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ABSTRACT

NEUTRINO INTERACTION ANALYSIS WITH AN AUTOMATIC SCANNING
SYSTEM IN THE OPERA EXPERIMENT

Hosseini, Behzad
M.Sc., Department of Physics

Supervisor : Prof. Dr. Ali Murat Giiler

June 2012, 68 pages

The OPERA experiment was designed to search for v, — v; oscillations through the obser-
vation of v; charged-current interactions in the OPERA target. This search requires a massive
detector and very high spatial accuracy. Both requirements are fulfilled in the OPERA detec-
tor by using nuclear emulsion and lead plate in a modular structure called ECC brick. The
OPERA detector consists of 150,000 ECC bricks and electronic detectors. The data taking
was started in 2007 and is going on smootly. About 4000 neutrino interactions have been
located so far. In this thesis, a detailed Data/MC comparisons of located neutrino events have
been done, and analysis of neutrino events located using an automatic microscope system at

METU is presented.

Keywords: Neutrino, Neutrino Oscillation, Nuclear Emulsion, Charm Particle
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OPERA DENEYINDE OTOMATIK TARAMA SISTEMIYLE NOTRINO ETKILESIM
ANALIZI

Hosseini, Behzad
Yiiksek Lisans, Fizik Bolimu

Tez Yoneticisi  : Prof. Dr. Ali Murat Giiler

Haziran 2012, 68 sayfa

OPERA deneyi, hedefte v, yiikli-akim etkilesmelerini gbzlemleyerek v, — v, osilasyon-
larini aragtirmak igin tasarlanmig bir deneydir. Bdyle bir aragtirma igin, biiylik kiitleli ve
yiiksek posizyon hassasiyete sahip olan bir dedektore ihtiya¢ vardir. Biitiin bu ozellikler
OPERA dedektoriinde kullanilan emiilsiyon filmleri ve kursun plakalarin olugturdugu birim-
ler ile saglanmustir. Dedektdr bu dzellikteki 150,000 tane birimden ve elektronik algilayicidan
olugmaktadir. Deneyde veri alim1 2007 yilinda baglamis ve halen devam etmektedir. Bu za-
man kadar 4000 nétrino etkilesmesi kaydedilmistir. Hazirlanan bu tezde, belirlenmis nétrino
etkilesimleri icin Data/MC karsilastirmalari detayli bir gekilde yapilmis, analizleri ise ODTU

Fizik Bolimii’nde bulunan otomatik tarama mikroskobu ile gerceklestirilmisgtir.

Anahtar Kelimeler: Notrino, Notrino Salimimlari, Niikleer Emiilsiyon, Charm Parcacig:
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CHAPTER 1

INTRODUCTION

The history of neutrinos dates back to the early 1930’s. Before the discovery of the neutron,
it was believed that the nucleus is composed of protons and electrons. Therefore, in this
framework, the S-decay would be similar to the alpha decay. However, the study of beta
radioactivity posed a serious problem: the emitted electrons do not have a single energy rather
their spectrum is continuous. That is, energy and momentum were not conserved. In 1930,
Wolfgang Pauli, proposed a solution for the missing energy in the S-decay. His solution was
to introduce a third particle which was neutral, had a small mass, and had spin 1/2 [1]. In his
words, this was a “desperate remedy” [2] for the problem at stake and by doing this, he was
able to save the energy and angular momentum conservation laws. Although no one paid any
attention to his proposal in the beginning, it was 1933 when Enrico Fermi, introduced Pauli’s
particle as “neutrino” for the first time. In the same year, Fermi wrote down the necessary
theoretical work and described the interactions of the neutrino with other elementary particles
in this theory [3]. After Fermi’s theory, neutrinos became one of the most intriguing research

areas of elementary particle physics.

Although Pauli and Fermi worked on neutrinos and introduced them, there was a great sus-
picion about the existence of neutrinos for many years. For example, Niels Bohr was not
persuaded about the existence of these particles. In addition, Sir Arthur Eddington, remarked
that “in an ordinary way I might say that I do not believe in neutrinos... Dare I say that ex-
perimental physicists will not have sufficient ingenuity to make neutrinos?” [2]. However,
about twenty years later, Fred Reines and Clyde Cowan proved Pauli’s “desperate remedy.”
In 1951, Reines and Cowan decided to work on detecting the neutrino near a nuclear reactor,
realizing that nuclear reactors could provide a neutrino flux of 10'3 neutrinos per square cen-

timeter per second. They also recognized that recently developed organic scintillating liquids



would allow them to build the massive detector they required. They first installed the detector
in Hanford nuclear reactor. But the background signals, due to cosmic rays, were very high
at that place. In 1955, they relocated the detector in the Savannah River nuclear reactor. The
place of the detector was only 11 meters away from the reactor center and 12 meters deep
in underground [4]. That year they were able to observe neutrinos, and finally in 1956 they
reported to Pauli with a telegram reading: “We are happy to inform you that we have def-
initely detected neutrinos from fission fragments by observing inverse S-decay of protons.”
Pauli’s reply to this was, “Thanks for the message. Everything comes to him who knows how
to wait” [2]. With that discovery the long way of research on neutrinos has begun and in 1995

Reines was awarded with the Nobel Prize.

The type of neutrino discovered by Reines and Cowan was called as electron neutrino later
[5, 6]. In 1962, experiments at Brookhaven National Laboratory showed that a second type
of neutrino related with muons exists and behaves slightly differently from the electron neu-
trinos [7]. This type of neutrino is called “muon neutrino” since it emerges with muon. The
existence of the third type of neutrino was inferred when the tau lepton, was discovered by
Martin Perl at SLAC (Stanford Linear Accelerator Center) in 1975 [8]. In later years the
DONUT (Direct Observation of the Nu Tau) experiment [9] which was a Fermilab experi-

ment announced the first direct observation of tau neutrino interactions.

Since neutrinos are neutral leptons, they interact with matter through only weak force. Given
the small cross section of weak interaction, the observation of neutrinos is very difficult. It
requires massive detector and dense neutrino beam. The other distinct feature of the neutrino
is its mass. In the Standard Model of particle physics [10], neutrinos are defined as massless,
neutral leptons. Therefore, physics of massive neutrino is beyond the Standard Model. There
are several experimental studies to measure the neutrino mass directly. However, their sensi-
tivity is not sufficient to measure absolute masses so far. Therefore they can only put a limit

on the neutrino masses. The present best limits on the neutrino masses are:

my,, <22 eV [11], (1.1)
my, <170 keV  [12], (1.2)
m, <155 MeV [13]. (1.3)



On the other hand neutrino oscillation experiments can measure mass-square differences of
the neutrinos. But these experiments are not sensitive to the absolute values of neutrino

masses.

