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ABSTRACT

ANALYSIS OF EMULSION RUNO DATA OF THE SND@LHC
EXPERIMENT AT THE CERN-LHC

YAMAN, EDA
M.S., Department of Physics
Supervisor: Prof. Dr. Ali Murat Giiler

SEPTEMBER 2023, (67| pages

SND@LHC is a compact and stand-alone experiment that covers the pseudo-rapidity
region of 7.2 < < 8.4, inaccessible to the other experiments at the Large Hadron Col-
lider (LHC). It has the potential to make significant contributions to neutrino physics
in a previously unexplored high-energy region between 350 GeV and 10 TeV and
the physics beyond the Standard Model. The SND@LHC "Emulsion RUNO" setup
was designed to test data reconstruction processes’ performance, including emulsion
scanning and subsequent reconstruction steps. Through the use of this test setup, the
experiment can determine the efficiency and precision of linking, alignment, track-
ing, and vertexing algorithms. In this thesis work, the Emulsion RUNO Data is an-
alyzed, and new selection criteria on the track and vertex reconstruction are applied
to improve the tracking and vertexing. A significant reduction in the number of false
tracks and vertices was obtained while improving the vertex quality in terms of impact

parameter and multiplicity distributions.

Keywords: SND@LHC Experiment, Emulsion, Neutrino interactions
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CERN-LHC’DEKI SND@LHC DENEYININ EMULSIYON RUNO VERI
ANALIZI

YAMAN, EDA
Yiiksek Lisans, Fizik Bolimi

Tez Yoneticisi: Prof. Dr. Ali Murat Giiler

Eyliil 2023 ,[67]sayfa

SND@LHC, Biiyiik Hadron Carpistiricisi’ndaki (BHC) diger deneylerin ulagamadigi
7.2 < < 8.4 s0zde hizlilik araliginda dl¢iimler yapabilen kompakt bir deneydir. Daha
once kesfedilmemis yiiksek enerji bolgesinde, 350 GeV ile 10 TeV, notrino fizigi aras-
tirmalart ve Standart Model 6tesi fizik calismalar1 yapma potansiyeline sahiptir. SN-
D@LHC "Emiilsiyon RUNO" diizenegi, emiilsiyon tarama ve sonrasindaki veri yapi-
landirma adimlarinin verimliligini test etmek i¢in tasarlanmistir. Bu test diizeneginin
kullanilmasiyla deney, hizalama, iz yapilandirma ve etkilesim noktas: belirleme algo-
ritmalarinin verimliligini ve dogrulugunu belirleyebilir. Bu tez ¢alismasinda, Emiilsi-
yon RUNO verisi analiz edilmis ve iz ve vorteks yapilandirma performasininin iyiles-
tirilmesi i¢in yeni se¢im kriterleri gelistirilmigtir. Vorteks kalitesi etki parametresi ve
cokluk dagilimlar acisindan iyilestirilmis ve sahte iz ve vorteks sayisinda onemli bir

azalma elde edilmistir.

Anahtar Kelimeler: SND@LHC Deneyi, Emiilsiyon, Notrino etkilesimleri
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CHAPTER 1

INTRODUCTION

Neutrinos, known for their feeble interactions, have been a subject of signi cant sci-
enti ¢ interest due to their potential to probe the fundamental principles of particle
physics. Neutrino interactions have mainly been measured for neutrino oscillation
research in the energy range below 350 GeV over the last few decades. However, the
IceCube (The IceCube Neutrino Observatory) collaboration has reported detecting a
few tens of events in the 10 TeV to 1 PeV energy range [2]. Nonetheless, the range
between 350 GeV and 10 TeV remained uncharted [7].

Observing neutrino interactions in the previously uncharted energy range of a few
hundred GeV to a few TeV in a laboratory is made possible by LHC neutrinos. The
LHC neutrino ux also receives a remarkable contribution from thevour. Ap-
proximately thirty years ago, it was rst proposed to use the LHC as a neutrino fac-
tory, also for the undiscovered tau neutrino [8][13]. At the LHC, the high intensity
of proton-proton collisions produces a signi cant forward neutrino ux, and the high

neutrino energies yield comparatively large neutrino cross-sections.

