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ABSTRACT

STUDY OF PROTON INTERACTIONS IN THE DSTAU(NAG6S)
EXPERIMENT AT THE CERN-SPS

Yiiksel, Emin
M.S., Department of Physics
Supervisor: Prof. Dr. Ali Murat Giiler

September 2024, [77| pages

The Standard Model consists of three generations of leptons, with the neutrinos cor-
responding to each generation being extensively studied and well understood, except
for the tau neutrino (v,). While the interaction of the v, has been observed and its
cross section measured in a few experiments, the number of observed interactions
remains limited and is accompanied by significant uncertainties. The DsTau (NA65)
experiment at CERN-SPS aims to measure the cross-section of D, meson production,
which will provide a precise understanding of the v, production. The DsTau experi-
ment employs a nuclear emulsion-based detector with a sub-micron spatial resolution
to capture the small kink in the Dy — 7 decay topology. In this thesis, we present the
first results of the data analysis of the 2018 run. A new method is developed for the
proton track reconstruction through the full detector. The proton interaction vertex is
analyzed in detail, and data are compared with different Monte Carlo event genera-
tor predictions. The findings presented in this study can be utilized to improve the

predictions of event generators.



Keywords: DsTau experiment, Proton interactions, KNO-G scaling
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0z

CERN-SPS’DEKI DSTAU(NA65) DENEYINDE PROTON
ETKILESIMLERININ INCELENMESI

Yiiksel, Emin
Yiiksek Lisans, Fizik Bolimii

Tez Yoneticisi: Prof. Dr. Ali Murat Giiler

Eyliil 2024 ,[77) sayfa

Standart Model, her biri i¢in nétrinolarin kapsamli bir sekilde incelendigi ve iyi anla-
s1ldig1 i¢ nesil leptondan olusur, tau nétrinosu (v,) harig. v, etkilesimi gézlemlenmis
ve bir kag¢ deneyde tesir kesiti 6l¢iilmiis olsa da, gbzlemlenen etkilesimlerin sayis1 si-
nirl kalmakta ve onemli belirsizliklerle birlikte gelmektedir. CERN-SPS’deki DsTau
(NAG65) deneyi, Dy mezon liretim tesir kesitini 6l¢gmeyi amaclamaktadir, bu da v iire-
timinin kesin bir sekilde anlasilmasini saglayacaktir. DsTau deneyi, D; — 7 bozunma
topolojisindeki kiiciik kirilimi1 yakalamak i¢cin mikron alt1 uzaysal ¢oziiniirliige sahip
niikleer emiilsiyon tabanli bir dedektor kullanir. Bu tezde, 2018 ¢aligmasinin veri ana-
lizinin ilk sonuglarint sunuyoruz. Tiim dedektér boyunca proton izi rekonstriiksiyonu
i¢cin yeni bir yontem gelistirilmistir. Proton etkilesim noktasi detayli bir sekilde analiz
edilmis ve veriler farkli Monte Carlo olay iireteglerinin sonuclari ile karsilastirilmis-
tir. Bu calismada sunulan bulgular, olay iireteclerinin tahminlerinin iyilestirilmesi i¢in

kullanilabilir.
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CHAPTER 1

INTRODUCTION

The Standard Model (SM) of particle physics offers a robust framework for under-
standing fundamental particles and their interactions. The concept of the SM was
initially developed in the 1960s and has since been validated through numerous ex-
periments. The SM has been highly successful, accurately predicting many phenom-
ena and being confirmed by numerous experiments, including the discovery of the
Higgs boson. However, it has limitations and is not a complete theory of fundamental
interactions, as it does not encompass gravity, dark matter, dark energy, or the masses

of neutrinos observed in oscillations.

Ongoing research aims to understand its drawbacks and pursue a more comprehensive
theory of fundamental forces and particles. Consequently, particle physics seeks to

develop broader and more robust theories, often referred to as "New Physics".

Lepton universality is a fundamental concept in the Standard Model of particle physics.
It asserts that all leptons, including electrons (e), muons (x), and taus (7), interact
with the weak force identically. The only difference between different lepton flavors
is their masses. Therefore, any violation of lepton universality suggests the existence

of a new physics beyond the Standard Model.

The DsTau experiment aims to measure the differential production cross-section of
the D, meson in proton-nucleus interactions at 400 GeV. A more precise understand-
ing of D, meson decays would reduce the uncertainty in tau-neutrino cross-section
measurements. This would aid in testing Lepton Universality, a fundamental princi-
ple of the Standard Model. Additionally, these measurements can provide essential

data for future neutrino-based experiments such as FASER, SND@LHC, and SHiP.
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Figure 1.1: The location of the North Area.

The DsTau/NA65 experiment is conducted at CERN’s Super Proton Synchrotron
(SPS) in North Area [I.I] The SPS delivers proton beams with an energy of 400
GeV and an intensity of 4 x 10'3 protons. Each proton spill has a duration of 1.2

seconds, followed by a cooldown interval of 7.2 seconds.

The primary objective of the DsTau experiment is to select and analyze the decay
topology of Dy mesons into 7 leptons and subsequent particles. The decay topology
involves a double kink: the D; meson decays into a 7 lepton and a v/, and the resulting
7 lepton further decays into another v.. D, to 7 decay is characterized by a minuscule
kink angle, necessitating a detector with a sub-micron spatial resolution to study this
process accurately. Nuclear emulsion films are used to measure such a tiny angle and
are expected to have 4.9 x 10? protons on the target, with 2.3 x 10® protons expected
to interact with the target. Only a subsample of the data from the 2018 pilot run has

been analyzed, and this paper will present the results of that analysis.



Content of the thesis is as follows:

e Chapter 2: A brief explanation of elementary particles and lepton universality

is given.

e Chapter 3: The DsTau experimental setup and analysis of nuclear emulsion

are explained in detail.

e Chapter 4: The reconstruction of the DsTau data, along with the Monte Carlo
generation and the efficiency estimation of the reconstruction process, is dis-

cussed here.
e Chapter 5: The first results of the DsTau experiment are presented.

e Chapter 6: Conclusion and summary are given.






CHAPTER 2

PHENOMENOLOGY OF STANDARD MODEL AND TAU NEUTRINO
PRODUCTION

2.1 Standard Model

The Standard Model (SM) of particle physics stands as one of modern science’s most
successful theoretical frameworks, providing a comprehensive description of the fun-
damental particles and their interactions. The SM categorizes all known elementary
particles into two groups: fermions, which constitute matter, and bosons, which me-

diate the fundamental forces [2].

Particles with non-integer spin numbers are called fermions, which obey the Pauli
exclusion principle. Fermions are categorized into leptons and quarks, each having
corresponding antiparticles. Leptons also include neutral particles known as neutri-
nos. Fermions constitute the fundamental building blocks of matter, with matter being
composed of quarks and leptons. Conversely, particles with integer spin numbers are

known as bosons and follow Bose-Einstein statistics. Bosons serve as force carriers.

2.1



Standard Model of Elementary Particles

three generations of matter three generations of antimatter interactions / force carriers
[elementary fermions) [elementary aniifermions ) [elementary bosons)
| Il Il | Il Il
mass | =2.2 Mewlc? =1.28 Gelics =173.1 Gelic? =2.2 MeWic? =1.28 GeVic? =172.1 Ge\ic? 0 =124 .87 Gevic?
OO @I H
up charm top antiup anticharm antitop gluon | higgs
=47 Hewic =06 Mewlc® =4.18 Gevic: =47 Hewic: =96 Mevic =4.18 Gevic 0
O QIO @@ @I @
down strange bottom antidown | antistrange| | antibottom photon |
=0.511 Meic? =105 66 MeWic? =17768 GeWic® | =0 511 MeWic: =105.66 MeWic? | | =17768 Gellc? =01.10 GeVic?
. QOQIFQIF QI I QI @I @
electron muoh tau positron antimuon antitau Z° boson
2.2 eWic? <0.17 Mevic® <18.2 Mevic® 22evic <0.17 Hewic® <18.2 Mevic® =80.39 GeVic® =80.39 Geic®
@ |- W ®» -9 ®
ﬁ:aeu[;[rriﬂll; n:al:lltl:]i::u ne:f;?inu anl:illllas:lrg::m am::::alﬂrrinu aminl:lllltrinu we bosonJ w” bosonJ

Figure 2.1: The Standard Model of elementary particles.

