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Idea and Motivation

Central Region
H, t, SUSY

Forward Region
π, K, D

Light New Physics:
A’, ALPs, DM 

SM Physics: νe, νμ, ντ

One Slide of Motivation.
The LHC produces an intense and strongly collimated beam 

of highly energetic particles in the forward direction. 

1017 π0, 1016 η, 1015 D, 1013 B within 1 mrad of beam

Can we do something with that? 
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One Slide of Motivation.
The LHC produces an intense and strongly collimated beam 

of highly energetic particles in the forward direction. 

1017 π0, 1016 η, 1015 D, 1013 B within 1 mrad of beam

Can we do something with that? 

Idea and Motivation

The LHC produces an intense and strongly collimated beam of highly 
energeAc parDcles in the forward direcDon.  
• e.g. 1014 π0 within 1 mrad of beam

Explore a rich BSM and SM 
physics programs  

in the far farward region
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SM Physics: νe, νμ, ντ
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2The FASER Experiment
FASER is new, small experiment at the LHC
Constructed and installed in 2019-2021
FASER targets light and weakly coupled particles
Exploits large LHC collision rate and highly collimated forward 

production of light particles, for instance in pion decays
1% of pions with E>10 GeV produced at η>9.2
Designed to detect both new long-lived BSM particles, such as dark 

photons and ALPs as well as neutrinos
Located 480m from ATLAS interaction point
LHC magnets as well 100m of rock shields most backgrounds

• ForwArd Search ExpeRiment (FASER) at the LHC 
Placed 480 m downstream of the ATLAS IP on the beam axis 
Started the operaAon from July 2022 (LHC run3) 

•  Physics moAvaAon 
New long-lived parAcle searches in MeV-GeV masses 

See J.Anders’ talk  
All flavors of neutrinos at the TeV-energy fronAer

4

FASER FLUKA simulaAon

• Very low background from collision 

• Only high-energy muon at about 1/cm2/sec 
• Low radiaAon level from the LHC 

• 4×106 1-MeV neutron/cm2/year 

LLP13, June, 2023, FASER neutrino, Tomohiro Inada
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Collider neutrino

3

Click to edit Master subtitle style
Collider Neutrinos

• Neutrinos produced copiously in decays of forward hadrons
• Highly energetic (TeV scale) à high interaction cross section

• Extends FASER physics program into SM measurements
• Targets measurement of highest energy man-made neutrinos
• Energy range complementary to existing neutrino experiments

13Study at colliders originally proposed by Rújula and Rückl in 1984!

For 35 fb-1 ve vμ vτ
Main source Kaons Pions Charm

# traversing 
FASERν

~1010 ~1011 ~108

# interacting 
in FASERν

≈200 ≈1200 ≈4

PRD 104, 113008

Study at colliders originally proposed by Rújula and Rückl in 1984

• Neutrinos produced copiously in decays of forward hadrons  
• Highly energeDc (TeV scale)->high interacDon cross-secDon  

• Extends FASER physics program into SM measurements 
• Targets measurement of highest energy man-made neutrinos 
• Energy range complementary to exisDng neutrino experiments  
• the FASER  detector enables to be sensiDve to all-flavors, in parDcular, tau neutrino is interesDngν

M. Ackermann et al. (2022)

LLP13, June, 2023, FASER neutrino, Tomohiro Inada

https://doi.org/10.1016/j.jheap.2022.08.001
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FASER Detector

0.57 T dipoles
200mm aperture
1.5m decay volume

4 LHCb outer
EM calorimeter
modules 

Experiment built from existing spare parts as
well as some dedicated new components

3 layers per station with 8 ATLAS 
SCT barrel modules in each layer

1.1 ton detector
770 layers of 1mm 
tungsten+emulsion
neutrino target and
tracking detector
Provides 8λ

int

10mm thick scintillators
with dual PMT readout
for triggering and timing
measurement (σ=400ps)

Two 20mm scint.
300x300mm wide

Two 20mm scintillators
350x300mm wide

arxiv: 2207.11427

FASER detector

5

1.1 ton detector  
730 layers of 1.1mm 
tungsten+emulsion 
neutrino target and 
tracking detector 
provides 8λint

