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• ForwArd Search ExpeRiment (FASER) at the LHC 
Placed 480 m downstream of the ATLAS IP on the beam axis 

to be installed in the LHC to take data in run3 

•  Physics moGvaGon 

New long lived parHcle search  

High energy Neutrino from p-p collisions 

2Tomohiro Inada (Tsinghua University), VCI 2022 Vienna (online), 21-25.02.2022

The FASER Experiment

• Large Hadron Collider (LHC): $% km ring collider, 23.5 TeV proton-proton collisions 

• Energetic particles produced in the far-forward direction of the collisions 

• FASER(ForwArd Search ExpeRiment) is a new experiment at the LHC  
to search for long-lived BSM particles (dark photon, axion-like-particles)  
and study neutrinos !



FASER at TI!, Tunnel
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FASER Detector
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Figure 63: A picture of the FASER tracker being installed onto the detector.

Figure 64: The FASER detector after installation in TI12.
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(ATLAS SCT spares)

(LHCb ECAL spares)

Length: ~% m

(-.RR T permanent dipole magnets,  
!- cm aperture radius)

https://arxiv.org/abs/2207.11427


FASERν Neutrino Detector

Figure 64: The FASER detector after installation in TI12.

Figure 65: The IFT tracker station, installed at the front of the main FASER detector.
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Interface Tracker: " layer silicon-strip tracker Veto scintillator (! layer)

:

• Global reconstruction with FASER spectrometer 
• Muon charge identification (νμ)

• Emulsion-based detector 
- ;"< × [tungsten (A.A mm thickness) + emulsion film] 
- !:< mm × "<< mm, A m long, A.A tons (!!< X<) 
- Install (exchange) emulsions " times a year

• ν flavor tagging with topological/kinematical informations

Detector for the LHC Run 3

7
𝜈

FASER spectrometer 
with 0.55T magnets

Interface silicon tracker 
and veto station 

(to be added in the figure)
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Detection of neutrino interactions in emulsion detector

lepton

�̅�
𝐵

𝑋
𝐷

CC heavy quark production
Emulsion film Tungsten plate (1mm thick)

• Emulsion/tungsten detector and interface silicon tracker will be placed in front of the main 

FASER detector.

• Allows to distinguish all flavor of neutrino interactions.
– 770 1-mm-thick tungsten plates, interleaved with emulsion films

– 25x30 cm2, 1.1 m long, 1.1 tons detector (220𝑋0)

– Emulsion films will be replaced every 30-50 fb-1 during scheduled LHC technical stops (3 times per year)

– Muon identification by their track length in the detector (8𝜆 )

– Muon charge identification with hybrid configuration Æ distinguishing 𝜈 and �̅�
– Neutrino energy measurement with ANN by combining topological and kinematical variables

Emulsion film Tungsten plate (A.A mm)



Expected CC interaction events ($XY fb-2)

FASERν Expected Number of Interactions

Based on “F. Kling and L.J. Nevay, Forward Neutrino Fluxes at the LHC, Phys. Rev. D 104, 113008”

Expected number of charged current neutrino interaction events occurring in 
FASER𝜈 and SND@LHC during LHC Run 3 with 250 fb-1 integrated luminosity. 
Predictions from different MC generators are provided.

Updated table for 250 fb-1 (The table in the paper was for 150 fb-1)

• Discrepancy between generators  
for charm production 

• ~2Y,YYY ν interactions expected in 
 LHC Run 3 ($Y$$-$Y$X)

L

期待されるニュートリノ反応数

Expected number of CC interactions (150 fb-1)
F. Kling and L. Nevay, Forward Neutrino Fluxes at the LHC, 
Phys. Rev. D 104, 113008, arXiv:2105.08270

5

LHC Run-3で (150 fb-1の場合に)期待される事象
~1700𝜈𝑒,~5800𝜈𝜇, ~40𝜈𝜏

DPMJET

SIBYLL

𝝂𝒆 𝝂𝝁 𝝂𝝉

DPMJET

500 GeV

Charm

𝑲 𝑲𝝅

(2XY fb-2)

(based on PhysRevD.+(,.++:((;)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.113008


FASERν Cross-Section Sensitivity

• Three flavors neutrino cross-section measurements for unexplored energy ranges 
• Neutrino energy reconstruction with resolution of 3Y% expected from simulation studies

(2XY fb-2)

;

(inner error bars: statistical uncertainties, outer error bars: uncertainties from neutrino production rate)



FASERν Emulsion Detector

Figure 45: A picture of the emulsion film coating system.

FASER trench, and it is important to make the detector size small, which also lowers the cost of the1300

emulsion. Second, its short radiation length is good for a higher performance both in EM shower1301

reconstruction, keeping shower tracks to a small radius, and in momentum measurement using1302

multiple Coulomb scattering. Last, the radioactivity is low and safe for emulsion films.1303

The thermal expansion coe�cient of tungsten is very small, U = 4.5⇥10�6/K. The temperature1304

in the TI12 tunnel was monitored in 2018 and its variation was found to be very small, namely1305

⇠0.1 °C. The linear thermal expansion of 25 cm of tungsten is then expected to be 0.1 `m. Since the1306

thermal expansion coe�cient is very di�erent between emulsion films (U ⇠ 10�4/K) and tungsten,1307

it is necessary to exert a large mechanical pressure on the emulsion films and tungsten plates in1308

such a way that the soft emulsion films follow the thermal expansion of the tungsten plates.1309

A total of 1600 1-mm-thick tungsten plates were purchased to be used for the FASERa detector.1310

A dedicated device for measuring and mapping the thickness was prepared to check the tungsten1311

plate thickness’s uniformity. The thickness was measured semi-automatically at 24 points on each1312

plate, and the maximum di�erence among the 24 points was checked. The plates with a di�erence1313

smaller than 80 `m are used to construct the emulsion detector, corresponding to about 97% of the1314

measured tungsten plates. The average thickness of the qualified tungsten plates is 1093`m, with1315

an RMS of 25 `m.1316

Material Atomic Density Hadronic Interaction Radiation length Thermal expansion
number [g/cm3] [cm] length [mm] U [⇥10�6K�1]

Iron 26 7.87 16.8 17.6 11.8
Tungsten 74 19.30 9.9 3.5 4.5

Lead 82 11.35 17.6 5.6 29

Table 6: Properties of possible target materials.
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Development plan

• 730 FASERν films.