2.1.1 Fundamental Forces

The matter in the known universe consists of fermions that interact through fields,
and each field is associated with a boson. These interactions through the field are also
known as fundamental forces. Four different fundamental forces exist: Gravitational
force, electromagnetic force, weak force, and strong force. The gravitational force is
the most extended range yet most insignificant force. As we go through the strong

force, the interaction range gets shorter, but the strength of the force increases.

Gravitation: The origin of the gravitational force is mass, and graviton mediates it.
Although gravitational force has an infinite range, it is the weakest of the fundamental

forces.

Weak: Weak interactions are the second weakest among the fundamental forces and
are mediated by Z° and W= bosons, acting over a shorter range than electromagnetic
interactions. Both quarks and leptons can participate in weak interactions. When
mediated by W= bosons, these interactions are known as charge-current interactions

and cause a change in the charge of the interacting particles. Unlike other funda-

6



mental forces, weak interactions do not conserve the charm and strangeness quantum

numbers.

Electromagnetic: The electromagnetic force, the second strongest of the fundamen-
tal forces, is mediated by photons. This force originates from electric charge, allowing

all charged particles to participate in electromagnetic interactions.

Strong: The strongest of all fundamental forces is the strong interaction. Strong
interactions are mediated by gluons, which carry color charge and are exclusive to
quarks. Quarks come in three distinct colors: red, green, and blue, while anti-quarks
have corresponding anti-colors: anti-red, anti-green, and anti-blue. The total color
charge must always be color-neutral in any composite quark system. The strength
of the strong interaction increases as the distance between quarks increases and de-
creases as quarks come closer together. This phenomenon is known as asymptotic

freedom [3]].

2.1.2 Leptons

Leptons are categorized into three generations, each comprising a charged lepton and
its neutrino. The first generation includes the electron (e), the second includes the
muon (i), and the third includes the tau (7) particle. Leptons possess a negative
electric charge and Y2 spin, while their corresponding antiparticles have a positive
charge. Neutrinos, associated with each lepton, are electrically neutral. Leptons do

not have any color charge and, as a result, do not interact with the strong force.

2.1.3 Quarks

Quarks, like leptons, exist in three generations, with each generation containing two
distinct flavors of quarks:

e First generation: Up and down quarks

e Second generation: Charm and strange quarks

e Third generation: Top and bottom quarks

7



Quarks possess non-integer electric charges and, similar to leptons, have correspond-
ing antiparticles with opposite charges and a spin of Y2. Quarks can interact with all
four fundamental forces. In these interactions, the number of quarks is conserved,
although the flavor of the quarks can change. Quarks have never been observed in

isolation and are always confined in composite states.

Quarks are described by set of quantum numbers that characterized their properties

[O]. These are:

e Electric Charge: Quarks possess fractional electric charges. Specifically, down,
strange, and bottom quarks carry a charge of —%, whereas up, charm and top
quarks have a charge of —|—§. Electric charge is conserved by strong and elec-

tromagnetic interactions.

e Isospin: The strong force is independent of electric charge, and protons and
neutrons, having similar masses, experience the same strong force within the
nucleus. Therefore, a new quantum number, known as isospin, is introduced to
distinguish them. The down quark has an isospin component /3 of —%, while

the up quark has an /5 of —i—%. Isospin is conserved by strong interactions.

e Strangeness: The strangeness quantum number represents the presence of
strange quarks. Strange quarks are assigned a strangeness of -1. Strangeness is

conserved in strong and electromagnetic interactions.

e Charmness: The charm quantum number represents the presence of charm
quarks. Charm quarks have a charmness of +1. Charmness is conserved in

strong and electromagnetic interactions.

e Bottomness: The bottomness quantum number represents the presence of bot-
tom quarks. Bottom quarks are assigned a bottomness of -1. Bottomness is

conserved in strong and electromagnetic interactions.

e Topness: The topness quantum number represents the presence of top quarks.
Top quarks have a topness value of +1. Topness is conserved in strong and

electromagnetic interactions.

e Baryon Number: Quarks possess a fractional baryon number of %, whereas



anti-quarks have a baryon number of —%. The baryon number is conserved in

any interaction.

Additive quantum numbers of quarks are presented in Table

Table 2.1: Additive quantum numbers of the quarks.

d u S c b t
@ - Electric Charge —% —|—§ —% +§ —% +§
I - Isospin % % 0 0 0 0
I5 - Isospin Z-Component —% —|—% 0 0 0 0
S - Strangeness 0 0O | —-1]0 0 0
C - Charmness 0 0 O | +1] 0 0
B - Bottomness 0 0 0 0| —-1]0
T - Topness 0O 0 0 0 | +1
B - Baryon Number % % % % % %

These given quantum numbers are related to electric charge (Q) and this relation is

formulated by Gell-Mann-Nishijima formula

B+S+C+B+T

Q=1Is+ : 2.1)

Hypercharge is a quantum number that combines isospin and flavor in a single charge

operator [4]. The hypercharge is always conserved under strong interactions.

The hypercharge can be written as,

Y:B+S+€l—BiE (2.2)

2.1.4 Hadrons

Hadrons are composite systems made up of quarks. Standard hadrons are classified

based on their quark content into two categories: ¢g, known as mesons, and gqq or
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qqq, known as baryons. As illustrated in Figure 2.2] mesons are composed of two
quarks, whereas baryons consist of three quarks. Additionally, bound states with
more than three quarks exist, referred to as "exotic hadrons." These exotic hadrons

are unstable and decay rapidly into more stable particles.
Standard Hadrons Exotic Hadrons

% @ ¥ ¥

Mesaon Baryon

Figure 2.2: Bound states of hadrons.

2.1.4.1 Mesons

Mesons have a baryon number B = 0 and consist of two quarks. They form a bound
state of one quark and one antiquark (¢q). The quark flavors in the bound state can be

different.

Light mesons, which contain u, d, and s quarks, follow SU(3) symmetry and have
nine possible ¢g combinations, forming a nonet. These light mesons constitute an

octet and a singlet, with the singlet positioned at the center of the octet (Figure [2.3).

33=8qd1 (2.3)

For light mesons, where C' = B = T' = 0, equations [2.1] and 2.2 simplify to:

Q:g+§%§ 2.4)
Y=B+S 2.5)

By combining equations [2.4] and 2.5] a relationship between electric charge and hy-

percharge can be derived specifically for light mesons:
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S=+1

S=-1

Q=-1 Q=0 Q=+1

Q=13+ = (2.6)

In the DsTau experiment, charmed mesons are of particular interest. SU(3) symme-
try is extended to SU(4) to include the charm quark. The SU(4) group (Figure [2.4)

comprises 16 mesons, forming a 15-plet and a singlet.

44=15d1 2.7)
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Figure 2.4: SU(4) weigth diagram for light mesons forming a 16-plet.

For the SU(4) group, which includes u, d, s, and ¢ quarks, where B = T' = 0, the
hypercharge (Y") can be expressed as:

Y=B+S5S—-— (2.8)

2.1.4.2 Baryons

Baryons form bound state with three quark (gqq) or three anti-quark (gGq). All three
quarks can have different flavors. For (qqq) state B = 1 and for (¢Gq) state B = —1.
Light baryons (quark content: u, d, and s) can be represented with SU(3) group.

3RX3R®R3 =10 P&y P&\ D14 (2.9)

Where subscript S is symmetric, M is mixed-symmetric, and A is anti-symmetric.

Similar to mesons SU(4) multiplets will be formed, if charmed baryons are included
(Figure[2.5).
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40404=205D20y ©20) ©4a (2.10)

1I=15a1 2.11)

Figure 2.5: SU(4) weigth diagrams for baryons [7]. Symmetric 20-plet (left), mixed-
symmetric 20-plet (right).

2.2 Charm hadroproduction

The D, (c5) meson is a type of charmed meson produced through a process known
as charm hadroproduction [[10]. Since the DsTau experiment aims to understand the
differential production cross-section of s mesons, it is essential to study their pro-

duction first.

Charm hadroproduction involves three main steps. The first step consists of the col-
lision of high-energy hadrons. Due to their high momenta, these colliding hadrons
can be considered collections of free partons. Essentially, these free partons come

together and interact with each other.

In the second step, a Quantum Chromodynamics (QCD) process occurs. The simplest

and most significant process is the first-order process, known as the fusion process. In

13



this process, a quark (¢) and an antiquark (¢) annihilate to form a charm (c) and anti-
charm (¢) pair, or two gluons (gg) interact to produce a cc pair. The ¢¢ annihilation
occurs only via the s-channel, while the gg process can occur through the s, t, and u
channels (Figure[2.6). There are also other processes for charm production, including

higher-order perturbative QCD and flavor excitation processes.

