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HEP at a Smaller Scale
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ATLAS FASER

• Huge

• Cost ~ $1B to build

• ~3000 authors

• ~150 papers/year


• Can trip over it

• Cost ~ $1M to build

• ~70 authors

• several papers/year

to scale(ish)
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• Lots of evidence for dark  
matter in our universe

▪ Galactic rotation curves

▪ Large-scale structure formation

▪ Cosmic microwave background

▪ …


• Leading theory is weakly interacting, non-rel. particle 
(CDM or WIMPs)


• Searches at LHC have  
found nothing so far


• Perhaps we are looking  
in the wrong place?

FASER Motivation
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2 July 2024

• Early theoretical bias towards mX ~ 100 GeV

▪ Abundance in early universe, “WIMP miracle”


• Lighter dark matter with smaller couplings could also be 
a solution

▪ Long-lived weakly-interacting particles


• Perhaps DM doesn’t couple directly to SM, or only 
partly, must be some “portal” if there was coupling in 
the early universe

Beyond WIMPs
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• Dark matter could just be a piece of an 
extended dark sector


• Perhaps we should look for the portal, 
not dark matter itself ⇒ dark photons

Dark Sectors 
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Dark Sectors in particle physics

3S.Gori

Dark 
Matter

dark 
fermions?

A’

S

N

a

not charged under 

the Standard Model (SM)


gauge symmetries

+ possible new gauge bosons,

from gauging approximate SM

symmetries: B-L,  Lμ − Lτ, …
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• Use massive rate of forward mesons to search for light  
long-lived weakly interacting particles


• Exploit huge rate in collimated beam

▪ Inelastic pp cross-section: ~100 mb, N ~ 1016 at Run3

▪ Very forward production: θ ~ Λqcd / E ~ mRad

▪ Decay length: ~100 m for m ~ 10-100 MeV, ϵ ~ 10-5


• Put small detector on line-of-sight collision axis,  
probe unexplored territory!

FASER Physics Concept
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Light LLPs  
come out here!

Letter of Intent: CERN-LHCC-2018-030

https://cds.cern.ch/record/2642351
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Light LLPs  
come out here!
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• FASER is 480m away from IP1 on the collision axis

▪ 100m of rock shielding before detector 


• Designed for a variety of long-lived, weakly interacting particles

▪ New physics: Dark Photons, Axion-like particles, …

▪ Neutrinos: νe, νμ, ντ

▪ Also observe SM muons


• Demonstrates small and cheap experiment

▪ Proposed in 2017, installed and taking data in 2021!

▪ Currently 96 members, 26 institutions, 10 countries

FASER Location
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Tech Proposal: CERN-LHCC-2018-036
Physics Prospects: PRD99 095011 (2019)

https://cds.cern.ch/record/2651328
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.095011
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• Detector design constrained by cost, space, and time

• Scintillators w/ PMT readout for veto, trigger, and preshower (particle ID)

• 96 ATLAS SCT modules + 0.6T dipole magnets, r = 10 cm aperture

• 4 LHCb calorimeter modules 

• 1.1 Ton Tungsten-emulsion target for additional neutrino sensitivity 

FASER Detector
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Detector Paper: arXiv: 2207.11427
Installed in TI12 tunnel

https://arxiv.org/pdf/2207.11427.pdf


Detector Paper: arXiv: 2207.11427

https://arxiv.org/pdf/2207.11427.pdf
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• ~250 Hz of muons from IP1 through r=10 cm dipole aperture  
(total trigger rate ~1 kHz)


• Rate highly correlated with luminosity (i.e. collisions)

• Important for tracker alignment/performance,  calorimeter 

stability, veto station efficiency measurements, overall 
monitoring

Muons
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• U(1) gauge boson, could provide portal to dark sector

▪ Produced mainly by light mesons (π0,η) via kinetic mixing


• Observed as A → e+e- pair appearing from ‘nothing’  
with ~TeV of energy

▪ Must decay in 1.5m decay volume - defines acceptance

Dark Photons

13

Light hadrons.—We use the Monte Carlo event generator
EPOS-LHC [42], as implemented in the CRMC simu-
lation package [43], to simulate the kinematic distribu-
tions of light mesons, such as pions and kaons. In
particular, we obtain a production cross section in each
hemisphere for neutral pions π0 and η mesons of 1.6 ×
1012 and 1.7 × 1011 pb, respectively. These particles are
highly concentrated in the very forward, as noted
previously in the discussion surrounding Eq. (3). This
is illustrated in Fig. 5 (left), where we show the
production rate of neutral pions in the ðθ; pÞ plane,
where θ and p are the meson’s angle with respect to the
beam axis and momentum, respectively. As noted in
Sec. I, approximately 0.6% (10%) of the pions are
producedwithin 0.2mrad (2mrad) of the beam collision
axis, the angular acceptance for FASER (FASER 2). If
one focuses on high-energy pions, the fraction that is in
the very forward direction is even larger.