The SND@LHC experiment lIs this crucial information gap by stepping into the
undiscovered region of high-energy neutrinos, offering an exceptional opportunity
for precise SM testing and research of new physics. SND@LHC is a compact, stand-
alone neutrino detector that is placed 480 meters distant from the ATLAS interaction

point downstream of Interaction Point 1 (IP1) in the unused TI118 tunnel [2].

In order to increase the neutrino ux from decays of charmed particles, which is es-
sential for measuring charm production using electron neutrino events, SND@LHC

uses an off-axis setup. The off-axis positioning also enables the search for Lepton



Flavour Universality violation by allowing for the partial cancellation of production
uncertainties when measuring ratios of different avour neutrino cross-sections. This
off-axis position in the pseudo-rapidity range of 7.2 < 8.4 complements current
LHC experiments by revealing important details about neutrino features and interac-
tions in an unexplored kinematic region. With an energy range of 100 GeV to a few
TeV, SND@LHC is designed to measure high-energy neutrinos and has the ability to
ef ciently identify the three neutrino avours (electron neutrino, muon neutrino, and

tau neutrino) [2].

During the Long Shutdown 2 of LHC, the SNELHC detector was installed in TI18,
and it received its rst data in July 2022 [3]. The experiment's rst phase involves
running the detector continuously throughout LHC Run 3 to obtain a total integrated
luminosity of around 25@b ! in 2022-2025. The experiment has been collecting
data successfully throughout the proton physics run of 2022. The METU SND@LHC
team is a part of the SND@LHC Collaboration and contributes to the experiment in

various respects.

The data reconstruction quality is critical to the success of the SND@LHC investiga-
tion; thus, it is essential to carefully test the data reconstruction algorithms to achieve
this. The experiment encountered dif culties during the initial months after the detec-
tor was installed because of the low integrated luminosity caused by the commission-
ing and scrubbing of the beam. As a result, just one detector brick out of twenty had
57 emulsion Ims installed between April 7 and July 26, 2022. In order to optimize
the use of emulsion Ims, the other bricks were lled only with tungsten plates. This
setup is called the "Emulsion RUNQ" setup. In this thesis work, the performance of
data reconstruction procedures, including emulsion scanning and subsequent recon-
struction phases, was studied using the data acquired with the SND@LHC "Emulsion
RUNO" setup at the LHC Run3. Using this test setup, the ef ciency and accuracy of
linking, alignment, tracking, and vertexing algorithms were tested. These procedures
are essential for reconstructing particle tracks and nding their interaction points. For
these reasons, the Emulsion RUNO data was analyzed in this thesis work, which will

be discussed in Chapter 4.

The general concepts of the following chapters can be summarized as follows;



In Chapter 2, the main physics motivation of the SND@LHC will be discussed.
In Chapter 3, the SN@LHC detector layout will be introduced.

In Chapter 4, the Emulsion RUNO setup, the emulsion data reconstruction, and

the analysis of Emulsion RUNO data will be introduced in detail.

In Chapter 5, the results of the analysis will be discussed.






CHAPTER 2

PHYSICS MOTIVATION

The SND@LHC experiment is inspired by two main aspects that make it both prac-
tical and exciting to build a compact neutrino detector at the Large Hadron Collider
(LHC) [2]. The LHC's high luminosity from proton-proton collisions produces a
signi cant neutrino ux in the forward direction, and these neutrinos have relatively
large neutrino cross-sections due to their high energy. These two factors and the de-

tector's very small size have a signi cant physics potential.

SND@LHC also provides a direct search for Feebly Interacting Particles (FIP), which
is a developing eld of study. These particles interact with matter extremely rarely,
through weak or gravitational interactions, because they are either incredibly light or
have exceedingly long lifetimes. Investigating FIPs is particularly fascinating since
it may reveal the origins of cosmic in ation, matter anti-matter asymmetry, and dark
matter, among other cosmological puzzles. When particles scatter at the LHC in-
teraction point, they may produce FIPs, which might pass through the SND@LHC
detector and scatter within. Because of its unique design, the SND@LHC detector

can distinguish between interactions involving FIPs and those involving neutrinos.

The experiment takes advantage of the unique properties of high-energy neutrinos
produced by the LHC. The detection of electron neutrinos and anti-neutrinos is mostly

due to charmed-hadron decays in the pseudo-rapidity range, which will be investi-

gated by SND@LHC. The observation of electron neutrinos and anti-neutrinos pro-

vides indirect measurements of charmed-hadron production. SND@LHC aims to de-
termine charmed-hadron production cross-section with an accuracy of approximately
35% [2]. The results obtained will be useful in the constraint of the gluon parton den-

sity function in a region of very small x, which is important for experiments at future



accelerators.

