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Motivation 2

Since the 1980s, before the LHC design phase, it was proposed to use the intense neutrino flux from pp 
collisions ( pp—>νX ) 

However, only in the last decade, it was shown that the backgrounds in the real CERN’s LHC  are low enough for 
neutrino experiments. 

domain 

Motivation

2019

2020

2020

1993

1990 1
9
9
3

CERN’s LHC is unique in providing high-energy neutrinos

and measuring pp!⌫X in an unexplored domain
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NEUTRINO AND MUON PHYSICS IN THE COLLIDER MODE OF FUTURE ACCELERATORS*)

A. De Rujula and R. Rfickl

CERN ~ Geneva

A B S T R A C T

Extracted beams and fixed target facilities at future colliders
(the SSC and the LHC) may be (respectively) impaired by economic and
"ecological" considerations. Neutrino and muon physics in the multi-
TeV range would appear not to be an option for these machines. We
partially reverse this conclusion by estimating the characteristics of
the "prompt: v , Ve’ v and u beams necessarily produced (for free) at
the pp or pp intersections. The neutrino beams from a high luminosity
(pp) collider are not much less intense than the neutrino beam from
the collider's dump, but require no muon shielding. The muon beams
from the same intersections are intense and energetic enough to study
up and MN interactions with considerable statistics and a Q2 coverage
well beyond the presently available one. The physics program allowed
by these lepton beams is a strong advocate of machines with the
highest possible luminosity: pp (not pp) colliders.

*) To be published in the Proceedings of the hCFA-CEKN Workshop on the
Feasibility of Hadron Colliders in the LEP Tunnel, Lausanne and
Geneva, March 1984. A preliminary version was also included in the
"Workshop on Fixed Target Physics at the SSC", Texas, 1984.
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FIG. 1. Neutrino Distribution. The scattered points illustrate the distribution of neutrinos, as simulated using Pythia 8 and
weighted by the interaction probability, in terms of the neutrino pseudorapidity ⌘ and the neutrino energy E. The di↵erently
colored populations denote neutrinos from the decay of W -bosons (red), bottom hadrons (blue), charmed hadrons (green) and
light hadrons (magenta), where the number of points is the same for all production modes. The meta-stable pion and kaons
are required to decay before colliding with the beam pipe or being deflected by the LHC magnets. The dashed lines correspond
to the typical transverse momentum pT ⇠ m/2 where m is the mass of the parent particle. We also show the pseudorapidity
coverage and illustrations of the CMS HGCAL [16], and the dedicated forward LHC neutrino detectors SND@LHC [12, 13]
and FASER⌫ [10, 11].

upgrade of the CMS endcap [16]. As we will see, it
provides both a fine spatial segmentation and pile-up-
rejection capabilities, which will play a crucial role in
suppressing the hadronic backgrounds.

The rest of the paper is organized as follows: In Sec. II
we give a brief description of the future CMS HGCAL
and its unique spatial and temporal resolution. In Sec. III
we lay out the search strategy and discuss the relevant
analysis-level cuts necessary for detecting neutrino scat-
tering in the HGCAL. Finally, in Sec. IV we summarise
our results and give a brief outlook on the future poten-
tial of this type of search strategy.

II. THE CMS HIGH GRANULARITY
CALORIMETER

In this section, we want to briefly summarise the main
characteristics of the future CMS HGCAL.

Detector Geometry and Design - During the high-
luminosity run of LHC (HL-LHC) one of the main chal-
lenges for LHC detectors are backgrounds from the very
high number of collisions occurring in the same bunch
crossing - the pile-up. In order to discriminate interest-
ing events from background, LHC detectors will there-
fore need excellent spatial and temporal resolution. This
requirement, together with the fact that the expected
fluence of neutrons and the level of ionizing radiation is

significantly higher than in current runs (in particular
close to the beam pipe) has led to a novel design of the
CMS endcap calorimeter for the HL-LHC [16, 17].

The planned upgrade of the CMS endcap calorime-
ter - the HGCAL - is a sampling detector located at
|z| = 3.2 m from the interaction point (IP) and extend-
ing to |z| = 5.2 m. It covers the pseudo-rapidity range
1.5 < |⌘| < 3.0 and mostly utilizes silicon as the active
material. One of the main arguments for silicon is its
good performance under the high expected radiation lev-
els with neutron fluences of up to 1016 neq/cm2 and doses
of 2 MGy expected for the HL-LHC. The HGCAL con-
sists in total of three di↵erent segments [16]. The first
segment closest to the IP is the electromagnetic calorime-
ter (ECAL) consisting of a silicon-tungsten detector with
28 sampling layers totaling 26X0 radiation lengths and
1.7� hadronic interaction lengths. The individual sili-
con cells have a size of 0.5 cm2 - 1 cm2 in the transverse
plane. This finely granulated detector design allows a
high-resolution measurement of the lateral development
of electromagnetic showers. This helps to achieve a good
two-shower separation and the observation of narrow jets.
For example, for photon showers of pT > 40 GeV a reso-
lution of better than 4 mrad will be achievable [16]. Fol-
lowing the electromagnetic calorimeter comes a 24-layer
hadronic sampling calorimeter (HCAL) of ⇠ 8.5� length,
which employs two di↵erent detector designs. The first
HCAL segment is a silicon-stainless steel sampling detec-
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The potential of CMS as a high-energy neutrino scattering experiment
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With its enormous number of produced neutrinos the LHC is a prime facility to study the be-
haviour of high-energy neutrinos. In this paper we propose a novel search strategy for identifying
neutrino scattering via displaced appearing jets in the high granularity calorimeter (HGCAL) of
the CMS endcap in the high luminosity run of the LHC. We demonstrate in a cut-and-count based
analysis how the enormous hadronic background can be reduced while keeping most of the neutrino
signal. This paper serves as a proof-of-principle study to illustrate the feasibility of the first direct
observation of high-energetic neutrinos coming from W decays.

I. INTRODUCTION

The matter content of Standard Model (SM) consists
of three generations of quarks and leptons. Of these the
three neutral leptons, i. e. the neutrinos, are arguably
the most elusive. Being the lightest particles of the SM,
not only are their masses and the mechanism responsible
for generating them still undetermined, but they are also
very di�cult to probe experimentally since they only par-
ticipate in the weak interaction. Nevertheless, neutrinos
have been detected from a vast variety of sources, in-
cluding nuclear reactors, beam dumps, the atmosphere,
the Earth, the Sun, supernovae and even extra-galactic
astrophysical sources.

