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Charged particles

2 i f% Decay daughter neutrinos

* LHC collision products in forward direction can be high energy neutrino source.

* No data on the neutrino interactions at Ev in several 100 GeV to several TeV.

* The interaction cross section at ~TeV region is the knee point of its energy dependence and start behave sigma # o,E .

* Maeasuring neutrino cross section of 3 type of neutrinos at unexplored enegy.

* Lepton Universality check, especially tau neutrino interactions and others,
possible anomaly indication by B mesons. B(B - tv,D)
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Another Motivation

* Charm hadron production properties study through
detection of especially tau neutrinos.

* Very forward going Charm production from LHC
collision point is not well studied.

* Tau neutrinos in forward direction is the decay
product of such Charm and contain information of
Charm energy or its production flux.

* Measuring the neutrino flux as a function of
energy , lateral position will provide charm
differential cross section do/ dx. .



FASERvV layout

5x 1011 vy,
3x 1012y

1x 1010y
Mean interacting energy ~ 1 TeV

|« 480 m >|

p-p collision at ATLAS \,\C’N““e\
~ Charged particles Neutrinos L

=y rrr L e L Py —->m

Neutral hadrons‘

LHC magnets | { g
rock(100m§ Backgrounds
| o) 0(10%)
150 b1 £ 0a0h) ke
~1.5 X10% p-p "Q?
collisions

DIS202 A



FASER/FASERvV detector in Run3 (2022-2025)

FASER

Decay volume & tracking
Spectrometer & scintillator
system & calorimeter

~7m long detector

FASERV
Emulsion/tungsten
neutrino target

Forward beam (A, v, etc)

/A

emulsion film  tungsten (1 mm thick)

lepton

° Tungsten as neutrino interacting target.

* Emulsion trackers

sub-micron spatial resolution,c = 0.4 um
e 770 1-mm-thick tungsten target and emulsion films

- 25x30cm?, 1.1 m, 1.1 tons (s 1;,,, 220x,)

lepton

vV v -
ax %D """ 4 %ﬁ * Sensitive to 3 flavor neutrinos
charm beauty | D° 1 * Muon ID in track length in tungsten

* Replace emulsions 3 times a year
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FASER/FASERvV detector in Run3 (2022-2025)

FASER ~7m long detector

Decay volume & tracking
Spectrometer & scintillator
system & calorimeter

FASERV FASER spectrometer
SCTs SCTs SCTs

air-core magnet

highest momentum particle

LL
\_{“} Il /—-—\‘
hadrc)n\ﬁyI
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FASERV
Emulsion/tungsten
neutrino target

Forward beam (A, v, etc)

Py —

* Global reconstruction with FASER
spectrometer with silicon (80um
pitch) microstrip detectors (SCTs)
- muon charge identification
= Vv, /v, separation

* Improve energy resolution



Physics studies in the LHC Run 3 (1):
Cross sections

Three flavors neutrino cross section measurements
at unexplored energies

~10,000 v interactions expected in LHC Run 3

Large differences in the expected neutrino rates
between MC generators, due to large uncertainties

arXiv:2105.08270

Generators FASERwv
light hadrons | heavy hadrons Ve + De Vy+ Uy, Vr + Uy
SIBYLL SIBYLL 901 4783 14.7
DPMJET DPMJET 3457 7088 97
EPOSLHC 1513 5905 34.2

GSJET

Combination (all)

Pythia8 (Hard)
Pythia8 (Soft

17107 405°

5782713396

in very forward high energy hadron production
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https://arxiv.org/abs/2105.08270

Physics studies in the LHC Run 3 (2):
Heavy-flavor-associated channels

* Measure charm production channels
* Largerate ~ 15% v CC events, 0(1000) events

* First measurement of v, induced charm prod. 020 o (v N cueX]
a(vyN- p+X)
Vi —T1 @ all
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 Search for Beauty production channels Soosf |
* Expected SM events (v, CC b productlon) are 0(0.1) events g (vyN=cuX)+a(v,N- cuX)
due to CKM suppression, V ~ 107° IVuN=pX)+0 (7N uX)
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https://doi.org/10.1140/epjc/s10052-020-7631-5

* Asymmetric gluon-gluon interaction, small-x X large-x

Physics studies in the LHC Run 3 (3):