Figure 2.6: Feynman diagrams of the QCD fusion process. (a) qq s-channel process,

(b) gg s-channel process, (¢) gg t-channel process, and (d) gg u-channel process.

The third step is the hadronization process. During this step, the produced charm
quarks form bound states with other quarks through the strong force. As a result,

charmed hadrons are formed, such as D™, D=, D°, D, Df, A}, and =/
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2.3 D, Meson Decay

The D, meson, produced after charm hadroproduction, is unstable and has a relatively
short mean lifetime of 501.2 4= 2.2 x 107! 5. The DsTau experiment aims to explore
these decay processes. As Figure 2.6 illustrates, the D, meson can decay through
purely leptonic, semi-leptonic, and hadronic channels [8]. Among these, hadronic
decays are predominant, surpassing the sum of leptonic and semi-leptonic decays
(Figure [2.7). Specifically, while 18% of the decay channels are leptonic and semi-

leptonic, a significant 69.9% are hadronic.
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Figure 2.7: D branching fractions.
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2.3.1 Pure Leptonic Decays

In purely leptonic decays, the decay products of the Dy meson only consist of leptons

and their corresponding neutrinos.

1. Df = 77v, (5.36%)
2. D — ”+Vu (0.53%)
3. Df — et (< 0.08%)

The decay D — 77 v, has the highest branching ratio, making the D an excellent
candidate for studying .. Feynman diagram of D] — 7v, decay is illustrated as an

example of pure leptonic D, meson decay (Figure [2.8).

Figure 2.8: D — T, decay.
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2.3.2 Semi-leptonic Decays

The sum of all semi-leptonic decay modes constitutes only 6.0% of all decay modes.

Semi-leptonic decays involve one lepton, its associated neutrino, and a hadron.
l. Df —» X77v, (6.0 %)
Here, X denotes any hadron products present in the semi-leptonic modes, with X

mostly comprising the ¢ meson. Figure[2.9|illustrates an example of the semi-leptonic

decay process D — ¢ev..

Ve

&l
A

V)

(Z)(]

¥

Figure 2.9: D — ¢Yev, decay.
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2.3.3 Pure Hadronic Decays

Hadronic decays only consist of hadron productions. The pure hadronic decay modes
of the D, can be categorized into two groups: those containing Kaon meson pairs

(K K) and those without any K K pairs.

1. Df — XKK (inclusive K K pairs) (35.2%)

2. DY — X (no KK pairs) (34.7%)

In this context, X represents any hadron products found in the hadronic decay modes.
In Figure the decay process D — KT K is illustrated as an example of a

purely hadronic decay.

o

|
A

Figure 2.10: D — K K" decay.
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CHAPTER 3

THE DSTAU EXPERIMENT

3.1 Motivation of the Experiment

Tau neutrinos (v, ) are primarily produced through two mechanisms: neutrino oscil-
lations, which have been extensively studied in long baseline experiments such as
OPERA [11], MINOS [13]], and T2K [12]], and D, meson decays, previously investi-
gated in the DONuT [14] experiment Figure [3.1f The DONuT experiment measured
the v, production cross section but with significant uncertainty due to the limited

number of observed v, events, totaling only nine.

120 T ©
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oI -5
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§ 60~ 383
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c
e I
‘b 20
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Figure 3.1: Cross section of three neutrino flavors. The Standard Model prediction is

indicated as dashed line.

The DsTau [[15] experiment aims to measure the differential production cross section
of D, mesons in 400 GeV proton-nucleus interactions on tungsten and molybdenum

targets to reduce the significant uncertainty in v, production. By studying 10° D, to
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7 decays, the experiment intends to enhance the understanding of the D, production
mechanism, thereby decreasing the previously measured 50% systematic error in the

v, production cross section to approximately 10%.

Figure 3.2: Double kink topology of Dy — 7 — v/;.

The D, to T decay topology is illustrated in the Figure [3.2] Initially, the D, meson
decays into a 7 lepton and a v, followed by the decay of the 7 lepton into another
v-. This sequence is referred to as a double kink topology. The flight lengths of
the D, and 7 decays are 3.3 mm and 2.0 mm, respectively, with the kink angle of
the D, to 7 decay being only seven milliradians. Consequently, an extremely high-
resolution detector is required to measure such a small angle accurately. Nuclear
emulsions with a sub-micron spatial and sub-mrad angular resolutions are used to

meet the experiment’s high-resolution requirements.

3.2 Experimental Setup

The DsTau experiment is a fixed target experiment. Hence, targets and emulsion
films are intertwined, allowing the detector to capture short-lived particles such as Dy

mesons. Tungsten and molybdenum plates are used as targets during the physics run.

The detector structure consists of emulsion plates, tungsten plates, and plastic spac-
ers. Emulsion plates are used for particle detection; tungsten is a dense medium for

interacting with the incoming proton beam, and plastic spacers function as the decay
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Figure 3.3: Schematic view of test run DsTau detector.

volume Figure [3.3]

The tungsten plates have an approximate thickness of 500 micron, with each unit
consisting of two tungsten plates interspaced with ten 320-micron-thick emulsion
plates and nine 200-micron-thick plastic sheets. This assembly is referred to as a
unit, and the DsTau detector contains ten such units, resulting in ten tungsten plates
and 100 emulsion plates. Additionally, five emulsion plates are positioned in front of
the module to detect and analyze the characteristics of incoming proton beams. The
transverse dimensions of the detector module were 12.5 cm x 10 cm during the test

run, but in subsequent runs, module sizes were enlarged to 20 cm x 25 cm.

Downstream of the module is the Emulsion Cloud Chamber (ECC), designed for mo-
mentum measurement utilizing the Multiple Coulomb Scattering (MCS) technique.
The ECC comprises 26 lead targets, each 1 mm thick, interleaved with emulsion
films. This structure was modified after the test run due to inefficiencies in the track
reconstruction process caused by high track density within the ECC unit, as shown in
Figure [3.4] The high track density, caused by electromagnetic showers, was due to
the ECC unit’s high density [16].

Modifications were implemented to reduce the high track density in the ECC. The
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Figure 3.4: Previous detector configuration used during the test run with a lead target

ECC (top). Current detector configuration in use with a tungsten target ECC (bottom).

26 lead plates were replaced with three 0.5 mm thick tungsten plates, and the total
number of emulsion plates was reduced to twenty-five Figure [2.6] These adjustments

in the new ECC unit improved the emulsion film’s efficiency and scanning speed [17].

3.3 Nuclear Emulsion Films

As previously discussed, the DsTau detector utilizes the nuclear emulsion technique.
An emulsion plate comprises 70-micron-thick emulsion layers on both sides of a 210-
micron-thick plastic base, enabling the reconstruction of base-tracks within the plastic

base during the track reconstruction phase Figure [3.5]

Nuclear emulsion films are composed of silver halide crystals Figure [3.2] embed-
ded in a gelatin binder. When a charged particle passes through the emulsion film,
the crystals along the particle’s trajectory become opaque black Figure [3.5] This
allows the particle’s track within the emulsion medium to be captured and analyzed
later. Unlike other particle detectors, emulsion films function as detectors and storage
units, as the activated silver halide crystals preserve their state when subjected to an

appropriate development process.

As previously mentioned, emulsion films are sensitive to charged particles and pho-

tons. Emulsion films are kept within aluminum sheets from production until the de-
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Emulsion Tayer

Plastic base (200 um)

Figure 3.5: Left: Composite structure of an emulsion plate. Middle: Silver halide
crystals embedded within the nuclear emulsion. Right: Microscopic image of a par-

ticle track.

velopment phase to prevent background effects.

Exposure to light can damage particle tracks within the emulsion film; therefore, the
entire development process is conducted in a darkroom. A series of chemical pro-
cesses, known as development, are required to examine the particle tracks under a
microscope. Initially, the grains are enlarged to enable easy scanning under a micro-
scope. Subsequently, the grains are stabilized and fixed to prevent further exposure to

charged particles, allowing the emulsion films to be scanned accurately.

3.4 Target Mover

The SPS can deliver 10° protons per spill over 4 seconds. However, there is a limit to
the track density required for proper track analysis. Consequently, the proton beam
can only irradiate a small portion of the emulsion plate at a time. The module is
mounted on a motorized unit known as a target mover [[18]], which moves along the
X-Y axis to irradiate the entire module surface. During the beam spill, the target
mover remains stationary, and during the SPS cooldown, it advances to the next area

for irradiation in the subsequent spill Figure [3.6]
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Figure 3.6: Schematics of the target mover.

