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ABSTRACT

MEASUREMENT OF SM ELECTRO-WEAK PARAMETERS IN REACTOR
ANTINEUTRINO-ELECTRON SCATTERING IN TEXONO EXPERIMENT

DENIZ, MUHAMMED
Ph.D., Department of Physics

Supervisor: Assoc. Prof. Dr. Meltem Serin

May 2007, 156 pages.

In this thesis a search for v, — e~ scattering cross-section and Weinberg
Angle measurements were performed at KS Nuclear Power Station with 200
kg CsI(T1) scintillating crystal detector located at a distance of 28 m from the

2.9 GW reactor core giving total flux of 6.52 x 10'2 em 257!

in average at
the experimental site. New analysis techniques and background suppression
methods were developed. In the region of 3 — 8 MeV a measurement of SM
cross section of (1.235 £ 0.577) x Rgys and Weinberg Angle of 0.264 4+ 0.075
which is quite consistent with the SM value of 0.23120(15) [1] were obtained.

These are the best results with world wide level sensitivities at untested low

energy region by using reactor anti-neutrinos.

Keywords: Neutrino, Weinberg Angle, CsI(T1) Scintillating Crystal, TEXONO.
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oY/

SM ELEKTRO-ZAYIF PARAMETRELERIN TEXONO DENEYINDE
REAKTOR ANTINOTRINOSU-ELEKTRON SACILIMINDAN OLCULMESI

DENIZ, MUHAMMED
Doktora , Fizik Boliimii

Tez Yoneticisi: Dog. Dr. Meltem Serin

Mayis 2007, 156 sayfa.

Bu tezde v, — e™ sagilim tesir kesitini ve Weinberg agini 6lgmek igin KS
de bulunan 200 kg CsI(T1) kristal detektorii ile yapilan aragtirma anlatilmigtir.
CsI(T1) kristal detektorii 2.9 GW giiciindeki reaktor gekirdeginden 28 m uzaklikta
yerlestirilmistir ve deney setindeki ortalama noétrino flux 6.52 x 10*2 em =251 dir.
Yeni analiz metodlar1 ve arka plan giirtiltii bastirma caligmalar1 geligtirildi. SM
sagihm tesir kesiti 3 — 8 MeV enerji araliginda (1.207 £+ 0.577) X Rgy ve Wein-
berg agist 0.260 £+ 0.076 olarak olciilmiigtiir. Bu deger SM degeri 0.23120(15)
ile cok uyumludur[l]. Bu degerlerle reaktor ndtrinosu ile test edilmemis diigiik

enerjilerde diinya capinda en iyi hassasiyet ol¢iim seviyesine ulagilmigtir.

Anahtar Kelimeler: N&trino, Weinberg Agisi, CsI(T1) sintilasyon kristal de-

tektorii, TEXONO.
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CHAPTER 1

INTRODUCTION

The neutrinos are still the most mysterious particles in the particle physics.
Their properties and interactions with matter, as well as experimental concep-
tion have not been fully understood yet. This motivation is the locomotive of
further experimental studies to discover the neutrino properties and its inter-
action with matter. After their hypothesized existence from radioactive beta
decay process by W. Pauli in 1930 new physics was born. Neutrinos came to
picture to explain the missing energy and momentum of nuclear beta decay
process but they came with a lot of unanswered questions. Up to now they
still keep their secrets. There are very interesting and challenging questions still
out there, what is the absolute mass scale or their mass hierarchy, how many
mass eigenstate exist and what are the individual mass eigenstates; do neutrinos
really change flavour, if yes what is the mixing angles in the mixing matrix; is
there any other type of neutrino like sterile neutrino exist; whether they are

their own antiparticle or not; do neutrinos violate CP invariance?



Neutrinos were first considered by Pauli as massless particles and also in the
Standard Model of weak interaction they are assumed to be massless. However,
in Grand Unification Theory neutrinos have to be massive particles. Today
it is believed that they should have a small mass. Recent experiments have
strong evidence of neutrino oscillations and mixing[1, 2] which are due to neu-
trino masses. The experiments, Super-Kamiokande, Sudbury Neutrino Observa-
tory, KamLAND and MINOS have shown they have non-zero but small masses.
Finding mass of neutrinos would help us to explain of some unsolved physical

problems like the dark matter problem in astrophysics[3].

The crucial question is that how can very small neutrinos’ masses be mea-
sured. There are several precise experimental techniques to find the masses of
neutrinos. One of these techniques is based upon the idea that if neutrino oscil-
lation occurs, the neutrinos must be massive. Today’s experimental method to
measure the very small neutrino mass is based on the detection of what is known
as neutrino oscillation. Recently it has been observed that neutrino flavours are
mixing but still the mechanism of the mixing is under discussion. The other
technique to determine neutrino mass is called direct measurement based on
nuclear beta decay. A direct measurement of the neutrino mass can be obtained
by measuring the difference between the available energy in a nuclear beta de-
cay (linked by E = (Am)c? to the mass difference between the initial and final

nuclei) and the highest energy observed in the 3 rays. The resulting difference is



the energy spend in the neutrino mass, according to the energy-mass equation.
Although the masses of neutrinos are not known exactly yet, the experimental

limits on the masses can be determined.

Unlike the other leptons neutrinos do not carry charge and the probability
of interaction with matter is very low. This makes them very hard to detect.
The detection of neutrinos are very difficult since the interaction cross section
of neutrinos with matter is very small (i.e. 100 fb at 100 GeV to < 10™* fb
at 1 MeV'). In other words, for simplification, the mean free path in water for
v, from reactors is 250 light — years at the typical energy range of 2 MeV .
This disadvantage is covered by huge massive detectors and intense source of
neutrinos. In order to detect them you need high flux of neutrino and very big

detectors.

The neutrino properties and their interactions with matter is very important
for cosmology, astrophysics, nuclear and particle physics[4]. The neutrinos are
very important because of their huge amount since early universe. Since the
neutrinos interact with matter rarely, there still must be huge number of them,
so they can contribute considerable amount of mass to the universe. In this
sense, they can play an important role in the evolution of universe. The com-
bined neutrino and cosmology data[5] indicate that our Universe is at critical
density and that neutrinos constitute to at least 0.5% of this density, compa-

rable to the fraction shared by visible matter[6]. Neutrinos play a role in our



Table 1.1: The free parameters in Standard Model which have to be determined
experimentally.

] name \ parameters |
constants the coupling constants e, o, sin? Oy
bosons mw, My
mass leptons M, My, My
quark Moy, Mg, Mg, M, My, My
matriz elements CKM three angles and a phase ¢

existence. Therefore, understanding of neutrino properties is very crucial since
we can learn much more about universe as well as structure of matter. Neutri-
nos have very important role in measuring some important physical quantities
of nuclear structures as well. In this sense, neutrinos can be used as a probe
of nuclear structure. By studying neutrino-nucleus scattering one can make
precise measurement of various electro-weak parameters and structure of the
nucleon. For this reason, experimentally and theoretically well understood some
mechanisms are studying, in which the energy spectrum and composition of the
beam are known well. As a result, the neutrinos link the very small and very
big scale physics, from particle physics and nuclear physics to astrophysics and

cosmology|3].

There are 18 free parameters which have to be determined experimentally in-
cluding Weinberg Angle sin? fy, which is one fundamental parameter of Glashow-
Weinberg-Salam (GWS) model. In modelling, massless neutrinos are assumed
but neutrino’s mass parameters should be added to the list as well[7]. These

parameters are listed in Table 1.1.
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Figure 1.1: The wold status of the measurement of Weinberg Angle together
with theoretical expectation shown in black curve.

The Wienberg Angle was measured in high energies by using accelerators
very precisely. However, there is no significant measurement at low energies
with reactor neutrino yet. The world status of the measurements of Weinberg
Angle for various (combinations of) observables together with the all data value
of 0.23122 is given in Ref. [1] and the measurement status is shown in Figure 1.1.
The black curve represent the theoretical expectation calculated by Czarnecki
and Marciano in 2000.

In this study, TEXONO Experiment is presented. I will focus on the measure-
ment of neutrino-electron scattering cross section which is fundamental interac-
tion providing information on the Standard Model weak interaction parameters

(9v, ga, and sin? fy). This interaction was observed but there is no significant



measurement at low energy regions yet. With this motivation in the TEX-
ONO Experiment a 200 kg of CsI(Tl) scintillating crystal detector was placed
to near one of the core of Kuo-Sheng Nuclear Power Plant in Taiwan for studies
of electron-antineutrino scattering measurements. The main physics goal is to
perform a measurement of the electron-neutrino cross section and subsequently
determine the sin® fy, value at low energies with reactor neutrinos|8].

This thesis is divided into the following sections: In the second chapter,
an introduction to neutrino physics was given. Properties of neutrino, mix-
ing of neutrino flavours, oscillations and beyond the SM were discussed; In the
third chapter, neutrino-electron scattering, particularly in untested lower en-
ergy region, in MeV range at Kou-Sheng Nuclear Power Plant was presented.
The neutrino sources and expected neutrino spectrum were given; In the fourth
chapter, the TEXONO Experiment was presented. Technical design of the de-
tectors, shielding and electronic systems, such as trigger, data acquisition and
remote monitoring system were discussed; In the fifth chapter, data analyzing
techniques were presented. Properties and performance of our CsI(TI1) scin-
tillating crystal detector, calibration and analysis methods were given; In the
sixth chapter, background understanding and suppression methods were dis-
cussed. Based on multiple-hit analysis background estimations due to cosmic
and Tl — 208 were given; and finally in the chapter seven, the status and results

on the measurement of sin? @y, value were presented.



CHAPTER 2

NEUTRINOS AND PROPERTIES OF NEUTRINOS

After discovery of electron in 1897 by J. J. Thompson and theory of atom in 1911
by Rutherford, the structure of matter was constructed and elementary particle
physics was started. In those times atom was considered as a fundamental block
of matter. However, following years by using higher energies the understanding
of fundamental matter was changed and in the accelerators a lot of new funda-
mental particles were found. Today the Standard Model (SM) is modeling the
mathematical and physical structure of particles. In the SM there are six quarks
and six leptons considering as a building blocks of matter shown in Table 2.1.
The interaction between them is lead by four fundamental forces, gravitation,
electromagnetism, weak and strong forces. In the modelling these interactions
are governed by the four force carrier bosons, graviton, gamma, Z, W= and
gluon, respectively given in Table 2.2. The interactions can be classified ac-
cording to the value of a characteristic dimensionless constant related through

a coupling constant to the interaction cross section and interaction time. The



Table 2.1: (a) The elementary particle families in the Standard Model with
increasing mass. B, baryon number; [, isospin and its third component I3; Q,
charge; B*, bottom; T, top; S, strangeness; C, charm. (b) Properties of Leptons.
L flavour-related lepton number.

’ (a) Flavour H Spin ‘ B ‘ 1 ‘ I3 ‘ S ‘ C ‘ B*|T ‘ Qle] ‘
u 12 [1/3]1/2]1/2]0]0]0]0] 2/3
d 1/2 |[1/3[1/2[1/2/ 000 [0 -1/3
s 12 11/3] 0 | 0 |-1|0 |0 |0|-1/3
(¢ /2 [1/3| 0 0 0/ 1] 01]0]|2/3
b 12 11/3] 0 | 0 0|0 [-1]0]-1/3
t 1/2 |1/3] 0 0 O[O0 0|1 2/3

’ (b) Lepton H Qle] \ L. \ L, \ L, ‘ L ‘
e -1 1 0 011
v, 0 1 0 0|1
i 10101
v, 0 0101
T -1 0 0 1 ]1
v, 0 |o]o/1]1

stronger the interaction, the larger is the interaction cross section and shorter
is the interaction time. Because of its much smaller strength, the gravitational
force can usually be neglected in particle physics. Theoretically, the SM group
corresponds to a direct product of three groups, SU(3) ® SU(2) ® U(1), where
SU (3) belongs to the colour group of quantum chromodynamics (QCD), SU(2)
to the weak isospin and U(1) belongs to hypercharge, corresponding quantum
numbers shown in Table 2.1. The electro-weak SU(2) ® U (1) section, called the
Glashow-Weinberg-Salam (GWS) model[9, 10, 11] or quantum flavour dynamics

(QF D) consists of the weak isospin SU(2) and the hypercharge group U(1)[7].

The neutrinos as an elementary particle have half-integer spin-1/2, therefore

the neutrinos are in the fermion family. It has been observed all neutrinos in



Table 2.2: The four fundamental forces in the Standard Model. Natural units

h=c=1 are used.

’ Interaction Type H Strength \ Range \ Force Carriers ‘
Gravitation Gy ~ 5.9 x 1073 %) Graviton
Electromagnetic a~1/137 00 v
Weak Gr~1.02xm,* | ~m,' ~107%fm Z, W=
Strong (nuclear) g2 /4T ~ 14 m '~ 15fm Gluons
Strong (color) as ~ 1 confinement Gluons

left-handed and all antineutrinos in right-handed chirality. They have small,
tiny but non-zero masses. Since the neutrinos are electrically neutral lepton
and colorless, the interactions of neutrino neither by way of the strong nor the

electromagnetic force, but only through the weak force and gravity[12].

2.1 Discovery of Neutrino

After Chadwick discovered a continuous energy spectrum of electrons emitted
from —decay[13], in order to conserve energy and momentum a new particle was
postulated theoretically by W. Pauli in 1930. In the study of nuclear beta decay
process a nucleus A is transformed into a slightly lighter nucleus B, accompanied
with the emission of an electron. It seemed to be a two body decay in the first
glance. In the two body decay process outgoing energies can be kinematically
determined to be constant in the centre of mass frame. Choosing the parent
nucleus A is at rest, then the daughter nucleus B and e~ come out back to back
with equal and opposite momenta. From conservation of energy, the electron

energy F, is then



2 .2 2
B, = (mA b +m@> & (2.1)

One can notice that E. is fixed since the three masses are well defined.
However, experiments show that there is no fixed energy of the emitted electron.
The energy of the electron varies and reaches a maximum value as obtained from
the formula (2.1). Also physicists do not observe back to back events. It seems
violation of energy and momentum conservation. At this point Pauli suggested
the existence of a new spin-1/2 neutral particle which carries the missing energy
and momentum to save the energy and momentum conservation. Then three
body decay with the mysterious third particle would explain why physicists
do not observe the fixed energy of the electron and the lack of back to back
emission. It was concluded that it had to be electrically neutral to explain why
it left no track. Thus charge is also conserved. Pauli named this new particle as
a neutron. In 1932 Chadwick use this name for neutral nucleons in the structure
of the nucleus. Later it was called neutrino[14] (which means little and neutral)
by Fermi who presented a theory of beta decay. In modern terminology, the
fundamental beta decay process is that neutron decays into a proton, electron

and a anti electron type neutrino[15].

n—pt4+e +70 (2.2)

10



And inverse beta decay process for the proton is

pt+ 0, —n+et (2.3)

where v, refers to electron type neutrino and 7, refers to its antiparticle.

20 years later in 1953 first experimental evidence for neutrinos was found
in nuclear recoil experiment and finally in 1958 discovery took place at nuclear
reactor experiment via 7,— p scattering. Reines and Cowan[16] first detected the
neutrino by designing a classical detector with liquid scintillator tanks and water
target doped with Cadmium. What happens in the detector is that neutrino
interact with a nucleus through the weak force and a proton turns into a neutron

via Equation (2.4).

v+N(n,p)—e"+N(n+1, p—1) (2.4)

where n equals the number of neutrons and p equals the number of protons.
Reines and Cowan planned to build a counter filled with liquid scintillator and
surrounded with photomultiplier tubes (PMTs), the “eyes” that would detect
the positron from inverse beta decay, which is the signal of a neutrino-induced
event. The Figure 2.1 illustrates how the liquid scintillator converts a fraction
of the energy of the positron into a tiny flash of light. The light is shown trav-
eling through the highly transparent liquid scintillator to the PMTs, where the
photons are converted into an electronic pulse that signals the presence of the

positron. Inverse beta decay (1) begins then an antineutrino (red dashed line)

11
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Figure 2.1: Reines and Cowan Experiment on Liquid Scintillation Counter for
Detecting the Positron from Inverse Beta Decay.

interacts with one of the billions and millions of protons (hydrogen nuclei) in
the molecules of the liquid. The weak charge-changing interaction between the
antineutrino and the proton causes the proton to turn into a neutron and the an-
tineutrino to turn into a positron. The neutron wanders about undetected. The
positron, however, soon collides with an electron, and the particle-antiparticle
pair annihilates into two gamma rays () that travel in opposite directions. The
experiment based on the measurement of 511 keV annihilation photons and a
neutron capture reaction after 10 psec. The scintillators detect the coincidence
of 511 keV annihilation photons and v-rays emitted by the neutron capture

on Cd-113. Each gamma ray loses about half its energy each time it scatters

12



from an electron (Compton scattering). The resulting energetic electrons scat-
ter from other electrons and radiate photons to create an ionization cascade (2)
that quickly produces large numbers of ultraviolet (uv) photons. The scintil-
lator is a highly transparent liquid (toluene) purposely doped with terphenyl.
When it becomes excited by absorbing the uv photons, it scintillates by emitting
visible photons as it returns to the ground (lowest-energy) state (3). Because
the liquid scintillator is transparent to visible light, about 20 percent of the
visible photons are collected by the PMTs lining the walls of the scintillation
counter. The rest are absorbed during the many reflections from the counter
walls. A visible photon releases an electron from the cathode of a phototube.
That electron then initiates the release of further electrons from each dynode of
the PMT, a process resulting in a measurable electrical pulse. The pulses from
all the tubes are combined, counted, processed, and displayed on an oscilloscope
screen[17]. At their detector the antineutrino flux was calculated to be 5 x 103
particles per square centimeter per second. Despite the huge intensity, only two
or three events occurred every hour[7]. The experiment results on observation
cross-section agrees well with the theoretically predicted cross section for inverse
beta decay on protons which is 6.3 x 1074, On June 14, 1956, after all the tests
had been completed, Reines and Cowan sent a telegram to Pauli at Zurich Uni-
versity: “We are happy to inform you that we have definitely detected neutrinos

from fission fragments by observing inverse beta decay of protons. Observed

13



cross section agrees well with expected six times ten to minus forty-four square

centimeters.” [17]

2.1.1 Discovery of Different Neutrino Flavours

In B decay of an atomic nucleus, or in a nuclear reaction within a star, the
emitted electron is associated with a neutrino which is an electron neutrino. A
similar decay process, the pion decay, discovered by Powell and his group[18], is
another source of neutrino production. In 1959 Pontecorvo ask question whether
the neutrino emitted in S-decay is the same as the one emitted in pion decay[19].
In case of v, and v, are identical particles, then one must observe these reaction

(2.5) with the same rate.
vVyt+n o — pu+p and Vy+mn—e +p
vut+p — pt+n and Vut+p—et+n (2.5)
In pion decay at rest the muon could emerge at any angle to the coming
pion direction. The earliest picture of Powell showing the track of a pion in a
photographic emulsion exposed to cosmic rays at high altitude, the pion decays

into a muon and a neutrino which leaves no track since it is electrically neutral.

The process is;
T —=u +u, (2.6)

The muon energy in the pion decay process is found to be constant within

experimental uncertainties. This means that the pion decay is a two body decay.

14



Afterwards, the muon coming from decay of pion decays to an electron. The

decay process is;

po—e v+ (2.7)

When this process was observed repeatedly it was found that the energy of
emitted electron varied. It was concluded that the muon decay must be three
body decay which means two neutrinos were emitted. One is muon type neutrino
(v,) and the other is electron type antineutrino (7).

The experiment was done at the Brookhaven AGS using a 15 GeV proton
beam hitting a Beryllium target[20]. As a result totally 29 muon-like events and
6 electron like events were observed showing that v, # v.. In pion decay the
emitted muon is accompanied, as in beta decay, by a neutrino. However, the
emitted neutrino is not the same as the one which accompanied e~ in the 3 decay.
In 1962 Danby et al.[20] showed that they produced p* via 7,+p — p*+n but
not e via 7,+p — e +n. The latter process is never observed. Also 1~ decay
into e~ via the process u~ — e~ 4+ is not observed. Similarly, considering the
pair production process y+A — et +e + A and v+ A — ut+p + A, these
are observed separately but never the mixed one v+ A — u* + e~ + A’. Thus
we can distinguish the electron and its partner neutrino from the muon and its
partner neutrino; in other words v, is different from .. Therefore, we must
attach electron like and muon like labels to the corresponding neutrinos.

