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Physics motivation

• General-purpose LHC experiments (ATLAS, CMS) designed to perform 
measurements in the transverse plane ➡ many NP searches based on signatures 
from heavy and strongly interacting particles (high pT, large missing ET) 

• In the case of light and weakly interacting new particles, these would be mostly 
produced at low pT, highly collimated in the very forward direction (θ ~ mrad) 
‣ Very large number of low pT events available at the LHC !! 

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

X

Y high pT

low pT ~ ΛQCD ~ 250 MeV

production angle θ ~ ΛQCD / E ~ mrad 
(with E ~ 100 GeV — 1 TeV)

• FASER (the ForwArd Search ExpeRiment) is a small and inexpensive (2M$) 
experiment that will search for new particles at the LHC 
‣ located 480 m from IP, along beam collision axis (line of sight, LOS)
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Experiment location
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Experiment location
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SPS
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Experiment location
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Experiment location
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Small digging in TI12 tunnel 
(< 50 cm) required to align 
vertically FASER with LOS
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Signal and backgrounds 

• Signal signature 
‣ two very-high energy, oppositely-charged tracks (or γ) originated from a common 

vertex in the decay volume and with combined momentum pointing back to the IP 

‣ no signal in the upstream scintillator veto-layer 

‣ large energy deposited in the em calorimeter
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Signal and backgrounds 

• Signal signature 
‣ two very-high energy, oppositely-charged tracks (or γ) originated from a common 

vertex in the decay volume and with combined momentum pointing back to the IP 

‣ no signal in the upstream scintillator veto-layer 

‣ large energy deposited in the em calorimeter  

• Backgrounds 
‣ FASER’s location (~480m downstream ATLAS IP) naturally (rocks, concrete, upstream 

magnets) provides an effective suppression for high-energy particles 

‣ Main backgrounds: muons and neutrinos from the IP 

๏ muon-associated radiative processes (e.g. γ-bremsstrahlung) to be highly suppressed by 
first scintillator (+ lead-absorber, 20 X0) veto station
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FIG. 4. FLUKA simulation estimation of the particle flux as a function of energy at the FASER
location: (top) for negative and positive muons; (bottom) for di↵erent neutrino species. These are
normalized to a luminosity of 2⇥ 1034 cm�2 s�1.

charged muons, due to the bending of the LHC magnets. FLUKA studies show that only
some percent of the muons at FASER come from the IP, but rather originate in showers
from particles produced in the IP1 collisions and later interacting with the LHC machine
elements (for example the TAN 140 m from the IP). Whereas the neutrinos that go through
FASER are mostly originating directly from the IP1 collisions (typically from pion decay,
where the pions are produced in the IP1 collisions). The rate for all muons with energy above
di↵erent thresholds is presented in Table I. For particles with energy above 10 GeV, this
gives a charged particle rate through the 10 cm-radius detector volume of around 100 Hz.

FLUKA does not include the rate of particles produced in neutrino interactions in the
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Background estimations

• FLUKA used to estimate the backgrounds expected in FASER. Sources considered: 
1. particles produced at IP 

2. showers from proton losses hitting beam-pipe 

3. beam-gas interactions (from “beam-2" moving towards ATLAS)
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negligible｝

Energy threshold Charged particle flux
[GeV] [cm�2 s�1]
10 0.40
100 0.20
1000 0.06

TABLE I. The expected charge particle flux at the FASER location from FLUKA simulations for
di↵erent energy thresholds, normalized to the expected Run 3 luminosity of 2 ⇥ 1034 cm�2 s�1.
The rate is entirely from muons.

rock, but this is estimated to be completely negligible (less than 0.01 Hz).
The FLUKA estimations of the particle flux have an uncertainty of order a factor of a

few, dominated by statistical e↵ects in the current simulation samples. With larger samples
there will still be sizable systematic uncertainties at the tens of percent level.

Figure 5 shows the muon flux as a function of radial position around FASER. It can be
seen that the FASER detector is in a region with reduced particle flux, with significantly
higher rates expected 1–2 m on either side of FASER (for positive and negative muons
separately), due to the bending of the muons in the LHC magnetic field.

FIG. 5. FLUKA simulation estimates of negative muon fluxes (top left) and positive muon fluxes
(top right) in the transverse plane at the FASER location. These results assume the TI18 location,
485 m from the IP. The diagram at the bottom shows the geometry used in the simulations. The
FASER detector is visible as a small, partially-cut circle of radius 20 cm at the bottom right of the
tunnel.
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In-situ measurements

• Beam background 
‣ Emulsion detectors and TimePix3 Beam Loss 

Monitor installed in the TI12 tunnel in 2018 to 
measure particle fluxes 

‣ Conclusions from measurements: 

➡ Results fully consistent with FLUKA simulations 

➡ Particle flux correlated with the instantaneous 
luminosity at IP1
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FIG. 7. A magnified view of the main peak
of the angular distribution of particles detected
at TI12, projected into the y-axis. The width
of the main peak is 2.3 mrad, which is nearly
consistent with the emulsion detector’s angular
resolution of 2 mrad.
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FIG. 8. Angular distributions, projected into
the x-axis, by three emulsion films with and
without tungsten plates, corresponding to en-
ergy cuto↵s of about 1 GeV and 50 MeV, due
to multiple Coulomb scattering, respectively.

Period Luminosity Counting Rate Counting Rate/Luminosity
[1034 s�1 cm�2] [s�1] [10�34 cm2]

No beam - 0.16 -
Beam (no collisions) - 0.55 -
Collisions 1.8 7.0 4.0
Collisions 1.3 4.8 3.8
Collisions 0.8 3.3 4.2
Collisions 0.6 2.7 4.3
Collisions 0.5 2.2 4.1

TABLE III. Preliminary results from the TimePix detector installed in TI18, indicating that the
main particle rate is proportional to luminosity in IP1. This also shows a small, but significant,
increase in rate with non-colliding beam, compared to no beam in the machine. Beam (no collisions)
corresponds to a full machine (2556 bunches) at the start of a physics fill, providing a total intensity
of 2.7⇥1014 protons per beam.

data shows a clear correlation between the observed cluster counts and the instantaneous
luminosity in IP1. It also shows slightly larger rates when there is beam in the LHC, but
with no collisions, compared to no beam in the machine. Example results are shown in
Table III.

D. Radiation Level

The radiation level in the TI12 tunnel is an important input for determining what elec-
tronics can be operated in and close-to the detector. Both simulation studies and in situ

16

• Radiation levels 
‣ BatMon battery-operated radiation monitoring devices 

‣ Measurement of high-energy hadron flux and thermal 
neutron fluence after 3 fb-1 13 TeV pp collisions 

‣ Results fully consistent with FLUKA simulations 

๏ D / year < 4 x 10-3 Gy 

๏ Φ / year < 5 x 107 [1MeV-neq / cm2] 

➡ No rad-hard electronics needed in the experiment
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Detector layout
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Detector layout
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Magnets
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FASER MAGNETS 

•  The FASER magnets are 0.55T permanent dipole magnets based on the 
Halbach array design 
–  Thin enough to allow the LOS to pass through the magnet center with 

minimum digging to the floor in TI12 
–  Minimized needed services (power, cooling etc..) 

•  To be constructed by the CERN magnet group  

19

Magnet Design
● Magnetic and mechanical design of three Halbach array 

permanent dipole magnets (0.5 T) is done
● Procurement of magnetic blocks underway

● European price survey gave only one very high bid
● Order now placed with Chinese company 
● About 2 month behind TP schedule, but readjusted schedule

● Support structure and detector interface still being designed

Long magnet with support

Magnet block
specification
(5 field angles)

SmCo
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FASER MAGNETS 

•  The FASER magnets are 0.55T permanent dipole magnets based on the 
Halbach array design 
–  Thin enough to allow the LOS to pass through the magnet center with 

minimum digging to the floor in TI12 
–  Minimized needed services (power, cooling etc..) 

•  To be constructed by the CERN magnet group  

• Halbach array permanent dipole magnets  
‣ B=0.55 T, 16 blocks 

• Current status: 
‣ Procurement of magnetic blocks underway 

‣ Support structure under design

NEPLES-2019, 23.09.2019, KIAS
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Silicon tracker

• Tracker using silicon strip modules from the ATLAS Semiconductor Tracker (SCT) 
‣ 80 spare SCT barrel modules ➡ many thanks to ATLAS SCT Collaboration ! 

‣ 2 sides, each with 2 single-sided p-on-n silicon sensors, 40 mrad stereo angle 

‣ 80 µm strip-pitch, 1536 readout channels / module 

• QA of SCT modules performed @CERN in March 2019 
‣ > 80 modules passing selection criteria (leakage current, noise, # dead / noisy 

channels)
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~12 cm

~6 cm

40 mrad
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FASER TRACKER- MODULE QA 

SCT module QA at CERN in March. 
Identified > 80 good spare modules – 
more than enough for FASER needs. 
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Silicon tracker

• FASER tracker = 3 stations, each with 3 layers of 8 SCT modules 
‣ First tests (assembly, thermal performance) on prototype layer on-going 
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Tracking Layer Testing
● 3 stations with 3 layers each

of 8 spare ATLAS SCT modules
● Each layer frame machined from

one aluminum block at UniGe

● Test of prototype layer has started
● Metrology and cooling tests on-going

● 8 SCT modules to be mounted
● Will check thermal performance

under full load matches FEA
● In addition will test powering,

readout chain, etc.
● Step toward full system test

● Tests done at UniGe and
in lab space at CERN

● Critical test of overall design, 
before launching full production

Only 0.6%
radiation
length of Si
per layer in
central region

Tracker Layer

320 mm

31
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m
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Tracker Station

FIG. 21. A tracking station in its outer box between two magnet segments. Nearby scintillators
are not shown.

FIG. 22. The tracking station outer box showing the locations of the patch panel and aluminized
mylar windows (to minimize material and multiple scattering).

SMC chiller (model HRS030-AN-020 or equivalent) with a 5-liter water tank can provide
cooling capacity up to 1500 W (Figs. 23 and 24) at 25�C ambient temperature. The total
cooling capacity required for the three tracking stations is about 600 W. The chiller would be
controlled and monitored using an RS485-to-Ethernet converter (Fig. 25). Some insulation
(Armaflex) will be required along the water lines to the tracking stations (including the
patch panels for the stations). The chiller will be placed in the tunnel at least 30 cm from
any obstacle, to allow free air ventilation, but limiting the length of the cooling lines as

28
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FIG. 4. Left: Separation of charged tracks from decay of a dark photon (mA0 = 100 MeV) at
three energies. The solid (dashed) histograms are the expected separation in the forward (central)
tracking stations, as defined in the text. Right: Separation of photons from the decay of an ALP
(ma = 100 MeV) at the end of the tracking system. In both panels, the decays are averaged over
longitudinal position, and the vertical line at 300 µm represents a conservative estimate of the
separation required to create isolated clusters in a silicon strip detector.
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FIG. 5. Estimated fractional momentum resolution (�p/p) as a function of the number of tracker
planes for six di↵erent momenta, assuming the nominal coordinate resolution, tracker length, and
magnetic field, and the theoretically optimal arrangement. FASER’s choice of eight tracker planes
represents a reasonable trade-o↵ between performance, cost, and complexity.

momentum is possible. For FASER, this estimated resolution limit is 1.5 TeV at 5� and
2.5 TeV at 3�. This implies that when a track is too straight to measure its curvature
accurately, we will be able to set a fairly high bound on its minimum momentum. At low
energies, FASER should have excellent (few percent) momentum resolution to reject tracks
below the 100 GeV analysis threshold.