In this study, we consider a novel complementary
neutrino source, the Large Hadron Collider (LHC). As
the highest-energy collider experiment, the LHC is also
the source of the most energetic human-made neutrinos.
However, the chance that those neutrinos scatter in any
of the detector components is very low. To illustrate this,
we can estimate the probability P of a neutrino with en-
ergy E⌫ to interact in a meter of material with density ⇢
and obtain P ⇠ 4 · 10�13

⇥ [E⌫/GeV] ⇥ [⇢/(g cm�3)].
Therefore, neutrinos at the LHC have only been ob-
served indirectly as missing transverse momentum. Nev-
ertheless, as proposed already decades ago [1–9], it is
also possible in principle to directly observe LHC neu-
trinos through their scattering, despite the small inter-
action rate. Indeed, this idea was reconsidered in re-
cent years. As a result, two new experiments with the
goal to measure LHC neutrinos will start their opera-
tion during Run 3 of the LHC: FASER⌫ [10, 11] and
SND@LHC [12, 13].

Neutrinos at the LHC can originate from the weak
decay of a variety of SM particles of di↵erent masses,
ranging from pions to electroweak gauge bosons. This is

⇤
patrick.foldenauer@durham.ac.uk

†
felixk@slac.stanford.edu

‡
peter@if.usp.br

illustrated in Fig. 1, where we show the distribution of
neutrinos, weighted by their interaction probability P , in
terms of their rapidity and energy. We can see that the
population of neutrinos cluster around pT ⇠ m/2, where
m is the mass of their parent particle, as denoted by
the dotted lines. Therefore, depending on the detector
location and probed energy range, di↵erent production
modes can dominate the neutrino flux.

Both FASER⌫ and SND@LHC are emulsion based de-
tectors located in the far-forward direction, correspond-
ing to large rapidities, about 480 m downstream from
the ATLAS interaction point. At this location, they can
be placed on or close to the beam collision axis, where
the rate of neutrino interactions per detector volume is
maximized. Both experiments use an emulsion based
technology. In the case of FASER⌫, the emulsion de-
tector is followed by a magnetized spectrometer, while
for SND@LHC the emulsion is interleaved with tracking
layers and followed by a muon system. The feasibility of
neutrino detection using emulsion detectors at this loca-
tion was recently demonstrated by the FASER collabora-
tion, which reported the observation of the first neutrino
interaction candidates at the LHC [14]. Both experi-
ments will mainly detect neutrinos from pion, kaon and
charm decays, and their corresponding neutrino fluxes
have recently been discussed in Ref. [15].

In Fig. 1, we also include an ensemble of neutrinos from
W -boson decay which populate a more central rapidity
range. These neutrinos can scatter in the calorimeters of
the LHC’s large multipurpose detectors, ATLAS or CMS,
and leave observable energy deposits. The main chal-
lenge is to distinguish those neutrino scattering events
from the scattering of other long-lived neutral particles,
such as neutrons or neutral kaons, whose production and
interaction rates are many orders of magnitude larger.

In this study, we present an analysis strategy to sep-
arate the neutrino signal from hadronic backgrounds,
which demonstrates that a search for neutrino interac-
tions in the main LHC detectors can be performed in
principle. We will focus on a particularly promising neu-
trino target, the high granularity calorimeter (HGCAL)

ar
X

iv
:2

10
8.

05
37

0v
2 

 [h
ep

-p
h]

  2
3 

D
ec

 2
02

1

IP
P
P
/21/10,

D
E
S
Y
-21-120

T
h
e
p
o
ten

tia
l
o
f
C
M

S
a
s
a
h
ig
h
-en

erg
y
n
eu

trin
o
sca

tterin
g
ex

p
erim

en
t

P
.
F
old

en
au

er, 1
,⇤

F
.
K
lin

g, 2
,3

,†
an

d
P
.
R
eim

itz
4
,‡

1
I
n
s
t
it
u
t
e
fo
r
P
a
r
t
ic
le

P
h
y
s
ic
s
P
h
e
n
o
m
e
n
o
lo
g
y
,
D
u
r
h
a
m

U
n
iv
e
r
s
it
y
,
D
u
r
h
a
m

D
H
1
3
L
E
,
U
n
it
e
d
K
in
g
d
o
m

2
T
h
e
o
r
y
G
r
o
u
p
,
S
L
A
C

N
a
tio

n
a
l
A
c
c
e
le
r
a
to
r
L
a
b
o
r
a
to
r
y
,
M
e
n
lo

P
a
r
k
,
C
A

9
4
0
2
5

3
D
e
u
t
s
c
h
e
s
E
le
k
t
r
o
n
e
n
-
S
y
n
c
h
r
o
t
r
o
n

D
E
S
Y
,
N
o
t
k
e
s
t
r
a
s
s
e
8
5
,
2
2
6
0
7
H
a
m
b
u
r
g
,
G
e
r
m
a
n
y

4
I
n
s
titu

to
d
e
F́
ıs
ic
a
,
U
n
iv
e
r
s
id
a
d
e
d
e
S
ā
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os,

w
eighted

by
th
eir

interaction
p
rob

ab
ility

P
,
in

term
s
of

th
eir

rap
id
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an
d
en

ergy.
W
e
can

see
th
at

th
e

p
op

u
lation

of
n
eu

trin
os

clu
ster

arou
n
d
p
T
⇠

m
/2,

w
h
ere

m
is

th
e
m
ass

of
th
eir

p
arent

p
article,

as
d
en

oted
by

th
e
d
otted

lin
es.

T
h
erefore,

d
ep

en
d
in
g
on

th
e
d
etector

location
an

d
p
rob

ed
en

ergy
ran

ge,
d
i↵
erent

p
rod

u
ction

m
od

es
can

d
om

in
ate

th
e
n
eu

trin
o
fl
u
x.

B
oth

F
A
S
E
R
⌫
an

d
S
N
D
@
L
H
C

are
em

u
lsion

b
ased

d
e-

tectors
located

in
th
e
far-forw

ard
d
irection

,
corresp

on
d
-

in
g
to

large
rap

id
ities,

ab
ou

t
480

m
d
ow

n
stream

from
th
e
A
T
L
A
S
interaction

p
oint.

A
t
th
is

location
,
th
ey

can
b
e
p
laced

on
or

close
to

th
e
b
eam

collision
axis,

w
h
ere

th
e
rate

of
n
eu

trin
o
interaction

s
p
er

d
etector

volu
m
e
is

m
axim

ized
.

B
oth

exp
erim

ents
u
se

an
em

u
lsion

b
ased

tech
n
ology.