• 160 muon flux film (1/6th of the size).

• 200 FASERν films → one cycle.

• Racks can hold 25 FASERν films → one chain.

• 4 cycles of 9 chains planned → each takes 3 days.

• Can have 3 chains going at the same time.

4

film surface to be analyzed in FASERa is 174 m2/year implying a readout time of 770 hours/year.1392

Assuming some hours of machine time each day, it will be possible to finish reading out the data1393

taken in each year within a year. The HTS system was also used for the readout of the 2018 pilot1394

detector, which led to the observation of the first neutrino interaction candidates at the LHC [19].1395

Figure 50: The fast emulsion readout system HTS [65], with a readout speed of 0.45 m2/hour/layer.

7.8 Pilot analysis with the 2018 data1396

In 2018, a pilot emulsion detector was installed in the TI18 tunnel. An integrated luminosity of1397

12.2 fb�1 was collected during 4 weeks of data taking from September to October with ?? collisions1398

at 13-TeV centre-of-mass energy. The analysis of the pilot detector allowed demonstrating that the1399

emulsion readout and reconstruction can work in the actual experimental environment. The data1400

analysis is based on the readout of the full emulsion films by the HTS system. Data processing was1401

divided into sub-volumes with a maximum size of 2 cm ⇥ 2 cm ⇥ 25 emulsion films. After the1402

precise alignment procedure, tracks are reconstructed in multiple films with a dedicated tracking1403

algorithm for high-density environments [66].1404

The majority of the tracks observed in the detector are expected to be background muons and1405

related electromagnetic showers. These background charged particles were analysed using a unit1406

of 10 emulsion films. The angular resolution with this condition is expected to be 0.05 mrad.1407

Fig. 51 (left) shows the observed angular distribution peaked in the direction of the ATLAS IP.1408

There are 2 peaks separated by 2.5 mrad. The reason for the 2-peak structure is not understood, but1409

simulation studies are ongoing, which could inform on future data measurements. It’s also clear1410

that the angular resolution should be better than the angular spread of the peaks. For example,1411

the horizontal angular spread of one of the peaks (left in the figure) is 0.6 mrad, equivalent to the1412

multiple Coulomb scattering of 700 GeV particles through 100 m of rock. The charged particle1413

flux within 10 mrad from the peak angle is measured to be (1.7± 0.1) ⇥ 104 tracks/cm2/fb�1, which1414
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Film Production

• $YY nm diameter silver halide crystals dispersed in gelatin 
• Produced gel and film at Nagoya University 
• Total area of %3Y films: ~XX m$ per replacement

in situ measurements demonstrates the ability to analyze emulsion films in this environment. The1271

detector will be replaced 12 times during LHC Run 3 (three replacements in each of 2022, 2023,1272

2024, and 2025). For the first installation in March 2022, only 210 emulsion films, about 30%1273

of the following replacements, were included since less than a few fb�1 of data is expected in the1274

data-taking period until July 2022, when the full complement of emulsion films will be installed.1275

7.2 Emulsion films1276

The emulsion sensitive layers consist of silver bromide crystals, which are semiconductors with a1277

band gap of 2.684 eV, dispersed in a gelatine substrate. The diameter of the crystals which will be1278

used for FASERa is approximately 200 nm. When a charged particle passes through the crystal,1279

electrons are excited through electromagnetic interaction to the conduction band, trapped in lattice1280

defects, and groups of silver atoms (so-called latent images) are formed with interstitial silver ions.1281

They can then be amplified and fixed by specific chemical development. An emulsion detector with1282

200 nm crystals has a spatial resolution of 50 nm. The two-dimensional intrinsic angular resolution1283

of a double-sided emulsion film with 200-nm-diameter crystals and a base thickness of 210 `m is1284

therefore 0.35 mrad. More details on the emulsion technology are summarized in Ref. [62].1285

The emulsion gel and film production is performed at a large-scale production facility estab-1286

lished in Nagoya University. The left panel of Figure 44 shows an electron microscope photo of the1287

produced silver bromide crystals. The sensitivity of the emulsion layers was checked by exposing1288

the produced emulsion to electrons with several tens of MeV at the UVSOR Synchrotron Facility1289

(Okazaki, Japan), measuring ⇠45 grains per 100 `m for minimum ionizing particles (the right panel1290

of Figure 44). This sensitivity is su�cient for detecting minimum ionizing particles by setting the1291

emulsion thickness to 65 `m. The produced emulsion gel is then used to produce films (65 `m1292

emulsion layers deposited on both sides of 210 `m plastic base) using the coating system shown1293

in Figure 45. The production of emulsion gel and films are scheduled a few months before each1294

installation. The 770 emulsion films produced in each batch correspond to a total area of ⇠58 m2.1295

Figure 44: Left: Microscopic view of silver bromide crystals. Right: V-ray tracks in an emulsion
layer.

7.3 Tungsten target1296

Table 6 shows the properties of possible target materials. Tungsten was chosen as the target material1297

for the following reasons. First, its high density allows for a higher interaction rate, keeping the1298

detector small. Space for the detector along the beam collision axis is limited by the size of the1299
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Figure 45: A picture of the emulsion film coating system.

FASER trench, and it is important to make the detector size small, which also lowers the cost of the1300

emulsion. Second, its short radiation length is good for a higher performance both in EM shower1301

reconstruction, keeping shower tracks to a small radius, and in momentum measurement using1302

multiple Coulomb scattering. Last, the radioactivity is low and safe for emulsion films.1303

The thermal expansion coe�cient of tungsten is very small, U = 4.5⇥10�6/K. The temperature1304

in the TI12 tunnel was monitored in 2018 and its variation was found to be very small, namely1305

⇠0.1 °C. The linear thermal expansion of 25 cm of tungsten is then expected to be 0.1 `m. Since the1306

thermal expansion coe�cient is very di�erent between emulsion films (U ⇠ 10�4/K) and tungsten,1307

it is necessary to exert a large mechanical pressure on the emulsion films and tungsten plates in1308

such a way that the soft emulsion films follow the thermal expansion of the tungsten plates.1309

