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Possible contribution from new physics in heavy flavors!? :
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OPERA's v, induced charm production event

VT\/ 2
SM process,
charm production Ve
via mixing J /V\ .

Well measured for Vy

* 1 event was observed with surprise

* Expectation:
* Signal 0.04
* Background <o.05

* Could also be a hint of new thSICSD plate 31 32 33 34 35 36 37 38 39 40 41 42 43




Status of Lepton Universality testing in
neutrino scattering

T

V»L- ’\

— B/D

High energy neutrinos (E;, > 100 GeV) s
required to access heavy flavor channels

- Need high statistics and high
Poor constraint for v, energy beam experiment!



27 km circumference =




experiment: LLPs and neutrinos

14TeV p-p collisions

Conventional detectors

ollision axi>

Strongly interacting massive particles

No neutrino has ever been detected at the LHC, nor at any colliders

FASER (new particle searches) was approved by CERN in Mar 2019 arXiv:1812.09139
FASERYV (neutrino program) was approved in Dec 2019 Eur. Phys. J. C (2020) 80: 61

Data taking IS Starting in 2022! More > FASER web page: https://faser.web.cern.ch/
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https://doi.org/10.1140/epjc/s10052-020-7631-5
https://arxiv.org/abs/1812.09139
https://faser.web.cern.ch/

LHC's “neutrino beamline”

p-p collision at ATLAS

Neutrinos
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100 mofrock /5

| 480 m &
AN

<

%

150 fb™? 3 x 1012 v, Backgrounds

0(10%) u
0(10%) n/K°

~1.5 X10*® p-p

1« 1x1010 v,
collisions

Mean interacting energy ~ 1 TeV
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Motivations for high energy neutrinos

energy ranges of

oscillated v_ measurements VT
<— IceCube v_, v,

<—1 SKv.,V,

<— OPERA v,

438
JE, (x10%cmP/GeV)

 Behavior of neutrinos at TeV energies?

* Lepton Universality in neutrino scattering?
B decay (NP)
* v; and heavy quarks = Flavor anomaly e.g. Rp

* Any new physics effects at high energy? V interaction

* 2 High energy neutrinos from the LHC! (NP)  d/s (u/c) —
Eur. Phys. J. C 80, 61 (2020) Akitaka Ariga for FASER
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https://doi.org/10.1140/epjc/s10052-020-7631-5

FASER/FASERYV detector

FASERv
Emulsion/tungsten

Two fermion signal
Proposed

Decay volume Tracker pre-shower Calorimeter

(
~ y '
& ~ ’ ™ s
~ \\’A\ / II >
A . ’ -~ A
~ | P S T
> e . 7
o - ’ ~ ’ -
N R \\ g s I
N R \ :
& i 2 ) Realistic

. t t) ts 65-75% eff. for 200
Two photon signal proposed vl L | 85-80% eff. for >300

VETO Decay volume Tracker pre-shower Calorimeter

_‘  FASER preliminary

m, [GeV




FASER+FASERvV detector in Run3 (2022-2025)

sm long detect FASER

FASERv
Emulsion/tungsten
neutrino target

Forward beam (A, v, etc)

* Emulsion films = trackers with sub-micron spatial

rESO|Ution/ Ointrinsic = 50 nm, Opractical = 0.4 um
* 770 1-mm-thick tungsten target and emulsion films
* 25x30 CM?, 1.1 m, 1.2 tons (8 Aj,¢, 220X )

emulsion film  tungsten (1 mm thick)

lepton

v, V.. * Sensitive to 3 flavor neutrinos
chbd P % % beauty ° DO"‘ ’ * Muon ID in track length in tungsten
X * Replace emulsions 3 times a year

Moriond 2022 Akitaka Ariga for FASER
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Emulsion-based neutrino detector

/
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1000um

B An event from OPERA
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Emulsion-based neutrino detector