10cm radius  
7m long 
arxiv: 2207.11427  

LLP13, June, 2023, FASER neutrino, Tomohiro Inada

Three 20mm scint. 
300x300mm wide
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FASER detector  - Neutrino Signature in Electronic Detectors 
7 m long, 20 cm diameter 

Click to edit Master subtitle style
FASER
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A’
e+

e-
Calorimeter Tracking spectrometer Decay volume Veto

Tracking spectrometer stations

Electromagnetic 
Calorimeter

Trigger / pre-shower 
scintillator system

Trigger / timing 
scintillator station

Scintillator 
veto system

To ATLAS IP

Magnets

FASERn emulsion 
detector

y 

z 
x 

Interface 
Tracker (IFT)

Decay volume

Front Scintillator 
veto system

• Small, inexpensive detector
• 10 cm radius
• 7 m long

Emulsion 
film

Tungsten
plate

4 LHCb outer 
ECAL modules

3x3 layers of 
ATLAS SCT 
modules 

NIMA 166825 (2022)

TDAQ: Journal of instrumentation

7 m long, 20 cm diameter 

6

Neutrino signal with 
electric detectors 
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FASER detector - Emulsion Detectors   
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FASER
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FASERν signatures 
for neutrino 

Page:

FASERν Detector/Signal
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Forward Physics 
Facility (FPF)

tau neutrinos

FPF length ~35 m

Original FPF idea

FASER

off-axis !

FASER!2          FASER2                     MilliQan LArFASER#
+ FASER

LHC beam pipe
Existing tunnel

Forward 
beam

Extended 
tunnel

FASERν

Interface Silicon Tracker: 24 siliconstrip tracker

FASER
Detector for the LHC Run 3
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ߥ

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

ҧߥ
തܤ

ܺ
ܦ

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 (220ܺ)

± 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 (8ߣ௧)
± Muon charge identification with hybrid configuration Æ distinguishing ߥఓ and ҧߥఓ
± Neutrino energy measurement with ANN by combining topological and kinematical variables

Veto
Detector for the LHC Run 3
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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

ҧߥ
തܤ

ܺ
ܦ

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 (220ܺ)

± 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 (8ߣ௧)
± Muon charge identification with hybrid configuration Æ distinguishing ߥఓ and ҧߥఓ
± Neutrino energy measurement with ANN by combining topological and kinematical variables

‣ FASERν detector 
- 770 × [tungsten (1 mm) + emulsion film] 
- 25×30 cm2, 1.1 m, 1.2 tons (220 X0) 
- Spatial (angular) resolution: 0.4 μm (0.1 mrad) 

‣ ν flavor tagging with topological/kinematical informations 
- Muon charge identification by FASER spectrometer

7LLP13, June, 2023, FASER neutrino, Tomohiro Inada
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Final detector component (FASER ) successfully installed in T12 in March 2022ν

ParDcles 
from ATLAS

8

FASERν

LLP13, June, 2023, FASER neutrino, Tomohiro Inada
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FASER Operation

9

• Successfully operated during 2022  
• ConDnuous and largely automaDc data-taking 

at up to 1.3 kHz  
• Emulsion detector exchanged twice to 

manage reasonable track density 
• Only for 1st box, parDally filled and the 

rests are fully filled

Click to edit Master subtitle style
FASER Operations

• Successfully operated throughout 2022
• Continuous data taking
• Largely automated 
• Up to 1.3 kHz 

• Recorded 96.1% of delivered lumi.
• DAQ dead-time of 1.3%
• A couple of DAQ crashes

• Emulsion detector exchanged twice
• Needed to manage occupancy
• First box only partially filled

• Calorimeter gain optimised for: 
• Low E (<300 GeV) before 2nd exchange
• High E (up to 3 TeV) after this exchange

5

Analyses presented use 27.0 fb-1 or 35.4 fb-1

LLP13, June, 2023, FASER neutrino, Tomohiro Inada
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Observing Neutrinos in FASER

Possible to make a first observation of neutrinos
using just spectrometer and veto systems