In
th
e
case

of
F
A
S
E
R
⌫
,
th
e
em

u
lsion

d
e-

tector
is

follow
ed

by
a
m
agn

etized
sp
ectrom

eter,
w
h
ile

for
S
N
D
@
L
H
C

th
e
em

u
lsion

is
interleaved

w
ith

trackin
g

layers
an

d
follow

ed
by

a
m
u
on

system
.
T
h
e
feasib

ility
of

n
eu

trin
o
d
etection

u
sin

g
em

u
lsion

d
etectors

at
th
is

loca-
tion

w
as

recently
d
em

on
strated

by
th
e
F
A
S
E
R

collab
ora-

tion
,
w
h
ich

rep
orted

th
e
ob

servation
of

th
e
fi
rst

n
eu

trin
o

interaction
can

d
id
ates

at
th
e
L
H
C

[14].
B
oth

exp
eri-

m
ents

w
ill

m
ain

ly
d
etect

n
eu

trin
os

from
p
ion

,
kaon

an
d

ch
arm

d
ecays,

an
d

th
eir

corresp
on

d
in
g
n
eu

trin
o
fl
u
xes

h
ave

recently
b
een

d
iscu

ssed
in

R
ef.

[15].

In
F
ig.1,

w
e
also

in
clu

d
e
an

en
sem

b
le
of

n
eu

trin
os

from
W

-b
oson

d
ecay

w
h
ich

p
op

u
late

a
m
ore

central
rap

id
ity

ran
ge.

T
h
ese

n
eu

trin
os

can
scatter

in
th
e
calorim

eters
of

th
e
L
H
C
’s
large

m
u
ltip

u
rp
ose

d
etectors,

A
T
L
A
S
or

C
M
S
,

an
d

leave
ob

servab
le

en
ergy

d
ep

osits.
T
h
e
m
ain

ch
al-

len
ge

is
to

d
istin

gu
ish

th
ose

n
eu

trin
o
scatterin

g
events

from
th
e
scatterin

g
of

oth
er

lon
g-lived

n
eu

tral
p
articles,

su
ch

as
n
eu

tron
s
or

n
eu

tral
kaon

s,
w
h
ose

p
rod

u
ction

an
d

interaction
rates

are
m
any

ord
ers

of
m
agn

itu
d
e
larger.

In
th
is

stu
d
y,

w
e
p
resent

an
an

alysis
strategy

to
sep

-
arate

th
e
n
eu

trin
o

sign
al

from
h
ad

ron
ic

b
ackgrou

n
d
s,

w
h
ich

d
em

on
strates

th
at

a
search

for
n
eu

trin
o
interac-

tion
s
in

th
e
m
ain

L
H
C

d
etectors

can
b
e
p
erform

ed
in

p
rin

cip
le.

W
e
w
ill

focu
s
on

a
p
articu

larly
p
rom

isin
g
n
eu

-
trin

o
target,

th
e
h
igh

granu
larity

calorim
eter

(H
G
C
A
L
)
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Physics potential in new domains 4

gluon momentum fraction x

m
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 Q

 [G
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]

Bustamante and Connoly, PRL 122 (2019)041101

LH
C

◆ all three flavour 
◆ it will be the largest 

sample of ντ 

◆ Explore ν 
interactions at  
unprecedent lab 
energies 

◆ νe  from forward 
charm production; 
their rate  constrain 
gluon PDF  at very 
small x 
◆ relevant for FCC and 

astroparticle exp. 
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5Two complementary LHC 𝜈 experiments

20

SND@LHC FASER

Location Off-axis: 7.2 < 𝜂 < 8.4
Enhances charm parentage

On-axis: 𝜂 > 9.2
Enhances statistics 

Target 800 kg of tungsten 1100 kg of tungsten

Detector technology
Emulsion vertex detector, 
electromagnetic and 
hadronic calorimeters

Emulsion vertex detector and 
spectrometer

8.8

Hybrid Detector 
technology
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Results from the FASER experiment at the LHC

Akitaka Ariga 
University of Bern / Chiba University
On behalf of the FASER Collaboration

2024/3/29 1Akitaka Ariga, FASER, Moriond EW 2024

Summary

17

● SND@LHC measures neutrinos in the forward region of pp collisions.
○ Forward charm production, lepton flavour universality, neutrino interactions, … 

● A very successful test-beam campaign in August 2023 resulted in the calibration of the hadron calorimeter.
● The muon neutrino analysis was updated with an extended fiducial volume and 2023 data.

○ The kinematic distributions of the 32 observed events are in agreement with the predictions.
● Shower-like neutrino events were observed with a significance of 4.7 𝝈.
● A search for electron neutrino interactions in the emulsion data is in progress.

○ Strong hints of electromagnetic showers.
● The veto system has been upgraded, and a detailed plan of upgrades exists for the HL-LHC.

both experiments 
started to take data 
in 2022
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Expected neutrino event rates

21

● Model neutrino production in pp collisions with DPMJET.
● Propagation to SND@LHC with FLUKA model of the LHC.
● GENIE neutrino interaction model.
● Neutrino interactions in SND@LHC / 250 fb-1:

○ 𝜈𝜇+𝜈𝜇 charged-current: 1270
○ 𝜈e+𝜈e charged-current: 390
○ 𝜈𝜏+𝜈𝜏 charged-current: 30

Expected neutrino event rates

21

● Model neutrino production in pp collisions with DPMJET.
● Propagation to SND@LHC with FLUKA model of the LHC.
● GENIE neutrino interaction model.
● Neutrino interactions in SND@LHC / 250 fb-1:

○ 𝜈𝜇+𝜈𝜇 charged-current: 1270
○ 𝜈e+𝜈e charged-current: 390
○ 𝜈𝜏+𝜈𝜏 charged-current: 30

SND@LHC

expected neutrino interactions in LHC Run3 (250 fb-1)  7

Neutrino flux and expected number of interactions

2024/3/29 Akitaka Ariga, FASER, Moriond EW 2024 29

Expected number of CC interactions 
in FASER𝜈 with 250 fb-1

https://arxiv.org/abs/2402.13318

both experiments expressed interest in taking data also in LHC Run4 (680 fb-1)

https://arxiv.org/abs/2402.13318
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SND@LHC FASER & FASERν

SND@LHC and FASER  

7.2 < η < 8.4 
off-axis  

η > 8.8 
on-axis  

Beam collision axis

Symmetric - 480 m away from ATLAS IP
Complementarity - different η range

Suitable experimental environment
LHC magnet - deflect charged particles 
100 m rock - absorb residual hadrons 

https://arxiv.org/abs/2207.11427

250mm

30
0m

m

7 m

0.57 T Dipoles
1.5 m decay volume 

10mm thick + dual PMT 

readout (σ = 400 ps)

2 x 20 mm thick
30 x 30 cm area

2 x 20 mm thick
35 x 30 cm area

3 x 3 layers of ATLAS SCT strip modules

730 layers of 1.1 mm 

tungsten + emulsion

(8 interaction lengths)

4 LHCb Outer 
ECAL modules

FASER detector

2024/3/29 

Akitaka Ariga, FASER, Moriond EW 2024
4

• Small, inexpensive detector
• 10 cm radius
• 7 m long

(ariXiv:2207.11427)

Air-core magnets

1.1 ton

FASER 2023 8

n01: Analogous events for which more than 40 pC in the
PMT was observed in the second layer, but not in the
first layer.
n2: Events for which both layers observe more than 40 pC
of charge.

