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• ForwArd Search ExpeRiment

• Designed to search for light and 
weakly-interacting particles + 
study the interactions of high-
energy neutrinos (FaserNu)

Fluxes of high-energy SM particles are supressed
Muons and neutrinos only exception
FASER can probe Axion-Like-Particles (ALPs) model

Zero degrees angle → huge LLPs flux

Picture taken from symmetry magazine. Artwork by 
Sandbox Studio, Chicago with Ana Kova.

14/12/2022

• The ForwArd Search ExpeRiment  
‣ search for light and weakly interacting new particles (LLP) 

from rare decays of mesons (π, η, K, D, etc.) produced at the 
LHC   

๏ mostly produced at low pT, highly collimated in the very forward 
direction (θ~mrad) 

❖ σinel(13 TeV)~75 mb ➡ Ninel (Run3, 150 fb-1) ~1016

1. The FASER experiment (1/3)

Sergio Gonzalez (UniGe) 323rd iWoRiD Conference - 27.06.2022

1.1 Physics motivation

Z

X

Y high pT

π, η, K, D… → LLP

• FASER located ~480 m from the ATLAS IP along beam collision axis  
‣ TI12 service tunnel

Sergio Gonzalez-
SevillaSergio Gonzalez (UniGe)

Experiment location

4iWoRiD-2022, 27.06.2022

The ForwArd Search ExpeRiment at the LHC
Search for light, weakly interacHng (LLP) new parHcles
↳  stemming from rare meson decays (π, η, K, D …) in  
       very forward ATLAS region (𝜃∼mrad)
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1. The FASER experiment (2/3)

Sergio Gonzalez (UniGe) 423rd iWoRiD Conference - 27.06.2022

1.2 Detector

Ex: pp ➝ A’(➝ e+e-) + X, with E(A’)~TeV
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Length: 5 m 
Magnet aperture: 20 cm

≃7 m length, 20 cm aperture (magnets)  [arXiv:2207.11427]

The ForwArd Search ExpeRiment

https://arxiv.org/pdf/2207.11427.pdf
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Detector OperaHon and Data Taking

X
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FASER Operation in the LHC Run3
• Successfully operated during 2022-23  

• Successfully constructed, installed 
and commissioned  

• ConRnuous and largely automaRc 
data-taking at up to 1.3 kHz  

• Successfully constructed, installed 
and commissioned  

• Lightweight operaRonal model  
• No control room

• FASER detector operations have gone  
extremely well to date

• Recorded ~97% of the delivered data
• DAQ deadtime <2% 

• No significant operational issues
• Lightweight operational model

• No control room
• Two shifters, controling and monitoring 

the experiment from their laptop

4

FASER Operations

Many thanks to ATLAS Collaboration for 
providing IP1 luminosity information!

Benedikt Vormwald 7benedikt.vormwald@cern.ch

FASER Monitoring and Operation Model

● Live monitoring via Grafana for the entire 
detector system
➔ DAQ status
➔ DCS status
➔ LHC/trigger status

● System in operation since FASER 
installation in 03/2021 and data 
preserved in a centrally maintained 
database

● Built-in alert system sends alarms to 
expert groups

● FASER (tracker) is operated/supervised 
entirely remotely by two people (no 
control room)

● Continuous monitoring of
➔ Leakage currents
➔ LV power
➔ Environmental conditions
➔ Data quality
by a remote shifter (anywhere in the 
world) part of the FASER operation 
model

Vancouver, 4th Dec 2023, HSTD 13 conference, Tomohiro Inada (CERN) 4

Data taking started in July 2022: experiment successfully operated since then 
  =▶︎ Lightweight operational model (no control room), largely automatic data taking at up to 1.3 kHz 
  =▶︎ Excellent detector performance and 98% data taking efficiency achieved 
  =▶︎ Neutrino emulsions boxes exchanged four times thus far 
  =▶︎ 35 fb-1 collected in 2022 and 33 fb-1 in 2023 
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Detector OperaHon and Data Taking
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Physics motivation for neutrino measurements
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Neutrino-nucleus interactions Forward hadron productions 
using neutrinos

Figures from arxiv 2105.08270 & 1908.02310

Interactions of TeV neutrinos and tungsten targets

Cross-section measurements for different flavors Probing forward light hadron and 

charmed hadron productions

-> Good inputs for cosmic-ray 
physics and QCD physics νe + ν̄e νμ + ν̄μ

Expected neutrinos
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FIG. 4. Sensitivity reaches for FASER and FASER 2 for (upper left) dark photons, (upper right)
dark Higgs bosons, (lower left) heavy neutral leptons (HNLs) with dominantly ⌧ -mixing, and (lower
right) axion-like particles (ALPs) with dominantly photon couplings. The gray-shaded regions are
excluded by current bounds, and the projected future sensitivities of other experiments are shown
as colored contours. See the text for details.

interacting new particles. These include other benchmark models that are part of the Physics
Beyond Colliders study [25], as well as others, including inelastic dark matter [23], R-
parity violating supersymmetry [18, 24], models with strongly interacting massive particles
(SIMPs) [22], and twin Higgs scenarios [20]. A summary of FASER and FASER 2’s discovery
prospects for some of these models is given in Table I.
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Physics OpportuniHes with FASER

6

new parYcles [arXiv:1811.12522]: dark photon, ALPs…

FASER chases aZer feebly interacYng parYcles
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right) axion-like particles (ALPs) with dominantly photon couplings. The gray-shaded regions are
excluded by current bounds, and the projected future sensitivities of other experiments are shown
as colored contours. See the text for details.
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prospects for some of these models is given in Table I.
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Physics motivation for neutrino measurements

