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Review:

The LHC produces an intense and strongly collimated beam
of highly energetic particles in the forward direction.

10" 170, 10" n, 10"® D, 10" B within 1 mrad of beam

Can we do something with that?

- LHC tunnel

Central Region
H, t, SUSY

.~ \‘ . ‘:' \ - 1. ."-"\’ ";“‘ -‘
- §
- AN ¢
/ Forward Reg|0n

m K, D



Motivation



Collider Neutrinos

- neutrinos detected from many sources, but not from colliders
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First Collider Neutrinos

mnmmmmmuummmwmmm"

There is a huge flux of neutrinos in the forward ey
direction, mainly from 1T, K and D meson decays. SRS

The interactions of muons and muon-neutrinos with macleons have not been experimentally
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First Collider Neutrinos

There is a huge flux of neutrinos in the forward e
direction, mainly from 1, K and D meson decays. 2z

The interactiocns of muons and muon-neutrinos with nucleons have mot been experimentally
studied with beams of enorgy in the TeV range. The v(\“ interactions have boem analysed in
detail caly at energies characteristic of S-decay. Not a single v_ has ever been seen to

interact in a detector. These are sufficient reasons to justify a Ver Vir Vg “prograa™ at a
' ol any future high energy facility, but cne can say even move.
|

$. (Luc) = 3.25-10° (/10" oni?sec")

sec

§(550) = 2ETI (/10" ot sec”)

In 2018, the FASER collaboration placed ~30 kg pilot
emulsion detectors in TI18 for a few weeks.

First neutrino interaction candidates were reported.




First Collider Neutrinos




First Collider Neutrinos
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FIG. 4. Monte Carlo simulation distributions of the BDT input variables for the neutrino signal and neutral hadron background.
The observed neutral vertices in the data sample are shown in black. The Monte Carlo simulation distributions are normalized

to 12.2 fb~ 1,



First Collider Neutrinos
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FIG. 6. The BDT outputs of the observed neutral ver-
tices, and the expected signal and background distributions
(stacked) fitted to data. Higher BDT output values are asso-
ciated with neutrino-like vertex features.



First Collider Neutrinos

FASER Pilot Detector

suitcase-size, 4 weeks
$0 (recycled parts)

6 neutrino candidates

all previous collider detectors
building-size, decades ~$1B
0 neutrino candidates



Collider Neutrinos

CAVERN
ST1395416_01

FASERvY will come

ACCESS TUNNEL ' /i : . 4 FASER spectrometer
ST1395417_01 . 2 th 0.55T magnets




Collider Neutrinos

LHC provides a strongly collimated beam of e\ energy neutrinos of
all three flavours in the far forward direction.

> 09k
& 0% o
xg(lB; e 0.8
© 0.7F % 0.7 kezg
X F E53 v Av
Eo.e:— I Z0.6F
\0’0.5:_{4 Y o5

0.3F 0.3F!

0.2F 0.2

0.1 FASERv 0.1

- Vv, spectrum (a.u.)
0- 1 1 1 L1 lllll3 1 LAl 0 -
102 10 10*
E, (GeV)

S
o 0.9 accelerator data

,,,,,,

F energy ranges of
~ oscillated v, measurements

F <— IceCube v, V,
f<— SKv,, V.,
F<— OPERA v,

DONUT v., V.

FASERv




Collider Neutrinos

LHC provides a strongly collimated beam of e\ energy neutrinos of
all three flavours in the far forward direction.
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FASERv and SND@LHC will detect O(10k) neutrinos.
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Collider Neutrinos

LHC provides a strongly collimated beam of neutrinos of
in the far forward direction.
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FASERv and SND@LHC will detect O(10k) neutrinos.

Proposed FPF experiment have potential to detect O(1M) neutrinos.