A total of 1600 1-mm-thick tungsten plates were purchased to be used for the FASERa detector.1310

A dedicated device for measuring and mapping the thickness was prepared to check the tungsten1311

plate thickness’s uniformity. The thickness was measured semi-automatically at 24 points on each1312

plate, and the maximum di�erence among the 24 points was checked. The plates with a di�erence1313

smaller than 80 `m are used to construct the emulsion detector, corresponding to about 97% of the1314

measured tungsten plates. The average thickness of the qualified tungsten plates is 1093`m, with1315

an RMS of 25 `m.1316

Material Atomic Density Hadronic Interaction Radiation length Thermal expansion
number [g/cm3] [cm] length [mm] U [⇥10�6K�1]

Iron 26 7.87 16.8 17.6 11.8
Tungsten 74 19.30 9.9 3.5 4.5

Lead 82 11.35 17.6 5.6 29

Table 6: Properties of possible target materials.
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Figure 46: Module structure of the emulsion/tungsten detector.

Figure 47: Design of the FASERa box (top) and a picture of the produced box (bottom).

box and installation of the newly assembled FASERa box ; (3) disassembly of the emulsion films1357

and their chemical development.1358

Specific chemical development will amplify the recorded signals in silver bromide crystals. The1359
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x73

1.4 cm

• Sub-module: vacuum-packed 2Y films + 2Y tungsten plates 
• ~2e days  to complete %3 packs 
• Apply external force (equivalent to 2 bar) to the sub-modules in the FASERν box

Module Assembly

Sub-module

A<

Figure 46: Module structure of the emulsion/tungsten detector.

Figure 47: Design of the FASERa box (top) and a picture of the produced box (bottom).

box and installation of the newly assembled FASERa box ; (3) disassembly of the emulsion films1357

and their chemical development.1358

Specific chemical development will amplify the recorded signals in silver bromide crystals. The1359

– 56 –

Assembly FASERν box



Film Development

• Installed new development chains and drying racks at the renovated CERN darkroom facility 
- Sharing the facility with other emulsion experiments: NAL:/DsTau, SND@LHC, etc 

• 2Y-2$ days to complete %3Y films

EMULSION FACILITY UPDATE – DEVELOPMENT ROOM (S-13) 

• Development tanks in place
• Sink in place (to be connected)
• Water purification system in place
• Heat exchanger designed

S-18

S-13

S-17/19✓ ✓

✓

Water purification      sink

Time keeping software to 
be implemented on the 
wall

Heat exchanger for 
developer solution, to be 
connected to a chiller

Development chains Drying racks

AA



Readout

• Transport films to Japan after development 
• Readout by Hyper Track Selector-2 (HTS-2) 

- Field of view: :.A mm × :.A mm 
- L<-M< minutes per a film

film surface to be analyzed in FASERa is 174 m2/year implying a readout time of 770 hours/year.1392

Assuming some hours of machine time each day, it will be possible to finish reading out the data1393

taken in each year within a year. The HTS system was also used for the readout of the 2018 pilot1394

detector, which led to the observation of the first neutrino interaction candidates at the LHC [19].1395

Figure 50: The fast emulsion readout system HTS [65], with a readout speed of 0.45 m2/hour/layer.

7.8 Pilot analysis with the 2018 data1396

In 2018, a pilot emulsion detector was installed in the TI18 tunnel. An integrated luminosity of1397

12.2 fb�1 was collected during 4 weeks of data taking from September to October with ?? collisions1398

at 13-TeV centre-of-mass energy. The analysis of the pilot detector allowed demonstrating that the1399

emulsion readout and reconstruction can work in the actual experimental environment. The data1400

analysis is based on the readout of the full emulsion films by the HTS system. Data processing was1401

divided into sub-volumes with a maximum size of 2 cm ⇥ 2 cm ⇥ 25 emulsion films. After the1402

precise alignment procedure, tracks are reconstructed in multiple films with a dedicated tracking1403

algorithm for high-density environments [66].1404

The majority of the tracks observed in the detector are expected to be background muons and1405

related electromagnetic showers. These background charged particles were analysed using a unit1406

of 10 emulsion films. The angular resolution with this condition is expected to be 0.05 mrad.1407

Fig. 51 (left) shows the observed angular distribution peaked in the direction of the ATLAS IP.1408

There are 2 peaks separated by 2.5 mrad. The reason for the 2-peak structure is not understood, but1409

simulation studies are ongoing, which could inform on future data measurements. It’s also clear1410

that the angular resolution should be better than the angular spread of the peaks. For example,1411

the horizontal angular spread of one of the peaks (left in the figure) is 0.6 mrad, equivalent to the1412

multiple Coulomb scattering of 700 GeV particles through 100 m of rock. The charged particle1413

flux within 10 mrad from the peak angle is measured to be (1.7± 0.1) ⇥ 104 tracks/cm2/fb�1, which1414
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2022年8月：FASER𝜈 1st moduleの読み出し

• エマルションフィルム210枚、0.5 fb-1を蓄積

• フィルムの表面銀取り、膨潤後、
• 8/15にHyper Track Selector (HTS) システムによる全面読み出しを開始

15

HTS：M. Yoshimoto, T. Nakano, R. Komatani, and H. Kawahara, 
PTEP 2017 no. 10, (2017) 103H01.

30 cm

25 cm

PTEP 2017, 103H01 M. Yoshimoto et al.

Plas!c base

Emulsion layer

Image 
sensor

Objec!ve lens

Emulsion layer

Emulsion 
plate

X

Y

Z

Processors and/or computers

Images

Illuminator

Condenser lens

Focal plane

Image plane

Fig. 1. Outline of a nuclear emulsion automatic readout system.

Fig. 2. Development of the scanning speed of the track selector series. The values of TS and NTS are the
speeds at the same angular acceptance as UTS.

for the speedup. In addition, a high-frame-rate camera of 3000 fps increased the readout fre-
quency to 50 view/s, which is more than ten times faster than the previous system. FPGA-based
processors for high-speed image processing have also been developed to handle this high data
rate.