Heavy hadrons.—We use the simulation tool Fixed Order
plus Next-to-Leading Logarithms (FONLL) [44,45] to
calculate the differential cross section for charm and
beauty hadrons. In particular, we take into account
nonperturbative fragmentation functions to obtain the
hadronic spectra: BCFY [46] for charmed hadrons and
Kartvelishvili et al. [47,48] with fragmentation param-
eter α ¼ 24.2 for beauty hadrons. We use the CTEQ6.6
[49] parton distribution functions (PDFs) with mb ¼
4.75 GeV and mc ¼ 1.5 GeV, and obtain production
cross sections in each hemisphere of D mesons and B
mesons of 7.4 × 109 and 4.7 × 108 pb, respectively.
The spectrum forBmesons is illustrated in Fig. 5 (right).

In LHC Run 3 with an expected integrated luminosity
of 150 fb−1, we expect about 2.3 × 1017 neutral pions,
2.5×1016 η-mesons, 1.1×1015D-mesons, and 7.1×1013

B-mesons to be produced in each hemisphere. More details
about LLP production in specific hadron decay channels
can be found in Refs. [7,26,28].

B. Dark Bremsstrahlung

Production of LLPs heavier than thresholds for the
decays of the lightest mesons can be dominated by dark

bremsstrahlung in coherent pp scatterings, pp → ppþ
LLP (see the center left panel of Fig. 4). This is typically
modeled using the Fermi-Weizsacker-Williams approxima-
tion [50]; see, e.g., Ref. [51] for a recent discussion. In
particular, for the case of dark vector bosons V, dark
bremsstrahlung typically becomes the dominant production
mode for masses mV > mπ . On the other hand, for other
LLP models considered below, bremsstrahlung plays a
subdominant role with respect to, e.g., the decays of heavy
mesons.

C. LLP production in hard scatterings

At the parton level, the production of LLPs can also go
through a variety of hard scattering processes, as illustrated
in the center right panel of Fig. 4. However, in the far-
forward region where FASER is, this production mode
suffers from large uncertainties in the determination of
PDFs at low-momentum transfer Q2 and low parton
momentum fraction x. As a result, we do not take into
account hard scattering processes when presenting the
FASER reach for various LLP models. This difficulty
can be overcome for mLLP ≳ 2 GeV, where, e.g., the
Drell-Yan process can become the dominant production
mechanism, as discussed in [34].

D. Beam dump production from
SM particles hitting the TAN

Interestingly, particles produced at the IP that then hit the
TAN can effectively produce fixed-target beam dump
experiments that can produce LLPs. In particular, this
has been illustrated in Ref. [32] for the case of ALPs
coupling to two photons. Such ALPs can be dominantly
produced in the Primakoff process, γN → aN, through the
exchange of a virtual photon (see the right panel of Fig. 4),
when high-energy photons produced at the IP travel
∼140 m and hit the TAN. Given the ∼1016 forward-going
photons that will hit the TAN during LHC Run 3, a large
number of boosted forward-going ALPs could be pro-
duced. LLPs produced at the TAN travel only 340 m to
FASER, which can also boost event rates. Similarly, dark
gauge bosons V can be produced in photon collisions with

FIG. 4. Representative Feynman diagrams for the LLP production processes outlined in this section: dark photon production from
pion decay (left), dark photon production via dark bremsstrahlung (center left), dark photon production in hard scattering (center right),
and ALP production via the Primakoff process from photons scattering in the TAN (right).

FASER’S PHYSICS REACH FOR LONG-LIVED PARTICLES PHYS. REV. D 99, 095011 (2019)

095011-7
Physics Letters B 848 (2024) 138378
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FASER Collaboration

Fig. 1. A sketch presenting a side view of the FASER detector, showing the different detector systems as well as the signature of a dark photon (𝐴′) decaying to 
an electron-positron pair inside the decay volume. The white blobs depict where measurements are taken for the 𝐴′ signal and the solid red lines represent the 
reconstructed tracks produced by the 𝑒+𝑒− pair.

tric charge 𝑞𝑓 . The dark photon may also couple to additional particles 
in the dark sector, such as the dark matter particle 𝜒 .

In this analysis, it is assumed that 𝑚𝐴′ < 2𝑚𝜒 and that the dark 
photon decays visibly to SM particles. Thermal freeze-out is then de-
termined by the processes 𝜒𝜒 ↔ 𝐴′ ↔ 𝑓𝑓 . For light masses 𝑚𝐴′ ∼
MeV − GeV and loop-induced or otherwise suppressed couplings 𝜖 ∼
10−6 − 10−3, the dark matter particle’s thermal relic density is in 
the right range to be a significant fraction of cosmological dark mat-
ter [11–13]. These values of 𝑚𝐴′ and 𝜖 are therefore cosmologically 
favoured and provide a well-defined thermal relic target in the dark 
photon parameter space for experimental searches.

At the LHC, with these thermal relic target parameters and in the 
parameter space where FASER has discovery potential, the dominant 
source of dark photons is SM meson decay and dark bremsstrahlung:

• Neutral pion decay 𝜋0 → 𝐴′𝛾 : This mode is accessible for 𝑚𝐴′ <
𝑚𝜋0 ≃ 135 MeV. The branching fraction is 𝐵(𝜋0 → 𝐴′𝛾) = 2𝜖2(1 −
𝑚2
𝐴′ ∕𝑚2

𝜋0
)3𝐵(𝜋0 → 𝛾𝛾) where 𝐵(𝜋0 → 𝛾𝛾) ≃ 0.99 [14].

