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FASER: Neutrino Physics at the LHC
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FASER:

Recorded cc interactions:
Top: electron neutrino
Bottom: Muon neutrino

Left: beam direction along the
horizontal axis. Right: beam axis
perpendicular to the screen.

Neutrino Physics at the LHC

1000 pm




FASER: Neutrino Physics at the LHC

Unique sensitivity to
TeV neutrinos and
long-lived particles

produced in the
forward direction at
the LHC
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The Path
Forward

® The Forward Physics Facility (FPF) is
a proposed cavern ~700m from the
ATLAS IP

® Would house four new experiments
during the HL-LHC, significantly
expanding the forward neutrino
program at the LHC

FPF 2024
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Are there more forward neutrino options for the HL-
LHC?

Let’s take a closer look at the neutrino beams - where
do they come out?



LHC’s Neutrino beams:
They emerge at multiple locations and one passes through Lake Geneva
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SINE: Surface-based Integrated Neutrino Experiment
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Latitude [deq]

UNDINE: UNDerwater Integrated Neutrino Experiment

PVC Buoyancy tubes

Steel frame
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Neutrinos in 3000 fb~™

We use github.com/makelat/forward-nu-flux-fit for

LHC Forward Neutrino Flux

simulated forward neutrino flux samples
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Event Rates

® We simulate DIS neutrino interactions along the
LHCb and CMS beam using SIREN [1]

® Cherenkov detectors enable flavor identificationos
in UNDINE P

These detectors offer a cost-effective opportunity,,.
to collect large samples of collider neutrino

interactions
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What can we do with
~a million collider
neutrinos?



Neutrino Cross Sections

® FASER recently reported first
measurements of the total
neutrino cross section at TeV
energies [1,2]

® SINE and UNDINE can make
complimentary measurements

® Few-percent-level
uncertainties with full dataset

® Comparable to theoretical
uncertainty [3]

[1] FASER Collab. 2024
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Forward Charm Production in p-p Collisions

® |ncreasing forward charm production rates /
corresponds to...
1. More high-energy muon neutrinos 0 6-
LL]
: =
2. More electron and tau neutrinos 9 ) SINE (250.0 fb-1)
® Ratio measurements can distinguish between 2 UNDINE (31.7 fb~*)
charm production models after 1 year —~ | —— EPOSLHC + BK55 }—:E{
. o o 14_ DPMJET + BKRS
® |Important implications for intrinsic charm = SIBYLL + SIBYLL
content of the proton [1] and the prompt a QGSJET + BDGJKR
atmospheric neutrino flux [2] 5 3] —— PYTHIA8 + MS
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Cosmic Muon Puzzle

® Excess of muons observed in cosmic ray air showers [1]

LN

] Albrecht+ 2021
] Anchordoqui+ 2022
] Kling+ 2023

® Hypothesis: swapping probability ]':g between pions and kaons in hadronic showers [1,2]

® SINE and UNDINE have complementary sensitivity to future FPF experiments [3]

Interactions in HL-LHC
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Can we separate the neutrino

sighal from cosmic backgrounds
in SINE?



SINE Cosmic Backgrounds

Shipping Container

Signal

Background

*Water overburden reduces cosmic backgrounds in lake detector



SINE Cosmic Backgrounds

Shipping Container
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We use EcoMug to generate cosmic muons in a cylinder
surrounding one of the shipping containers


https://www.sciencedirect.com/science/article/abs/pii/S0168900221007178

Four Strategies for Background Rejection

1. Timing with respect to proton collision 2. Time difference between scintillator panels

3b. Two-dimensional spatial information

Front Panel Back Panel




1. Timing with respect to
proton collision

L,
® The LHC has an inherent duty factor of
78.9% 10-2 - | Detector 1} _:
® \Within each 25 ns bunch, >99% of |
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2.5 ns window 5
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2. Time difference between
scintillator panels

® Neutrino-induced muons tend to travel
transverse to the scintillator plane, while
cosmic muons pass through at larger angles
oh average

® Strategy: only keep events any events for
which 8 < At/ns < 10

V-induced muon rate: 11 mHz
Cosmic muon true coincidence rate: 45 Hz

Cosmic muon accidental coincidence rate:
128 Hz X (1.62 kHz X 2 ns) = 0.4 mHz

Rate |Hz] / bin

“ Cosmic Background
- Neutrino Signal
- Signal Region

38 9 10 11 12 13 14

At between panel hits [ns]




3a. Up-going spatial

® Neutrino-induced (cosmic) muons tend to

information

travel upward (downward)

® Strategy: only keep events for which Ay

>-1cm

® A more aggressive cut is possible
but will reduce signal efficiency
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3b. Two-dimensional
spatial information

eThe neutrino beam is a point
source!

® Strategy: make a triangle-based cut on 1.00 Signal Region Signal Region

AX and Ay 0.75- ' .

0.50 1

0.25

Ypanel 2 = Ypanel 1 [m]
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Cosmic muon true coincidence rate: Xpanel 2~ Xpanel 1 [M] Xpanel 2 = Xpanel 1 [M]
~0.3 mHz




SINE Background Summary

103 - —— Neutrino Signal
—— Cosmic Background




Prototype SINE Detector
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What can we do here with one

Shutdown/Technical stop

Protons physics shipping crate detector?