There are several sources of neutrinos. Some of them are artificial like nuclear reactors and
particle accelerators. In addition to artificial sources, there are also natural sources of neu-
trinos like solar and Atmospheric neutrinos. According to the solar theories, the sun emits
65 x 10° (65 billion) neutrinos that pass through every square centimeter of the earth in every
second [14]. Neutrinos are also produced in the atmosphere through the interaction of the
high-energy protons with the nuclei of the atmosphere. These reactions largely result in the

creation of the charged and neutral r-mesons, which decay into neutrinos:

™ — y* + v, (), (1.4)

1= — € + v, (7)) + Vo). (1.5)

It is clear that the flux of cosmic rays, that are responsible for Atmospheric neutrino produc-
tion at low energy are the same throughout the Earth. In addition to solar and Atmospheric
neutrinos, there are geoneutrinos which are produced by beta decay of radioactive elements

in the Earth’s natural radioactivity.

The thesis is organized as follows: in the next chapter, a theoretical overview on neutrino
oscillation will be given. In Chapter 3, the OPERA experiment will be explained in details
and physics performances will be represented. In Chapter 4, the Emulsion Scanning System
used in OPERA experiment will be described in detail and the OPERA events which have
been analyzed with Emulsion Scanning System at METU will be presented. In Chapter 5,
Data/MC comparisons of v, Charged-Current (CC) events and v,CC-Charm events, located

so far in the OPERA experiment, are given.



CHAPTER 2

NEUTRINO OSCILLATIONS

The beginning of the twenty-first century was the time of sensational discoveries in the field
of neutrino physics. The results, obtained up to the present time, trigger further experimental
and theoretical studies to evolve the properties of neutrinos. One of the interesting properties

of neutrino is the neutrino oscillation which was proposed by Bruno Pontecorvo in 1956.

Neutrinos oscillations are the consequence of flavor mixing. In the following, the quantum

mechanical formulation of neutrino oscillations are described.
Let’s first consider the neutrino oscillations for the two flavor case, i.e. electron and muon.

The wave functions of electron and muon neutrinos as a function of time are subject to the

Schrodinger equation:

Y _ L P(f) = ve() 2.1)
ot vu(®)
e Ee Hint e
FIRZONN 20 .
ot V,u(t) Hiy E, Vu(t)
where,
@ =) 5 k=e , p. (2.3)
L, () = (vie(@D)lvi(2)) (2.4)

Introducing the wave functions of the v{(¢) and v»(#), mass eigenstates, for which the matrix

of the Hamiltonian operator in Equation 2.2 is diagonal, are the following:

4



o1 vt E;, O v1(?)
ia_ 1(0) _| B 1 . 25)
" n® 0 Ex J{ n®
The transition from the mass eigenstates v(f), v2(?) to neutrino eigenstates v,(7), v,(f) and

back again is possible through a unitary matrix, where the angle 8 is called “mixing angle”.

Ve(t) _ cos@ —siné vi(t) : 2.6)
V(1) sind cos6 o (1)
ve(t) = v1(t) cos 8 — vo(t) sin 0, 2.7
Vu(t) = va(t) cos 6 + vi (1) sin 6; (2.8)
vi(t) _ cos® sinf Ve(t) . 2.9
o (1) —sinf cosf Vu(t)

If there is no mixing (¢ = 0), the v; and v; coincide with v,(#) and v, (7). Therefore, oscillation

is not possible.

Consider the case in which neutrino beam consists of only electron neutrino, that is v,(7) = 0;

ve(t) = 1. Then Equations (2.7) and (2.8) become the v{(0) = cos 8, and v,(0) = —sin6.

The time dependent wave function v,(¢) can be obtained using Equation (2.5):

igvl(t) = Eyvi(0); (2.10)

i%vz(t) = Eyva(1); (2.11)

vi(0) = vi(0)exp(—iE11); (2.12)

va(t) = va(0)exp(—iEq); (2.13)

Vve(f) = cos? Bexp(—iE\t) + sin” Oexp(—iExt). (2.14)

The probability of observing electron neutrino at any time ¢, is given as

Prob(v, — v,) = [(ve(O)|ve(1))|= [cos? Oexp(+iEt) + sin® Oexp(+iEt)]
x[cos? Oexp(—iE 1) + sin® Oexp(—iEst)]

= cos* 0 + sin* 0 + sin® O cos? Olexp(+i(E, — EV)Y) + exp(—i(Ey — ED)].
(2.15)



By using following trigonometric identities

2sinfcosf =sin20 ; exp(ia) + exp(—ia) = 2cosa ; cosa =1-— 2sin® %. (2.16)

Equation (2.15) can be rewritten as

Prob(v, — v,) = cos* 0 + sin* 6 + sin® @ cos? Olexp(+i(Ey — E))Y) + exp(—i(Ey — Ep)]

= cos* 0 + sin* 0 + sin” G cos? G[2 — 4 sin® (ELzEl)’]

= cos* 0 + sin* 6 + 2 sin® @ cos? § — 4 sin® 6 cos? Q[Sin2 W]

= (cos? @ + sin’ §)> — 4 sin® 6 cos? G[sin> _(E2—2E1)l]
_ - 2 hp 2 (Ea-Ept
=1 —sin” 26sin %

2.17)

The probability of detecting muon neutrinos in a beam which initially consists of only electron

neutrinos,

) (B2 — Et

Prob(ve — v,) = 1 = Prob(v, — v,) = sin® 20sin (2.18)

It is more convenient to express the oscillation probability in terms of neutrino mass-square
difference (Am?), and traveled distance (L). For this, consider the ultra-relativistic neutrinos;

p>m,

2 24172 m* 12 m*
E=(p +m)""=pl+—=5)"=p+—. (2.19)
p 2p
The Equation 2.18 can be rewritten as
Ey - ENt Am?.L
sin?20sin? E2EVL _ G2 opin? Q"E . (2.20)
v

Where neutrino energy (E,) is in GeV, neutrino mass-square difference (Am?)is in (eV)?, and

traveled distance (L) is in km.



Thus, if the mass square difference between neutrinos is small, one needs a long base-line L in
order to observe the neutrino oscillations. After all simplifications, the oscillation probability

for two flavor case is given as

L(km)

E(GeV)]’ 221

P(vy — v, L) = sin®(20) sin’[1.27Am* (eV?)

In the case of three neutrino flavors, the mixing matrix so called “PMNS” [15] is parameter-

ized as

€12023 512€13 sppe”"
U=| —siac23 — cras:3513¢™0  c1oc3 — s1as23s13¢7°  sazcis | (2.22)
—i5 i
§12€23 — €12523513€ "0 —C12823 — S12¢23813€ 0 €23C13

where ¢;; = cos 6;; and s;; = sin 6;; in this formula; therefore, the mixing matrix contains three
mixing angles (612, 613, 6»3) and a phase angle ¢ which is responsible for the CP violation in

the leptonic sector and oscillation probability P(v, — vp) is given:

1.27Am,L

Prob(vy = vg; L) = Kvlva)*= Sap — 42U Uy U, Upjsin®( ) [16].  (2.23)

2.1 Experimental Studies of Neutrino Oscillations

Neutrino oscillations can be traced back to the solar neutrino problem. After the discovery of
electron neutrinos, the S-decay was understood, but this led soon to another problem. Accord-
ing to the solar models, the main mechanism for nuclear fusion in the sun is the “proton-proton

chain.” In this chain there are five reactions that produce neutrinos as shown in Figure 2.1.