5

Neutrino-nucleus interactions Forward hadron productions 
using neutrinos

Figures from arxiv 2105.08270 & 1908.02310

Interactions of TeV neutrinos and tungsten targets

Cross-section measurements for different flavors Probing forward light hadron and 

charmed hadron productions

-> Good inputs for cosmic-ray 
physics and QCD physics νe + ν̄e νμ + ν̄μ

Expected neutrinos
collider neutrinos [arXiv:1908.02310]

https://arxiv.org/abs/1811.12522
https://arxiv.org/abs/1908.02310
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Search for Dark Photons

7

Search for Dark Photons

A’

Motivation
● Common feature of hidden 

sector models
● Gauge boson mixing with 

SM photon

The Signal
● Nothing in veto scintillators
● Evidence of two good tracks 

downstream from e+e-

Backgrounds
● Muons
● Neutrino interactions
● Cosmics
● Hadron-rock interactions

Production
● Primarily meson decay
● For 1<m

A’
<211 MeV, will 

decay 100% to e+e- pair
6
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Dark photon:  
hypothetical gauge  

boson from hidden sector 
mixing with SM photon  

Phys. Lett. B 848 (2024) 13837
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  =▶︎ At LHC, mainly from rare light meson decays; O(100m) decay length for model of interest 
  =▶︎ Almost exclusively decaying to e+e- pairs for 1 MeV<mA’<211 MeV (region accessible to FASER)

https://www.sciencedirect.com/science/article/pii/S0370269323007128?via=ihub
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Search for Dark Photons: Backgrounds
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beam background

neutrinos

Veto inefficiency 
  =▶︎ Measured layer-by-layer using muon tracks 
  =▶︎ Completely negligible: 10-12 expected out of 108 muons 

Non-collision background 
  =▶︎ Cosmics if no beam + beam debris from non-colliding bunches 
  =▶︎ No events seen with ≥1 track or Ecalo>500 GeV  

Neutral hadrons 
  =▶︎ Estimated from low-E events with 2-3 tracks + different veto 
  =▶︎ Suppressed by veto & Ecalo>500 GeV: (2.2±3.1)x10-4 events 

Neutrino interactions 
  =▶︎ ”Dominant” background: estimated from Genie MC  
  =▶︎ Suppressed by Ecalo>500 GeV: (1.8±2.4)x10-3 events
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Search for Dark Photons: Signal Region

    2 fiducial tracks, 
    no veto signal

≥1 track

    ≥1 track, 
    no veto signal

   =▶︎ Event time consistent with collision bunch at IP1 
   =▶︎ No signal in veto scintillators, two good >20 GeV tracks 
   =▶︎ Signal in downstream scintillators, Ecalorimeter>500 GeV  

No observed data events in signal region:

9
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Search for Dark Photons: Exclusion Limits
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Dark photon: benchmark model Reinterpretation: B-L gauge boson
90% CL exclusions:  

ε∼4x10-6-2x10-4 and mA’∼10 MeV-80 MeV
90% CL exclusions:  

gB-L∼3x10-6-4x10-5 and mA’∼10 MeV-50 MeV
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Search for Dark Photons: Exclusion Limits

11

Dark photon: benchmark model Reinterpretation: B-L gauge boson
90% CL exclusions:  

ε∼4x10-6-2x10-4 and mA’∼10 MeV-80 MeV
90% CL exclusions:  

gB-L∼3x10-6-4x10-5 and mA’∼10 MeV-50 MeV

too abundant DM:  
already excluded
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ObservaHon of Collider Neutrino Events
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position and angular resolution to identify CC neutrino
interactions, they are not used as the extraction,
scanning and analysis is time intensive. Instead, the
FASERν detector is used as a target for CC neutrino
interactions, and we rely on the active electronic detector
components of FASER to identify suitable muon neutrino
candidates [31].
The FASER scintillator stations are instrumental to

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

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

stations in combination with the tracking system are
capable of reliably identifying incoming charged particles
passing through the full length of FASER with inefficien-
cies smaller than 10−7, depending on the momentum and
other requirements in the selection.
Dataset and simulated samples.—For this analysis we

use data from runs with stable beam conditions collected
between July and November 2022, corresponding to a total
luminosity of ð35.4" 0.8Þ fb−1 [34,35] after data quality
selection. A detailed description of the analysis is follow-
ing; additional details are contained in Appendices A–E.
To study the detector response to neutrino interactions,we

simulate 4.3 × 104 neutrino events corresponding to
an integrated luminosity of approximately 600 fb−1. The
interaction with the tungsten-emulsion detector is simulated
using the GENIE event generator [36,37]. The neutrino
energy spectra and relative flavor composition are based
on Ref. [38]. To estimate the number of expected neutrino
events, we adjust several of the assumptions of Ref. [38]: we
correct the center-of-mass energy, beam crossing angle, and
LOS alignment, and we use the average of the neutrino flux
from the predicted light and heavy hadron production of
DPMJET [39,40] andSIBYLL [41]. The difference between
the two individual predictions and the average is 27% and is
assigned as an uncertainty. All interactions of particles
traversing the FASER detector are simulated using
GEANT4 [42].
The main background to neutrino signatures originates

from high-momentum muons. We use the energy and
angular spectrum predicted by the FLUKA generator
[43,44], which includes a detailed description of the
LHC machine elements and infrastructure, to simulate a
sample of 2 × 106 muons for background studies. Two
additional sources of backgrounds are relevant: neutral
hadrons produced by muon interactions in the concrete in
front of the FASER detector and geometric backgrounds
from charged particles missing the FASERν scintillator.
We use simulated samples to study the neutral hadron

backgrounds. The contamination from geometric back-
ground events is studied using sidebands and extrapolated
into the signal region using simulations. The backgrounds
from cosmic rays and LHC beam background have been
studied using events occurring when there are no collisions,
and are found to be negligible.
Selection and background rejection.—We focus on

identifying νμ and ν̄μ CC interactions produced in the

FIG. 1. Schematic side view of the FASER detector with a muon neutrino undergoing a CC interaction in the emulsion-tungsten target.