• Eta meson decay 𝜂 → 𝐴′𝛾 : This mode is open for 𝑚𝐴′ < 𝑚𝜂 ≃
548 MeV. The branching fraction is 𝐵(𝜂 → 𝐴′𝛾) = 2𝜖2(1 − 𝑚2

𝐴′ ∕
𝑚2
𝜂)3𝐵(𝜂→ 𝛾𝛾) where 𝐵(𝜂→ 𝛾𝛾) ≃ 0.39 [14].

• Dark bremsstrahlung 𝑝𝑝 → 𝑝𝑝𝐴′: In this process, a dark photon is 
emitted via initial or final state radiation from colliding protons in 
a coherent way. This mode is open for dark photon masses up to (2 GeV) [5].

These processes produce a high-intensity beam of dark photons in the 
far-forward direction along the beamline. Neutral pion decay is typi-
cally the leading signal contribution, but 𝜂 decay can be comparable 
for 𝑚𝐴′ ∼ 100 MeV, and dark bremsstrahlung can be comparable near 
the boundary of FASER’s sensitivity [5]. Other production mechanisms 
include the decays of heavier mesons (such as 𝜂′ or 𝜔) and direct Drell-
Yan production 𝑞𝑞→𝐴′, but these are subdominant and are neglected.

Once produced, dark photons then may travel a macroscopic dis-
tance, leading to a striking signal of high-energy particles far from the 
𝑝𝑝 interaction point. FASER’s dark photon sensitivity is largely deter-
mined by its location. For 𝐸𝐴′ ≫𝑚𝐴′ ≫𝑚𝑒, the decay length for a dark 
photon with lifetime 𝜏 travelling at speed 𝛽 = 𝑣∕𝑐 is [5]

𝐿 = 𝑐𝛽𝜏𝛾 ≈ (80 m)
[
10−5
𝜖

]2 [𝐸𝐴′

TeV
][

100 MeV
𝑚𝐴′

]2
. (2)

For dark photons with TeV energies, FASER can be expected to be sen-
sitive to parameter space with 𝜖 ∼ 10−5 and 𝑚𝐴′ ∼ 100 MeV. For dark 
photon masses in the range 2𝑚𝑒 <𝑚𝐴′ < 2𝑚𝜇 ≃ 211 MeV, dark photons 
decay to electrons with 𝐵(𝐴′ → 𝑒+𝑒−) ≈ 100%.

In the 𝐵 −𝐿 model, the properties of the 𝐵 −𝐿 gauge boson 𝐴′
𝐵−𝐿are determined by the Lagrangian terms [9]

 ⊃ 1
2 𝑚2

𝐴′
𝐵−𝐿

𝐴′ 2
𝐵−𝐿 − 𝑔𝐵−𝐿

∑
𝑓

𝑄𝑓
𝐵−𝐿𝐴

′ 𝜇
𝐵−𝐿 𝑓𝛾𝜇𝑓 , (3)

where 𝑄𝑓
𝐵−𝐿 is the 𝐵 −𝐿 charge of fermion 𝑓 . The parameter space of 

this model is defined by the 𝐵 − 𝐿 gauge boson’s mass 𝑚𝐴′
𝐵−𝐿

and the 
𝐵 −𝐿 gauge coupling 𝑔𝐵−𝐿.

The 𝐴′
𝐵−𝐿 gauge boson is produced in a similar manner to the dark 

photon, with light meson decays and dark bremsstrahlung the dominant 
production mechanisms; the production rates are proportional to 𝑔2𝐵−𝐿, 
compared to 𝜖2 as in the dark photon model. The boson can decay to all 
kinematically accessible states that possess 𝐵 −𝐿 charge. In this analy-
sis, the region of phase space which FASER is sensitive to is confined to 
the mass range 2𝑚𝑒 < 𝑚𝐴′

𝐵−𝐿
< 2𝑚𝜇 ≃ 211 MeV, where the possible de-

cays are to electrons, SM neutrinos, and possibly sterile neutrinos. It is 
assumed that sterile neutrinos have masses greater than half the 𝐴′

𝐵−𝐿gauge boson mass, and so decays to sterile neutrinos are kinematically 
inaccessible. The visible signal from decays to electrons therefore has a 
branching fraction of 𝐵(𝐴′

𝐵−𝐿 → 𝑒+𝑒−) ≈ 40%. If decays to sterile neu-
trinos are allowed, the visible branching fraction could be as low as 
𝐵(𝐴′

𝐵−𝐿 → 𝑒+𝑒−) ≈ 25%, slightly reducing the search sensitivity, but 
not to a significant extent.

3. The FASER detector

The FASER detector, located approximately 480 m away from IP1 
in the TI12 tunnel that connects the LHC with the Super Proton Syn-
chotron (SPS), is aligned with the IP1 LOS. However, due to the crossing 
angle in IP1, the LOS is offset vertically by 6.5 cm with respect to the 
centre of the detector, which is properly accounted for in the simula-
tion. The detector is described in detail in Ref. [10]; a brief description 
is given here. The FASER𝜈 tungsten/emulsion detector is dedicated to 
neutrino measurements, and it is not used in this analysis, but the eight 
interaction lengths of tungsten suppress potential backgrounds. Fig. 1
presents a sketch of the detector. In this analysis, the detector com-
ponents of interest are the 1.5 m long detector decay volume and the 
tracking spectrometer, both of which are immersed in a 0.57 T dipole 
magnetic field, as well as the scintillator system and the electromag-
netic calorimeter. The active transverse area of the detector is defined 
by the circular magnet aperture with a radius of 10 cm.