Ions (tbc after LS4)

Commissioning with beam

Hardware commissioning
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Prototype SINE Detector
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UNDINE design

Starting point: CHIPS

PVC Buoyancy tubes

Steel frame
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The “CHIPS”

Neutrino
detector
design.

https://arxiv.orqg/pdf/2401.1
1728

CHIPS was designed for
the NuMi beam.

LHC neutrinos are of
much higher energy,
and the beam is much
narrower, only a few m.
—>

simpler design,

smaller scale,

smaller photdetectors.
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Are there synergies
between SINE/UNDINE
and LHCDb?



SINE/UNDINE-LHCb Synergy

— How do these experiments
Y4 complement one another?

EcaL HCAL M4 M5 \
SPD/PS M3

/ Magnet RICH2 M M2

\ ® Potential for indirect synergy: SINE and UNDINE
..... e Y = \ can make a strong measurement of forward D
ST\ ) Meson production

® Potential for direct synergy: charm and beauty-

tagged neutrinos with UNDINE@LHCb
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https://arxiv.org/abs/1412.6352

Summary

SINE and UNDINE are lake- and surface-based collider neutrino detectors that can
observe millions of neutrinos during the HL-LHC

Cost-effective complements to the FPF

Sensitive to neutrino cross sections, forward charm production, and strangeness
enhancement

N. Kamp is currently investigating sensitivity to BSM scenarios, including HNLs.
Possibility for synergies between LHCb and UNDINE, including beauty-tagged neutrinos



Thank you!



HNLs in SINE and UNDINE

® Mass-mixed heavy neutral lepton (HNLs): minimal
extension of the Standard Model

£
£

® Famously appear in the See-saw mechanism for
neutrino mass generation

® Each neutrino flavor state & couples to the HNL by a

Mp
——l———1
Can we look for them in SINE and UNDINE? vV, Np Np V]

small mixing U 4

See-saw type |

My,
2

L= Lsy +iNpy'd,Ny — Fo L, PN

Abudllahi+ 2022

NICNJ + h.c.,

N. Kamp LHCb Tuesday meeting | 18 March 2025
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https://arxiv.org/abs/2203.08039

HNLs in SINE and UNDINE

® Two ideas to look for mass-mixed HNLs in SINE and
UNDINE

UNDINE SINE




® Two ideas to look for mass-mixed HNLs in SINE and

HNLs in SINE and UNDINE
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HNLs in SINE and UNDINE

® Two ideas to look for mass-mixed HNLs in SINE and
UNDINE 10° &

0t} Atre+ 2000
1. my, = 10GeV: Delayed muons with respect to the |
beam trigger from HNL time-of-flight 3 10°f
~ 107} ST
2. my > 10GeV: Di-muons from N — S N
W = pv)or N = v(Z™ - p) = 0%} I R
10—43 = total width
105F . ¢ , , L
100 1000
My (GeV)
UNDINE SINE

N. Kamp LHCb Tuesday meeting | 18 March 2025 37
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HNLs in SINE and UNDINE

® Two ideas to look for mass-mixed HNLs in SINE and

UNDINE 103% ——r
102} Atre+ 2009
1. my, < 10GeV: Delayed muons with respect tothe .t
beam trigger from HNL time-of-flight 3 10°f
L 107k
2. my > 10GeV: Di-muons from N — S o
uW®™ - uv ) or N - v(Z™ - = 10°) -
4 total width
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https://arxiv.org/abs/0901.3589

SINE/UNDINE-LHCb Synergy: Gluon PDFs

rg(z,Q =2 GeV)
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https://arxiv.org/abs/2309.09581
https://arxiv.org/pdf/2411.04175

UNDINE-LHCb Synergy: Tagged Neutrinos

® SND@ATLAS expects to
observe ~500 charm-

tagged neutrinos
throughout the HL-LHC

® Potential for direct
synergy: charm and

beauty-tagged neutrinos
with UNDINE@LHCb

Prospects for charm-tagged neutrinos

2 1
A sizeable fraction of the inferacting neutrinos 3 :
originate in open charm production. ;
In around 10% of these events, the associated g 1

charm quark is emitted within the acceptance of <1

ATLAS: over 500 events expected.

A charm-tagged neutrino sample would allow for i
clean flavour ratio measurements. !
Requires fast timing detectors to resolve the 8

pile-up, and sending a frigger signal to ATLAS.
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https://indico.cern.ch/event/1460367/contributions/6240693/attachments/3002243/5291056/cv_nusatcern_sndlhc_20250124.pdf

UNDINE-LHCb Synergy: Tagged Neutrinos

® | HCb reaches higher pseudorapidites than ATLAS: 10"

gg going through FASERvV [N,/bin]
= 2000 charm-tagged electron neutrinos

cmx25cm area, L=150fb

1013
Pion Decay Kaon Decay

® The V, flux from beauty decays is ~1% of that from kaon or Charm Decay

10"
charm decays
= 20 beauty-tagged electron neutrinos 10"
® Potentially useful for lepton flavor universality tests 1010
10° =
Dataset Total | 7, K | D, A, N
10° =
1 1 1 =
UNDINE (CC v, + ,) | 10°27|105-20| 10*4 107’10 0 e =
UNDINE (CC v, 4+ ,) |10*°7| 0 [10%°7 E. (GeV]
UNDINE (NC va + 7a) | 1087 [10%76 | 10424 FASER 2019 ’



https://arxiv.org/pdf/1908.02310

(UNDINE u) / (UNDINE e)
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What if UNDINE can’t separate electrons and
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