Search for charged-current νµ events with no signal in two 

front veto and one high momentum track in the rest of detector

Simulated neutrino interaction

Observing Neutrino Candidates in FASER spectrometer  

11

• Try to make a first observaDon of neutrinos using trackers and veto system 
• Signal: no signal in two front veto and one high momentum track in the rest of detector 

4. Timing and preshower consistent with ≥1 MIP 

5. Exactly 1 good fiducial (r < 95 mm) track  
• pT>100 GeV and θ<25 mrad 
• ExtrapolaDng to r<120 mm in front veto  

1. Good collision events 

2. No signal (<40 pc) in 2 front vetos  
3. Signal (>40 pC) in other 3 vetos 

Expect 151 ± 41 events 
from GENIE simulaAon 

• Uncertainty from 
DPMJET vs SIBYLL 
• No experimental　

errors  
• Currently not trying 

to measure cross 
secDon 

LLP13, June, 2023, FASER neutrino, Tomohiro Inada
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Neutrinos: Geometric background
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• Measure geometric background by counAng # events in SB and scale to SR 

• SB defined to enhance muons missing FASERν veto that sAll give a track in the spectrometer 
• Single IFT segment in 90 < r < 95 mm anulus  
• Loosened momentum requirement  
• No FASERv veto radius requirement (blue) 

• Fit mom. to extrapolate to p > 100 GeV  

• Scale to rate of events with rVetoNu < 120 mm (orange)  
• 0 events > 30 GeV so use 5.9 events as 3σ upper limit 

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

• Expect 0.08 ± 1.83 events

LLP13, June, 2023, FASER neutrino, Tomohiro Inada
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Neutrinos: Neutral Hadron Background

13

EsAmated neutral hadron background produced by muons  
(1) Simulate muon interacDons in rock and count neutral hadrons 
(2) Simulate neutral hadrons starDng in the FASERν box and 

calculate the fracDon of events which pass our event selecDon

(2) EsAmate fracAon of these passing event selecAon  
• Simulate kaons and neutrons with p > 100 GeV 

following expected spectra  
• Most are absorbed in tungsten with no high 

momentum track and only small fracDon pass

• Scale neutral hadrons produced by muons reaching FASER by fracAon passing selecAon  
• Predicts N = 0.11 ± 0.06 events

LLP13, June, 2023, FASER neutrino, Tomohiro Inada

(1) Simulated 109 μ+ and μ- events  
• Start from FLUKA Spectra 
• G4 propagaDon through last 8 m of rock 
• p > 100 GeV reaching FASER  

• Number of produced hadrons ≈ 300 
(conservaDve esDmate) 

• Most of these are vetoed by the parent muon
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Neutrino results
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• SimulaDon expected 151 ± 41 neutrino events! 
• Uncertainty from difference in generators (DPMJET and SIBYLL) 

• Upon unblinding find 153 events with no veto signal 
• Expected background 0.2 ± 1.8  

• First direct detecAon of collider neutrinos!  
• With signal significance of 16σ, accepted in Phys. Rev. Lep. 

Click to edit Master subtitle style
Neutrino Results

16

• Upon unblinding find 153 events with no veto signal
• Just 10 events with one veto signal

• First direct detection of collider neutrinos!
• With signal significance of 16σ

Candidate Events

n0 153

n10 4

n01 6

n2 64014695

(151 ± 41)

Neutrino candidate

Click to edit Master subtitle style
Neutrino Results

16

• Upon unblinding find 153 events with no veto signal
• Just 10 events with one veto signal

• First direct detection of collider neutrinos!
• With signal significance of 16σ

Candidate Events

n0 153

n10 4

n01 6

n2 64014695

(151 ± 41)

Neutrino candidate

MonashMonash

21

Example Neutrino Event Display

LLP13, June, 2023, FASER neutrino, Tomohiro Inada
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Neutrino Characteristics

15

• Well-matched between observed events and simulaDon 

• Dominated by high momentum events (  > 200 GeV)  

• More  than  

• High occupancy (clusters) in the front tracker (the IFT) 
• Large angle distribuDon 

• Note that no experimental uncertainDes included

Eμ

νμ ν̄μ

MonashMonash

LLP13, June, 2023, FASER neutrino, Tomohiro Inada
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Neutrino study with Emulsion detectors
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FASERν installation, operation and readout  