7

Kink angle = 41 +- 2 mrad
Decay length = 1335 +- 35 um

Phiangle =173 +-2 deg

M., (yy) =120 +-20 +- 35 MeV
Minv (TE ° (p)) - 640+125-80 +1oo_90 MeV

14



Simulated 1 TeV v, CCinteraction

All charged particles ] SR I - P>0.3 GeV

. 200tungsten plated (27¢cm) }

50000 UM ~ 57 XO/ ~2 Aint sooo0 UM
Moriond 2022 Akitaka Ariga for FASER 15



FASER+FASERvV detector in Run3 (2022-2025)

FASERv
Emulsion/tungsten
neutrino target

Forward beam (A, v, etc)

Interface tracker

FASERV Interface tracker FASER spectrometer
SCTs SCTs SCTs _ _
air-core magnet * Global reconstruction with FASER spectrometer

1ighest momentum paftide —> muon charge identification
-—"’—-—‘-—-—-_ —_ .

- v, /V, separation
* Improve energy resolution

16
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Neutrino cross sections

 Three flavors neutrino cross section
measurements at unexplored energies

* ~10,000 V interactions expected in LHC Run 3
* NC interaction studies

‘veand )

FASERv

FASERv

102 103
Neutrino Energy [GeV] Neutrino Energy [GeV]

Moriond 2022 Akitaka Ariga for FASER

arXiv:2105.08270

SIBYLL SIBYLL

DPMJET DPMJET
EPOSLHC PythiaS (Hard)

Cominaios (oo DPVET) | 1y | ooy (o |

Expected CC interactions with 150 fb™

Projected cross section
sensitivities

FASERv

103
Neutrino Energy [GeV]
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https://arxiv.org/abs/2105.08270

Heavy-flavor-associated channels

* Measure charm production channels

o (v, N-= cpu+X)

* Largerate ~15% v CC events, 0(1000) events o (vuN~ p+X)
* First measurement of v, induced charm prod. &
v’L‘ T g @ CHORUS 2y
\/ ] . | \ 'E
Wi U(_IIFJF\" — ( )(r: + AY) P = e, U T E neutJr'/a’I,,
/\ g ( Vy N — (+ }:) s
dfs VealVes < o T
- > T charged
» Search for beauty production channels &
* Expected SM events (v, CC b production) are 0(0.1) events o (VN> cuX)+a(7,N> cuX)

due to CKM suppression, V.5, ~ 107>

g(vyN-> uX)+o(vyN->puX)

10°

B decays v CC b producti Topology seen by detector .
Y il anumasinNthet i 4 Neutrino Energy E, [GeV]

u/v\b

T

vN — ¢BX
Vil Eur. Phys. J. C (2020) 80: 61
__________ , s g vN = ¢BDX
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https://doi.org/10.1140/epjc/s10052-020-7631-5

_ _ Muon excess
Primary cosmic ray from

extrasolar source

<— exp. error

LHC
pp@14
‘110'5 10" 10" 10" 10" 10%

Hadron cascade EfeV]
. . = 3% Based on Kampert & Unger, Astropart. Phys. 35 (2012) 660
production

High energy components in She: posesloferyl tilleie] Prompt

Prompt atmospheric + 7, (flux limit)

. . @ Astrophysical v, + 7, (best-fit) .
forward direction neutrinos

HESE unfolding: PoS(ICRC2015)1081
transition region

IceCube Collaboration,
Astrophys. J. 833 (2016)



Neutrinos = proxy of forward hadron production

Angle with Beam Axis 6 [rad]
103 10~4 103 102 101 1 f 1 1071 102 103 10~4 10-°

Particle Composition < ATLAS/ICMS _ | Heb - FASER
—— Multiplicity ATLAS/CMS HCAL ’
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102 .
all particles

-
(=]
-

-
(=]
o

-
T
—
Z
T
=)
2
=
=
=
=

Ennergy dE/dn [GeV]