2.1.1 Homestake: first evidence of solar neutrino deficit

In order to measure neutrino flux from sun, Raymond Davis, installed a radiochemical de-
tector in the former Homestake gold mine in South Dakota. The detector consists of a tank

containing 390 m? of perchlorethylene (C>Cly).



Pp: pep:

pr+pT—H+ e+, 5577 0.23% e tp v,
54 Z78, ¥ ¥ 1= |'|E|:l:
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15.08%
r :'- ::
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Figure 2.1: Proton-proton cycle [17].

The detection principle is based on the inverse S-decay. That is a stable ' Cl isotope is trans-

formed into a radioactive isotope of 37 Ar.

ve+ 'Cl—> YAr+e. (2.24)

Finally, more than twenty years of data acquisition, the measured flux is much smaller then

Standard Solar Model (SSM) [18] prediction, namely 1/3 of predicted amount,

(DData
S =0.33+0.03. (2.25)
Cl

Therefore in the Homestake experiment indicates the possibility of the disappearance of solar

neutrinos [19].

2.1.2 GALLEX-GNO, SAGE: evidence from the second set of solar neutrino deficit

The Homestake experiment has an energy threshold high enough to prevent the detection of

neutrinos from the pp-cycle. Vadim Kuzmin introduced the possibility of using gallium for



detection in 1960, but the technique would have been developed thirty years later in the ex-
periments GALLEX [20] and SAGE [21]. The applied technique for solar neutrino detection

in these experiments is similar to one used in the Homestake experiment.

Solar neutrinos are detected through inverse §-decay:

Ve + ""Ga— "'Ge+e . (2.26)

In these experiments the number of neutrino interaction is estimated by counting "' Ge atoms.
This reaction has a threshold of 0.233 MeV, which allows the detection of all neutrinos in the
proton-proton chain. These two experiments had different technologies. SAGE used a tank
filled with pure liquid gallium while GALLEX-GNO used an aqueous solution containing
gallium chloride (GaCl3) and hydrochloric acid (HCI) [22].

The combined analysis of GALLEX, SAGE, and GNO data, gives

cDData

Therefore, these experiments confirm the solar neutrino deficit.

2.1.3 Kamiokande and SuperKamiokande: evidence of the third set of solar neutrino

deficit

Kamiokande and Super Kamiokande are parts of the family of detectors based on measuring
the Cerenkov radiation emitted by the charged particles. These experiments are different then
radiochemical experiments. Therefore, it provides an independent check for the solar neutrino

deficit.

Kamiokande, the first water-Cherenkov detector, was 3 ktons of pure water. This detector was
placed 1000 m underground in Kamioke mine in Japan. The construction of the detector was

completed in 1984 and then took the data until 1995.

In 1996, the Kamiokande detector was upgraded to 50 kton of ultra pure water and became

Super-Kamiokande. This detector, a huge cylindrical tank of 41.4 meters tall and 39.3 meters



in diameter, was filled with more than 50 ktons of ultra pure water. The detector is equipped
11,146 photomultipliers are oriented inwards to observe interactions, and 1,886 others are

oriented outwards to detect particles coming from outside [23] (see Figure 2.2).
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Figure 2.2: Super-Kamiokande detector.

In the Super-Kamiokande detector, neutrinos are detected through their elastic scattering with

electrons:

Vite D ve+e, (2.28)

where x = e, u, and 7.

The measurement of Super-Kamiokande confirms the solar neutrino deficit. The ratio of

measured solar flux to the predicted one is

Data
S = 0465+ 0.015. (2.29)
(DSK
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By using the different techniques and methods solar neutrino deficit has been confirmed. Table

2.1 shows the summary of solar neutrino measurements.

Table 2.1: Summary of all observation.

Experiment Reactions Threshold (MeV) | Results (%)
Homestake Vet 2'Cl— TAr+e 0.814 0.33 +0.03
GALLEX-GNO, SAGE | v, + "'Ga — "'Ge + e 0.233 0.54 + 0.04

Super-Kamiokande Vot 6> Vo + e 5.5 0.465 = 0.015

Although Super-Kamiokande has had an important role in the study of the solar neutrino

problem, this detector resulted in the major findings in the Atmospheric neutrinos.

In the Super-Kamiokande detector, neutrino interactions could be identified and classified by
the Cerenkov radiation. Once identified, the events are classified, according to their topology.
These events are further divided into three categories: fully contained (FC), partially con-
tained (PC) or produced by an upward-going muon (UPu) as shown in Figure 2.3. Then, the
fully contained events in the detector are divided into two categories according to their energy:
“sub-GeV” (E < 1.33 GeV) and “multi-GeV” (E > 1.33 GeV). In the end, a final classification
is made according to the direction of the detected particle. This last characteristic gives the

distance traveled by the neutrino before the interaction in the detector.

Since the production of Atmospheric neutrinos are isotropic, the number of downward-going
neutrinos must be equal to the number of upward-going. Therefore, if there is no any effect

like oscillation, one expects

Ni(cos ;) = Ny(—cosb,). (2.30)

Where 6, is zenith angle and shown in Fiqure 2.4.

Super-Kamiokande, measured the flux of v, and v, as a function of zenith angle 6 in 1998.
Super-Kamiokande has observed a deficit of muon events for neutrinos crossing the Earth in
the area cos 6 < 0, (the neutrinos that have traveled a greater distance) than those with cos 6
> (. This phenomenon can be seen in Figure 2.5 and it is called “the atmospheric neutrino

anomaly,”. The deficit can be explained consistently by v, — v; oscillations.
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Figure 2.3: Classification of events in Super-Kamiokande detector.
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Figure 2.4: A view of cosmic rays arriving on the Super-Kamiokande detector.

The best fit value of oscillation parameters are 1.5x 1073 < Am%3 < 3.4x1073, and sin®26,3 >

2.1.4 Sudbury Neutrino Observatory (SNO)

SNO-cherenkov detector was located in the Creighton Mine (Canada) at the depth of 2070 m.

The detector is acrylic vessel with a diameter of 12 meters. It is filled with 1000 tons of ultra-
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Figure 2.5: Zenith angle distributions for electron and muon events with visible energy < 1.33
GeV (sub-GeV) and > 1.33 GeV (multi-GeV). The dotted histograms show the non-oscillated
Monte Carlo events, and the solid histograms show the expectations for v,, — v oscillations
[25].

pure heavy water (D,0). The Cherenkov radiation is registered by 9600 photo-multipliers,
mounted on a sphere with a diameter of 17 meters surrounding the vessel. The detector is
immersed in ultra-pure ordinary water, which is in the barrel cavity with a diameter of 22

meters and a height of 34 meters, excavated in the rock [26].

In Sudbury the “Sun boron” neutrinos

8B —8 Be* + ¢ +v,, (2.31)

were detected through the following reactions:

Ve+d — e +p+p, co) (2.32)
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Vy+d— viy+n+p, (NO) (2.33)

Vete— v, +e. (ES) (2.34)

The first reaction, Charged Currents (CC), is sensitive only to electron neutrinos (v.). The
second one, Neutral Currents (NC), is sensitive to all neutrinos (x: e, u, 7). In addition, the
Elastic Scattering (ES) is sensitive to all flavors of neutrinos, but smaller for muon and tau

neutrinos.