Continuous-stage movement with higher-frequency movement of the objective lens to achieve
a further speedup seems unrealistic, because the acceleration becomes ∼100 m/s2 if we intend to
achieve a readout frequency of 500 view/s. Therefore, we changed the strategy from increasing the
readout frequency to widening the field of view (FOV) for a new track selector, HTS. To serve this
purpose, we have developed a dedicated objective lens with an FOV of 5.1×5.1 mm2, which is
approximately 500 times wider than the previous system. To cover this wide FOV with submicron
resolution, a mosaic camera system composed of 72 two-megapixel sensors has been developed.
The wide FOV is read by 72 sensors in parallel, and each captured image must be processed within
the time comparable to that for stage movement. Because the step motion was adapted again, the
vibration bottleneck relapsed as described above. Hence, a counter stage was introduced to cancel the
movement and then hold the center of gravity for the stage, which seems to be the origin of the stage
vibration. A linear motor has been adapted to move the stage at high acceleration and deceleration.
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• Dataset: most downstream 2Y emulsion films of the 2st FASERν module  
- From March to July !<!!, integrated luminosity: <.: fb-A 

• Position deviation between hits and the straight-line fits to the reconstructed tracks 
 
 
 
 
 
 
 
 
 

• Observed ~-., μm position accuracy with dedicated alignment  
using high momentum muon tracks

FASERν Performances

A"

Reconstructed tracks (above ∼1 GeV) in 1 mm × 1 mm × 20 emulsion films from 
the 2022 first module of the FASER𝜈 detector, which collected 0.5 fb-1 of data. 
Yellow line segments show the trajectories of charged particles in the emulsion 
films. The other colored lines are interpolations, and the colors change 
depending on the depth in the detector. The track density measured in the data 
sample is 1.2×104 /cm2, corresponding to 2.3×104 /cm2/fb-1.

500 μm

FASER𝜈 data 
(2022 first module)

Reconstructed tracks ($Y emulsion films)



Emulsion Detector Replacement in LHC Run .

A#

!<!!

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Ast module (~<.: fb-A)
!nd  

(~A< fb-A)
"rd  

(~"< fb-A)

LHC Run . stable collisions

!<!"

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

#th  
(~!< fb-A)

:th  
(~!< fb-A)

Lth  
(~!< fb-A)

stable collisions

• Physics data taking from the $nd module 
• Exchange every $Y-3Y fb-2 integrated luminosity from $Y$3



FASER Operations

A:

Muon leaving track passing through full detector
FASERν

veto station
Interface

Tracker (IFT)
Veto

station Decay volume
Trigger
station

Tracking spectrometer
stations Pre-shower

station Calorimeter
FASERν

emulsion detector

Magnets

To ATLAS IP

Run 8336
Event 1477982
2022-08-23 01:46:15

• Successfully operated throughout $Y$$ 
- FASER recorded NL% of delivered luminosity 

• FASER operating very well in $Y$3 data taking with 
>3Yfb-2 of data recorded so far

consistent with MIP



“Electronic” Neutrino Search

AL

ariv:!"<".A#AM:
(accepted by PRL)
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Tracking spectrometer stationsIFT

FASER  tungsten/emulsion detector�

FASER
scintillator 
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Magnets & decay volume
Calorimeter

ATLAS LOS

Veto scintillator
station

Timing scintillator 
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Sh
ie

ld

CC interaction vertex
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Secondary
particlesTungsten target

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

ond veto system (veto scintillator station) is located after
the FASER⌫ emulsion detector and in front of the first
magnet. It is built from three planes of the same plas-
tic scintillators, arranged with a 10 cm-thick lead block
placed between the first and second planes. The lead
acts as an additional target for neutrino interactions and
to absorb or convert high-energy photons from muon
bremsstrahlung.

The tracking system consists of the interface tracking
station (IFT) and the three tracking spectrometer sta-
tions [30]. Each tracking station is composed of three
planes with eight ATLAS semiconductor tracker (SCT)
barrel modules [31] per plane, arranged as two columns
of four modules. Each SCT module consists of a double-
layer of single-sided silicon microstrips with a 40 mrad
stereo angle and an 80 µm strip pitch. To identify muons
from CC interactions, only the tracking spectrometer sta-
tions are used, whereas the IFT’s location after the tung-
sten/emulsion detector makes it ideal to study remnants
and secondary particles of CC deep inelastic scattering
neutrino interactions. A muon candidate traversing the
full length of the spectrometer produces 18 silicon hits.
Adjacent silicon hits in the tracking stations are com-
bined into clusters. Between the three tracking spec-
trometer stations are two 1m-long dipole magnets with
magnetic field of 0.57 T, with a similar 1.5 m-long mag-
net in front of the spectrometer. The magnets have an
aperture of 200 mm diameter, which defines the active
transverse area of the detector, and bend charged par-
ticles in the vertical plane. In addition, signal from the
timing scintillator station, located between the first and
second magnet and in front of the first tracking station
of the spectrometer are also used. The scintillator sta-
tions in combination with the tracking system are ca-
pable of reliably identifying incoming charged particles
passing through the full length of FASER with ine�cien-
cies smaller than 10�7, depending on the momentum and
other requirements on the selection.

Data Set and Simulated Samples For this analysis we
use data from runs with stable beam conditions collected
between July and November 2022, corresponding to a
total luminosity of (35.4 ± 0.8) fb�1 [32, 33] after data
quality selection.

To study the detector response to neutrino interac-
tions, we simulate 4.3⇥104 neutrino events corresponding

to an integrated luminosity of approximately 600 fb�1.
The interaction with the tungsten/emulsion detector is
simulated using the GENIE event generator [34, 35]. The
neutrino energy spectra and relative flavor composition
are based on Ref. [36]. To estimate the number of ex-
pected neutrino events, we adjust several of the assump-
tions of Ref. [36]: we correct the center-of-mass energy,
beam crossing angle, and LOS alignment, and we use
the average of the neutrino flux from the predicted light
and heavy hadron production of DPMJET [37, 38] and
SIBYLL [39]. As an uncertainty we assign their full di↵er-
ence. All interactions of particles traversing the FASER
detector are simulated using GEANT4 [40].

The main background to neutrino signatures origi-
nates from high-momentum muons. We use the energy
and angular spectrum predicted by the FLUKA genera-
tor [41, 42], which includes a detailed description of the
LHC machine elements and infrastructure, to simulate a
sample of 2 ⇥ 106 muons for background studies. Two
additional sources of backgrounds are relevant: neutral
hadrons produced by muon interactions in the concrete in
front of the FASER detector and geometric backgrounds
from charged particles missing the FASER⌫ scintillator.