B. Calorimeter

FASER’s dark photon decay signal consists of extremely high-energy electrons, while the
dominant event rate is extremely high-energy (entering) muons. To demonstrate compelling

8
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Electromagnetic calorimeter

• FASER ECAL built with four spare LHCb Outer Ecal 
modules ➡ many thanks to LHCb Collaboration ! 
‣ Shashlik layout: sampling lead/scintillator structure 

readout by plastic wavelength-shifting (WLS) fibres 
running parallel to the beam axis 

‣ 66 layers x (2mm Pb + 4mm plastic scintillator) ➡ 25 X0 

‣ combined light from all layers readout by a single PMT
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Integration Status

Updates on FASER design (5) 
ECAL design
• 1 element made of 4 modules (Lead, fiber and scintillator)
• Weight < 100 Kg for the 4 modules
• Proposal to use a labjack to tune the vertical axis
• Alignment at +/-10mm (TBC)
• Tilt of modules / LoS (beam) 
• An outer clamp (or frame) should be designed for stability

754 mm

242 mm

242 mm
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Electromagnetic calorimeter

• Calibration / tests using both 137Cs source and cosmics 
‣ cosmic-ray test stand to allow combined testing of scintillator stations and 

calorimeter modules
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Cosmic Ray Test Setup
● Set up cosmic-ray test stand to use with calorimeter

modules (and scintillator stations when available)
● All modules+final PMTs to be tested with cosmic rays
● Optimizing system to see both MIPs and multi-TeV

                                  (at different HV gains)

CaloCalo
modulemodule

MIPMIP
signalsignal

ScintillatorScintillator



Veto 
station Trigger/timing 

 station
Trigger/preshower 

station

• Veto station 
‣ suppress incoming charged particles (high-energy µ) ➡ target efficiency per 

scintillator layer > 99.9% 

‣ Pb absorber (20 X0) for γ-conversion (µ-bremsstrahlung) to be vetoed by the 
scintillator layers 

• Trigger / timing station 
‣ target timing resolution < 1 ns 

‣ light-guides bent 90o to reduce overall width 

• Trigger / preshower station 
‣ additional trigger signal (coincidence with 1st trigger station) 

‣ thin radiator layer as preshower + low-Z absorber to reduce calorimeter backsplash
Sergio Gonzalez-
SevillaSergio Gonzalez (UniGe)

Scintillator layers

 20

29

Current Status
● Scintillator design finalized:

● Added calibration fiber port
● Will have 90º bent light guides in

timing layers to reduce width
– Up to 30% light loss acceptable

● Procurement:
● Digitizer, VME-Ethernet bridge card and PMTs received
● Scintillator plates and ISEG HV PS ordered
● Lead and carbon fiber shielding still to be ordered

● Scintillator station production at CERN:
● To start in October when technician is available

● Calorimeter PMT HV base:
● Simple custom HV base designed and proto-typed
● Final version to be sent for production soon

● LED calibration system:
● Added simple flashing LED system

with light distributed by clear fibers
● Prototype being constructed

NEPLES-2019, 23.09.2019, KIAS
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TDAQ

• Trigger 

‣ Signal: Scintillators ⋃ Ecal 

‣ Rate: ~600 Hz, dominated by muons from ATLAS IP

 21NEPLES-2019, 23.09.2019, KIAS
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Trigger rate expected to be ~600 Hz dominated by muons from IP. 
Trigger will be an OR of triggers from scintillators and from the ECAL. 
No signals shared with ATLAS, need LHC orbit and clock signals, and for offline analysis ATLAS 
luminosity. 
Readout and trigger logic needs to be in TI12 tunnel, as not sufficient time to send signals to 
surface and back. Event builder on surface (in SR1) 

TDAQ OVERVIEW 
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Physics potential
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Benchmark scenarios

• The FASER experiment will search for new light (MeV-GeV mass range) weakly 
interacting particles ➡ long-lived particles (LLP) 

• Sensitivity reach studied under the assumption of a certain number of benchmark 
models and detector configuration 
‣ radius increase in FASER 2 to improve sensitivity to NP particles from heavy mesons 

(B,D) decays, as more spread out than in the case of light meson (π0) decays

 23NEPLES-2019, 23.09.2019, KIAS

Radius  
[cm]

Decay volume 
length 

[m]

Integrated 
luminosity 

[fb-1]
Timescale

FASER 1 10 1.5 150
LHC Run3  
2021-2023

FASER 2 100 5.0 3000
HL-LHC 

2026-2035

FASER 1 is approved and 
fully funded, though 
officially FASER 2 not yet 

• Further assumptions 
‣ 100% detection efficiency for all visible decay modes 

๏ sensitivity curves do not significantly change with O(1) change in efficiency 

‣ minimal visible energy E >100 GeV 

‣ no high-energy backgrounds
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Benchmark scenarios

• FASER physics program is rich: discovery potential for all candidates with 
renormalizable couplings (dark photons, dark Higgs bosons, heavy neutral 
leptons); ALP with all types of couplings (γ, f, g); etc. 
‣ benchmark models defined by the CERN Physics Beyond Colliders study group

 24NEPLES-2019, 23.09.2019, KIAS
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PHYSICS SUMMARY
• FASER and FASER 2 have full physics programs: can discover all 

candidates with renormalizable couplings (dark photon, dark Higgs, HNL); 

ALPs with all types of couplings (g, f, g); and many other examples.

Benchmark Model FASER FASER 2 References

BC1: Dark Photon √ √ Feng, Galon, Kling, Trojanowski, 1708.09389

BC1’: U(1)B-L Gauge Boson √ √ Bauer, Foldenauer, Jaeckel, 1803.05466

FASER Collaboration, 1811.12522

BC2: Invisible Dark Photon ⎼ ⎼ ⎼
BC3: Milli-Charged Particle ⎼ ⎼ ⎼

BC4: Dark Higgs Boson ⎼ √ Feng, Galon, Kling, Trojanowski, 1710.09387

Batell, Freitas, Ismail, McKeen, 1712.10022
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Dark photon (A’)

• Massive dark photons (mA’) arising from a hidden sector with broken U(1) gauge 
symmetry ➡ coupled to the SM photon via a small kinetic mixing term (ε) 

• Production 
‣ rare decays of light mesons (π0 / η ➝ γA’) 

‣ dark bremsstrahlung (pp ➝ ppA’) 

• Decay 
‣ pair of particles: e+e-, µ+µ- (for mA’ > 2 mµ), π+π-, etc. 

‣ decay length (in the limit EA’ ≫ mA’ ≫me): 

➡ for mA’ ~ 10 - 100 MeV and ε~10-5 (within FASER reach, see later), dark photons with 
EA’ ~ TeV have a decay length of ~100 m
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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).
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about LLP production in specific hadron decay channels
can be found in Refs. [7,26,28].
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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
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by the other detector components. In this location, the role
of the TAN as the D2 magnet radiation shield is leveraged
to also provide shielding for FASER.
In addition to these far and near locations, there is also

accessible space on axis between the beam pipes at
L ≈ 180 m, near the TOTEM detector downstream from
CMS, and at L ≈ 220 m, near the ALFA detector down-
stream from ATLAS. These are also possible locations
for FASER, and may have lower backgrounds than our
representative near location. However, the near location at
L ¼ 150 m is expected to have larger signal rates, and so
we limit our consideration to it here.
Finally, we note that the two proton beams cross at a

small angle of 285 μrad relative to one another in the
vertical (horizontal) plane at the ATLAS (CMS) IP [40,41].
At the far location 400 m downstream (near location 150 m
downstream), this shifts the location of the center of an on-
axis detector by 5.7 cm (2.1 cm). The beam crossing angle
is expected to increase to 590 μrad during the HL-LHC era
[42], resulting in corresponding shifts of 12 cm (4.4 cm).
Throughout our analysis below, we assume that our
detector is placed exactly on axis with the correct offset
included in either the ATLAS or CMS location. The
distinction between the vertical and horizontal offsets for
ATLAS and CMS may play a role in optimizing the
location of FASER, however, especially in the HL-LHC
era. We note that there are many other possible changes for
the HL-LHC era. Below, we comment on particularly
relevant changes that are currently under discussion, but
for our calculations, for concreteness, we assume the
current LHC beam and infrastructure configurations.

III. DARK PHOTON DECAYS

Dark photons [43–47] provide a concrete and well-
studied example of light, weakly coupled new particles.
They arise when the SM is supplemented by a hidden
sector, which may be motivated, for example, by the need
for dark matter. If the hidden sector contains a (broken)
Uð1Þ symmetry, the hidden gauge boson generically mixes
with the SM photon through the renormalizable coupling
~Fμν ~F0

μν, where ~Fμν and ~F0
μν are the field strengths of the SM

and hidden gauge bosons, respectively. After a field
redefinition to remove this kinetic coupling, the resulting
Lagrangian is

L ¼ −
1

4
FμνFμν −

1

4
F0
μνF0μν þ 1

2
m2

A0A02

þ
X

f

f̄ði∂ − eqf=A − ϵeqf=A0 −mfÞf; ð4Þ

where Fμν and F0
μν are the field strengths of the photon A

and dark photon A0, respectively, the dark photon has mass
mA0 and kinetic mixing parameter ϵ, and f represents SM
fermions with electric charges qf and masses mf.

The dark photon may decay to eþ e− pairs throughout the
parameter space we study. The partial decay width is

Γe ≡ ΓðA0 → eþ e−Þ

¼ ϵ2e2mA0

12π

!
1 −

"
2me

mA0

#
2
$
1=2

!
1 þ 2m2

e

m2
A0

$
: ð5Þ

FormA0 > 2mμ, decays to muons and a number of hadronic
states are also possible. We assume that there are no non-
SM decays. In this case, the full dark photon decay width is

ΓA0 ¼ Γe

BeðmA0Þ
; ð6Þ

where BeðmA0Þ is the branching ratio to eþ e− pairs of a
dark photon with mass mA0 . The function BeðmA0Þ may be
extracted from measurements of eþ e− scattering at center-
of-mass energy equal to mA0 . It varies from 40% to 100%
for dark photon masses between 1 and 500 MeV [48].
In the limit EA0 ≫ mA0 ≫ me, the dark photon decay

length is

d̄ ¼ c
1

ΓA0
γA0βA0 ≈ ð80 mÞBe

!
10−5

ϵ

$
2
!
EA0

TeV

$!
100 MeV

mA0

$
2

;

ð7Þ

where we have normalized ϵ and EA0 to typical values that
yield observable event rates. We find that for mA0 ∼
10–100 MeV and ϵ∼10−5, dark photons with EA0 ∼
TeV have a decay length of Oð100Þ m, the length scale
of the LHC accelerator infrastructure in the intersection.

IV. DARK PHOTON PRODUCTION IN
THE FORWARD REGION

Dark photon couplings to fermions, shown in Eq. (4), are
inherited from photon couplings with the modification
e → ϵe. As a result, the dark photon production mecha-
nisms follow those of the photon, up to mass-related
effects. For mA0 in the sub-GeV range, pp collisions at
center-of-mass energy

ffiffiffi
s

p
¼ 13 TeV give rise to three

dominant sources of forward dark photons: rare decays
of mesons to dark photons, proton bremsstrahlung of dark
photons in coherent proton scattering, and direct dark
photon production in QCD processes. Throughout the rest
of the paper, we use two representative parameter-space
points to illustrate the dark photon kinematics.

Low −masspoint∶ mA0 ¼ 20 MeV; ϵ ¼ 10−4:

High −masspoint∶ mA0 ¼ 100 MeV; ϵ ¼ 10−5:

ð8Þ

These points have not been excluded by current dark
photon searches, but, as we see, are within the region that
may be probed by FASER.

FENG, GALON, KLING, and TROJANOWSKI PHYS. REV. D 97, 035001 (2018)

035001-4

A. Meson decays

Light hadrons h, which are abundantly produced in pp
collisions, act as dark photon sources via the decay
h → A0X , provided there are SM decay modes h → γX
and mh −mX > mA0 . Of particular interest are the light
neutral mesons π0 and η, which are produced in large
multiplicities and decay to two photons with large branch-
ing fractions. These decay modes are induced by the chiral
anomaly of the light quark flavor group and have branching
fractions [49]

Bðπ0 → A0γÞ ¼ 2ϵ2
!
1 −

m2
A0

m2
π0

"
3

Bðπ0 → γγÞ; ð9Þ

Bðη → A0γÞ ¼ 2ϵ2
!
1 −

m2
A0

m2
η

"
3

Bðη → γγÞ; ð10Þ

where Bðπ0 → γγÞ≃ 0.99, and Bðη → γγÞ≃ 0.39 [50].
The former is dominant at mA0 < mπ0 , while the latter is
relevant for mπ0 < mA0 < mη. The decays of heavier
hadrons also contribute to dark photon production, but
they typically suffer from small branching ratios to photons
and suppressed production multiplicities in pp collisions.
Examples of interesting decay modes of heavier mesons
are Bðρ0→πþ π−γÞ≃10−2, Bðρ→πγÞ≃4.5×10−4, Bðω→
π0γÞ≃0.084, Bðη0 → ρ0γÞ≃ 0.289, BðJ=ψ → γggÞ ¼
0.088, and BðΥ → γggÞ ¼ 0.022. However, in this work,
we do not expect such contributions to dramatically
improve our results, and therefore do not include them.
Determination of the forward dark photon event

yield requires a reliable estimate of the forward π0 and η
spectra and multiplicities in high-energy pp collisions.

Such estimates, which have traditionally relied on data
from ultrahigh-energy cosmic-ray experiments, have been
greatly improved in recent years with the availability of
forward high-energy scattering data from the LHC experi-
ments [51]: ATLAS/ALFA/AFP/ZDC, CMS/CASTOR/
HFCAL, LHCf, and TOTEM. Three Monte Carlo simu-
lation tools that have been tuned to match this data, EPOS-
LHC [52], QGSJET-II-04 [53], and SIBYLL 2.3 [54,55],
are available via the CRMC simulation package [56].
We have compared the predictions of the three codes for

π0 and η production in proton-proton collisions atffiffiffi
s

p
¼ 13 TeV. Figure 2 (left) shows the normalized per-

event multiplicity distributions. For completeness, we also
show the EPOS-LHC multiplicity predictions for various
additional hadrons in Fig. 2 (right). Figure 3 shows the
distribution of produced π0 and η mesons in the ðθ; pÞ
plane, where θ and p are the meson’s angle with respect to
the beam axis and momentum, respectively. Given that the
simulations have been tuned to the LHC data, the con-
sistency of the results comes as no surprise, with the mild
differences stemming from the physics assumptions
employed in each model. For example, QGSJET-II-04
does not include strange mesons. In the remainder of this
work, we use EPOS-LHC to derive our results.
The clustering of events in Fig. 3 around the (log-log)

line pθ ≈ pT ¼ ΛQCD ≃ 0.25 GeV is indicative of the
characteristic momentum transfer scale and is an important
consistency check. The added value of the simulations is
the estimation of the spread around this line. Particularly
interesting is the large multiplicity of high-momentum
mesons with p > 100 GeV at small angles θ < 10−3,
which are efficient sources of forward, high-momentum
dark photons.