PHYSICAL REVIEW LETTERS 131, 031801 (2023)

031801-3

Phys. Rev. Lett. 131 (2023) 031801

Collider neutrinos: never observed before, filling existing energy gap  
between reactor/beam-dump and astrophysical sources 

Neutrino DIS insightful tool to probe nuclear PDFs in unconstrained 
momentum fraction regions

  =▶︎ At LHC, abundant production of neutrinos from forward hadron decays 
  =▶︎ Strategy: no signal in FASER𝝂 veto, track in spectrometer, MIP-like signal in downstream scintillator 

Physics motivation for neutrino measurements

5

Neutrino-nucleus interactions Forward hadron productions 
using neutrinos

Figures from arxiv 2105.08270 & 1908.02310

Interactions of TeV neutrinos and tungsten targets

Cross-section measurements for different flavors Probing forward light hadron and 

charmed hadron productions

-> Good inputs for cosmic-ray 
physics and QCD physics νe + ν̄e νμ + ν̄μ

Expected neutrinos

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.031801
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Collider Neutrinos: Backgrounds

Veto inefficiency Neutral hadrons

Estimated by comparing hit 
differences in first and second 

scintillator planes  
directly in collision data

Majority of hadrons absorbed  
in FASER𝝂 tungsten planes.  

Produced muon often hitting veto.  
Estimated with MC

Estimated in dedicated  
control region of events 

with single track segment  
at large radius

Negligible: 
inefficiency ≈10-7

Expectations (35.4 fb-1): 
0.11±0.06 events

Expectations (35.4 fb-1): 
0.08±1.83 events

Scattered muons
Neutrino Background & Uncertainty

Veto inefficiency

● Estimated from events 
with only one veto 
scintillator firing

● Expect (3.7±2.5) x 10-7 
events

Neutral hadrons

● Expect O(300) neutral hadrons 
with E > 100 GeV

● Most absorbed in tungsten
● Expect 0.11±0.06 events

Scattered muons

● Estimated from control region 

near edge of magnet aperture 

with few tracker interactions

● Expect 0.08 ± 1.83 events

Total background:
 0.2+/-1.8 events

15

Neutrino Background & Uncertainty
Veto inefficiency
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Collider Neutrinos: Results

14

calculate the ratio with respect to the number of events
without any rvetoν selection, to correct the sideband
background events for the rvetoν requirement. With this
factor we find ngeo ¼ 0.01" 0.23 geometric background
events. To account for the fact that this number
corresponds to an annulus, the correction factor
fgeo ¼ 7.9" 2.4, determined from simulation, is applied.
It is obtained from simulation with the uncertainty
spanning different assumptions about the angle,
momenta, and positions of the geometric background
events.

Appendix B: Event display.—Figure 6 shows an event
display of an example neutrino candidate event. The event
has a momentum of pμ ¼ 843.9 GeV, negative charge,
θμ ¼ 2.5 mrad, rvetoν ¼ 57.2 mm, rIFT ¼ 55.8 mm and
produced 57 clusters in the IFT.

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

L ¼
Y

i

PðNijniÞ ·
Y

j

Gj: ðC1Þ

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

q0 ¼
!
−2 ln λðnν ¼ 0Þ n̂ν ≥ 0
0 n̂ν < 0

ðC2Þ

and the significance of the observed signal n̂ν over the
background-only hypothesis is given by

ffiffiffiffiffi
q0

p
in the

asymptotic limit. Further λðnν ¼ 0Þ ≔ LðnνÞ=Lðn̂νÞ
denotes the ratio of the likelihood maximized with the
condition of no signal, nν ¼ 0, to the unconditionally
maximized likelihood. The log-likelihood ratio is shown
in Fig. 7.

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

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

FIG. 7. The log-likelihood ratio of the estimated number of
neutrinos is shown in blue. The dashed orange contour fixes the
parameters of Gi to determine the statistical uncertainty of the
neutrino signal yield.

FIG. 5. Sideband for geometric background estimation.

PHYSICAL REVIEW LETTERS 131, 031801 (2023)
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n01: Analogous events for which more than 40 pC in the
PMT was observed in the second layer, but not in the
first layer.
n2: Events for which both layers observe more than 40 pC
of charge.

Table I lists the observed event yields and their relation to
the expected number of neutrino and background events
and the FASERν veto scintillator inefficiencies.
We analyze the observed number of events using a

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

nν ¼ 153þ12
−13ðstatÞ þ2

−2ðbkgÞ ¼ 153þ12
−13ðtotÞ

with a significance of 16 standard deviations over
the background-only hypothesis and based on the asymp-
totic distribution of the test statistic. The excess is com-
patible with the expected number of neutrino events
nexpν ¼ 151% 41, but note that its error does not include
any systematic uncertainties from simulating the detector
response and selection. The determined inefficiencies of the
two FASERν scintillators are p1 ¼ ð6þ4

−3Þ × 10−8 and
p2 ¼ ð9þ4

−3Þ × 10−8, showing values close to the expected
performance [27].
We expect that the identified neutrino candidates are

distributed around the ATLAS LOS and do not cluster at a
specific point of origin. We test this by using the extrapo-
lated position to the FASERν scintillator station from the
reconstructed tracks of the neutrinolike events in the signal
category. Figure 3 shows the extrapolated positions and we
observe the expected behavior.
Figure 4 summarizes additional properties of the signal

category events. The CC neutrino interactions produce on
average a larger number of particles than MIP interactions,
which appear in the IFT as charge depositions. The number
of IFT clusters of the signal category is very distinct from
backgroundlike (n2) events and agrees well with the
expectation from GENIE. We also examine the polar angles
θμ of the neutrino candidates and observe distributions
close to the simulated neutrino events and distinctively
different from muon backgrounds. We observe a clear
charge separation in q=pμ for the reconstructed tracks, with

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

Category Events Expectation

Signal 153 nν þ nb · p1 · p2 þ nhad þ ngeo · fgeo
n10 4 nb · ð1 − p1Þ · p2

n01 6 nb · p1 · ð1 − p2Þ
n2 64 014 695 nb · ð1 − p1Þ · ð1 − p2Þ

FIG. 2. The selected signal region in extrapolated radius rvetoν
and reconstructed track momentum pμ is depicted. The region
with lower momenta and larger radii is dominated by background
events consisting of charged particles that miss the FASERν
scintillator station.