After the discovery of the 7 lepton, the analysis of weak interaction has

15



shown the existence of the three different kinds or flavours of neutrinos and
lepton family grown to 12, the electron, the muon, the tau, their respective
neutrinos, and the corresponding antiparticles. Alternatively, different neutrinos
are associated with the charged lepton similar to the electron, but with a bigger

mass, the muon and the tau[15].

2.2 Helicity Of Neutrinos

Up to 1950’s physicist believe that the parity is conserved in all reaction.
Parity can be defined as a mirror transformation by replacing ¥ — —Z. Par-
ity conservation implies that the physical process and its mirror one have same
probability. Parity violation means that the physical process are different for
both cases. In 1956 Lee and Yang shows that parity is not conserved in weak
interaction[21]. The pseudoscalar which are product of a polar and an axial
vector do the same thing meaning that they change sign under parity trans-
formation. The helicity H can be defined as product of spin and momentum,
meaning that helicity is the component of the spin in the direction of the mo-
tion, Equation (2.8). In the other words, the value of mg for the axis along
momentum direction is called the helicity of the particle[22].

P

H = F— (2.8)
S‘ X

P

Spin 1/2 particles can have helicity A = +1, corresponding to spin projection

parallel or antiparallel to the direction of motion. By analogy with polarized
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Figure 2.2: Schematic view of pion decay at rest. The spin and momentum is
shown after applying parity transformation (P), charge congugation (C) and CP
operation.

light, the positive helicity state is often termed right handed and the negative
helicity state left handed. Thus the fermion whose spin is 1/2 can have a helicity
of +1 (J3 =1/2) or =1 (J3 = —1/2). As an example we can consider positive

pion decay at rest[23] via Equation (2.9).

=t +y, (2.9)

Since pion decay at rest from conservation of momentum outgoing particles
move back to back in space. Furthermore, since pion carries spin-0, the spins of
the muon and neutrino also must be opposed to each other. The schematic draw-
ing of pion decay at rest is illustrated in Figure 2.2 under Charge Conjugate(C),

Parity Transformation (P) and CP operations.

The helicities H(put) = H(v,) = —1 turn into +1 after applying parity trans-

formation. Parity invariance would imply that both helicities should have the
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same probability and no longitudinal polarization of the muon should be ob-
served. Parity violation would already be established if there were some polar-
ization. By measuring only H(u*) = +1 it turned out that parity is maximally
violated. these observations finally led to the V-A theory of weak interaction[7].

The neutrinos as a spin-1/2 particles can be described by four-spinors ()
which obey the Dirac Equation, corresponding to particle anti-particles with
two spins J3 = £1/2 in quantum field theory. The Dirac Equation is nothing
but the relativistic wave equation for spin-1/2 particles and given by Equation
(2.10). However, experimental observations show that only left-handed neutrinos
(H = —1) and right-handed anti-neutrinos (H = +1) exist. Therefore, we can

say that two-component spinor can describe the neutrinos in principle[24, 25].

(iy“% — m) =0 (2.10)

here 1) denotes a four-component spinor and the 4 x 4 y—matrices are given in

the form of Equation (2.11)

Yo = and Y = (211)
0 —1 —o; 0
where g; correspond to the 2 x 2 Pauli matrices.

The wave function ¢ can be rewritten in terms of left- and right-handed

components as in Equation (2.12);

Y = (Pp+ Pr)vY = Py + Pryp = Y, + g (2.12)
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here the projection operators P, and Pr can be express as in Equation (2.13)

1 1
The matrix s is given by Equation (2.14)
01
V5 = 1Y0V172Y3 = (2.14)
10

The Equation (2.10) can be expressed in these projection of wavefunction in

Equation (2.12) as Equation (2.15)

o, .0
<z— —wi—) Yr = myYL
xr Z;
o, .0
(2@—"@@8_%) ¢L = m70¢R (215)

Both equations in Equation (2.15) decouple in case of vanishing mass, m =
0 and turn into Weyl Equation. For non-vanishing mass case decoupling of
Equation (2.15) is no longer possible. This means that the eigenspinors ¢, and
1r no longer describe particles with fixed helicity and helicity is no longer a
good conserved quantum number|7].

Particles are distinguished from their own antiparticles by comparing some
physical properties like charge and helicity. For neutrinos the situation is not
so clear. Neutrinos do not carry electric charge. Neutrinos can be differed from
antineutrinos only by the help of helicity. If particle and its antiparticle are
different, they are called Dirac-particle. If particle and its antiparticle are the

same, they are called Majorana particles. In the Dirac case v, is converting into
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Figure 2.3: Schematic view of the massive Dirac and Majorana neutrinos.

vgr via CPT transformation. On the other hand, in Majorana case under both
CPT and Lorentz transformation v, turn into v since neutrino is its antiparticle
as shown in Figure 2.3. Furthermore, if neutrinos are Majorana type, the lepton
number conservation is violated since initial and final state lepton number are

not the same in nuclear beta decay anymore.

2.3 Neutrino Mass, Mixing, Oscillation and Physics Beyond Standard Model

In the Standard Model[26, 27, 28| all elementary particles can be grouped
into two families, the quarks and the leptons. Each family has six members. If
we group the two families into pairs regarding the masses and charges we have
three pairs of family. These families are listed in Table 2.3 based on the recent
experiments and data from reference [1].

All stable matters in the known universe are made up of e~ and one pair of
quarks, up and down. However, they are not enough to build whole universe.

The other elementary particles which form unstable matter occur in the high
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Table 2.3: The elementary particle families in the Standard Model.

| Particle | Mass (MeV') || Particle | Mass (MeV) |
U 1.5 to 3.0 s 95 £ 25
d 3to7 c 1250 =90
e 0.510998918 £ 0.000000044 I 105.6583692 £+ 0.0000094
Ve <2.25%x107° v < 0.17

| Particle | Mass (GeV) |

b [420-47£0.07
t 1742 +3.3

T 1776997 00056
Vs < 0.0182

energy process naturally in the universe or artificially in laboratories.

The various matter and force-carrying particles have a range of masses. This
is another puzzle in physics. The photon, carrier of the electromagnetic force,
and the gluons carrying the strong force are massless. On the other hand, the
mediators of the weak force, the W+ and Z particles are very massive particles
whose weigh 80.4 GeV and 91.187 GeV respectively, as much as a reasonably
sized nucleus. Furthermore, W= have charge also unlike the other mediators.
Indeed, how particles get masses and its mechanism at all are not totally under-
stood.

Although Standard Model explains most phenomenon in particle physics and
match with experiment with high accuracy, also successfully unify the two fun-
damental forces of electromagnetism and weak interaction, still it is believed that
Standard Model is not a complete theory. Discovery of the neutrino mass shows
us a new physics beyond the Standard Model and it plays a very important role

in the development of modern particle physics. Non-vanishing neutrino mass
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require mixing and oscillation (neutrino flavour changes)[1, 2] considering weak
eigenstates 1, not identical to the mass eigenstates v;, as in the quark sector
which are connected by a unitary matrix called Cabibbo-Koboyashi-Maskawa
(CKM), the v, is connected v; by Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrix[7]. Thus when such a particle is propagated, it behaves like a wave with
time-dependence related to the mass of the particle considered. This princi-
ple is the basis of the neutrino oscillation[29]. Neutrinos are always created or
detected with a well defined flavor (electron, muon, tau). However, in a phe-
nomenon known as neutrino flavor oscillation, neutrinos are able to oscillate
between the three available flavors while they propagate through space. Specif-
ically, this occurs because the neutrino flavor eigenstates are not the same as
the neutrino mass eigenstates (simply called 1, 2, 3). This allows for a neutrino
that was produced as an electron neutrino at a given location to have a calcu-
lable probability to be detected as either a muon or tau neutrino after it has
traveled to another location. This effect was first noticed due to the number of
electron neutrinos detected from the Sun’s core failing to match the expected
numbers, a discrepancy dubbed the "solar neutrino problem”. The existence
of flavor oscillations implies a non-zero neutrino mass, because the amount of
mixing between neutrino flavors at a given time depends on the differences in
their squared-masses (mixing would be zero for massless neutrinos). Despite

their massive nature, it is still possible that the neutrino and antineutrino are in
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fact the same particle, a hypothesis first proposed by the Italian physicist Ettore
Majorana[30]. The most rigid limits on Majorana neutrino mass come from the
Heidelberg-Moscow experiments. Neutrinoless double beta decay which violates
lepton number conservation was searched in "*Ge decay and they claim for ev-
idence of that. However, their correctness is still under discussion since their

observed signal may probably be an unknown background peak.

There are several ways to show the existence of neutrino oscillation. One is
the measurement of the solar neutrino flux[31, 32]. The natural phenomena is
that some of the neutrinos produced in the Sun as an electron type, transform
into a different type of neutrinos. One can measure how many of them are
transformed and disappear on the way between the Sun and Earth; this is clearly
evidence of the neutrino oscillation. Another method is the search for oscillation
using reactions of neutrinos produced by transformation from the original type

in neutrino beams from particle accelerators.

In the experiments on solar neutrinos, the observed flux is significantly lower
than that of expected one according to the solar model based on the astro-
physics knowledge[33]. Part of the v, transform into neutrinos of a different
type on their way from the Sun to the Earth. Such experiments searching for
neutrino oscillation which are based on disappearance of the neutrinos are called
disappearance experiments. On the other hand, appearance experiments make a

measurement of neutrinos of a different type than the original ones. Therefore,
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in the case of solar neutrinos, instead of the measuring the reduced flux of v,
appearance of unexpected v, is investigated. Unfortunately, appearance exper-
iments are practically impossible for solar neutrinos. To be detectable the v,
should interact with the detector and produce its corresponding charged part-
ner, the . However, this is impossible kinematically, since from the energy mass
equation the muon rest mass energy is higher than the energy of the neutrinos
emitted in nuclear reaction within the Sun. The only way of making appearance
experiment is by particle accelerators which supply sufficient energy to produce
the particles associated with the other neutrino type. The fundamental weak
interaction not only can generate neutrinos as in the case in nuclear reactions
within the Sun, but it can also make them observable when they interact in
an experimental apparatus, producing various electrically charged particles that

can be detected.

Considering the neutrinos as bunches of waves rather than as particles with
well-defined momentum according to the quantum mechanics laws, neutrino
eigenstates in propagation are represents by waves, and their phases are related
to their energy. Thus, if neutrinos have different masses, their corresponding

phases must be also different.

As an example, consider neutrinos which come from the Sun that are the
electron type neutrinos. Following them on their way towards the Earth we can

observe their mass eigenstates since the waves propagates with a distinct phase
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according to the neutrino mass. If the masses of the eigenstates are the same,
the corresponding waves comes to the Earth with the same phase. If not, the
corresponding waves are propagated with a different phase. For simplicity, first
consider two neutrino types, v, and v,. The most probable mixing for v, is with
v, since in the elementary particle classification masses of the electrically charge
particles associated with the neutrinos, which are e and p~ respectively, are
the closest to each other. Thus, the waves of the neutrinos produced by the Sun
could not reach the Earth as a pure flavour state v,, but rather due to v, — v,
mixing with a v, component developed on the way. As a quantum mechanics
postulates, the waves become v, at times and v, at other times depending on the
size of the mixing. Mixing is in the quantum mechanical sense, depending on
the parameters of mixing, one of them will be seen at times and at other times
the other. However, mixing of neutrinos is considered not in terms of flavour
eigenstates such as v, and v, but in terms of mass eigenstates which are the

so-called v and vs.

To understand the mixing process, we consider a system of Cartesian coordi-
nates of which the base vectors x and y are the flavour eigenstates and another
system of Cartesian coordinates of which the base vector 2’ and 3 are the mass
eigenstate rotated by a small angle with respect to the system x — y. Consider
a point for the pure flavour eigenstate which is on z axis, P(x,0). This has

a large component along the 2’ and a small component along the y’. In other
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words, the point which is in the x axis only is represented by a combination or
a mixing of two components 2’ and /. The parameter of the mixing is only the
rotational angle of one Cartesian system with respect to the other which is called
the mizing angle. If the mixing angle is small, the eigenstates almost overlap
each other. This means that if the value of the mixing angle is considered to be
very small (not yet proved so), the mass eigenstates can be considered as almost

pure flavour eigenstate[34].

2.3.1 Probability of Neutrino Oscillation

Neutrino oscillation implies that neutrinos must have mass. In order to mea-
sure neutrino’s masses and consequently to observe oscillation, one can measure
neutrino interaction with matter. Neutrinos are quite difficult to observe because
of the very low probability of their interactions with matter. Since the cross sec-
tion in weak nuclear interactions is very small, neutrinos can pass through matter
almost unhindered. For typical neutrinos produced in the Sun (with energies of
a few MeV), it would take approximately one light year (~ 10'%m) of lead to
block half of them[12]. Detection of neutrinos is therefore challenging, requiring

large detection volumes or high intensity artificial neutrino beams[30].

Consider the charged current weak interaction of neutrinos as in the expres-
sion (2.16). In this type interaction the neutrino creates an associated charged

lepton of the same flavour. Oscillations of flavour occurs in time since the mass
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eigenstates have different phases. We can write an equation like Equation (2.17)
that flavour eigenstate can be considered as a superposition of a mass eigenstate

if there is no degenerate states that is m; # mgy # ms.

v+ A—(+B (2.16)

o) = Ut [Vim) (2.17)

where the mixing matrix U is unitary. In two dimension the mixing matrix can

be written as in the expression (2.18) with mixing angle 0.

cos g SIn Oy
Up = (2.18)
—sinfpy  cos O
In general formalism,

V) =D Ut [vm) <= [vm) = Y (U0 [1) = Y (U)e I2)

| | (2.19)

In the case of antineutrinos flavour eigenstate can be express like in Equation

(2.17)

7) = > U |7m) (2.20)
For the case of two neutrino mixing, the flavour eigenstate can be expressed
as a superposition of the mass eigenstates, v and vs.

|l/g> COS 9(4/ sin 9(@/ |V1>
— (2.21)

\ver) —sinfyy  cos By |vs)
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While there are only three known weak eigenstates, there may be more than
three mass eigenstates. For example, if there are four mass eigenstates then one
linear combination of them does not have a weak eigenstate partner meaning
that v, is not couple to the W * or Z bosons. Such a neutrino which does not
have any weak couplings is called ” sterile neurinos”.

To understand the neutrino oscillation in vacuum, let us consider how a
neutrino born as the v, of Equation (2.17) evolves in time[35]. Since mass

eigenstates have definite phases, we can write
[Um (2, 1)) = e Bt |1 (2,0)) = e Bt |y, ) (2.22)
after travel a distance L the neutrino evolves as
V(1)) = e Emt=Pml) 1y, ) (2.23)

here F,, and P,, are the energy and momentum of v, in the laboratory frame,
respectively. Because the neutrino is highly relativistic so we can consider F,, =
\/m ~ p+ M2 /2p since M,, < p and ¢t ~ L. Here we consider v, has
been produced with a definite momentum p, so that all of its mass-eigenstate
components have this common momentum. Also highly relativistic neutrinos
implies that F =~ p. After substituting these approximations into Equation

(2.23) one can obtain;

U (L)) = e " Ma/2E)L |y, (2.24)
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after a neutrino born as a 1, has propagated a distance L, its state vector

becomes;

|ve(L ZUM UME2E)L |y, (2.25)

By inverting Equation (2.17), using the unitary matrix of UT and inserting

into Equation (2.25), the equation becomes

|l/g Z (Z Ui _Z(M?n/?E)LUg/m) |I/gl> (226)

We see from Equation (2.26) that v, after travelling the distance L, has
turned into a superposition of all other flavours of v». Then we can calculate
the probability of the neutrino oscillation, turning flavour from ¢ to ¢'; P(v, —

vpze, L) is given by

P(ve — voge, L) = (v [ve(L)

> Upe MBIy (2.27)

Using the matrix in Equation (2.21) for the calculation for the probability of

oscillation one can obtain that

1
P(Vg — Vprtp, L) = 5 Sin2 20([/ |:]_ — COS < ) L:|

AM%Q(eV/c 2 L(km)
E e ) (2.28)

= sin® 20y sin? <

where AM?, = M3 — M. When we put previously omitted factors of h and ¢,

then

AM?, (LY _ , (L
1 (E)ZLQ?AMW (E) (2.29)
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It can be found from expression (2.28) that to obtain a large probability of

oscillation we must satisfy the condition:

<%) o (%) 1.27AM?2, (2.30)

We can see that only if AM? and 6 are not vanishing in Equation (2.28), the
oscillation occurs.

When neutrinos travel through matter instead of vacuum the probability of
oscillation is different due to v scattering from or interaction with particles. This
effect is known as Mikheyev-Simirnov-Wolfenstein (MSW) effect[7].

In the case of three dimension, there are only three neutrino mass eigenstates

and corresponding three neutrino flavour, the mixing can be written as;

Ve Un U Uss "
v, = UQl U22 U23 120} (231)
Vr Ui Usy Uss V3

and the unitary mixing matrix, called Pontecorvo-Maki-Nagakawa-Sakata lepton

mixing matrix, in three dimension is

%1 1) V3
Ve C12C13 S512€13 513
= ) ) 1)
Upnns v, —812C23 — C12523513€" C12C23 — S12823513€" S93C13€"
. s o i5 i5
Vr 512523 — C12€23513€ C12523 — 512€23513€ C23C13€
xdiag ( eia1/2  piaz/2 1 > (2.32)
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Figure 2.4: Graphical representation of mixing matrix elements between flavor
and mass eigenstates.

where three angles 6;; are mixing angles, ¢;; = cos6;; and s;; = sin;;, (i = 1, 3)
and the quantities 0 is a Dirac C'P violating phase, oy, as are possible Majorana
CP violating phases. The last term in the unitary matrix is for Majorana
neutrinos to distinguish whether neutrinos and anti-neutrinos are different or
the same. As in Equation (2.33) these phases do not effect neutrino oscillation.
A graphical illustration of the mixing matrix elements ignoring the CP-phase is

shown in Figure 2.4.

The transition probability in the case of three dimension can be written as

3 3
Pva — va)(t) =3 > UiUsUs;Upje Bt
i

3
Am? L
= bap—4 Y. Re(Ua*iUﬁanjUEj)Sin2< le_>

= E
1>j5=1

3 ) oy [(AmE L
+2 > Im(U,UpiUa;Us,) sin T (2.33)

i>j=1

with Am;; = m7 —m3 is in eV?, L is in km, and E is in GeV'.
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Assuming that C'PT holds,

P(0y — v3) = P(vg — vy) (2.34)

However, from Equation (2.33) we see that

P(vg — va;U) = P(vy — v3;U7) (2.35)

Then C'PT holds,

P(0, — v3;U) = P(vy — v3;U") (2.36)

That is, the probability for oscillation of an antineutrino is the same as that
for a neutrino, except that the mixing matrix U is replaced by its complex
conjugate. Thus, If U is not real, the neutrino and antineutrino oscillation
probabilities can differ by having opposite values of the last term in Equation
(2.33). When C'PT holds, any difference between these probabilities indicates a
violation of C'P invariance[35].

Using C'P invariance (U is real), Equation (2.33) simplified and the proba-

bility of oscillation in three dimensions can be rewritten as;

3 3
P(I/a — V/B)(t) = Z UizUﬁzz + QlNZ:l Uoﬂ'U/ganjUgj COS < 5 J E)
3 2
. Am L
= 5015 —4 Z UaiUganjUgj SlIl2 ( 1 J E) (237)

i>j=1

where o, f = e, i, T.
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2.3.2 Experimental Status

There are two different approaches for neutrino oscillation experiment, ap-
pearance and disappearance method. In appearance method the experiment
focus on observation of new neutrino flavour, on the other hand in disappear-
ance method the experiment focus on observation less than the expected or
theoretical number of neurinos. For neutrino oscillation several neutrino sources
can be used for different purposes. The most important ones are the Sun for v,
the nuclear power plants for 7., accelerators and the atmosphere for v., v, v,

Vy-

Determination of flavours relies on the detection of charged lepton produced

via charged current interactions of
v+ N—0+X (2.38)

where [ = e, u, 7.