Further insights on QCD | ,

Neutrinos from charm decay could allow to test transition to

small-x factorization, probe intrinsic charm

forward beam

o

Deep understanding of neutrinos from charm decays (prompt
neutrinos) is important for astrophysical neutrino observations

T~
FASERvV

neutrino DIS at
the TeV scale £

hadron propagation

p-p collision

hadron

probing intrinsic charm fragmentation

strangeness
from dimuons

BFKL dynamics,
non-linear QCD, CGC

forward D-meson
production

constraints on proton &
nuclear PDFs from neutrino
structure functions

ultra small x proton structure

2203.05090
10% Gluon PDF with Neutrinos from Charm Decay
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http://arxiv.org/abs/2203.05090

Status of pre-analysis

- .. electron

o ere A microscope view*
1. Feasibility test k Y .f,p,;.; ,‘

Background track density acceptable for emulsion detector ?

Concern: Emulsion accumulate all charged particle tracks before its chemical
-development.
More than 108/cm? make emulsion detector analysis difficult.
Is track density in situ acceptable for analyzing neutrino interaction
by emulsion detector ?

2. Pilot neutrino detector run in 2018
Demonstrating neutrino interaction detection at realistic background track density.
FASER detector was not yet ready .
- Test with small size Emulsion detector alone.




1. Feasibility test
back ground track flux at the site

* In-situ measurements in 2018

Emulsion
detector

Flux in main peak

[fb/cm?]
TI18 data 1.7 + 0.1 x 10*
TI12data 1.940.2 x 10*
FLUKAMC 2.5 x 10*

(uncertainty 50%)

BDSim result for TI112, Lefebvre ICHEP2020

Neutrino Flux at FASER|

1 .05'% 6 2 -04%
le-OS:g > 2 -OST-:-:::|
e, ;
e, Observed angular distribution of
SO 2007 background tracks
2 6 2

X [m] X [m]
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2. Pilot neutrino detector in 2018

Proof of principle in
Emulsion detector

~ 3 x 10° tracks/cm?

* A 30 kg emulsion based (lead, tungsten target) detector was installed
on axis, 12.2 fb™* of data was collected in Sep-Oct 2018 (4 weeks)

* Proof of principle by just Emulsion detector.

* Combined analysis with FASER for Muon ID/charge in Physics run.
DIS202 12



Pilot run result

* Analyzed target mass of 11 kg and luminosity of 12.2 fb?

* 18 neutral vertices were selected
* by applying # of charged particle = 5, etc.
- Expected signal = 3.37}7- events, BG = 11.0 events

* In BDT analysis, an excess of neutrino signal (6.1 events) is observed.
Statistical significance = 2.7 ¢ from null hypothesis
* This result demonstrates the detection of neutrinos from the LHC

Phys. Rev. D 104, L091101 (2021) Phys. Rev. D 104, 1091101 (2021)
‘ Y
NS L ‘% 42__ o FASER data (18 ev)
7- N\ g ‘42_ - neutrino signal (6.1 ev, best fit)
E 3‘5§_ background (11.9 ev, best fit)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.L091101
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.L091101

Preparatlon for Run 3: FASERvV detector

Sub-module
assembling at CERN

achieved production
of ~8 m2/da

The total image transfer |
rate is 48 Gbytes/s
Nt 7y

J——— - ’ e |
/ Objective lens
i 4—-;_
: I IIIumlnator

Under operating for ) - - |
* NINJA (J-PARC) ‘ j \
NAG5/DsTau (CERN)  [l8 ('\ _ 2

¥l « FASERv (CERN)
¢ GRAINE (Balloon) ,
- Radiography chm. UNIVERSITY



Preparation for Run 3 at site
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First light of Physics run : LHC run3
The Beam commissioning just started.

* All detector components have been installed.
* We are observing the first “events”, beam background muons.

Top-view - Run 6821, Event 329822 at 00:41:30 2022-04-28
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FASERV/FASERV2 schedule

e LHC Run-3 will startin 2022, FASERv.