After 2-years of data taking, SNO collaboration measured the neutrino fluxes

DS, = 176700 (star.) 000 (syst.) x 10%em™s7", (2.35)
DEY ) = 2.3970 23 (star.) 015 (syst.) x 10%em™s7!, (2.36)
OYC ) = 5.097043(star.) 045 (syst.) x 10%em™s7 1. (2.37)

Thus, if neutrinos can change from one flavor to another, the neutrino flux as measured by

reaction (CC) @€ (v,) must be less than the flux measured by the reaction of (ES) OES (v,).

In the first series of measurements, which was carried out using the CC interactions, there was
a deficit in the electron neutrino flux. The SNO data, provides an estimate of solar neutrino
flux through the reaction in Equation (2.31). The measured flux is in good agreement with the

SSM predictions.

The best fit value of Am%2 and solar mixing angle sin’(8;,) are

Ami, = 71703 x 107 eV?, (2.38)

and

sin*(612) = 0.3070.0; . 612 = 32.5°. (2.39)
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2.1.5 K2K Experiment

After the first results of the Super-Kamiokande experiment, a confirmation of the oscillation
was necessary. The best way to do this is to use a controlled neutrino beam. That is an ac-
celerator experiment. Soon after Super-Kamiokande measurement, K2K experiment at Japan

was proposed to confirm the Super-Kamiokande results.

A muon neutrino beam produced at KEK and sent to Super-Kamiokande detector located
in Kamioka, 250 km away. The average energy of the muon neutrino beam is 1.3 GeV.
Therefore, by comparing the measured flux for Super-Kamiokande and KEK, they measured

the v,, disappearance.

Their results are consistent with Super-Kamiokande measurements. The mass-squre differ-

ence Am§3 and mixing angle sin%(623) are [27]

sin*20y; = 1, (2.40)

and

1.8x 107%eV? < Am3; < 3.6 x 107eV2. (2.41)

2.1.6 MINOS Experiment

After Super-Kamiokande result, two long-base experiments: one in USA and the other in
Europe were proposed to search for the neutrino oscillations in the parameter space defined
by the Super-Kamiokande experiment. The MINOS experiment uses two detectors. One is
located near to the beam and the other is at a distance of 725 km from Fermilab (USA)[28].
By comparing neutrino flux measured at near and far detectors, MINOS confirmed neutrino

oscillations in the disappearance mode.

The best fit values of oscillation parameters are [29]

sin®20y; = 1, (2.42)

and

Amb, = 2.74 x 1073 V2. (2.43)
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All experimental observations so far on neutrino oscillations has been done in the disappear-
ance mode which measures a deficit in the expected neutrino flux. On the other hand, the
appearance experiments which measure the appearance of a new neutrino flavor, gives a solid
proof of the oscillations. Therefore the OPERA experiment was designed to search for v

appearance in an almost pure v, beam.

In next chapter the OPERA detector and v, — v oscillation search will be discussed.
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CHAPTER 3

THE OPERA EXPERIMENT

OPERA (Oscillation Pro ject with Emulsion tRacking Apparatus) is a long baseline exper-
iment designed to provide conclusive result for v, — v; oscillations in the parameter space

indicated by the Super-Kamiokande experiment [30].

The OPERA detector is located in Gran Sasso underground laboratory, 732 km away from
CERN where CNGS (CERN Neutrino to Gran Sasso) neutrino beam is produced [31, 32]. A
search for v, — v oscillations in appearance mode requires a detector of large mass and high
spatial resolution. Both requirements are fulfilled by using ECC (Emulsion Cloud Chamber)
technology in the experiment. It consists of a sequence of 56 lead plates and 57 emulsion
plates forming a sandwich structure. The emulsions are used as tracking detectors with a
submicron spatial resolution. While the lead plates constitutes the large detector mass. Each
ECC brick has a transverse dimension of 10 x 12.5 ¢m? and a thickness of 7.54 cm for a total

weight of 8.3 kg [33, 34].

3.1 The CNGS Neutrino Beam

The CNGS (Cern Neutrino to Gran Sasso) is a wide-band neutrino beam which is produced
at CERN and directed towards the INFN Gran Sasso underground laboratory. The neutrino

beam travels 732 km before reaching to the OPERA detector.

The production of neutrino beam requires several steps in the accelerator complex at CERN.
First, protons are accelerated in SPS at the energy of 400 GeV. Then the extracted protons
are transported through the transfer line to the CNGS target, and secondary pions and kaons

are produced. These pions and kaons are guided with two focusing lenses, named horn and
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Figure 3.1: CNGS beam from CERN to LNGS [32].

reflector, in the direction of Gran Sasso. A 1 km long decay-pipe allows the pions and kaons
to decay into v, and muon. A schematic representation of CNGS beam is shown in Figure
3.2. The remaining charged particles (pions, kaons, protons, ...) are absorbed in a Hadron
Stopper. Only neutrinos and muons are able to cross this part. The muon detectors follow the
Hadron Stopper. They are used to monitor the beam and measure the neutrino beam intensity

[35, 36].
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Figure 3.2: Layout of the CNGS beam line [37].

3.2 Structure of OPERA Detector

The OPERA detector is made of two identical Super-modules, each of which contains brick

walls, electronic detectors (Target Tracker), and a magnetic spectrometer. A Veto system,
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composed of Resistive Plate Chambers (RPCs), is placed in front of the first Super-module.

A schematic representation of the detector is shown in Figure 3.3.

o
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— walls with Pbfemulsion bricks
- orthogonal seintillator strips

Figure 3.3: The OPERA detector [38].

3.2.1 The OPERA Brick

The OPERA target contains 150000 ECC bricks of a total mass of 1.25 kton. The total area of
nuclear emulsion films used in OPERA is 110000 m? corresponding to 8.85 million films. Due
to this large amount, it was necessary to develop an automated machine for brick assembly,

which is called Brick Assembly Machine (BAM) [39, 40].

A pair of nuclear emulsion films, called Changeable Sheet (CS), is placed on downstream of
the brick, which provides an interface between the brick and the electronic detectors. The

Changeable Sheets can be removed from the brick and analyzed independently.

19



Changeable
_L_— Sheet(CS)

Twa films
Easily detached
L Bkinl
\ - N
> g ™~
\”t:“'--
N
- T
--------- ™~
I
N
22 TR I O ) N I
=
Emulsion layers Plastic

Figure 3.4: The detailed structure of an OPERA Brick [37, 41].

3.2.2 Electronic Detectors

Each Super-module is composed of 31 brick walls and 31 Target Trackers. The bricks are
inserted and removed from the walls by two automatic robots, called Brick Manipulating

System (BMS) and located at the sides of the detector [40, 42].

3.2.3 Target Tracker

A Target Tracker consists of 4 horizontal and 4 vertical modules that provide the x, and y
coordinates of transversed charged particles. Each module contains 256 scintillating fibers
6.8 m long, 2.63 cm wide and 1 cm thick. Besides, each module reads out, through Multi-
anode, and 64-pixel photomultipliers, placed at the end of the fibers as shown in Figure 3.5
[43, 44]. The main task of the Target Tracker is to locate at real-time, where the neutrino
interaction occurs inside the target wall. And the CSs are used to confirm this selection and

define the region of the emulsion film to be analyzed within the brick.