We use simulated samples to study the neutral hadron
backgrounds. The contamination from geometric back-
ground events is studied using data sidebands and extrap-
olated into the signal region using simulations. The back-
grounds from cosmic rays and LHC beam background
have been studied using events occurring when there are
no collisions, and are found to be negligible.
Selection and Background Rejection We focus on

identifying ⌫µ and ⌫µ CC interactions produced in the
tungsten/emulsion detector. Such interactions will pro-
duce a high-momentum µ that can be reconstructed in
the three stations of the FASER tracking spectrometer.
In addition, we expect increased activity in the veto and
timing scintillator stations and in the IFT tracking sta-
tion from secondary particles produced in the CC inter-
action. To avoid unconscious bias, a blind analysis was
carried out where the event selection, background esti-
mations, and systematic uncertainties were fixed prior to
looking at data in the signal-enhanced region.

We select events triggered by any of the scintillators
downstream of FASER⌫. To discard signals from beam
backgrounds and cosmic muons, we further require a

• No signal (<eY pC) • Signal (>eY pC) 

• Timing and pre-shower consistent with  2MIP 
• Exactly 2 good fiducial (r < iX mm) track 

- p > A<< GeV and θ < !: mrad 
- Extrapolating to r < A!< mm in front veto

≥

• Collision event with good data quality (3X.e fb-2)

• Expect !R! ± \! events from GENIE simulation 
- Uncertainty from DPMJET vs. SIBYLL 
- No experimental errors

https://arxiv.org/abs/2303.14185
http://(accepted%20by%20PRL)


Background Estimation (!)

A;

• Expect ~3YY neutral hadrons with E>2YY GeV 
• Most are absorbed in tungsten 
• Estimated from $-step MC simulations 
• Estimate Y.22±Y.Y5 events

Veto inefficiency Neutral hadrons

• Estimated from events with just 
one veto scintillator firing 

• Negligible background expected 
due to very high veto efficiency

Veto scintillator ($ layer)

FASERν

μ

FASERν

μ-

concrete

e+

νe

KL

μ-
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SUPPLEMENTAL MATERIAL

Geometric Sideband

Figure 5 depicts the sideband used to estimate the geometric backgrounds of the analysis. Background events are
required to be consistent with a muon candidate by having  8 IFT clusters and an extrapolated radius rIFT of
90 mm to 95 mm with respect to the IFT center. This selection is dominated by geometric background events that
do not pass the signal selection steps of the analysis. No events with pµ > 100 GeV are observed. To estimate the
number of events within this momentum range, we linearly extrapolate the events between 30 GeV and 100 GeV and
find 0.2 ± 4.1 events, with the error denoting the statistical error. To account for the rveto ⌫ requirement of the signal
selection, we further apply a requirement of rveto ⌫ < 120 mm to the sideband events (orange distribution). No events
with pµ > 30 GeV are observed. We thus use 5.9 as the 3� upper limit and use this to calculate the ratio with
respect to the number of events without any rveto ⌫ selection, to correct the sideband background events for the rveto ⌫

requirement. With this factor we find ngeo = 0.01 ± 0.23 geometric background events. To account for the fact that
this number corresponds to an annulus, the correction factor fgeo = 7.9± 2.4, determined from simulation, is applied.
It is obtained from simulation with the uncertainty spanning di↵erent assumptions about the angle, momenta, and
positions of the geometric background events.
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FIG. 5. Sideband for geometric background estimation.

Event Display

Figure 6 shows an event display of an example neutrino candidate event. The event has a momentum of pµ =
843.9 GeV, negative charge, ✓µ = 2.5 mrad, rveto ⌫ = 57.2 mm, rIFT = 55.8 mm and produced 57 clusters in the IFT.

Likelihood Fit

The used likelihood has the form

L =
Y

i

P(Ni|ni) ·
Y

j

Gj . (1)

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

q0 =

⇢
�2 ln �(n⌫ = 0) bn⌫ � 0

0 bn⌫ < 0
(2)

Background Estimation (,)

AM

Scattered muons (geometric BG)

FASERν

μ

• Estimated from sideband 
- Fit to extrapolate to higher momentum 

• Calculate scaling factor using MC simulations to extrapolate to signal region  
• Estimate Y.Ym±2.m3 events (uncertainty from varying selection)



Results

• Observed  events (2X2 ± e2 events expected) 
• Signal significance of !^σ 
• First directory observation of collider neutrinos

153+13
−12

AN

4

timing stamp consistent with a colliding bunch crossing
identifier. We use the FASER⌫ scintillator to identify
backgrounds from muons or other charged particles en-
tering the FASER detector and reject events that deposit
a charge of more than 40 pC in the PMTs. Such a charge
deposition would be consistent with the presence of one
or several MIPs. We only look for CC interactions that
produce a muon that traverses the entire length of the
FASER detector. The signal in the scintillators down-
stream of the lead wall in the veto system, and in the
calorimeter, are therefore required to have a signal com-
patible with that of a MIP. With the three tracker sta-
tions we reconstruct events with exactly one track and
require more than 11 silicon hits in the tracking sta-
tions. The reconstructed tracks are required to have a
reasonable track fit quality, and we require the recon-
structed track momentum to fulfill pµ > 100 GeV. To
reject charged particles, whose trajectory geometrically
missed the FASER⌫ scintillator station, we extrapolate
the reconstructed track from the spectrometer back to
the IFT and FASER⌫ scintillator. The track’s extrapo-
lation to the IFT must lie within 95 mm of the detector’s
central axis, and its extrapolation to the FASER⌫ scin-
tillator must be at a distance of rveto ⌫ < 120 mm from
the FASER⌫ scintillator center.