Schedule of the 2022 runs

8

Integrated 
luminosity

per module (fb-1)

N 𝝂 int. 
expected

2022 1st module Mar 15 – Jul 26 0.5 ∼7
2022 2nd module Jul 26 – Sep 13 10.6 ∼530
2022 3rd module Sep 13 – Nov 29 (∼20) (∼1000)

Since March 2022, we keep collecDng data with FASERν 
• Detector is assembled in dark room at the emulsion 

facility in CERN 
• InstallaDon to TI12 can be done within  4hours 
• Aver exposures, films are developed and dried at CERN 
• Scanning films are performed by the facility at Nagoya 

University in Japan aver transportaDon

∼

17LLP13, June, 2023, FASER neutrino, Tomohiro Inada
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FASER  performance ν

18

Reconstructed tracks (above ∼1 GeV) in 1 mm × 1 mm × 20 
emulsion films from the 2022 1st module of the FASER" 
detector, which collected 0.5 w-1 of data.

Track density ~  1.2×104 /cm2 ,  
corresponding to 2.3×104 /cm2 /w-1 .

DistribuDons of the posiDon deviaDon 
between the track hits and the straight-
line fits to reconstructed tracks.  

The distribuDons show posiDon 
resoluDons of ∼0.2 !m for the case 
dedicated alignment is applied to 10 
emulsion films.

LLP13, June, 2023, FASER neutrino, Tomohiro Inada
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Electron Neutrino Event “Candidate”

Preliminary

Side View

Beam View

• Vertex with 11 tracks  

• Analysis of FASERν emulsion detector underway 
• Have mulDple candidates including highly νe like event

• e-like track from vertex 
• Single track for 2X0 
• Shower max at 7.8X0 
• Θc = 11mrad to beam

• Back-to-back topology  
• 175° between e & rest

LLP13, June, 2023, FASER neutrino, Tomohiro Inada
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Summary

20

• FASER successfully took data in first year of Run 3 
• Running with fully funcDonal detector and very good efficiency  

• FASER is running very well in 2023 data taking with more than 20 w-1 
of data collected so far 

• First direct detecDon of collider neutrinos (~150  CC interacDons) 
• Opens new window for high-energy  study arXiv:2303.14185 
• Plan to measure cross-secDon and flux in future 

• More searches and neutrino measurements to come with FASER  
• Flavors, energy spectra, cross-secAon, flux etc 

• Larger upgrades of FASER and FASER  are discussed in the context 
of the proposed Forward Physics Facility with 100x measurement 
of more neutrino interacDons possible (O(10x) Run 3 lumi and O(10x) 
target mass))  
• - see talk by J. Boyd for more details. 

νμ
ν

ν

ν
∼

LLP13, June, 2023, FASER neutrino, Tomohiro Inada

https://arxiv.org/pdf/2303.14185.pdf
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Neutrinos: fit

23

• Fit to events with 0, 1 or 2 front veto hits  
• Spli�ng those were 1 hit is in1st/2nd layer  

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

hadron background, Geometric background and the 
extrapolaDon factor 

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.

43

obs exp

34

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

are found to be close to expected vals. 

LLP13, June, 2023, FASER neutrino, Tomohiro Inada
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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.

– 54 –

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

– 59 –

FASERv DetectorFASERv Detector
FASERv Detector

FASERv Detector

Readout

AlignmentTrack reconstructionVertex reconstructionPhysics analysis

DevelopmentExposureAssemblyFilm production Disassembling

Japan JapanCERN

Offline analysis

8

Emulsion work flow 

Overview for emulsion analysis 

LLP13, June, 2023, FASER neutrino, Tomohiro Inada
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Film production 

Overview for emulsion analysis 

Film Production

‣ 200 nm diameter crystals 
‣ Double sided emulsion coating 
‣ Total area of 730 films: ~55 m2 
‣ Produce emulsion gel and film a few months 
before module assembly

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

– 53 –

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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9

• 200 nm diameter crystals 
• Double sided emulsion coaDng 
• Total area of 730 files: ~55 m2 
• Produce emulsion gel and film a few months before 

module assembly

LLP13, June, 2023, FASER neutrino, Tomohiro Inada