FIG. 3. Extrapolated transverse position of the reconstructed
tracks of neutrinolike events to the FASERν scintillator station.
The ATLAS LOS is indicated with a red marker and shifted
59 mm in the negative y direction from the center of the
scintillator station.
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reconstructed tracks of the neutrinolike events in the signal
category. Figure 3 shows the extrapolated positions and we
observe the expected behavior.
Figure 4 summarizes additional properties of the signal

category events. The CC neutrino interactions produce on
average a larger number of particles than MIP interactions,
which appear in the IFT as charge depositions. The number
of IFT clusters of the signal category is very distinct from
backgroundlike (n2) events and agrees well with the
expectation from GENIE. We also examine the polar angles
θμ of the neutrino candidates and observe distributions
close to the simulated neutrino events and distinctively
different from muon backgrounds. We observe a clear
charge separation in q=pμ for the reconstructed tracks, with

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

Category Events Expectation

Signal 153 nν þ nb · p1 · p2 þ nhad þ ngeo · fgeo
n10 4 nb · ð1 − p1Þ · p2

n01 6 nb · p1 · ð1 − p2Þ
n2 64 014 695 nb · ð1 − p1Þ · ð1 − p2Þ

FIG. 2. The selected signal region in extrapolated radius rvetoν
and reconstructed track momentum pμ is depicted. The region
with lower momenta and larger radii is dominated by background
events consisting of charged particles that miss the FASERν
scintillator station.

FIG. 3. Extrapolated transverse position of the reconstructed
tracks of neutrinolike events to the FASERν scintillator station.
The ATLAS LOS is indicated with a red marker and shifted
59 mm in the negative y direction from the center of the
scintillator station.

PHYSICAL REVIEW LETTERS 131, 031801 (2023)

031801-5

153 events observed with 16σ significance 

Expected signal: 151±41(*) events 
(*) ≈30% systematic from uncertainty in neutrino 

flux driven by DPMJET / SIBYLL difference

arXiv:2402.13318 

Run3 (4): MC expectations for 250 fb-1 (680 fb-1)

10

with NNSFv and CKMT+PCAC-NT, and the cross section uncertainties for neutrinos with energies above
100 GeV are roughly at the 6% level. For our calculations of the interacting neutrino rate, the
default GENIE cross section is used. For purposes of comparison, the NC cross sections predicted
by GENIE are also shown in Fig. 4.

V. NEUTRINO RATES AND DISTRIBUTIONS

We now turn to our predictions for the forward neutrino spectra at the LHC during Run 3
and Run 4. The hadron spectra are generated using the event generators discussed in Sec. III,
propagated down the beam pipe, and decayed to produce a flux of neutrinos. The total neutrino
cross section provided by the GENIE implementation of the Bodek-Yang model, as discussed in
Sec. IV, is used to produce the energy spectra of CC neutrino interactions in FASER⌫.

In Table I the total number of neutrinos interacting in FASER⌫ is shown for each flavor in LHC
Run 3 and Run 4. For neutrinos produced in light hadron decay, results for EPOS-LHC, SIBYLL,
QGSJET, and PYTHIAforward are displayed. The results from these event generators agree within
roughly 10%. For neutrinos produced in charm hadron decay, results are shown for POWHEG+Pythia
8.3 and the scale variations discussed in Ref. [44], providing a maximum, central, and minimum
prediction for the charm hadron flux. The spread in event rates is much larger for charm hadrons
than for light hadrons, as seen in the lower section of Table I. The charm hadrons are the source
of approximately 30% of the ⌫e event rate, 5% of the ⌫µ event rate, and 100% of the ⌫⌧ event rate.
Moreover, the fraction of ⌫e coming from charm hadron decay is large at higher neutrino energies
and is approximately 50% at E⌫ = 1 TeV and 90% at E⌫ = 3 TeV. In the bottom row, the central
prediction is derived by summing the EPOS-LHC contribution for light hadrons and POWHEG+Pythia

8.3 for charm hadrons, while their variation is used to estimate the uncertainty. Overall, the ⌫e,
⌫µ, and ⌫⌧ event rates are found to be approximately 1700, 8500, and 30 in LHC Run 3 and 4900,
25000, and 90 in LHC Run 4, respectively, with the uncertainty in each being dominated by the

Generators FASER⌫ at Run 3 FASER⌫ at Run 4

light hadrons charm hadrons ⌫e + ⌫̄e ⌫µ + ⌫̄µ ⌫⌧ + ⌫̄⌧ ⌫e + ⌫̄e ⌫µ + ⌫̄µ ⌫⌧ + ⌫̄⌧

