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Neutrino physics |
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Leptoquark?
New mediators

- Leptogenesis




Status of Lepton Universality testing in
neutrino scattering

T

VT '\

— D/B

@0
@
=
-
a’ .
c
o
=
©
Il -
c
| -
<

High energy neutrinos is required to
access heavy flavor channels

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



. HC as a neutrino source e

neutrinos at the LHC so far!

Intense neutrino beam (+ long
lived particles, LLPs) here!

14 TeV p-p collision

FASER, new particle searches, TP 1812.09139, approved in Mar 2019
FASERv, neutrinos, TP 2001.03073, approved in Dec 2019



https://arxiv.org/abs/1812.09139
https://arxiv.org/abs/2001.03073

“Neutrino beamline”

p-p collision at ATLAS

Negligible cost for
infrastructure!

v, interacting spectrum, ®xE/GeV (a.u.)




Neutrino spectrum at FASERv

energy ranges of

oscillated v_ measurements VT
<— IceCube v, V.,

<— SKv,V,

<— OPERA v,

JE, (x10%cm2/GeV)
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Beam size
~ 0O(120) cm
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Displacement from Beam Axis [cm]

Unexplored energy regime for all three flavors Collimated beam

Study of production, propagation and
interactions of high energy neutrinos
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FASERvV pilot run

(TI28) FASER/FASERY
(Tl12)




Particle fluence at the site

BDSim result for Tla2, Lefebvre ICHEP2020
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gn0e Neutrino Flux at FASER
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p-p collision at ATLAS W t FASER
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Number of particles / event [/ 100 cm?]

e On site measurement in 2018

-

\\éﬁ};les from
'T\LAS IP

wio tungsten (E=50MeV)
with tungsten (E>1GeV)

Flux in main peak
[fb/cm?]

Tla8 pilot 1.7 £ 0.1 x 10*

Tl12 data 1.9+ 0.2 x 104
FLUKA MC 2.5 x 10%




FASERv pilot run in 2018

* Analyzed target mass of 11 kg and 12.2 fb

* Pilot neutrino detector doesn’t have lepton ID

* Expectedsignal = 3.3*3 events, BG = 11.0
events

* InBDT analysis, an excess of neutrino signal is
observed. Statistical significance = 2.7 sigma
from null hypothesis

k 6 weeks, 12.2 fb?
30 kg detector
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2 X 2 mm2data =

— e FASERdata (18 ev)

- neutrino signal (6.1 ev, best fit)

background (11.9 ev, best fit)
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BDT output

1000 pm "First neutrino interaction candidates at the LHC,
arXiv:2105.06197" ?



https://arxiv.org/abs/2105.06197

FASERv
Emulsion/tungsten

Interface tracker
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FASER/FASERV detector in Run3

FASER

FASERv
Emulsion/tungsten

A Y ST TR Er ae g —— >
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p c8. €806 ¢ St ) S

.

Forward beam (A, v, etc)

)1, * 770 1-mm-thick tungsten target and emulsion
emulsion ﬁlm \tungsten (1 mm thick) fIImS

* 25X30 CM?, 1.1 M, 1.1 tons (8 A, 220X )
lepton lepton * Sensitive to 3 flavor neutrinos

----- * Muon ID in track length in tungsten
charm beauty
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FASER/FASERv detector in Run3

FASERv
Emulsion/tungsten

Forward beam (A, v, etc)

Interface tracker

FASERv FASER spectrometer
SCTs SCTs SCTs

air-core magnet

* Hybrid structure to have muon charge ID
* Distinguish v, and v, 2 Wider physics cases
* Improve energy resolution

tum particle

highest momen
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Neutrino event rate (2021-2024) N —

* Small detector, but a lot of interactions (~10* CC) are expected
during Run3

* Neutrino fluxes are being cross-checked among different simulations

 Differences due to hadron generators and beamline infrastructure reproduction
were identified. Currently, differences at hadron generators level is dominant

Interacting Neutrinos [1/bin]

Expected number of CC interactions in FASERV in Run3 (14 TeV LHC, 150 fb2)

light hadrons | heavy hadrons

102 103
Neutrino Energy [GeV]

SIBYLL SIBYLL 1343 6072
DPMJET DPMJET 4614 9198
EPOSLHC | Pythia8 (Hard) 2109 7763
QGSJET Pythia8 (Soft)
Combination (all)

Combination (w/o DPMJET) I 163

* Work in progress tor quantitying and reducing

— Creating a dedicated forward physics tune with Pythia8, using forward data " E[f| Pe-Monash
(LHCf, FASER’s muon measurements, etc.) o