-
(=]
N

-
o
N

Pseudorapidity n
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Neutrinos = proxy of forward hadron production

* Pion, Kaon, charm contribute to different part of energy
spectra and flavor

'FASERv: v, + Uy —n AZZ  —— Shower s
- K —— DA, =
~-- DPMJET 3.2017 QGSJET I1-04 g
—— SIBYLL 2.3¢ --- Pythia8 (Hard) =
— — EPOSLHC —.— Pythia8 (Soft) Ve 3

=

o
re
(=]

<
L
_
e
un
=]
[=
=
]
3
a
=

5
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o
=
T
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=
o
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107
Neutrino Energy [GeV]

* FASERvV provides important inputs to validate/improve
generators = Muon excess, prompt neutrinos Nesn Enroy (G0




Further insights on QCD

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

forward beam

* Neutrinos from charm decay could allow
to test transition to small-x factorization,

. . - _ Gluon PDF with Neutrinos from Charm Decay
prObe INtrinsic Charm FixedTarget PRELIMINARY
1 LHC
* Deep understanding of neutrinos from

LHCv. with 7<=n, <8
s LHCv.with8<n,=9
« LHCv. with 9<n,

charm decays (prompt neutrinos) is
important for astrophysical neutrino
observations

Momentum Transfer Q [GeV]

i
=

FASERv

ot i dbp FixEETar.g,et
2203.05090 N\ . . -\ anrh:

Momenturn Fraction x
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http://arxiv.org/abs/2203.05090

QCD using LHC Neutrinos

Intrinsic

|

large x PDFs: [ charm } charm
x~1 fragmentation

BFKL dynamics

|

P
ultra low-x
PDFs: x~107 color glass
condensate

Forward Particle Production

23



QCD using LHC Neutrinos

TeV Energy Neutrino Interaction

intrinsic neutrino DIS at
[ large x PDFs: charm { charm } TeV scale

x~1 fragmentation

color
transparency

p - -
- y hadronization in
nuclear medium
BFKL dynamics
184
[ forward charm } W
P
[ ultra low-x 1
PDFs: Xx~107 color glass
[ condensate 1 [ SUCIYEIEE ] [ nuclear PDFs ]

_ _ [ shadowing ] [ EMC effect ]
Forward Particle Production ”




Results from 2018 run
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Point 1

BG measurements, pilot run in 2018

Tl 18
e BG meas. (2018)

* Pilot run (2018) e BG meas. (2018)

* Physics run (2022-) 26



Particle fluence at the site

BDSim result for Tla2, Lefebvre ICHEP2020

Muon Flux at FASER Neutrino Flux at FASER

p-p collision at ATLAS

FASERV FASER

LHC magnets

480m 100 m of rock

-
3
s
e o
U
S
=
(]
%

Number of particles / event [/ 100 cm?]
Number of particles / event [/ 100 em?]

Gi

-5.0 =25

* In-situ measurements in 2018 O xam

Partlcles from | b beam i Flux in main peak
ATLAS IP \ B [fb/cm?]

S

Tl18 data 1.7 + 0.1 x 104

Tl12 data 1.9+ 0.2 x 10*

(uncertainty

FLUKAMC 2.5 X 10* o,
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Pilot neutrino detector in 2018

'_'_-30 kg detector Proof of pl’iﬂCip'G

2 i)
2x2mm?data_

1000

~ 3 % 10° tracks/cm?