Neutrino Fluxes
and Interaction



Collider Neutrinos

Interacting Neutrinos [1/bin]
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100 GeV - few TeV energies

flux peaked around LoS, start to drop around 1m away from LoS

complementary coverage of FASERv and SND@LHC



Event Rates

Generators FASERv SND@QLHC
light hadrons | heavy hadrons Ve + Ve U+, |V || Vet Ve | VutTu | vr +T;
SIBYLL SIBYLL 1501 7971 24.5 223 1316 12.6
DPMJET DPMJET 5761 11813 161 658 1723 31
EPOSLHC | Pythia8 (Hard) 2521 0841 57 445 1871 19.2
QGSJET | Pythia8 (Soft) 1616 8018 26.8 308 1691 12
Combination (all) OREG! o.n | 9636 1cs | BTER || 408542 | #B5E s | 1881
Combination (w/o DPMJET) || 1880%5.5 | 89101538 | 367305 || 325F1o; | 16267355 | 14.615%

TABLE II. Expected number of charged current neutrino interaction events occurring in FASERy and SND@QLHC during LHC
Run 3 with 250 fb~' integrated luminosity. Here we assume a target mass of 1.2 tons for FASER» and 800 kg for SND@QLHC;
further details on the experimental setup are provided in 77. We provide predictions for SIBYLL 2.3d, 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.



Where do neutrinos come from?
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Neutrinos from Light Hadron Decays

Two iIssues to consider

Event Generation

Light hadron production cannot be described by perturbative QCD.
Instead, one has to use hadronic interaction models / MC generators.

Particle Propagation

Light hadron (pions, kaons, hyperons) are long-lived.
So one need to model their propagation, absorption and decays in the LHC
infrastructure.



Neutrinos from Light Hadron Decays

Typical generators from cosmic ray physics: EPOS, QGSJET, SIBYLL, DMPJET, (Pythia)

Some guidance by data: forward photon at LHCf
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Neutrinos from Light Hadron Decays

This has been realized as fast neutrino flux simulation implemented as RIVET module.