Table I lists the observed event yields and their relation to
the expected number of neutrino and background events
and the FASERν veto scintillator inefficiencies.
We analyze the observed number of events using a

binned extended maximum likelihood fit, implemented
using the iminuit package [45]. We introduce nuisance
parameters to constrain the estimated background events to
their expectations using Gaussian priors. The likelihood is
numerically maximized, and we use a discovery test
statistic [46] to determine the significance of the observed
signal over the background-only hypothesis. We find

nν ¼ 153þ12
−13ðstatÞ þ2

−2ðbkgÞ ¼ 153þ12
−13ðtotÞ

with a significance of 16 standard deviations over
the background-only hypothesis and based on the asymp-
totic distribution of the test statistic. The excess is com-
patible with the expected number of neutrino events
nexpν ¼ 151% 41, but note that its error does not include
any systematic uncertainties from simulating the detector
response and selection. The determined inefficiencies of the
two FASERν scintillators are p1 ¼ ð6þ4

−3Þ × 10−8 and
p2 ¼ ð9þ4

−3Þ × 10−8, showing values close to the expected
performance [27].
We expect that the identified neutrino candidates are

distributed around the ATLAS LOS and do not cluster at a
specific point of origin. We test this by using the extrapo-
lated position to the FASERν scintillator station from the
reconstructed tracks of the neutrinolike events in the signal
category. Figure 3 shows the extrapolated positions and we
observe the expected behavior.
Figure 4 summarizes additional properties of the signal

category events. The CC neutrino interactions produce on
average a larger number of particles than MIP interactions,
which appear in the IFT as charge depositions. The number
of IFT clusters of the signal category is very distinct from
backgroundlike (n2) events and agrees well with the
expectation from GENIE. We also examine the polar angles
θμ of the neutrino candidates and observe distributions
close to the simulated neutrino events and distinctively
different from muon backgrounds. We observe a clear
charge separation in q=pμ for the reconstructed tracks, with

TABLE I. Observed event yields in 35.4 fb−1 of collision data
and their relation to neutrino and background events.

Category Events Expectation

Signal 153 nν þ nb · p1 · p2 þ nhad þ ngeo · fgeo
n10 4 nb · ð1 − p1Þ · p2

n01 6 nb · p1 · ð1 − p2Þ
n2 64 014 695 nb · ð1 − p1Þ · ð1 − p2Þ

FIG. 2. The selected signal region in extrapolated radius rvetoν
and reconstructed track momentum pμ is depicted. The region
with lower momenta and larger radii is dominated by background
events consisting of charged particles that miss the FASERν
scintillator station.

FIG. 3. Extrapolated transverse position of the reconstructed
tracks of neutrinolike events to the FASERν scintillator station.
The ATLAS LOS is indicated with a red marker and shifted
59 mm in the negative y direction from the center of the
scintillator station.
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153 +12−13 muon neutrino interactions
16 standard deviations above the background-only hypothesis

selection: no signal in Veto, interaction in target, track in spectrometer with p>100 GeV

full 2022 data sample
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FΑSERν 2024

νe  CC 
candidate  

10

Figure 12: Event displays of one of the ⌫e CC candidate events (top) and one of the ⌫µ CC candidate events (bottom). In each panel, the right-handed coordinate
axes are shown in the bottom left, with red, green, and blue axes indicating the x (horizontal), y (vertical), and z (beam) directions, respectively. The right panels
show views transverse to the beam direction, and so the blue axes are not visible. The left panels are slightly rotated views, with the blue axes barely visible, to
show the longitudinal development of the event. Yellow line segments show the trajectories of charged particles in the emulsion films. The other coloured lines are
interpolations, with the colours indicating the longitudinal depth in the detector.

the NC background. The prior distribution, ⇡, is flat and as-
sumed to be 1 except for unphysical values of the parameters
where it is 0.

The posterior is obtained with a Markov chain MC with the
Metropolis-Hastings algorithm (40). The calculation was re-
peated for 2.03 ⇥ 105 steps, where the first 3000 steps are con-
sidered as the initialization stage and are not used for the final
result.

The ↵ parameter is measured to be 2.4+1.8
�1.3 and 0.9+0.5

�0.3 for ⌫e
and ⌫µ, respectively. The energy-independent part of the inter-
action cross sections per nucleon, �obs/E⌫, is measured to be
(1.2+0.8

�0.7) ⇥10�38 cm2 GeV�1 over the energy range of 560–1740
GeV for ⌫e and (0.5 ± 0.2) ⇥10�38 cm2 GeV�1 over the energy
range of 520–1760 GeV for ⌫µ. Figure 13 shows the measured
cross sections, together with those obtained by other experi-
ments: E53 (41), DONuT (42), MINOS (43), NOMAD (44),
T2K (45; 46; 47), ArgoNeut (48; 49), ANL (50), BEBC (51;
52), BNL (53), CDHS (54), CCFR (55), Gargamelle (56; 57),
IHEP (58; 59), NuTeV (60), SciBoone (61), SKAT (62), and
IceCube (63; 64; 65). The measured value of �obs is shown
as the blue curved line for ⌫e and the red curved line for ⌫µ.
The weighted average of the GENIE-predicted cross section is

also shown, assuming the ratio of the incoming neutrino to anti-
neutrino fluxes to be 1.03 for ⌫e and 0.62 for ⌫µ.