As a bridge between accelerator and astroparticle physics, the results of SND@LHC
are also important for predicting high-energy neutrinos generated in cosmic-ray in-
teractions. It is possible to probe several Standard Model (SM) features and investi-
gate new physics beyond its predictions due to having the ability to measure neutrino
scattering and interactions. Moreover, astrophysical neutrinos provide signi cant in-

formation regarding non-thermal sources in the Universe.

Most neutrino interactions have been observed at energies below 350 GeV in recent
decades, with IceCube observations extending to energies ranging from 10 TeV to 1
PeV [2]. However, the energy range between 350 GeV and 10 TeV is mostly unex-
plored, as shown in Figure 2.1. The aim of SND@LHC is to close this knowledge gap
by detecting and researching neutrino interactions in this unexplored energy range in

a laboratory environment.

In proton-proton interactions at the LHC, neutrinos are produced through prompt
leptonic W and Z decays, b and ¢ decays, and following decays of pignand
kaons (K) [4]. s and s are mainly produced in charmed hadron decays, with small
contamination from kaons at low energies where the interaction cross-section with
the detector is lower. s and s are formed exclusively by heavy-hadron decays.

Pion and kaon decays contribute signi cantly to muon (anti) neutrinos.

Having a softer energy spectrum in the studied pseudo-rapidity region, muon neu-
trinos from charm and pion or kaon decays can be distinguished by neutrino energy
measurements. The ux of different neutrino and anti-neutrino avours in th& ()

plane is shown in Figure 2.2.

The neutrino yield of the experiment depends on the ux and cross-section of neutrino
interactions. The main uncertainty in the ux of neutrinos coming from heavy quarks
lies in the production. Therefore, analyzing the high-energy neutrinos offers a clear
understanding of heavy- avour production.



Figure 2.1: Available neutrino cross-section measurements. The predicted rate of DIS

interaction is represented by the dashed curve [2].



Figure 2.2: and ux as a function of energyE and pseudo-rapidity for
(top), e (middle) and (bottom) [2].



2.1 Charmed-hadron production in pp collisions

Hadrons are composite particles composed of quarks, the fundamental particles which
constitute matter. There are six avours of quarks: up, down, charm, strange, top, and
bottom. One of the heavier quarks is the charm quark, and hadrons that contain the
charm quark are known as "charmed hadrons." Charmed hadrons are divided into two
main groups: charmed mesons and charmed baryons. Mesons are hadrons consisting
of a quark and an antiquark. Charmed mesons are composed of a charm quark and
a lighter antiquark, usually an up or a down antiquark. The D mesons, such as the
D (cu) meson and th®* (cd) meson, are the most well-known charmed mesons.
Baryons are hadrons consisting of three quarks. Charmed baryons are composed of a
charm quark and two lighter quarks. Thg (udc) baryon is an example of a charmed

baryon.

Charmed hadrons are typically produced in collisions between high-energy patrticles,
such as those in patrticle accelerators like the LHC. The decay of charmed hadrons
originating in the LHC pp collisions is the primary source of the electron neutrinos
and anti-neutrinos interacting in SND@LHC [2]. Therefore, measuring electron ux
on experiment acceptance can illuminate the heavy-quark production in an uncharted

region.

The production of charmed hadrons in pp collisions has been studied at LHC at
lower pseudo-rapidity. The LHCb has measured charm and beauty production in
the pseudo-rapidity region< 4.5, which is the closest range to the SND@LHC [2].
The energy spectrum of incoming neutrinos and anti-neutrinos in the SND@LHC
detector's pseudo-rapidity range, 7.2 to 8.4, normalized tofB58, is shown in Fig-

ure 2.3. Charmed-hadron decays are the main source of electron neutrinos and anti-
neutrinos in this energy range. As a consequence, by observing electron neutrinos
and anti-neutrinos, SND@LHC may indirectly measure the production of charmed

hadrons.