In Figure 2.5 the oscillation probability P(v, — v3) is illustrated as a func-
tion of L/E for sin?20 = 0.83. That means L/E > 4/AM? is the necessary
condition to observe oscillations. In L/E < 4/AM? case the detector is too

close to the source and the oscillations have no time to develop|7].
(a) mo oscillations L/E < 1/AM?
(b) oscillation L/E ~ 1/AM?

(c) oscillation L/E > 1/AM?
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Figure 2.5: Logarithmic plot of the oscillation probability P(a — «) as a func-
tion of L/E for sin®?20 = 0.83. The brackets denote three possibilities (a) no
oscillations (L/E << 1/Am?); (b) oscillation (L/E ~ 1/Am?); (c) average
oscillations for (L/E >> 1/Am?).

There are strong evidences that neutrino really change flavour in nature;
the atmospheric neutrinos do so, solar neutrinos do so, reactor neutrinos do so
and accelerator neutrinos studied by the Liquid Scintillator Neutrino Detector

(LSND) experiment do so.

The LSND was a scintillation counter at Los Alamos National Laboratory
that measured the number of neutrinos being produced by an accelerator neu-
trino source. The experiment collected data from 1993 to 1998. The detector
consisted of a tank filled with 167 tons (50000 gallons) of mineral oil and 14
pounds of b-PDB (butyl-phenyl-bipheny-oxydiazole) organic scintillator mater-
ial. Cerenkov light emitted by particle interactions was detected by an array of

1220 photomultiplier tubes. The LSND project was created to look for evidence
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of neutrino oscillation, and its results conflict with the standard model expec-
tation of only three neutrino flavours, when considered in the context of other
solar and atmospheric neutrino oscillation experiments[30, 36].

In the CHORUS Experiment |44, 45, 46, 47| v, — v, oscillation was studied.
It was planned to find out the existence of the rare and important phenomenon
of neutrino oscillation due to the different non-zero values of neutrino masses.
CHORUS Detector is designed to give a direct observation of the 7~ neutrino and
the existence of v, — v, oscillation by observing v, + N — 7~ + X interaction.

7~ detection was planned via the decay channels of the 7~ lepton, which are

T~ — pu +0,+v, with B.R=174%

7~ — h7(n7°) +v, with B.R=49.8% (2.39)

In the CHORUS Experiment, the interactions due to the nearly pure v, beam
which was generated by the CERN SPS accelerator with the average energy of
25 GeV were analyzed. The detector was designed to have high sensitivity to
detect the presence of another type of neutrino, v, which would be the sign
for neutrino oscillation. Also the oscillation would prove the existence of the
neutrino’s mass and it would give the value of the mass of the 7~ neutrino. The
physics motivation is that if neutrino oscillations are observed, the 7~ neutrino
mass can be calculated from kinematics of 7= decays. For this purpose, the
CERN neutrino beam is sent towards the 800 kg of nuclear emulsion target

in a hybrid detector system in order to search for the appearance of v, C'C
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interaction in the emulsion. The nuclear emulsion target provides very good
spatial resolution of few pum for observing short-lived particles. The signature
of v, — v, oscillation is a decay kink on a secondary track due to a short-lived
7~ decay to its daughters.

The nuclear emulsion target was scanned with the automatic scanning system
completely and sensitivities of the limits are improved. No signal was found and
upper limit of 2.4 7—decays is given[48|. This can be converted to an oscillation

probability of
Py, —»v,) <34x107* (2.40)

On the other hand, NOMAD (Neutrino Oscillation MAgnetic Detector)[49]
at CERN used drift chambers as a target and tracking medium, with the cham-
ber walls as interaction targets and the chambers for precise tracking. In the
experiment kinematical criteria is used to search for v, and did not observe
any oscillation signal as well[50, 51]. In NOMAD experiment 55 candidates ob-
served with the expectation of 58 background events and an upper limit for the

oscillation probability was given as[7]
Py, —»v,)<2x107* (2.41)
In the studies of atmospheric neutrinos, oscillation of v, — v; and 1, < 13
mixing were studied. The atmospheric neutrinos are produced in the Earth’s

atmosphere by cosmic rays, and then detected in an underground detector. Inci-

dent on this detector are neutrinos coming from all directions in the same rate,
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created all around the Earth in the atmosphere. For neutrino energies above
a few GeV, the flux of cosmic rays which produce the atmospheric neutrino is
isotropic. Consequently, these neutrinos are being created at the same rate all
around the Earth. The most compelling evidence that something very inter-
esting happens to these atmospheric neutrinos that the detected upward-going
atmospheric v, flux ¢y differs from the corresponding downward-going flux ¢p.
The underground Super-Kamiokande (SK) detector finds that for multi-GeV'
atmospheric muon-neutrinos is strong disagreement with the requirement that

upward and downward flux be equal[37].

Flux up (—1.0 < cosfz < —0.2)
Flux down (+0.2 < cosf; < +1.0)

=0.54£0.04 (2.42)

Thus, some mechanism must be changing the v, flux as the neutrinos travel
to the detector. In principle, upward-going (long distance travelling) muon
neutrinos could be disappearing, not as a result of oscillation, but also through
decay into invisible daughters. This possibility is theoretically less likely than
oscillation. The most attractive candidate for this mechanism is the oscillation
v, — vz of the muon neutrinos into neutrinos v~ of another flavour. Since the
upward-going muon neutrinos come from the atmosphere on the opposite side of
the Earth from the detector, they travel much father than the downward-going
ones to reach the detector. Thus, they have more time to oscillate away into
the other flavour, which explains why Flux Up < Flux Down. From reactor

experimental limits on P(7. — 7,) [38], which assuming C'PT invariance, are
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also limits on P(v. — v,), we know that 17 is not a v,. Thus, 1» is a v,, a
sterile neutrino vy, or sometimes one sometimes the other. All of the detailed
SK atmospheric neutrino data are well-described by the hypothesis that the
oscillation is purely v, — v,, and that is a quasi-two-neutrino oscillation[39]

with splitting Am2, in the 90% CL range of

atm

1.3 x 107%eV? < Am?, <3.0 x 107%eV?

atm

and a mixing angle 0, with

sin® 260,44, > 0.9 (2.43)

The oscillation interpretation of the atmospheric neutrino data has received
support from the KEK to Kamioka (K2K) long-baseline experiment. This ex-
periment produces a v, beam using an accelerator, measures the beam intensity
with a complex of near detectors, and then measures the v, flux still in the beam
250 km away using the SK detector. Whereas 80 v, events would be expected
in SK if there were no oscillation, and 52 events would be expected if oscillation
were occurring with the parameters that fit the atmospheric data, 56 events
are detected[40]. In spite of low statistics, this result is very consistent with
oscillation.

The K2K evidence for oscillation is strengthened by this experiment’s result
analysis of the shape of the v, energy spectrum at both the near and SK (far)

detectors[41]. When the spectral information is taken into account, it is found
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that for maximal mixing, the 90% CL allowed range for the (mass)? splitting

2 .
Amz, s

1.5 x 107%eV? < Am2,,, <3.9 x 10 %eV? (2.44)

atm ~o

This is very consistent with the range given in Equation (2.43) found from

the atmospheric data[35].

In the studies of the solar neutrinos, various experiments (Homestake, Kamio-
kande, GALLEX, SAGE, Super-Kamiokande, SNO etc.) showed that observed
solar neutrino flux is less than the theoretical calculations of SM flux predictions|[33].
Finally SNO Experiment in Canada solved the solar neutrino puzzle. The
Sudbury Neutrino Observatory (SNO) Experiment using a deuteron target in
the form of heavy water studies the measurements of solar neutrino flux in
three different channels. While the flavour-dependent Elastic Scattering (ES)
and Charged-Current (CC) channels are not match theoretical prediction, the
flavour-independent Neutral-Current (NC) channel agree with the predictions of
SM[42]. This results shows that the theoretical predictions of SM flux of neu-
trino is calculated correctly and when the neutrinos are travelling on the way
to Earth they change the flavour, implies that neutrino oscillation. In addition
in KamLAND experiment in Japan, the oscillation is observed by using reactor
anti-neutrinos emitted from the many nuclear power reactors with an average

distance of 180 Am[43]. From the combined fit of the solar and reactor neutrino
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data the solar neutrino mass and mixing angle is obtained as|6]

AmZ = 8.04)% x107° eV?

tan®f, = 0.45 507 (2.45)

Considering the atmospheric and solar neutrino results given in Equations

(2.43) and (2.45) are due to vy <> v3 and vy <> 1, oscillations, respectively;

Am§3 = Amitm; 923 = Hatm
Ami, = Amd; 012 = 0o (2.46)

Although the oscillation of v, — v, and v; < 13 mixing are not observed
experimentally yet, only upper limit from reactor experiment CHOOZ exists for

015. From bounds on the oscillation of reactor 7,;

Ami, ~ Ami; = (1.3 —3.0) x 1073 eV?

sin® 013 < 0.03 (2.47)

with 90% CL[52].

The results from the oscillation experiments in (Am?, §) parameter space are

summarized in Figure 2.6.

From Equation (2.43) with the assumption of maximal atmospheric neutrino
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Figure 2.6: The exclusion plot of the neutrino experiments in (Am?, ) parame-
ter space for different flavor oscillation. The allowed regions of the experiments
are shown with different shading region.
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mixing angle, fp3 ~ 45°, the mixing matrix U in Equation (2.32) simplifies to

%1 Vo Vs

Ve cos 019 sin 615 € sin 63
U ~ Yy —sin912/\/§ 008912/\/5 1/\/§ (2.48)

v, sinfiy/vV2 —cosfp/vV2  1/V2
with unknown mixing angle #,3 and the CP-violating phase J. Here solar mixing
angle is 0 = 015 defined in Equation (2.45) such that 615 ~ 34° and 6,3 is small
such that cosf3 ~ 1. A three-neutrino (mass)? spectrum that accounts for
the flavour changes of the solar and atmospheric neutrinos is depicted in Figure
2.7. The colour-codes denote the compositions of the various mass eigenstates
for normal and inverted hierarchies. Since the oscillation experiment results
are only sensitive to Am?’s, absolute scale of mass eigenstates of m; remains
unknown.

The future afford on neutrino oscillation experiments is to determine the
unknown parameters, 613 and 0 in U, construct the mass eigenstate scale to
differentiate the two possible mass hierarchies, and to diagnose the neutrino is
whether Dirac or Majorana type. For these purposes there are some experi-
ments with accelerator neutrinos such as from Fermilab to the MINOS experi-
ment 730 km away, planned experiment from CERN to ICARUS and OPERA
Experiments at Grand Sasso also 730 km away, and another planned experi-

ment T2K from Tokai, Japan to Super-Kamiokande detector 295 km away. The
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Figure 2.7: The neutrino normal and inverted hierarchy mass spectra showing
how to constitute of the neutrino flavour based on positive results from neutrino
oscillation experiments. The inverted scheme is characterized by a Am3, =
m3 —m3 < 0.

goals will be improve on the AmZ; and 6p3 measurement, detect v, appear-

ance explicitly to confirm v, — v, oscillation, and measure 63 by searching for

14

. — V. oscillation[6]. Another experimental effort to measure 63 is the Daya

Bay Neutrino Experiment in China. The Daya Bay Neutrino Experiment is a
neutrino-oscillation experiment designed to measure the mixing angle 63 using
anti-neutrinos produced by the reactors of the Daya Bay Nuclear Power Plant.
The goal of the Daya Bay experiment is a measurement of sin?260;3 to 0.01 or
better, an order of magnitude better sensitivity than the CHOOZ limit. A 1%
or better measurement will require high statistical precision and good measures

to reduce systematic uncertainties[53].
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CHAPTER 3

NEUTRINO ELECTRON SCATTERING

The basic electroweak process for v — e~ scattering can be of the form[7]

Ve +e — Up+e Ve +e —U,+e

Vet+e€ — UVg+e Ue+e —U,+e (3.1)

where v, represents p or 7 type neutrino. The p or 7 type neutrino-electron
scattering can only happen via neutral current (NC) interaction, on the other
hand, electron type neutrino-electron scattering can happen both neutral and
charged current (C'C') interactions. So that in the v, + e~ scattering both NC
and C'C, and their interference terms contribute to the cross sections. The
Feynman diagrams of this interaction are shown in Figure 3.1.

The Lagrangian of NC' for v — e scattering can be written as;

£V = —% ey (1 = v5) ve] [€7a (9v — 9avs) €] (3.2)

with coupling constants gy, g4 from the prediction of Glashow-Weinberg-Salam
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Figure 3.1: Feynman diagrams for neutrino-electron NC and C'C interactions.

(GWS) model which are;

: 1 1
gy = 2sin® Oy 3 and ga =35

In addition C'C' interaction term can be written of the form;

£6C = —G—\/g [Ev* (1 = 5) ve] [Peva (1 — 75) €]
:—%gwwu~m%m%u—%w1 (3.3)

After a detailed calculation[54] expected differential cross sections can be

obtained for 7, — e scattering as;

2
dosas Gam, | (v =940+ (gv + 94 +27 (1- L)

g et) = o

— (gv — ga) (gv + ga +2) 2l
v (3.4)

and in case of magnetic moment, the magnetic moment p, term given in Equa-

tion (3.5) should be added to the cross section;

do ma? w2 [1-T./E,
d_T » = mg Te (35)

where T, is the kinetic energy of the electron and FE,.is the energy of neu-

trino. The magnetic moment p, term given in Equation (3.5) has a 1/7 depen-

dence. By decreasing energy the magnetic moment term become dominant in the
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cross section. Accordingly, experimental searches for neutrino magnetic moment
should focus on the reduction of the threshold (usually background-limited) for

the lower recoil electron energy.

The signature of the signal is a single electron in the final state[17]. In other
words, in the experiments what can be measured is the recoil energy of electron.
Therefore, the cross sections for the process of v, — e~ and v, — e~ provide
information on the electro-weak parameters of gy, ga and sin? fyy; are sensitive
to the small neutrino magnetic moments (y,) and mean square charged radius
(r?). By measuring the cross sections (3.6) the constants gy, g4 and sin® Oy
can be determined. They are the most realistic systems, where the interference
effects between Z and W exchanges can be studied. For each fixed measured
value of o(re)/op one obtains an ellipsoid in the gy, g4 plane as shown in
Figure 3.2 where o is the predicted integrated V' — A cross section which is
2G%m.(he)*E, /(3m) = 5.744 x 10~*2cm? x E,/GeV. Therefore, investigations
of U.e cross sections with reactor neutrino allow one can study electro-weak
physics at the MeV range, to probe charged and neutral currents interference,

and look for an anomalous neutrino magnetic moment[55].

Since nuclear Power Plants are abundant sources of 7, at MeV range, by us-
ing nuclear power plant’s neutrinos one can measure weak interaction parameters
in that untested lower energy. The small cross section requires experiments with

a large mass detector and a high intensity neutrino beam to get a measurable
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and reasonable event rate. Reactor neutrinos provide a sensitive probe for labo-
ratory searches of y;, , taking advantages of the high 7, flux, low E, and better
experimental control via the reactor ON/ OF F comparison, as well[56]. Previ-
ous experiments focused on the interactions of 7. +p — et +n since this channel
have large cross sections and very distinct experimental signature of prompt e
followed by a delayed neutron capture. Using this interaction, the reactor neu-
trino spectrum has been measured to a precision of 2% in the 3 — 7 MeV range
from Bugey Experiment[57]. The only other processes measured at the MeV
range for v, are 7, — e [58, 59, 60] and 7, — deutron[61, 62] interactions, and
their accuracies are at the 30 — 50% and 10 — 20% range, respectively. The
experimental situations are summarized in Table 7.1.

Using nuclear power plants as strong source of 7., the reaction v, + e~ —
V. +e~ was observed using a 15.9 kg of plastic scintillation target in a composite

2

plastic-Nal-liquid detector exposed to a 7, flux of 2.2 x 103cm =2 sec™! from an

1800 MW fission reactor by F. Reines et al. in Savannah-River Experiment[58].

The cross sections of

o(ree) = (0.87£0.25) x 0 15 < E, <3.0 MeV

o(vee) = (1.7040.44) x o 3.0 < E. <45 MeV (3.6)

were obtained. In particularly, a re-analysis[63] of Savannah-River Experiment
results[58], based on an improved reactor neutrino spectrum and the Standard

Model sin? @y value, suggested that the measured 7, —e cross sections at 1.5—3.0

47



2 F

9A1_ ;91.

O_

i

_2-_

_23 —I2I—I1I0I;glv2

Figure 3.2: Sensitivities of v e, v e, v.e and ee cross-section measurements to
the different region in the g4 — gy parameter space.

and 3.0 — 4.5 MeV are 1.35 £ 0.4 and 2.0 = 0.5 times larger than the expected
values, respectively. There are motivations to make an improvement on these

measurements to get better results and to investigate detection techniques[55].

The TEXONO physics program with CsI(T1) scintillating crystal detector
is based on the reactor neutrino to measure electron-neutrino scattering cross
section and consequently determine the sin? @y value. The measurable nuclear
and electron recoil energy spectra due to reactor 7, due to SM [v.e(SM)] and
for the effects of magnetic moment p, [F.e(M M)] in the v, — e scatterings[63] as
well as in neutrino coherent scatterings on the nuclei [7. N (SM) and 0. N (M M)],

respectively are shown in Figure 3.3.

It was recognized that due to the uncertainties in the modelling of the
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Figure 3.3: Differential cross section of SM [o(SM)] and in case of magnetic

moment of 10 =1 up [o(p,)] with respect to recoil energy for 7, — e~ and

coherent 7, — N scatterings at a reactor neutrino flux of 10%3em 2571,

low-energy part of the reactor neutrino spectral66], experiments to measure
o[v.e(SM)] with reactor neutrinos should focus on the higher electron recoil
energies (1" > 1.5 MeV'), while magnetic moment p, searches should base on
measurements with 7" < 100 keV. The goal is to push the detection threshold
as low as possible to enhance the sensitivities in magnetic moment search|[67].
In addition, observation of the 7. N(SM) would require detectors with sub-keV

sensitivities[68].

Electron anti-neutrinos are produced in a nuclear reactor through S—decays
from unstable nuclei fission products of the four major elements in the fuel:
By, 2By, 29 Py, 24 Py and U, following the neutron capture on the 28U

fuel. Hundreds of different daughter nuclei are involved, each having its own
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decay life-times and branching ratios as well as Kurie distributions which are
not completely known. To calculate the overall ¢(7,), one must base on inputs
derived from two alternative approaches: (I) modellings on the level densities
and nuclear effects[69], or (/1) the measurements of S—spectra due to neutron

hitting the fissile isotopes[70].

In particularly, there is no measurement of ¢(7,) below E, ~ 2.8 MeV, and
theoretically this energy range has not been calculated in a systematic way.
There is only one modelling which is based on summation of the allowed beta
decays of all fission fragments[63], with its rather complicated spectrum discon-
tinuities due to the end-point effects of the many J—spectra. The modeling
of the 7, energy spectra above 3 MeVl is consistent with measurements at the
< 5% level Bugey-3 Experiment[57], while the low energy portion is subjected
to much bigger uncertainties since the evaluation of ¢(7.) at energy below 2
MeV is much more complicated and there are many effects which one may
have to take into account. Many input parameters remain unknown and there
are no measurements to cross-check. Consequently, the ¢.(SM) recoil spectra
below the MeV range in Figure 3.3 were subjected to large uncertainties[56].
The errors in the evaluation of ¢(7.) at low energies have high tendencies to be
under-estimations, that is due to some physical process are not accounted for.
This would give rise to an excess of events which may mimic positive signatures

for anomalous effects. Therefore, one should be cautious on the derivations of
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the low energy part of ¢(7.) and the estimation of their uncertainties, as well
as on the conceptual design of experiment and the interpretation of data where

the low energy part plays a role, such as in neutrino-electron scatterings|[66].