3.24 The Magnetic Spectrometers

The task of the magnetic spectrometers is to identify muon and measure its momentum. Each

spectrometer is composed of two magnetized iron walls. The magnetic field inside the wall
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Figure 3.5: Schematic view of an end-cap of the scintillator strips module and an electronic
target tracker module in construction site [45].

is essentially uniform with intensity of 1.55 T. The transverse dimensions of the magnet are

around 8 m long, 8.75 m wide, and 2.64 m thick [44].

Figure 3.6: General view of the OPERA Magnet [30].

The magnets are equipped with active detectors: the iron planes are interleaved by Resistive
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Plate Chambers (RPCs, Inner Tracker) and high precision tracking (Precision Tracker, PT)
detectors which are placed in front of, behind and inside the magnet. The Precision Tracker
(consisting of vertical planes of drift tubes) with the other parts of the muon spectrometer are
used for the muon identification, the definition of the sign of the muon and its momentum.
Two HPT planes are located between the two walls of the magnet in order to perform angular

measurements of the muon [46, 47].

3.2.5 Veto System

The neutrinos from the CNGS can interact with external matter before reaching the OPERA
detector, for example they can interact with the rock complex of the Gran Sasso and the
produced particles can pass through the OPERA detector. This signal may erroneously be as-
sociated with a brick, and resulting in its extraction. To prevent this, a veto system, consisting

of two layers of RPC is located in front of the OPERA detector [48].

Figure 3.7: A View of VETO System [48].
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3.3 Brick Handling

The synchronization between the detector and the CNGS beam is online by means of a GPS
(Global Positioning System). When a neutrino interaction occurs in the detector, electronic
detectors provide a trigger and event is accepted for the analysis. Then the following steps
are applied in order to locate the neutrino interaction in the brick: Firstly, the data from
the electronic detector are processed by a software algorithm that selects the brick with the
highest probability of containing the neutrino interaction vertex [49, 50]. After that, the brick
is removed from the wall by means of the BMS and then exposed to X-rays to define an
intrinsic reference system. There are two independent X-ray exposure for each brick. The
first one, named as CS marks, ensures a reference system between the pair of CSs and the
more downstream emulsion film of brick (exposure front). The second one, named as lateral
marks, produces fine marks on the sides of the brick (exposed side). It is used to keep the
memory of the relative positions of the films inside the brick. After the first X-ray exposure,
the pair of CS are removed from the brick and developed in the underground laboratory in
Gran Sasso. Moreover, the related brick is placed in a shielded room to reduce the background
due to the environmental radioactivity. If the analysis reveals traces of CS compatible with
the electronic detector reconstruction, we proceed to the second X-ray exposure for the brick.
Then, the brick is exposed to cosmic rays about 12 hours in order to collect enough number of
cosmic muons to improve the alignment of films. Consequently, the emulsion films of brick

are developed and distributed in different scanning laboratories in Europe and Japan [50].

3.4 Analysis of Neutrino Events

The proof of the v, — v; oscillations in the OPERA detector is identification of v, Charged

Current (CC) interaction.

vi+ N —>1 +X (3.1

Since the rate of expected events is very low, it is crucial to identify v, CC events with a
high efficiency from those induced by neutrinos of different flavor i.e. v,,. Given the energy

spectrum of the CNGS neutrino beam, the expected average flight length of 7-lepton is about
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450 pum and the 7-lepton decays through the following decay topologies [52]:

T — e VLV, (BR = 17.8%) (3.2)
T — uv, (BR = 17.4%) (3.3)
" — kit (n%)vs, (BR = 15.2%) (3.4)
77— b (na%)v,. (BR = 49.5%) (3.5)

The decay topologies are classified according to the position of decay vertex. If the neutrino
interaction and the 7-lepton decay vertices are in the different plates, the decay topology is
called “long-decay.” On the other hand, if both vertices are in the same plate, it is called
“short-decay.” The short decay can identified by measuring the Impact Parameter (IP) of

tracks as shown in Figure 3.8 [52, 51].

Figure 3.8: View of long decays (top) and short decays (bottom) [51].

The identification of 7-decay topologies requires kinamatical selection in addition to topolog-
ical identification of the decay. The most efficient channel is 7 — e channel. This channel
is almost background free if the electron shower is identified. The second clear topology is
7 — u channel. In this channel muon is identified by muon spectrometer with a high effi-
ciency. The main background for this channel is the large angle scattering of muon which

is produced in v, CC interactions. Although the hadronic channels occupy large branching
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channel, they are suffered from large background due to elastic scattering or secondary inter-
actions of the hadrons in the ECC brick. In order to suppress topological backgrounds, a set

of kinematic cuts which are given in Table 3.1 are applied [52].

Table 3.1: Kinematic cuts.

T-decay kinematic cuts
T — e~ channel Energy for 7 daughter should be greater then 1 GeV.
T — u channel Muon momentum should be between 1-15 GeV.
7 — h channel Muon momentum should be greater then 2 GeV.
7 — h channel The kink angle must be greater than 20 mrad.
T — hchannel | The total transverse momentum (PT ) must be greater than 600 MeV/c.

The neutrino events satisfying both topological selection and kinematical cuts are the candi-

dates for v, appearance.
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CHAPTER 4

AUTOMATIC EMULSION MICROSCOPE AND EMULSION
SCANNING

In the OPERA experiment, about 30 events per day must be analyzed and for each event about
200 cm? area of emulsion film are scanned. This requires a high speed scanning system in

order to complete the measurements in a reasonable time.

In the OPERA experiment emulsion scanning has been performed by fully automatic scan-
ning systems. There are basically two types of systems: one developed in Japan, at Nagoya
University [52], the other one, European Scanning System (ESS), developed by the collab-
oration between European laboratories [53]. In the following section, the main components

and parameters of the ESS are described in detail.

4.1 European Scanning System and Emulsion Scanning

The main components of the ESS microscope mentioned above, shown in Figure 4.1, are:

A support table (MICOS) which has high quality mechanics.

Computer driven horizontal and vertical stages.

A granite arm as a supporting frame for CCD camera and objective.

o A mega-pixel CCD camera (CMOS) mounted on the vertical plate on the granite arm.

It is interfaced with a frame-grabber and vision processor.

Optics and light system (NIKON) located below the scanning table.
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The scanning speed of the European Scanning System is 20 cm?/h.

Figure 4.1: ESS scanning microscope.

During the scanning, objective focuses at different depths of emulsion film and take tomo-
graphic images. In total 15 tomographic images are taken over 44 ym thick emulsion layer.
These images are sent to Odyssey board for processing. The camera has a capability of work-
ing with a rate of 660 MB/s. In addition, OPERA uses the frame rate of 376 frames per
second, which corresponds to 496 MB/s (Figure 4.3).

The first step of image tracking is to reconstruct micro-tracks using aligned clusters of dark
pixels. Then micro-tracks at both sides of plastic base is connected to form the base-tracks

(Figure 4.4).