1000

* A 30 kg emulsion based (lead, tungsten target) detector was installed
on axis, 12.2 fb* of data was collected in Sep-Oct 2018 (6 weeks)

g 2 .
. Moriond 2022 i Akitaka Ariga for FASER 28
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Phys. Rev. D 104, L091101 (2021)

Neutrino interaction candidates

Side view .' / Beam view

100 um I\
l III-
[ I B S P e AN
e e e e —— C T m| AN
~ sSsS———— W

.-\\\
2000 um 100 um \
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.L091101

Phys. Rev. D 104, Log1101 (2021)

Pilot run event statistics

* 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 = 3.3¥5{- events, BG = 11.0 events

* Note: no lepton ID in the pilot run = High BG

* In BDT analysis, an excess of neutrino signal
(6.1 events) is observed. Statistical significance
= 2.7 g from null hypothesis

——ea— FASER data (18 ev)

- neutrino signal (6.1 ev, best fit)

background (11.9 ev, best fit)

Number of events
w s

P

—

5
5
4
5
3
5
2
5

,1

* This result demonstrates the detection of
neutrinos from the LHC - - 2 oot

Moriond 2022 Akitaka Ariga for FASER
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.L091101




FASER detector components

SCT module from ATLAS, 8o
um silicon strip detector

Calorimeter module from
LHCb



Preparation for Run 3 FASERv detector

Silver bromide crystals

. -—
-

eIectron tracks (~1oo MeV)

. electron

The total image transfer
rate is 48 Ghytes/s

100nm JEOL 2020/02/03
SEM WD 13 . 3mm 11:14:05

Sub-module
assembling at CER

10 tungsten pl
+ 10 emulsio

i Under operating for
* NINJA (J-PARC)
8 « NA65/DsTau (CERN)
& « FASERv (CERN)
] ° GRAINE (Balloon)
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First emulsion detector installed this week!

Preparation for Run 3 at site

N T == :

\

“{;am pipe

Levage vertca) RLES

Moriond 2022
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3 prong decay

1000 Um

vrinteraction (t” decaying to W) o

Interactions in emulsion

detector \\\

\ Hit events in tracker of

FASER spectrometer

Moriond 2022 Akitaka Ariga for FASER



First beam particles in May 2022

o Saw first beam particles
from recent 6.8 TeV beam
optics tests!

o First particles traversing
fU | | d etecto rl | n Cl U d | N g Side-view - Run 6833, Event 1082507 at 03:05:28 2022-05-03

E =-417.4 GeV Sagitta = -236.7 ym
Fwd Veto and IFT

e Good readiness confirmed
toward Run 3

1000 2000 3000 4000

2000 3000 4000

First neutrino interactions will be reported within this year



FASERV/FASERvV2 schedule

* LHC Run-3 will start in 2022, FASERv.

* HL-LHC, starting in 2028, will deliver 10 times more integrated luminosity > FASERv2

| Run 3 | Run4-5...

LS2 13- 14 Tev RAE 14 TeV

Diodes Consolidation
splice consolidation cryolimit LIU Installation -
4 inner triplet HL-LHC

8 Tev butt coll t interaction
TN e < :;E :m';:;”” regions Civil Eng. P1-P5 radiation limit installation

BT TN T T T T R T T T T T I I N
5to X NOI umi
ATLAS - CMS | rmaiato Y

upgrade phase 1 ATLAS - CMS il
e 3000 fb!
(VRGN 4000 fb!

experiment

beam s .
e 2 x nomyhal Lumi ALICE - LHCb
upgrade

HL upgrade

(~150 fb* or more)

2022-25 physics run in LHC RUN3, 2028- FASERV2@FPF
1.1 tons, a total area of film 720 m? in HL-LHC, 10-20 tons

Moriond 2022 Akitaka Ariga for FASER
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$4

Physics Motivation

sterile
neutrinos

lepton
universality

¥V non-
standard

* The FPF has a rich and broad physics programme

* Three main physics motivations .
* Neutrino physics o fn~

DM 4 heri .
atmospneric . Pproduction

7 indirect i u
o QCD thSICS detection neutrinos puzzle

* In order to fully benefit from the increase in luminosity from the HL-LHC,
the FPF will allow:
* Longer detectors to increase target/decay volume
» Wider detectors to increase sensitivity to heavy flavour produced particles