By the standard parametrization for the reactor 7, spectra, the typical fis-
sion rate at the reactor core with a thermal of Py, in GW is 0.3 x 10%° Py,s7!,
while an average about 6 7./ fission are emitted. In a realistic achievable setting
at a location 10 m from a core with P, = 4.5 GW, the v,—flux is 6.4 x 103
em~2s71[71]. The Kuo-Sheng Neutrino Laboratory is located at a distance of 28
m from Core#1 whose nominal thermal output is 2.9 GW. The standard oper-
ation includes about 18 months of Reactor ON time at nominal power followed
by about 50 days of Reactor outage OF'F period when about a third of the fuel
elements are replaced. Reactor operation data on the thermal power output and
control rod status as functions of time and locations within the core were pro-
vided to the experiment by the Power Station. A set of software programs|72]
was specifically developed, in association with the commercial SIMULATE —3

and COSMO — 3 codes[73], both of which are extensively used in the field of

nuclear reactor core analysis.

The summary of the data taking periods is listed in Table 3.1. The variations
of the thermal power output for Period-II and Period-III data taking time are
displayed in Figures 3.4a-b, as well as the fission rates and 7,—flux of the fissile

isotopes during the Period-11I data taking time are illustrated in Figures 3.4c-d.
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Table 3.1: Summary of the key information on the three data taking periods
with HPGe.

Data Taking Reactor ON Reactor OFF Average
Periods Calendar Time Real Time Real Time v, flux
(days) (days) (102em=2s71)
I July 2001-Apr.2002 188.2 55.1 6.29
IT Sept.2002-Apr.2003 125.8 34.4 6.53
11 Sept.2004-Oct.2005 303.9 48.7 6.51
Total  July 2001-Oct.2005 617.9 138.2 6.44

At steady state operation, the total fission rates and the total neutrino fluxes
were constant to better than 0.1% and 0.2%, respectively. Data taken during
the short durations of unscheduled reactor stops were included into the Reactor-
OF'F category.

The ¢(7.)’s of the five channels, as depicted in Figure 3.5a, were adopted
from Ref.[63] for the fission ©.’s, while those following #*®U neutron capture
were derived from standard 3—spectra of 2°U and 2*° Np. The components were
summed according to the relative contributions per fission, and the evaluated
resulting total ¢(#,) is shown in Figure 3.5b. This spectrum was used as input
in deriving the expected electron recoil spectra in Figure 3.3. The evaluated
v.—fuxes for the three periods are given in Table 3.1, where the weighted average

is 6.44 x 102em=2s71[56].
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CHAPTER 4

THE TEXONO EXPERIMENT OVERVIEW

The Taiwan EXperiment On NeutrinO (TEXONO) Collaboration was con-
stituted in 1997, comprising scientists from Taiwan, China, Turkey, India and
U.S.A. to study on Neutrino and Astrophysics[74]. Turkey, Middle East Techni-
cal University (METU) joined the TEXONO Collaboration in 2004. The Kuo-
Sheng (KS) Reactor Neutrino Laboratory has been formed and performed an
operation since 2001. The TEXONO Experiment commence the program by
using two different detector systems, CsI(Tl) Scintillating Crystal and Ge de-
tectors, to study on neutrino properties and interactions with matter in low
energy, few MeV region. Period-I data taken by active target mass of 1.06 kg of
Ultra Low Background High Purity Germanium (ULB-HPGe) detector analysis
was completed in 2002. The world-level sensitivities and giving the best limits
on neutrino magnetic moment were achieved and the radiative decay lifetimes
were measured with the international recognition[75]. For Period-II data taking

(from 2002 to 2003) 186 kg of CsI(T1) crystal scintillators were added to study on
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Figure 4.1: Schematic side view, not drawn to scale, of the Kuo-Sheng Reactor
Building indicating the experimental site.

neutrino-electron scattering cross sections measurement. Both detector systems
are operated in parallel with the same data acquisition system but independent

triggers.

4.1 Experimental Set-Up

The experimental set-up is placed in Kuo-Sheng Nuclear Power Plant Station
at Taiwan. The reactor neutrino laboratory is located at a distance of 28 m from
one of the reactor core and 102 m from the other one to study on low energy
low background neutrino interactions and perform a measurement of neutrino-

electron scattering cross section to determine the sin?fy, value at the untested
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Figure 4.2: The multi-purpose inner target volume where both ULB-HPGe and
CsI(T1) scintillating crystal detectors were placed with dimention of 100 x 80X 75
cm? showing the HPGe detector and shielding materials.

MeV range. Each of the cores is a boiling water reactor with 2.9 GW thermal
power giving a total flux of about 6.4 x 102em 2571 at the detector site. The
experimental set-up is placed the lowest level of the power plant around 12
m below the see-level. Schematic view of the Nuclear Power Plant showing
the experimental site, not drawn in scale, is illustrated in Figure 4.1. The
inner target volume was designed for different detectors for different scientific
goals. The multi-purpose inner target volume as shown in Figure 4.2 with a
dimension of 100 ¢m x 80 ¢m x 75 ¢m, where both ULB-HPGe and CsI(TI)
scintillating crystal detectors were placed, is enclosed by 47 passive shielding
materials which have a total wight of 50 tons. The shielding provides attenuation

to the ambient neutron and gamma background, and consists of from inside
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to outside, 5 em of Oxygen-Free-High-Conductivity (OFHC) copper, 25 ¢m of
boron-loaded polyetylene, 5 ¢m of steel, 15 ¢m of lead, and 16 panels of 2.5
cm thick cosmic-ray veto (CRV) plastic scintillators with PMTs surrounding all
the detector and shielding. The front view of the experimental set-up showing
cosmic-ray veto panels and shielding are illustrated in Figure 4.3. Cosmic rays
and their related events will be vetoed by CRV scintillator panels located in the
outermost layer of shielding. 3 m x 1 m of plastic scintillators are located at
top, left and right side, and 1.5 m x 1 m of them are located at front and back
side. PMTs at the both ends are set into coincidence to avoid noise effect and
the veto rate is kept around 5 kHz. Ambient radioactivity is suppressed by
15 em of lead and 5 c¢m of steel. The steel layer also provides the mechanical
structures to the system. Neutrons mostly cosmic-induced are slowed down by
the lead and steel and then absorbed by 25 ¢m of boron-loaded polyethylene.
The inner 5 cm of OFHC copper serves to suppress residual radioactivity from
the shielding materials itself. The CsI(T1) scintillator crystal target is placed
inside an electrically shielded and air-tight box made of copper sheet. The entire
target space is covered by a plastic bag flushed with dry nitrogen to prevent from
background events due to the diffusion of the radioactive radon gas leak into the
target region[55]. The schematic view of the shielding design is depicted in

Figure 4.4.

The detectors are read out versatile electronics and data acquisition (DAQ)
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Figure 4.3: Front view of the experimental site showing the shielding and 16
cosmic ray veto pannels.
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Figure 4.4: Design of the shielding for the Kuo-Sheng Neutrino Laboratory. The
detectors and inner shieldings were placed inside the shielding.
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systems|76] based on Flash-Analog-to-Digital-Converter (FADC) modules with
16—channels running at a clock rate of 20 M H z and 8—bit resolution. Software
procedures have been developed to extend the effective dynamic range from the
nominal 8—bit measurement range provided by the FADCI[77|. The schematic
block-diagram of electronics and data acquisition system for CsI(T1) and ULB-
HPGe are illustrated in Figure 4.5 and Figure 4.6, respectively. The signals are
fed to amplifiers and shapers, and finally digitized by FADC modules. The trigger
condition is having anyone or more channels above a pre-set “high threshold”
(typically 50 — 100 keV equivalent). However, if more than 3 FADC Modules
fired at the same time, the signal will be ignored. Once these conditions are
fulfilled, all channels with signals above a “lower threshold” (typically 10 — 300
keV equivalent) will be read out. A typical raw CsI(T1)+PMT pulse and FADC
output signal of CsI(TI) crystal events are depicted in Figure 4.7. The logic
control circuit enables complete acquisition of delayed signatures up to several

ms, to record cascade events coming from decay series like 238U 235 U or 232Th.
) Yy ,

The trigger system selects relevant events to be read out, while the logic
control system provides a coherent timing and synchronization for the different
electronics modules. The readout allows full recording of all relevant pulse shape
and timing information for as long as 500 us after initial trigger with a resolution

of 1 pus. After initial trigger the events are digitized for as long as 256 time-bins
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Figure 4.5: The schematic block-diagram of electronics and data acquisition
system for CsI(T1) scintillating crystal detector.
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Figure 4.6: The schematic block-diagram of electronics and data acquisition
system for ULB-HPGe detector.
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digital oscilloscope with time axis of 1 us per division. (b) Output signal after

shaping from the Amplifier-Shaper as recorded by the FADC with time axis of
5 ps per 100 FADC time bin.

(12.8 us) and wait for other events. To see whole part of pulse, the valid data is
traced back for as long as 100 time-bins (5 us) before the initial trigger. Finally,
the data is read out and transferred to the host computer. The average DAQ
dead time is 5.13 us per event. The timing information for event was recorded
with a resolution of 1 ms. The time differences between subsequent events and
between different triggers within an event can be evaluated. The schematic view

of the timing sequence in a typical event is illustrated in Figure 4.8.

The FADC, the trigger units, logic control and calibration modules are read
out and controlled by a VME-based data acquisition system connected by a PCI-
bus to PC running with LINUX operating system. The DAQ system provides

control to the experimental running parameters, access valid data from the VME
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Figure 4.9: The schematic layout of the on-line monitoring and data acquisition
system and its interfacing with the off-line software packages.
laboratory at reactor building is connected to the home-base laboratories at AS.
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electronics modules, and save them on hard disks. The online and offline software
architecture together with their inter connections is shown in Figure 4.9. On-site
data taking conditions are remotely monitoring regularly from the home-based
laboratories via telephone line. Data is saved in hard disks on-site and replaced
at the once-per-week interval. They are duplicated and stored in cluster of multi-
layer disks arrays with several Tbyte of memory as well as CDs for subsequent
off-line analysis[55].

Data taking for both detectors were optimized with these strategies. An
ULB-HPGe detector was used for measurement of anomalous neutrino interac-
tions, magnetic moment and radiative decay lifetimes, while 200 kg of CsI(T1)
crystal scintillator detector was used for measurement of the Standard Model
neutrino-electron scattering cross-section, and subsequently sin? 6y value at low

energies.

4.1.1 The ULB-HPGe Detector

In the TEXONO Experiment a 1.06 kg of ULB-HPGe detector was used
from July 2001 till Oct. 2005. In 2006 the Ge detector was replaced by 4 x (5 g)
ULB-HPGe detector for the next generation of data taking to study on neutrino-
nucleus coherent scattering. As shown in Figure 4.10, the 1.06 kg of ULB-
HPGe detector is surrounded by Nal(Tl) and CsI(T1) crystal scintillators as

anti-Compton detectors and whole set-up is further enclosed by another 3.5 cm
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Figure 4.10: Schematic view of the HPGe detector showing with anti-Compton
detectors as well as inner shieldings and radon puge system.

of OFHC copper and lead blocks, and housed in a radon shielding.

Scatterings of 7, — e inside the Ge target would manifest as "lone-events”

uncorrelated with the other detector systems. These events were extracted from
raw data through selection criteria including pulse shape analysis (PSA), anti-
Compton (ACV) and cosmic-ray vetoes (CRV). The efficiencies and background
suppression of these cuts are listed in Table 4.1. The selection criteria and
selected regions for the lone-events in data analysis techniques as well as the
measured spectra in Period-III before and after the ACV and CRV cuts for the
Reactor ON data are illustrated in Figure 4.11. As displayed in the correlation
plot between pulse area and amplitude in Figure 4.11a, spurious background due
to accidental and delayed ”cascade” events were suppressed by PSA. The ACV

and CRV cuts 4.11b,c suppressed Compton scattering and cosmic-ray induced

65



(a) (b)

o
T
2100
T
E
;_ 80
5 Signal
E Band
5 607 2
= A
J/);\ 3
Py
ety
o] /ﬁf"ffﬁ
P
A
i
04 A/;/ -
o .
Signal Band
R
T T T

2000 00 um
Enctagy (kev]

Before ACV4CRY Curs

Counts / day—kg—{0.1 keV)
1

After ACV4HCRY Cuts

Hi) 40 &0 & 108 m
ergy (kev)

Figure 4.11: Selection procedures of the recorded pulse (a) Pulse Shape Analysis
(PSA), (b) anti-Compton veto (ACV) selection, (¢) Cosmic Ray Veto (CRV),
(d) Measured spectra before and after the ACV and CRV cuts for the Reactor
ON data in Period III.

events, respectively.

After suppression of cosmic-induced background by CRV, anti-Compton ve-
toes and convoluted events by PSA, a detection threshold of 5 keV and a
background level of 1 keV "tkg~'day~! near threshold were achieved. These are
the levels comparable to underground Dark Matter Experiments. After the all
cuts of ACV, CRV and PSA, the measured low energy single hit spectra in full

range and below 120 kel region showing the Reactor ON and OFF periods,
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Table 4.1: Summary of the event selection procedures as well as their background
suppression and signal efficiency factors.

Event Selection Background Suppression | Signal Efficiency
Period I 1I 111 I II 111
Raw Data 1.0 1.0 1.0 1.0 1.0 1.0

Pulse Shape Analysis (PSA) >0.99 >0.99 >0.99 | >0.99 >0.99 >0.99
Anti-Compton Veto (ACV)  0.054 0.051  0.058 099 099 099
Cosmic-Ray Veto (CRV) 0.92 0.85 0.80 095 094 093
Combined 0.050 0.043  0.046 095 093 0.92

where the magnetic moment studies carried on, are depicted in Figure 4.12.
Based on 570.7 and 127.8 days Reactor ON and OF'F data, respectively, at an

2571, compar-

average Reactor ON electron anti-neutrino flux of 6.4 x 10'2 e¢m~
ison of ON and OFF spectra shows no excess and the limit on the neutrino
magnetic moments of u;, < 7.2 x 107 up at 90% confidence level was derived.

The combined residual spectrum for the three periods of the Reactor ON
data over the background profiles together with the best fit 20 region is depicted

in Figure 4.13a. As a result, the summary of the results in p;, searches versus

the achieved threshold in reactor experiments is depicted in Figure 4.13b[56].

4.1.2  CsI(Tl) Crystal Scintillating Detector

A 186 kg (or 93 crystals) CsI(T1) scintillating crystal array was used for data
taking in Period-II (Jan. 2003-Nov 2003) and by adding 7 more crystals as a
veto crystal on the top total weight was increased to 200 kg (or 100 crystals)
and also several layer of copper bricks were added to the shielding surrounding

the CsI(T1) scintillating crystal array for the other period data taking. The
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Figure 4.14: Shematic view of the CsI(T1) scintillating crystal detector design
showing 40 cm as well as 20420 cm modules. Read out at the both ends are
performed by custom design PMTs with low-activity glass.

main physics goal is to measure the Standard Model neutrino-electron scattering
cross-section, and thereby to provide a measurement of sin? @y in the untested
low-energy, MeV range. The strategy|[66] is to focus on data at high (> 3MeV)
recoil energies where the uncertainties due to the reactor neutrino spectra are

small.

A CsI(T1) crystal scintillators were placed as an array and arranged in a
12 X 9 matrix inside the inner target volume. The detector consists of 200 kg of
scintillating crystals each of which have a hexagonal-shaped cross-section with 2
cm side and 40 ¢m in length giving 2 kg in mass. There are two different types of
crystal modules inside the crystal array; one kind is single crystal with 40 ¢m in

length and the other kind is optically glued two pieces of 20 ¢m crystal modules
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Table 4.2: Characteristic properties of the common crystal scintillators and their
comparison with typical liquid and plastic scintillators.

Properties Cs[(T1) Nal(Tl) BGO Liquid Plastic
Density (g cm™) 4.51 3.67 713 09 1.0
Relative yield 0.45 1.00 0.15 04 0.35
Radiation length (cm) 1.85 2.59 112 ~45 ~45
dE /dx for MIP (MeV em™') 5.6 4.8 9.2 1.8 1.9
Emission peak (nm) 565 410 480 425 425
Decay time (ns) 1000 230 300 2 2
Reflecting index 1.79 1.85 2.15 1.5 1.6
Hygroscopic slightly  yes no no no

to form a 40 ¢m module. The schematic view of the CsI(T1) crystal array is
depicted in Figure 4.14. The light output are read out at the both ends (Q,
and Qr) by custom designed 29 mm diameter Photo-Multiplier Tubes (PMTs)

with low-activity glass.

Due to some intrinsic properties, crystal scintillators are being widely used
as an electromagnetic calorimeter in high energy physics for studying low back-
ground low energy experiments. The CsI(T1) crystal scintillators offer some
advantages such as it has high light yield and high photon absorption, in other
words, they have short radiation length -the T1 concentration at the 400 to 2000
ppm range can provide a reasonable scintillation yield. Although the modu-
lar size is smaller compare to those of liquid and plastic scintillators, it provides
more efficient light transmission and collection despite of higher refractive index.
The high gamma attenuation also allows full v energy deposition; they are not
hygroscopic, no need to use any container to seal the detector or protect crystal

from ambient humidity (as required, for instance for Nal(Tl)) -this minimizes
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radioactive background as well as energy loss in the passive elements which will
degrade energy resolution; they are mechanically stable and easy to maintenance;
their production technology is well-developed and the cost is reasonable to build
a big detector for reactor neutrino experiment. The properties of CsI(Tl) crystal
scintillators[78], together with those of few common scintillators, are listed in
Table 4.2. The detection threshold is lower and the energy resolution of CsI(T1)
is better than typical liquid or plastic scintillator with the same modular mass,
both of which are necessary for low-energy measurements|79].

With its high Z-nuclei, CsI(T1) crystal provides strong attenuation for +’s,
especially at the low energy range below 500 kel and very good separation
between v and « events, as well. For instance, the attenuation lengths for a 100
keV ~ ray are 0.12 and 6.7 c¢m for CsI(T1) and liquid scintillators, respectively.
That is, 10 em of CsI(T1) has the same attenuation power as 5.6 m of liquid
scintillators at this low energy. Consequently, the effects of external ambient ~
background, like those from readout device, electronic components, construction
materials, and radon diffusion are negligible after several cm of active veto layer.
Therefore, the background at low energy will mostly originate within the fiducial

volume due to internal components[55].
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CHAPTER 5

DATA ANALYZING TECHNIQUES

The entire pulse shape, amplitude or integrated area of the pulses from the each
individual crystal module, as well as the relative timing between pulses from
different detector channels are recorded by DAQ system based on 16 channel,
20 M Hz, 8 bit FADC modules. The n — bit resolution per time-bin and sam-
pling rate of the FADC are important parameters effecting the characterization
and performance of the experiment such as detector resolution, DAQ dead time,
data size, data processing time, cost and so on. With 8 — bit resolution, FADC
has dynamic range of 2™ —1 = 255. That means above this saturation level, the
pulse can not be recorded totally. The pulse which has amplitude higher than
255 level is called saturated pulse, and less than 255 level is called unsaturated
pulse. Typical unsaturated and saturated pulses are illustrated in Figure 5.1.
Some important information of saturated pulses such as total area, rising and
falling times will be lost and need to be reconstructed. By using “Charge Sum-

mation Correction Method’ the energy reconstruction and particle identification
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Figure 5.1: Typical (a) unsaturated and (b) saturated pulses recorded by the
FADC.

for saturated events were achieved.

Special data was taken to invent techniques and develop software algorithms
to reconstruct the missing part of the saturated pulses. A 5x 5 x 5 cm?3 CsI(TI)
crystal was used and signals were read out by a single PMT and a FADC channel
with an identical settings to the KS experiment. The trigger was set at to = 100"
FADC time-bin, such that the pulse information of 6t_ = 5 us (100 time — bins)
and 0ty = 25.6 ps (512 time — bins) before and after the trigger were recorded,
respectively. Both « and 7 events were taken by activating the CsI(Tl) crystal

with 24 Am — Be and '37C's sources, respectively.