Large variation between different hadron production

models (at p-p collision) 3



Physics potential:
High-energy
neutrino interactions

* Primary goal: Cross section measurements of three FASER Collaboration,

flavors at the unexplored TeV energies Eur. Phys. J. C 80 (2020) 61,
arXiv:1908.02310

e NC measurements

* Could constrain neutrino non-standard interactions (NSI). 3 \[ 1, FASERv | 2% FASER
A.lsmail, R.M. Abraham, F. Kling, w ' - '
* Neutrino CCinteraction with charm production Phys. Rev. D 103, 056014 (2021),
(VS_)lC) arXiv:2012.10500
* Study the strange quark content. |
* Probe inconsistency between the predictions and the ' S
LHC data [Eur. Phys. J. C77 (2017) 3671.
* LU test

Eur. Phys. J. C77 (2017) 367 1.0 = FASERv (95% allowed regjon)
o CHARM

Oscillations + COHERENT

* Search for neutrino CC interaction with beauty

production Q" = 1.9 GeV*<, x=0.023
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CC heavy quark production

ATLAS-epWZ16
exp uncertainty
Pexp+mod+par uncertainty
exp+mod+par+thy uncertainty

lepton lepton
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https://link.springer.com/article/10.1140/epjc/s10052-020-7631-5
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.056014

Physics potential:
Forward particle

production

* Neutrinos are from the decay of hadrons, mainly pions,
kaons, and charm particles. But, forward particle production
is poorly constrained by other LHC experiments.

* FASERv provides novel input to validate/improve generators
* First data on forward kaon, hyperon, charm

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

* Relevant for neutrino telescopes (such as IceCube).

* To make measurements of astrophysical neutrinos, a precise
knowledge of prompt neutrinos is important

. Z_+7TeV p-p collision corresponds to 100 PeV proton interaction in
ixed target mode > a direct measurement of PeV atmospheric
(promé)t neutrino production. FASERvV would provide important
at

basic data for current and future high-energy neutrino telescopes.
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Gluon PDF with Neutrinos from Charm Decay

FixedTarget PRELIMINARY
LHC

Tevatron

HERA

LHCv. with 7 <n, <8

LHCv. withB<n,<9

LHCv, with 9 <n,

| FASERV: 7588 1 oy

1014

NC: D Fixed ¥
e, C: D (4 arget

| .H!':M:Et'.n .I = '\T‘M‘;

! 1078 1073 104 103 1072 107! 10

1 o -9 _ —
cm “s Ssr

®,,,/CeV-
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Momentum Fraction x

IceCube Collaboration,
Astrophys. J. 833 (2016)

B Conv. atmospheric v, + ¥, (best-fit)



Evolution of Tl12 tunnel for FASER installation




Commissioning of FASER trackers

Cosmic-ray tracks at the experimental site (Tl12 tunnel).
Rate of such tracks is 1 every 2 minutes.

Top-view - Run-001345, event 692536

Silicon strip detectors (SCTs)




Forward Physics Facility at
HL-LHC provides x20 proton collisions

Extending sensitivities for new particle searches and neutrino
physics by two orders of magnitude R O aa

Option 1:

Wide dlscu55|ons in perlodlcal workshops indico.cern.ch/event/1022352

FASERv2

Option 2: _swarT . g B lenws . 8- «
New shaft , >ND2  MijlliQan LAT 7

— ‘--------------- ______m;======g==E§l sunp
and hall | SAFETY ’ m N

GALLERY
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https://indico.cern.ch/event/1022352

Summary

* New domain of research is opening at the far forward region of the
_HC

* FASERvV is going to study "Collider neutrinos” for the first time at
the unexplored energy ranges, approved by CERN in Dec 2019

* First neutrino candidates from the LHC in 2028 run
* FASERv will take data in Run 3 (2022 — 2024), rich physics outcome.

* Discussion on the next stage experiments at the HL-LHC is
ongoing



Backup



Possible contribution from new physics in heavy flavors!? =



New physics effect?

B decays

W’,H',LO/.
Y @W\. NP t
Neutrino CC beaut
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High energy frontier

Neutrino energy

>

Past ~ mmmm 350GeV Tevatron (US)

Current | 10GeV T2K (Japan)
' 20GeV DUNE (US)
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Future ™ 150GeV  SHIP (CERN)

CASERv Upto6TeV (v,, Vy, V)

Unexplored energy range
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Particle fluence at the site

\
\X\ C ,N(\(\e

e Crucial for both neutrinos and LLP searches sl AEaE

VR e

LHC magnets

FLUKA and BDSim

* Minimum muons, maximum neutrinos

100 m of rock
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Muon energy (at 409m from IP, pilot run)
BDSim result for Tla2, Lefebvre ICHEP2020 Simulated by CERN-STI group with FLUKA

Muon Flux at FASER Neutrino Flux at FASER
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Particlesfromthe - Particles from
LHC bear‘rgji;'né ATLAS IP|
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In situ measurements in 2018:
Charged particle background

Emulsion detectors were installed

to investigate T128 and Tla12.