Neutral Hadron and Geometric Backgrounds To esti-
mate the number of neutral hadrons that reach FASER,
we simulate 2.1 ⇥ 109 µ events and use GEANT4 to propa-
gate through the last 8 m of rock in front of FASER. From
this sample we determine the number of neutral hadrons
with a momentum larger than 100GeV that reach the
detector. The selection e�ciency is evaluated with an
additional sample of neutral kaons and neutrons with mo-
menta larger than 100 GeV in front of the FASER⌫ emul-
sion detector. Most simulated hadrons are absorbed in
the tungsten or do not produce a charged track with suf-
ficient momentum to pass the signal selection and only a
small fraction of the simulated hadrons pass all selection
steps. From this we estimate the total neutral hadron
background to be nhad = 0.11 ± 0.06, with the uncer-
tainty denoting the statistical error. Further simulation
studies show that in most cases the parent muon enters
the detector along with the neutral hadron. Such events
would be rejected by the FASER⌫ veto scintillator. The
estimate assumes that all neutral hadrons events are not
already vetoed by the accompanying muon, and is there-
fore a conservative estimate of this background contribu-
tion.

To estimate the geometric background contribution,
we count the number of background events ngeo in a side-
band and apply a scaling to the signal region of fgeo,
which is extracted from simulated samples. The side-
band is defined to enhance the contribution of muons
that miss the FASER⌫ scintillator station, but may be
able to produce a track in the spectrometer, which passes
the selection by scattering in the tungsten and/or bend-
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FIG. 2. The selected signal region in extrapolated radius
rveto ⌫ and reconstructed track momentum pµ is depicted. The
region with lower momenta and larger radii is dominated by
background events consisting of charged particles that miss
the FASER⌫ scintillator station.

ing in the magnetic field. For the sideband, we require a
signature compatible with a single muon traversing the
IFT: at most 8 IFT clusters and an extrapolated radius
rIFT of 90 mm to 95 mm with respect to the IFT cen-
ter. We expect only a small signal contamination for
this region, since neutrinos are centered around the LOS
and usually produce more IFT clusters. Because we do
not find any event that survives the event selection, we
calculate an upper limit on the number of background
events. For this we loosen the requirements on the mo-
mentum and extrapolated track radius until we observe
background events, fit the momentum distribution, and
estimate from the fit the number of events with momen-
tum larger than 100 GeV. The ratio of events with a
radius smaller than 120mm over all events is used to
correct the background yields to take into account the
reduced threshold radius. Since there are no events with
a radius smaller than 120 mm, we use 5.9 as the 3� upper
limit. With this we find ngeo = 0.01 ± 0.23 background
events in the sideband, with the uncertainty denoting the
statistical error. We extract a scaling factor between this
sideband and the signal region from simulations, prob-
ing di↵erent momenta, angles, and position ranges, and
use the resulting deviation from the nominal simulation
scenario as an uncertainty. This results in a scaling fac-
tor of fgeo = 7.9 ± 2.4 and a total geometric background
estimate of 0.08 ± 1.83 events.

Results Figure 2 shows the selected events, as well as
the background-enriched regions with lower momentum
or rveto ⌫ > 120 mm. In total we observe 153 events pass-

5

ing all selection steps. Using GENIE we study the compo-
sition of neutrino events passing this selection and find
that 99% originate from muon neutrino CC interactions.

We group the selected events into four categories to
estimate the number of neutrino (n⌫) and background
events (nb). The categorization is determined by whether
the events pass or fail the FASER⌫ veto scintillator selec-
tion criteria. This allows us to determine in a simulation-
independent way the ine�ciencies of the two layers of the
FASER⌫ veto scintillator (p1, p2) under the assumption
that they are uncorrelated.

Besides the signal category, we select:

n10: Events for which the first layer of the FASER⌫ scin-
tillator produces a charge of >40 pC in the PMT,
but no signal with su�cient charge is seen in the
second layer.

n01: Analogous events for which more than 40 pC in the
PMT was observed in the second layer, but not in
the first layer.

n2: Events for which both layers observe more than
40 pC of charge.

Table I lists the observed event yields and their relation to
the expected number of neutrino and background events
and the FASER⌫ veto scintillator ine�ciencies.

We analyze the observed number of events using a
binned extended maximum likelihood fit, implemented
using the iminuit package [43]. We introduce nuisance
parameters to constrain the estimated background events
to their expectations using Gaussian priors. The likeli-
hood is numerically maximized, and we use a discovery
test statistic [44] to determine the significance of the ob-
served signal over the background-only hypothesis. We
find

n⌫ = 153+12
�13 (stat.) +2

�2 (bkg.) = 153 +12
�13 (tot.)

with a significance of 16 standard deviations over the
background-only hypothesis and based on the asymp-
totic distribution of the test statistic. The excess is
compatible with the expected number of neutrino events
nexp

⌫ = 151 ± 41, but note that its error does not include
any systematic uncertainties from simulating the detec-
tor response and selection. The determined ine�ciencies
of the two FASER⌫ scintillators are p1 = (6+4

�3) ⇥ 10�8

and p2 = (9+4
�3) ⇥ 10�8, showing values close to the ex-

pected performance [25].

Category Events Expectation
Signal 153 n⌫ + nb · p1 · p2 + nhad + ngeo · fgeo
n10 4 nb · (1 � p1) · p2

n01 6 nb · p1 · (1 � p2)
n2 64014695 nb · (1 � p1) · (1 � p2)

TABLE I. Observed event yields in 35.4 fb�1of collision data
and their relation to neutrino and background events.
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FIG. 3. Extrapolated transverse position of the recon-
structed tracks of neutrino-like events to the FASER⌫ scintil-
lator station. The ATLAS LOS is indicated with a red marker
and shifted 59 mm in the negative y direction from the center
of the scintillator station.

We expect that the identified neutrino candidates are
distributed around the ATLAS LOS and do not cluster
at a specific point of origin. We test this by using the
extrapolated position to the FASER⌫ scintillator station
from the reconstructed tracks of the neutrino-like events
in the n0 category. Figure 3 shows the extrapolated po-
sitions and we observe the expected behaviour.