The amplitude of the pulse was adjusted by selecting the appropriate PMT
high voltage. A large sample of unsaturated events are added together to pro-

duce a smooth reference pulse shape of o and v shown in Figure 5.2a. From
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Figure 5.2: (a) Reference pulses of v and «, (b) the total charge Q. as a function
of the saturated charge Q,4, for both v and « events. The data are fitted to a
polynomial function for parametrization.

a standard reference pulse shape, a relationship is obtained between “saturated
charge (Qs.:)” defined by the integration of the saturated events and the “total

charge (Qior)” from that of the raw fully recorded pulses. The relationship can

be described by a polynomial as

3
Quot = Y Qi (5.1)

=0
for both the o and y—samples as displayed in Figure 5.2b. The coefficients «;
are obtained from maximum x2?—fits. This function in Equation (5.1) is then

used to compensate the missing area in saturated events|77].

One can use this feature to perform consistency checks on data sample where
the total charge is known. An unsaturated event is made saturated by software.
The algorithm is applied to the simulated saturated event, and the corrected

total charge is compared with the raw measurements. For this purpose a test
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measurement was done. A level of saturated amplitude L;.,; = 100 was chosen.
A new set of o; was obtained from a data set of y—events taken with a 37C’s
source. The PMT high-voltage was adjusted such that the amplitude for the
662 keV line is below the actual saturation level of 255 but significantly above
Liest, the spectrum is displayed in Figure 5.3a. The same data was then made
saturated by redefining the saturated amplitude L;.s, and the spectra is shown
in Figure 5.3b, while that for the reconstruction events after the correction
procedures is shown in Figure 5.3c. There is excellent agreement on the 37C's
peaks in terms of their integrated charge[78], resolution and area between Figure

5.3a and Figure 5.3c.

5.1 The Performance of CsI(T1) Detector

The typical left signal (); versus right signal Qg distribution after cosmic
ray vetoes and reconstruction of the saturated events by using correction factors
for single-site events is depicted in Figure 5.4. The colored dotes corresponds
to reconstructed saturated events. As seen in this figure unsaturated and satu-
rated events after reconstruction match perfectly. There are evidence of internal
radioactivity due to residual 37C's, such that the distributions of the 662 kel
events are uniform along the 40 ¢m crystal length. Events due to y—background
from °K (1460 keV) and 2T (2614 keV'), on the other hand, occur more fre-

quently near both edges, indicating that they are from sources external to the
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Figure 5.3: Energy spectra for 137C's, (a) raw spectra of unsaturated events,
(b) spectra of events made saturated by software, and (c) spectra of saturated

events after the corrections are applied.
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crystals. Low background level above 3 Mel” enables us making a measurement

of o[, — e(SM)].

The sum of the PMT signals gives information about energy, on the other
hand, the difference of both side signals gives information about longitudinal
Z-position of the events and it is proportional to R = (Q — Qr) / (Qr + Qr).
The variation of collected light for Q1,, Qr and Q)1+ Qg as a function of position
within one crystal module is shown on Figure 5.5a. The charge unit is normal-
ized to unity at the 3"Cs photo-peak (662 keV') for both Qp and Qp at their
respective ends, while the error is denote the FWHM width at that energy. The
variation of R along the crystal is displayed in Figure 5.5b, showing the capacity
to provide a position measurement. The ratio of the RMS errors in R relative
to the slope gives the longitudinal position resolution[79]. The performance of
the prototype modules was published in the reference [78]. The discontinuity at
L = 20 c¢m is due to the optical mismatch between the glue (n = 1.5) and the

CsI(T1) crystal (n = 1.8)[55].

Performing a measurement on the crystal prototype modules, the energy and
spatial resolutions as a function of energy were obtained, as shown in Figure 5.6,
respectively. For energy 10% FWHM energy resolution is achieved at around
137Cs energy peak (662 keV); and for the longitudinal position ~ 2 ¢m and 3.5

cm of resolution is obtained at 662 and 200 keV', respectively.

In addition, CsI(T1) scintillating crystal provides powerful PSD capabilities[80]
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resolution with respect to energy for the CsI(T1) crystal modules.

to differentiate e/ from « events, with an excellent separation of >99% above
500 keV. The pulse shape discrimination techniques and methods in CsI(T1)
scintillating crystals are discussed in reference [81] in detail. In the scintillating
CsI(T1) crystals the light emission behavior of v and § (that is, minimum ion-
izing particle) is different than that of heavily ionizing particles like a-particles
and nuclear recoils. Heavily ionizing events due to a-particles and nuclear re-
coils have faster decays than those from e/+’s -this behavior is opposite in liquid
scintillators. The light output for o’s in CsI(T1) is quenched less than that in
liquid scintillators. The comparison of typical scintillating average pulse shapes
recorded by the trigger system due to «, nuclear recoils and e/~ are illustrated
in Figure 5.7, where t = 0 is defined by the trigger time. Fitted to an analytic
form of the pulse shape (y) as a function of time (¢) for the light profile from e/~

events in Equation (5.2), one obtains the fitted-values of rise time (1) and fall
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Figure 5.7: The comparison of of average pulse shapes due to a — particles at
5.4 MeV, nuclear recoils at 45 kel and v — rays at 660 keV .

Table 5.1: Fitted rise and decay time constants as well as the ratio between slow
and fast decay components for a and v events measured CsI(T1).

Decay Time Constants

Rise Time

Event type Fast Comp. Slow Comp. Ratio (r)
o (ns) ) [ ()
a 203 £ 3 0.54 +£0.1 2.02 £0.02 0.29 = 0.02
v 261 + 2 0.87+0.1 5.20 £+ 0.04 0.61 £0.01

times (71, 72) as well as the ratio between the fast and slow decay components
(r) as tabulated[78] in Table 5.1. By the help of characterization of these pulse

shapes, one can effectively separate a events from e/~ one.

| _t
_e( ‘:1)—’—16( "'t2 (52)

Yy = cons X [l—e(_%)} X [
T1 T2

One of the effective methods for separation of the v pulses from the o one

is the “double charge method”[82]. In this method, the comparison of the “total
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Figure 5.8: Event identification with PSD via (a) the partial charge versus total
charge method, and (b) the mean time method. The « samples from 4°K, while
the a events are with electron equivalence energy of more than 1 MeV. A perfect
identification can thus be achieved.

7

charge (Qit)” and “partial charge (Qpar)” are performed. Qi and Q. are
defined by integrating the entire pulse from —0.75 to 12.8 us, and the tail from
5 to 12.8 us, respectively. The other effective method for the separation of «

events from e/ one is the “mean time method”. The mean time can be defined

as;

KA Sv

where A; is the FADC-amplitude at the time bin ¢, The PSD performance
for both methods in MeV range are shown in Figure 5.8, indicating excellent

separation between « and e/ events[83].

The suppression, control and understanding of the background play a very
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important role in low energy low background experiments. The CsI(T1) scintil-
lator crystal features like high v—rays capture efficiency and good energy res-
olution together with PSD capabilities for a—particles and the detector design
as well, can provide important diagnostic tools for understanding the physical
process and the background of the system. Once the background channels are
identified and understood, measurement and subtraction of their associated ef-
fects can be performed. For instance, by measuring of the y—peaks due to 0K,
80C0, and 37C's their associated 3 background can be accurately accounted for
and subtract off[79]. For further discussion on intrinsic and environmental back-
ground understanding and suppression methods will be given in Chapter 6 in

detail.

5.2 Calibration Methods

As we discussed in the Section 5.1 the light output are read out at the both
ends (@1 and Qr) by PMTs and the sum of the PMT signals gives information
about energy and the difference of both side signals gives information about
longitudinal Z-position of the events. Based on these definitions, the calibration
procedures can be summarized in three steps:

Stepl : Getting Z-position Calibration Parameters by using high-energetic

cosmic rays as a reference. Longitudinal Z-position can be defined as

,_ fQr—Qu

- [iQr+Qr (5:4)
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Figure 5.9: The longitudinal Z position distribution of (a) 3"Cs events, red
distribution correspods to after adopting F; free parameter making Z-position
distribution of 37C's events, shown in black, flat in the middle portion of the
crystal, (b) K events showing symetric attenuation for both sides.
where f; is the free physical parameter to make 37C's Z-distribution uniform in
the middle portion of the crystal after few cm of veto cut since ¥7C's source is
internal to the crystal and “°K peak attenuation symmetric at the both ends,
as well. The longitudinal position distribution of ¥"C's and “°K peaks after
adopting the definition of Equation (5.4) is illustrated in Figure 5.9.

The longitudinal position calibration method is that as shown in Figure 5.10
both side peak means of high-energetic cosmic rays distribution are initially

taken as 0 and 40 c¢m, respectively and redefine all events Z position accordingly

by accepting new Z distribution as Z.,; = a, + Znoncar X b

e Step2 : Getting Light Attenuation Parameter, o, which depends on the
uniformity of the crystal, from non-calibrated energy definition of \/Q1 X Qg

vs. Z-position distribution, as shown in Figure 5.11.
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Figure 5.10: Longitudinal position calibration method (a) before calibration
the scale is arbitrary and (b) after calibration by taking both side peak means
initially 0 and 40 ¢m .

By using light attenuation parameter, the slope in non-calibrated energy vs.
Z-position distribution can be tuned. This makes an improvement on the energy

resolution significantly.

e Step3 : Getting Energy Calibration Parameters from the definition of

Equation (5.5):
The calibrated energy can be defined as
E=a++QrLxQrxe*xb (5.5)

where a and b are the energy calibration parameters, « is the light attenuation
parameter of the events obtained from Step2 and Z is the longitudinal position

of the events obtained from Stepl.

Energy calibration parameters a and b can be found by using known energy
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peaks of natural occurring radioactive isotopes of ¥7C's at 661.7 keV, *°K at
1460.8 keV and 2%®T1 at 2614.53 keV/, as seen in Figure 5.12a. By matching
peaks energies of the data with that of natural radioactive isotopes, the energy

calibration can be performed using the linearity as shown in Figure 5.12b.

5.3 Event Selection and Defining Basic Cuts

Scatterings of 7, —e™ inside the CsI(Tl) scintillating crystal target would give
a Single-Hit (SH) events. Therefore, 7. — e~ lone events were selected from raw
data through selection criteria via Anti-Compton Veto (ACV), Cosmic-Ray Veto
(CRV) and Pulse Shape Discrimination (PSD). Finally a 4 ¢m Z-position cut is
applied to suppress background events due to external background. The back-
ground due to non genuine, accidental or unwanted correlated and convoluted

events were suppressed by PSD. The ACV and CRV cuts suppressed Compton
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Figure 5.12: Energy calibration method (a) showing the peaks are taken as 137C's
(662 keV), °K (1440 keV) and 2°°T'1 (2614 keV'), respectively (b) linearity and
peak position check for choosen energy peak with respect to 37C's (662 keV),
10K (1440 keV') and 29T (2614 keV') actual energies.

Scattering and Cosmic-Ray induced events, respectively. The selection criteria

for the genuine events is the following;

5.3.1 Single Hit Cut

Since neutrinos interact with matter rarely, the mimic signature of the sig-
nal must be Single-Hit. SH is considered as only one uncorrelated interaction
happens in the crystal at one time and also only one crystal must be fired at
one time, there must be no other fired crystal at the same time. We select
only events that both sides of the fired crystal excess the noise level and give a
positive charge. In other words, SH is meaning that within total recording time

of 500 ps there must be only one uncorrelated interaction. During recording of
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the relevant events a 500 us strob is opened and the events are digitizing after
the initial trigger as long as 256 time-bins and wait for another possible events.
The timing sequence was described in the Section 4.1 and illustrated in Figure
4.8. If any other interaction happen in the same crystal after 256 time-bins
the number of hit (nhit) increase one unit. If any other interaction happen in
the other crystal during the 500 ps recording time the number of crystal hit
(ncrystal) increase one unit. If any other interaction happen in the same crystal

within 256 time-bins, the PSD will cut away this kind of double pulse events.

5.3.2 Cosmic Ray Veto Cut

The separation of non-cosmic events from cosmic ones is very crucial since
cosmic rays can have mimic signature of genuine events in the region of interest.
In this sense, the efficiency of tagging cosmic ray plays very important role to
reduce background. The veto time is defined as the time gap between the last
hit in veto and the trigger. If there is no correlation between events, the veto
time is defined as a Poisson distribution given in Equation (5.6). For the limit
of n — 0 the time decrease exponentially. The cosmic ray veto time can be

selected from the kink point of vetotime distribution as shown in Figure 5.13.

Pi(n) = (5.6)
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Figure 5.13: The veto time distribution of the events showing the kink point in
8 ps due to cosmic ray events.

5.3.3 Pulse Shape Discrimination (PSD) Cut

PSD Cut is based on the correlation between partial charge and amplitude
for unsaturated events for both left and right side as shown in Figure 5.14a, and
correlation between partial charge and saturation length for saturated events for
both left and right side as shown in Figure 5.14b. In the figure red plus dots
represent all data after basic cuts, green star dots represent T — 208 2614 kel
energy range events and circle blue dots represent above 3 MeV events. It can
be seen in the graphs these selection criteria provide very powerful separation
between gamma and alpha or narrow pulse events. Non genuine accidental or
unwanted events such as double pulse events or combination of 5 — v or f — «
kind events can be cut away by the PSD technique. Some example of these kind

of events cut by PSD are depicted in Figure 5.15.

38



5260 F
E E
® E
200 i 5.
E e 3 4
150 | E S
100 | F
50 50 —/
EO b P A I
0 2000 4000 6000 8200 10000 0 2000 4000 6000 BOOO 10000
qr ql
{b)
Isatr ve gr Isatl v gl
i E T TR | T E 1 TR
5 B0 E B m| 5 80 E om
R = 2
0 E 7
80 '
50 F /
w0 E
E By
0 F
E '
w0 E y 4
E .
10 _-‘-;'/
0 .nl/ L MR |
15" 1w”
ar

Figure 5.14: PSD selection criteria for (a) unsaturated events and (b) for sat-
urated events. Red plus dots represent all data after basic cuts of CRV, ACV.
Green star dots represent T1-208 2614 keV energy range events and circle blue
dots represent above 3 MeV events.
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Figure 5.15: A sample of (a) double pulse events (b) 8 — v kind events which
are cut by PSD.
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5.3.4 Z-position Cut

Since CsI(T1) scintillating crystal provides strong attenuation for s, few cm
active veto cut is enough to get rid of events due to external background. For

this purpose from both ends 4 ¢m Z-cut was applied in our analysis.

5.3.5 The Cut Efficiency and Suppression Factors

For the efficiency calculations the random trigger was used since there is no
correlation between random trigger and event trigger time. A random trigger
events are generated every 10 seconds and it must survive after applying cuts.
Therefore, random trigger is an useful tool for calculating the cut efficiencies.
Efficiency factors can be calculated by taking ratio of number of counts after
and before the cuts. The 4 cm z-cut at both sides over all 40 c¢m crystal length
corresponds to 32/40 = 80% efficiency. Stability of efficiency factor was studied
for Period-II and Period-IIT and the fit to the constant value was taken as an
efficiency factor of that cut. From the stability of the efficiency factors we
can estimate our systematic error due to each cut, as well. The stabilities of
each cut for Period-II and Period-III are shown in Figure 5.16 and Figure 5.17,
respectively. In the figures each point represent one data set efficiency factor. It

can be seen from the stability figures that all the cut efficiencies are very stable.

The energy spectra of Reactor OF F' data after applying CRV, ACV, PSD

and Z-position cuts for Period-II and Period-III are illustrated in Figure 5.18a
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Figure 5.16: For Period-II the stability of efficiency factors of (a) FADC (b)
CRV (c) ACV and (d) total which is product of each efficiency factor.

and Figure 5.18b, respectively. Suppression factors was calculated based on
taking ratio of number of events before cut and that of surviving events after
cut. The background suppressions in Reactor OFF' in cpd (kg~' x day™') unit
and the efficiencies of each cut in 3 — 8 MeV energy region are listed in Table
5.2. In order to study data stability we chose Tl — 208 2614 keV peak event
rates. As illustrated in Figure 5.19a and Figure 5.19b the data is rather stable

for Period-II and Period-III data taking time, respectively.

For the possible sources for systematic error we studied on cut efficiencies,
data stability and time measurement. The DAQ live times were accurately

measured to < 5 x 10~% through the ratios of generated to recorded random
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Figure 5.17: For Period-III the stability of efficiency factors of (a) FADC (b)
CRV (c) ACV and (d) total which is product of each efficiency factor.
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Figure 5.18: The spectral response to the various cuts in (a) Period-1I and (b)
Period-III data taking time, showing the effects of each cut on the spectrum.
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Table 5.2: Summary of the background suppression and efficiency factors of
various cuts.

Event Selection Efficiency Sul)czl;jes(i(gn_ll(i Ziagyf\{ )e V)
Period 11 I | 11 111
an ’?ata 1%0(7 1.0(7 1.0 1.0
ive Time 88.78% 93.53% ' '
FADC>3 < 99% - 99%, 350.493 245.935
CRV 93.67% 94.20% | 23.027(6.57%) 28.824(11.72%)
Single Hit 99.86% 99.81% | 3.682(15.99%) 3.103(10.76%)
PSD ~ 100%  ~100% | 1.235(33.54%) 1.112(35.83%)
Z-position 80% 80% 0.447(36.19%)  0.508(45.71%)
Combined 74.83% 75.22% 0.1076% 0.207%

trigger events[56]. The stabilities were obtained shown in Figure 5.16 and 5.17
as 0.208% (0.9306 + 0.0019) and 0.167% (0.9353 £+ 0.0016) for Period-II and
Period-III, respectively. The data stabilities were obtained from T1-208 energy
peak shown in Figure 5.19 as 0.87% (2.002 4 0.0173) and 0.80% (1.498 +-0.0123)
for Period-II and Period-III, respectively. The various sources of systematic
uncertainties and their stability are listed in Table 5.3.

After suppression of cosmic-induced background, anti-Compton vetoes, con-
voluted and accidental events by Pulse Shape Discrimination (PSD), and ex-
ternal background by Z-position cut, in 3 —8 MeV a background level of 0.4470
+0.0141 kg~ day=! and 0.5082 40.0179 kg~ day~! were achieved for Period-II
and Period-III, respectively. The spectra for Single-Hit events after applying all
cuts based on 2244.01 kg x days Reactor OFF' data taking in Period-II and
1581.56 kg x days in Reactor OF F' data taking in Period-III are illustrated in

Figure 5.20a and Figure 5.20b, respectively.
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Figure 5.19: Data stability of (a) Period-II and (b) Period-III data taking time
of Tl — 208 2.614 MeV peak events, showing that during the period data is

rather stable.

Table 5.3: The various sources of the systematic uncertainties and their stability

level.
Period II 111
Sources Stability
Neutrino Spectrum ~ 5%
DAQ Life Time <1074
FADC only 0.204% 0.164%
CRV only 0.207% 0.167%
ACYV only 0.204% 0.164%
Combined Cut 0.208% 0.167%
Data Stability 0.87%  0.80%
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Figure 5.20: The comparison of Single-Hit spectra of P-II and P-III data taking
for (a) Reactor OFF and (b) Reactor ON, after applying all cuts, showing the
background level of both periods.

After getting Reactor ON and OF'F event rate, one can perform ON —OFF
subtraction to get neutrino signal by accepting background is Reactor OF F'. In
Table 5.4 and Table 5.5 Reactor ON, OF F and the ON — OFF residue event
rates are listed for Period-II and Period-III, respectively. After performing all the
cuts still we have quite high background level. Since we have limited Reactor
OFF data taking time the statistical errors are also quite big. In this sense
understanding the nature of the background is very critical. Only in this way
we can suppress the background more in order to achieve a reasonable level of
statistical error in the measurement. In the next chapter we will discuss about
the origin of the background and suppression methods, thereby making some

estimation on background.
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Table 5.4: The event rate ON, OFF and The Residue ON-OFF in cpd x kg~! x

10keV ~1 unit for P-II Period .