The FLUKA simulation predicts thét0%of the s and s interacting in the detec-
tor come from kaon decays, especially frétds, and have energy below 200 GeV

[2]. The Pythia8 event generator has been used to estimate the beauty-hadron de-

9



Figure 2.3: Energy values of incoming and s predicted by the DPMJET/FLUKA

simulation. The normalization corresponds to 260 [9].
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cays' contribution at IP1 to be aroudd. Assuming that the deep-inelastic charged-
current cross-section of the electron neutrinos follows the SM prediction, electron
neutrinos can be used as a probe of charm production in the pseudo-rapidity range of
SND@LHC after unfolding the instrumental effects and subtracting the K contribu-
tion. The energy spectrum of the incoming electron-neutrino ux is estimated by a
method that starts with the energy spectrum of the electron-neutrino and then unfolds
the effects of energy resolution. At that point, data can be used to measure the pp

«X cross-section with an accuracy 5% where the primary source of the error is
systematic uncertainty of the unfolding process [2].

Even though different event generators produce different amounts of kaon contri-
bution, they all agree that the events are limited to energies below 200 GeV. The
uncertainty in the production of kaon results in additioB@P6 uncertainty in the

production of heavy-quark when the kaon contribution is subtracted [2].

A two-step analysis is used to determine the yield of charmed hadrons producing
neutrinos in the SND@LHC pseudo-rapidity range: rst, measuring the pp.X
cross-section, and second, deriving the charmed-hadron yield from the electron neu-
trino ux. A comprehensive method with a full simulation has been set up to correlate
the yield of charmed hadrons in a givemegion with the neutrinos in the measured

region, which leads to an addition25% systematic uncertainty in the charmed-
hadron yield [2]. The measurement of the charmed-hadron production in pp collision
can, therefore, be performed with a statistical uncertainty of approximadglyvith

the systematic error accounting for the majority of the uncertain®p[2].

Parton distribution functions (PDF) represent the probability of nding a parton (quark
and gluon) in a hadron as a function of the x, where x is the ratio of the parton momen-
tum to the hadron momentum, bjorken-x [11]. PDF gives details about the gluonic
structure of nucleons. Measurement of charmed hadron production in deep inelastic
scatterings is important since pairs of charm quarks are produced with photon-gluon
fusion, as illustrated in Figure 2.4. Information on the gluon parton distribution func-
tion in an untouched longitudinal momentum fraction (x) region can also be obtained

from there.

11



Figure 2.4: The photon-gluon fusion process in charm and anti-charm pair produc-
tion. Symbols in parentheses represent four-vectors. Retrieved from Leading and
Next-to-Leading Order Gluon Polarisation in the Nucleon and Longitudinal Double

Spin Asymmetries from Open Charm Muoproduction.

12



2.2 Lepton Flavour Universality test in interactions

Lepton Flavour Universality states that all three charged types of leptons should ex-
hibit the same behavior in speci c interactions involving the weak nuclear force. In
other words, electrons, muons, and taus should all be treated equivalently by the weak
nuclear force, one of the fundamental natural forces governing processes like radioac-
tive decay. The weak force should interact with leptons in the same way regardless
of their generation. According to the Standard Model of particle physics, electrons,
muons, and taus should all experience the weak force similarly. To test this, it is

necessary to study the interactions of different neutrino avours.

The concept of Lepton Flavour Universality is crucial for several reasons, includ-
ing precision SM testing, investigating new physics, implications for cosmology, and
verifying the SM. Various experiments have tested Lepton Flavour Universality, in-
cluding heavy meson and tau lepton decays. The successful demonstration of Lepton

Flavour Universality lends support to the SM.

The ability of the SND@LHC detector to distinguish all three types of neutrino
avours provides a unique opportunity for testing Lepton Flavour Universality in neu-
trino interactions [2]. The positioning of the SND@LHC detector makes it possible
to observe the neutrino ux resulting from the decays of the ¢ and b quarks, opening
access to tau neutrinos via the decay®gimesons. Figure 2.5 shows the muon and
electron neutrino spectra in the SND@LHC acceptance region, with the component

resulting from heavy-quark decays represented by the lled area.

In the pseudo-rapidity range of SND@LHC, tau neutrinos are essentially produced
in the decay oD¢ mesons Ds ) and the subsequentdecays. According

to the Pythia event generator, approximat@¥ of s comes from beauty hadron
decays [2]. The.to ratio depends only on the decay branching ratios and the
charm hadronization fractions, assuming that both tau and electron neutrinos come
from the decay of charmed hadrons. The ratio becomes sensitive to the cross-section
ratio of the two neutrino species as the systematic uncertainties resulting from the
charm-quark production mechanism cancel out. Thus, the measurement of this ratio

can be viewed as a Lepton Flavour Universality test in neutrino interactions. The
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Figure 2.5: Muon and electron neutrino energy spectra in the SND@LHC acceptance

region [2].

known branching ratios and the charmed hadron species in acceptance can be used to
express the/ ratio. The statistical uncertainty is dominated by the low statistics
of the sample, corresponding to3®%accuracy. Compared, weighted branching

ratio estimations are in uenced by a systematic uncertainty of approximagsty

[2].