Figure 4 summarizes additional properties of the signal
category events. The CC neutrino interactions produce
on average a larger number of particles than MIP inter-
actions, which appear in the IFT as charge depositions.
The number of IFT clusters of the signal category is
very distinct from background-like (n2) events and agrees
well with the expectation from GENIE. We also examine
the polar angles ✓µ of the neutrino candidates and ob-
serve distributions close to the simulated neutrino events
and distinctively di↵erent from muon backgrounds. We
observe a clear charge separation in q/pµ for the re-
constructed tracks, with q denoting the assigned track
charge. In total 40 events with a positively-charged track
candidate are observed, showing the presence of anti-
neutrinos in the analyzed data set. The reconstructed
momentum of the muon produced in a CC ⌫µ interaction
is a good proxy for the incident neutrino energy. Using
the simulated CC neutrino interactions, we estimate that
with our analysis strategy we select neutrino events for
which on average > 80% of the incident neutrino momen-
tum is transferred to the final state muon. This indicates

Category Events

Signal A:"

nA< #

n<A L

n! L#<A#LN:



Neutrino Characteristics

• Only statistical errors are shown 
• Most events at high momentum (Eμ > $YY GeV) 
• Good agreement with expectations from simulation

!<
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FIG. 4. The figures depict the number of reconstructed clusters in the IFT, track polar angle ✓µ, q/pµ, and the reconstructed
momentum pµ for events in the signal region (black markers) and compares them to the expectation from GENIE (blue) and
muon-like events (grey markers). The muon-like events are from the n2 category, for which both layers of the FASER⌫
scintillator observed a signal, and show the expected distributions for non-neutrino backgrounds. The blue bands correspond
to the statistical error of the simulated samples and are luminosity scaled for q/pµ and pµ. The other figures are normalized to
unity.

that a large fraction of the reconstructed neutrino can-
didates have energies significantly larger than 200 GeV.
A detailed study of these properties, which accounts for
systematic e↵ects, is left for future work.

Summary We report the first direct detection of neu-
trinos produced at a collider experiment using the active
electronic components of the FASER detector. We ob-
serve 153+12

�13 neutrino events from CC interactions from
⌫µ and ⌫µ taking place in the tungsten/emulsion detector
of FASER⌫. The spatial distribution and properties of
the observed signal events are consistent with neutrino
interactions, and the chosen analysis strategy does not
depend on the quality of the modeling of detector ef-
fects in the simulation. For the signal events, the recon-
structed charge shows the presence of anti-neutrinos, and
the reconstructed momentum implies that neutrino can-
didates have energies significantly above 200 GeV. This
result marks the beginning of the field of collider neutrino
physics, opening up a wealth of new measurements with
broad implications across many physics domains [45].
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Observation of νe Candidate with FASERν

!A100 µm

Beam view

• Vertex with 22 tracks 
- LA: μm inside tungsten  

• e-like track from vertex  
- Single track for !X<  
- Shower max at ;.MΧ<  
- θe = AA mrad to beam  

• Back-to-back topology 
- A;:° between e & rest 

Preliminary

5000 µm
Side view



Forward Physics Facility

• FASERν, as part of the proposed Forward Physics Facility (FPF) at HL-LHC 
- target mass: !< tons 

• Studying possibility of installing a dedicated sweeper magnet to reduce muon 
background 
- Emulsion detector replacement: Once per a year

!!

Forward Physics FacilityとFASER𝜈2

• Forward Physics Facility

– 高輝度LHCでの新しいプラットフォームの構想
– 未知粒子探索・ニュートリノ研究・ハドロン研究・宇宙物理にまたがる複数の実験計画

• FASER𝜈2

– 高統計での高エネルギーニュートリノ測定とheavy flavor物理
– 高エネルギータウニュートリノ反応の期待値：∼2300 (SIBYLL) / ∼20000 (DPMJET)

21

FASER𝝂2

FPF papers

• “The Forward Physics Facility: Sites, Experiments, and Physics 
Potential” (short paper), Phys. Rept. 968 (2022) 1-50, arxiv:2109.10905

• “The Forward Physics Facility at the High-Luminosity LHC” (long 
"White" paper), accepted by Journal of Physics G, arxiv:2203.05090
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• FASER𝜈2

– 高統計での高エネルギーニュートリノ測定とheavy flavor物理
– 高エネルギータウニュートリノ反応の期待値：∼2300 (SIBYLL) / ∼20000 (DPMJET)

21
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"White" paper), accepted by Journal of Physics G, arxiv:2203.05090
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QCD at the FPF
Many interesting QCD topics 
to be studied at the FPF:
(A couple of examples shown 
on next slides)

FPF Physics
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The Forward Physics Facility
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• FASER has exciting physic prospects for LHC Run 3
• However, it has become clear that in order to take maximum advantage of the 

physics in the very forward region of the LHC collisions in the HL-LHC era we need 
to increase the experimental capabilities
• Unfortunately the FASER location does not allow room for new or larger detectors 

to be installed on the LOS
• The Forward Physics Facility (FPF) is a proposal to create a new facility to enable a 

suite of new experiments to be situated on the LOS
• The FPF has a rich and broad physics programme

• Three main physics motivations
• Beyond Standard Model (BSM) “dark sector” searches
• Neutrino physics
• QCD physics

• Expected tau neutrino interactions:  
~$3YY (SIBYLL) / ~$YYYY (DPMJET)  

• Many interesting QCD topics as well as 
neutrino and BSM physics



Summary

!#

• FASERν studies three flavor neutrinos at the high energy frontier 
- ~DE,EEEν interactions expected in LHC Run " (!<!!-!<!:, !:< fb-A) 

• Successfully taking data since the start of LHC Run K 
- FASER recorded MN% of delivered luminosity in PEPP 

- ~E.P μm position accuracy observed on the A< emulsion films 

• Observed DVK νμ CC interactions with FASER (signal significance of DNσ) 
- First direct observation of collider neutrinos 

- Neutrino characteristics are in good agreement with expectations from simulation 

• FASERν observed νe candidate 
- Emulsion analysis will follow soon 

• Starting to discuss a new forward physics facility at HL-LHC (FPF)



Backup
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Dark Photon Search

!L



Neutrino (BSM) at the FPF

27
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Neutrinos at the FPF 
FPF neutrinos can be used to search for BSM effects, in production, propagation, and interactions:



New Physics

28
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Input for astroparticle experiments
Studies of high-energy astrophysical neutrinos with large-scale neutrino telescopes (e.g. IceCube), suffer from 
backgrounds from atmospheric neutrinos from charm-decay (charm produced in hadronic shower initiated by cosmic 
rays hitting the atmosphere).
At ultra high-energy light hadrons travel far through the atmosphere, losing energy, and hence produce lower energy 
neutrinos. Neutrinos produced in charm decay (“prompt neutrinos”) are therefore the key background at high energy. 
This prompt background  has a large associated uncertainty which limits the study of astrophysical neutrinos.
Measurements of neutrinos from charm at the FPF can provide important information to constrain this background.  