Energy ON OFF ON — OFF
(MeV) x1072 x1072 x 1072
3.0-35 21.808+0.703 22.465+1.001 —0.658 £ 1.223
3.5—-4.0 6.6124+0.387 5.750 £0.506  0.862 £ 0.637
40—-45 439340315 4.101 £+ 0.428 0.292 4+ 0.531
4.5—-5.0 3.1934+0.269 2.719 +0.348 0.474 + 0.440
5.0—95.5 2.672+£0.246 1.917£0.292 0.755 + 0.382
55 —6.0 1.834+£0.204 1.426+0.252  0.408 £ 0.324
6.0—-6.5 1.246 £0.168 1.15940.227  0.866 % 0.283
6.5—70 1.812+£0.203 1.560 4 0.264 0.252 4+ 0.333
70—-75 1.7214£0.197 1.8284+0.285 —0.106 £ 0.347
7.5—80 1.653+£0.193 1.7834+0.282 —0.130 £ 0.342

Table 5.5: The event rate ON, OFF and the Residue ON-OFF in cpd x kg™! x

10keV ~1 unit for P-III Period .

Energy ON OFF ON — OFF
(MeV) x1072 x1072 X102
3.0—-3.5 20.637£0.501 19.653 +1.118 0.984 +1.225
3.5—4.0 8558+0.322 8.459+0.733  0.099 £+ 0.801
4.0—-45 6.094+0.272 6.0424+0.620 0.052 +0.677
45—-5.0 4.140+£0.224 4.1344+0.513  0.005 % 0.560
50—-5.5 3.096 +0.194 3.180 £0.450 —0.085 4 0.490
55 —-6.0 2.391+0.170 1.781£0.337  0.611 £0.377
6.0—-6.5 2.076+0.159 1336 £0.291  0.740 £+ 0.332
6.5—7.0 2355+0.169 1.972+0.354 0.383 +£0.392
70-75 1.894+0.152 2544 +0.402 —0.650 4 0.430
7.5—-80 1.663+0.142 1.717+0.330 —0.054 4+ 0.360
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CHAPTER 6

BACKGROUND UNDERSTANDING AND SUPPRESSION

METHODS

In general, we can say there are two different kind of background, i.e. internal
and external. The internal background can be due to contaminations of naturally
occurring isotopes mainly 37C's and some radioactive decay series of Thorium
and Uranium, long-lived fission products and cosmic-induced unstable nuclei.
The external background is originated mainly cosmic ray muons, products of
cosmic ray muons, spallation neutrons, reactor related radioactive materials like
80C0, present as dust in the environment and some natural radioactive isotopes
which are the contaminations occurring nearly in all materials, like K, and
20871, The background due to external 7’s such as thoso from the readout
device, electronic components, construction materials, or radon contamination
on the outer surfaces can thus be attenuated and vetoed by the outer active
volume. If the background is originated externally from cosmic-ray induced

neutrons, which have little attenuation with high Z-nuclei, their effects can be
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minimized by a cosmic veto. When the dominant background contributions
are from internal contaminants, two complementary strategies can be deployed
for the background control: (i) consistent background subtraction, using the
measured spurious a or 7y peaks which indicates residual radioactivity inside
the crystal and (ii) the conventional Reactor ON — OF'F subtraction. The
background count rate will be stable and unaffected by external parameters
such as ambient radon concentrations and details of surrounding equipment
configurations. Most background from internal radioactivity come as 5 + s in
coincidence, like decays of 2'*Bi and 2T from the 238U and #*2T'h, respectively.
Hence, they will produce multiple hits with high probability. Therefore, they
can easily be eliminated from the data to obtain final energy spectrum since
the interesting signals are single-site events. Similarly neutron capture events
by the target isotopes manifest as (n, 7) interactions, giving rise to a burst of
multiple hits with known total energy. The neutron capture rate can therefore
be measured, such that the background due to subsequent decays of the unstable

daughter nuclei can be subtracted off[79].

The pulse shape discrimination capability of the CsI(T1) scintillating crystal
gives us a opportunity to measure the intrinsic radiopurity of *"C's as well as
25, 280 and ?32Th decay series. To understand the contribution of radioactive
contaminants to the background, the motivation is monitoring of timing and po-

sition information for f — a or a — « events. The main purpose is to estimate
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the abundance of intrinsic contamination of '37C's, 23U, 238U and 232Th and
derive the contribution of this contamination to the background. The contami-
nation levels of CsI(T1) scintillating crystals were measured in data taken with
CsI(T1) scintillating crystal detector at Kuo-Sheng Reactor Neutrino Laboratory

by using the correlated events from [ — o and o — o decay sequences.

6.1 Study of the Intrinsic Radiopurity in the CsI(T1) crystal[83]

For the measurement of intrinsic radiopurity one can derived the contam-
ination level of 137C's as well as 23U, 238U and #?Th decay series since the
intrinsic radiopurity measurement play a very important role in low energy low
background neutrino as well as Dark matter experiments.

The isotope 37C's is produced artificially as fission waste from power reactors
and atomic weapon tests. Once produced, there is no chemical way to separate
137C's from the stable 33C's. This is the dominant background in the Dark

Matter experiments which use the CsI(T1) crystal as a target. 37C's decays via

B1Cs — B"Ba* 4+ e~ (112 = 30.07 yr) 61)
6.1

BT Ba+vy (B, =662 keV)

with the emission of a y—ray of energy 662 kel .
A total of 31.3 kg * day data taken with CsI(T1) scintillating crystal at Kuo-
Sheng Reactor neutrino Laboratory was analyzed. The spectrum is displayed in

Figure 6.1a with a distinct line at this energy with a RMS resolution of 5.1%.
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Figure 6.1: (a) Energy spectrum of entire range showing *"C's, °K and 2877
y—energy peaks (b) Z-position distribution of the 1*"C's events of 31.3 kg — day
of data.

Other natural background y—peaks from *°K at 1460 keV and 208717 at 2614
keV also appear. The Z-distribution of 1¥7C's events after 30 and +10 cuts are
shown in Figure 6.1b. The uniform Z-distribution after £1¢ cut indicates that
the source of ¥7C's is internal to the crystal. Accordingly, an average activity
of 61 +2 mBqkg™", or equivalently contamination level of (1.55 4 0.05) x 10717
g/g was derived for the CsI(Tl) crystals. Alternatively, the radiopurity of the
CsI(T1) powder have been measured with HPGe detector consistently as (1.7
0.3) x 10717 g/g.

All materials contain 2%°U, 238U and ?32Th radioactive elements in their na-
ture. A sensitive measurement of the spatially and temporally correlated events
related to these radioactive elements in CsI(T1) crystals was performed. A total
of 40 CsI(T1) crystals with a data size of 1725 kg=*day data taken at KS neutrino

laboratory was studied. The event configuration and selection criteria based on
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Figure 6.2: The event configuration and selection criteria for selecting correlated
b — a and o — « events.

the timing sequence in a typical event, as schematically shown in Figure 4.8, are
illustrated in Figure 6.2. The measured activities were translated to contami-
nation levels of their long-lived parent isotopes in the crystal assuming in the
secular equilibrium. To find out the abundance of Uranium and Thorium con-
tamination inside the crystal, five decay sequences (DS) were examined. These

are given as follows:

1. within 238U series;

e (DS;) the a — « signature from 22 Rn via;

2Rn — *PPo+a  (Q =559 MeV, 11/, = 3.82 d)

po — MpPhbta (Q=6.12 MeV, 13 = 3.10 min) (6.2)
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(DS;) the 8 — « signature from 2 Bi via;

MBi — MPo+iv.+e +9's  (Q =328 MeV, 71/, = 19.83 min)

Mpo — Phta (Q =783 MeV, T/, = 164 us) (6.3)
2. within 2*2Th series whose decay chain is shown in Figure 6.3;
e (DSs,3) the @ — a — a signature from ***Ra — 2°Rn — 21 Pg via;

Ra — *Rn+a (Q =579 MeV, 115 = 3.66 d)
Rn — *MPo+a  (Q=06.41 MeV, 112 =55 s)

26py  — 22Ppta (Q=6.91 MeV, 1y =0.155)  (6.4)

e (DS,) the 8 — « signature from ?'2Bi via;

2Bi  — *PPo+ip.+e +9's  (Q =225 MeV, 112 = 60.6 min)

2po — phta (Q=8.95 MeV, 11/ = 0.30 ps) (6.5)

3. within 25U series;

(DSs4.55) the a — a — « signature from ?Ra — 2Rn — 2% Po via;

BRa — MRn+a  (Q=597 MeV, T2 = 11.4 d)
YRn — PPo+a  (Q=06.41 MeV, 15 =55 s)

po — MPbta  (Q=752MeV, 115 =01.78 us) (6.6)
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Figure 6.3: The schematic drawing of decay chain of Thorium, #*2Th.

The energy spectrum of a—events is depicted in Figure 6.4. The small peak
at around 6 MeV is due to the energy sum of those § — « pairs in DS, whose At
is too small to be de-convoluted. Apart from this structure, a—energy spectrum
shows a broad peak at about 2.5 MeV'.

From time-delation (At) distribution of the correlated-events from DSy 2 34 35
decay half-lives measured in a good agreement with the nominal values. The At
distributions of DS; 23,3, are shown in Figure 6.5a-d, respectively.

The sequence DSy has 7 /2 of 300 ns, such that both pulses appear convoluted
within the same readout time window of 12.5 us. An example of such signature
is displayed in Figure 6.6a. The cascade was therefore selected not by timing
but by pulse shape analysis. The time difference between the 5 and « leading

edges is displayed in Figure 6.6b where the best fit 7/, is 283 4= 37 ns, also in
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Figure 6.4: Measured energy spectrum for the a—events.

good agreement with the reference value.

The sequence DSs, 5 is another triple a—cascade. However, the second delay
with 7/ = 1.78 ms is well inside the DAQ dead time window (starting from
500 ps after the trigger for a duration of about 5 ms), such that this can not
be measured. On the other hand, first decay with 71,5 = 3.96 s is measurable.
The time-difference plot is shown in Figure 6.7. No evidence of an exponential
decay was observed, such that only an upper limit to the 23U series can be
derived. The efficiencies, background level and the best fit half-lives are listed
in Table 6.1. The measured activities and the derived contaminations of the four
decay sequences of DSy 234.36,4,54,55 1S given in Table 6.2. The measured activity

in mBqkg™!

is converted to radiopurity level in units of gram per gram (g/g)
of the parent isotopes in CsI(T1) crystal. Assuming secular equilibrium, the

contamination levels of 233U and 232T'h is listed in Table 6.2.
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Figure 6.5: Delay time (At) distributions for (a) o — « events from ?*?Rn —
28pg — 21 Pp in DSy (b) B — a events from 2 Bi — 21Po — 210P}p in DS,
(c) @ — a events from ***Ra — ?°Rn — 2°Po in DS3, (d) a — « events from
20 Ry — 216 Po — 212Pp in DSay.
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Figure 6.6: (a) Typical 8 — « signal of cascade ?'?Bi — 212Po — 28Pp (b) the
measured time difference between the leading edges in § and « pulses.

Table 6.1: Summary of the selection efficiencies, background levels and measured
half-lives of the decay sequences.

Selection

DS Signature

Background

Ef ficiency -to-signal

Half —life (11/2)
Nominal Measured

1 a— @
2 b —«
3a a— o
3b «

4 b —«
5a a—«
5b o

0.93
0.77
0.86
0.97
0.37
0.78

0.51
3.2x 1073

9x107°
3x107°

3.10 min 3.2+ 0.2 min
164 ps 163 £8 us
55 s 54.4+24 s
0.15 s 0.141 £ 0.006 s
299 ns 283 £+ 37 ns
3.96 s No signal
1.78 ms  DAQ inactive

Table 6.2: Measured activities and derived contaminations of the four decay

sequences.
Measured Contaminations L
. . Contaminations
DS activity of long-lived £ series (g/g)
(mBqkg™") parents (g/g) o enes 1979

1 0.0107+0.0004

0.01020.0003

3a, 3b  0.009040.0002

4 0.0061£0.0003
5a, 5b  <0.003

226RCL .
226R6L .

228Th
228Th
227Th

(2.9240.11)x 1071
(2.7940.07)x 1019
1 (2.9740.08) x 1022
: (3.1£0.2)x 10722

1 <1.6x1072

2381 : (0.86£0.03) x 10~ 12
287+ (0.8240.02) x 10712
B2Th : (2.2340.06) x 1012
BITh ¢ (2.340.1)x 10712
BT <4.9x1071
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8
At (s)
Figure 6.7: Delay time (At) distribution for candidate o — v events for ?** Ra —

29 Rn — 25 Po in DS5. No time-correlated evets are identified in such that only
an upper limit to decay rates can be set.

From the contamination levels of 238U and #*2T'h listed in Table 6.2 we can
calculate the background contribution of intrinsic radiopurity in the region of
above 3MeV. Regarding very low level contamination (order of 107'2g/g) of
2381 and relatively lower total energy of all relevant decay chain (total energy
around 3MeV), we can totally neglect the 23U effect in the region of interest.
However, the 22T h contamination can contribute to the background via 71 —208
decay chain shown in Figure 6.3. We can calculate the event rate of T1—208 (with
36% BR) by accepting measurement of the activity in the sequence of DSj, 35
given in Table 6.2 and using the efficiency factor of < 1% from simulation in the
case of electron and 7'l — 208 decay chain gammas absorbing in the same crystal
giving total energy of 3 —5 MeV. The event rate of Tl — 208 is then < 0.009

mBaqkg™' x 36% (BR) x 1% (sim) ~ < 0.0032 cpd (kg~* x day™") which is also
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Figure 6.8: The AZ distributions from a typical CsI(Tl) crystal on (a) f — «
and (b) o — « events, from which the Z resolutions oz can be derived.

negligible level of background compared to our background level of about 0.4 in

3 —5 MeV region.

Data taken with external collimated y—sources prior to installation provided
measurements of the Z-resolutions of 2 ¢m above 400 keV. This approach is
limited by the intrinsic spread of the photon interaction sites within the crystal
due to multiple Compton scatterings. A better in situ method is through the
study of the measured position difference (AZ) of the correlated f—a and o —«
pairs which are emitted at the same site. The AZ distributions of § — « from
DS, and the two a — o pairs from DSs, 3, for the combined data are depicted in
Figure 6.8a,b. Both are centered at AZ = 0, indicating that the selected pair of
events were indeed originated at the same site. The resolution oz, as given by
the RMS of the distributions, are 2.2 ¢m and 1.3 ¢m for the f — a and a — «

events, respectively.
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The o — o samples provide a more accurate description in the studies of
the intrinsic spatial resolution, since both of the a—pairs are originated at the
same site. The J—events in DS,, on the other hand, are accompanied by other
~v—emissions such that their exact vertices are not well-defined. This explains

the worse AZ distribution for the 5 — o samples[83].

6.2 Understanding Environmental Background

Although ambient neutron is slowed down and stop by boron-loaded poly-
ethylene, they still have probability to penetrate to the shielding and capture by
the CsI(T1) crystal target. Cosmic-induced neutrons originated from the target
itself have high probability of leaving the target but residual neutrons can be

captured by the target nuclei '33C's and 21 via

n + BCs — BCs

n 4+ 21— 1B (6.7)

with relatively large cross-section. The daughter isotope **C's (112 = 2.05 yr,
Q = 2.06 MeV) decays with 70% branching ratio by beta decay (end point 658
keV'), plus the emission of two 7's of 605 and 796 keV'. Therefore, it will not
give rise to single hit at the low-energy region. By studying multi-hit events
giving total energy of around 2 MeV, we observed the signature of **C's in
the CsI(Tl) data at the low energy region. The energy spectrum of 2—hit in

that energy region as well as the Z distribution of these events are shown in
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Figure 6.9. The uniform Z-distribution of 7’s due to 3*C's shows us the source
is internal to the crystal. The isotope ** (712 = 25 min, Q = 2.14 MeV) on
the other hand, has a branching ratio of 79% having a lone beta decay, which
will mimic the single hit signature. The neutron capture rate by the CsI(T1)
target can be measured by tagging ~ bursts of energy 6.8 MeV. Knowing the
capture rate, the contributions to the low-energy background due to 28] can
be evaluated and subtract off[55]. By analyzing the mulhi-hit spectra we also
observed signature of the ®°Co energy peaks of 1173 keV (99.86%) and 1332 keV
(99.98%) in the 2 — hit individual energy spectrum of events having total energy
of 2 —3MeV region. The energy spectrum and 7 distribution of these events
are shown in Figure 6.10. In this energy region we clearly observed the two
energy peaks of ®°Co at 1173 keV and 1332 keV and also 2%®T1 originated pair
production one-escape peaks of 511 and 2105 keV in the energy spectrum. The
uniform °C'o Z-distribution along the crystal shows °Co spread out all around
the surface via dust in the environment. The Z distribution of the other peaks
related to 2°8T1 pair-production is consistent with external source behavior.
When we study higher energies of non-cosmic events up to around 4 MeV
via multi-hit analyzing, shown in Figure 6.11 we concluded that all energy peaks
are related to 2°87 decay chain of 2614.53 keV (99%), 510.77 keV (25%), 583.19
keV (86.2%), 860.56keV (12.77%)[84]' and their combinations. This phenom-

enon indicates that 2°87' can contribute to the background up to around 4 MeV'.

1 Generated at NNDC by WebTREND Sun Oct 22 22:00:23 2006
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Figure 6.9: (a) The energy spectrum of 2 — hit non-cosmic events, total energy
is 1 —2 MeV showing '3*C's signiture in CsI(T1) data (b) Z-distribution of these
events, uniform distribution indicates the source is internal to the crystal.

To understand the phenomenon of multiple-hit in the detector deeply, one must
understand the nature of the decay process of the sources and must consider
the angular correlation between successive gamma cascade transitions. We have
studied angular correlation of gamma cascades from C'o—60 and T'1—208 theoret-
ically. Simulation results based on the theoretical formalism are very consistent

with the data.

6.3 Angular Correlation of Gamma Radiation[85]

The angular correlation of successive nuclear gamma radiation can be ex-
pressed in terms of initial angular momentum j;, successive transformations

either emitting or absorbing gamma radiations through intermediate nuclear
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Figure 6.10: (a) The energy spectrum of 2 — hit non-cosmic events, total energy
is 2—3 MeV showing °Co signiture and 2°®7T pair-production one escape peaks
in CsI(T1) data (b) Z-distribution of these events showing 2*®T'l source external
to the crystal and %°Co source spread out along the crystal as dust.
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Figure 6.11: (a) The energy spectrum of 2 — hit non-cosmic events, total energy
is 3—4 MeV showing 2T signature in CsI(T1) data (b) Z-distribution of these
events, non-uniform distribution indicates the source is external to the crystal.
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states j and final angular momentum j,. In the general formulation the initial
and final nuclear states are taken as randomly oriented. The v — v correlation

function is
W) = > GilLalg) G L4 5) G | Lal 5) (G | L) )

XW (jjLyLy;vj)W (jjLaLy; viy)

N

x [(2L1 + 1)(2L}, + 1)(2Ly + 1)(2L} + 1)]2 x P,(cosf) (6.8)

W (0) is the probability that the angle between the directions of two cascade
~v—rays is 0. The sum is over L1L}, LoL} and v. Here C(L;Lijv;1 — 1) is the
Clebsch-Gordan parameters and W (jjL;L}; vj;) is the Racah parameters which
are the sum of products of the Clebsch-Gordan parameters.

The v — 7 correlation function for pure 21 — 22 multipoles can be written

in terms of functions of Legendre polynomial as

W(0) = Asn(Ly, L) Pon(cos 0) (6.9)

n=0

where A, = F,(L1j1j)F,(Lajaj), renormalized so that Ay = 1 and

F (Ljij) = (=) 77Y2j + 1)2 (2L + 1)C(LLv; 1 — YW (jiLL; vjy)
(6.10)
so that also Fy = 1.

For the correlation in which one y—ray is not pure, the correlation function
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can be simplified as
W (6) = Wi(0) + 6° W, (6) + 20W,1,(6) (6.11)
where 62 is the ratio of intensities of the 21 pole to that of the 2% pole and

Wi(0) = Y Asn(Ly, La)Pay(cosb)

n=0

Wi(0) = > Agy(Lj, Ly) Pay(cos b)
n=0

Wirr(0) = (=)71(2j +1)(2Ly + 1)(2Ls + 1)]2

X " Gon(LaLij1j) Pon(L2joj) Punlcos) (612

n=0

where F, is given in Equation (6.10) and G, is

symmetric in L; and L.