EPOS-LHC – 1149 7996 – 3382 23054 –

SIBYLL 2.3d – 1126 7261 – 3404 21532 –

QGSJET 2.04 – 1181 8126 – 3379 22501 –

PYTHIAforward – 1008 7418 – 2925 20508 –

– POWHEG Max 1405 1373 76 4264 4068 255

– POWHEG 527 511 28 1537 1499 91

– POWHEG Min 294 284 16 853 826 51

Combination 1675+911
�372 8507+992

�962 28+48
�12 4919+2748

�1141 24553+2568
�3219 91+163

�41

TABLE I. The expected number of CC neutrino interaction events occurring in FASER⌫ during LHC Run 3
with 250 fb�1 and Run 4 with 680 fb�1. The detector geometry and locations for Run 3 and Run 4 are
as described in Sec. II, and results are shown for the various event generators described in Sec. III. In the
bottom row, for the combination, we show the sum of the averages of the light hadron and charm hadron
contributions as the central prediction, and their spread as the uncertainty.
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q denoting the assigned track charge. In total 40 events with
a positively charged track candidate are observed, showing
the presence of antineutrinos in the analyzed dataset. The
reconstructed momentum of the muon produced in a CC νμ
interaction is a good proxy for the incident neutrino energy.
Using the simulated CC neutrino interactions, we estimate
that with our analysis strategy we select neutrino events for
which on average > 80% of the incident neutrino momen-
tum is transferred to the final state muon. This indicates that
a large fraction of the reconstructed neutrino candidates
have energies significantly larger than 200 GeV. A detailed
study of these properties, which accounts for systematic
effects, is left for future work.
Summary.—We report the first direct detection of neu-

trinos produced at a collider experiment using the active
electronic components of the FASER detector. We observe
153þ12

−13 neutrino events from CC interactions from νμ and ν̄μ
taking place in the tungsten-emulsion detector of FASERν.
The spatial distribution and properties of the observed
signal events are consistent with neutrino interactions, and
the chosen analysis strategy does not depend on the quality
of the modeling of detector effects in the simulation. For the
signal events, the reconstructed charge shows the presence
of antineutrinos, and the reconstructed momentum implies
that neutrino candidates have energies significantly above
200 GeV. This result marks the beginning of the field of
collider neutrino physics, opening up a wealth of new
measurements with broad implications across many phys-
ics domains [24].
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Appendix A: Geometric sideband.—Figure 5 depicts
the sideband used to estimate the geometric backgrounds
of the analysis. Background events are required to be
consistent with a muon candidate by having ≤ 8 IFT
clusters and an extrapolated radius rIFT of 90 to 95 mm
with respect to the IFT center. This selection is
dominated by geometric background events that do not
pass the signal selection steps of the analysis. No events
with pμ > 100 GeV are observed. To estimate the
number of events within this momentum range, we
linearly extrapolate the events between 30 and 100 GeV
and find 0.2" 4.1 events, with the error denoting the
statistical error. To account for the rvetoν requirement of
the signal selection, we further apply a requirement of
rvetoν < 120 mm to the sideband events (orange
distribution). No events with pμ > 30 GeV are observed.
We thus use 5.9 as the 3σ upper limit and use this to

FIG. 4. The figures depict the number of reconstructed clusters in the IFT, track polar angle θμ, q=pμ, and the reconstructed
momentum pμ for events in the signal region (black markers) and compare them to the expectation from GENIE (blue) and muon-like
events (gray markers). The muonlike events are from the n2 category, for which both layers of the FASERν scintillator observed a signal,
and show the expected distributions for non-neutrino backgrounds. The blue bands correspond to the statistical error of the simulated
samples and are luminosity scaled for q=pμ and pμ. The other figures are normalized to unity.
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with NNSFv and CKMT+PCAC-NT, and the cross section uncertainties for neutrinos with energies above
100 GeV are roughly at the 6% level. For our calculations of the interacting neutrino rate, the
default GENIE cross section is used. For purposes of comparison, the NC cross sections predicted
by GENIE are also shown in Fig. 4.

V. NEUTRINO RATES AND DISTRIBUTIONS

We now turn to our predictions for the forward neutrino spectra at the LHC during Run 3
and Run 4. The hadron spectra are generated using the event generators discussed in Sec. III,
propagated down the beam pipe, and decayed to produce a flux of neutrinos. The total neutrino
cross section provided by the GENIE implementation of the Bodek-Yang model, as discussed in
Sec. IV, is used to produce the energy spectra of CC neutrino interactions in FASER⌫.

In Table I the total number of neutrinos interacting in FASER⌫ is shown for each flavor in LHC
Run 3 and Run 4. For neutrinos produced in light hadron decay, results for EPOS-LHC, SIBYLL,
QGSJET, and PYTHIAforward are displayed. The results from these event generators agree within
roughly 10%. For neutrinos produced in charm hadron decay, results are shown for POWHEG+Pythia
8.3 and the scale variations discussed in Ref. [44], providing a maximum, central, and minimum
prediction for the charm hadron flux. The spread in event rates is much larger for charm hadrons
than for light hadrons, as seen in the lower section of Table I. The charm hadrons are the source
of approximately 30% of the ⌫e event rate, 5% of the ⌫µ event rate, and 100% of the ⌫⌧ event rate.
Moreover, the fraction of ⌫e coming from charm hadron decay is large at higher neutrino energies
and is approximately 50% at E⌫ = 1 TeV and 90% at E⌫ = 3 TeV. In the bottom row, the central
prediction is derived by summing the EPOS-LHC contribution for light hadrons and POWHEG+Pythia

8.3 for charm hadrons, while their variation is used to estimate the uncertainty. Overall, the ⌫e,
⌫µ, and ⌫⌧ event rates are found to be approximately 1700, 8500, and 30 in LHC Run 3 and 4900,
25000, and 90 in LHC Run 4, respectively, with the uncertainty in each being dominated by the

Generators FASER⌫ at Run 3 FASER⌫ at Run 4

light hadrons charm hadrons ⌫e + ⌫̄e ⌫µ + ⌫̄µ ⌫⌧ + ⌫̄⌧ ⌫e + ⌫̄e ⌫µ + ⌫̄µ ⌫⌧ + ⌫̄⌧

EPOS-LHC – 1149 7996 – 3382 23054 –

SIBYLL 2.3d – 1126 7261 – 3404 21532 –

QGSJET 2.04 – 1181 8126 – 3379 22501 –

PYTHIAforward – 1008 7418 – 2925 20508 –

– POWHEG Max 1405 1373 76 4264 4068 255

– POWHEG 527 511 28 1537 1499 91

– POWHEG Min 294 284 16 853 826 51

Combination 1675+911
�372 8507+992

�962 28+48
�12 4919+2748

�1141 24553+2568
�3219 91+163

�41

TABLE I. The expected number of CC neutrino interaction events occurring in FASER⌫ during LHC Run 3
with 250 fb�1 and Run 4 with 680 fb�1. The detector geometry and locations for Run 3 and Run 4 are
as described in Sec. II, and results are shown for the various event generators described in Sec. III. In the
bottom row, for the combination, we show the sum of the averages of the light hadron and charm hadron
contributions as the central prediction, and their spread as the uncertainty.