Low background was confirmed.

Few hadron tracks

Consistent with the FLUKA

prediction.
Normalized flux
(tracks/fb2/cm?)
TIa8 (2.6 + 0.7) x 10*
Tla2 (3.0 +£ 0.3) x 10*

Emulsion detector can work at the
actual environment!
(up to ~10%/cm? = 30 fb* of data)

25



Angular distributions of beam backgrounds

Close up to the main peak

2 peak structure

o = 0.6 mrad
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After 100 m of rock, it
scatters only 0.6 mrad.

- ~700 GeV
3, (mrad)
Flux all | Flux in main peak
o gt (o] [fb/cm?] [fb/cm?]
Tl18 data 2.6 +0.7 x 10* 1.2+ 0.4 x 10*
i T118 pilot 1.7 + 0.1 x 10*
Tl12 data 3.0+ 0.3 x 10* 1.9+ 0.2 x 10*
FLUKA MC 2.5 x 10*
o T Data.ar?d the FLU KA <U.ncertainty L0
prediction agrees within
SilEniE their uncertainties.
tungsten plates, 0.5 mm .6

emulsion films, 0.3 mm



PllOt run |n 2018 Aiming to demonstrate the feasibility of

. detection of collider neutrinos
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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)
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arXiv:2105.06197

Pilot run event statistics

Vertex detection efficiency

Signal Backgru::unj:l __
* Analyzed target mass of 11 kg | UIPPDRRT  QGSP.BERT
q ] - 0.343 0.037 0.031
* Pilot neutrino detector doesn’t have lepton ID e 0377| m 0.011 0.012
. v (0.266 n 0.013 0.013
* = Separation from neutral hadron BG (produced by ). 0454 | 0.020 0.021
Z 0.368 { 0.018 0.018

muons) is challenging = tighter cuts

« Expected signal = 3.3¥5: events, BG = 11.0 events

——ea— FASER data (18 ev)

- neutrino signal (6.1 ev, best fit)

background (11.9 ev, best fit)

I

* 18 neutral vertices were selected
* by applying # of charged particle = 5, etc.
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In BDT analysis, an excess of neutrino signal is
observed. Statistical significance = 2.7 sigma from
null hypothesis

—

o
=

e This result demonstrates the detection of neutrinos . _ _ o
from the LHC BDT output



https://arxiv.org/abs/2105.06197

arXiv:2105.06197

Neutrino interaction candidates

Side view .' / Beam view

100 pm I\
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https://arxiv.org/abs/2105.06197

FASER/FASERYV detector

FASERv
Emulsion/tungsten

. : vs. two-photon separation
Two fermion signal
Proposed single y

Decay volume Tracker pre-shower Calorimeter - &=0.1mm

~ ! ]
5 . i} 6=0.2mm
i 2 Sy g 4 —eme= 6=0.5mm
S " B 6=1mm
O\ \ < N g EE - 6=2mm
e vl N 6=5mm
R AT \ 6=10mm
N, I
~. g > ‘,I
|

: t, ty t
Two photon signal pripscs

VETO Decay volume Tracker pre-shower Calorimeter

FASER
Lmax=480m, E;>100GeV
=3ab~', A=10m, R=20cm

1

(arXiv.org 1806.02348)



Simulated 1 TeV v, CCinteraction

All charged particles ] SR I - P>0.3 GeV

< ' ‘Z : 3 —> f
. 200tungsten plates (27 cm) \

50000 UM ~ 57 XO/ ~2 Aint sooo0 UM
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Detection efficiency

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

Mean flight
length =~ 30 mm

kink angle (mrad)

: : 50
500 1000 1500 2000 2500 3000 Flightlength (mm)

neutrino energy (GeV)
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Particle momentum measurement

by multiple Coulomb scattering (MCS)

* 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.

o
[1h]
e
particle trajectory =
=]
[
® 1500
=
5
S
1000
500
500 1000 1500 2000 2500 3000 % 02040608 1 12141618 2
Pre (GeV) Position resolution (um)
Performance with position resolution of Measurable energy vs
0.4 Um, in 100 tungsten plates (MC) position resolution
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Sum of visible energy (GeV)

Energy reconstruction (v, CC)

Sum of visible enerc

10°
E, (GeV)

Angular info

muon momentum (GeV)

Reconstructed energy by ANN (GeV)

ANN method

10°
E, (GeV)

Momentum

— Sum of visible energy
m— ANN

Energy resolution

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.