C'o— 60 decays mainly by beta decays to the 4T state in Ni— 60, which then
decays by the cascade 41(FE2)2%(E2)0" to the ground state of Ni — 60. The
successive 1173 keV and 1332 keV ~ — v transitions are pure 22 — 22 multipoles.

Then theoretical correlation is[86],

W(Q) = 1+ F2(2, 4, 2)F2(2, 0, 2)P2(COS 9) + F4(2, 4, 2>F4(2, 0, 2)P4(COS 9)
= 1+ 0.102Px(cos ) + 0.009 P, (cos §)

W(0) = (1+0.1250cos® 8 + 0.0417 cos* ) x const. (6.14)

where Fy and Fj functions are calculated by using Equation (6.10).
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2087 decay chain of 583.19 keV and 2614.53 keV gamma transitions via

57 (E2)37(E3)0" are pure 22 — 22 multipoles. Then theoretical correlation is

W(@) = 1+ F2(2, 5, 3)F2(3, O, 3)P2(COS 9) + F4(2, 5, 3)F4(3, O, 3)P4(COS 9)
= 1+ 0.1786P5(cos @) — 0.0043 P4(cos §)

W() = (1+0.3125co0s*# — 0.0208 cos* ) x const. (6.15)

2087 decay chain of 860.56 keV and 2614.53 keV gamma transitions via
47 (M1 + E2)37(E3)0" are not pure but first transition mix 2' — 2% multipoles.
9, the ratio between the intensities of the 2' pole and that of the 22 pole is

0 = 0.014. Then theoretical correlation is

W[(e) = 1+Fg(l,4,3)F2(3,0,3)Pg(0089)
W][(Q) = ]_—I—Fg(z,4,3)F2(3,0,3)P2(COS€)—I—F4(2,4,3)F4(3,0,3)P4(COSQ)

Wi(0) = (7 x3x5)Y3(Gy(1,2,4,3)F5(3,0,3)Py(cos 6)

W) = Wi (0)+ 83Wr(0) + 26W;1(60)
= 1—0.125P5(cosf) + (0.014)?[1 — 0.2679P5(cos §) + 0.03175Py(cos §)]
+2(0.014)[—0.62498 P»(cos 0)]

W(@) = (1-0.1996cos®d + 0.000025 cos* §) x const. (6.16)

2087 decay chain of 510.77 keV and 583.19 keV gamma transitions via

57 (M1+ E2)5 (FE2)3~ are not pure but first transition mix 2! — 2% multipoles.

115



9, the ratio between the intensities of the 2' pole and that of the 22 pole is

0 = —0.051. Then theoretical correlation is

W[(e) = 1+ FQ(l, 5, 5)F2(2, 3, 5)P2(COS (9)
Wir(0) = 14 F5(2,5,5)F5(2,3,5)Pa(cos ) + Fy(2,5,5)F4(2,3,5)Py(cos 6)

Wi () = —(11 x 3 x 5)Y2(G5(1,2,5,5)F5(2,3,5) Py(cos )

W) = Wr0)+ Wi (0) + 26Wr1(0)
= 1+ 0.186P(cosf) + (—0.051)*[1 — 0.119P,(cos #) + 0.127P(cos 0)]
+2(—0.051)[—0.115P5(cos 0)]

W(0) = (1+0.3257cos®f+ 0.0016 cos* §) x const. (6.17)

The angular correlation functions of successive 7 — 7 transitions for C'o — 60
and Tl — 208 are shown in Figure 6.12.

Since both sources of C'o— 60 and Tl — 208 are external to the crystal, in the
simulation study we generate uniformly distributed gammas from outside. For
Co — 60 we generate isotropic, spherically symmetric gammas and for 7'l — 208
we generate uniformly distributed gammas in the crystal side since candidate
sources are located in the PMT and its bases. The simulation results of corre-
lated successive C'o — 60 and Tl — 208 decay gammas are shown in Figure 6.13.
The simulation results are in good agreement with the data shown in Figure 6.10
and Figure 6.11. These simulation results show the successive decay gammas hit

the same crystal at the same time giving total energy of 2505 keV for C'o — 60
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Figure 6.12: Angular correlation function distribution of TI1-208 and Co-60
gamma cascades.

and up to around 4 MeV for Tl — 208.

6.4 Single Hit (SH) Prediction via Multiple Hit (MH) Analysis

According to the multi-hit analysis which is based on taking ratio of multiple-
hit cosmic events with non-cosmic events, nearly all of the background is origi-
nated by cosmic rays in 4 — 6.5 MeV region. The comparison of spectra due to
cosmic and non-cosmic events with respect to energies through 3 — 8 MeV are
illustrated in Figure 6.14. From Figures 6.14a-b it can be seen that cosmic and
non-cosmic spectra for energy region of 3 —3.5 MeV', 3.5 —4 MeV, respectively
do not match well since the event origins are different (due to effect of T — 208
radioactivity). In 3 — 3.5 MeV energy region Tl — 208 decay chain gammas of

583.19 keV and 2614.53 keV are dominant and also it can be seen the effect
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Figure 6.13: The simulation results of correlated (a) Co-60 successive decay
gammas (b) TI1-208 successive decay gammas, showing very good agreement
with the multiple-hit data analysing.

of 860.56 keV and 2614.53 kel as well. In the 3.5 — 4 MeV energy region
it can be seen Tl — 208 decay chain gammas of 860.56 keV and 2614.53 kel
and cosmic effect mix together. In this energy region except Tl — 208 decay
chain gammas, cosmic and non-cosmic events match very well. That means af-
ter elimination of T — 208 contribution, one can make SH estimation in the 3—4
MeV energy region due to cosmic ray inefficiency. On the other hand, from the
Figures 6.14c-d for energy region of 4 — 6 MeV cosmic and non-cosmic spectra
match very well showing the event origins are totally only cosmic rays. From
the Figures 6.14e-f the cosmic and non-cosmic events match but with different
normalization factor. This is an evidence of presence of another source in this
energy region. Actually, as it can be seen in the Figure 5.20 there is a peak in

the SH energy spectra in the 6.5 —8 MeV energy region. This effect is nothing

118



but due to copper, which is abundant in the shielding materials, de-excitation
gammas. Unlike the Tl — 208, copper de-excitation gammas are not correlated
and just burst of many high energetic gammas of 6.5 — 8 MeV'.

We can formulate the event rate R for .e scattering in Reactor ON as
R(ON) = Rgy(sin® 0y) + R(BKG) (6.18)

where R(ON), R(OFF) and R(BKG) are the event rate of Reactor ON, Reac-
tor OF F' and Background, respectively. We can consider R(BKG) as R(OFF)
or event rate of SH prediction R(SHpreq.)-

One can make estimation of background in 3 —8 MeV energy region due to
cosmic ray inefficiency and 71 — 208, we can perform ON — SH,,.q4 instead of
Reactor ON — OFF method. By using this idea we can make a background
estimation based on Reactor ON data itself instead of time limited Reactor O F'F
data, leading us to achieve better results. By using Reactor ON data itself to
obtain background level also give the opportunity of making a measurement
without worrying about stability, systematic errors due to reactor, detector,
software, hardware etc. since we are using the same data sets in both cases.
By using the definition below given in Equation (6.19) to make estimation of
background due to cosmic ray veto efficiency, for the statistical error we used

binomial error definition since the prediction formula is an binomial expression.

MH non—cCcos SH red.
¥—1_5:# (6.19)

(MH)rot (SH)rot
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where ¢ is cosmic ray veto efficiency factor; (M H ). is the number of multiple-
hit of cosmic events, (M H )on—cos is the number of multiple-hit of non-cosmic
events, and (M H) 1ot = (M H )cos+ (M H ) non—cos; (SH )eos is the number of single-
hit of cosmic events, (S H ),0n—cos 1S the number of single-hit of non-cosmic events,
and (SH) 1o = (SH)eos + (SH) noncos

The expected event rate R for 7.e scattering and the statistical measurement
error in Reactor ON — OF F method can be written in cpd (kg™ x day™!) unit
as given in Equation (6.20).

SHon(E) — SHops(E)
m X Ton m X Toff

don-orr(E) = \/‘S )+ 0574(E)
\/SHon( ) SHoy(E) (6.20)

2 2 2 2
m* X T5y m?* X T5pp

Repr(sin® Oyy) =

The expected event rate R for v.e scattering and the statistical measurement
error in Reactor ON — SH,,.q. method can be written in cpd (kg~! x day™)
unit as given in Equation (6.21) by accepting the binomial distribution mean
value of Np and its standard deviation of v/Npq as shown in Equation (6.22).

(MH)non—cos

SHyet, = (SH)ro x == (6.21)
ot
) SH,,(E SHyreq (E
Ro(sin® Oyy) = o x }01\)/ - ml; deéN)
5 (E) SHTot<E) MHnon—cos(E) MHCOS(E)
SHpred, m2 X TgN MHTOt(E) MHTOt(E)
SoN—8H,,.0 (E) = \/5 E) + 02 (E) (6.22)

where T is the time and m is the active mass (in kg) of the detector, and ¢ is the
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statistical error. The mass and time are much more precisely known terms whose
errors can be negligible and statistical error only depend on the measurement of

the number of count.

For Single-Hit Prediction the measurement based on comparison of pair pro-
duction 3 — Hit cosmic events with the non-cosmic events for 3 —8 MeV energy
region was performed. Since in 3 — 4 MeV energy region Tl — 208 effect is
present and our estimation is based on the background originates from cosmic
rays, the estimation, of course, does not work properly. The physics idea is
that due to cosmic ray inefficiency, the cosmic rays give a mimic signature of
single hit event resulting an avoidable background in the region of interest. The
spectra of Multiple-Hit (3 — Hit) of pair production and Single Hit for cosmic
and non-cosmic events are shown in Figure 6.15a-b. By taking ratio of multiple
hit of non-cosmic and cosmic ray events with respect to energy region, we can
calculate the cosmic ray veto efficiency and make a Single-Hit predictions due
to cosmic rays in the corresponding energy regions as shown in the expression

of (6.19).

From Multi-Hit comparison analysis in Period-II by using Equation (6.19),
the cosmic ray veto efficiency factor, which is energy independent factor, was
calculated as ~ 93%. This efficiency factor lead us to make a prediction of SH
due to cosmic rays shown in Table 6.3. For 6.5 — 8 MeV energy region due

to copper effect, the efficiency factor drops but our SH prediction based on
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Equation (6.19) still works. This can be explained by the effect of copper on
(M H ) pon—cosmic and SH,,.q. are cancel out, since copper emits only one gamma
at a time and no correlation between the burst of gammas. However, this effect

only gives harmless inevitable efficiency conflict.

In the 3 — 4 MeV energy region the estimation does not work since the
background is rather complex due to 71 — 208 decay chain gammas. Since
there are several combination of T — 208 decay chain gammas and the effect of
(M H ) pon—cosmic and SHy,..q. are not cancel out unlike the copper, the prediction

must be done for cosmic and 7'l — 208 separately.

For the estimation of SH in the energy region of 3 — 4 MeV, we should
estimate T — 208 contribution as well as cosmic rays. We use Monte Carlo
Simulation for the correlated successive gammas of Tl — 208. We measured the
crystal distance of hits in data (seperately for 2614.53 keV + 583.19 kel hits
and 2614.53 keV + 860.56 kel hits), except zero crystal distance (meaning
that SH). However, in the Monte Carlo we can have all hit points including
also zero crystal distance. Thus zero crystal distance (SH) can be predicted

from the best fit of simulation to the data.

In the data we can measure no z-cut crystal distance hits of T1 —208 gammas
since our target is now all detector and including 20 + 20 ¢m crystals which we
do not have exact z information. However, we want to estimate Tl — 208 SH

contribution only in the 40 c¢m crystals as an our target after 4 ¢m z-cut. For
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Figure 6.16: For Period-II T1—208 26144580 keV successive gamma hits crystal
distance distributions of (a) no z-cut to get the parameter from the best fit of
simulation with the data (b) simulation of 4 cm z-cut after applying the fitting
parameter to make a prediction of SH in 3 — 3.5 MeV region.

this purpose our procedure is that fit simulation with the data for no z-cut
distributions and apply the fitting parameter from the best fit to the 4 cm z-cut
simulation distribution to predict zero crystal distance SH in our target 40 cm

crystals with 4 em z-cut.

For Period-II Reactor ON the SH prediction of Tl — 208 successive gammas
was done as shown in Figures 6.16, 6.17 and 6.18. In 3 —3.5 MeV energy region
for 2614.53 keV +583.19 keV combination 476.33 +36.95 counts and for 2614.53
keV 4 860.56 kel combination 32.93 £ 4.77 counts were estimated. This gives
totally 509.26 + 37.26 counts which is 54% of the background in 3 — 3.5 MeV

energy region. In 3.5 — 4 MeV energy region for 2614.53keV + 860.56 keV
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Figure 6.17: For Period-II T7—208 26144860 keV successive gamma hits crystal
distance distributions of (a) no z-cut to get the parameter from the best fit of
simulation with the data (b) simulation of 4 cm z-cut after applying the fitting

parameter to make a prediction of SH in 3 — 3.5 MeV region.
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Figure 6.18: For Period-II T7—208 26144580 keV successive gamma hits crystal
distance distributions of (a) no z-cut to get the parameter from the best fit of
simulation with the data (b) simulation of 4 cm z-cut after applying the fitting
parameter to make a prediction of SH in 3.5 — 4 MeV region.
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Table 6.3: For Period-II the background estimation in Reacor ON due to Cosmic
Ray and TI1-208 in 3-8 MeV with 0.5 MeV bin size.

Energy ON (SH)pred. ON — SHpeq,
(MeV) (count) (count) cpd (kg™ x day™') x 1072
3.0-35 961 +31.0 937.64+42.23 0.535 £ 1.200
3.5—4.0 292£17.09 287.15+15.93 0.111 £0.535
40—-45 193+13.89 188.63 +£13.24 0.100 £ 0.439
4.5—-5.0 141 4+11.87 128.34 £10.92 0.290 £ 0.369
5.0—5.5 117£10.82 91.36 £9.21 0.587 £0.325
5.0 — 6.0 81 +9.0 66.41 + 7.85 0.334 +0.274
6.0 —6.5 55 £ 7.42 50.55 £ 6.85 0.102 £0.231
6.5 —17.0 77T £8.77 79.08 £ 8.26 —0.048 £ 0.276
7.0—-7.5 76 £ 8.72 84.10 £ 8.26 —0.185 £ 0.275
7.5—8.0 73 £8.54 60.89 £ 7.07 0.277 £0.254

combination 15.54 4+ 1.21 counts were estimated which is 5% of the background.
For Period-II Reactor ON data taking, the results for SH,,.; based on the
prediction for the cosmic rays given in Equation (6.21) and 71— 208 contribution

for energy regions are summarized in Table 6.3.

Similarly, from Multi-Hit comparison analysis in Period-III the cosmic ray
veto efficiency factor was calculated as ~ 86.5% by using Equation (6.19). This
efficiency factor shows us cosmic tagging in Period-III is worse than in Period-
II. This is the explanation of relatively higher background in Period-III. Using
Reactor ON period data itself to make SH prediction is therefore very important

and background level whatever it is can be subtract off successfully.

The SH prediction of Tl — 208 successive gammas for Period-IIT Reactor
ON was done as shown in Figures 6.19, 6.20 and 6.21. In 3 — 3.5 MeV energy

region, for 2614.53 keV +583.19 keV combination 471.11 + 34.34 counts and for
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Figure 6.19: For Period-III T — 208 2614 + 580 keV successive gamma hits
crystal distance distributions of (a) no z-cut to get the parameter from the best
fit of simulation with the data (b) simulation of 4 ¢cm z-cut after applying the
fitting parameter to make a prediction of SH in 3 — 3.5 MeV region.

2614.53 keV +860.56 kel combination 38.17+2.79 counts were estimated. This
gives totally 509.28 + 34.45 counts which is 31% of the background in 3 — 3.5
MeV energy region. In 3.5 —4 MeV energy region for 2614.53keV + 860.56keV
combination 18.29+1.69 counts were estimated which is 2.5% of the background.
For Period-III Reactor ON data taking, the results for SHp,.s based on the
prediction for the cosmic rays given in Equation (6.21) and 7' —208 contribution

for energy regions are summarized in Table 6.4.

It can be seen that the estimation method is very powerful and through 3 —8
MeV the ON — SHy,.q result is better compared to that of ON — OFF method

in terms of residue and their errors which are listed in Tables 5.4 and 5.5.
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Figure 6.20: For Period-III T — 208 2614 + 860 kel successive gamma hits
crystal distance distributions of (a) no z-cut to get the parameter from the best
fit of simulation with the data (b) simulation of 4 cm z-cut after applying the

fitting parameter to make a prediction of SH in 3 — 3.5 MeV region.
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Figure 6.21: For Period-III T — 208 2614 + 580 kel successive gamma hits
crystal distance distributions of (a) no z-cut to get the parameter from the best
fit of simulation with the data (b) simulation of 4 cm z-cut after applying the
fitting parameter to make a prediction of SH in 3.5 — 4 MeV region.
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Table 6.4: For Period-III the background estimation in Reactor ON due to
Cosmic Ray and T1-208 in 3-8 MeV with 0.5 MeV bin size.

Energy ON SHpreq. ON — SHpeq.
(MeV) (count) (count) cpd (kg™ x day™') x 1072
3.0—-35 1747+41.8 1641.44 + 46.55 1.281 £ 0.759
3.5—4.0 7T34£27.09 741.77 £25.08 —0.0943 £ 0.4482
4.0—-4.5 52442289 504.32 £ 20.89 0.239 £0.376
4.5—-5.0 356+ 18.87 368.00+£ 17.84 —0.146 £ 0.315
5.0—-5.5 263+16.22 270.61 £ 15.30 —0.0924 + 0.2707
5.0 —6.0 203+14.25 202.05+ 13.22 0.01153 £ 0.2359
6.0—-6.5 175£13.23 175.09 £ 12.06 —0.00114 £ 0.2173
6.5 —7.0 200+£14.14 180.05+£ 12.01 0.242 £+ 0.225
70—-75 157+£17.53 177.00+11.53 —0.243 + 0.207
75—80 137£11.70 109.90 4+ 9.33 0.329 £0.182

We can check our prediction method by making SH estimation in OFF
data and performing OF'F — SH.q.. If our estimation procedure is correct the
residue and Weinberg angle should be consistent with zero in OFF — SHp,q.
subtraction since there is no neutrino production in Reactor OF'F' period. For
Period-II Reactor OFF' data taking time in 3 — 3.5 MeV energy region, for
2614.53 keV + 583.19 keV combination 233.63 £ 27.95 counts and for 2614.53
keV 4 860.56 kel combination 26.60 £ 1.54 counts were estimated. This gives
260.23 + 27.99 counts totally which is 54% of the background in 3 — 3.5 MeV
energy region. In 3.5 — 4 MeV energy region for 2614.53keV + 860.56 kel
combination 6.9140.84 counts were estimated which is 4.5% of the background.
For Period-III OF' F' data taking time in 3 — 3.5 MeV energy region, for 2614.53
keV +583.19 keV combination 96.79 4 7.02 counts and for 2614.53 keV +860.56

keV combination 8.77 4+ 0.63 counts were estimated. This gives 105.56 = 7.05
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Table 6.5: For Period-II the background estimation in Reactor OFF due to
Cosmic Ray and T1-208 in 3-8 MeV with 0.5 MeV bin size.