The scintillator system is composed of four stations, each consist-
ing of multiple scintillator counters. At the front of the detector is the 
VetoNu station, composed of two scintillator counters. Further down-
stream is the Veto station, constructed from three scintillator counters 
in front of the decay volume. Both the VetoNu and Veto stations have 
scintillators with a transverse size (30 × 35 cm2 and 30 × 30 cm2 re-
spectively) significantly larger than the active region of the detector, 
which allows for the rejection of muons entering the detector at an an-
gle with respect to the LOS. The next scintillator station is the Timing 
station with two scintillator counters that separately cover the top and 
bottom half of the detector (with a small overlap) installed in front 
of the tracking spectrometer, used for triggering and timing measure-
ments. Finally, the Pre-shower station is in front of the calorimeter and 
constructed from two scintillator counters with both a graphite absorber 
and a tungsten radiator in front of each counter.
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• Selection

▪ 2 opposite-sign tracks 

within fiducial r < 95 mm

▪ > 500 GeV in calorimeter

▪ Nothing in all 5 veto counters

▪ Something in downstream 

scintillators

▪ In time with LHC collision


• Backgrounds Considered

▪ Veto inefficiency

▪ Neutrino interactions

▪ Neutral hadrons

▪ Large-angle muons

▪ Non-collision / cosmics


All backgrounds found  
to be very small

Dark Photon Selection

14
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• Observed no events in 27 fb-1 from 2022 data,  
(2.3 ± 2.3) x 10-3 background expected → place limits

Dark Photon Results

15PLB 848 (2024) 138378

https://doi.org/10.1016/j.physletb.2023.138378
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• Copious production 
of neutrinos in 
forward region


• All species 
produced at ~TeV 
energy range


• Allows first direct 
observation of ν 
from collider

Neutrinos
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R3: 250 fb-1 νμ νe ντ
Primary 
Source

Pions Kaons/
Charm

Charm

Traversing 
FASER ~1012 ~1011 ~109

Interacting in 
FASERnu 8,500 1,700 30

Rate Paper: arXiv: 2402.13318

Spectrum of interacting ν

https://arxiv.org/abs/2402.13318
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• Measure cross-section in uncovered TeV energy range

▪ Highest man-made source, currently unconstrained


• Production rate measures forward hadron production

▪ Novel input for PDFs, charm (νe) poorly constrained

Neutrinos are Interesting

17
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FIG. 3. Neutrino CC Interactions in FASER⌫. The energy spectrum of electron neutrinos (left) and muon
neutrinos (right) expected to have CC interactions in FASER⌫ in LHC Run 3 with an integrated luminosity
of 250 fb�1. The component of neutrinos originating from light (charm) hadron decays is shown in red (blue).
The solid contours are the central values, and the shaded regions show the corresponding uncertainties (see
text).

IV. NEUTRINO INTERACTION CROSS SECTIONS

The number of neutrino events depends not only on the neutrino flux, but also the neutrino
interaction cross section. Given the typically large neutrino energy E⌫ > 100 GeV, most neutrino
interactions at FASER can be described as DIS. It is worth noting, however, that, especially at
lower energies E⌫ < 100 GeV, there can be a substantial non-DIS contribution. Following the
notation of Ref. [51], the CC neutrino-nucleon interaction cross section can be written as

d�⌫N
dx dy

=
G2

FmNE⌫

⇡(1 +m2
W /Q2)2

⇥
xy2F1 + (1� y)F2 + xy(1� y/2)F3] , (1)

where x is the fraction of the nucleon’s momentum carried by the quark in the initial state, y is the
fraction of the neutrino momentum transferred to the hadronic system, mN and mW are the masses
of the nucleon and W boson, respectively, Q2 = 2E⌫mNxy is the transferred four-momentum, and
Fi(x,Q2) are the structure functions of the proton. Di↵erent models for the structure functions
have been proposed in the literature, some of which allow one to extend this formalism into the
non-DIS regime.