FIG. 2. Particle multiplicities in 13 TeV pp collisions at the LHC. Left: π0 and η multiplicities from EPOS-LHC [52] (circles),
QGSJET-II-04 [53] (squares), and SIBYLL 2.3 [54,55] (triangles). Right: π0, π% , η, ω, ρ, and p multiplicities from EPOS-LHC [52].

FORWARD SEARCH EXPERIMENT AT THE LHC PHYS. REV. D 97, 035001 (2018)

035001-5



Sergio Gonzalez-
SevillaSergio Gonzalez (UniGe)

Dark photon (A’)

• Very large π0 event rates produced in pp collisions 
‣  2x1017 @LHC Run3 (150 fb-1) 

‣ predictions consistent among different MCs (EPOS-LHC, QGSJET-II-04, SIBYLL 2.3) 

๏ tuned to match recent LHC data (forward high-E scattering data) 

‣ 0.6% of π0 within FASER acceptance 

• Even with large suppression (ε=10-5), we expect NA’~ 100 signal events (for 
mA’=100 MeV) that can be detected with FASER ! 

๏ (detector acceptance for A’ → e+e- ~ 10-3)
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To derive the dark photon spectrum from proton brems-
strahlung by applying the FWW approximation, we treat
the protons as coherent objects, and therefore only allow
proton momentum transfers up to ΛQCD, and dark photon
pT up to 10 GeV. The resulting ðθ; pÞ distribution is given
in the right-hand panels of Fig. 4 for the two representative
points of Eq. (8). In the high-momentum, forward (low-pT)
regions (where the FWW approximation is valid), the
expected event yield is comparable and can even exceed
that from meson decays, even though the proton brems-
strahlung cross section is far below that of meson pro-
duction. This is due to the different characteristics
of the two processes: although the A0 spectrum from meson
decays is centered around pT ∼ ΛQCD and decreases
(roughly exponentially) at high pT , the dark photon
bremsstrahlung spectrum follows the characteristics of
photon bremsstrahlung and peaks around the collinear
cutoff, with pT ≈mA0 and the high-pT tail of the distribu-
tion suppressed by ∼1=p2

T [see Eq. (B3)]. For the two
representative parameter-space points, mA0 < ΛQCD, so for
a given dark photon momentum pA0 , the events cluster
around θA0 ∼ ΛQCD=pA0 for meson decays, but peak around
θA0 ∼mA0=pA0 in the case of bremsstrahlung. In the latter

case, though, also events from regions with larger pT can
contribute non-negligibly up to an experimental upper
limit on θA0 .

C. Direct dark photon production

Dark photons can also be produced directly through
qq̄ → A0 or the related QCD scattering processes
qq̄ → gA0, qg → qA0, and q̄g → q̄A0. These processes
can have large cross sections and could be the dominant
dark photon production mode for large dark photon masses
mA0 ≳ 1 GeV [64,65]. However, the estimation of the
corresponding production rates suffers from large theoreti-
cal uncertainties, mainly coming from the evaluation of
parton distribution functions (PDFs) fðx;Q2Þ at low Q2

and low x.
In direct production, the partonic center-of-mass

energy, ŝ ¼ x1x2s, is bounded from below by the dark
photon mass ŝ > m2

A0 . Given that
ffiffiffi
s

p
¼ 13 TeV at the

LHC, the relevant momentum fractions for the present
case are as low as x ¼ 6 × 10−9ðmA0=1 GeVÞ2. At the
relevant scale Q2 ∼m2

A0 , the available PDFs are highly

FIG. 4. Distribution in the (θ, p) plane, where θ and p are the angle with respect to the beam axis and momentum, respectively, for dark
photons produced by π0 decays (left), η decays (center), and proton bremsstrahlung (right), for A0 parameters ðmA0 ; ϵÞ ¼
ð20 MeV; 10−4Þ (top) and ð100 MeV; 10−5Þ (bottom). The right-hand axis indicates the dark photon’s decay length; see Eq. (7).
The total number of dark photons is the number produced in one hemisphere (0 < cos θ ≤ 1) in 13 TeV pp collisions at the LHC with an
integrated luminosity of 300 fb−1. The bin thickness is 1=5 of a decade along each axis. The black dashed, dotted, and dash-dotted lines
correspond to pT;A0 ¼ ΛQCD ≃ 250 MeV, m2

A0 , and 10 GeV, respectively.
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FIG. 5. Distribution in the (θ, p) plane, where θ and p are the angle with respect to the beam axis and momentum, respectively, for dark
photons that decay in the interval ðLmin; LmaxÞ ¼ ð390 m; 400 mÞ (the far detector location) and are produced by π0 decays (left), η
decays (center), and proton bremsstrahlung (right) for A0 parameters ðmA0 ; ϵÞ ¼ ð20 MeV; 10−4Þ (top) and (100 MeV; 10−5) (bottom).
The total number of A0s is the number produced in one hemisphere (0 < cos θ ≤ 1) in 13 TeV pp collisions at the LHC with an
integrated luminosity of 300 fb−1. The bin thickness is 1=5 of a decade along each axis. The dashed and dashed-dotted lines correspond
to pT;A0 ¼ ΛQCD ≃ 250 MeV and 10 GeV, respectively. In each plot the right y-axis indicates the dark photon’s characteristic decay
length d̄ [see Eq. (7)]. The angular coverage of the detector is indicated via vertical gray dashed lines.

FIG. 6. Left: Nsig, the expected number of signal events, for two representative (mA0 , ϵ) points as a function of the distance between the
IP and detector, Lmax, for the near and far detector benchmark design (see text). Right: Nsig for the far detector location as a function of
the detector radius R.
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FIG. 5. Di↵erential meson production rate in each hemisphere in the (✓, p) plane, where ✓ and p
are the meson’s angle with respect to the beam axis and momentum, respectively. The bin thickness
is 1/10 of a decade along each axis. We show the ⇡0 spectrum (left), obtained via EPOS-LHC [42],
and the B meson spectrum (right), obtained using FONLL with CTEQ6.6 [44]. The diagonal black
dashed lines highlight the characteristic transverse momentum scale pT ⇠ ⇤QCD ⇠ 250 MeV for
pions and pT ⇠ mB for B mesons. The angular acceptances for FASER and FASER 2 are indicated
by the vertical gray dashed lines.

respectively. These particles are highly concentrated in the very forward , as noted pre-
viously in the discussion surrounding Eq. (3). This is illustrated in Fig. 5 (left), where
we show the production rate of neutral pions in the (✓, p) plane, where ✓ 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 produced within 0.2 mrad (2 mrad) 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 FONLL [45, 46] to calculate the di↵eren-
tial cross section for charm and beauty hadrons. In particular, we take into account
non-perturbative fragmentation functions to obtain the hadronic spectra: BCFY [47] for
charmed hadrons and Kartvelishvili et al. [48, 49] with fragmentation parameter ↵ = 24.2
for beauty hadrons. We use the CTEQ6.6 [44] parton distribution functions (PDFs) with
mb = 4.75 GeV and mc = 1.5 GeV, and obtain production cross sections in each hemi-
sphere of D-mesons and B-mesons of 7.4 ⇥ 109 pb and 4.7 ⇥ 108 pb, respectively. The
spectrum for B mesons 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 ⌘-mesons, 1.1⇥ 1015 D-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].
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L¼ LSM þLDS þ
1

2
m2

XX
μXμ − gXjXμXμ −

ϵ
2 cosθW

BμνXμν;

ð8Þ

where LSM is the SM Lagrangian, LDS is the dark sector
Lagrangian involving only non-SM states, mX is the mass
parameter of the new gauge boson, gX parametrizes the
coupling to SM currents, and ϵ parametrizes the kinetic
mixing term. Note that, even if the kinetic mixing term is
absent at tree level, it can be loop induced by fields charged
under both gauge groups. Importantly, even if the kinetic
mixing term is forbidden by, e.g., embedding Uð1ÞX in a
larger, non-Abelian gauge group, nonzero values of ϵ can be
induced at loop level when the larger gauge group is broken.
In the following, we present FASER’s reach for new light

gauge bosons in three simple cases. We begin in Sec. IVA
with dark photons, where the only coupling between the
new gauge boson and the SM is through kinetic mixing. We
then discuss scenarios with Uð1ÞB−L and Uð1ÞLi−Lj

gauge
bosons, where there is no kinetic mixing at tree level in
Secs. IV B and IV C, respectively.

A. Benchmark V1: Dark photons

The dark photon Lagrangian extends the SM Lagrangian
with the following terms:

L ⊃ − ϵ0

2
FμνF0μν þ 1

2
m02X2; ð9Þ

where Fμν and F0
μν are the field strength tensors for the

SM photon and a new gauge boson X, respectively. After
rotating to the mass basis, the dark photon-SM fermion

coupling parameter is given by ϵ ¼ ϵ0 cos θW, cf. Eq. (8).
(See, e.g., Appendix A of Ref. [30] for a detailed
discussion.) The kinetic mixing parameter is naturally
small if it is induced by loops of new heavy charged
particles. After a field redefinition to remove the kinetic
mixing term, the dark photon A0 emerges as a physical mass
eigenstate that couples to the charged SM fermions propor-
tional to their charges through

L ⊃
1

2
m2

A0A02 − ϵe
X

f

qff̄=A0f: ð10Þ

The parameter space of the model is spanned by the dark
photon mass mA0 and the kinetic mixing parameter ϵ.

Production.—Light dark photons are mainly produced
through decays of light mesons, π, η → γA0 and
through dark bremsstrahlung. To a good approxima-
tion, these processes are suppressed by ϵ2 relative to
their SM counterparts.

Decay and lifetime.—Dark photons can decay into all
kinematically accessible light charged states, but,
especially for mA0 below a few hundred MeV, they
mainly decay into eþe− and μþμ− pairs. Heavier A0s
have various hadronic decay modes, but they are
typically dominated by decays into πþπ−. The decay
width is proportional to ϵ2. Thanks to this, dark
photons naturally have decay lengths that are large
enough for them to be observed in FASER, especially
when they are highly boosted by the large energies
they inherit from pp collisions at the LHC. The dark
photon decay length and branching fractions into
leptonic and hadronic final states are shown in the
left panel of Fig. 6, following Refs. [30,54].

FIG. 6. Benchmark model V1. The dark photon decay length (top left panel), its branching fractions into hadronic and leptonic final
states (bottom left panel) and FASER’s reach (right panel). In the right panel, 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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λS≪ 1 [62]. Alternatively, if Sdoes not get a nonzero vev
and the trilinear term δ1SjHj2 is explicitly introduced in the
Lagrangian along with the quartic term ϵS2jHj2, a small
mixing angle θ≃δ1vh=ðm2

h−m2
ϕÞ can be achieved by

suppressing the coupling δ1 [63], where mh and mϕ are
the SM Higgs and dark Higgs masses, respectively.
The Higgs-dark Higgs mixing generates Yukawa-like

couplings between the SM fermions and the dark Higgs
boson. In addition, there can appear a non-negligible
trilinear interaction term between ϕ and h with the
corresponding coupling denoted by λ. The effective
Lagrangian can, then, be written as

L ¼ −m2
ϕϕ

2 −sin θ
mf

v
ϕf̄f −λvhϕϕþ…; ð17Þ

where cubic and quartic terms involving ϕ and hhave been
omitted. Note that the dark scalar coupling to SM fermions
can also be generated in other ways, e.g., by coupling the
dark scalar to additional vectorlike fermions that mix with
the SM ones.
In the following, we analyze FASER’s sensitivity to

dark Higgs bosons. We consider cases with vanishing and
sizable values of λ in Secs. VA and V B, respectively.

A. Benchmark S1: Dark Higgs bosons

We first focus on the dark Higgs boson with trilinear
coupling λ ¼ 0. The parameter space of the model is then
spanned by the dark Higgs mass mϕ and mixing angle θ.

Production.—For FASER, a light dark Higgs is mainly
produced through rare B-meson decays with the
corresponding branching fraction given by [26,64,65]

BðB → XsϕÞ ¼ 5.7
!
1−

m2
ϕ

m2
b

"2

θ2: ð18Þ

In the following, we neglect additional contributions
from kaon decays that are sizable only in the region of
the parameter space that is already strongly con-
strained by other experiments. Decays of D-mesons
into scalars are further suppressed due to the absence
of top loops mediating such a process.

Decay and lifetime.—The dark Higgs boson mainly
decays into the heaviest kinematically available SM
states f with decay widths proportional to θ2m2

f=v
2.

This induces sharp threshold effects in both the decay
width and branching fractions, which are shown in the
left panel of Fig. 10. There are large uncertainties in
the modeling of the corresponding hadronic decay
widths in the few GeV mass range. In the following,
we adopt the numerical results of Ref. [66]. For the
low-mass range, 2mπ < mϕ < 1 GeV, these employ
the results of chiral perturbation theory [67], for the
large-mass range, mϕ > 2.5 GeV, they use the spec-
tator model [68,69], and in the intermediate-mass
range, 1 GeV < mϕ < 2.5 GeV, the hadronic branch-
ing fraction is obtained by interpolating between these
two. A recent evaluation of the decay width and
branching fractions of a light scalar [70] shows good
agreement with the description used in this work.