GENIE histograms do not include experimental systematics
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Collider Neutrinos: FASER𝝂
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Expected 3.0-8.6 𝝂μ CC events 
Observed 4 𝝂μ  vertices: 2.5σ sign.

1717

Analysed 150 of 730 emulsion layers for 9.5 fb-1 of data 

  =▶︎ Target mass analysed: 68 kg out of 1.1 tonnes 
          ↳ Develop emulsion before analysis: long workflow 
  =▶︎ For CC, select vertices with ≥5 tracks 

↳ electrons: short track, electromagnetic shower 
↳ muons: long track and no secondary particles 

  =▶︎ Enforce large angle between lepton and CC remnants

Expected 0.6-5.2 𝝂e CC events 
Observed 3 𝝂e  vertices: 5σ sign.
first observation of collider 𝝂e!

Collider Neutrinos: FASER𝝂

(68 kg)
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Near Future: Upgraded Calorimeter Readout Scheme
4

Upgraded Readout Scheme
Plan to cover full range at same time by splitting signal

Avoids using filter and having to extrapolate gains

Propose to do split optically using fiber bundle into multiple 
(two) PMTs:

Split light 1:30 between PMTs
Low energy range: 0.1-100 GeV

High energy range: 3-3000 GeV
Overlap region 3-100 GeV for cross calibration

Sune to design a prototype for fiber bundle split
and mechanical support structure for 4x2 PMTs

PMT 1

PMT 2

Current design

Poten�al upgrade

Filter

High energy range PMT

Low energy range PMT
 - saturates at high E

Operate PMTs a “medium” gain,
i.e. factor ~3 higher than current low gain

Conceptual
design

Plan to use same type
of PMTs as current
system as they have 
a large linearity range

High energy range PMT: 3-3000 GeV

Low energy range PMT: 0.1-300 GeV

⇒ 3-300 GeV overlap region for cross-calibrations

Light output reduced by optical filter, 
otherwise too large signal at TeV scale

Same PMT type, but operated at medium gain

Upgrading the calorimeter readout scheme to improve range and energy scale
 =▶︎ Currently relying on single PMT, and optical filter to reduce light output by factor 10

 =▶︎ Upgrade: use two separate PMTs to cover low E (high gain) and high E (low gain) at same time

↳ Calibrations: MIP data (high PMT gain) extrapolated to low gain with LED-determined gain ratio

Current design

Upgrade
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Near Future: Upgraded Preshower Detector
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Two photons
E = 1 TeV, ΔR = 500 µm

Layer 6

Preshower simulation: 2 photon signature

 Layer 6  SimulaTng two photons:
E!=1 TeV, ΔR!=0.5 mm

• Simulation implemented in ALLPIX2 

‣ realistic hexagonal pixel matrix 

‣ charge measurement simulation (MC events from Cadence IC) 

๏ including channel-to-channel variations and ADC resolution 

‣ Example: two photons of E=1 TeV, 500 µm separation

2. New preshower detector (4/4)

Sergio Gonzalez (UniGe) 923rd iWoRiD Conference - 27.06.2022

2.4 Simulations

Plane 5

Plane 4 Plane 6

Plane 3

• Simulation implemented in ALLPIX2 

‣ realistic hexagonal pixel matrix 

‣ charge measurement simulation (MC events from Cadence IC) 

๏ including channel-to-channel variations and ADC resolution 

‣ Example: two photons of E=1 TeV, 500 µm separation

2. New preshower detector (4/4)

Sergio Gonzalez (UniGe) 923rd iWoRiD Conference - 27.06.2022

2.4 Simulations

Plane 5

Plane 4 Plane 6

Plane 3

What Are We Willing to Detect: Two Photon Signal

Chiara Magliocca | 10th BTTB Workshop 323.06.2022

Φ γ
γ

t1 t2 t3 t4 t5 t6

VETO Decay Volume Tracker
Proposed

pre-shower Calorimeter

Two Photon signal

A′
VETO Decay Volume Tracker

Proposed
pre-shower Calorimeter

Two Fermion signal

t1 t2 t3 t4 t5 t6

Upgraded  
preshower

 Layer 6  

Preshower SimulaAon: Diphoton Signature

𝛄1

𝛄2

New preshower detector to enable multi-𝛾 tagging and increase ALP searches’ reach 
   =▶︎ Six planes of tungsten (6 X0 in total) and monolithic SiGe pixelated sensors with ∼100 μm pitch  
   =▶︎ High dynamic range for charge measurement to capture electromagnetic showers’ development 
   =▶︎ Project on schedule for installation during 2024 EYETS, to take data in 2025 and Run 4

new  
preshower

calorimeter

CERN-LHCC-2022-006

https://cds.cern.ch/record/2803084/
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Proposal [Link]: Forward Physics Facility at the LHC

FASER 2 upgrade proposed in the context of a broader Forward Physics Facility (FPF)
 =▶︎ 65 m long and 9 m wide cavern, 617-682 m west of ATLAS IP, on beam collision axis

ATLAS

UJ12

UJ18
LOS

LHC

FASER2 FASERν2

AdvSND

FORMOSA

FLARE

cryostat

LOS

FIG. 2. The FPF location is 617–682 m west of the ATLAS IP along the beam collision axis. 65 m long and
9 m wide, the FPF cavern will house a diverse set of experiments to fully explore the far-forward region.

it will house a diverse set of experiments based on di↵erent detector technologies and optimized for
particular physics goals. The proposed experiments are shown in Fig. 2 and include

• FASER2, a magnetic tracking spectrometer, designed to search for light and weakly-interacting
states, including new force carriers, sterile neutrinos, axion-like particles, and dark sector parti-
cles, and to distinguish ⌫ and ⌫̄ charged current scattering in the upstream detectors.