 HL-LHC, starting in 2028, 10 times more integrated luminosity
- FASERv?2

LHC HL-LHC

A

EYETS Ls2 13- 14 Tov AR 14 TeV

TeV ener;
| Diodes Consolidation
cryolimst LIU Installation <
ieraction inner triplet HLALO
regions Civil Eng. P1-P5 radiation limit installation
(2016 | 2017 | 2018 | 2019 | 2020 | 2021 2023 | 2024 | 2025 | 2026 Tl
5 to 7.5 x nominal Lumi
ATLAS - CMS —_—
upgrade phase 1 ATLAS - CMS
al Lumi 2 x nogffnal Lumi ALICE - LHCb | 2 x nominal Lumi Hi- upgrade
e upgrade

] . Forward experiment (g 3000 fo"
FASER's physics run 350 b | D ] 000

(~150 fb'* or more) in HL-LHC

2022-25 physics runin LHC RUN3,
1.1 tons, atotal area of film 720 m?

DIS202

Pilot run &
background

2028- FASERV2@FPF

measurements in 2018 in HL-LHC, 10-20 tons




Forward Physics Facility (FPF) at the HL-LHC

HL-LHC will give X 20 more collisions.

* FPFis proposed new facility to house larger experiments in the very forwar
region (neutrino target mass x10 FASERv).

* Extending sensitivities for new particle searches and neutrino physics by two
orders of magnitude = FASER2, FASERV2, ... much more

* FPF White Paper (429 pages, 236 authors, 156 endorsers)
http://arxiv.org/abs/2203.05090
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http://arxiv.org/abs/2203.05090

Summary

FASERvV is a project to analyze high energy neutrinos coming from LHC collision products.
Study neutrino interactions at the unexplored energy region by each neutrino species.
Charm / Beauty production analysis in neutrino CC interactions is a Physics target.

It is also study on decaying parent especially Charms properties in Forward direction.

After confirmation of track density in situ as well acceptable for emulsion detector who
can identify 3 types of neutrino CC interactions.

In 2018 a small sized emulsion detector succeed to detect some neutrino candidates
under the realistic background track density condition (ie. In situ.)

In 2022, Tungsten target with emulsion detector 1.1 ton will detect unexplored energy
region neutrinos.
arXiv:2105.08270

g q Generators FASERv

FASE RV phVSICS run JUSt Sta rted : light hadrons | heavy hadrons Ve + e v, + U, Vr + 7y
All detector components are installed in time, SIBYLL SIBYLL 901 4783 | 147
. . DPMJET DPMJET 3457 7088 97
and observed first light of LHC run3 recently. EPOSLHC | Pythia8 (Hard) | 1513 5905 34.2
Emulsion detector and FASER detector are waiting GSJET | Pythiad (Soft) |90 5351 161

. " . ” Combination (all) 171073736 | 578273306 | 40.5755C

for detecting forward “neutral particles”. ““Combination (w/o DPMJET) || 1128 55 | 5346 505 | 2L6 0y |

Expected CC interactions with 150 fb?

DI1S202 19
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77 collaborators, 21 institutions, 9 countries
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Neutrinos = proxy of forward hadron production

* Pion, Kaon, charm contribute to different part of

energy spectra and flavor = I
FASERV: v, + 0 - — AZE — £ ik
.| SERV: vy, + Uy £l o gﬁf Shower _ 3;10“’ :‘-J';_;:';- S5
-—- DPMJET3.2017 - QGSJET I1-04 v 8 e
—— SIBYLL 2.3¢ —--. Pythia8 (Hard) £ _J;;?i
v — — EPOSLHC —-= Pythia8 (Soft} e 5 100 T
0 — = el T
,u' = _misEAE = 1 _
= 1011 4 oF i E—— -
zj 0 ":JT__:'_J_ ' wit_ 10° iri !
§ 1] ; .;
% Lot | T | L | FASERv: vy + ¥
2 ks
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S B WL =N g w0 e
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S TR U V., ¢ i Is
e i | g - |
s T T v
Neutrino Energy [GeV] i
L] L] L 107 -
FASERV provides important inputs to

validate/ improve generators Muon excess,
prompt neutrinos
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The 1t v, candidate OPERA

NEUTRINO2010
5 candidates till 2015 Sep, 5.10

10 candidates final 2018 May, 6.10
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Background for neutrino analysis

* Muons rarely produce neutral hadrons in upstream rock or in detector,

which can mimic neutrino interaction vertices

Probability of O(107°)

U

* Pilot neutrino detector doesn’t have lepton ID
— Separation from neutral hadron BG