3.5 Emulsion Scanning

An automated nuclear emulsion read-out system known as the Hyper Track Selector
[19] (HTS) (Figure [3.7) is utilized for emulsion scanning. Located at Nagoya Uni-
versity in Japan, the HTS has been employed in numerous previous experiments and
will continue to be used in upcoming emulsion-based experiments. With its current

configurations, the HTS can scan emulsion films at a speed of 5000 cm? per hour.

Figure 3.7: A photograph of the Hyper Track Selector.

An emulsion film records particle trajectories with three-dimensionally aligned silver
grains. Using the HTS, a tomographic image of the emulsion plates is captured, and
these silver grains are linked together using a track-finding algorithm called "Track

Selector" Figure [3.8]
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Figure 3.8: A schematics of automated nuclear emulsion scanning system.

In the Track Selector process, twenty-two tomographic images of the emulsion plates
are captured at varying depths by adjusting the lens focal length. These images are
then transferred to a computer, where micro-tracks are reconstructed on both sides
of the emulsion films. Micro-tracks from both ends are linked to form a base-track
within the plastic base. The efficiency of base-track reconstruction is measured to be

greater than 95%), but it decreases downstream due to increased track density.
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CHAPTER 4

DATA RECONSTRUCTION AND ANALYSIS

4.1 Reconstruction

The DsTau software is utilized to analyze the DsTau emulsion film. The entire plate is
divided into smaller sections to manage the extensive dataset generated by the DsTau
experiment, enabling more efficient and fast computer processing and analysis. The
detector module is divided along both the transverse and depth axes (Figure d.1). The
transverse axis is partitioned into 63 regions, referred to as sub-areas. The depth axis
is divided into eight sections, known as sub-volumes. Each sub-volume is designed
to overlap with adjacent sub-volumes to ensure the continuity of particle tracks. Each
sub-volume contains three tungsten plates and 30 emulsion plates, except the first
sub-volume, which includes an additional five emulsion plates at the beginning of the
detector module.
— ruision late

A I Plastic Base
iQ NN Tungsten Plate

Sub-volume 3

S
?
%)

’\ . Sub-volume 2
Sub-volume 1

Figure 4.1: Representation of sub-areas and sub-volumes.
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The DsTau analysis procedure consists of six steps: base-track reconstruction, fine
alignment, volume-track reconstruction, proton linking, vertexing, and data conver-

sion to ROOT format (Figure [4.2).

Start

Y
Base-track \ \| Volume-track \ -
Reconstruction ~

" Reconstructionl | Fireifen I

~
\ 4
erged Protol
Links
Y
Vertexing Fine Alignment
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/ﬁ [ Data to Root
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Figure 4.2: Flowchart of DsTau reconstruction.

End

A
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4.1.1 Base-track reconstruction

Emulsion plates consist of emulsion films separated by a plastic base. Charged par-
ticles create traces on the emulsion films located at both ends of the emulsion plates.
These traces, called micro-tracks, are scanned using a microscope and transferred to a
computer. A longer base-track is constructed using the micro-tracks from both emul-
sion films (Figure [4.3). These longer tracks are called base-tracks because the new

track is constructed at the center of the plastic base.

[ Emulsion
I Plastic Base

Micro-tracks
AN
/ AN

I
Base-track

Figure 4.3: Base-track reconstruction process.

4.1.2 Fine alignment

Each emulsion film is scanned individually with a microscope, leading to readouts
in different local reference frames. Consequently, before connecting base-tracks, a
fine alignment procedure must be applied to each film. This procedure ensures that
the spatial components of the emulsion readouts are accurately converted to a global

reference frame.
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4.1.3 Volume-track reconstruction

A tracking algorithm (Figure[4.4)) is applied to connect consecutive base-tracks which

are linked together, resulting in the construction of longer volume-tracks.

TT’J'ECtory 1 _— uniquely connected paths -

{ . V4 Z, S
Basetracks (3D vector) B ——— <_ -

Trajectory 27 = —— \ ‘ ””’"“

(a) - "~ multiple connected paths
area by basetrack 4 — _). abos = l . |ﬁ X R|
position B = c 2
1 |48 | . . 4B

area by basetrack 2 = a®mate = —. . |(V, + V) x _’
vector M ) ( ) 2

(b) Xa.Vs)
Figure 4.4: (a) Two tracks converging in a high-density environment. (b) Visualiza-

tion of the calculation of a”°* and a9,

In the high-density environment of the DsTau experiment, standard tracking algo-
rithms may fail to perform effectively. Consequently, a new tracking algorithm has
been developed specifically to reconstruct tracks in these high-density regions (Figure
4.4). When the algorithm encounters multiple track candidates, as illustrated in the
diagram, it keeps all potential path candidates. Subsequently, it calculates position-

based (a”°*) and angle-based (a®"9'¢) areas for each possible path.

n—2 n—1
qaverage — (Z aP% + aangle) / (n — 05) (41)

i

The average area (a*"“"*9¢) for each selected path is calculated using the provided
formula[d.1] The path with the smallest a*“"*9¢ is chosen as the true path among all

the path candidates.
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4.1.4 Proton Linking

As mentioned at the beginning of the chapter, data is divided into smaller datasets to
process experimental data efficiently. This approach allows for effective data analysis
but comes with certain drawbacks. After the reconstruction process, the sub-areas
need to be merged again. This merging can cause overlaps at the borders, potentially
compromising data quality. Another issue arises from the beam angle of the beam
protons; since this angle in the experimental data is not zero, some tracks may cross
into other sub-areas. Consequently, these tracks must be excluded from the recon-

structed data.

Additionally, once the data is divided into sub-volumes, it becomes impossible to
determine the origin of tracks localized within a sub-volume. This limitation makes
it difficult to identify primary protons and higher-order interactions beyond the first
sub-volume. A method called proton linking has been developed to address these
challenges, in addition to the standard reconstruction methods used in emulsion anal-

ysis.

The proton linking algorithm comprises three distinct components: the proton selec-

tion, the track linking, and the segment linking [4.6]

4.1.4.1 Proton Selection

The proton linking method initiates with proton selection, which is determined based
on the angular orientation of the tracks. Initially, the angles of the tracks are de-
rived from a linear fit of the segment positions, provided that each track comprises a
minimum of three segments within the detector module. Subsequently, the derived
track slopes are filled into a histogram, and a Gaussian fit is applied. The parameters

obtained from this fit are then utilized for the proton selection Figure 4.5

As the figure 4.6|illustrates, proton selection is performed within the emulsion plates

ranging from O to 4.

The following selection criteria are used for the initial proton selection.
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Figure 4.5: The distribution of proton track angles in the XZ and YZ planes is pre-
sented, and a Gaussian fit is applied. The region within 3-sigma is considered the

primary proton track.

e Since primary protons are incident upon the detector, tracks must include a

segment within the first three emulsion plates of a module.

e Tracks are required to contain at least three segments within the first five emul-

sion plates to facilitate the application of a linear fit to the segments.

e Since incoming proton beams mostly have a similar angular distribution around
the beam angle, tracks falling within the 3-sigma slope range are identified as

protons, and those outside that range are assumed as backgrounds.
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4.14.2 Track Linking

Tracks identified through the proton selection method are traced to the end of the
sub-volume using the track linking method as seen on the horizontal dashed line in
the Figure 4.6 This method employs the TrackID, a unique identification number
assigned to each track. The TrackID remains consistent across all segments belonging
to the same track. By searching for proton tracks in subsequent segments, one can
trace the track segments to the end of the module. However, given the vast number of

segments within a single module, directly employing this method is impractical.
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Figure 4.6: Visualization of the proton linking method. The upper section displays

the first sub-volume, while the lower section presents the second sub-volume.

The module is divided into two sections to optimize the process: upstream and down-
stream. The upstream section covers the first five emulsion plates up to the initial
tungsten plate, while the downstream section includes the five emulsion plates pre-

ceding the second tungsten plate. The choice to use a five-emulsion-plate tracking
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algorithm arises from the fact that the reconstruction process is not flawless. Some
tracks may have missing segments. An array of segments is used to address this is-
sue instead of relying on a single segment. The TrackIDs of all segments within the
upstream section are dumped into a vector, from which unique TrackIDs are selected
to reduce complexity. These unique TrackIDs are then searched within the down-
stream segment’s TrackIDs using search algorithms. The resulting TrackIDs, along
with the spatial components of the tracks, are written separately in a file for the up-
stream and downstream sections. One can determine the tracks that have interacted

by identifying any missing TrackIDs between two files.