---- proton beam L
~~~~~~~~ n~ with 8,=150urad, E=2TeV
0.101 —— n* with 6,=150urad, E=2TeV B
" l—\
0.05 I
1 A
é 0.00 e ——————— S =
X
] v
—0.05 - ;\
L
---- proton beam
0.107 ....ce n~ with 8,=150urad, E=2TeV
—— n* with 6,=150urad, E=2TeV
0.05 -
~ ~\ ]
£ 0.00 -—-————-—-———“‘“-’*-f-;:-;7:7"7"\'1‘,'\““““»‘_‘ ----------------------------------------------------------------------------------------------------------------------
> N \
- \_\/7
—0.05 -
—0.10+ TAS , TAN )
Q1-3 Quadrupole D1 Dipole D2 Dipole
0 25 50 75 100 125 150 175 200

z [m]




Neutrinos from Light Hadron Decays
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Neutrinos from Charm Decay

Charm production can (in principle) be described by perturbative QCD:gg — cc

do(pp—D + X) = fg(xi)fg(xe) &® do(gg—c+X) & F(c—D)
hadronic cross section PDF partonic cross section hadronization
P

Some guidance by data: D-meson spectra by LHCb



Neutrinos from Charm Decay

First estimate at NLO by Bai et al: 2002.03012
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https://arxiv.org/pdf/2002.03012.pdf

Neutrinos from Charm Decay

Estimate based on a different approaches (NLO collinear and KT factorization)
by Bhattacharya, Kling, Sarcevic and Stasto: 2203.05090
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https://arxiv.org/abs/2203.05090

Neutrinos from Charm Decay

Event rates at LHC neutrino experiments
estimated with two LO MC generators: SIBYLL / DPMJET

Detector Number of CC Interactions
Name Mass Coverage Vet Ve Vi, U+,
FASER 1t > 8.5 1.3k / 4.6k | 6.1k / 9.1k | 21 /131
LHC Run3 - . — | e / / /
SND@QLHC | 800kg | 7<n <85 || 180 /500 1k / 1.3k 10 / 22
FASER»2 | 20 tons n>8 178k / 668k | 943k / 1.4M | 2.3k / 20k
HL-LHC {  FLArE | 10 tons n>"175 36k / 113k | 203k / 268k | 1.5k / 4k
AdvSND | 2tons | 72<7n<9.2| 6.5k /20k | 41k / 53k | 190 / 754
Large spread in generator predictions:
Challenge: For neutrino physics nity: Forward neutrino flux
measurement we need to measurement can help to improve
quantify and reduce neutrino flux our understanding of underlying

uncertainties physics.



Neutrino Interactions

for Ev>100GeV: deep inelastic scattering (DIS) qv—q’£

do,, GEm,E, My, 2
dr dy T (Q*+ m%/v,z)

* cross section grows
linear with energy: O~E

* proton momentum carried
by the quark q: x~0.1

* fraction of the neutrino energy
transferred: y~0.5

* transferred four-momentum:
Q2~(10 GeV)?

5 % [2fy(2, Q%) + zfs(z, Q*)(1 — y)’]

CC:e,u CC:T NC
"4 e
1 I I
10—36/ \
1037}
10 102 103 104

E, [GeV]



Physics Potential



Overview
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Forward Particle Production

Where do the LHC neutrinos come from?
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LHC neutrinos = probe of forward particle production




QCD - Overview

intrinsic

[ arge x ﬂ charm } [ charm J

fragmentation

PDFs: x~1

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

Forward Particle Production



QCD - Overview

TeV Energy Neutrino Interaction

|

intrinsic J { neutrino DIS

large X [ charm charm at TeV scale
PDFs: x~1 fragmentation

color
transperanc

hadronization
in nuclear
medium

forward 184y
charm

ultra low-x
PDFs: x~107 { color glass }

condensate

[ strangeness ][ nuclear PDFs ]

[ shadowing J [ EMC effect J

Forward Particle Production



QCD with charm production

Neutrinos from charm decay could allow to test transition to small-x factorization
and constrain low-x gluon PDF
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QCD with charm production

do/dprdy [ub/GeV]

Gluon saturation
Bhattacharya, Kling, Sarcevic and Stasto: (unpublished)

LHCb 13 TeV: Dy + Dy
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AC(A, W)

QCD with charm production

Intrinsic Charm (I1C)
® charm in pQCD mainly via gluon scattering
® possible non—perturbative component to charm PDF: |C
® |eads to forward, high-xF charm production
® not observed experimentally, existence is controversial

CT14 IC parametrizations, Q = 2 GeV
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QCD with charm production

Intrinsic Charm
Goncalves, Maciula, Szczurek: 2210.08890
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https://arxiv.org/abs/2210.08890

QCD - Neutrino Scattering

DIS neutrino interactions Vi @ = W q can be used to probe PDFs.

dO',/p . G%mpE,, m;l}[/,z
de dy T (Q*+miyy)

2 % [fo(xa Q%) + zfi(z, Q%) (1 — y)2]

LHC Neutrino experiments can measure
- the muon charge qu
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QCD - Neutrino Scattering

Nuclear effects (anti-)strange quark PDF
usingvs = £c
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Astroparticle Physics

forward charm production at the LHC

constraints on prompt atmospheric

v

neutrino flux at lceCube

KASCADE, IceCube, TUNKA

Pierre Auger, Telescope Array

(InA)
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cosmic ray muon puzzle:
observed excess of muons compared to
hadronic interaction models

forward pion/kaons fluxes will provide
crucial input



BSM Physics Searches

dark sector searches

broduction scattering

FASER2 ...........................

FASERV2

-~.._“j~‘.._:_\,_- orwa rd\P’hy.\_S_ , cs Facility

oscillation self-interactio

production

BSM neutrino physics



BSM Physics Searches

Sterile Neutrino Oscillations: 2109.10905 dark sectors: 2111.10343
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Angular / Rapidity Distribution

Vet Ve | .. SIBYLL 2.3d Vr + V;
] DPMJET 3.2017

EPOSLHC

QGSJET 11-04

- Pythia8 (Hard)

Pythia8 (Soft)

1013 .

Neutrinos [1/bin]
[ b
- -2

=

o
[
(=]

109 .
V|| — sIBYLL 2.3d Ve + Vg
1010 ] — S - LS5S4 === DPMJET 3.2017
o SRS EPOSLHC
— e = (N QGSJET 11-04
L ===+ Pythia8 (Hard)
§ 109 - { == Pythia8 (Soft)
£
S~
=
8
5 10
2 -y = r s~/
o
=
£ 107
QL
=

-
o
(=2

Neutrino Pseudorapidity n Neutrino Pseudorapidity n Neutrino Pseudorapidity n

100 10 1 100 10 1 100 10 1
Displacement from LoS [cm] Displacement from LoS [cm] Displacement from LoS [cm]



Collider Neutrinos
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100 GeV - few TeV energies

flux peaked around LoS, start to drop around 1m away from LoS

complementary coverage of FASERv and SND@LHC