The final step of processing is to reconstruct particle tracks by connecting the base-tracks in

consecutive emulsion films.
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Figure 4.2: Taking a series of successive images in different depths of the Emulsion [54].

Figure 4.3: The Emulsion view from Ankara Scanning System.
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Figure 4.4: a) The reconstruction of micro-tracks in an emulsion layer b) The combination of
micro-tracks through the plastic base forms the base-tracks[55].

4.1.1 SySal Software

The SySal software, written in C++, was developed by Cristiano Bozza from the OPERA
Collaboration.

Some important features of the SySal are given below:

1) Opera Batch Manager: The part of the software that is responsible for managing the scan-

ning.

2) Vertigo Scan Server: This part is responsible for writing the data to the database while

scanning.

3) Scan Server: This is the main program runs at microscope workstation and is responsible

for collecting and arranging the data during the scanning.

4.1.2 Database

In Emulsion Scanning Laboratory in METU, there is a permanent connection with OPERA
database located in Lyon. By running Oracle SQL, it is possible to reach the information

about OPERA events like position and angle information of the particle tracks found in CSs.
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4.2 Scanning Efficiency of Ankara Scanning System

In terms of scanning results and tracking efficiency, there should be a standardization between
different labs in the OPERA Experiment. It means that every scanning result coming from
different labs should have the similar efficiency. In order to monitor the scanning efficiency
of each lab, a set of nuclear emulsion films were exposed a pion beam at CERN. Then these

films are distributed to different emulsion scanning labs.

We have received 6 emulsion films which are scanned and analyzed with our scanning system.
Figure 4.5 shows our tracking efficiency plot. The mean efficiency is around 75%. Figure 4.6
shows the tracking efficiency of Bern University. Comparing the tracking efficiency of Bern
system and our system, we have seen that both labs have similar scanning performance in

terms of efficiency.

It is observed that they are consistent with each other.
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Figure 4.5: The tracking efficiency as a function of track slope (Ankara data).
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Figure 4.6: The tracking efficiency of Bern scanning system.
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Figure 4.7: Beam slopes.

4.3 Brick Scanning

events looked for, are in micron scale.

31

Once the OPERA brick is received, some tests have been done on brick’s emulsion films. The

aim of these tests was to find a specific coordinates at any plate. This is important since the



Figure 4.8: The Ankara scanning microscope.

For that purpose, there is a checking mechanism with two types of marks. First one is the CS
marks. These point-like marks are found only in the last plate (numbered 57) of every brick set
as shown in Figure 4.9. Although there are usually five of these CS marks, it is enough to find
only four of them automatically to initiate the scanning. There are also lateral X-Ray marks,
horizontal, and vertical ones, found on every plate (see Figure 4.10). These lateral marks, are
located close to the corners of the emulsion film. By finding and saving the coordinates of
these intersection points, the system can define a coordinate system for every emulsion film.
Then these information is used for the plate alignment during the reconstruction phase. With
this procedure, the software can combine the data sets taken from single plates, and construct

the track of a particle passing through several plates for instance.

4.4 Event Analysis With Ankara Scanning System

Ankara microscope was assembled in September 2011 and after certain tests, the microscope
was ready for the brick analysis in the OPERA experiment. As a real exercise some OPERA

bricks are received and scanned.

As a first trial of event location, we scanned a brick which was already analyzed by Napoli

Group in the collaboration. Considering this as “Napoli Brick”, the aim was to reproduce their
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Figure 4.9: An example of CS marks in CS plates and plate §57.

Figure 4.10: An example of lateral marks in all brick plates.

analysis results. This would provide a test whether we are capable to reproduce the analysis

result of another lab.

As a first step: CS-brick connection has been done successfully by scanning 10 plates (from

57 to 48). The muon track was found in 10 plate of the brick films. Then, this track is fol-
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lowed back in the brick in order to locate vertex plate. This scan-back location is performed
by scanning 5 x 5 mm? area around the track position in 57 emulsion films. The data is ana-
lyzed using SySal reconstruction tools to find the vertex plate. After finding the vertex plate,
a third phase of scanning is launched, the aim of this scanning is to reconstruct the neutrino
interaction vertex and also search for decay vertices relating with the same neutrino event. A
volume which is made of 1 x 1 cm? transverse area and 15 plates (10 plates downstream and 5
plates upstream, of the vertex plate) is scanned. After the scanning, the data is reconstructed
by SySal reconstruction. Then, finally we have successfully located the neutrino interaction
vertex. Our reconstruction is consistent with Napoli analysis in terms of track multiplicity at
vertex and position and slopes of the vertex tracks. The information about the located event

is given in Table 4.1. The reconstructed neutrino event is shown in Figure 4.13.

Figure 4.11: Reconstructed muon track in the brick.

Table 4.1: Vertex Data (Last entry does not related to vertex).

Track X Y Z SX SY IP | D;P | DZ
#1809 | 60497.0 | 33774.9 | 0.0 | -0.0752 | 0.0592 | 1.1 | 2.3 | 898.4
#18591 | 77590.2 | 37926.1 | 0.0 | -0.2388 | 0.1354 | 1.1 | 2.3 | 898.4
#15016 | 64504.3 | 30627.1 | 0.0 | -0.0687 | 0.1006 | - - -
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Figure 4.12: Muon track.

DisplayPanel

Figure 4.13: Vertex view.

After the scanning and analysis of “Napoli brick”, we have received six bricks from 2011 run.

These bricks have not been analyzed before. Therefore, we call them as “Ankara bricks.”

In the following we present, the analysis of these events.
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4.4.1 Event {11143034579

Event 11143034579 was one of the OPERA event assigned to the Ankara laboratory in 2012.

According to the electronic detector reconstruction, this event is neutral current interaction.

This is clearly visible in the electronic detector display, that there is no reconstructed muon in

the detector (Figure 4.14).
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Figure 4.14: Display event #11143034579 in the entire detector, reconstructed by electronic

detectors.

As a first step, CS-brick connection has been done successfully. Two tracks were found, and

in order to locate the vertex plate, these tracks are scanned back in the brick. The analysis of

scan-back data shows that neutrino vertex is located in plate 52. This means, these two tracks

are stopped in plate 52. The minimum distance between these two tracks is about 2 um. The

vertex plate is also confirmed by eye checked; tracks are searched in plates 53 and 52. Both

tracks are seen in plate 53, however, they are not found in plate 52. This confirms the vertex

plate as 52. Figure 5.3 shows vertex and related segments around the vertex position. After

manual check, we confirmed that vertex contains two tracks as shown in Figure 4.36.