Energy OFF SHpreq. OFF — SHpeq.
(MeV) (count) (count) cpd (kg™ x day™') x 1072
3.0—-3.5 5H04+2245 479.68 £ 31.41 1.084 £1.721
3.5—-4.0 129+£11.36 149.82+11.53 —0.928 £0.721
4.0 —-4.5 92 £9.59 94.00 £9.33 —0.0891 £ 0.5963
45—-50 614781 65.01 £ 7.76 —0.179 £+ 0.596
5.0—-5.5 43 £6.56 47.34 4+ 6.62 —0.193 +0.491
5.0 —6.0 32+5.66 32.51 £5.48 —0.0226 £ 0.4153
6.0 —6.5 26 £5.10 26.14 £4.92 —0.00624 £+ 0.31576
6.5—70 35£5.92 41.25 4+ 5.92 —0.279 £ 0.373
7.0—-7.5 41 +6.40 44.67 +6.01 —0.0164 £ 0.3913
75—80 40+£6.32 38.48 £ 5.55 0.0678 + 0.3752

counts totally which is 33% of the background in 3—3.5 MeV energy region. In

3.5—4 MeV energy region for 2614.53keV 4 860.56keV combination 3.48 +0.32

counts were estimated which is 5% of the background. For Period-II and Period-

III the residue of OF'F' — SH,,.q. subtraction is given in Table 6.5 and Table 6.6,

respectively. In both period the residue and Weinberg Angle shown in Figure

7.5 consistent with zero showing that our estimation methods are working quite

well.

As a summary the background sources and contributions above 3 MeV range

in Period-II and Period-III for Reactor OF F' are summarized in Table 6.7.
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Table 6.6: For Period-III the background estimation in Reactor OFF due to
Cosmic Ray and T1-208 in 3-8 MeV with 0.5 MeV bin size.

Energy OFF SHpreq. OFF — SHpeq.
(MeV) (count) (count) cpd (kg™ x day™') x 1072
3.0-35 313+£17.69 315.51 £15.22 —0.159 £ 1.484
3.5—4.0 136 £11.66 136.25+10.73 —0.0160 £ 1.008
4.0 —-4.5 96 £+ 9.80 97.04 £9.17 —0.0663 £ 0.8536
4.5—-50 66+8.12 60.92 £ 7.27 0.323 £ 0.693
5.0 —5.5 52+ 7.21 49.19 £ 6.53 0.179 £0.619
5.0 —6.0 30+548 35.99 £+ 5.59 —0.381 £ 0.498
6.0 —6.5 24 +£4.90 27.99 £4.93 —0.254 £ 0.442
6.5—-70 33£5.74 28.32 £4.88 0.298 £0.479
70-75 40+£6.32 28.20 £4.75 0.751 £ 0.503
7.5—8.0 27 +£5.20 16.50 & 3.64 0.668 £ 0.404

Table 6.7: The background sources and their background level in Reactor OFF
due to Cosmic Ray, Tl — 208 and Copper in 3-8 MeV.

Reactor OF F

Period Period — I1 Period — I11
Energy 3—5 MeV 3—5 MeV
(MeV) internal 7'l — 208 < 0.8% internal 7' — 208 < 0.6%

3.0—-35 55% Tl — 208 45% cosmic 30% Tl — 208 70% cosmic
3.5—4.0 45%TI1—208 95.5% cosmic | 2.5% Tl —208 97.5% cosmic
4.0 —6.5 — ~ 100% cosmic — ~ 100% cosmic
6.5 — 8.0 54% Cu 46% cosmic 47% Cu 53% cosmic
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CHAPTER 7

RESULTS AND CONCLUSION

Expected event rate for v.e scattering can be written as

TSM(T> = / dUSM ﬁdE’V

dT dE,
EV
o - dosy do
T T El/

where ¢ is the neutrino flux, F, is the energy of neutrino, 7" is the recoil electron
energy and % is expected differential cross sections for v.e scattering.
The expected differential cross sections for r.e scattering in Equation (3.4)

can be written in terms of Weinberg Angle, sin® fyy, as

2
Asin’ By [1+ (1 _ E1> _ g}]

v

2
+ 4sin? Oy {(1 - El) - ’;EZ] n (1 .

dO’SM _ . G%me
ar el = o

) 2
(7.2)
The event rate R can be written as

d d
R= (¢ £ d{)Rsy = ((idg)// Z;M dg dE,dT = A+ Bsin® 0y + C'sin’ Oy,

T Ey

(7.3)
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where A, B and C' can be written as in Equation (7.4). For getting better results

one can expect ( — 1 and d( — 0.

N

T E,
B G%me Al (1LY _meT| do
B E, 2F2 | dE,
T E, -
GQFme [ T\? m | do
C = // 1+<1_E) T | aB, —dE, T (7.4)
T E, -

From Equation (7.3) the error for sin?fy can be obtained as

) R
d(sin2 Oy — d .
(sin” Oiy) (B ¥ 20 sin? 0W> ¢ (7.5)

We can use two different methods to get ( +d¢. We can approximate rgy;(T)
to a polynomial P(T) to get ¢ + d¢ value from the best fit. Also we can use

least-square fit method by defining x? function to get ¢ and error d¢ as

10 2

=1

After getting ¢ & d¢ we can use Equation (7.3) to calculate sin®fy, and

Equation (7.5) to calculate the error of sin® Oy .

We can rearrange the differential cross sections of 7.e scattering in the

Equation (7.2) in terms of gy and g4, one can obtain an elliptical form of
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= (¢ £ d¢) x Rsyr = ax? + by? + cxy.

(

(gv +1)° { ( _E1> }
G%;ne + (ga+1)° [1+(1_E1V> +n3E3T]

— (v +1)(ga+1) {2_2(1_%)2} | @

dosyr
dTl’

(vee) =

\

The event rate R can be written as in terms of gy, ga as in Equation (7.8)

R = C£d)Re = (C£d0) [ [0 ap,ir
T E,
= algy +1)°+b(ga+1)*—clgv +1)(ga+ 1) (7.8)

where a, b and ¢ are given in Equation (7.9).

_ G%me _ T\> m.T]| do
@ = // 1+<1—E) -~ | ap BT
- ) :
Fme T mel | do
- 14 (1- = E,dT
’ [/ +< E) "B | g,
T E, - -
GZm, T\?| d
c = Fm // 2—2(1—5) dngdT (7.9)
T E, -

Using Kuo-Sheng nuclear power plants as a source of 7, in the TEXONO
Experiment with the 186 kg of CsI(TI1) scintillating crystal in Period-II the
measurement was done based on 95.18 days in Reactor ON and 48.36 days in
Reactor OFF' data. By using neutrino flux as an input given Figure 3.5 in
Chapter-II1I, for 3 — 8 MeV the expected event rate was calculated as Rgys =
0.0119703 and the parameters were obtained as A = 0.2424 x 1072, B = 0.2052 x

1072, C' = 0.1697 and a = 0.04241, b = 0.05006, ¢ = 0.08277.
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As shown in Figure 7.1 both polynomial and least-square (x?) best fit meth-
ods give similar results on the measurement of the event rate. In the ON —OFF
method, the event rate of ({ £d() x Rsys was obtained as (1.786 £1.297) X Rgy
from the least-square (x?) fit with x* = 8.09/(nof = 9) and corresponding
sin? Oy value was obtained as 0.328 + 0.137 consequently. In addition the
ON — SHp..q given in Table 6.3 the event rate of (¢ £ d{) x Rsy was ob-
tained as (1.194 + 1.451) X Rgys from 2 fit with x* = 6.44/(nof = 9) and
corresponding sin? Oy value was obtained as 0.259 40.153. Since we have better
errors in the ON — SHy,.q method, we can get better results on the measure-
ment of cross-section and accordingly in sin? 6y value with better error. This
results also show that ON — SH,,.q. method is more powerful and accurate than
ON — OFF method since SHp,.q. is done based on Reactor ON data itself in-
stead of time limited Reactor OF F' data. As a summary, for Period-II the event

rate of R (7.e) and sin® 0y, value for ON — OFF and ON — SH,,; methods

are;
'ON — OFF’ (x* = 8.09/9) 3.0 < E. <80 MeV
—
R (P.e) = (1.786 & 1.297) x Ry sin? Oy = 0.328 + 0.137
'ON — SHypeq” (X2 = 6.44/9) 3.0 < E, < 8.0 MeV
= (7.10)
R (pee) = (1.194 4 1.451) x Rgy sin? By = 0.259 + 0.153

Furthermore, if we combine OF F' and S H,,.q., we can achieve the best esti-

mation on background and we can perform ON — B K G by combining ON —OF'F
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Figure 7.1: In Period-II the measurement of scattering cross section of ( £ d¢
for (a) 'ON — OFF’ (b) 'ON — (SH)prea.” where best fit is shown in red line,
blue line corresponds to SM, dash line corresponds to the 5 order polynomial
fit on SM data.

and ON — SH,,¢q. residues bin by bin. After performing ON — BKG, from the
best fit we can get the event rate and sin? 6y value afterwards given in Equa-
tion (7.11). The ON — BKG which is combination results of ON — OFF
and ON — SHp,.qfor Period-II is shown in Figure 7.2a and the corresponding

schematic drawing of the ellipse for 7.e scattering cross section in the (gy, ga)

plane is shown in Figure 7.2b.

for PII 'ON — BKG’ 3.0 < E, <80 MeV
(X2 = 11.59/9) -

R (7€) = (1.454 £ 0.859) X R sin 0y = 0.291 +0.102  (7-11)

Similarly, in Period-IIT with the 200 kg of CsI(T1) scintillating crystals the
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Figure 7.2: In Period-II (a) the measurement of scattering cross section of (+d(
for the combination of 'ON —OFF’ and 'ON — (S H )preq.” where best fit is shown
in red line, the blue line corresponds to SM, dash line corresponds to the 5
order polynomial fit on SM data and (b) the schematic drawing of the ellips for
vee scattering cross section in the (gv,ga) plane.

measurement was done based on 191.96 days in Reactor ON and 36.61 days
in Reactor OF F' data. By using neutrino flux as an input given Figure 3.5 in
Chapter-III, for 3 — 8 MeV the expected event rate was calculated as Rgys =
0.01159 and the parameters were obtained as A = 0.2343 x 1072, B = 0.1928 x

1072, C = 0.1647 and a = 0.04117, b = 0.04861, ¢ = 0.08041.

As shown in Figure 7.3 both polynomial and x? best fit methods give similar
results on the measurement of the event rate. In the ON — OF F method, the
event rate of (¢ &+ d()Rsy was obtained as (1.278 + 1.413) Rgys from the x? fit
with x? = 10.83/(nof = 9) and corresponding sin” f value was obtained as

0.272£0.179 consequently. In addition the ON — SH,,.4. given in Table 6.4 the

137



o
=1
o

Event Rate
=
=
=
B

=
=
ma

0.01%8

001

0,005

—0.005

—ooy Levan

(2)

o
=1
o

(b)

K/ndf 1083 /9
P1 12644 1.452

Evwent Rate
=
=
=1
&
T

R =(1.298 £ 1.413) Rgy
Sin?0,, = 0.272 + 0.179

T
o
o
ra

T

o 015 [

001 |

—0.005

TR E
[ - y |

oot b b b b b b e

Kindt 8212 /09
P1 09847 + 0.8683

R =(0.981 £ 0.898) Rgyy
Sin%0y, = 0.228 + 0.135

ol b bl by
3 33 4 4.3 3 3.5 3 €35 7 7.3 & 3
Measured Energy (MeV)

4 4.5 3 3.5 3 L] 7 73 &
Weasured Energy {MeV)

Figure 7.3: In Period-III the measurement of scattering cross section of ¢ 4 d¢
for (a) 'ON — OFF’ (b) 'ON — (SH)peqa.” where best fit is shown in red line,
blue line corresponds to SM, dash line corresponds to the 5 order polynomial
fit on SM data.

event rate of (¢ & d() x Rgy was obtained as (0.981 + 0.898) x Rgys from the

x? fit with x? = 8.25/(nof = 9) and corresponding sin® fy, value was obtained

as 0.228 + 0.135. Since we have better errors in the ON — SH,,.q method like

in Period-II, we have better results on the measurement of cross-section and

accordingly in sin? @y value with better error. As a summary, for Period-III the

event rate of R (7.¢) and sin? 0y value for ON — OFF and ON — SH,,q. are;

'ON — OF F’ (y* = 10.83/9)

R (pee) = (1.298 4 1.413) x Ry

'ON — SHypeq (X2 = 8.25/9)

R (p.e) = (0.981 4 0.898) x Ry
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Furthermore, like in Period-II if we combine OFF and SHp,.q, we can
achieve the best estimation on background and we can perform ON — BKG by
combining ON — OFF and ON — SH,,.4residues bin by bin given in Equation
(7.13). The combination results of ON — OFF and ON — SH,.q4. for Period-III
is shown in Figure 7.4a and the corresponding schematic drawing of the ellipse

for v.e scattering cross section in the (gy, g4) plane is shown in Figure 7.4b.

for PIII 'ON — BKG’ 3.0 < E, <80 MeV
(x2 = 11.88/9) —

R(7.) = (1.062 4+ 0.774) x Rgpy  sin?fy = 0240 £0.111  (7-13)

For checking our SH prediction method we can also perform OFF — SHp,q.
and get the SM scattering cross section from the best fit. It must be consistent
with zero as shown in Figures 7.5a and Figures 7.5b for Period-II and Period-
ITI, respectively. From the Figures it can be seen that there is no excess and
Weinberg Angle is consistent with zero for OF F — SHeq..

As well as combining Period-II and Period-III results on SM scattering
cross section and sin? §y value statistically, we can combine the neutrino flux
in Period-II and Period-III based on their kg x day weighted average to get
the total neutrino flux and corresponding parameters. By combining Period-II
and Period-IIT neutrino flux, the expected event rate was calculated as Rgy =
0.0117254 and by using Equations 7.4 and 7.9 the parameters for total neutrino

flux in 3 —8 MeV were obtained as A = 0.2371 x 1072, B =0.1972x 1072, C =
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Figure 7.4: In Period-III (a) the measurement of scattering cross section of
¢ £d( for the combination of 'ON — OFF” and "ON — (SH ) req.” where best fit
is shown in red line, blue line corresponds to SM, dash line corresponds to the
5" order polynomial fit on SM data and (b) the schematic drawing of the ellips
for v.e scattering cross section in the (g, ga) plane.

0.1664 and a = 0.04160, b = 0.04912, ¢ = 0.08123. After we achieved the best
estimation on background for Period-II and Period-III separately, we can per-
form combining Period-IT and Period-III residues bin by bin. The 'ON — BKG’
which is combination results of ON — OFF and ON — SH,,.q for (Period-
[I+Period-III) and the corresponding schematic drawing of the ellipse for v.e
scattering cross section in the (gy, ga) plane is shown in Figure 7.6a and Figure
7.6b, respectively. As a summary, for (Period-114Period-III) the event rate of

R (v.e) and sin? Oy value for combination of ON — OFF and ON — SH,,q. are;
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from 'ON — BKG’ 3.0< E, <80 MeV
(x? =13.68/9) -

R(7.e) = (1.2354+0.577) x Rgpy  sin®fy = 0.264 £0.075  (7-14)

We can combined the results given in Equation (7.10) and (7.12) for ON —
OFF and ON — SH,,¢q. seperately for Period-II and Period-III. The combined
results only for ON —OF'F and only for ON —S H,,.4. are given below and shown
in Figure 7.7a and Figure 7.7b, respectively. As a summary, combined results
for ON — OFF and ON — SH,,.4 in different combination are listed in Table
7.1. The results are given as a combination of ON — OFF and ON — SH,,q.

seperately for Period-II and Period-III as well as combination of all results.

'ON — OFF’ only (x* = 11.7/9) 3.0 < E, <80 MeV
_)
R (v.e) = (1.586 4 0.996) x Rgu sin? Oy = 0.306 4 0.112
'ON — SHppeq only (x* =9.3/9) 3.0< E, <80 MeV
— (7.15)
R (7.e) = (1.059 4 0.707) x Rgy sin? fy = 0.239 4 0.101

By taking more data as stable and in good condition as Period-II and Period-
I11, the accuracy of sin? fy, will be improved profoundly statistically alone. By
analyzing Period-IV data which is taken from February 2006 to April 2007 we
expect to achieve at least 20% accuracy in the sin® 0y, and 33% accuracy in the
cross-section measurement statistically alone. For the Period-IV 232 kg X day

data was analyzed and in 3 —8 MeV about 0.55 cpd (kg™ x day~') background
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Figure 7.7: The Event Rate and Weinberg Angle for the combination of Period-II
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Table 7.1: The summary of the event rate and Weinberg Angle results for Period-
IT and Period-III including combination of results, horizontal and vertical seper-

ately.

ON — OFF

ON — SHpred.

Period-I1

(1.786 4+ 1.297) x R
sin? Oy = 0.328 £+ 0.137

(1.194 4+ 1.451) x Rgu
sin? Oy = 0.259 + 0.153

Period-I11

(1.298 +1.413) x Rgu
sin? Oy = 0.272 + 0.179

sin? Oy = 0.228 4+ 0.135

Combined Vertically

(1.586 £ 0.996) x Rgars
sin Ay = 0.306 + 0.112

(1.059 £ 0.707) x Rgar
sin? Ay = 0.239 4+ 0.101

Combined Horizontally

(1.454 4+ 0.859) x Rgas
sin? Oy = 0.291 + 0.102

(1.062 £ 0.774) x Rgar
sin? Oy = 0.240 4+ 0.111

Combined All

(1.235 £ 0.577) X Rsu

sin? Oy =

0.264 £ 0.075
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Figure 7.8: The very preliminary results for Period-IV Reactor ON data taking
showing that the data is under control and background level as good as previous
periods.

level was achieved. The very preliminary spectrum for around 5 days Period-IV
Reactor ON data illustrated in Figure 7.8. The good energy resolution of known
peaks (C's — 137, K — 40 and T — 208) and flat bakground level above 3 MeV
shows that Period-IV data is under control and background level is as good as

previous periods.

Furthermore, in the future by taking Period-V data and including prediction
method as well, we expected to achieve less than 10% accuracy in the sin? Oy,
and less than 15% accuracy in the cross-section measurement. The accuracy

expectations for coming period were obtained by using the same method as
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cross section measurement with data size, showing by taking more data as stable
and in good condition as before alone, the accuracy will be improved profoundly.

before which is from the best fit by reducing statistical error accordingly with
data size. The expected accuracy of sin? fy, and cross-section measurement with
data size are illustrated in Figure 7.9a and Figure 7.9b, respectively. There is a
linear relationship between the accuracies of sin® 6y, and the cross-section, which
can be calculated by using Equation (7.5) as 0.1306. From the expectation of
accuracies plot shown in Figure 7.10 we can cross check the relationship between
accuracies of sin? 6y, and the cross-section from the slope which is consistent
with the theoretical expectation given in Equation (7.16). As a result, the

accuracy relation between sin? fy, and the cross-section can be written in terms
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of percentage as follows

(%) sin2 gy = 0.60 x 7(%)5,e (7.16)

Previous reactor experiment situations as well as current status of the TEX-
ONO experiment are listed in Table 7.2. There is no significant measurement of
sin? @y in the low energy region. In the other experiments, the measurement of
cross-section is just interpretation since their main physics goal is to study on
neutrino magnetic moment. In this study, we attempt to make a measurement

of SM antineutrino-electron scattering cross section and thereby Weinberg Angle
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Table 7.2: Characteristics of the previous and current v, — e scattering experi-
ments

. Savannah Kurtchatov| Rovno NUMU TEXONO
Experiment
[58] [59] [60] | [64, 65] [55]
Fl -
Plastic Hore L CF4 gas, CsI(T1)
Target . Carbon Si(Li)
Scin. ) 5 bar crys.
Scin.
Fiducial
15.9 103 37.5 18.4 200
Mass (kg)
o(v,)
2.2 0.27 2.0 1.0 0.65
(102 em=2s71)
Threshold 15 3.1 0.6 0.9 3.0
(MeV) . ) ) . .
Si 1 10 1.0
sh 71 0.78 11
events/day (expect) (expect)
A
cenraey 29% 53% 49% 50% 16.7%
of o(7,e)
A 16%
comreey ’ — — - 28.4%
of sin® Oy 20 away

sin? Ay in untested low energy region. We achieved the world level sensitivities
and the best results in the measurement of 7, — e scattering cross section and

sin? @y in the low energy region with reactor neutrino.
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