/

N Center Zone

Wl Symmetric Expansion
[ Asymmetric Expansion
IZ-=21 Subzones

Figure 4.7: 3D representation of sub-zones with transition area.

Despite these enhancements in efficiency, the method remains too complex to be pro-
cessed effectively. Consequently, the sub-areas are further divided into smaller re-
gions known as sub-zones (Figure4.7)), each measuring 4000 micrometers along both
the x and y axes. The optimal approach involves working with twenty-five sub-zones
arranged in a 5x5 grid. Given the limitations of resources in CERN’s HTCondor
batch system, five horizontal processes are executed in parallel. Once these parallel
processes are completed, the next set of five horizontal zones is processed sequen-

tially (4.8). This approach significantly improves processing times.
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Figure 4.8: Sequential stages of the proton linking process. Double-headed arrows
indicate parallel processes, while single-headed arrows denote sequential processes

and their directions.

However, dividing the area into sub-zones presents two challenges. First, once the
processing is complete, all data must be reassembled. Second, particles near the
edges of sub-zones may cross into adjacent sub-zones at the downstream, potentially
creating the false impression that the particle interacted at an incorrect location (Fig-
ure[4.9). To address this issue, sub-zones are extrapolated along the beam angle of the
incident protons (red region in Figure i.10) rather than directly along the depth axis,
thereby minimizing proton exclusion. Additionally, sub-zones are expanded along the
transverse axis to capture tracks with larger angles. This expanded region is referred

to as the transition area, consisting of two distinct expansion methods.
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Figure 4.9: An illustration of tracks transitioning to an adjacent sub-area.

Symmetrical Expansion: The 5-sigma region of the proton track distribution is de-
termined and then multiplied by the distance between the upstream and downstream
tungsten plates. This value symmetrically expands the transition area along the x and
y axes (dark blue region in Figure #.10). Consequently, all selected protons, even

those with larger track slopes, are captured.

Asymmetrical Expansion: Given that each sub-area is irradiated individually, re-
sulting in different beam angles for each sub-volume, the transition area is expanded
asymmetrically along the beam axis direction (teal region in Figure 4.10). This ad-

justment is made based on the variations in beam angles across different sub-areas.
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Figure 4.10: A lateral cross-section of the sub-volume is illustrated. Dashed lines
indicate the sub-zones and the colored regions aligned with the beam axis represent

the sub-zones after extrapolation.

4.1.4.3 Segment Linking

Each sub-volume contains a total of three tungsten plates. Therefore, to trace the
tracks to the end of the module, it is necessary to continue linking across subsequent
sub-volumes. Primary protons are tracked between sub-volumes using the segment
linking method. Since each sub-volume is reconstructed independently, the TrackIDs
for the same tracks differ between adjacent sub-volumes. However, another parame-
ter, SegmentID, can be employed to track between sub-volumes. Similar to TrackIDs,
SegmentIDs are unique identifiers assigned to segments. Unlike TrackIDs, Segmen-
tIDs are unique to each plate and are independent of sub-volumes. Consequently,

SegmentIDs can be used to follow track segments across different sub-volumes.

The segment linking process connects the segments of a track in the downstream
portion of one sub-volume with the segments of the track in the upstream portion
of the subsequent sub-volume as seen on the vertical dashed rectangle in the Figure
M.6l Each segment is individually linked across five emulsion plates. Following this

linking, the TrackIDs of the connected tracks are compiled into a vector, and unique
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TrackIDs are selected to avoid track duplication.

The efficiency of the reconstruction process decreases as one progresses downstream
within the same sub-volume. Therefore, segment linking is performed before the

second tungsten plate rather than before the third one.

4.1.4.4 Workflow

The proton linking process begins with estimating the mean and standard deviation
of the track slope distribution derived from the linked track files, which are the output
of the tracking algorithm. These extracted parameters are then input into the proton
selection algorithm, and tracks that meet the selection criteria are identified as pri-
mary proton tracks. Both parameter extraction and proton selection are performed
exclusively for the first sub-volume. Subsequently, the selected protons are tracked
down to the beginning of the second tungsten plate within a sub-volume using the
track linking method. The segment linking method is then employed to connect the
tagged tracks to the next sub-volume, and unique tracks are identified. This sequen-
tial process of track linking and segment linking continues until the end of the module
is reached. Upon completion of the entire process, the files from the sub-zones are

merged and written into an output file.

Figure .11] presents a flowchart showing the proton linking method.

38



Y
First sub-volume only /Linked Tracks
Calculation
First sub-volume only
A 4
\ > \I Track Linkin
'l Selection I " 9
Loop
over
sub-volumes
Y
Segment
Linking
Y
Get Tracks
Proton Links from Unique

Segments

Figure 4.11: Proton linking flowchart.
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4.1.5 Vertexing

At this reconstruction phase, reconstructed data only possesses local volume-tracks.
The volume-tracks’ potential interaction points (vertices) are reconstructed using the
vertexing algorithm, and the selected daughter tracks are subsequently associated with

these vertices.

A vertexing algorithm initially identifies a vertex point based on the parent track can-
didate. It then calculates the impact parameter, which is the distance between the
vertex point and the origin of the daughter track, after extrapolating along the depth
axis to the vertex point. Those candidates meeting the impact parameter selection
criteria are designated daughters and added to the daughter bunch. The vertex po-
sition is determined by both the parent track and the origin points of the daughter
tracks. Consequently, the position of the vertex point is updated after each successive

attachment of daughter tracks.

4.1.6 Data conversion to ROOT format

Upon completion of the reconstruction process, three different output files are gen-
erated: fine alignment files, vertexing files, and proton link files (see three inputs to
"Data to ROOT Conversion" node in the Figure 4.2)). Fine alignment files contain
the necessary corrections for vertices, ensuring that all vertices are transformed into a
common global reference frame. Vertexing files include parent candidate tracks, ver-
tices, and daughter tracks. Proton link files comprise TrackIDs, globally unique iden-
tifiers (GlobalTrackIDs), and the spatial parameters of the tracks, separately recorded

for both the downstream and upstream sections.

Initially, the vertexing and proton link files are read sequentially for each sub-area.
The TrackIDs from the proton link files are then compared with the parent track candi-
date TrackIDs. If both IDs match, the parent candidate is flagged as a primary proton
track, and the corresponding vertex point is identified as a primary vertex. Due to the
nature of vertexing algorithms, some vertices may be associated with multiple parent
candidates. However, the proton linking method allows for accurately selecting the

true parent track from the vertexing files. Consequently, after the matching process,
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the correct parent track is selected.

Similar to the track linking method, some tracks may cross into adjacent sub-areas,
potentially resulting in false interactions. However, unlike the track linking method,
a transition area cannot be introduced for sub-areas because they are divided along
the beam axis direction prior to the reconstruction process. Tracks are extrapolated
to the end of the downstream section to address this issue. If a particle does not
interact within the region and crosses into another sub-area, the parent tracks and

their associated daughter tracks and vertex points are removed.

Finally, the fine alignment files are read, and each vertex point is transformed to a
new position based on the provided parameters. Vertices near the tungsten plate’s
border may migrate into the emulsion or vice versa. Following the application of fine
alignment, the interaction medium of some vertices is also updated. However, this

method only partially resolves the migration issue, which will be discussed later in

the chapter #.3.5]

After applying this method to the data, all sub-areas are merged, and the proton link
parameters, along with the updated vertexing parameters, are recorded in eight dis-

tinct root files, each corresponding to a specific sub-volume.

Figure 4.12: A subset of the data containing fully reconstructed proton interactions
is visualized using the FEDRA [28]]. The visualization shows linked primary proton
tracks, associated vertices, and daughter particles. For clarity, only a few of the tracks

are selected and displayed.
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In Figure[d.12] the final result of the reconstruction process is visualized. The module-
wide proton trajectories are traced using the proton linking method, and interaction
vertices are reconstructed through the vertex reconstruction algorithm. Afterward,

secondary particles are attached to the parent track and its corresponding vertex.

4.1.7 Data Quality Check

The data quality for each module and sub-area is not consistently optimal, as numer-
ous factors can influence it. For instance, poor beam quality during irradiation or
human errors in labor-intensive tasks such as emulsion film development can nega-
tively affect data quality. Additionally, inefficiencies in the reconstruction process can
further contribute to poor data quality. As illustrated in Figure 4.13] various modules
were evaluated for the spatial distribution of vertices. The homogeneous distribution
observed in module PDOS5 indicates high data quality, whereas the less dense regions
in module PDO6 indicate the presence of missing sub-areas within the module. The
quality of all modules from the pilot run were examined, and the module named PD05

was selected for further analysis.