The Bodek-Yang model [18–20] is widely recognized as a phenomenological framework for de-
scribing inelastic neutrino-nucleon scattering cross sections in the multi-GeV energy range. It is
implemented in GENIE [37], a commonly-used neutrino interaction MC generator, which has been
extensively benchmarked in neutrino experiments in the 0.1–100 GeV energy range and simulates
both DIS and non-DIS contributions to the cross section. The Bodek-Yang model builds upon
structure functions using e↵ective leading-order GRV98 PDFs [53]. To account for mass, higher-
order QCD, and nuclear e↵ects, various phenomenological corrections are employed. In addition,
modifications have been incorporated to extend its applicability to the non-perturbative, low-Q2

regime.
For FASER predictions, however, the Bodek-Yang model has certain limitations: (i) it relies

on obsolete PDFs that neglect recent constraints on proton and nuclear structure obtained in the
last 25 years; (ii) it only includes PDFs for up, down, and strange quarks; (iii) it omits available

Spectrum of interacting ν Measured σν

Considerable interest for Neutrino telescopes, cosmic ray 
observatories, QCD, and measuring neutrino properties 

Rate Paper: arXiv: 2402.13318

νe νμ

ν from charmν from π/K

https://arxiv.org/abs/2402.13318
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• Emulsion detector - FASERnu

▪ Sensitive to all 3 species, no charge information

▪ 1.1 Ton Tungsten target w/ 730 emulsion planes

▪ Exquisite ~300 nm hit resolution


• Electronic detector - FASER

▪ Sensitive to muon neutrinos, can separate νμ from νμ

Detecting Neutrinos

18
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• Small background from neutral hadrons 
and large-angle muons 

CC Neutrino Observation

19

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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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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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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Stay tuned for update!

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.031801
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• Swapped every month or so, emulsion films 
developed, processed, shipped to Japan, scanned

FASERν detector

20

6

FASERν extraction

• FASERν 3rd module extracted on 
29/11 by Jamie, Brian, Jeremy, 
CERN transport and RP.

• Taken directly to S-018 dark 
room in building 169.

3
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FASERν Data

22

Data processing of the 2nd module

• Alignment (between films for each zone)
– PL 01-52: ok
– PL 52-: in progress
– Largest offsets so far: 

• rotation 0.024 rad, (3.7 mm, -6.1 mm)

• The following processes are in progress.
– Sergey is working on optimizing the cuts for track 

reconstruction.

Reconstructed tracks 
in 300 μm × 300 μm1000 μm

The 2nd module (10.6 fb-1)

We are now estimating the total processing time.
• No conclusion yet.
• We will discuss more in the next FASER𝜈 meeting.

Micro-tracks to base-tracks

Alignment-1 between films for each zone (large offsets up to a few mm)

Re-produce base-track files with the affine parameters

Alignment-2 between films for each zone (offsets up to a few 10 μm)

Track reconstruction (each sub-volume)

Alignment-3 (fine-alignment) through 14 films for each sub-volume

Connection of upstream/downstream sub-volumes

Alignment-4 through multiple sub-volumes

Further analyses

track density (/cm2) 
(within 10 mrad from the peak)

track density (/cm2/fb-1) 
(within 10 mrad from the peak)

2022 1st module 6.3×103 1.2×104

2022 2nd module 1.4×105 1.3×104 5

All events overlaid 
from about ~1 month


Exquisite resolution (~300 nm) 
allows us to separate 
individual interactions

Can measure electron energy

and muon momentum 

in emulsion!

15 34. Passage of Particles Through Matter

the projected angular distribution, with an rms width given by Lynch & Dahl [40]:

◊0 = 13.6 MeV
—cp

z
Ú

x

X0

C

1 + 0.088 log10( x z2

X0—2 )
D

= 13.6 MeV
—cp

z
Ú

x

X0

C

1 + 0.038 ln( x z2

X0—2 )
D

(34.16)

Here p, —c, and z are the momentum, velocity, and charge number of the incident particle, and
x/X0 is the thickness of the scattering medium in radiation lengths (defined below). This takes into
account the p and z dependence quite well at small Z, but for large Z and small x the —-dependence
is not well represented. Further improvements are discussed in Ref. [40].

Eq. (34.16) describes scattering from a single material, while the usual problem involves the
multiple scattering of a particle traversing many di�erent layers and mixtures. Since it is from a fit
to a Molière distribution, it is incorrect to add the individual ◊0 contributions in quadrature; the
result is systematically too small. It is much more accurate to apply Eq. (34.16) once, after finding
x and X0 for the combined scatterer.

x

splane
yplane

Ψplane

θplane

x /2

Figure 34.10: Quantities used to describe multiple Coulomb scattering. The particle is incident in
the plane of the figure.

The nonprojected (space) and projected (plane) angular distributions are given approximately
by [34]
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where ◊ is the deflection angle. In this approximation, ◊2
space ¥ (◊2

plane,x + ◊2
plane,y), where the x

and y axes are orthogonal to the direction of motion, and dœ ¥ d◊plane,x d◊plane,y. Deflections into
◊plane,x and ◊plane,y are independent and identically distributed. Fig. 34.10 shows these and other
quantities sometimes used to describe multiple Coulomb scattering. They are

Â rms
plane = 1Ô

3
◊ rms

plane = 1Ô
3

◊0, (34.19)
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• Neutrinos interact very weakly, need lots of mass 
(lead, Tungsten, steel, water) for target


• Charged current interactions mean exchanging a W

• Observe charged lepton of same species

• Also see hadronic stuff from struck proton

Charged Current Interactions

23

Neutrino Interactions 13

Figure 9. Kinematic quantities in deep inelastic scattering.

fundamental particles, and therefore the cross section of neutrino quark scattering will
rise linearly with energy.