Results.—The expected reach of FASER for dark Higgs
bosons is shown in the right panel of Fig. 10 along
with the current bounds (see Ref. [37] and references
therein) and the projected sensitivities of other
ongoing and future experiments. As discussed in

FIG. 10. Benchmark model S1. The decay length (top left panel), decay branching fractions (bottom left panel), and FASER’s reach
(right panel) for the dark Higgs boson with negligible trilinear coupling to the SM Higgs. The gray shaded regions are excluded, and the
colored contours are the projected sensitivities of other proposed experiments; see text for details.
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examples of early work on searches for HNLs at beam
dumps. In the minimal such case, the interaction
Lagrangian can be written as

L ¼ LSM þ LDS −
X

yαIðL̄αHÞNI; ð21Þ

where the yαI are Yukawa couplings, and the sum is over
the three SM lepton doublets Lα and HNL fields NI . The
dark sector might additionally contain both Dirac and
Majorana mass terms for the HNL fields.
After electroweak symmetry breaking and diagonaliza-

tion of the mass terms, one finds a mixing of the SM
neutrinos and HNLs. This leads to a coupling of the HNLs
to the W and Z bosons, with an effective Lagrangian

L ⊃ N̄Iði=∂ −mN;IÞNI − ðg=
ffiffiffi
2

p
ÞWμl̄L;αγμUαINI

− ðg=
ffiffiffi
2

p
cWÞZμν̄L;αγμUαINI: ð22Þ

A. Benchmarks F1, F2, F3: HNLs coupled to e, μ, τ

We now focus on a single HNL that couples to only one
of the SM lepton doublets, either Le, Lμ or Lτ, resulting in
three benchmarks: F1, F2, and F3. These models are
described by only two parameters: the HNL mass mN
and its nonzero mixing angle with the respective SM lepton
doublet, UNα, where α ¼ eμ, τ. The reach for more general
scenarios with more than one HNL or more complicated
mixing patterns can be derived from these results.

Production.—HNL production at FASER mainly occurs
through heavy meson and τ decay [79]. In particular,

the most relevant HNL production mechanisms are
semileptonic D decays D → KlN for masses mN <
mD−mK , leptonicD decaysD%→l%N formN <mD,
semileptonic B decays B→DlN for mN < mB −mD,
and leptonic B decays B% → l%N for mN < mB.
Among these, since there are far more D mesons
produced at the LHC than B mesons, typically HNLs
with masses mN < mD are primarily produced in D
decay, while heavier HNLs with mD < mN < mB are
only produced in B decay. In addition, for HNLs
mixing with ντ and masses mN < mτ, the dominant
production mode is due to decays of τ leptons. A full
list of the production modes we include is described
in Ref. [28].

Decay and lifetime.—Heavy HNLs have a multitude of
possible decay channels. These include the invisible
decay mode into three neutrinos; various decay
modes with two charged particles in the final state
that most closely resemble the LLP signals de-
scribed above for other models (e.g., N → π%l∓,
llν, πþπ−ν); and, for larger mN, other decay modes
with more particles (especially pions) in the final
state. A detailed discussion is given in Ref. [28] and
references therein. In the following we assume
100% efficiency for detection of all the channels
beside the invisible one, while detailed discussion
of the FASER efficiency for the various visible
decay modes is left for future studies. The corre-
sponding decay lengths and branching fractions into
different final states are shown in the left panels of
Figs. 12–14.

FIG. 11. Benchmark model S2. As in Fig. 10, but the reach shown in the right panel is for dark Higgs bosons pair produced through
B → Xsϕϕ with trilinear couplings λ ¼ 0.0046, 0.0015 corresponding to Bðh → ϕϕÞ ≈ 4700λ2¼ 10%, 1%, as indicated. The region
probed by B → Xsϕ is also shown by the dashed black line. The projected sensitivities of MATHUSLA and Codex-b to the trilinear
couplings through the SM Higgs decay h → ϕϕ are also shown for λ ¼ 0.0046. Note that the projected sensitivities of other experiments
for vanishing trilinear coupling, λ ¼ 0, also apply; they are not shown in this figure, but can be found in Fig. 10.

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

095011-15

• Dark Higgs boson: single production 
‣ mainly produced through rare B-decays 

‣ FASER-2 highly complementary to other proposed experiments 

• Dark Higgs boson: double production (large trilinear coupling) 
‣ probe hΦΦ coupling with sensitivity rivaling the sensitivity from probes of h(*)➝ΦΦ at 

e.g. the HL-LHC ➡ complementary to high energy experiments (LHC, ILC) 

‣ sensitivity to low values of θ mixing angle

Single production (B ➝ XsΦ) Double production (B ➝ XsΦΦ)
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• Production of highly energetic ALPs in the very 
forward region dominated by Primakoff process  
‣ γ converts into ALP after collision with a nucleus 

‣ ALP travels ~350 m and decays to γγ 

➡ high-energy beam-dump experiment
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FIG. 2: ALP production in the Primako↵ process (left) and light meson decay (right).

With this Lagrangian, the ALP decay width is

�a ⌘ �(a ! ��) =
g2a��m

3
a

64⇡
. (4)

The cubic dependence on ma, resulting from the fact that the decay is mediated by a
dimension-5 operator, implies that, as the ALP mass decreases, the ALP lifetime increases
rapidly. The ALP decay length is

d̄a =
c

�a
�a�a ⇡ 630 m


10�4 GeV�1

ga��

�2 pa
TeV

�
50 MeV

ma

�4
, (5)

where we have normalized to currently viable values of ga�� and ma. For these values and
ALP momenta pa ⇠ TeV, the ALP decay length is naturally hundreds of meters, i.e., in the
range relevant for FASER searches for LLPs.

III. ALP PRODUCTION AND DECAY IN FASER

A. Mechanisms for ALP Production in the Forward Region

In the dominant ALP-photon coupling scenario, ALPs can be produced in any process
involving photons by radiating an ALP o↵ a photon line. However, for FASER, we are pri-
marily interested in the production of highly energetic ALPs in the very forward region. The
dominant production mechanism is then the Primako↵ process, in which a photon converts
into an ALP when colliding with a nucleus. This can happen when photons produced at the
LHC collide with the forward LHC infrastructure, as illustrated in Fig. 1. The corresponding
Feynman diagram is shown in the left panel of Fig. 2.

Photons are produced at the IP mainly through ⇡0 decay. They then propagate in the
beam pipe until they hit the material of the LHC accelerator, as illustrated in the bottom
left panel of Fig. 1. Very forward photons collide with the neutral particle absorber, which is
designed to protect the magnets behind it. In the current LHC, this is the TAN, a ⇠ 3.5 m
thick metal block placed along the beam collision axis at a distance of 140 m from the IP. At
the high-luminosity LHC (HL-LHC) this absorber is planned to be upgraded to the TAXN
and shifted to a new position about 130 m away from the IP [33]. In the following we will
use the details of the upgraded absorber TAXN. The reach of FASER is only mildly sensitive
to the precise properties and location of the absorber.

Very forward ALPs may also arise from the exotic decays of light mesons, shown in the

5
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FIG. 1: The dominant ALP production and decay processes considered in this study. Upper
panel: FASER is located 480 m downstream from the IP along the beam collision axis (dotted line)
after the main LHC tunnel curves away. Lower left panel: High-energy photons are produced at
the IP with small angles ✓� relative to the beamline. These photons then collide with the neutral
particle absorber (TAN or TAXN), producing ALPs a at similarly small angles ✓a relative to the
beamline. Note the extreme di↵erence in horizontal and vertical scales. Lower right panel: The
ALPs then travel ⇠ 350 m further downstream and decay through a ! �� to two highly collinear,
high-energy photons in FASER, which is located in the side tunnel TI18 close to the UJ18 hall.

between ALPs and SM gauge bosons, (1/f) aV µ⌫ eVµ⌫ [27]. As in the case of the QCD axion,
a shift symmetry a ! a + c can naturally keep the ALP mass low. On the other hand,
for generalized ALPs, one typically introduces a small mass term 1

2m
2
aa

2 that softly breaks
the shift symmetry and allows ma to be an independent parameter of the model. Low-mass
ALPs with suppressed couplings to the SM are then long-lived particles (LLPs) that can be
sensitively probed by FASER.

An interesting possibility, which leads to a phenomenology that is qualitatively di↵erent
from the models considered in our previous studies, is that ALPs are predominantly coupled
to two photons [28]. In this case, ALPs can be produced in pp collisions at the IP through,
e.g., photon fusion or rare decays of neutral pions. However, as we show below, for high-
energy forward-going ALPs that can reach FASER, the dominant production process is
one in which photons produced at the IP collide with elements of the LHC infrastructure
⇠ 130 m downstream, producing ALPs through the Primako↵ process �N ! aN 0X [29, 30].
The ALPs then travel another ⇠ 350 m and decay to two photons in FASER. This process,
through which the LHC can be thought of as a high-energy photon beam dump experiment,
is depicted in Fig. 1.

In this study, we evaluate the prospects for FASER to discover ALPs that are produced
through their di-photon coupling and decay through a ! ��. This work is structured as
follows. In Sec. II we review the basic properties of ALPs and their di-photon coupling. In
Sec. III we discuss ALP production and decay. The discovery reach of FASER for ALPs
is presented in Sec. IV. In Sec. V, we discuss the detector requirements for detecting the
ALP signal in FASER. Our conclusions are collected in Sec. VI. Details of the kinematics of

3

• Not possible to distinguish the two close-by photons from ALP decay, though 
event signatures with i) no charged particle in the tracker and ii) >TeV deposited 
em energy will be ~background free
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between the scale Λ and the relevant low-energy scale [92].
The resulting effective Lagrangian at the one-loop level is

L ¼ LSM þ LDS −
1

2
m2

aa2−
1

4
gaγγaFμνF̃μν

−
g2s
8
gaggaGA

μνG̃Aμν − i
X

f

gaff
mf

v
af̄γ5f; ð25Þ

where new symbols for the coupling constants, gaii, have
been introduced for clarity. Note that, in principle, each of
these coefficients depends on all the coefficients defined at
the scale Λ, that is, gaii ¼ gaiiðfγ; fG; ff;ΛÞ.
In the following sections we consider simple cases in

which, at the high-energy scale Λ, only one of the couplings
is nonvanishing: that is, either f−1γ ≠ 0(Sec. VII A), f−1f ≠ 0

(Sec. VII B), or f−1G ≠ 0(Sec. VII C).

A. Benchmark A1: Photon dominance

Let us first consider the case in which the ALPs only
couple to photons at the high-energy scale Λ. At the low-
energy scale, the coupling to photons is simply given by
gaγγ ¼ 1=fγ , up toOðαÞ corrections. Additionally, the ALP
obtains loop-induced couplings to all charged SM fermions
gaff ∼Q2

fα
2=fγ. Since these couplings are suppressed by

α2, they typically have a negligible effect on the phenom-
enology of ALPs at FASER when compared to the
dominant diphoton coupling, and hence they can be
ignored in the following discussion. One can therefore
write an effective low-energy Lagrangian

L ⊃ −
1

2
m2

aa2−
1

4
gaγγaFμνF̃μν; ð26Þ

for which the parameter space is spanned by the ALP mass,
ma, and its diphoton coupling gaγγ.

Production.—ALPs with dominantly diphoton cou-
plings can be produced by photon fusion (see, e.g.,
Ref. [93]), rare decays of light mesons, and the
Primakoff process. For highly boosted ALPs in the
far-forward region of the LHC, the dominant pro-
duction mechanism is the Primakoff process, in
which high-energy, forward-going photons pro-
duced at the IP convert into ALPs when interacting
with matter. In particular, efficient conversion can
take place when the photons hit the neutral particle
absorber (TAN) about 140 m away from the IP [32].
The rate is proportional to g2aγγ.

Decay and lifetime.—ALPs with dominantly diphoton
couplings mainly decay into a pair of photons; decays
into pairs of SM fermions are highly suppressed.
A subleading decay channel, in which one of the
photons is produced off shell and converts into an
electron-positron pair, has a branching fraction of
Bða → γeþe−Þ ≈ Bðπ0→ γeþe−Þ ∼ 1%. The total de-
cay width of the ALP is given by

Γða → γγÞ ¼
g2aγγm3

a

64π
: ð27Þ

In the left panel of Fig. 15 we show the ALPs decay
length and its branching fractions to γγ and γeþe− as a
function of ma.

FIG. 15. Benchmark model A1. The decay length (top left panel), decay branching fractions (bottom left panel) and FASER’s reach
(right panel) for ALPs with dominantly diphoton couplinga. The gray-shaded regions are excluded by current limits, and the colored
contours give the projected sensitivities of several other proposed experiments. See the text for details.
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• ALP coupled to fermions and gluons 

where Nf
c denotes the fermion’s color multiplicity.

Of course, for ma ≲ 500 MeV, one must consider
decays not into quarks, but into hadrons. Possible
decays into light hadrons are notoriously hard to
calculate, but they are also suppressed [95,97]. For
example, decays into two pseudoscalars, such as
a → ππ, or into a single pion and a photon,
a → πγ, are not allowed by CP invariance and
conservation of angular momentum. Decays into
three-body final states are phase-space suppressed,
and, in fact, the decay to the lightest allowed hadronic
final state, a → πππ, vanishes in the case of gauu ¼
gadd [92]. For light ALPs, we therefore neglect
hadronic decay modes in the following, and consider
only f ¼ e, μ, τ, c, b in Eq. (32). We show the ALP
decay length and its branching fractions in the left
panel of Fig. 16.