• FASER⌫2, an on-axis emulsion detector, with pseudorapidity range ⌘ > 8.4, that will detect
⇠ 106 neutrinos at TeV energies with unparalleled spatial resolution, including several thousands
of tau neutrinos, among the least well-understood of all known particles.

• Advanced SND, an o↵-axis electronic detector (7.2 < ⌘ < 8.4), that will study neutrinos from
charm decay and provide detailed observations of neutrino interactions for all neutrino flavors.

• FLArE, a 10-ton-scale noble liquid fine-grained time projection chamber that will detect neutri-
nos and search for light dark matter with high kinematic resolution and wide dynamic range.

• FORMOSA, a detector composed of scintillating bars, with world-leading sensitivity to mil-
licharged particles across a large range of masses.

Timeline and Cost All of the planned experiments are relatively small, low cost, require limited
R&D, and can be constructed in a timely way. To fully exploit the far-forward physics opportunities,
many of which will disappear for several decades if not explored at the FPF, the FPF and its
experiments should be ready for physics in the HL-LHC era as early as possible in Run 4. A
possible timeline is for the FPF to be built during Long Shutdown 3 from 2026-28, the support
services and experiments to be installed starting in 2029, and the experiments to begin taking
data not long after the beginning of Run 4. Such a timeline is guaranteed to produce exciting
physics results through studies of very high-energy neutrinos, QCD, and other SM topics, and will
additionally enhance the LHC’s potential for groundbreaking discoveries for many years to come.

A preliminary cost estimate for the facility by the CERN engineering and technical teams is ⇠25
MCHF for the construction of the new shaft and cavern and ⇠10 MCHF for all necessary services.
Cost estimates for the experiments roughly separate into US-based costs in the range $52-83M to
support the US-led experiments FLArE and FORMOSA and the US contribution to FASER2, and
non-US contributions to support FASER2, FASER⌫2, and Advanced SND. All of the experiments
will be supported by an international collaboration, however, and as the physics program begins in
LHC Run 4 from 2029-32, the FPF is likely to attract a large and diverse global community.

ii

 =▶︎ FASER𝝂2: x20 increase in target mass - FASER2: π0 angular acceptance increasing from 0.6% to 10%

A. FASER2

FASER2 is a large-volume detector comprised of a spectrometer, electromagentic and hadronic
calorimeters, veto detectors, and a muon detector. FASER2 is designed for sensitivity to a wide
variety of models of BSM physics and for precise muon reconstruction. It builds on positive expe-
rience gained from the successful operation of the existing FASER detector [48], a much smaller
detector that is constrained to lie within a LHC transfer tunnel. The FASER2 detector, which
is designed for the FPF facility, is much larger (by a factor of ⇠ 600 in decay volume size) and
includes new detector elements. It has an increase in reach for various BSM signals of several orders
of magnitude compared to FASER and allows sensitivity to particles that were previously out of
reach, such as dark Higgs bosons, heavy neutral leptons, and some axion-like particles, as studied
in Refs. [15, 23, 49]. In addition to the BSM case for FASER2, the SM neutrino program at the
FPF will rely on the identification of muons from neutrino decays and precise measurement of their
momentum and charge. The FASER2 spectrometer will be integral for these measurements for
both FASER⌫2 and FLArE.

To enable realistic detector design studies, a Geant4 geometry of the proposed detector has
been created; a diagram is shown in Fig. 10. The overall FASER2 design is largely driven by the
spectrometer with further consideration having been given to deliverable and a↵ordable magnet
technology leading to a split spectrometer with a large-volume dipole magnet. The magnet has a
rectangular aperture of 1 m in height and 3 m in width. This also defines the transverse size of
decay volume, which is the 10 m un-instrumented region upstream of the first tracking station (a
3 ⇥ 1 ⇥ 10 m3 cuboid) and downstream of the first veto station. The transverse size is driven by
the need to have su�cient sensitivity to BSM particles originating from heavy flavor decays.

The baseline magnetic field is one with 4 Tm of bending power. This field strength is required
to achieve su�cient particle separation, momentum resolution, and charge ID performance for
the BSM and neutrino program. Superconducting magnet technology is required to maintain
such a field strength across a large aperture. Technology based on the magnet of the SAMURAI
experiment [50] is currently being pursued. The tracking detectors are foreseen to use a SiPM
and scintillating fiber tracker technology, based on LHCb’s SciFi detector [51]. This technology
gives su�cient spatial resolution (⇠ 100 µm) at a significantly reduced cost compared to silicon
detectors. However, the use of silicon-based tracking detectors will be explored for the interface
between FASER2 and FASER⌫2, and for the first tracking station downstream of the decay volume.

The calorimeter is foreseen to be based on dual-readout calorimetry [52, 53] technology, building
from experience of existing prototypes for future collider R&D, but modified for the specific physics

FIG. 10. Schematic diagram of the full FASER2 detector, showing the veto system, un-instrumented 10 m
decay volume, tracker, magnet, electromagnetic calorimeter, hadronic calorimeter, iron absorber, and muon
detector.
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FASER2 And FASERν2

FIG. 11. Conceptual design of the FASER⌫2 detector.

are currently being developed and tested for the FASER⌫ experiment. These methods include

momentum measurements using multiple Coulomb scattering information, electromagnetic shower

reconstruction, and machine learning algorithms for neutrino energy reconstruction.

FASER⌫2 has a clear and broad physics target, and the detector is based on a well-tested

technology for tau neutrino and short-lived particle detection. Further studies will be carried out

to optimize the detector performance, the detector operational environment, and the installation

scheme.