We first need a common language of kinematics that is relevant for an inelastic process
such as νN → ℓX or its neutral current counterpart, νN → νX. As shown in Figure 9,
we define the energy and four-momentum in the lab frame of the incoming neutrino, the
outgoing lepton and the weak boson, respectively, to be p = (E, p), p′ = (E ′, p′) and
q = (ν, q), and we also define the lab scattering angle of the outgoing lepton as θ, the
four-momentum of the target as P , and the energy of the hadronic recoil in the lab frame
as Eh. As before we define the negative of the W four-momentum squared

Q2 ≡ −q2 = −(p′ − p)2 ≈ 4EE ′ sin2(θ/2). (16)

Note that this definition is given purely in terms of variables on the well-defined leptonic
side of the event. We will follow this convention as much as possible, expressing quantities
in the lab in terms of leptonic variables and the initial target mass, MT . We may define
other invariants, such as the lab energy transfer, ν, the inelasticity, y, and the Feynman
scaling variable, x:

ν ≡
q · P√
P · P

= E − E ′,

y ≡
q · P
p · P

=
ν

E
,

x ≡
−q · q
2(p · q)

=
Q2

2MT ν
. (17)

The center-of-mass scattering energy,
√

s, and the mass of the hadronic recoil system, W ,
can also be written in term of leptonic variables x, y and ν and the target mass MT :

s ≡ (p + P )2 = M2
T +

Q2

xy
,

W 2 ≡ (q + P )2 = M2
T + 2MT ν − Q2. (18)

In the picture of neutrinos scattering from constituents of strongly bound systems, the
“parton” interpretation of deep inelastic scattering, the variable x has a special interpre-
tation as the fractional momentum of the target nucleon carried by the parton in a frame
where the target momentum is very large. The common picture of this frame is that the
nucleon, as seen by the incoming lepton, is flat and static because of length contraction
and time dilation, and the incoming lepton interactions with a single one of these frozen



Figure 12: Event displays of one of the ⌫e CC candidate events (top) and one of the ⌫µ CC candidate events (bottom). In each panel, the right-handed coordinate
axes are shown in the bottom left, with red, green, and blue axes indicating the x (horizontal), y (vertical), and z (beam) directions, respectively. The right panels
show views transverse to the beam direction, and so the blue axes are not visible. The left panels are slightly rotated views, with the blue axes barely visible, to
show the longitudinal development of the event. Yellow line segments show the trajectories of charged particles in the emulsion films. The other coloured lines are
interpolations, with the colours indicating the longitudinal depth in the detector.

the NC background. The prior distribution, ⇡, is flat and as-
sumed to be 1 except for unphysical values of the parameters
where it is 0.

The posterior is obtained with a Markov chain MC with the
Metropolis-Hastings algorithm (40). The calculation was re-
peated for 2.03 ⇥ 105 steps, where the first 3000 steps are con-
sidered as the initialization stage and are not used for the final
result.

The ↵ parameter is measured to be 2.4+1.8
�1.3 and 0.9+0.5

�0.3 for ⌫e
and ⌫µ, respectively. The energy-independent part of the inter-
action cross sections per nucleon, �obs/E⌫, is measured to be
(1.2+0.8

�0.7) ⇥10�38 cm2 GeV�1 over the energy range of 560–1740
GeV for ⌫e and (0.5 ± 0.2) ⇥10�38 cm2 GeV�1 over the energy
range of 520–1760 GeV for ⌫µ. Figure 13 shows the measured
cross sections, together with those obtained by other experi-
ments: E53 (41), DONuT (42), MINOS (43), NOMAD (44),
T2K (45; 46; 47), ArgoNeut (48; 49), ANL (50), BEBC (51;
52), BNL (53), CDHS (54), CCFR (55), Gargamelle (56; 57),
IHEP (58; 59), NuTeV (60), SciBoone (61), SKAT (62), and
IceCube (63; 64; 65). The measured value of �obs is shown
as the blue curved line for ⌫e and the red curved line for ⌫µ.
The weighted average of the GENIE-predicted cross section is

also shown, assuming the ratio of the incoming neutrino to anti-
neutrino fluxes to be 1.03 for ⌫e and 0.62 for ⌫µ.

8. Conclusions

First results from the search for high-energy electron and
muon neutrino interactions in the FASER⌫ tungsten/emulsion
detector of the FASER experiment have been presented. The
analysis uses a subset of the FASER⌫ volume, corresponding
to a target mass of 128.6 kg, exposed to 9.5 fb�1 of LHC pp
collisions during the summer of 2022. Selections are applied
to retain reconstructed vertices consistent with high-energy ⌫e
and ⌫µ CC interactions, while minimizing the background from
neutral-hadron interactions. Four electron neutrino interaction
candidate events are observed, with an expected background
of 0.025+0.015

�0.010, leading to a statistical significance for the elec-
tron neutrino signal of 5.2 standard deviations. This represents
the first direct observation of electron neutrinos produced at
a particle collider. Eight muon neutrino interaction candidate
events are also found, with an expected background of 0.22+0.09

�0.07,
leading to a statistical significance for the muon neutrino sig-
nal of 5.7 standard deviations. The interaction cross section