The ¢/ ratio can be used as a Lepton Flavour Universality test in neutrino interac-
tions. Compared to s, the scenario is somewhat different fos. The production
mechanism cannot be considered the same as in the casesafause the s are con-
siderably more abundant but extensively contaminated &gd K decays. However,

the majority of this contamination concentrates at low energies. The contamination
is predicted to decrease to approximat8bfoand remains stable for energy above
600 GeV [2]. Furthermore, charmed hadron decays have approximately equivalent
branching ratios into.s and s. As a result, the systematic uncertainties in the
weighted branching fractions do not affect thé ratio. Two systematic uncertain-
ties, one resulting from the and K production in this pseudo-rapidity range and the
other from their propagation through the machine components along the beamline,
have an impact on the yield of s from and K decays. The measurements available
used to con ne the simulation allow for an evaluation of both contributions. As a

result, the ¢/ ratio provides a test of the Lepton Flavour Universality with5%6
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uncertainty, with an equdl0% statistical and systematic contribution [2]. It should
be emphasized that SND@LHC measures the particle ux in TI18 and perhaps in
other locations along the beamline with high accuracy, helping to compare the tools

for particle propagation and decreasing systematic uncertainties.

2.3 Measurement of the NC/CC ratio

Deep inelastic scattering (DIS) is a process used to probe the insides of hadrons (par-
ticularly the baryons, such as protons and neutrons) using electrons, muons, and neu-
trinos. It is by far a signi cant amount of predominating interaction mechanism at
the high energy of the LHC neutrinos. In CC interaction, a charged lepton changes
its corresponding neutrino, the same for antiparticles. In NC interaction, the same

particle goes in and out; particle identity does not change.

The NC/CC ratio measurement is important since it can be used as an internal con-
sistency test [5][6]. Identi cation of the charged leptons associated with the three
avours is necessary to distinguish between NC and CC interactions. However, in
the absence of a magnetic eld, charge identi cation is not possible. Then, the CC
interactions with s and s cannot be distinguished. Also, distinguishing the avours

of NC interactions is not possible [9]. The ratio of the NC/CC cross-section is equal
to the ratio of the observed events under the assumption that the differential neutrino

and anti-neutrino uxes are equal:

P i i
p=pinNc® nc (2.1)

i i
i CC + CcC

The NC/CC deep-inelastic interaction cross-section ratio at a given energy may be
expressed in terms of the Weinberg angle and a correction factor related to the non-

isoscalarity of the target material [2]:

. 20 . . .
P=2Z1 2sit w+ —sin*w (1 2sirt w)sin® w (2.2)

9

NI =

where y is the Weinberg angle, which is related to the probability that a neutrino
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would interact with matter, resulting in a scattered neutrino and the remains of the
target, and the is the correction factor related to the target material. The Weinberg
angle, also known as the weak mixing angle, is one of the fundamental parameters of
the standard model of elementary particles, that has been accurately measured [14].
The non-isoscalarity of the target material introduces a correction factor indicated by

, Which is estimated to be 0.04 for tungsten. This correction factor is crucial for the

cross-section ratio to be measured accurately.

2.4 Neutrino-induced charm production

The production and behavior of charm quarks give the opportunity to test the Standard
Model's predictions of particle physics. Any deviations from these predictions could
point to a new physics beyond the Standard Model.

High-energy neutrino interactions are an effective instrument for studying the physics

of charms since they can produce charmed hadrons [2]. Charm hadron production in
neutrino and anti-neutrino interactions are illustrated in the Feynman diagrams in

Figure 2.6.

Figure 2.6: Feynman diagrams for neutrino (left) and anti-neutrino (right) CC inter-
actions. Time runs from left to right. Particles are shown by positive time direction

arrows, whereas antiparticles are indicated by negative time direction arrows [2].