8. Conclusions

First results from the search for high-energy electron and
muon neutrino interactions in the FASER⌫ tungsten/emulsion
detector of the FASER experiment have been presented. The
analysis uses a subset of the FASER⌫ volume, corresponding
to a target mass of 128.6 kg, exposed to 9.5 fb�1 of LHC pp
collisions during the summer of 2022. Selections are applied
to retain reconstructed vertices consistent with high-energy ⌫e
and ⌫µ CC interactions, while minimizing the background from
neutral-hadron interactions. Four electron neutrino interaction
candidate events are observed, with an expected background
of 0.025+0.015

�0.010, leading to a statistical significance for the elec-
tron neutrino signal of 5.2 standard deviations. This represents
the first direct observation of electron neutrinos produced at
a particle collider. Eight muon neutrino interaction candidate
events are also found, with an expected background of 0.22+0.09

�0.07,
leading to a statistical significance for the muon neutrino sig-
nal of 5.7 standard deviations. The interaction cross section

8

νμ  CC 
candidate  

rotated view beam view
https://arxiv.org/pdf/2403.12520.pdf
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Figure 13: The measured cross section per nucleon for ⌫e (left) and ⌫µ (right). The dashed contours labelled “Bodek-Yang” are cross sections predicted by the
Bodek-Yang model, as implemented in GENIE.

per nucleon is measured over an unexplored energy range of
560–1740 GeV for ⌫e and 520–1760 GeV for ⌫µ. In these
energy ranges, the cross sections, �obs/E⌫, are constrained to
be (1.2+0.8

�0.7) ⇥10�38 cm2 GeV�1 for ⌫e and (0.5 ± 0.2) ⇥10�38

cm2 GeV�1 for ⌫µ, both consistent with the cross section pre-
dictions of the Standard Model. These results demonstrate the
capability to study flavour-tagged neutrino interactions at TeV
energies with the FASER⌫ emulsion-based detector at the LHC.
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The muon flux at the detector location is estimated by the
CERN SY-STI team with simulations of pp interactions at
IP1 and the transport of the resulting charged pions and
kaons along the LHC straight section until their decay using
FLUKA [28,29]. The simulation includes both the effects
of the accelerator optics and of the material traversed by
the particles before reaching the detector. The muons are
recorded at a scoring plane, 1.8 × 1.8 m2, located about

60 m upstream of SND@LHC, 419 m from IP1. The
transport of muons from the scoring plane to the detector
and their interactions along the way are modelled with a
GEANT4 simulation of SND@LHC and its surroundings.
The FLUKA simulation consists of 50 × 106 pp collisions
with LHC run 3 beam conditions and a downward crossing
angle of −160 μrad on the vertical plane, corresponding to
the collider configuration in 2022.
The expected muon flux in the fiducial area used in the

present analysis (25 × 26 cm2) is 1.69 × 104 cm−2=fb−1.
The measured rate in the same area during the 2022
run amounting to ½2.07" 0.01ðstatÞ " 0.10ðsystÞ%×
104 cm−2=fb−1, within 22% of the prediction, thus validat-
ing the Monte Carlo simulation [34]. The corresponding
total number of muons integrated in 36.8 fb−1 therefore
amounts to 5.0 × 108, with 4.0 × 108 muons expected.
The inefficiency of the veto system planes is estimated

from data by using good quality tracks reconstructed in the
SciFi detector and validated with a track segment in the DS
detector. The tracks are extrapolated to the veto detector
fiducial volume. All tracks are identified as muons due to
the large number of interaction lengths traversed; tracks
entering the detector from the downstream end are
excluded by timing measurements. For the first period of
data taking amounting to 23.1 fb−1, the applied time
alignment procedure was relatively rough, leading to some
physical events being split into two different recorded
events. If one of the two does not contain enough hits to
pass the online noise filter, this results in an apparent
inefficiency of the detector. Therefore, for this period the
measured inefficiency of a single plane is 8 × 10−4,
dominated by this effect. The problem was fixed at the
end of October 2022 and the single-plane inefficiency
dropped to 4 × 10−5 [35]. With the same method we have
also estimated the inefficiency of the coincidence of the two
veto detector planes, amounting to 7.1 × 10−4 in the first
period (23.1 fb−1) and 2.5 × 10−6 in the second period
(13.7 fb−1). The measured inefficiency of the double layer
does not scale as the square of the single plane. The
apparent correlation between the inefficiency of the two
veto detector planes may be due to tracking imperfections
in the inefficiency measurement or residual effects of the
noise filter, both of which are expected to improve in
the future. The overall veto system inefficiency during the
2022 run therefore amounts to 4.5 × 10−4.
The SciFi detector inefficiency is estimated with a

similar method used for the veto detector, using recon-
structed SciFi tracks confirmed with a DS track and hits in
the veto system. The presence of all SciFi stations is not
required in the reconstruction, therefore the inefficiency
of the first or second SciFi stations can be extracted.
The inefficiency found for each station is 1.1 × 10−4. The
combined inefficiency of the veto system and the two most
upstream SciFi planes is therefore 5.3 × 10−12, thus making

FIG. 3. Distribution of SciFi hits for candidate events, along
with the expectation from the neutrino signal. The dashed line
shows the background-only hypothesis scaled up to a deviation
from the nominal expectation at a level of 5 standard deviations.
The vertical bars represent 68.3% confidence intervals of the
Poisson means.

FIG. 2. Display of a νμ CC candidate event. Hits in the SciFi,
and hadronic calorimeter and muon system are shown as blue
markers and black bars, respectively, and the line represents the
reconstructed muon track.
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background observed significance

νμ  CC 0.086+0.038-0.038 8 6.8 σ

very clean interactions in the inner fiducial volume 
of the target (signal acceptance 7.5%)

Scattering and Neutrino Detector at the LHC

3
p p

IP1

𝜈𝜇𝜈e𝜈𝜏
LHC

100 m 

rock

Target, vertex detector and ECal
830 kg tungsten target.
Five walls x 59 emulsion layers
+ five scintillating fibre stations.
84 X0, 3 λint

Veto system
2 (2022 – 2023) / 3 (2024 - ) 1 cm thick scintillator planes.

HCal and muon system
Eight 20 cm Fe blocks
+ scintillator planes.
Last 3 planes have finer 
granularity to track muons.
9.5 λint

arXiv:2210.02784

Off-axis: 7.2 < η < 8.4
Enhances the flux with charm origin. 

VETO  
2 planes of 

scintillators   

(3 since 2024) 

TARGET,  
VERTEX and ECAL 

295 layers of 1mm W + 
emulsion in 5 walls, 
interleaved with X-Y 

Scifi Stations   
(3 λint, 84 X0)

0.83 ton

HADRON CALORIMETER and 

MUON DETECTOR 

 iron blocks and scintilalting bars  

(9.5 λint)

https://arxiv.org/abs/2210.02784
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Top view

Side view

Collision axis

Event selection
Fiducial volume

● Reject events in first wall.
○ Previously used only walls 3 and 4.