8

Ee = 1.5 TeV

Eμ = 360 GeV

http://physics.s.chiba-u.ac.jp/lepp/pika-nu.html

http://physics.s.chiba-u.ac.jp/lepp/pika-nu.html
http://physics.s.chiba-u.ac.jp/lepp/pika-nu.html
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Figure 13: The measured cross section per nucleon for ⌫e (left) and ⌫µ (right). The dashed contours labelled “Bodek-Yang” are cross sections predicted by the
Bodek-Yang model, as implemented in GENIE.

per nucleon is measured over an unexplored energy range of
560–1740 GeV for ⌫e and 520–1760 GeV for ⌫µ. In these
energy ranges, the cross sections, �obs/E⌫, are constrained to
be (1.2+0.8

�0.7) ⇥10�38 cm2 GeV�1 for ⌫e and (0.5 ± 0.2) ⇥10�38

cm2 GeV�1 for ⌫µ, both consistent with the cross section pre-
dictions of the Standard Model. These results demonstrate the
capability to study flavour-tagged neutrino interactions at TeV
energies with the FASER⌫ emulsion-based detector at the LHC.

Acknowledgements

We thank CERN for the excellent performance of the LHC
and the technical and administrative sta↵ members at all
FASER institutions for their contributions to the success of the
FASER experiment. We thank the ATLAS Collaboration for
providing us with accurate luminosity estimates for the Run 3
LHC pp collision data. We also thank the CERN STI group
for providing detailed FLUKA simulations of the muon fluence
along the LOS, the CERN EN-HE group for their help with the
installation/removal of the FASER⌫ detector, and the CERN EP
department for the refurbishment of the CERN dark room, used
for the preparation and development of the FASER⌫ emulsion.
In addition, we thank Nicolas Berger for reviewing the statisti-
cal analysis used, Mauricio Bustamante for providing the digi-
tized neutrino cross section data, and Saya Yamamoto for sup-
porting the preparation of emulsion films.

This work was supported in part by Heising-Simons Foun-
dation Grant Nos. 2018-1135, 2019-1179, and 2020-1840,
Simons Foundation Grant No. 623683, U.S. National Sci-
ence Foundation Grant Nos. PHY-2111427, PHY-2110929,
and PHY-2110648, JSPS KAKENHI Grant Nos. 19H01909,
22H01233, 20K23373, 23H00103, 20H01919, and 21H00082,
the joint research program of the Institute of Materials
and Systems for Sustainability, ERC Consolidator Grant
No. 101002690, BMBF Grant No. 05H20PDRC1, DFG EXC
2121 Quantum Universe Grant No. 390833306, Royal Soci-
ety Grant No. URF\R1\201519, UK Science and Technology

Funding Councils Grant No. ST/ T505870/1, the National Natu-
ral Science Foundation of China, Tsinghua University Initiative
Scientific Research Program, and the Swiss National Science
Foundation.

References
[1] J. L. Feng, I. Galon, F. Kling, S. Trojanowski, ForwArd Search Ex-

peRiment at the LHC, Phys. Rev. D 97 (3) (2018) 035001. arXiv:
1708.09389, doi:10.1103/PhysRevD.97.035001.

[2] FASER Collaboration, Letter of Intent for FASER: ForwArd Search Ex-
peRiment at the LHC (2018). arXiv:1811.10243.

[3] FASER Collaboration, Technical Proposal for FASER: ForwArd Search
ExpeRiment at the LHC (2018). arXiv:1812.09139.

[4] L. Evans, P. Bryant, LHC Machine, JINST 3 (2008) S08001. doi:10.
1088/1748-0221/3/08/S08001.

[5] FASER Collaboration, Detecting and Studying High-Energy Collider
Neutrinos with FASER at the LHC, Eur. Phys. J. C 80 (1) (2020) 61.
arXiv:1908.02310, doi:10.1140/epjc/s10052-020-7631-5.

[6] FASER Collaboration, Technical Proposal: FASERnu (1 2020). arXiv:
2001.03073.

[7] FASER Collaboration, The FASER Detector (2022). arXiv:2207.
11427.

[8] FASER Collaboration, First neutrino interaction candidates at the LHC,
Phys. Rev. D 104 (9) (2021) L091101. arXiv:2105.06197, doi:10.
1103/PhysRevD.104.L091101.

[9] FASER Collaboration, First Direct Observation of Collider Neutrinos
with FASER at the LHC, Phys. Rev. Lett. 131 (3) (2023) 031801. arXiv:
2303.14185, doi:10.1103/PhysRevLett.131.031801.

[10] C. Ahdida, et al., SND@LHC (2020). arXiv:2002.08722.
[11] SND@LHC Collaboration, SND@LHC: The Scattering and Neutrino

Detector at the LHC (10 2022). arXiv:2210.02784.
[12] SND@LHC Collaboration, Observation of Collider Muon Neutrinos with

the SND@LHC Experiment, Phys. Rev. Lett. 131 (3) (2023) 031802.
arXiv:2305.09383, doi:10.1103/PhysRevLett.131.031802.

[13] L. A. Anchordoqui, et al., The Forward Physics Facility: Sites, exper-
iments, and physics potential, Phys. Rept. 968 (2022) 1–50. arXiv:
2109.10905, doi:10.1016/j.physrep.2022.04.004.