The use of nuclear emulsions provides a unique opportunity to identify charmed
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hadrons by observing a two-vertex topology. The NuTeV experiment observed 5102
charmed hadron candidates in muon neutrino CC interactions and 1458 in muon anti-
neutrino CC interactions [2]. The emulsion experiment CHORUS observed 2013

charmed hadron candidates from muon neutrinos and 32 from muon anti-neutrinos.
A tau-neutrino candidate with charmed-hadron production was also observed by the
OPERA experiment. There has never been a report of an electron-neutrino interaction

with a charm candidate.
In summary, as shown in Table 2.1, in the analyses of neutrino interactions, the mea-
surements of

pp X cross-section has% statistical and 1% systematic uncertainty,

charmed hadron production in pp collisions hé&s&atistical and 3% system-

atic uncertainty,
¢/ ratio for LFU test has 3 statistical and 2% systematic uncertainty,
o/ ratio for LFU test has 1% statistical and 1% systematic uncertainty, and

NC/CC ratio has % statistical and 1% systematic uncertainty [2].

Table 2.1: Proposed measurements and uncertainties by th@3NDin the analy-

ses of neutrino interactions.

Measurement Statistical SystemaHic
pp eX cross-section % 15%
Charmed hadron production %% 35%
o/ ratio for LFU test 3% 22%
o/ ratio for LFU test 106 10%
NC/CC ratio B0 10%
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CHAPTER 3

DETECTOR LAYOUT

The SND@LHC detector is a hybrid system made up of different components that
have been designed to detect neutrino interactions effectively. It contains an 830 kg
target section comprised of tungsten plates located between nuclear emulsions and
electronic trackers [2][12]. The detector includes a muon system and a hadronic
calorimeter as essential components. In order to tag muons, measure electromag-
netic and hadronic energy, and preselect the interaction zone, electronic detectors
are crucial. On the other hand, the emulsion detectors provide excellent vertex re-
construction capabilities, improving the accuracy of particle tracking. The detector
operates a right-handed coordinate system, with x pointing away from the LHC's cen-
ter, z aligned with the nominal collision axis, and y pointing upward and vertically
aligned. SND@LHC uses an off-axis setup. The positioning of the SND@LHC de-
tector in the TI18 tunnel is shown in Figure 3.1, and in Figure 3.2, the detector layout

is represented in detail. An actual photo of the detector is also shown in Figure 3.3.

Figure 3.1: SND@LHC detector in the TI18 tunnel [12].
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Figure 3.2: SND@LHC detector layout [9].

The detector is divided into three sections: the upstream veto system, the ve-walled
target section, and the hadronic calorimeter and muon system. The purpose of the
veto system is to reject charged particles, especially muons incoming from the IP1
direction, using scintillating bars read out by silicon photomultipliers (SiPMs). The
target tracker system consists of 5 SciFi (scintillating ber) planes and a target re-
gion. SciFi trackers provide timestamps for the neutrino interactions reconstructed in
the ECC walls in the target region and also energy measurement of electromagnetic
showers. Additionally, SciFi serves as a hadronic calorimeter with the scintillating
bars in the muon system. They provide energy measurement of the hadronic jet pro-
duced in the neutrino interaction and, thus, of neutrinos. The alternating x and y
views of the scintillating ber stations provide spatial resolutions of about 150 pum
and time resolutions of about 250 ps for particle interactions [2]. The muon sys-
tem identi es muons, which is crucial to identifying muon neutrino charged-current
interactions. Scintillating planes in the muon system provide fast time resolution
and energy measurement. The muon system and hadronic calorimeter consist of up-
stream and downstream parts equipped with scintillator bars interleaved with iron
blocks. The downstream part provides better spatial resolution, enabling the identi -
cation of muon tracks exiting the detector. The target section, essential for tracking

charged particles created in high-energy neutrino interactions, comprises scintillating

20



Figure 3.3: A picture of the SNDOLHC detector, with an average-sized person for

size comparison.

ber stations for tracking and electromagnetic calorimetry and emulsion cloud cham-
bers (ECC). The submicrometric spatial resolution of the nuclear emulsions provides
effective particle tracking. This is essential for identifying tau leptons and tagging
tau neutrino interactions. Each ECC unit consists of a series of 60 (or 57) nuclear
emulsion Ims interleaved with tungsten plates, resulting in a target mass of around
830 kg.