Results.—The expected FASER and FASER 2 reaches
are shown in the right panel of Fig. 16. In particular,
FASER 2 will be able to explore regions of parameter
space that are currently unconstrained (see Ref. [37]
and references therein) and extend sensitivities by up
to 1 order of magnitude in the coupling constant.
For comparison, following Ref. [37], we also show

the expected sensitivity reach for other proposed
experiments: the reach for Codex-b [23] corresponds
to 300 fb−1 of data collected by a 10 × 10 × 10 m3

detector situated 25 m away from the LHCb IP; the
reach for KLEVER [71] assumes 5 × 1019 POT from
the 400 GeV SPS beam; the expected sensitivity of
MATHUSLA [21,22] assumes 3 ab−1 of data col-
lected by a 200 × 200 × 20 m3 detector placed at the
ground level ∼100 m away from the ATLAS or CMS
IP; the sensitivity of REDTOP [98] has been obtained

for 1017 POT with low energy ∼1.7–1.9 GeV and
assuming that the LLP will be produced in the rare
decays of ∼1013 ηmesons; and the reach of SHiP [20]
corresponds to 2 × 1020 POT from the 400 GeV SPS
beam collected during 5 years of operation.

C. Benchmark A3: Gluon dominance

Let us now consider the case in which the ALP only
couples to gluons at the scale Λ ¼ 1 TeV. At the low-
energy scale, the coupling to gluons is then given by
gagg ¼ 1=fG, where we have explicitly taken into account
the running of the strong coupling and replaced gsðΛÞGμν ∼
Gμν → gsGμν in Eq. (25). But the ALP’s gluon coupling
also induces loop-level couplings to quarks, which are
given by

gaqq ¼ −2α2svgagg
!
log

"
Λ2

m2
q

#
−
11

3
þ g

"
4m2

q

m2
a

#$
; ð33Þ

where the function gðτÞ is defined in Ref. [92] and
approaches gðτÞ → 7=3 in the limit of large fermion
masses. Couplings to SM leptons are also induced,
but at the three-loop level, and so can be neglected.
Furthermore, the ALP will obtain a flavor-changing
a − s − b coupling at the two-loop level, inducing an
effective coupling [37,99]

gasb ¼ gaggα2sðmtÞ
m2

t mbV%
tsVtb

8π2v2
× UV: ð34Þ

Here the loop factor UV encodes the dependence on the
ultraviolet physics.

FIG. 16. Benchmark model A2. As in Fig. 15, but for ALPs with dominantly fermion couplings.
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the hadronic decay width is expected to approach
the partonic decay width for a → gg, which can be
calculated using perturbation theory to be

Γða → ggÞ ¼ 1

2
πα2sm3

ag2agg: ð42Þ

The decay width in the intermediate regime for
ALP masses in the range 2mπþmη<ma<2πΛQCD
is notoriously hard to calculate. We therefore
interpolate the decay width, following the strategy
proposed in Ref. [37], using a cubic function
Γ ¼ Γ%ðma −m%Þ3. Here the constants m% and Γ%

are chosen to match the ALP decay width into pions
and photons at a low-mass matching point ma ¼
2mπ þmη and the decay width into gluons at a
high-mass matching point ma ¼ 2πΛQCD. Addition-
ally, we include resonant contributions from ALP
meson mixing for ALP masses close to mη and m0

η.
Following Ref. [37], the corresponding decay
widths are given by

Γða → η% → XXÞ ¼ jθaηj2ΓηðmaÞ and

Γða → η0% → XXÞ ¼ jθaη0 j2Γη0ðmaÞ; ð43Þ

where the mixing angles θaη and θaη0 have been
defined in Eq. (35). Finally, at masses above
ma > 2mc and ma > 2mb, decay channels into
heavy mesons open up whose decay width can
be estimated using Eq. (32).
The branching fractions and lifetime for this

scenario are shown in the left panel of Fig. 17.
The three resonant features are due to the mixing of
the ALP with the π0, η, and η0 mesons.

Results.—The expected FASER reach is shown in the
right panel of Fig. 17. The existing constraints are
shown as the gray shaded region (see Ref. [37] and
references therein). At large couplings, they are mainly
due to flavor constraints which we have adapted from
Ref. [99]. Additionally, we have recast the search for
LLPs decaying into photons at CHARM [100], assum-
ing that ALPs are produced through ALP-meson
mixing. We also show the expected sensitivity reach
for the Codex-b [23] and MATHUSLA [21,22] experi-
ments, following [37]. The former assumes 300 fb−1

data collected by a 10 × 10 × 10 m3 detector placed
25 m away from the LHCb IP, while the latter
corresponds to 3 ab−1 of data and a 200 × 200 ×
20 m3 detector on the surface about 100 m away from
the ATLAS or CMS IP. In addition, the expected
sensitivity reach [37] for the proposed REDTOP
experiment [98] is shown; this corresponds to 1017

POT with energies of about 1.7–1.9 GeV, which is
enough to produce about 1013 η mesons.
Both FASER and FASER 2 can probe currently

unconstrained regions of parameter space, with FASER
2’s reach extending from ma ∼ 20 MeV–1 GeV and
gagg ∼ 10−8–10−2.

VIII. FASER REACH FOR DARK
PSEUDOSCALARS

In the previous section we have focused on FASER’s
reach in several benchmark scenarios with pseudoscalar
ALPs derivatively coupled to the SM, including one with
dominant couplings to the SM fermions. Similar, but not
identical, phenomenology can be obtained for a light
pseudoscalar a with Yukawa-like couplings to the SM
fermions, which we consider here.

FIG. 17. Benchmark model A3. As in Fig. 15, but for ALP with dominantly gluon couplings.

AKITAKA ARIGA et al. PHYS. REV. D 99, 095011 (2019)
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Neutrinos and FASERν
• Very large flux of neutrinos going through FASER ➡ possibility to perform 1st 

collider neutrino measurements

 31NEPLES-2019, 23.09.2019, KIAS

10 102 103 104
107

108

109

1010

1011

1012

1013

1014

Eν [GeV]

νe going through FASERν
25cm⨯25cm area, L=150fb-1

Pion Decay Kaon Decay Hyperon Decay
Charm Decay Bottom Decay

10 102 103 104
107

108

109

1010

1011

1012

1013

1014

Eν [GeV]

νμ going through FASERν
25cm⨯25cm area, L=150fb-1

Pion Decay Kaon Decay Hyperon Decay
Charm Decay Bottom Decay

10 102 103 104
107

108

109

1010

1011

1012

1013

1014

Eν [GeV]

ντ going through FASERν
25cm⨯25cm area, L=150fb-1

Pion Decay Kaon Decay Hyperon Decay
Charm Decay Bottom Decay

10 102 103 104
107

108

109

1010

1011

1012

1013

1014

Eν [GeV]

νe going through FASERν
25cm⨯25cm area, L=150fb-1

Pion Decay Kaon Decay Hyperon Decay
Charm Decay Bottom Decay

10 102 103 104
107

108

109

1010

1011

1012

1013

1014

Eν [GeV]

νμ going through FASERν
25cm⨯25cm area, L=150fb-1

Pion Decay Kaon Decay Hyperon Decay
Charm Decay Bottom Decay

10 102 103 104
107

108

109

1010

1011

1012

1013

1014

Eν [GeV]

ντ going through FASERν
25cm⨯25cm area, L=150fb-1

Pion Decay Kaon Decay Hyperon Decay
Charm Decay Bottom Decay

FIG. 4. The estimated number of neutrinos that pass through the 25 cm⇥25 cm transverse area of
FASER⌫, assuming an integrated luminosity of 150 fb�1 for Run 3 at the 14 TeV LHC. The event
rates are for electron (left), muon (center), and tau (right) neutrinos (upper) and anti-neutrinos
(lower). The shaded bands indicate the range of predictions from the di↵erent MC generators
listed in Table I, and the solid contours are the average results of these MC generators.

decays. The 2-body decays of charged pions ⇡
±

! µ⌫µ and kaons K
±

! µ⌫µ are the
dominant sources of ⌫µ production. Note that kaon decays provide a larger contribution
at higher energies due to the larger fraction of the parent meson energy obtained by the
neutrino in kaon decays. Electron neutrinos are predominantly produced in 3-body kaon
decays K ! ⇡e⌫e, with K

±, KL, and KS providing similar contributions.

Hyperon decays only provide a subleading contribution, with the notable exception of ⌫̄e

production through the decay ⇤ ! pe⌫̄e, due to the enhanced forward ⇤ production rate.
Charm decays can provide a sizable contribution to both ⌫e and ⌫µ production, both through
D meson decays, as well as ⇤+

c ! ⇤`
+
⌫ decays. Tau neutrino production mainly proceeds

through both the decay Ds ! ⌧⌫⌧ and subsequent ⌧ decay. The decay of beauty hadrons
does not constitute a sizable source of neutrino production in the forward direction, due to
both the lower production rate of B particles and the fact that the resulting neutrinos have
a broader distribution of transverse momentum with pT ⇠ mb.
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• FASERν: emulsion detector in front of 
the FASER detector 
‣ 1000 emulsion films interleaved with 

1-mm thick tungsten plates 

๏ film: 2 x 70 µm-thick emulsion 
layers (25 x 25 cm2) + 200 µm-thick 
plastic base 

☛ 1.2 tons, 285 X0, 10.1 λint 

‣ exchanged ~3 times / year to control 
charged particle density

FIG. 7. Schematic of the detector structure and the topology of various neutrino signal events that
can be seen in the detector.

For a particle with Ltr = 1 cm, the angular resolution would be �angle = 0.06 mrad.

The neutrino event analysis will be based on readout of the full emulsion detectors by the
Hyper Track Selector (HTS) system [87]. HTS has a readout speed of 0.5 m2/hour/layer,
which makes it possible to analyze 1000 m2/year of double-sided emulsion films e↵ectively.
After reading out the full area of the emulsion films, a systematic analysis will be performed
to locate neutrino interactions.

As shown in Fig. 7, the classification of ⌫e, ⌫µ, and ⌫⌧ CC interactions is made possible
by identifying the e, µ, and ⌧ leptons produced in the interactions. Electrons are identified
by detecting electromagnetic showers along a track. If a shower is found, the first film with
activity will be checked to see if there is a single particle (an electron) or an e

+
e

� pair (from
the conversion of a � from a ⇡

0 decay). The separation of single particles from particle
pairs will be performed based on the energy deposit measurements. Muons are identified by
their track length in the detector. Since the detector has a total nuclear interaction length
of 10.1�int, all the hadrons from the neutrino interactions will interact, except for hadrons
created in the far downstream part of the detector. Tau leptons are identified by detecting
their short-lived decays. Charm and beauty particles, with c⌧ ⇠ 100 � 500 µm, are also
identified by their decay topology.

Neutral current (NC) events are primarily defined as zero-lepton events. Those are partly
contaminated by CC events with a misidentified lepton or by neutral hadron interactions.
NC events require further study, and in the following discussion, we will mainly focus on
CC events.
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Pilot neutrino detector

• Pilot neutrino detector installed in TI12 tunnel in 2018 
‣ Two modules (15 kg each), 12.5 cm x 10 cm / module 

๏ 100 layers of 1 mm-thick Pb plates 

๏ 120 layers of 0.5 mm-thick W plates 

‣ 12.5 fb-1 collected data 

• Analysis in progress, though so far 
‣ track density of ~ 3 x 105 tracks / cm2 

‣ few single vertex candidates already found
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FIG. 17. Left: The 30 kg pilot neutrino detector that was installed in the TI18 tunnel in 2018.
It collected 12.5 fb�1 of data. Center: Reconstructed tracks in 2 mm ⇥ 2 mm ⇥ 10 emulsion
films. About 13,000 tracks were observed, corresponding to about 3 ⇥ 105 tracks/cm2. Right: A
vertex found in the detector with no incoming charged track. The vertex axis is compatible with
the beam direction. The red scale bars in the center and right figures are 1000 µm and 500 µm
long, respectively.

demonstrate the capability of FASER⌫ to observe LHC neutrinos. Further details will be
reported in future publications.

B. Tau Neutrino Detection

Of the seventeen particles in the standard model of particle physics, the tau neutrino is
the poorest measured. Directly detecting a ⌫⌧ requires that the neutrino beam has enough
energy to produce a ⌧ lepton (E⌫ > 3.5 GeV), which must then be identified. As ⌧ leptons
are short-lived (c⌧ = 87 µm) and their decays always involve tau neutrinos, which escape
measurement, the identification of ⌧ leptons is extremely di�cult. DONuT and OPERA have
observed ⇠ 10 ⌫⌧ events each [38, 43], and these datasets provide the primary information
about tau neutrinos at present. Although SuperKamiokande and IceCube have recently
reported higher statistics ⌫⌧ appearance in atmospheric oscillations [44, 45], care must be
taken when interpreting the physics in these cases as identification is only made through
statistical means. In addition, those measurements rely on knowing the flux of atmospheric
neutrinos, which has large uncertainties. As a result, despite the larger number of events,
the resulting ⌫⌧ cross section constraints from SuperKamiokande and IceCube are at the
⇠ 30% uncertainty level and comparable to OPERA. One also has to take into account
that the measurements from oscillated ⌫⌧ neutrinos are at comparatively low energies (E⌫ <

70 GeV), while DONuT observed neutrino interactions in the fully DIS regime. In the future,
the proposed SHiP beam dump experiment at CERN [112] may provide high statistics ⌫⌧

measurements up to E⌫ ' 150 GeV.