[14] J. L. Feng, et al., The Forward Physics Facility at the High-Luminosity
LHC, J. Phys. G 50 (3) (2023) 030501. arXiv:2203.05090, doi:10.
1088/1361-6471/ac865e.

[15] J. M. Cruz-Martinez, M. Fieg, T. Giani, P. Krack, T. Mäkelä, T. Rabem-
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Obs Exp Bgd Sig

νe 4 1.1-3.3 0.025 ± 0.012 5.2 σ

νμ 8 6.5-12.4 0.22 ± 0.08 5.7 σ

After all vertex selection requirements:

Figure 7: MC simulation distributions of track multiplicity (left) and momen-
tum of the highest momentum track (right) from neutral-hadron interactions
vertices. The observed events in the data sample (except for neutrino candidate
events) are shown in black. The MC simulation distributions are normalized to
the number of events observed in the data.

Table 3 shows the selected number of neutral-hadron simu-
lated events when applying the ⌫e and ⌫µ CC selections.

Table 3: The number of MC reconstructed events of neutral-hadron interactions
satisfying the ⌫e and ⌫µ CC event selection. The scaling factor shows the ratio
of the data luminosity to the MC luminosity.

Hadron type KL n ⇤

Events simulated (Eh >200 GeV) 13497 13191 13902
Events selected as ⌫e CC 0 0 0
Events selected as ⌫µ CC 6 11 5
Scaling factor (data/MC) 1/232 1/256 1/423

Hadron type KS n̄ ⇤̄

Events reconstructed (Eh >200 GeV) 7113 5827 5368
Events selected as ⌫e CC 1 0 0
Events selected as ⌫µ CC 3 3 4
Scaling factor (data/MC) 1/436 1/569 1/630

Systematic uncertainties on the neutral-hadron background
estimate are evaluated by varying the incident muon energy dis-
tribution and by varying the physics lists used to model the
neutral-hadron interactions in GEANT4. The incoming muon
energy distribution was scaled up and down by a factor of
1 + E/(3 TeV) to distort the spectrum as a function of muon
energy E, and the e↵ect on the expected neutral-hadron back-
ground was evaluated. In addition, the relative change in the
background was checked using the physics list QGSP BERT (38)
to model the hadron interactions instead of the FTFP BERT
physics list. From these studies, a systematic uncertainty of
100% on the expected background is assigned.

In addition to the neutral-hadron background, there is a con-
tribution to the set of vertices retained by the ⌫e and ⌫µ CC se-
lection from NC neutrino interactions. The background from
NC neutrino interactions is estimated from simulated samples.
None of the simulated NC events passed the ⌫e CC selection,
using a sample equivalent to 150 times the size of the analyzed
dataset. The number of NC events expected in the analysed
dataset after the ⌫µ CC selection is estimated as 0.045+0.004

�0.005
(flux) ±0.003 (cross section) +0.076

�0.024 (others) and 0.008+0.013
�0.004

(flux) ±0.001 (cross section) +0.007
�0.004 (others) for events originat-

ing from light hadrons and charm hadrons, respectively.
The total background estimates are 0.025+0.015

�0.010 and 0.22+0.09
�0.07

for the ⌫e and ⌫µ selections, respectively.

6. ⌫e and ⌫µ candidate events

Four events are selected by the ⌫e selection on data. The
properties of the selected vertices are compared with the expec-
tations from ⌫e CC simulation (Figure 8) and for the properties
of the individual tracks forming the vertices (Figure 9). The
highest reconstructed electron energy from the selected ⌫e CC
candidates is 1.5 TeV. It is therefore the highest-energy ⌫e inter-
action ever detected by accelerator-based experiments.

Eight events are selected by the ⌫µ selection on data. The
properties of these selected vertices are compared with the ex-
pectation from ⌫µ CC simulation (Figure 10) and for the prop-
erties of the individual tracks forming the verticies (Figure 11).
The highest reconstructed muon momentum from the selected
⌫µ CC candidates is 864 GeV, meaning that the ⌫µ sample in-
cludes neutrinos with energy likely above 1 TeV, far higher than
from previous accelerator-based neutrino studies.

In general the simulation describes the data well for both the
⌫e and ⌫µ selections. Example event displays of ⌫e and ⌫µ candi-
dates are shown in Figure 12. As expected, both events exhibit
a back-to-back topology between the lepton candidate and the
other tracks in the vertex.

Figure 8: MC simulation distributions of the track multiplicity (N tracks), lep-
ton angle (tan ✓lep), lepton momentum (plep), and �� for the ⌫e CC signal that
passed the selection criteria. The observed ⌫e CC candidate events in the data
sample are shown in black. The MC simulation distributions are normalized to
the number of observed events.

The expected number of neutrino signal events satisfying the
selections are in the range 1.1–3.3 (for ⌫e CC) and 6.5–12.4
(for ⌫µ CC), where the range covers the uncertainties listed in

6

1.5 TeV!

https://arxiv.org/abs/2403.12520
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• FASER is a new small experiment installed in the LHC


• FASER was installed in time for Run3 


• First results on LLP (dark photons, ALPs)


• First cross-section measurement for νe and νμ


• More physics to come in Run3, including upgrades


• FASER will continue into Run4, pathfinder for future 
forward-physics experiments at the HL-LHC

Conclusions
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