● Reject side-entering backgrounds.
● Signal acceptance: 18%

○ Up from 7.5%.
Muon neutrino identification

● Large scintillating fibre detector activity.
● Large HCal activity.
● One muon track associated to the vertex.
● Signal selection efficiency: 35%

Collision axis

● Last year at Moriond, we reported the observation of 8 muon neutrino candidates in the 
2022 data, with a significance of 6.8 𝝈. Phys. Rev. Lett. 131, 031802

New this year
Updated analysis with 2023 data 

and extended fiducial volume.

background observed significance

νμ  CC 0.25+0.06-0.06 32 12 σ
(C.Vilela at the 58th Recontres 
de Moriond, QCD, April 2024)
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SND@LHC calibration of 
hadron energy measurement

◆ in summer 2023 with hadron beams from SPS

15

Lesson from SND@LHC
Challenging to start data taking 12 months after the approval!

Reconstructed energy for 180 GeV '

σ ∽ 16%

20
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SND@LHC new νμ results 2024 16Muon neutrino event kinematics

10
● Kinematics of muon neutrino candidates are in agreement with the signal prediction.Next: determination of hadronic shower direction will allow for complete 

reconstruction of event  kinematics and measurement of incoming neutrino energy 
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0μ events SND@LHC 17

13

0𝜇 neutrino candidates

Top view

Side view

Collision axis

Collision axis

Top view

Side view

Collision axis

Collision axis

12

Observation of 0𝜇 events in SND@LHC
Neutral hadron background
● Define background-dominated control region.
● Scale the background prediction to the number of 

observed events in the control region.
○ Observed neutral hadron background is ⅓ of the 

predicted value.
● Events expected in signal region: 0.01

Neutrino background
● Muon neutrino CC interactions are the dominant 

background, with 0.12 expected events.
● Tau neutrino CC interactions expected: 0.07

0𝜇 observation significance
● Total expected background: 0.20 ± 0.11 events
● Expected signal: 4.66 events
● Expected significance: 4.0 𝝈

Number of events observed: 6
Observation significance: 4.7 𝝈

Paper in preparation

Control 
region

Signal 
region

background observed significance

0μ 0.13+0.04-0.04 6 5.8 σ

νe CC interactions (+ ντ CC 0μ)  and Neutral Currents 
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νe CC observation in emulsions 18Search for 𝜈eCC interactions in the emulsion data

14

Strategy
● Identify regions of high track 

density in the emulsions.
● Consistent with the expectation of 

electromagnetic shower 
development.

● Search for neutral vertices 
associated to identified showers.

Status
● Electromagnetic shower patterns 

identified.
● Vertex association ongoing.

y

x
4 mm

y

z

x

z
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SND@LHC upgrade for LHC Run4 

(AdvancedSND)
19

1 MOTIVATION AND OVERVIEW OF THE ADVSND DETECTOR 6

Figure 1: Outline of the proposed detector for AdvSND.

Veto system in the first two years of the run. Indeed, due to the sloping floor, the Veto does
not cover the entire Target region, and it does not have any rejection power against charged
particles entering the lower part of the Target, where the neutrino flux is higher. Recently
the Collaboration has added a third Veto station and dug a small trench in order to cover the
bottom part and increase the fiducial volume of the Target.

Presently the LHC operates with a vertical crossing angle of the beams in ATLAS of
�160 µrad which defines the azimuthal acceptance of the detector (see Figure 2). The op-
eration of the LHC in Run 4 foresees a crossing angle of the beam in the ATLAS interaction
region which will be +250 µrad in the horizontal plane. This will a↵ect the acceptance of
the detector in its present position, further reducing its azimuthal coverage and enhancing the
issues related to the sloping floor. For this reason we propose to excavate the floor to minimize
the e↵ect of the crossing angle foreseen in Run 4 and also mitigate the e↵ect of a possible switch
to a vertical crossing angle in Run 5: see Figures 3 and 4. More details on the proposed civil
engineering modifications and physics reach are given in Sections 3 and 4 respectively.

The environment of TI18 did not permit the installation of a magnetic spectrometer. This
limits the precision of the measurement of the neutrino energy and does not permit the separa-
tion of neutrinos from anti-neutrinos. We have studied the constraints of replacing the present
Muon Tagger with a Spectrometer with adequate acceptance. Our baseline proposal for Ad-
vSND contains a Magnetic Spectrometer which can be accommodated if the TI18 tunnel is
enlarged to make space for the magnet. We have optimized the design of the magnet to min-
imize its dimensions. The proposed Spectrometer is based on an iron core magnet providing
a magnetic field of 1.5 Tesla. The choice of iron core limits the power dissipation to ⇠1kW.
In addition, we propose to magnetize the Hadron Calorimeter (HCAL). This will constrain the

CERN-LHCC-2024-007 / LHCC-I-040
AdvSND Letter of Intent:

◆ sligthy closer to the collision axis 
η >7.9 

◆ a new target of 2 tons with up to 
120 layers of tungsten and silicon 
detectors to replace emulsions  

◆ tenfold increase in statistics 

◆ improved spectrometer 
capabilities, to separate neutrino 
and anti-neutrino CC interactions 

◆ possibility of  triggering the ATLAS 
event read-out when a neutrino is 
tagged in AdvSND

http://cds.cern.ch/record/2895224/files/LHCC-I-040.pdf
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CONCLUSIONS
◆ Since 2022 two experiments study very forward νe , νμ , ντ from LHC collisions ( pp—>νX ): 

● SND@LHC in 7.2 < η < 8.4, FASER in η > 8.8 
● those neutrinos expand the Physics reach of LHC:  

● carry information on parton  fractional momenta down to 10-6 and can contrain 
QCD uncertainties 

● allow for studying νN interactions for all three flavors at energies in the Eν TeV 
range  

◆ the experiments already collected 70 fb-1  in 2022-23 and  will collect 250 fb-1  by the end of 
LHC Run3  

◆ First measurements are coming out: 

● both experiments neatly detected νμ and νe events over a negligible background  

● FASER has performed  a first measurement of  νμN and νeN CC interaction cross 
sections 

◆ the experiments plan to continue data taking also in HL-LHC 

20
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Neutrino physics: QCD [LHCC-P-016] [M. V. Garzelli,SND@LHC open session 16/06/2022]

• measurement of the charmed hadrons can be translated into measurement of the

corresponding open charm production

– angular correlation between charmed hadron and parent charm

• charm production at LHC dominated by gluon-gluon scattering

• average lowest momentum fraction accessible at SND@LHC ⇠10
�6

– here, gluon PDF completely unknown, theory work ongoing on resummation

• constrain PDF with SND@LHC data

– taking ratio of cross-sections at different energies/rapidities reduces scale uncertainty [JHEP 11 (2015) 009]

– use LHCb measurement in ⌘ < 4.5,
p

s = 7, 13 TeVs [Nucl. Phys. B871 (2013) 1-20] [JHEP 03 (2016) 159]

Elena Graverini (EPFL) Neutrino physics at the LHC 12/17

12/17
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0.57 T Dipoles
1.5 m decay volume 