C.
Advanced SND

The Advanced SND project will extend the physics case of the SND@LHC experiment [24]. It

will consist of two detectors: one placed in the same range of pseudorapidity ⌘ as SND@LHC, i.e.,

7.2 < ⌘ < 8.4, hereafter called FAR, and the other one in the region 4 < ⌘ < 5, hereafter denoted

NEAR. The FPF can host the FAR detector. The NEAR detector, given the higher average angle,

would have to be placed more upstream to have a sizeable azimuthal angle coverage.

Here we concentrate on the FAR detector. A schematic view of the detector is given in Fig. 12. It

will be made of three elements. The upstream one is the target region for the vertex reconstruction

and the electromagnetic energy measurement with a calorimetric approach. It will be followed

downstream
by a hadronic calorimeter and a muon identification system. The third and most

downstream element will be a magnet for muon charge and momentum measurement, thus allowing

for neutrino/anti-neutrino separation for muon neutrinos and for tau neutrinos in the muonic decay

channel of the tau lepton.

The target will be made of thin sensitive layers interleaved with tungsten plates, for a total

mass of ⇠ 5 tons. The use of nuclear emulsion requires frequent replacement, given the very

high luminosity of the HL-LHC. The Collaboration is therefore investigating the use of compact

electronic trackers with high spatial resolution, fulfilling both the tasks of vertex reconstruction with

micrometer accuracy and electromagnetic energy measurement. The hadronic calorimeter and the

muon identification system will have a length of about 10�, where � is the nuclear interaction length,

which will bring the average length of the hadronic calorimeter to about 12�, thus improving the
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FIG. 4. Examples of FPF Sensitivity to BSM Physics. Left: The reach of FASER2 in the search for
inelastic dark matter [18]. The thermal relic target line is marked with black solid line. Right: The reach of
FORMOSA and FLArE in the search for millicharged particles [17, 19].

As noted above, comprehensive discussions of the prospects for the FPF to discover new physics
can be found in Refs. [13, 14]. Two examples are shown in Fig. 4. In the left panel, the expected
sensitivity of FASER2 to inelastic DM is shown for the example benchmark scenario indicated in
the figure [18]. The search is focused on displaced semi-visible decays of highly-boosted excited
DM states produced in pp collisions at the LHC. As can be seen, FASER2 will be able to deci-
sively test a broad swath of parameter space where DM is produced in the early universe through
thermal freezeout. Notably, the high energies available at the LHC allow for probes of larger dark
sector masses than in beam-dump searches, while sensitivity to highly-displaced decays leads to a
sensitivity reach that is complementary to the existing large-scale LHC detectors.

The prospects for millicharged particle (mCP) searches are shown in the right panel of Fig. 4.
Such particles provide an interesting BSM physics target, both for their possible implications for
the principle of charge quantization and as a candidate for a strongly interacting sub-component of
dark matter. FORMOSA, a proposed scintillator-based experiment at the FPF, will have world-
leading sensitivity to mCPs [17]. As seen in Fig. 4 (right panel), when compared to existing bounds
and projections from several other ongoing or proposed experiments, FORMOSA benefits from
the high-energy LHC collisions and the enhanced mCP production in the forward region, enabling
potentially the most sensitive probe of mCPs in the broad mass range from 100 MeV to 100 GeV.

This small sampling of benchmark studies provides a few examples of the exciting BSM physics
opportunities at the FPF, which will greatly expand the existing experimental program of the
experiments currently operating at the LHC and elsewhere. The many experimental signatures
and large range of BSM particle masses that can be probed at the FPF, from MeV up to even
a few hundred GeV, provides the foundation for a broad BSM physics program that will address
fundamental questions in particle physics in a manner that is complementary to other existing and
proposed facilities.

B. Standard Model Physics

The LHC is the highest energy particle collider built to date and it is therefore also the source
of the most energetic neutrinos created in a controlled laboratory environment. Indeed, the LHC
produces intense, strongly collimated, and highly energetic beams of both neutrinos and anti-
neutrinos and all three flavors in the forward direction. Although this has been known since the
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7.1 Overview

As emphasized throughout this document, measurements at the FPF o↵er opportunities to study
QCD dynamics, neutrino interactions and BSM physics using fluxes of neutrinos of all three flavors.
As Fig. 7.1 illustrates, new energy regimes unexplored by the fixed target experiments thus far will
be probed by high energy, intense fluxes of ⌫e + ⌫̄e, ⌫µ + ⌫̄µ and ⌫⌧ + ⌫̄⌧ . New cross section
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Figure 7.1: The neutrino flux as a function of energy for ⌫e + ⌫̄e (left), ⌫µ + ⌫̄µ (middle) and
⌫⌧ + ⌫̄⌧ (right) for a 10 ton detector with ⌘ & 6.9. Also shown are the expected precision of FPF
measurements for neutrino plus antineutrino interactions with nucleons (left) and separate ⌫µ and
⌫̄µ (middle) and ⌫⌧ and ⌫̄⌧ (right) cross sections with nucleons showing statistical errors only. Data
are shown from E53 [1260], DONUT [1261], a compilation of accelerator experiments [117] and
IceCube [1262].
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Summary & Outlook

FASER taking data smoothly in LHC Run3, and recently approved for Run 4 operation  

  =▶︎ Searched for dark photons in events with two electrons 
         ↳ Extended existing exclusions to low mass and low kinetic mixing 

  =▶︎ Observed ≈150 collider neutrino interactions in spectrometer  
        ↳ First direct observation of neutrinos and 𝝂e CC interactions at collider 
        ↳ Only a small fraction of already-collected data analysed thus far… 

  =▶︎ Further empowering FASER’s capabilities with calorimeter and preshower upgrades 
         ↳ Expanding physics reach for multi-photon final states (e.g. ALPs)

… Several more years of exciting physics ahead of us!  