Vertex Y
Vertex Y

x10%
0

100

1
Vertex X

Figure 4.13: Comparison of the spatial distribution of vertices along the transverse

axis: the left panel displays module PD0S, while the right panel shows module PD06.

During the vertexing process, the border sub-areas of the module were excluded due
to their low efficiencies. An additional study was conducted to better understand the
relationship between efficiency and sub-areas, revealing that the module’s bottom two
rows exhibited lower efficiencies than the others. Consequently, these low-efficiency

sub-areas were also removed. As a result, only 21 high-quality sub-areas remained
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out of the original 63 (Figure 4.14).

Vertex X

Figure 4.14: Spatial distribution of vertices that do not match with proton links in

transverse axis. Dense areas below 40000 indicates low efficiency sub-areas.

Further analysis of low-quality areas revealed that the beam angle distribution within
these sub-areas is asymmetric, and their standard deviation exceeds the average beam
angle (Figure .15)). This asymmetry leads to a greater number of tracks exiting the

sub-areas, resulting in reduced efficiencies.
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Figure 4.15: Data quality histograms for high-quality sub-area (left), and low-quality

sub-area (right).
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Figure 4.16: Selected 21 high-quality sub-areas is depicted in green.

As aresult, 21 high-quality sub-areas are selected for data analysis, corresponding to

a total surface area of 47.25 em?[4.16
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4.2 Monte Carlo Simulation

Monte Carlo (MC) event generation was performed using several widely used MC
generators to compare the data results with event generators predictions and estimate
the efficiency of the reconstruction process. These generators include GEANT4 [23],
PYTHIAS [235]], EPOS [24], QGSJET [26], and DPMIJET [27]. These five MC gener-
ators were employed only for event-generation purposes. The generated events were
then processed through the primary MC generator, GEANT4, and supplemented with
non-interacting protons to match the proton count in the data. 10% of the protons are
expected to interact with all tungstens throughout the entire module. Consequently,
ten times more protons were added to the externally generated primary proton events

to achieve this number.

Upon completion of the Monte Carlo generation, the exact reconstruction procedure
applied to the experimental data is also applied to the MC-generated data. The recon-
struction process ensures that the data structure is consistent between the experimental
and MC data. The effects of inefficiencies arising from the reconstruction process can

be measured by comparing the true MC data with the reconstructed MC data.

4.3 Efficiency Estimation

Each stage of the reconstruction process introduces an additional inefficiency to the
final reconstructed data. It is essential to quantify this inefficiency and adjust the
number of interactions and related parameters accordingly to ensure accurate mea-

surements.

The efficiency calculation is performed using EPOS Monte Carlo (MC) simulation.
This involves comparing the MC outputs before the reconstruction process (True MC)
with those obtained after the reconstruction process (Reconstructed MC). First, the
distribution of the distances between each vertex in the reconstructed and true MC is
plotted into histograms along three axes, referred to as AX, AY, and AZ distribu-
tions (Figure 4.17). While the AX and AY distributions show similar patterns, the

AZ distribution shows a larger standard deviation. A Gaussian fit is applied to these
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Figure 4.17: Distance between true and reconstructed vertex position in X, Y, and Z

axes.

distributions, and a vertex is considered as correctly reconstructed if it falls within
the 4-sigma region. Additionally, the number of matched vertices is counted to check
for double-matching vertices, revealing only one matching vertex within the 4-sigma

selection.

4.3.1 Selection of Minimum Ionizing Particles

Relativistic particles dissipate their energy within a medium through ionization or
atomic excitation [7]. For a particle traversing a medium, a specific energy exists at
which minimum ionization occurs. As demonstrated in the stopping power versus 37y
distribution for p* in a copper medium this minimum ionization is associated

with a certain velocity.

Ionization occurs when incoming particles interact with the atoms of the medium.

The degree of ionization depends on the particle’s energy and the characteristics of
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the medium.
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Figure 4.18: Bethe-Bloch curve for x4 in copper medium.

As observed in the Bethe-Bloch curve (Figure [4.18), the region preceding minimum
ionization decreases with 1/v? (where v represents particle velocity), while it in-
creases beyond the minimum ionization point. This phenomenon occurs because
particles with lower momentum have more time to interact with the medium, increas-
ing interactions. However, after the minimum ionization point, the 3 factor becomes

dominant, leading to greater energy loss per interaction and increased stopping power.

Particles near the minimum ionization point are called minimum ionizing particles

(MIPs).
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Figure 4.19: 8 x M omentum histograms full view (left), zoomed (right) into 0-0.50
GeV/c region.
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As illustrated in the 3 * Momentum histogram Figure the MIP point is around
0.20 GeV/c. Therefore, to select MIPs from the true MC, the region where [ *
Momentum < 0.30 GeV/c is excluded.
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Figure 4.20: Multiplicity comparison between reconstructed and true MC before

(left), and after 5 * Momentum > 0.30 GeV/c cut (right).

More consistent distributions are achieved, as shown in the multiplicity comparison
before and after applying the 3 x Momentum > 0.30 GeV/c cut Figure 4.20l Further-
more, as depicted in Figure 4.21] MIPs mostly consist of hadrons.
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Figure 4.21: 3 x Momentum < 0.30 GeV/c vs PDGID distribution.
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4.3.2 Vertex Reconstruction Efficiency (c,.)

Vertex reconstruction efficiency is determined by matching true vertices with recon-
structed vertices. The ratio of the number of matched vertices to the number of true

vertices yields the vertex reconstruction efficiency, expressed as:

Number of Matched Vertices
Number of True Vertices

Vertex Reconstruction Efficiency = 4.2)

The Table {.1]illustrates that vertex reconstruction efficiency is reduced in the down-
stream direction. This decrease is attributed to the higher density in the downstream
region, where vertices are more closely spaced, thereby reducing vertex reconstruc-
tion efficiency. The mean vertex reconstruction efficiency without acceptance cut is

measured to be 80.0+0.9% (Table [4.T)).

Table 4.1: Vertex reconstruction efficiency for each tungsten plate.

Tungsten | Vertex Reconstruction Efficiency (%)

81.1 £2.5
80.5£2.5
799 £2.5
80.2+£25
793 £2.5
797 £2.5
78.4 £2.5
772 £25

00 N N N kWD =

Mean 79.5+0.9

The systematic error due to hadronization modeling in EPOS is estimated as 2.5%
by comparing vertices with multiplicity less than five across EPOS, DPMJET, and
Pythia.
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4.3.3 Proton Linking Efficiency (c,inx)

The ratio of the number of selected protons to the number of true protons determines

proton linking efficiency, expressed as:

Number of Selected Prot
Proton Linking Efficiency = umber of selected rrotons

4,
Number of True Protons (4.3)

The number of selected protons is obtained from proton-linking files, and this value
is compared to the number of protons in the True MC to calculate the proton-linking
efficiency. In contrast to vertex reconstruction efficiency, proton linking efficiency
remains constant across the module, as track density does not influence the proton
linking method. The mean proton linking efficiency without acceptance cut is mea-
sured to be 92.5+0.1% (Table [4.2)).

Table 4.2: Proton linking efficiency for each tungsten plate.

Tungsten | Proton Linking Efficiency (%)

93.1+04
933 +04
933+ 04
933+ 04
93.0£04
925+04
919+ 04
912 +£04

0 N AN N R WD =

Mean 927 £+ 0.1
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4.3.4 Matching Efficiency (c,,4:c1)

Data to ROOT conversion requires proton links to be matched with the vertexing files
using parent TrackIDs. However, this matching process is not entirely efficient. Inter-
actions with a very small kink may sometimes be improperly reconstructed, resulting
in one of the daughter tracks being directly connected to the parent track. Conse-
quently, in the final analysis, a particle appears to interact and decay into new particles
at the vertex while continuing to move in the same direction as the original particle.
This phenomenon is referred to as mis-reconstruction. The rate of mis-reconstruction

is sensitive to track density, increasing as one moves downstream in the module.

Mis-reconstructed vertices can be matched multiple times during the data to ROOT
conversion process, leading to inefficiencies in matching, known as matching effi-
ciency. As the rate of mis-reconstruction increases, the matching efficiency decreases
downstream. Direct measurement of this inefficiency is not possible; however, it can
be obtained using known efficiencies by applying equation 4.6] The mean matching

efficiency without acceptance cut is calculated as 96.1+0.1% (Table [4.3).