The extensive design and advanced components of the SND@LHC detector offer a
crucial basis for accurate neutrino interaction measurements while opening the way
to revolutionary research regarding high-energy neutrino physics. In accordance with

the focus of this thesis work, the SNELHC target and vertex detector will be dis-
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Figure 3.4: Schematic view of the SND@LHC emulsion target and the ECC [2].

cussed in detail in Section 3.1.

3.1 Target and vertex detector

The emulsion target of the SND@LHC detector consists of ve walls, each consisting
of four unitary cells called "brick." Emulsion Ims are placed in these bricks with
interleaving tungsten plates. Each brick consists of 57 Nagoya (N) or 60 Slavich (S)
Ims and 56 or 59 tungsten plates, respectively. That is, the detector contains about
1200 emulsion Ims, for a total of 44n?. This setup is built following the Emulsion

Cloud Chamber (ECC) technique, as illustrated in Figure 3.4.

Combining nuclear emulsion Ims interleaved with tungsten layers, the ECC technol-
ogy provides a tracking device with a sub-micrometric position and milliradian an-
gular resolution [2]. The ECC technology can identify leptons and charmed hadrons
by distinguishing their production and decay vertices. It is also suitable for FIP de-
tection by direct observation of scattering off electrons or nucleons in the tungsten
plates. The remarkable spatial resolution of nuclear emulsion Ims enables electron

identi cation by detecting electromagnetic showers in the brick.

Emulsion Ims are labeled before they are placed in bricks. Figure 3.5 shows an

emulsion Im and its label. An emulsion label is written to indicate the run number,
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the wall number, the brick number, the plate number, and the Im manufacturer in

order.

3.1.1 Target Walls

3.1.1.1 Emulsion Ims

Nuclear emulsion Ims are preferred in tracking detectors because they provide sub-
micrometric position and milliradian angular resolution. Also, they are the most com-

pact, thinnest, and lightest three-dimensional tracking detectors.

Nuclear emulsion Ims are made up of silver bromide (AgBr) crystals distributed in a
gelatin binder. AgBr crystals, with a 0.2n diameter, respond to minimum ionizing
particles (MIP). When a MIP passes through, a series of activated AgBr crystals create
a latent image, effectively tracing the trajectory of the particle. Latent pictures are
made more intense with a chemical process known as development, leading to the
growth of silver clusters (grains) with a diameter of 01 that can be seen under an

optical microscope.

A nuclear emulsion Im is made up of two sensitive layers, each 70 micrometers
thick, placed on either side of a transparent plastic that is 170 micrometers thick.
Connecting the two hits left by a charged particle on opposite sides of the base allows
milliradian-level precision in measuring the track's slope. Figure 3.6 represents a
cross-sectional view of the emulsion Im and an image of an interaction vertex within

the plastic base as visible by an optical microscope.

Emulsion Ims used in SNI@LHC have a size of 192 x 192m? and are produced

by Nagoya University in Japan and by the Slavich Company in Russia.

3.1.1.2 Tungsten target

The interaction rate per unit volume is maximized by choosing tungsten as the target
material. Additionally, it enables successful electromagnetic shower reconstruction

in the ECC. For use in emulsion detectors, tungsten is a good material due to its low
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Figure 3.5: An emulsion with its label (3-W3-B3-33 N). "3" indicates RUN3, "W3"
indicates Wall 3, "B3" indicates the third brick, "33" indicates the plate number, and

"N" indicates that it is produced in Nagoya, respectively.
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Figure 3.6: Cross-sectional view of an emulsion Im (left). The red lines represent the
trajectory of a charged particle. View of a Im under the optical microscope (Right).

Some nuclear fragments emitting from the interaction vertex are seen [2].

intrinsic radioactivity. 192 x 192nm? tungsten plates are placed between emulsion

Ims in each brick of the 5 walls.

3.1.1.3 Chemical development

The development is a procedure that uses chemical ampli cation to make the latent
image in the emulsion Im visible under the optical microscope. There are ve steps

for it:

Development: transforming a cluster of a few silver atoms into a visible metal-

lic silver grain
Stop: to end the development process instantly

Fix: dissolving any remaining silver halide crystals, leaving the metallic silver

that forms the image
Wash: removing all silver thiosulphate complexes from the emulsion

Thickening: making the emulsion back to its original thickness

Figure 3.7 shows a picture of the tanks while the chemical compounds for the de-

velopment are being prepared. The development process takes place in a dark room.
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