(produced by muons) is challenging
- tighter cuts

* The produced neutral hadrons are low energy

- Discriminate by event topology

Production rate per muon (E,,;>10 GeV)

Negative Muons

Positive Muons

Ky,
Ks

> 33

3.3x 107"
8.0 x 107°
2.6 x 107"
1.1 x 10~®
3.5 x 107°
2.8 x 107°

9.4 x 107°
2.3 x 107°
7.7 x 107"
3.2 x 107°
1.8 x 107°
8.7x 1077

DIS202

— neutral hadrons
10 — Ve

Vi

Eeoo o P b b by |
0 500 1000 1500 2000 2500 3000
Energy (GeV)

Phys. Rev. D 104, L091101 (2021)

Vertex detection efficiency

Signal Background
FTFP_BERT  QGSP_BERT
Ve 0.490 K, 0.017 0.015
Ve 0.343 Ks 0.037 0.031
Yy 0.377 n 0.011 0.012
Yy 0.266 n 0.013 0.013
Ve 0.454 A 0.020 0.021
vr 0.368 A 0.018 0.018
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.L091101

Variables for MVA

Expected distributions of the variables

06 06
0_5E‘...,__ — signal 0sF
F = background (FTFP_BERT) F
0-4:’ 2 wnmmmn background (QGSP_BERT)
03p area-normalized
02F

0.1F

:\\ 5
0 5 510

N tracks (0.1<tan6<=0.3)

i e T T
N tracks (tane<=0.1)

0.6
0.6~ 05F

E L

L 0af i

(UL . oai H
0.2

transverse plane.

Ag

=0

)V beam

5 variables used in the analysis

1.

Multiplicity and
Pseud rapidity
distribution

the number of tracks with tan6<=0.1 with respect to
the beam direction

the number of tracks with 0.1<tan8<=0.3 with
respect to the beam direction

the absolute value of vector sum of transverse angles Momentum
calculated considering all the tracks as unit vectors in bal
the plane transverse to the beam direction (@sym) alance

for each track in the event, calculate the mean value —
of opening angles between the track and the others

in the plane transverse to the beam direction, and AL
then take the maximum value in the event (¢0an) B_aCk to _baCk
— kinematics at

vertex

for each track in the event, calculate the ratio of the
number of tracks with opening angle <=90 degrees
and >90 degrees in the plane transverse to the beam
direction, and then take the maximum value in the
event (r).

Conceptually why these variables are good:

Variable 1, 2: The neutrino energy is higher than the neutral hadron energy. Higher energy, more particles are
produced in forward direction, i.e. tan(theta)<0.1 (var 1), and higher ratio of varl/var2.

Variable 3: Momentum in the transverse plane is more balanced in hadron interactions than neutrino CC and NC
interactions. Outgoing leptons in neutrino interactions take a major energy, which distorts this variable.

Variable 4, 5: For CC interactions, we expect the outgoing lepton and hadron system are back to back in the



Detection efficiency

Vertex detection efficiency Tau decay detection efficiency
(charged multiplicity>=5) =75% (t = 1 prong)
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Particle momentum measuremeni

by multiple Coulomb scattering (MCS)

e Sub-micron precision alignment using muon tracks
* Our experience = 0.4 um (in the DsTau experiment)

* This allow to measure particle momenta by MCS, even above 1 TeV.

na
o
[=]
=]
T

particle trajectory

N

3
90% measurable limit (GeV)
S
=
7

4000}~ 1500 ﬁ.\
Y1 3000 o i \
Yo - 1000[-
2000 - \\__H_
- 5001 T
x x 1000 I —
L B e 1 [
31" il i N AU RSN R 001 P T S B U P P B
0 500 1000 1500 2000 2500 3000 02040608 1 12141618 2
Pre (GeV) Position resolution (um)
2
15 2 213.6(MeV) T ; 2 . o . Measurable energy vs
(SH.]'\I.%) _ \/:(77 S | (V/[_, me;) !Derformance with position resolution of 0.4 um, position resolution
3 pP X in 100 tungsten plates (MC)
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Energy reconstruction (v, CC)

ANN method

Sum of visible energy (GeV)

Sum of visible energy

inputs for ANN

, Simulate

d by GENIE (MC truth)

muon momentum (GeV)

Reconstructed energy by ANN (GeV)