 Space for new detectors with complementary physics capabilities
38



Forward Physics Facility (FPF) at the HL-LHC

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

Neutrino Detector atthe FPF

— FASERv2

magnetized tracker emulsion neutrino detector

Emulsion/Tungsten Neutrino Target

4o s 40m x m followed by FASER spectrometer

20 ton target mass

T
Veto detector / :

l =

Interface Tracker

Muon filter
Vertex det Had Cal
EM Cal

LHC Neutrino Beam

G*‘ Brookhaven

National Labaratory

FLArE Detector Preliminary Sketch

Hamamatsu Volume | 11.5 m*3
$14160 SiPM LAr 16 ton

. o 6x6 mm = |
TPC-side view 2 _ 2800 units LKr 27.5ton

1.0m menbran| 0.5m

e e T pr— : - 7 T AdVSND
= b i electronic detector
: FLArE
near detector at n~5
far detector at FPF *°

Tracking Stations

70m
Cryostat Insulation TPC anode plane -side view 1

liquid noble gas detector



b4 Neutrinos at the FPF

https://arxiv.org/pdf/2105.08270.pdf (F. Kling)

A huge number of high-energy neutrinos of all

flavours will be detected by experiments at the
CDLC

Species #evts
(20tn, 3/ab) - |ere ~t- FASERv || V) 1+ FASERY FASERV

—~}— FASERv 2 —~}— FASERv 2 FASERV 2

103
Neutrino Energy [GeV] Neutrino Energy [GeV] Neutrino Energy [GeV]

Tau neutrino:
* FPF experiments will increase this number by over two orders of magnitude, enabling precision v_studies:
* Measure high energy v_/ v, charge-current cross sections
 Study v, — heavy flavour — towards probing same diagrams as LHCb lepton-flavour violation anomalies
Large sample of v, v,:
» Sterile neutrino, NSI, constrain SM EFT, s-channel resonance,,,
QCD studies = Cosmic-ray

il


https://arxiv.org/pdf/2105.08270.pdf

Physics Program of Forward Phys
Facility

BSM particles can be
detected in various ways

e Giving access to | '_ ' g low dE/dx
wide range of | |
models

weakly interacting
particle beam

Neutrinos can be used to
search for BSM effects

o PrOdUCtiOn sterile v
e Propagation oscillation
® Interaction

interactions




Forward Physics Facility

4th Forward Physics Facility Meeting

FPF workshop series:
FPF1, FPF2, FPF3, FPF4 .

Timetable

16:00 There are

Contribution List

My Conference
My Contributio

Book of Abstracts

Registration

om links are:

Participant List Plenary sessions (both Monday and Tue:
] . -
FPF Pape’ . The Forward Physics Facili

Sites, Experiments, and Physics Potential

Luis A. Anchordoqui,"* Akitaka A 4 Weidong Bai® Kincso |
Brian Batell,” Jamie Boyd.® Joseph Bramante,® Adrian Carmona,” Mario Camy
2 10 q 10 q O q Francesco G. Celiberto,'11213 Grigorios Chachamis,"! Matthew Citron.'® Giovanni De Lel
D Albert de Roeck.® Hans Dembinski,'™ T B. Denton,' Antonia Di Cre o, 168
Milind V. Diwan.2 Liam Dougherty,2 Herbi K. Dreiner,2 Yong Du,2 Rikard Enben Submitted to the US Community Study
an Farzan® Jonaths ng, fieg2® Patrick Foldenauer. ] on the Future of Particle Physics (Snowmass 2021)
ari,?8 Alexander Friedla * Michael Fucilla®3 Jonathan Gall®
- ades. ~30 authors s a1 s G Vi b e S ot
i Francis Halzen,” Juan Carlos Helo,®3 Christopher S. Hill,® Ahmed Lsmail #!:%

cen Ismail, * Sudip Jana,*® Yu Seon 2, ¥ Krzysatof Jodlowski,*> Fnu Ka
2 Kevin J. Kelly, % Felix Kling, 2 al Maciula,* Roshan M
ham,*! Julien Mans 9 Josh McFayden,*® Mohammed M. A. Mohas
Nadolsky,** Nobuc 51 John Osborne,® Hidetoshi Otor
* Alessandro Papa,® 3! Digesh Raut,*® Mary Hall Reno, * Filippo Resn
 Ina Sarcevic,%* Christiane Scherb,’” Pedro Schwallert
Holger Schulz,® rand 51 * Tyler B. Smith,2 Dennis Sol¢