During LHC Run 3, FASER⌫ will accumulate ⇠ 20 ⌫⌧ CC interactions peaked at energies
⇠ 1 TeV, as shown in Table II and about 17 ⌫⌧ events will be identified. This will roughly
double the world’s supply of reconstructed ⌫⌧ neutrinos and will allow them to be studied
at much higher energies.
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FASERν physics goals in LHC Run3 (2021-2023)

• Detection of collider neutrinos 

• Charged current cross section measurements 
‣ systematic uncertainties include geometrical acceptance, vertex detection efficiency 

and lepton identification efficiency
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FIG. 18. FASER⌫’s estimated ⌫-nucleon CC cross section sensitivity for ⌫e (left), ⌫µ (center), and
⌫⌧ (right) at Run 3 of the 14 TeV LHC with an integrated luminosity of 150 fb�1 collected from
2021-23. Existing constraints [40] are shown in gray for �⌫ and �⌫̄ at accelerator experiments and
for their weighted average at IceCube. The black dashed curve is the theoretical prediction for the
average DIS cross section per tungsten-weighted nucleon, as introduced in Eq. (4). The solid error
bars correspond to statistical uncertainties, the shaded regions show uncertainties from neutrino
production rate corresponding to the range of predictions obtained from di↵erent MC generators,
and the dashed error bars show their combination. Here we include the geometrical acceptance,
vertex detection e�ciency and lepton identification e�ciency as discussed in the text.

C. Charged Current Cross Section Measurements

FASER⌫ will be able to both identify neutrino events and estimate the corresponding
neutrino energy. Assuming no new physics contribution to neutrino production, the observed
neutrino spectrum at FASER⌫ can be used to measure the neutrino interaction cross section.
Additionally, the measured neutrino events and kinematics could provide valuable input for
the tuning of MC tools used to simulate high-energy neutrino events.

Without an interface to the FASER spectrometer, FASER⌫ will not be able to distinguish
between the lepton charges. FASER⌫ will therefore constrain the average of the neutrino
and anti-neutrino cross sections

h�i =
�⌫�⌫ + �⌫̄�⌫̄

�⌫ + �⌫̄
⇡

�⌫ + �⌫̄

2
, (4)

where �⌫ and �⌫̄ are the neutrino and anti-neutrino cross sections, and �⌫ and �⌫̄ are the
neutrino and anti-neutrino fluxes, respectively. In the last step we have taken the fluxes
to be roughly equal �⌫ ⇡ �⌫̄ , consistent with the results in Sec. III B. The expected SM
cross section is shown as a dashed black line in Fig. 18. Existing measurements are shown
in gray. Note that FASER⌫ is sensitive to the tungsten-weighted cross section. Other
experiments report the isoscalar-weighted cross section, but since tungsten has a very high
neutron fraction (Yn = 1.48), a direct comparison of FASER⌫’s measurements with those of
other experiments must account for this di↵erence.

In Fig. 18 we show FASER⌫’s expected sensitivity to constraining neutrino CC cross
sections. The solid error bars show the sensitivity considering only statistical uncertain-
ties, while the shaded region shows the systematic uncertainties from the range of neutrino
production rates predicted by di↵erent MC generators. The combination of statistical and
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FIG. 5. Left: The ⌫N (solid) and ⌫̄N (dashed) DIS cross sections, where N is a tungsten nucleus,
calculated with the NNPDF3.1 parton distribution functions [75]. Center: The energy spectrum
of neutrinos with CC interactions in a 1-ton tungsten detector with dimensions 25 cm⇥25 cm⇥1 m
centered on the beam collision axis at the FASER location. Right: The neutrino interaction rate
per unit area normalized to the prediction at the beam collision axis for a detector with large
radius.

B. Neutrino Interactions with the Detector

At the energies relevant for this study, E⌫ > 100 GeV, neutrino interactions can be
described by DIS [73, 74]. The corresponding interaction cross section is roughly propor-
tional to the neutrino energy �⌫N ⇠ E⌫ , resulting in an energy spectrum of interacting
neutrinos that peaks at higher energies. We calculate the DIS cross sections using the
NNPDF3.1nnlo parton distribution functions [75], as shown in the left panel of Fig. 5.
The ⌫e and ⌫µ cross sections are the same, but the ⌫⌧ CC cross section experiences a sup-
pression due to the ⌧ lepton production threshold [76], which disappears by E⌫ ⇠ 1 TeV.
Additional large-nuclei nuclear e↵ects, such as nuclear shadowing, appear to lead to a . 20%
e↵ect [77]. This is not included in this analysis, but it is not expected to significantly alter
our sensitivity estimates.

In the following, we consider a benchmark detector of pure tungsten with dimensions
25 cm ⇥ 25 cm ⇥ 1 m, which has a density ⇢ = 19.3 g/cm3, resulting in a total detector mass
mdet = 1.2 tons. (The actual FASER⌫ detector has the same total tungsten target mass,
but is extended by 35 cm in length by the inclusion of emulsion films.) The probability of
a neutrino to interact with the detector is then given by

P =
�⌫N ⇥ Number of Nuclei

Detector Area
=

�⌫N

A

mdet

mN
= �⌫N

⇢L

mN
, (1)

where N is the target nucleus, and mN is the mass of the target nucleus.
In the central panel of Fig. 5, we show the energy spectrum of neutrinos interacting in the

benchmark detector, assuming an integrated luminosity of 150 fb�1 for Run 3 at the 14 TeV
LHC. Here we have combined all the di↵erent neutrino production modes. In Table II we
present the expected event rates at FASER⌫. In the second column we show the expected
number of neutrinos with energy E⌫ > 100 GeV that interact with the detector. In the
third column we additionally take into account the acceptance rate to reconstruct a vertex
by requiring the interaction to have at least 5 charged tracks (see discussion in Sec. IV).
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Interactions Mean energy

νe + νe ~1300 ~830 GeV

νµ + νµ ~20400 ~630 GeV

ντ + ντ 21 965 GeV

Assumptions: tungsten emulsion detector (25 cm x 25 cm x 135 cm), 
14 TeV, 150 fb-1, Eν > 100 GeV
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The FASER Collaboration
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Sergio Gonzalez-Sevilla (Geneva), Shih-Chieh Hsu (Washington), Zhen Hu (Tsinghua), Peppe Iacobucci (Geneva), Sune 
Jakobsen (CERN), Roland Jansky (Geneva), Enrique Kajomovitz (Technion), Felix Kling (SLAC), Susanne Kuehn (CERN), Lorne 
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The FASER Collaboration
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Felix Kling FASER: ForwArd Search ExpeRiment at the LHC 

FASER in Popular Culture
Felix Kling FASER: ForwArd Search ExpeRiment at the LHC 

FASER in Popular Culture

Jonathan Feng (UC Irvine) — FASER co-spokeperson
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Summary and outlook

• FASER is a small and cheap experiment that will search for light and weakly 
interacting new particles at the LHC 
‣ installed 480 m downstream the ATLAS IP along the line-of-sight 

‣ Detector: decay volume (1.5 m) + spectrometer (3.5 m), spare silicon microstrip 
detectors for tracking (ATLAS SCT) and spare em calorimeter modules (LHCb) 

• Thanks to the Simons foundation and to the Heising-Simons foundation for 
securing the funding for this project, and CERN (civil engineering and 
preparation works) 

• Extremely fast turnaround time  
‣ LOI submitted to LHCC in July 2018 

‣ Experiment approved by CERN on March 2019 

‣ All parts designed. Production / procurement of required items in-progress 

๏ QA and sub-systems commissioning to follow 

‣ Assembly and full-detector commissioning during 2020 

‣ Data-taking during LHC Run3 (2021-2023), target 150 fb-1
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Summary and outlook

• FASER to complement current LHC’s physics program 
‣ exploit large number of highly boosted low pT inelastic events 

‣ dark photons, dark Higgs, ALP, etc. 

‣ Neutrino physics possible with addition of emulsion detectors (FASERν) 

• Possible upgrade (FASER-2) for the HL-LHC 
‣ increase decay volume (1m) and overall spectrometer (5m) 

‣ further civil-engineering needed to extend existing tunnel
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Additional information

• FASER Collaboration 
‣ “Letter of Intent for FASER: ForwArd Search ExpeRiment at the LHC”, arXiv:1811.10243 

‣ “Technical Proposal for FASER: ForwArd Search ExpeRiment at the LHC”, arXiv:1812.09139 

‣ “FASER's Physics Reach for Long-Lived Particles”, arXiv:1811.12522 

‣ “FASER: ForwArd Search ExpeRiment at the LHC (Input to the European Particle Physics Strategy)”, 
arXiv:1901.04468 

‣ “Detecting and Studying High-Energy Collider Neutrinos with FASER at the LHC”, arXiv:
1908.02310
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https://twiki.cern.ch/twiki/bin/view/FASER/WebHome

Thanks for your attention !
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Inelastic pp cross section at 13 TeV
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predictions exceed the data by 2–3�. The Pythia8 SS model predicts 74.4 mb, and thus exceeds the
measured value by ⇠ 4�.

The extrapolation to �inel uses constraints from previous ATLAS measurements to minimize the model
dependence of the component that falls outside the fiducial region. �inel can be written as

�inel = �
fid
inel + �

7 TeV(⇠ < 5 ⇥ 10�6) ⇥ �MC(⇠ < 10�6)
�7 TeV, MC(⇠ < 5 ⇥ 10�6)

. (2)

The term �7 TeV(⇠ < 5 ⇥ 10�6) = �7 TeV
inel � �7 TeV(⇠ > 5 ⇥ 10�6) = 9.9 ± 2.4 mb is the di↵erence between

�inel measured at 7 TeV using the ALFA detector [8], �7 TeV
inel , and �inel measured at 7 TeV for ⇠ > 5⇥10�6

using the MBTS [12].2 The uncertainties of the two measurements are uncorrelated.

The Pythia8 DL and Pythia8 MBR MC samples are used to assess the systematic uncertainty in the MC-
derived ratio of cross sections in Eq. (2), which is determined to be 1.015 ± 0.0813. These models also
agree with the measurement of �7 TeV(⇠ < 5 ⇥ 10�6) to within 2�.

The measured value for �inel is

�inel = 78.1 ± 0.6 (exp.) ± 1.3 (lum.) ± 2.6 (extrap.) mb.

This and other inelastic cross-section measurements are compared to several Monte Carlo models in
Figure 3. Additional predictions range between 76.6 and 81.6 mb [42–46]. Compared to the measurement
with the ALFA detector at

p
s = 7 TeV the cross section is higher by (9 ± 4)%.

In summary, a measurement of the inelastic cross section in 60 µb�1 of proton-proton collision data atp
s = 13 TeV collected with the ATLAS detector at the LHC is presented. The measurement is performed

in a fiducial region ⇠ > 10�6, and the result is extrapolated to the inelastic cross section using measure-
ments at

p
s = 7 TeV. The measured cross section agrees well with a variety of theoretical predictions and

is consistent with the inelastic cross section increasing with center-of-mass energy, as observed at lower
energies.

2 The 7 TeV result is corrected upward by 1.9% following an improved luminosity calibration [39].
3 The value of the ratio arises from an approximately 20% increased cross section from increasing

p
s which is largely com-

pensated by a 15% decrease due to the change in the ⇠ distribution.
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Figure 2: Fully corrected inelastic cross sections measured in various phase space regions, com-
pared to different models and the preliminary results of the ATLAS experiment. The data point
for sinel is calculated using a model-dependent extrapolation of the measured cross section for
xX > 10�7 or xY > 10�6. [9]
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p
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Figure 1 shows the ratio of the two measured cross sections in the left bin, indicating that most
models are able to describe the relative increase from x > 10�6 to xX > 10�7 or xY > 10�6. The
right bin represents the model dependent extrapolation factors to go from the measured phase space
to the full inelastic phase space domain. Using the average value of all models we obtain the
following total inelastic cross section:

sinel = 71.26±0.06 (stat.)±0.47 (sys.)±2.09 (lum.)±2.72 (ext.) mb. (4.3)

The maximal difference between the model extrapolation factors is taken as uncertainty (ext.).
Figure 2 then shows the absolute values of all results, compared to various model predictions,
and the preliminary ATLAS result [8]. While it is clear that the results of ATLAS and CMS are
compatible within systematic uncertainties, all models predict an absolute cross section that is too
high.
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ξ(σ )-6 > 10
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ξ(σ / inelσ
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Figure 1: Ratio of the HF OR CASTOR (xX > 10�7 or xY > 10�6) measured cross section to the
HF OR (x > 10�6) acceptance (left bin); and the ratio of sinel to the HF OR CASTOR (xX >

10�7 or xY > 10�6) cross section (right bin). The latter represents the extrapolation factors used to
calculate sinel. [9]

5. Summary

A measurement of the inelastic proton-proton cross section at
p

s = 13 TeV obtained with
the CMS detector at the LHC has been presented. Visible cross sections in two acceptances are
obtained: s

�
x > 10�6� = 65.8± 0.8 (exp.)± 1.8 (lum.) mb; and s

�
xX > 10�7 or xY > 10�6� =

66.9±0.4 (exp.)±2.0 (lum.) mb. The latter visible cross section is extrapolated to the full inelastic
phase space domain, yielding 71.3± 0.5 (exp.)± 2.1 (lum.)± 2.7 (ext.) mb. The measured cross
section is lower than predicted by models for hadronic scattering.