Table 4.3: Matching efficiency for each tungsten plate.

Tungsten | Matching Efficiency (%)

942+ 0.1
93.6 £0.1
92.7£0.1
919+ 0.1
90.2 £0.1
88.8 £0.1
88.5+0.1
87.1 £0.1

0 N N BN kA W N =

Mean 90.9 + 0.1
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4.3.5 Acceptance Efficiency (c,..)

To account for the migration of reconstructed vertices into emulsion or tungsten, an
acceptance cut is applied along the z-axis. The AZ distribution indicates that the
maximum distance a vertex can be reconstructed from its true position is 18 microm-
eters. Therefore, by excluding 18 micrometers from both ends of the module (Figure

4.22), we can effectively prevent vertices from migrating into a different medium.
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Figure 4.22: The z-axis distribution of vertex positions within the tungsten plate,

including an acceptance cut of 18 microns, is shown.

The implementation of the acceptance cut introduces a new metric known as accep-
tance efficiency. Acceptance efficiency is calculated by taking the ratio of the vertex
reconstruction efficiency before the acceptance cut to the vertex reconstruction effi-

ciency after the acceptance cut, expressed as:

Number of Reconstructed Vertices within Acceptance

Accept Effici =
ceeptatice BHICIENCY Number of Vertices in the Tungsten Plate

(4.4)

The mean acceptance efficiency has been measured to be 92.8 + 0.1% and it is con-

stant for each tungsten plate.

Reconstruction efficiencies are corrected with the acceptance efficiency to estimate
efficiencies within the acceptance. Reconstruction efficiencies with acceptance cut is
shown in the Table 4.4l
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Table 4.4: Vertex reconstruction efficiency for each tungsten plate with acceptance

cut.

Tungsten | Vertex Reconstruction Efficiency (%)

75.77£25
76.1 £2.5
745 £25
752 £25
740 £2.5
742 £2.5
73.7£25
724 £25

(o B e Y R VS I S

Mean 74.5 + 0.9

4.3.6 Total Efficiency (c;.;)

The total efficiency is derived by multiplying all the previously introduced efficien-
cies, represented as:

Etot = Evix X Eplink X Ematch X Eacc (45)

This total efficiency directly impacts the primary proton interaction. The number
of proton interactions can be accurately corrected by applying the total efficiency.
Additionally, the mean total efficiency can be calculated using the ratio of the number

of matched primary vertices to the number of true primary vertices, expressed as:

Total efficiency — Number of Matched Primary Vertices

: : (4.6)
Number of True Primary Vertices

The mean total efficiency without acceptance cut is determined to be 71.0 £+ 0.8%

(Table [4.5).
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Table 4.5: Total efficiency for each tungsten plate.

Tungsten | Total Efficiency

71.7+£2.3
71.5£23
694 +23
69.1 £2.3
66.9 £2.3
65.6 £2.3
64.6 £2.3
62.0£23

00 N AN Lt AW

Mean 67.6 0.8

4.3.7 Data-Driven Efficiencies

The efficiency of Monte Carlo (MC) must be utilized to correct data-related param-
eters. However, as illustrated in the figure .23] the track density in the data differs
from that in the MC simulations. Therefore, track density-dependent efficiencies can-

not be directly applied to the data.
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Figure 4.23: The distribution of track density for both Monte Carlo simulations and
experimental data is illustrated, with dots indicating the data and solid line is repre-

senting the EPOS result.

Efficiency versus track density plots are generated for each tungsten plate to estimate
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the efficiency of the data. These plots reveal that efficiencies have a linear depen-
dence on track density. By performing a linear fit to the data points, a track density-

dependent linear function can be derived for each reconstruction efficiency (Figure

B.24).
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Figure 4.24: A scatter plot illustrating the relationship between MC efficiencies and
track density is presented, along with a linear fit. The plots include efficiencies for

vertex reconstruction, proton linkage, and total efficiency.
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Evte =

—2.20 x 107"p +0.783

Eptink = —1.67 x 107" p + 0.952

ot = —6.27 x 107 "p +0.773

where p is the track density.

4.7)

(4.8)

4.9)

Since the track density in the data is known, a data-driven efficiency can be estimated

for empirical data using these linear functions (Figures -[B.§ - @.9). Estimated

data-driven efficiencies are shown in the table

Table 4.6: Table of estimated data-driven efficiency through track density using linear

functions.
Tungsten | p (tracks/ em?) | Epte (%) Eptink (70) Etot (Y0)
1 86,291 764 +£25|938+04|719+£23
2 104,756 76.0+25]9354+04 | 70.7£23
3 127,921 7554+£25(93.1+£04|693+23
4 154,027 749 +£25(1926+04 | 67.6 2.3
5 182,588 743 +25(19224+04|659+23
6 214,386 736 £25[91.6+04 | 63.9£23
7 249,238 728 £25(191.0£04 | 61.7£23
8 288,145 720+25]9044+04|592+23
Mean 175,919 7444+09 | 923+0.1 | 663 £0.8
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4.3.8 Proton Purity

Proton purity quantifies the accuracy of correctly selecting protons using the proton
selection method within the first sub-volume. It indicates the proton selection pro-
cess’s effectiveness. Proton purity is calculated by the ratio of the number of correctly

selected protons to the total number of selected particles, expressed as:

Number of Correctly Selected Protons

Proton Purity =
roton Furty Number of All Selected Particles

(4.10)

The mean proton purity has been measured to be 96.7 &= 0.1%.

4.3.9 Multiplicity Dependence of Vertex Reconstruction Efficiency

The vertex reconstruction efficiency as a function of the multiplicity of charged tracks
is illustrated in the figure. Notably, no reconstructed events with a multiplicity of
less than 5 represent a general threshold for vertex reconstruction. For multiplicities
greater than 5, the vertex reconstruction efficiency increases, reaching a plateau of >

95% efficiency after multiplicity of 12 as shown in figure |4.2
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Figure 4.25: The efficiency of vertex reconstruction is analyzed as a function of the

multiplicity of charged tracks at the vertex.
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CHAPTER 5

FIRST RESULTS FROM PILOT RUN

5.1 Proton Interaction Rate

The proton interaction rate is defined as the ratio of primary protons interacting with
the target to the number of beam protons. This interaction rate is influenced by factors

such as the target material, target thickness, and the energy of the primary protons.

To validate the data measurements, the proton interaction rate in the experimental data
can be compared with that obtained from MC simulations. The DsTau experiment
was replicated in the MC simulations using identical parameters. The thickness of

the tungsten plate is fixed to 464 microns for both data and MC simulation .22}

The difference in the refractive index between the emulsion and the plastic base re-
quires an adjustment of the measured slopes by a correction factor of 1.052 + 0.002
[20]. After this adjustment, the effective thickness of the tungsten plate in data is
determined to be 489 4+ 1 um. Since the interaction rate is sensitive to tungsten

thickness, comparing the proton interaction rate density is more appropriate.

The table 5.1 shows that the interaction rate remains constant after efficiency correc-
tions, demonstrating that the interaction rate is independent of the number of incident
protons because fewer primary protons are expected downstream due to interactions
in the preceding material. Furthermore, the consistency between the MC and data
measurements of the proton interaction rate density confirms the validity of the em-

pirical data measurements.

In conclusion, the mean proton interaction rate density per millimeter of tungsten is

measured to be 1.08 £ 0.01 %/mm in the data and 1.06 & 0.01 %/mm in the MC.
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Table 5.1: The proton interaction rate per unit length in the tungsten is estimated for

data and EPOS.
Tungsten | Data (%/mm) | EPOS (%/mm)
1 1.10 £ 0.01 1.06 + 0.01
2 1.10 £ 0.01 1.06 + 0.01
3 1.07 £ 0.01 1.06 £ 0.01
4 1.07 £ 0.01 1.06 + 0.01
5 1.07 £ 0.01 1.07 £ 0.01
6 1.07 £ 0.01 1.08 £ 0.01
7 1.07 £ 0.01 1.05 + 0.01
8 1.05 £ 0.01 1.06 = 0.01
Mean 1.08 £ 0.01 1.0 £ 0.016

5.2 MC/Data Comparisons

The reconstructed MC data from five different event generators are compared [21]

with data to identify the MC simulation that most accurately represents the our data.