36



-‘;“"- [ Event: 11143034579, 23 May 2011, 14:53 (UTC), XZ pr [
1) F
—— -40—
> Tha AR RNN
o -
éa _sn:}zz
% P LI f T
2] 80— i
R | qnannn
= oofl® .\E PN L1 1 . . . . .
[=] C 7 8 9 10 M 12 13 14 15 16 17 18 19 20 21 22 23 24 25 |
o 700 650 600 550 500 459
[ Event: 11143034579, 23 May 2011, 14:53 (UTC), YZ projection W Selecied brick
"i" 0 Brick In cell
Empty cell
] 120 . W Fake brick
> M Row manipulation
D . B Second predicted brick
=] 100 . Third predicted brick
2 [
—
w 80 .
g F | O O | I .
o 60 7 10 112 13 14 15 1 23
-650 -600
Brick finding information: Super module 1 Mucon track parameters:
BrickId Wall Side Column Row Prob CS x CS y Momentum: N/A
brick 1: 1055730 10 -1 21 46 0.54 -1.0 -1.0 Tangent angle XZ: N/A
brick 2: 1058933 11 -1 21 46 0.1% -1.0 -1.0 Tangent angle ¥YZ: N/A

brick 3: 1058907 11 -1 21 47 0.1% -1.0 -1.0

Figure 4.15: Zoom of the detector where the interaction took place (is highlighted in pink).
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Figure 4.16: The track positions found in the CS for the event §11143034579. The difference
of direction and the magnitude of the arrows comes from the difference of their slopes.
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Figure 4.17: Volume scan area.

Figure 4.18: Vertex view with related segments.

38



DisplayPanel

Figure 4.19: Final Vertex view.

4.4.2 Event 11139007521

Event §11139007521 was another event assigned to the Ankara laboratory. According to the

electronic detector reconstruction, this event is also neutral current interaction.

For this event CS-brick connection and scan-back location have been done successfully. Fig-
ure 4.24 shows vertex and related segments around the vertex position. After manual check,

we confirmed that vertex contains five tracks as shown in Figure 4.25.
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Figure 4.20: Display event §11139007521 in the entire detector, reconstructed by electronic
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Figure 4.21: Zoom of the detector where the interaction took place (is highlighted in pink).
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Figure 4.22: The track positions found in the CS for the event #11143034579.
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Figure 4.23: Volume scan area.
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Figure 4.24: Vertex view with related segments.

Figure 4.25: Final Vertex view.
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4.4.3 Event 11176016909

Event 11176016909 is 1u event based on the electronic detector reconstruction.
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Figure 4.26: Display event §11176016909 in the entire detector, reconstructed by electronic

detectors.

After CS-brick connection, the muon track is followed back. It was found that it stops at plate

27. After searching for vertex tracks, we confirmed that this event is one prong event.
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Figure 4.27: Zoom of the detector where the interaction took place (is highlighted in pink).
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Figure 4.28: The track positions found in the CS for the event §11143034579.
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Figure 4.29: Volume scan area.
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Figure 4.30: Vertex view with related segments.
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4.44 Event 11256009809

Event §11256009809 is also 1u event according to the electronic detector reconstruction.
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Figure 4.31: Electronic detector reconstruction for event #112560098009.

After CS-brick connection, the muon track was found in the brick. After scan-back scanning,

we have confirmed that muon track stops at plate 46. We have searched for segments around

the muon track and we have confirmed that one track is making a vertex with muon track.
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Figure 4.32: Zoom of the detector where the interaction took place (is highlighted in pink).
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Figure 4.33: The track positions found in the CS for the event §11143034579.
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Figure 4.34: Volume scan area.
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Figure 4.35: Vertex view with related segments.
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Figure 4.36: Final Vertex view.
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CHAPTER 5

DATA-MONTE CARLO COMPARISONS

The comparison of Data and Monte Carlo (MC) is one of the important part of the data
analysis. Since MC simulation has been used to evaluate the efficiency and background for

oscillation search, it is very crucial to check whether MC simulation reproduce Data or not.

In the OPERA experiment, a software framework, called OpRelease, is developed for Monte
Carlo simulation and Data analysis [56]. MC events are generated using OpNEGN package
[57]. Its output is an ASCII file containing the kinematic information of particles created by
neutrino interaction. Then, using a root macro, these files are converted into root files. The
output of OpNGEN is considered as the input of OpEmulo, and it generates root files as well.
These generated root files involves information about emulsion data like zone, view and raw
Data. After that, these output files are used as input to OpEmuRec. This software performs
the event reconstruction, which can be done through different reconstruction algorithms like
Fedra [58] and SySal [59] in the collaboration. For our analysis SySal reconstruction has been
used. Furthermore, an analysis code for Data-MC comparison has been developed as a part

of this study.

The Data reconstruction is similar to the MC case. As a first step, raw Data is processed
through reconstruction algorithms in OpRelease framework in order to reconstruct the micro-
tracks, which are aligned grains, inside the emulsion layer. In next step, the base-tracks are
reconstructed through the connection of micro-tracks, which are detected at each layer of
emulsion films (Figure 5.1). In order to reconstruct the particle tracks, emulsion plates must
be aligned. An affine transformation, consisting of rotation, and shifts is applied. After that,
particle tracks are formed by connecting base tracks plate by plate to reconstruct the tracks.

In track reconstruction, Kalman filter algorithm is applied. After the tracking, particles are
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clustered to reconstruct the vertices.

‘ MICROTRACK —\ EMULSION
\Y
BASETRACK —» \ BASE
\

Figure 5.1: A schematic view of micro-tracks and base-track.

The reconstructed vertices are classified as primary and secondary vertices. In OPERA, the
primary vertex is named for the neutrino interaction point in the brick. A v, CC interaction
with u~ and charged hadrons is illustrated in Figure 5.2 . In most of the v,CC events, there
is only one vertex which is called primary vertex. However, if one of the primary particle

decays in the brick, it forms the secondary vertex (Figure 5.3).

Hadrons

Figure 5.2: v,,CC interaction with one vertex.

In the following, we present the result of Data-MC comparisons for v,,CC and v,,CC-charm
events. For this study 1000 v, CC and 1000 v,CC-Charm Monte Carlo events are used. MC
events are produced using OpRelease framework. The reconstructed MC events contains

reconstructed vertex and tracks informations. Before comparison Data and MC events, the
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Figure 5.3: v,CC interaction with more than one vertex.

primary vertex in MC events must be defined since the mean number of reconstructed vertex

is 2.2.

5.1 v,CC Events

After the event location and decay search, a file containing the information about the analyzed
event is uploaded in the central Database at Lyon. This is called summary file which contains

the vertex and track informations.

Based on the summary file, we have classified the Data as 2008-2009 and 2010 samples.
Since the selection criteria for v,CC events was modified, for 2010 event analysis, a cut on
muon momentum, P <15 GeV, is applied in order to improve the tau detection efficiency. The
Data is further divided into two as events analyzed in Japan and in Europe in order to check

possible biases in the event location.

In MC v, CC events, primary vertex tagging is rather simple if the muon track is reconstructed.
The vertex with a muon track is defined as primary vertex. If muon track is not reconstructed
in the event, the most upstream vertex is taken as a primary vertex. We have skipped location

simulation assuming that location efficiency is flat for v,CC and v, CC-Charm events.
The Figure 5.4 show the multiplicity distribution for 2008-2009 Data sample. There is a
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discrepancy between Data and MC events. In particular in the first bin, the discrepancy is very
large. On the other hand, Japan sample shows a very good agreement with MC events. The
comparison of charged particle slopes are given in Figures 5.5 and 5.6. In Europe sample, the
agreement between Data and MC is satisfactory. But there is very small discrepancy at small
angles. In the case of Japan sample, the agreement is satisfactory but similar to European case

there is a small discrepancy in slope X but slope Y shows very good agreement between Data

and MC.
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Figure 5.4: Primary multiplicity for 2008-2009; Left: European sample, Right: Japan sample.
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Figure 5.5: Charged slope X for 2008-2009; Left: European sample, Right: Japan sample.