4

NB: in the CMS measurement the final σinel is obtained using a model dependent extrapolation of the measured cross section in different 
phase-space regions, corresponding to different detector acceptances on stable-particle level: 
‣ ξ> 10-6 for the offline HF OR detector-level selection (energy deposit > 5 GeV in any of the Hadronic Forward calorimeters) 
‣ ξX> 10-7 or ξY > 10-6 for the offline HF OR CASTOR offline selection (energy deposit > 5 GeV in any of the HF calorimeters or an energy 

deposit > 5 GeV in the very forward CASTOR calorimeter). The acceptance assymmetry comes from the fact that CASTOR is only 
located at the minus sign of the interaction point. 

https://arxiv.org/abs/1607.02033
https://arxiv.org/abs/1606.02625
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Neutrino-induced backgrounds (1/2)

• Forward-going neutrinos are dominantly produced by 
in-flight π± decays  
‣ distribution of π±  similar to that of π0 

‣ requiring E>1 TeV and θ ≲ 0.5 mrad (so that the 
produced neutrinos reach FASER) Nπ± ~ 1015 for 300 fb-1  

1. The probability that a pion decays before the D1 
magnet (required as otherwise the pion be deflected 
and the produced neutrino will miss the detector) is:

 43NEPLES-2019, 23.09.2019, KIAS

pπ[GeV]

1012
1013
1014
1015
1016

10-5 10-4 10-3 10-2 10-1 1π2
10-2

10-1

1

10

102

103

104
π0 - Spectrum [ab/bin]

p
T,a = Λ

QCD

FA
SE
R

FA
SE
R
2

θπ

FIG. 5. Di↵erential meson production rate in each hemisphere in the (✓, p) plane, where ✓ and p
are the meson’s angle with respect to the beam axis and momentum, respectively. The bin thickness
is 1/10 of a decade along each axis. We show the ⇡0 spectrum (left), obtained via EPOS-LHC [42],
and the B meson spectrum (right), obtained using FONLL with CTEQ6.6 [44]. The diagonal black
dashed lines highlight the characteristic transverse momentum scale pT ⇠ ⇤QCD ⇠ 250 MeV for
pions and pT ⇠ mB for B mesons. The angular acceptances for FASER and FASER 2 are indicated
by the vertical gray dashed lines.

respectively. These particles are highly concentrated in the very forward , as noted pre-
viously in the discussion surrounding Eq. (3). This is illustrated in Fig. 5 (left), where
we show the production rate of neutral pions in the (✓, p) plane, where ✓ 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 produced within 0.2 mrad (2 mrad) 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 FONLL [45, 46] to calculate the di↵eren-
tial cross section for charm and beauty hadrons. In particular, we take into account
non-perturbative fragmentation functions to obtain the hadronic spectra: BCFY [47] for
charmed hadrons and Kartvelishvili et al. [48, 49] with fragmentation parameter ↵ = 24.2
for beauty hadrons. We use the CTEQ6.6 [44] parton distribution functions (PDFs) with
mb = 4.75 GeV and mc = 1.5 GeV, and obtain production cross sections in each hemi-
sphere of D-mesons and B-mesons of 7.4 ⇥ 109 pb and 4.7 ⇥ 108 pb, respectively. The
spectrum for B mesons 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 ⌘-mesons, 1.1⇥ 1015 D-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].
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with LD1 ~ 59-83 m being the distance between the IP and D1,  τπ±~ 2.6 x 10-8 s 
and mπ~ 140 MeV.

Similarly, the background fromchargedparticles produced at
the IP is highly suppressed: such charged particles are
typically bent away from FASER by the D1 magnet, and
electrons and charged hadrons are also absorbed before
reaching FASER, either by rock in the case of the far location
or by the existing LHC infrastructure in the case of the near
location.
We therefore expect the dominant backgrounds to be of

two types.
(i) Neutrino-induced backgrounds. Neutrinos that are

produced through processes initiated at the IP can
produce highly energetic, charged particles in
FASER that point back to the IP. An adequate
estimate of these physics backgrounds can be
obtained, given well-known neutrino interaction
rates.

(ii) Beam-induced backgrounds. Beam-gas collisions and
interactions of the beams and particles produced at the
IP with LHC infrastructure can produce high-energy
charged tracks that propagate into FASER. These
backgrounds are more difficult to determine, and
are best estimated with simulations, or better yet,
from the experimental data themselves. Here we
extrapolate from published simulation results to
obtain preliminary estimates.

We now consider these in turn.

A. Neutrino-induced backgrounds

Neutrinos produced through processes initiated at the IP
are potentially serious backgrounds for our signal because
they point back to the IP and are not absorbed. Forward-
going neutrinos are dominantly produced by the in-flight
decays of mesons produced at the IP, particularly charged
pions. (The decays of heavier mesons also contribute to the
neutrino flux, but do not significantly change our estimates
[68].) To create a charged track in an on-axis detector, such
as FASER, these charged pions must decay before they
reach the D1 magnet or they will be deflected and the
produced neutrinos will typically miss the detector. The
produced neutrino must then interact in FASER. (For
reviews of neutrino-nucleus interactions see, e.g.,
Refs. [50,69,70].) Neutrino charged-current (CC) events
νlN → lX produce only a single charged lepton. However,
neutrinos can also produce two charged tracks when two
CC events are coincident in time or through processes
like νN → μ!π∓X.
Before presenting numerical results, we first obtain

a rough analytic estimate of the neutrino event rate.
The distribution of charged pions produced at the IP is
similar to the distribution of neutral pions shown in Fig. 3.
Requiring energies above 1 TeV and angles θ ≲ 0.5 mrad
so that the produced neutrinos travel toward FASER,
we find roughly Nπ! ∼ 1015 in an integrated luminosity
of 300 fb−1. The probability that a given pion decays before
the D1 magnet is

Pπ ¼ 1 − exp
!
−
LD1mπ!

pπ!τπ!

"
≈ 10−3

#
TeV
pπ!

$
; ð15Þ

where LD1 ≈ 59–83 m is the distance between the IP and
the D1 magnet, τπ! ≃ 2.6 × 10−8 s, and mπ! ≃ 140 MeV.
The probability that the resulting neutrino interacts
within the detector volume is

Pν ≃ ΔσðEνÞρdetNA

≃ 6 × 10−12
#

σðEνÞ
10−35 cm2

$#
0.1 m2

Adet

$#
Mdet

1 kg

$
; ð16Þ

where ρdet ¼ Mdet=ðAdetΔÞ is the average density of the
target material within the detector, Mdet and Adet are the
mass and transverse area of the detector, respectively,
NA ¼ 6.02 × 1023 g−1, and σðEνÞ is the neutrino-nucleus
cross section. We have normalizedMdet and Adet to possible
values for the FASER target volume and σðEνÞ to the CC
cross section for neutrinos with Eν ∼ 200 GeV [69], which
is the average energy of neutrinos produced in the decay of
TeV charged pions. The number of charged leptons
produced by ∼200 GeV neutrinos in FASER is then
NπPπPν ∼ 10 per kg of detector mass in 300 fb−1 inte-
grated luminosity.
A more precise numerical estimate can be obtained using

our Monte Carlo sample of very forward pion events. We
assume charged pions travel in a straight line before the D1
magnet (neglecting possible defection by the quadrupole
magnets), and also require that they do not hit the beam
pipe before they decay. The results are presented in the left
panel of Fig. 8, where the red curve corresponds to the
number of total CC events per kg of detector material that
reach the detector and that are induced by neutrinos with
energies larger than Eν;min. Comparing the numerical
results for Eν;min ∼ 200 GeV with the analytic result
derived above, we find excellent agreement. Notably,
although only high-energy neutrinos with Eν ≳ 100 GeV
could possibly mimic the signal, the background event
yield decreases rapidly with Eν;min and drops to ∼0.1
for Eν;min ∼ TeV.
We see that the number of coincident CC events

mimicking charged lepton pairs per year is completely
negligible. We now discuss other neutrino-induced proc-
esses that can lead to a signal-like signature in FASER.

1. Single pion production

The process νμN → μ−πþ X may produce a signature of
two charged tracks. To estimate the rate, we use the GENIE
Monte Carlo simulator [71]. The number of these events
per kg of detector material (or rock) induced by neutrinos
with energies larger than Eν;min, as a function of Eν;min, is
shown in the blue curve of the left panel of Fig. 8. For all
Eν;min, the μ−πþ X event rate is suppressed by ∼100 relative
to the total CC event rate.

FENG, GALON, KLING, and TROJANOWSKI PHYS. REV. D 97, 035001 (2018)
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2. The probability that the resulting ν interacts with the detector volume is: 

where ρdet = Mdet / (AdetΔ) is the average density of the target material, Mdet, Adet 
and Δ are the mass, transverse area and length of the detector and σ(Eν) is the 
neutrino-nucleus cross section.

P⌫ ' ��(E⌫) ⇢detNA ' 6⇥ 10�12


�(E⌫)

10�35 cm2

� 
0.1m2

Adet

� 
Mdet

1 kg

�
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Neutrino-induced backgrounds (2/2)
σ(Eν) is normalized to the charged-current (CC) cross section for neutrinos with Eν 
~ 200 GeV, which is the average energy produced in the decay of TeV pions 

➡ the number of charged leptons (from neutrino CC events, νlN➝lX) is expected to 
be NπPπPν ~ 10 per kg of detector mass (for 300 fb-1)
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• Analytical calculation in excellent agreement 
with MC simulations: 
‣ ~ 10 events per kg of detector mass (Eν ~ 200 GeV) 

‣ ~ 0.1 events per kg of detector mass (Eν ~ 1 TeV) 

➡ considering the small mass of the first tracking station 
(~500 g) and of the air in the decay volume (~ 60 g), 
one expects at most few ~ 100 GeV CC evens (much 
less with TeV energies)

sensitive to dark photons that decay in the material in front
of the detector. For example, for the far location, dark
photons with mass mA0 > 2mμ can decay to a muon pair in
the region between the last LHC magnet in the intersection
and FASER which increases the effective detector volume.
As we show in the next section, cosmic and beam-induced
muon backgrounds do not tend to produce simultaneous
tracks that can mimic the signal directionality character-
istics. Such muon signal events may, then, increase the
reach of FASER beyond the estimates presented in this
work in the parameter-space region where mA0 > 2mμ.
Interestingly, for the near detector, a similar enhance-

ment to the signal comes from secondary production of
dark photons by SM particles hitting the TAN. Such
processes are similar to those probed by beam dump
experiments. In particular, A0s can be produced by the
scattering of incident SM photons off the electrons in the
TAN, γe− → A0e−, or from decays of mesons produced in
showers of particles induced by high-energy neutrons
hitting the TAN. In this case, the distance between the
production point of A0s and the detector is much shorter,
since it is dictated by the length of the TAN (3.5 m). In
principle, this production mechanism enables FASER to
probe shorter lifetimes and could therefore extend the reach
to larger ϵ and m0

A. We leave a detailed discussion of this
production mechanism for future work.

VI. BACKGROUNDS

As discussed above, the signature of mA0 ∼MeV − GeV
dark photons in FASER is highly collimated, eþe− or (for

mA0 > 2mμ) μþμ− pairs with ∼TeV energies that are
produced in vacuum at a common vertex in the FASER
detector volume with no other particles, and whose
summed momentum points back to the IP. This is an
extraordinary signature that has no SM analogue. Of
course, given realistic detectors and, particularly, the large
particle fluxes at the near location, there are many SM
processes that could, in principle, constitute backgrounds.
In this section, we consider a variety of potential SM

backgrounds that produce two high-energy, opposite-
charge tracks that point back to the IP within the angular
resolution of the detector and arrive simultaneously within
the time resolution of the detector. Such backgrounds are
significantly more general than the signal, as they include
charged tracks from charged hadrons, and also charged
tracks that begin either inside or outside the detector. As we
see, a detector that can differentiate electrons, muons, and
charged hadrons has greatly reduced background, espe-
cially if one is willing to consider only the electron signal.
Similarly, the ability to veto tracks that begin outside the
detector and reconstruct vertices greatly suppresses the
background. We consider the more general class of back-
grounds, however, because our aim is to determine to what
extent these additional detector capabilities are required,
and how well they must perform, to extract a signal.
Backgrounds at FASER are greatly reduced by the natural

and infrastructure shielding that exists at both the far and near
locations. For example, FASER is protected by the ∼35 km
of rock that shields it from cosmic rays in the direction of the
IP. The rate for coincident, opposite-charge, ∼TeV cosmic
muons that point back to the IP is therefore negligible.