A comparative analysis between MC and data results is conducted in terms of three
parameters: impact parameter (Figure [5.1)), charged track multiplicity (Figure [5.2)),
and track angles (Figure [5.3)). As illustrated in the figures, the QGSJET provides the
closest match to the data for the impact parameter distribution, while the EPOS best
matches the data for both the multiplicity and track angle distributions. Consequently,
the EPOS is determined to be the best event generator for representing DsTau data

overall. Therefore, EPOS is employed for analysis and comparison in this work.
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Figure 5.1: A comparison between MC simulations and experimental data for impact
parameter is shown, MC is normalized to the number of tracks in the data. The lower

section of the histogram illustrates the ratio of MC to data. The constant black line

represents the data.
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Figure 5.2: A comparison between MC simulations and experimental data for track
multiplicity is shown, MC is normalized to the number of events in the data. The
lower section of the histogram illustrates the ratio of MC to data. The constant black

line represents the data.
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Figure 5.3: A comparison between MC simulations and experimental data for track
angle is shown, MC is normalized to the number of tracks in the data. The lower
section of the histogram illustrates the ratio of MC to data. The constant black line

represents the data.
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However, a notable difference in the track angle distribution for (tan(6)) greater than
0.05 is apparent. The discrepancy at larger angles is further analyzed to understand
the underlying reason. Figure (5.4) illustrating the particle slope angle versus multi-
plicity distribution in the data and MC simulations (EPOS and QGSJET) reveal that
the data and EPOS show similar distributions, with track angles increasing as mul-
tiplicity increases. This phenomenon can be explained by the constant transverse
momentum (/) distribution of hadron interactions in the MC generators [22]. The
average transverse momentum distribution of the hadronization process simulated in
the MCs remains constant. Also, the QGSJET results show a clear discrepancy com-

pared to the data and EPOS.

To further investigate, the track angle distribution is analyzed in two different multi-
plicity regions: less than ten (Figure [5.5) and greater than or equal ten (Figure [5.6).
The Figures show that the multiplicity region with fewer than ten tracks demonstrates
good agreement between the MC simulations and the data. However, a noticeable

discrepancy is evident in the region with a multiplicity greater than or equal ten.
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Figure 5.4: The left panel displays the distribution of track slope versus multiplicity
in the experimental data, EPOS and QGSJET respectively (from top to bottom). The
right panel presents the same distribution but they are normalized to each multiplicity

bin.
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Figure 5.5: A comparison between MC simulations and experimental data for track
slope less than 10 is shown, MC is normalized to the number of tracks in the data.
The lower section of the histogram illustrates the ratio of MC to data. The constant

black line represents the data.
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Figure 5.6: A comparison between MC simulations and experimental data for track
slope greater than or equal to 10 is shown, MC is normalized to the number of tracks
in the data. The lower section of the histogram illustrates the ratio of MC to data. The

constant black line represents the data.
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5.3 KNO-G Scaling

KNO scaling was introduced in 1972 by Z. Koba, H.B. Nielsen, and P. Olesen [29].
The idea behind KNO scaling is to find a universal function that describes the prob-
ability distribution of particle multiplicities in high-energy collisions independent of
the center-of-mass energy of the collision. However, this function was not satisfactory
for all energy levels. Later, A.I. Golokhvastov [30] reformulated the scaling function
to ensure its applicability across the entire energy spectrum, referred to as KNO-G

scaling.

5.3.1 Formulation of KNO-G Scaling

(@)

0.015 0.015 0.6

0.010 0.010 0.4

0.005 0.005 0.2

0 100 200 300 0 1 2 3 0
n nf(n) nf(n)

Figure 5.7: (a) Multiplicity distribution with different center-of-mass energies. (b)
Multiplicity axis normalized is normalized with mean multiplicity. (c) Probability

axis is scaled with mean multiplicity so they coincide at each point.

Figure a illustrates the probability distribution of multiplicities at high beam en-
ergies. As the figure shows, different beam energies result in varying multiplicity
distributions. With increasing beam energy, the mean of the multiplicity distribution
also increases. In Figure [5.7] a, the area under each curve is unity, representing the
sum of all probabilities. However, in Figure b, after normalizing with the mean
multiplicity (n), the new mean values of the multiplicity distribution are the same
for all energies. Despite this, the area under the curve is neither unity nor consistent

across the curves. Therefore, the horizontal axis must be scaled by the mean multi-
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plicity to restore the area under the curve to unity. KNO scaling states that the curves

will coincide at each point after the scaling Figure [5.7]c.
KNO scaling states that:
n
(n)P, = U (-) (5.1)
{n)

The mean multiplicity, denoted as (n), is expressed by the following relationship.

(n)=> nP, (5.2)

Normalization conditions for the distribution can be written as:
/ U(z)dz=1 (5.3)
0

/Oo\lf(z)zdz:l (5.4)
0

where, z = <”7> The normalization conditions (Eqns @-@ are satisfied for larger
values of (n) (corresponding to higher energies). This is because the distribution
becomes continuous at higher (n), whereas at lower (n), a discrete distribution is ob-
served Figure[5.8] Consequently, the original KNO formulation is highly effective at
asymptotic energies; however, at lower energies, the discrete nature of the distribu-
tion introduces some discrepancies. Golokhvastov formulated a new function that is

applicable across all energy ranges to address this issue.

In his publication [30], Golokhvastov proposed that the following equations can de-

scribe the multiplicity distribution for proton-proton interactions:

VP (2) = a1z exp (—azz?) (5.5)

WP (2) = by (2 + b3) exp [—by (2 + b3)] (5.6)
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Figure 5.8: Discrete multiplicity distribution at low energies.

where the parameters are defined as a; = 1.19, as = 0.62, a3 = 0.66, by = 1.25, by =
0.62, and b3 = 0.14. These functions represent the multiplicity distribution across all

energy levels for proton-proton interactions.

5.3.2 Application of KNO-G Scaling to DsTau Multiplicity Distribution

As discussed in the efficiency chapter, the efficiency varies for different multiplicities.
Therefore, the multiplicity distribution is corrected for efficiency, then the mean mul-
tiplicity ((n)) is calculated. Subsequently, KNO scaling is applied to the data using

corrected (n).

Both equations - yield similar distributions and x? values; hence, for sim-
plicity, only equation [5.5]is utilized. The fitting was performed over the 0.5 <z < 3.0
range, where the multiplicity is measured with high efficiency. A comparison of our

fit parameters with those provided in Golokhvastov’s paper is presented in Table[5.2]

Table 5.2: Obtained KNO-G fit parameters

¥ | Our fit [130]
a; | 1.15£0.01 | 1.19
as | 0.45+£0.01 | 0.62
az | 0.67 £0.02 | 0.66
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As illustrated in Figure the x? value of the fit is 65.1 per 32 degrees of freedom,

indicating a strong agreement with the experimental data.

—F— Data Histogram

g TKNO-G Scaling (¥,) X2 / ndf 65.1/32
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Figure 5.9: KNO-G scaling fit on DsTau multiplicity distribution.
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CHAPTER 6

CONCLUSIONS

This thesis reports the first results of the DsTau experiment, including a Data/MC
comparisons and the introduction of a novel reconstruction method for analyzing pri-

mary interactions.

The DsTau (NA65) experiment at CERN-SPS is dedicated to measuring the cross-
section of D, meson production, which is crucial to precisely understanding v, pro-
duction. The experiment successfully captures the small kink in the Dy — 7 decay

topology using a nuclear emulsion-based detector with sub-micron spatial resolution.

This thesis has presented the first results from the data analysis of the 2018 run, in-
cluding the development of a novel method for proton track reconstruction throughout
the entire detector, so-called proton linking. With proton linking, proton tracks are se-
lected from the beginning of the module and followed through the detector, enabling
the selection of the primary proton across the module. Using proton linking, the num-
ber of primary interactions in each tungsten target was studied, and it was found that
the interaction rate per unit length for each tungsten is consistent after efficiency cor-
rections. To have a realistic efficiency estimation, track density variation in data is
considered. All efficiencies are parametrized as a function of track density, and these
data-driven efficiencies are used in our analysis. Comparisons with reconstructed MC
results showed that data and MC results are consistent, validating the proton linking

method.

A detailed analysis of the proton interaction vertex and comparisons with various MC
event generator predictions were performed. Data were compared with predictions

of six different event generators in track angle, multiplicity, and impact parameter.
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EPOS was identified as the best representation of the DsTau data. The findings from
this study hold significant potential for enhancing the accuracy of MC event genera-
tors, thereby contributing to the broader field of particle physics and improving our

understanding of fundamental particle interactions.

KNO-G scaling was also tested for our data, and the fit parameters were found to
be consistent with previous experiment results. This consistency demonstrates that
the DsTau experiment aligns with earlier experiments regarding the charged track

multiplicity.
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