10mm thick + dual PMT 
readout (σ = 400 ps)

2 x 20 mm thick
30 x 30 cm area

2 x 20 mm thick
35 x 30 cm area

3 x 3 layers of ATLAS SCT strip modules

730 layers of 1.1 mm 
tungsten + emulsion
(8 interaction lengths)

4 LHCb Outer 
ECAL modules

FASER detector

2024/3/29 Akitaka Ariga, FASER, Moriond EW 2024 4

• Small, inexpensive detector
• 10 cm radius
• 7 m long

(ariXiv:2207.11427)

Air-core magnets

https://arxiv.org/abs/2207.11427
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Muons at FASER site
• Muons brings rich info to validate beamline simulation
• Eventually we could validate hadron production models 

at 𝑝-𝑝 collisions

Angular distribution (Data)

±20 mrad

0.5 fb-1

10 fb-1

From IP
From backward

FASER 
preliminary

A.Ariga, FASER collab., Moriond EW 2024
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Figure 7: MC simulation distributions of track multiplicity (left) and momen-
tum of the highest momentum track (right) from neutral-hadron interactions
vertices. The observed events in the data sample (except for neutrino candidate
events) are shown in black. The MC simulation distributions are normalized to
the number of events observed in the data.

Table 3 shows the selected number of neutral-hadron simu-
lated events when applying the ⌫e and ⌫µ CC selections.

Table 3: The number of MC reconstructed events of neutral-hadron interactions
satisfying the ⌫e and ⌫µ CC event selection. The scaling factor shows the ratio
of the data luminosity to the MC luminosity.

Hadron type KL n ⇤

Events simulated (Eh >200 GeV) 13497 13191 13902
Events selected as ⌫e CC 0 0 0
Events selected as ⌫µ CC 6 11 5
Scaling factor (data/MC) 1/232 1/256 1/423

Hadron type KS n̄ ⇤̄

Events reconstructed (Eh >200 GeV) 7113 5827 5368
Events selected as ⌫e CC 1 0 0
Events selected as ⌫µ CC 3 3 4
Scaling factor (data/MC) 1/436 1/569 1/630

Systematic uncertainties on the neutral-hadron background
estimate are evaluated by varying the incident muon energy dis-
tribution and by varying the physics lists used to model the
neutral-hadron interactions in GEANT4. The incoming muon
energy distribution was scaled up and down by a factor of
1 + E/(3 TeV) to distort the spectrum as a function of muon
energy E, and the e↵ect on the expected neutral-hadron back-
ground was evaluated. In addition, the relative change in the
background was checked using the physics list QGSP BERT (38)
to model the hadron interactions instead of the FTFP BERT
physics list. From these studies, a systematic uncertainty of
100% on the expected background is assigned.

In addition to the neutral-hadron background, there is a con-
tribution to the set of vertices retained by the ⌫e and ⌫µ CC se-
lection from NC neutrino interactions. The background from
NC neutrino interactions is estimated from simulated samples.
None of the simulated NC events passed the ⌫e CC selection,
using a sample equivalent to 150 times the size of the analyzed
dataset. The number of NC events expected in the analysed
dataset after the ⌫µ CC selection is estimated as 0.045+0.004

�0.005
(flux) ±0.003 (cross section) +0.076

�0.024 (others) and 0.008+0.013
�0.004

(flux) ±0.001 (cross section) +0.007
�0.004 (others) for events originat-

ing from light hadrons and charm hadrons, respectively.
The total background estimates are 0.025+0.015

�0.010 and 0.22+0.09
�0.07

for the ⌫e and ⌫µ selections, respectively.

6. ⌫e and ⌫µ candidate events

Four events are selected by the ⌫e selection on data. The
properties of the selected vertices are compared with the expec-
tations from ⌫e CC simulation (Figure 8) and for the properties
of the individual tracks forming the vertices (Figure 9). The
highest reconstructed electron energy from the selected ⌫e CC
candidates is 1.5 TeV. It is therefore the highest-energy ⌫e inter-
action ever detected by accelerator-based experiments.

Eight events are selected by the ⌫µ selection on data. The
properties of these selected vertices are compared with the ex-
pectation from ⌫µ CC simulation (Figure 10) and for the prop-
erties of the individual tracks forming the verticies (Figure 11).
The highest reconstructed muon momentum from the selected
⌫µ CC candidates is 864 GeV, meaning that the ⌫µ sample in-
cludes neutrinos with energy likely above 1 TeV, far higher than
from previous accelerator-based neutrino studies.

In general the simulation describes the data well for both the
⌫e and ⌫µ selections. Example event displays of ⌫e and ⌫µ candi-
dates are shown in Figure 12. As expected, both events exhibit
a back-to-back topology between the lepton candidate and the
other tracks in the vertex.

Figure 8: MC simulation distributions of the track multiplicity (N tracks), lep-
ton angle (tan ✓lep), lepton momentum (plep), and �� for the ⌫e CC signal that
passed the selection criteria. The observed ⌫e CC candidate events in the data
sample are shown in black. The MC simulation distributions are normalized to
the number of observed events.

The expected number of neutrino signal events satisfying the
selections are in the range 1.1–3.3 (for ⌫e CC) and 6.5–12.4
(for ⌫µ CC), where the range covers the uncertainties listed in

6

https://arxiv.org/pdf/2403.12520.pdf
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FΑSERν
Figure 9: MC simulation distributions of track angle (left) and momentum
(right) from vertices of the ⌫e CC signal. The observed ⌫e CC candidate events
in the data sample are shown in black. The MC simulation distributions are
normalized to the number of observed tracks.

Figure 10: MC simulation distributions of the track multiplicity (N tracks), lep-
ton angle (tan ✓lep), lepton momentum (plep), and �� for the ⌫µ CC signal that
passed the selection criteria. The observed ⌫µ CC candidate events in the data
sample are shown in black. The MC simulation distributions are normalized to
the number of observed events.

Table 2. The observed number of interactions is consistent with
Standard Model predictions.