\'wl'.:u“]lj:u.‘;’ "" Douglas Tuckler,% \lvulnbn W I‘\‘:’:x::]’:-’x‘. e \!""""‘ i O/Wifd ﬁ/.;/z:; iﬁ//'//

Kepir and Yue Zha

| The Forward Physics Facility (FPF) is a proposal to create a cavern with the spi
I infrastructure to support a suite of far-forward experiments at the Large Hadron ( . oqe
nowm ass Wh,te a e' o during the High Luminosity era. Located along the beam collisi and shielde The Forward Physics Facility
the interaction point by at least 100 m of concrete and rock, the FPF will house expe

that will detect particles outside the acceptance of the existing large LHC experime at the High-Luminosity LHC

will observe > and exotic processes in an extremely low-backgronnd enviromment.
2 2 02 O q O q O ork, we summarize the current status of plans for the FPF, including recent proj
civil engineering in identifying promising sites for the FPF; the FPF experiments 1 X :
' envisioned to realize the FPF's physics potential; and the many Standard Model & Highten i/t the Hligh Liatnosity Large Hadron Collides: (LHC) yfoduce & lirgs

: . ; ! . mumber of s the beam collision axis, outside of the acceptance of existing LHC
physics topics that will be advanced by the FPF, including : g-lived pa e 5 - .

0 b periments. The proposed Forward Physics Facility (FPF), to be located several hundred meters
probes of dark matter and dark high-statistic

; 5 neutrinos offy from an LHC interaction point and shielded by concrete and rock, will host a suite of e
avors, aspects of perturbative and non-perturbative QCD, and high-cnergy astrg to probe standard model processes and search for physics beyond the standard model (
~450 pages, ~250 authors | s

this report e review the status of the civil engineering plans and the ex
the diverse physics signals that can be uniquely probed in the forward region.
will be sensitive to a broad range of BSM physics through searches for new
decay signatures and d tions from standard model ¢ ctations in high istics analyses with
TeV neutrinos in this low-background environment. High statistics nentrino detection will trace
back to fundamental topics in perturbative and non-perturbative QCD and in weak interactions.
Experiments at the FPF will enable synergies between forward particle production at the LHC and
astroparticle physics to be exploited. We report here on these phy on infrastructure,
detector and simulation studies, and on future directions to realize t



https://indico.cern.ch/event/955956/
https://indico.cern.ch/event/1022352
https://indico.cern.ch/event/1076733/
https://indico.cern.ch/event/1110746/
https://arxiv.org/abs/2109.10905
https://arxiv.org/abs/2203.05090

Summary

* Neutrinos at the LHC, a new domain of particle physics research!
* The FASER experiment at the LHC: neutrinos and LLPs

* FASERvV is the first neutrino experiment with a collider
* Beam at new kinematical regime, including 3 flavors
* Not only neutrino physics, but flavor physics, cosmic-ray physics
 Data takingin 2022-2025

* Detection of neutrinos from the LHC was demonstrated with pilot run in
2018

* FASER is starting data taking in next months! (Collisions in June)

* Future projects (FPF) at the HL-LHC are under discussion
* Strong and broad physics motivation with significant interest from the community
* We invite people from neutrino and wider fields!
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FASER Collaboration

74 collaborators, 21 institutions, g9 countries (as of Jan. 2022)
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