34



Expected CC event statistics

Generators I FASERv I SND@LHC

| |
N ey t 'lNO p h y SICS light hadrons | heavy hadrons || vt 5

SIBYLL SIBYLL 1343 6072
* Neutrino spectra at unexplored energy range DPAUET | DEMJET [ 4614 ) 9198
EPOSLHC | Pythia8 (Hard) 2109 7763
Study production / propagation [ interaction QGSIET | Pythias (Soft)
Combination (all)
C I"OSS SeCt IoN MmMeasureme ntS Of Ve, l’l" Combination (w/o DPMJET)

* Heavy flavor physics, NC, QCD, NS, osallations —>see backup p18, 19
* Complementarity between FASERV (on axis) and SND (off axis)

F. Kling, arXiv:2105.08270

=7y

Projected precision of FASERY measurement at 14-TeV LHC (1250 fb?)
Vi

FASERv

E, (GeV)

FASER Collaboration,
Eur. Phys. J. C 80 (2020)
61, arXiv:1908.02310

inner error bars: statistical uncertainties, outer error bars: uncertainties from neutrino production rate
corresponding to the range of predictions obtained from different MC generators.

35


https://arxiv.org/abs/2105.08270

arXiv:2105.06197

Background for neutrino analysis

* Muons rarely produce neutral hadrons in upstream rock orin
detector, which can mimic neutrino interaction vertices

* Probability of O(107°)

* The produced neutral hadrons are low energy =
Discriminate by vertex topology

* (For physics run, Lepton ID will kill most of background)

— neutral hadrons
Negative Muons Positive Muons —,
—,
8.0 x 107° x 107°
2.6 x 107° 7.7 % 1076
1.1 x 10~ 3.2 x 1076
3.5 x107° 8 x 107°
2.8 x 107 .7 x 1077

3.3x107° 0.4 % 107°
2.3
T

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

Energy (GeV)



https://arxiv.org/abs/2105.06197

I I \! ; I I E |/ / ; N D Generators | FASERv I SND@LHC
light hadrons | heavy hadrons |I v
43 21.2

SIBYLL SIBYLL 13 6072

DPMJET DPMJET 4614 9198
EPOSLHC | Pythia8 (Hard) 7763
QGSJET | Pythia8 (Soft)

Combination (all)

Combination (w/o DPMJET)

TABLE I. Expected number of neutrino interaction events occurring in FASER» and SND@QLHC during LHC Run 3 with
150 fb~ ! integrated luminosity. We provide predictions for SIBYLL 2.3c, DPMJET III.2017.1, EPOSLHC/Pythia 8.2 with
HardQCD, and QGSJET II-04/Pythia 8.2 with SoftQCD. The two bottom rows provide a combined average, both including and
excluding the DPMJET prediction, where the uncertainties correspond to the range of predictions obtained from different MC
generators.

[SND@LHC]|

F. Kling, Forward Neutrino
Fluxes at the LHC,
arXiv:2105.08270

Interacting Neutrinos [1/bin]

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



https://arxiv.org/abs/2105.08270

Neutrino flux

e Contributions from difference
hadrons

* Currently large uncertainty exists

* Improving by creating a dedicated
tune of hadron physics for forward
region

MNeutrinos [1/bin] MNeutrinos [1/bin]

MNeutrinos [1/bin]
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Angular profile and acceptance of
FASERnu and SND

DPMJET 3.2017
SIBYLL 2.3c¢
EPOSLHC

- QGSJET II-04

. Pythia8 (Hard)
Pythia8 (Soft)
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SND@LHC FASERv

10 10 10 12
Neutrino Pseudorapidity n Neutrino Pseudorapidity n Neutrino Pseudorapidity n

100 10 100 10 100 10
Displacement from LoS [cm] Displacement from LoS [cm] Displacement from LoS [cm]

FIG. 3. Neutrino Angular Distribution: The panels show the flux for electron (left), muon (center) and tau (right)
neutrinos, in units of particles per area per bin, as function of pseudorapidity 7, or equivalently the radial displacement from
the line of sight (LoS) at z = 480 m. The flux components from light hadron decays, charmed hadron decays and downstream
hadronic showers are shown in red, blue and green, respectively. The line-styles denote the different event generators. All
energies £, > 10 GeV are included. Shown at the bottom of each panel is the angular coverage of FASERv and SNDQLHC.