The statistical significance of the observation of ⌫e and ⌫µ
is estimated by considering the confidence level for excluding
the null hypothesis (background-only). Based on the Probabil-
ity Density Function (PDF) for the background, 1010 pseudo-
experiments were generated. The neutral-hadron background
was generated following separate Poisson distributions for each
neutral hadron species considered, with a Gaussian-distributed
systematic uncertainty of 100% included as discussed in Sec-
tion 5. The background from neutrino NC events was gener-
ated from a Poisson distribution, with systematic uncertainties
included via Gaussian-distributed nuisance parameters (sepa-
rately for the uncertainties from the light hadron (�light hadron)
and charm hadron (�charm hadron) neutrino flux, and the experi-

Figure 11: MC simulation distributions of track angle (left) and momentum
(right) from vertices of the ⌫µ CC signal. The observed ⌫µ CC candidate events
in the data sample are shown in black. The MC simulation distributions are
normalized to the number of observed tracks.

mental uncertainties (�syst)).
A random value, N, was calculated following the total back-

ground PDF, and the number of pseudo-experiments with N �
Nobs was counted, where Nobs is the number of observed neu-
trino events. Based on the fraction of cases with N � Nobs,
observed p-values of 8.8 ⇥ 10�8 for ⌫e and 5.7 ⇥ 10�9 are ob-
tained, corresponding to significances of 5.2 � for ⌫e and 5.7 �
for ⌫µ for the exclusion of the null hypothesis. The expected
significance is estimated with pseudo-experiments with the sig-
nal expectation from the baseline flux model to be 3.3 � for ⌫e
and 6.4 � for ⌫µ.

7. ⌫e and ⌫µ cross sections

The number of observed neutrino events can be described as

Nobs =
L ⇢ l

mnucleon

Z
�(E) �(E) "(E) dA dE,

where L is the luminosity, ⇢ is the density of tungsten (19.3
g/cm3), l is the thickness of the tungsten plates, mnucleon is the
mass of the nucleon, �(E) is the cross section, �(E) is the neu-
trino flux at the detector integrated over the transverse area A
and the energy E, and "(E) is the detection e�ciency.

The ⌫e and ⌫µ CC cross sections are measured in a single
energy bin. The ratio between the cross sections evaluated with
the GENIE simulation (�theory) and with the observed data is
defined as a factor ↵ as described by �obs = ↵ ·�theory, assuming
that ↵ is common for neutrino and anti-neutrino interactions.
The energy range for �theory was defined as the energy range
containing 68% of reconstructed neutrinos using the baseline
models, which is 560–1740 GeV and 520–1760 GeV for ⌫e and
⌫µ, respectively.

The PDF of ↵ from a Bayesian method (39) can be calculated
by integrating the product of the likelihood, L, and the prior
probability distribution of the nuisance parameters, ⇡. The like-
lihood, L, is defined using the parameters Nobs, ↵, �light hadron,
�charm hadron, and �syst that were defined in the previous section,
the nuisance parameters for each neutral-hadron background
and its systematic uncertainty, and the nuisance parameters for

7

Δφ between lepton and 
hadronic system
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SND@LHC 26

Muon flux measurement

7

● Backgrounds to neutrino signals in SND@LHC are 
mainly due to muon interactions in the tunnel walls.

● Precise measurements of the muon flux allow for 
validating and constraining our background model.

Neutral hadron interaction background
Charm production Decay in Flight (DIF)

:= within SND@LHC acceptanceData
Simulation

Eur. Phys. J. C (2024) 84: 90

● Measurements with the SciFi tracker, downstream muon 
system and emulsion detectors give consistent results.
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27Lepton Flavour Universality tests

24

● Charm hadron decays contribute to the flux of all three types of neutrinos at SND@LHC.
● The detector has excellent flavour identification capabilities.
● Unique opportunity to test lepton flavour universality with neutrinos.

○ Take ratios of event rates: 𝜈e/𝜈𝜏 and 𝜈e/𝜈𝜇.

𝜋/K contamination
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28Lepton Flavour Universality tests

25

● Charm hadron decays contribute to the flux of all three types of neutrinos at SND@LHC.
● The detector has excellent flavour identification capabilities.
● Unique opportunity to test lepton flavour universality with neutrinos.

○ Take ratios of event rates: 𝜈e/𝜈𝜏 and 𝜈e/𝜈𝜇.

𝜋/K contamination

Expected uncertainties
● 𝜈e/𝜈𝜏

○ Statistical: 30%
○ Systematic: 20%

● 𝜈e/𝜈𝜇
○ Statistical: 10%
○ Systematic: 10% 



M
.D

al
la

va
lle

, S
M

@
LH

C
, R

om
e,

 M
ay

 2
02

4
AdvSND with 3000 fb-1 at HL-LHC 29

4 PHYSICS PERFORMANCE 51

Figure 48: ⌫µ (left) and ⌫e (right) interaction yields as the average of the three crossing angle
configurations, evaluated for di↵erent positions of the Target center.

Neutral Current (NC) neutrino interactions occurring in the detector Target assuming a 2 ton
tungsten mass is reported in the central and right columns of Table 10, while energy spectra
for Charged Current Deep Inelastic Scattering (CC DIS) interactions are shown in the right
panel of Figure 49.

The neutrino component produced in charmed hadron decays was also estimated using the
Pythia8 [39] generator activating hardQCD processes only, which provides a number of expected
neutrino interactions a factor three less with respect to DPMJET.

It has to be noted that a large number of neutrino interactions will occur also in the HCAL. If
we consider the portion of iron walls contained in the sensitive volume, having a transverse size
of 60⇥60 cm2 and a 4.5 ton mass, a total number of 2⇥105 muon neutrino CC DIS interactions
are expected.

⌫ in acceptance CC DIS NC DIS
Flavour All not from ⇡/K All not from ⇡/K All not from ⇡/K

⌫µ 8.6⇥ 1013 8.2⇥ 1012 1.2⇥105 3.3⇥104 3.6⇥104 1.0⇥104

⌫̄µ 7.0⇥ 1013 9.6⇥ 1012 4.4⇥104 1.8⇥104 1.6⇥104 6.5⇥103

⌫e 1.3⇥ 1013 9.1⇥ 1012 4.2⇥104 3.6⇥104 1.3⇥104 1.1⇥104

⌫̄e 1.3⇥ 1013 9.2⇥ 1012 1.9⇥104 1.7⇥104 7.0⇥103 6.1⇥103

⌫⌧ 7.3⇥ 1011 7.3⇥ 1011 2.1⇥103 2.1⇥103 6.7⇥102 6.7⇥102

⌫̄⌧ 9.4⇥ 1011 9.4⇥ 1011 1.2⇥103 1.2⇥102 4.6⇥102 4.6⇥102

Tot 1.8⇥ 1014 3.8⇥ 1013 2.3⇥105 1.1⇥105 7.3⇥104 3.5⇥104

Table 10: Number of neutrinos in the Target acceptance, CC DIS and NC-DIS neutrino inter-
actions, assuming 3000 fb�1, as estimated with DPMJET+FLUKA and GENIE generators.

CERN-LHCC-2024-007 / LHCC-I-040

AdvSND Letter of Intent:

http://cds.cern.ch/record/2895224/files/LHCC-I-040.pdf