Furthermore, the comparisons of 2010 Data sample are given in Figures 5.7, 5.8, and 5.9. In
2010 data sample the discrepancy in multiplicity distribution is striking for European sample.
In the first bin of the distribution, that is events with a single multiplicity is much more in

Data. However, the situation is opposite in the case of Japan sample. It means Data is less
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Figure 5.6: Charged slope Y for 2008-2009; Left: European sample, Right: Japan sample.

than MC in the first bin. Moreover, some discrepancies are also seen in slope distributions

in particular for European sample. The Japan 2010 Data shows a good agreement with MC

events.
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Figure 5.7: Primary multiplicity for 2010; Left: European sample, Right: Japan sample.
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Figure 5.8: Charged slope X for 2010; Left: European sample, Right: Japan sample.
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Figure 5.9: Charged slope Y for 2010; Left: European sample, Right: Japan sample.
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The vertex position distributions for all events are given in Figures 5.10, 5.11, and 5.12. In
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general, MC reproduces Data well concerning the vertex positions.
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Figure 5.10: Vertex position of X for all events.
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Figure 5.11: Vertex position of Y for all events.
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Figure 5.12: Vertex position of Z for all events.
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5.2 v,CC-Charm Events

The study of charm events is particularly important for the oscillation analysis because these
events constitute a background for v; search. The flight length and decay topologies of
charged charm and tau-lepton are very similar. In case if the primary lepton is not identi-
fied, the charmed-hadron is background for the oscillation signal. Furthermore, by studying
the charm events we can demonstrate reliability of tau detection efficiency. Table 5.1 shows

list of charm events and their decay topologies found in 2008-2009 and 2010 samples.

Table 5.1: Summary table of all charm events observed in 2008,

2009, and 2010.

Brick-ID Event-ID Year | Topology

34730 180718369 | 2007 kink

48057 233225467 | 2008 kink

85405 234654975 | 2008 4-Vee

44354 234276347 | 2008 kink

65097 222007691 | 2008 Vee

27222 234341013 | 2008 C2

72853 231012915 | 2008 S Vee

14653 228197639 | 2008 S Vee

79117 228563573 | 2008 S Vee

140875 233478285 | 2008 S Vee

127653 222274169 | 2008 trident

14714 236177101 | 2008 N1

66404 9214106181 | 2009 kink

59278 9317000655 | 2009 | S trident

73646 9248074251 | 2009 Vee

150444 | 9153055713 | 2009 kink

35135 9231046733 | 2009 trident

48601 9306092701 | 2009 Vee

42759 9180028411 | 2009 Vee

Continued on next page
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Table 5.1 — Continued from previous page

Brick-ID Event-ID Year | Topology
137454 | 9184112367 | 2009 Vee
118858 | 9189079481 | 2009 Vee
137009 | 9262083703 | 2009 NI
110205 | 9152034063 | 2009 S1
117643 | 9315114545 | 2009 S1
113324 | 9291027303 | 2009 S4
15574 927302960 | 2009 Vee
22777 10146003231 | 2010 Vee
33848 10207022839 | 2010 Vee
142664 | 10134047875 | 2010 kink
147363 225107648 | 2008 kink
51248 234539244 | 2008 kink
81191 23311658 2008 S1
33398 231062848 | 2008 N1
88427 233235784 | 2008 Vee
133606 224984190 | 2008 Vee
139294 237491736 | 2008 Vee
149995 237040910 | 2008 S1
15459 237403844 | 2008 S Vee
88951 230694744 | 2008 | S trident
114409 230467340 | 2008 S1
134350 234231460 | 2008 S1
70300 9163097136 | 2009 Vee
131501 9175042230 | 2009 kink
37084 9253108902 | 2009 | trident
22331 9185049172 | 2009 Vee
37626 9312041426 | 2009 kink
101750 | 9150262214 | 2009 Vee
83852 9302097642 | 2009 4Vee

Continued on next page
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Given the limited statistics, the comparison of Data and MC is not conclusive. Figures 5.14
and 5.15 show the charmed slopes in X and Y. They show a reasonable agreement. Figures

5.16 and 5.17, shows flight length distribution of charmed hadron and ®-angle distribution.

Table 5.1 — Continued from previous page

Brick-ID Event-ID Year | Topology
6502 9236112084 | 2009 S1
72495 9187032220 | 2009 S1
126388 | 9318073896 | 2009 S1

There are some discrepancies, in particular ®-angle distribution.
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Figure 5.13: Primary multiplicity for charm particles.
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| Charm Slope X |
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Figure 5.14: Charm Slope of X.
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Figure 5.15: Charm Slope of Y.
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Figure 5.16: The decay length of charm particles.
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Figure 5.17: @ angle for charm particles.
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Figure 5.18: Definition of angle ©.

Figures 5.19,5.20 and 5.21 show the vertex position distribution. Although X and Y positions
give a reasonable agreement, in Z position there is discrepancy that should be understood. In
data there are events out of the brick. This may be due to a typing error during feedback file

preparation.
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Figure 5.19: Vertex position of X for charm particles.
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| vertex Position Y |
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Figure 5.20: Vertex position of Y for charm particles.

| vertex Position Z |
12

10

[+;]
I|III|III|III|III|III

de ] il n o
-BBOOO -60000 -40000 -20000 0 20000 40000 60000 80000

Figure 5.21: Vertex position of Z for charm particles.

64



CHAPTER 6

CONCLUSIONS

As a long-base line experiment, OPERA aims to prove v, — v, oscillation through direct
observation of v; Charged Current interactions in the ECC brick. The OPERA detector is
located in Gran Sasso underground laboratory, 732 km away from CERN where CNGS neu-
trino beam is produced. The data taking was started in 2007 and is going on smootly. So far,
about 4000 neutrino interactions have been analyzed and two v; CC interactions have been

identified.

In September 2011, An automatic emulsion microscope was installed in emulsion scanning
laboratory at Middle East Technical University (METU). After basic tests and fine tunings
the system is fully operative since the the beginning of 2012. In this thesis we have given the

scanning and analysis results of the events located with Ankara Microscope.

Moreover, a detailed Data/Monte Carlo (MC) comparisons of v,,CC and v,,CC-Charm events
have been done. For this comparison Data is classified according to run year as 2008-2009
and 2010 samples. Further classification has been done based on scanning labs as European
and Japan. In general, the agreement between Data and MC is satisfactory. But in multiplicity
distribution it seems that in European sample there are more events with a single multiplicity
then MC expectation. This could be due to low efficiency for the large angle tracks. The
discrepancies in 2010 Data could be due to fact that only a small fraction of 2010 events are
analyzed. The biased in event location could be removed when the analysis of full sample
of 2010 events is completed. Concerning the charm sample, there is a reasonable agreement
between Data and MC. Since sample size is limited to 51 events, the comparisons are not so
conclusive. This analysis should be repeated including the scanning simulations for the event

location procedure.
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