Momentum

DIS202

AE/E

0 QE = Sum of visible energy

0_85— — ANN

Energy resolution

01k

G C A L L L L 1l
102 10°
E, truth (GeV)

Sum of visible energy (model independent)
already gives a reasonable resolution

ANN can solve problem at high energy and
gives about 30% resolution at relevant
energy range.
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* Neutrino spectra at unexplored energy range

. . . . F. Kling, arXiv:2105.08270
* Study production / propagation / interaction
* CCCross section measurements of v, v, v, 7y =
* Heavy flavor physics, NC, QCD, NSI, oscillations
 Complementarity between FASERV (on axis) and SND (off axis) l?
Expected CC event statistics ”
Generators FASERv SND@LHC
light hadrons | heavy hadrons Ve + De v, + 0y, Ve + Ur Ve + e v, + 7, Vr + Dr
SIBYLL SIBYLL 1343 6072 21.2 184 965 10.1 - z S
DPMJET DPMJET 4614 9198 131 547 1345 224 20 cm
EPOSLHC | Pythia8 (Hard) 2109 7763 48.9 367 1459 16.1
QGSJET Pythia8 (Soft) 1437 7162 24.5 259 1328 10.7 77 -
Combination (all) 237612285 | 754971570 | 56.47520 || 3391355 | 12747158 | 14.877% =8
Combination (w/o DPMJET) || 1630%350 | 7000%5% | 8155103 || 270438 | 1251730 | 12.3%3%

Projected precision of FASERV measurement at 14-TeV LHC (150 fb)

s < : E energy ranges of
& 0.9 g 09 accelerator data E- oscillated v, measurements
“E 0.8F "E 0.8 E<— IceCube v, ¥,
3 e guw F<——1SKv, 7,
<k . FASERv =i f < OPERA v, FASERy
% F EB3v =
L 0.6 < 0.6

wooF [ ui
o 0.5E = 0.5

0f E53 'L T : 0.4 DONUTv-. -

“E Me |DONUT v, ¥, :

0.3 0.3

0.2 0.2

ot FASERv 0.1 FASERv

E o spemruml:a u.) I\«'lJl spectrun‘ll (a.u™ . . spectrum I(a.u.)
D' 1 1 113131111 1 LALL 0 1111 L1 113111 11 L1 113111 L1 1511l u 1 1 11 11111 1 el
102 10° 10 10? 10° 10 10° 10° 102 10° 10°
E, (GeV) E, (GeV) E, (GeV)

inner error bars: statistical uncertainties, outer error bars: uncertainties from neutrino production rate FASER Collaboration,
corresponding to the range of predictions obtained from different MC generators. Eur. Phys. J. C 80 (2020)

61, arXiv:1908.02310
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https://arxiv.org/abs/2105.08270

Tracking device of FASER

Thee tracking station and a interface tracker to FASERNu.

Each containing 3 layers of double sided silicon micro-strip detectors

Spare ATLAS SCT modules, 80um strip pitch, 40mrad stereo angle.

SCT modules a 24cm x 24cm tracking layers by 8 SCT modules.

SCT module
Tracking layer Tracking station

DIS202 30



FASERV2 at the FPF

* Tau neutrino physics, with >100 times statistics of FASERvV
* FASERv2: Beam x 20, 20 tons mass

* ~10° v,, 10° v, 103 v, CC events

* Rich physics programs in neutrino physics, flavor physics, QCD and cosmic-rays
‘

40 cm x 40 cm

DIS202

31



FASER detector & sensitivity

* Dark photon: Photon in dark sector, and it has mass
* Signal: Dark photon decay into e*e™ pair

Scintl.  0.5T magnet Scintl. 0.5T magnet 0.5T magnet Scinti.
Decaying to £
2
A e pair s
1 ° g
i i
Tracker Tracker Tracker Calorimeter
Detector schematic (original one without FASERNnu) Sensitivity for dark photon search in Run 3

iy

100.00 mm Tracking stations
3 planes of silicon strip
detector per station

1073}

Scintillator/Pb Veto
to veto incoming charged
particles and protons

Trigger/preshower
scintillator station

p

/ Electromagnetic
0.6 Tesla permanent Trigger/timing calorimeter
particles from IP1 dipole magnets scintillator station (Lead/scintillator)
with 20 cm aperture
1076}
fDark Photon | . —
DIS202 1072 107" 32

mp [GeV]