Sketch from: A. Bhattacharya

IceCube, PoS (ICRC2017) 1005

29



Physics studies in the LHC Run 3 (3)
QCD

� Forward particle production is poorly constrained 
by other LHC experiments. FASERߥ·V�neutrinos 
flux measurements will provide novel 
complimentary constraints that can be used to 
validate/improve MC generators.

� Neutrinos from charm decay could allow to test 
transition to small-x factorization, constrain 
low-x gluon PDF and probe intrinsic charm.

� It might also be possible to probe (nuclear) 
PDFs via DIS neutrino scattering. In particular, 
charm associated neutrino events (ߥ � ମ�݈ ܿ) 
are sensitive to the poorly constrained 
strange quark PDF.

17

By F. KlingBy F. Kling

Physics

30

Additional physics studies

� Measure charm production channels
± Study of quark mixing and QCD
± Large rate ~10% of ߥ CC events

� Search for beauty production channels
± Expected standard model events (ߥఓ ܥܥ ܾ production) are ࣩሺͲǤͳሻ events in Run 3, 

due to CKM suppression, ௨ܸ
ଶ  ͳͲିହ

27

ҧܰߥ ՜ κ തܺܤ
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In-situ measurements 
in 2018: Detector environment

• Emulsion detectors were installed to 
investigate TI18 and TI12.

• The measured charged particle flux was 
low and consistent with the FLUKA 
prediction.

• The measurements also showed the 
radiation was low and not problematic.

Particles from 
ATLAS IP

Particles from the 
LHC beamlineTI18

TI12

TI18
TI12

ATLAS IP

Feasible to perform 
neutrino measurements!

2

Detector Environment

‣ Muon flux simulations/measurements 
‣ MC prediction is in good agreement with data 
‣ The expected muon flux is low enough to use the 

emulsion detector in the tunnel 
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FLUKA simulations 

Flux all 
[fb/cm2]

Flux in main 
peak [fb/cm2]

TI18 data 2.6±0.7 ×104 1.2±0.4 ×104

TI12 data 3.0±0.3 ×104 1.9±0.2 ×104

FLUKA 
MC

2.0 ×104

There is a void of muon flux 
at the Line of Sight (LoS) due 
to sweeping effect of the 
LHC magnets.

Muons has TeV energy scale.

Simulated by CERN 
STI group 

TI tunnel'$ '#

FASER on LoS

In-situ measurements (!<AM)



Muon Measurements
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Muon background at FPF

93

In order to measure the muon rate away from the LOS in Run 3, we recently installed 20 small emulsion 
detectors within 2m of  FASER. These were installed on 23/7 and removed on 2/9, having been exposed to 
~10/fb of data. They will provide a useful validation of the FLUKA estimate further from the LOS.

Results should be available in the next months.
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Sweeper Magnet:  Ongoing Studies
• Preliminary design of sweeper magnet by TE-MSC

• Based on permanent magnet to avoid power converter in radiation area
• Consider 7m long (20x20cm2 in transverse plane) magnet, 7Tm bending power

• To install such a magnet would require some modifications to cryogenic lines in 
relevant area 
• Possibility of modifications to be investigated with LHC cryo
• Integration/installation aspects to be studied

L. Dougherty, J.P Corso (EN-ACE)

P. Thonet (TE-MSC)

• FLUKA and BDSIM studies ongoing to assess 
effectiveness of such a magnet in reducing the 
muon background in the FPF
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Neutrinos: Geometric Background
• Measure geometric background by counting # events in SB and scale to SR

• SB defined to enhance muons missing FASERν veto that still give a track in the spectrometer
• Single IFT segment in 90 < r < 95 mm anulus
• Loosened momentum requirement 
• No FASERv veto radius requirement 
• Negligible neutrino background

• Fit mom. to extrapolate to p > 100 GeV

• Scale to rate of events with rVetoNu < 120 mm
• 0 events so use 5.9 events as 3σ upper limit

• Scale from anulus to full acceptance 
• Using large angle muon simulation

• Expect 0.08 ± 1.83 events
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Click to edit Master subtitle style
Neutrinos: Neutral Hadron Background
• Simulated 109 μ+ and μ- events 

• Start from FLUKA Spectra
• G4 propagation through last 8 m of rock 
• Number of hadrons with  p > 100 GeV

reaching FASER ≈ 300.

62

• Estimate fraction of these passing event selection
• Simulate kaons (Ks/Kl) and neutrons with 

p > 100 GeV following expected spectra
• Most are absorbed in tungsten with no 

high-momentum track 🡪 only small fraction pass

• Scale neutral hadrons produce by muons reaching FASER by fraction passing selection
• Predicts N = 0.11 ± 0.06 events
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Click to edit Master subtitle style
Neutrinos: fit
• Fit to events with 0, 1 or 2 front veto hits

• Splitting those were 1 hit is in 1st/2nd layer

• Construct likelihood as product of Poissions
• With additional 3 Gaussian constraints for

Neutral hadron background, Geometric 
background and the extrapolation factor

• Determine number of in each category
• Along with inefficiencies of 2 forward vetos, 

which are found to be close to expected vals.
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obs exp

34
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Neutrino experiments at the LHC

 

 

81Akitaka Ariga, Neutrino Platform Pheno Week

 

2023/3/15 

Mid-high energy neutrinos off-axis (7.2 < 𝜂 < 8.4)

800 kg tungsten target

SND@LHC was approved in Mar 2021, 

TP arXiv:2002.08722

Akitaka Ariga, Neutrino Platform Pheno Week 81
TI-12

TI-18



Expected neutrino spectra

Akitaka Ariga, Neutrino Platform Pheno Week 82

SND@LHC

Target mass 1100 kg 800 kg

Location On axis Off axis

Features High energy & 
high statistics

More neutrinos 
from charm 
decay

Expected CC interactions with 150 fb-1

10.1103/PhysRevD.104.113008

2023/3/15 
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