector can be prepared ahead of time, and the FASERν detector can be
replaced quickly during the short Technical Stops. If LHC Run 3 is extended by one year,
an additional 135 kCHF for emulsion gel and about 23 kCHF for other consumables will be
required.

The CERN host lab costs are summarized in Table X. It includes infrastructure work.
These costs are relatively small, given the infrastructure work that is already underway to
prepare TI12 for FASER, but the cost of transportation infrastructure includes 20 kCHF
for the additional transport infrastructure discussed in Sec. VD.

Item Cost [kCHF]
Emulsion gel for 440 m2 315
Emulsion film production cost for 440 m2 32
Tungsten plates, 1200 kg (first set) 173
Tungsten plates, 1200 kg (second set) 173
Packing materials 5
Support structure 12
Chemicals for emulsion development 20
Tools for emulsion development 5
Racks for emulsion film storage 5
Computing server 10
Total 750
[Emulsion gel for 2024 running] [135]
[Additional consumables for 2024 running] [23]
[Total including 2024 running] [908]

TABLE VIII. Cost estimate for the tungsten/emulsion detector.

Item Cost [kCHF]
SCT modules 0
Tracker mechanics 20
Chiller 0
Connection to EN-CV 2
Tracker Readout Board 5
Powersupplies 31
Cables 11
Flex cable 10
Patch panel 10
Tracker Interlock and Monitoring Board 3
Total 92

TABLE IX. Cost estimate for the interface detector.
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Item Cost [kCHF]
Transport infrastructure 20
Chemical disposal 20
Computing storage (EOS disk space) 30
Total 70

TABLE X. The host lab costs.
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