FIG. 8. Left: Number of expected events per kilogram of detector mass for the detector at the far location (see text) as a function of the
minimal incident neutrino energy Eν;min. The red (blue) line corresponds to the total number of CC (single pion production) events
induced by neutrinos with energies Eν ≥ Eν;min. The plot assumes an integrated luminosity of 300 fb−1. Right: Ratio of the energies of
the softer (E2) and harder (E1) tracks from νμN → μ"π∓X with Eν ¼ 100 GeV (red histogram) and from A0 → eþe− pair, assuming
EA0 ≫ mA0 ≫ me, and unpolarized A0’s (green histogram).
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➡ Neutrino-induced backgrounds are negligible

J. Feng et al., “ForwArd Search ExpeRiment at the LHC”, 
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Light neutral meson production

• Comparison of EPOS-LHC, QGSJET-II-04 and SIBYLL 2.3
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To derive the dark photon distributions from the
meson distributions, we decay the π0 and η mesons in
the Monte Carlo sample, scaling the yield according to
Eqs. (9) and (10) and normalizing to 300 fb−1. The π0 and η
are pseudoscalars, and so dark photons are produced
isotropically in the mesons’ rest frames. To avoid mis-
sampling in the Monte Carlo, for each π0 and η, we perform
a fine-grid scan over the A0 angles in the meson’s rest frame
and normalize accordingly. The dependence of these results
on the ðmA0 ; ϵÞ parameter-space point is shown in the ðθ; pÞ
distributions of Fig. 4 for the two representative points of
Eq. (8). The left and middle columns represent the con-
tributions from π0 → A0γ and η → A0γ, respectively;
the right column displays the proton bremsstrahlung con-
tribution to be discussed below. Most important for this
study, Fig. 4 shows that significant numbers of forward
dark photons with momenta ∼1 TeV and decay lengths
d̄ ∼ 100 m are expected.
The similarity between the A0 distributions and those of

their parent mesons comes as no surprise. Neglecting
Oðmπ0;ηÞ effects, the A0 lab-frame momentum is jp⃗lab

A0 j≈
1
2pπ0;η½1þ cos θA0 þ ðm2

A0=m2
π0;ηÞð1 − cos θA0Þ%, and follows

in the meson direction. Here, θA0 is the A0 polar angle in the

meson rest frame, and cos θA0 is uniformly distributed, since
pseudoscalar mesons decay isotropically. The broadening
of the distributions in Fig. 4 along the diagonal direction,
relative to the meson distributions in Fig. 3, is, then, a result
of the linear smearing of the meson pT with cos θA0 .

B. Proton bremsstrahlung

Proton bremsstrahlung of dark photons in high-energy
pp collisions, pp → pA0X , is another important source
of forward-going A0s. This type of signal contribution
has been extensively discussed in the context of fixed
target and beam dump experiments, which inject an
energetic proton beam onto a heavy nucleus target [57].
The common lore in the dark photon sensitivity reach
estimate for experiments such as U70 [57], SHiP [58,59],
and SeaQuest [60] is to apply the generalized Fermi-
Weizsacker-Williams (FWW) approximation [61–63].
In our case, dark photons arise in collisions of identical
particles in the center-of-mass frame (lab) frame. We give
a detailed discussion of proton bremsstrahlung in
Appendix B and only outline the general features that
make this potential signal contribution very attractive for
future dark photon searches at FASER.

FIG. 3. Distribution of π0 (top) and η (bottom) mesons in the ðθ; pÞ plane, where θ and p are the meson’s angle with respect to the
beam axis and momentum, respectively. The different panels show results from the simulation codes EPOS-LHC [52] (left), QGSJET-
II-04 [53] (center), and SIBYLL 2.3 [54,55] (right). The total number of mesons is the number produced in one hemisphere
(0 < cos θ ≤ 1) in 13 TeV pp collisions at the LHC with an integrated luminosity of 300 fb−1. The bin thickness is 1=5 of a decade
along each axis. The dashed line corresponds to pT ¼ p sin θ ¼ ΛQCD ≃ 250 MeV.
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Dependence on beam collision axis offset
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like the dark photon, that are very collimated around the
beam axis. In the case of the larger FASER 2 detector, one
can see that even much larger displacements are possible
without affecting the physics reach.
Particles produced in B decay, such as ALPs, dark Higgs

bosons and HNLs, typically have a broader pT spectrum.
Hence even large offsets d up to a few meters only have a
mild effect on the sensitivity of FASER 2. This implies
that FASER 2 need not be built perfectly centered on the
beam collision axis, as may be necessary, for example, to
accommodate the geometry of the tunnels TI18 and TI12.

B. Dependence on Monte Carlo generators and PDFs

Although rates for electroweak physics at the LHC have
often been calculated with percent level precision, predic-
tions for particle fluxes in the forward direction suffer
from larger uncertainties. We therefore study the effect of
modeling uncertainties for the production of light and
heavy mesons in the far-forward region on FASER’s
sensitivity for LLP searches, as illustrated in Fig. 20.
In the left panel of Fig. 20, we show the sensitivity

reaches for dark photons at FASER and FASER 2. The red
lines correspond to dark photons produced in the decays of

FIG. 19. FASER reach for dark photons (left) and ALPs with dominantly fermion couplings (right) for different offsets d between the
beam collision axis and the center of FASER.

FIG. 20. FASER reach for dark photons (left) and ALPs with dominant couplings to fermions (right). For the dark photon, we vary the
forward Monte Carlo generators used to produce the light meson spectrum as well as the validity on the transverse momentum of the
dark photon used in the bremsstahlung approximation. For the ALPs, we change the PDF used to estimate the forward B-meson spectra
in FONLL.
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light mesons, π0, η → A0γ. Different lines correspond to
several publicly available Monte Carlo generators used to
estimate the spectrum of π0 and η mesons produced in the
far-forward region: EPOS-LHC [42], QGSJET II-04 [101],
and SIBYLL 2.3 [102,103]. As can be seen, using various
generators leads to almost imperceptible differences in the
final sensitivities.
The blue curves in the left panel of Fig. 20 correspond to

varying the cutoff scale for the transverse momentum of the
dark photon up to which the Fermi-Weizsacker-Williams
approximation for dark bremsstrahlung production of dark
photons can be safely used. Although we use pT;A0 <
10 GeV as our default choice, a more conservative thresh-
old of pT;A0 < 1 GeV ≈mp does not change FASER’s
reach significantly. Only a small region of the parameter
space corresponding to larger values of mA and, therefore,
typically larger spread in the transverse momentum, is
affected by reduction of the maximum allowed value of pT
from 10 to 1 GeV.
In the right panel of Fig. 20, we compare the FASER and

FASER 2 reaches in searches for ALPs with dominant
couplings to fermions employing different PDFs. Although
throughout this paper we use CTEQ 6.6 [49] as our default
choice, here we also consider more recent PDFs sets: CT14
[104] and NNPDF3.1 [105] in both their leading order (LO)
and next-to-leading order (NLO) implementations. We can
see that all of these PDF sets give similar physics reaches.
While LO implementations typically lead to slightly
enhanced rates and sensitivities, we have checked that
the next-to-next-to-leading order (NNLO) implementations
of both CT14 and NNPDF3.1 given almost indistinguish-
able results compared to the NLO implementations. We
have also analyzed the effect of changing the scale choice
by a factor of 2 and found that the resulting rate variations

are smaller than the variations due to the PDF choice.
Finally we checked that the modeling of fragmentation has
a negligible effect on the reach.

C. Dependence on the energy threshold

To obtain FASER’s sensitivity in the previous sections,
we have applied an energy threshold of EA0 > 100 GeV to
reduce the trigger rate and to remove possible low-energy
backgrounds. This choice is mainly determined by the
LLP’s kinematics and FASER’s geometry, as shown in
Fig. 5. On the one hand, the typical transverse momentum
scale of LLPs produced in meson decay is given by the
meson mass pT ∼mmeson ∼ GeV. On the other hand,
FASER only covers the very forward direction with
θ ≲mrad, where θ denotes the angle with respect to the
beam axis. Therefore, the energy of an LLP traveling in the
direction of FASER is typically large, with E ∼ pT=θ ∼
TeV [cf. Eq. (3)], well above the chosen threshold.
The above argument shows that a higher minimal energy

could be chosen without reducing FASER’s physics sensi-
tivity. The impact on the sensitivity reach of requiring
different minimum energies for the LLP is presented in
Fig. 21 for energy thresholds ELLP > 100, 200, 500 and
1000 GeV. Requiring a larger LLP energy reduces the
reach in the low coupling regime, in which the LLP
production rates are small and the LLP lifetime is long,
with cτγ ≫ 480 m. However, even imposing a very large
energy threshold ELLP > 1 TeV only has a mild impact on
FASER’s reach. In particular, note that for dark photons, a
larger energy threshold only effects the reach in a region of
parameter space that is already excluded by previous
experiments.
Further reducing the energy threshold does not improve

the reach for the models considered here. However, as

FIG. 21. FASER reach for dark photons (left) and ALPs with dominant couplings to fermions (right) for different LLP energy
threshold cuts.
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• Example: dark photon decay to e+e-, with decay products required to be 
‣ completely enclosed in the tracker within R=10 cm 

‣ separated by more than =0.3 mm in the bending plane of the tracking stations 

• Selection criteria: 
‣ Loose: tracks sufficiently separated in tracking stations #2 and #3 

‣ Tight: tracks sufficiently separated in tracking stations #1, #2 and #3
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FIG. 6. Left: Signal e�ciency for the loose selection criterion as a function of dark photon energy
and the decay’s longitudinal position, averaged over the transverse position, for the dark photon
benchmark point mA0 = 100 MeV and ✏ = 10�5. Center: FASER dark photon reach without
signal e�ciencies (dotted), with loose selection cuts (dashed), and tight selection cuts (solid). The
“all” and “loose” curves are almost indistinguishable. Right: Energy spectrum of dark photon
decay products in FASER for mA0 = 100 MeV and ✏ = 2 ⇥ 10�5 (solid), ✏ = 10�5 (dashed) and
✏ = 0.7 ⇥ 10�5 (dotted). We show the spectrum for all dark photons decaying in FASER (red),
and those passing the loose (green) and tight (blue) selection cuts.

sensitivity reach, which is shown in the central panel of Fig. 6.
In the right panel of Fig. 6 we show the energy spectrum of dark photon decay products

in FASER for mA0 = 100 MeV and three values of the kinetic mixing parameter ✏ = 2⇥10�5,
1 ⇥ 10�5, 0.7 ⇥ 10�5. As can be seen, a softer spectrum is obtained for decreasing values
of ✏. This is due to an increasing A0 lifetime, which results in a smaller boost factor for
the A0s that can reach the detector before decaying. The colored lines show the expected
spectra for all dark photons decaying in FASER (red), and those passing loose (green) and
tight (blue) selection cuts. In particular the tight selection reduces the event rate at high
energies, as the most energetic decay products cannot be separated enough before reaching
the first tracking station. We can see that the tracks produced by a dark photon decay in
FASER typically have energies of ⇠ 1 TeV and above.

A similar energy spectrum is also expected for photons produced by the decay of an ALP
in FASER. A search for ALP decays into two photons can make use of the full volume of
FASER in front of the calorimeter and requires a very good e�ciency for separating two
close-by showers. Importantly, as discussed in Sec. VIIB, the expected background of high-
energy photons in FASER is very low and such events will typically be associated with a
collinear charged particle(s) that will be detected in the front veto and the tracker. As a
result, even two-photon events from ALP decays that will be mis-reconstructed as a single
shower in the calorimeter could already be indicative of new physics.

VI. DETECTOR COMPONENTS

A. Magnets

Three dipole magnets are needed to separate energetic pairs of charged particles and to
perform momentum measurements. An electromagnet would provide the strongest field, but,
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FIG. 6. In situ measurements by emulsion detectors at the TI18 location (upper panels) and TI12
location (lower panels). We show photos of the installed detectors (left), maps of the installation
locations (center), and angular distributions of the detected particles (right).

therefore, entering the detector without passing through any rock. The coordinate system
and the tunnel geometry can also be seen in the center panels of Fig. 6. The FLUKA
simulations do not show such a population of tracks, but for the beam-gas simulations they
only included high energy particles with E > 100 GeV, whereas the emulsion detectors
are sensitive to particles with much lower energies. It is therefore likely that these are low
energy particles and will not be problematic for the experiment. A more detailed analysis
of the emulsion detector data is ongoing, and it should provide a determination of the rate
of high-energy electromagnetic objects.

An active monitoring device (a TimePix3 Beam Loss Monitor [19]) was installed in the
TI18 tunnel on the LOS during LHC Technical Stop 2. This device has the capability to
correlate the rate of detected particles with the beam conditions. In particular, it can sep-
arately determine the particle detection rate during periods with high-luminosity collisions,
periods with high-energy beams but no collisions (for example, during the ‘squeeze’ beam
process), and periods with no beam in the machine. During periods with high-luminosity
collisions, the rate can also be correlated with the instantaneous luminosity at IP1. How-
ever the device and the reconstruction algorithm are not calibrated, so it cannot currently
provide absolute measurements of the particle flux. A first analysis of the TimePix detector
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Period Luminosity Counting Rate Counting Rate/Luminosity
[1034 s�1 cm�2] [s�1] [10�34 cm2]

No beam - 0.16 -
Beam (no collisions) - 0.55 -
Collisions 1.8 7.0 4.0
Collisions 1.3 4.8 3.8
Collisions 0.8 3.3 4.2
Collisions 0.6 2.7 4.3
Collisions 0.5 2.2 4.1

TABLE III. Preliminary results from the TimePix detector installed in TI18, indicating that the
main particle rate is proportional to luminosity in IP1. This also shows a small, but significant,
increase in rate with non-colliding beam, compared to no beam in the machine. Beam (no collisions)
corresponds to a full machine (2556 bunches) at the start of a physics fill, providing a total intensity
of 2.7⇥1014 protons per beam.

data shows a clear correlation between the observed cluster counts and the instantaneous
luminosity in IP1. It also shows slightly larger rates when there is beam in the LHC, but
with no collisions, compared to no beam in the machine. Example results are shown in
Table III.

D. Radiation Level

The radiation level in the TI12 tunnel is an important input for determining what elec-
tronics can be operated in and close-to the detector. Both simulation studies and in situ
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