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Abstract

Using 36.55 g of %°Nd sample and 1648 days of data taken by the NEMO-
3 experiment, the two neutrino double beta decay half-life of °Nd is mea-

sured to be
T, = (8.95%5 56 (stat) 4 0.50(sys)) x 10**years

A study of the background events and the application of a laser calibration

system of energy measurements was made.
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Chapter 1

Theoretical Background

1.1 Introduction

In 1930, W. Pauli proposed a neutral, massless particle, the “neutron”, in
order to explain the continuous energy spectrum of 3 decay [1]. Four years
later, E. Fermi renamed the “neutron” to “neutrino” and published a suc-
cessful model of 3 decay, later known as Fermi coupling [2]. Since then,
the neutrino has been recognized as one of the fundamental particles of the
Standard Model (SM). However, many open questions still remain. For ex-
ample, the number of neutrino species, the absolute mass of the neutrino,
the Dirac/Majorana nature and the parameters of the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix are all yet to be determined. Recently
(June 2011) an indication of non-zero 63, which is the last unmeasured mix-
ing angle of the PMNS matrix, has been observed [3]. Therefore, neutrino

physics is one of the most interesting topics in Particle Physics.

The observation of neutrinoless double 5 decay (0vF3) will help to answer



some of the remaining questions such as the Dirac/Majorana nature of neu-
trinos, the absolute mass scale and the hierarchy of neutrino mass eigen-
states. Exploring these questions will have important implications for mod-
ern physics. The measurement of two neutrino double 3 decay (2v(35) is
important not only for studying nuclear matrix elements (NME) but also to
search for Ov3( decays as it is an important background for this beyond the
Standard Model (BSM) process. NEMO-3 was one of the experiments aim-
ing to investigate these processes with a sensitivity for measuring half-lives

of ~10%* years [4].

1.2 The Standard Model and Neutrino

The SM of particle physics is a theory of interactions between the fundamen-
tal particles, which is symmetric under a gauge transformation of SU¢(3)
x SUL(2) x Uy(1). In the SM, the weak bosons and the charged leptons
gain their mass through the Higgs mechanism. Neutrinos were believed to be
massless and only left-handed neutrinos and right-handed anti-neutrinos were
experimentally observed. However, the neutrino oscillations observed by ex-
periments such as the Homestake Solar Neutrino Observatory [5], SNO+ [6]
and SuperKamiokande [7] implies non-zero neutrino mass. Neutrinos do not
have a Higgs term in the SM. They are assumed to acquire mass not by the

Higgs mechanism but by a different mechanism.



1.3 The Nature and Mass of Neutrino

As neutrinos are electrically neutral, they can be either Dirac or Majorana
particles. Dirac particles are defined such that the particles are distinct from

their anti-particles, i.e.,

Clp) = [¥p) with [¢p) # [Up), (1.1)

where ¥p is the wave function of a Dirac particle and 1p is the wave func-
tion of its anti-particle and C' is the charge conjugation operator. Majorana

particles are the anti-particles of themselves; i.e.,

where 1, is the wave function of a Majorana particle. Thus, it implies lepton
number violation. In the SM Lagrangian, the Dirac mass term mixes the left-

and right-handed components,

Lp=mp (Yrr+ vreL). (1.3)

The Majonara mass terms of the right-handed and the left-handed neutrinos

are written as

£ = omy (V0w + Tmvf) (14)
Ly = gl (00§ + 950 (15)

respectively, where 1¢ is a charge conjugate of 1. One of the models for
neutrinos to acquire mass is the see-saw mechanism. It includes both the
Dirac and the Majorana mass terms and is expressed as

U

1
’Qseefsaw = L’D +LM - 5 <¢L 1/)L> . MDM : ¢ + h.C., (16)
R



where h.c. is the Hermitian conjugate and Mp,, is the mass matrix

L

m m
Mo =| M 770, (1.7)
mp mﬁ

Usually, m%,;, m¥, and mp are assumed to be zero, of order of the Grand Uni-
fied Theory (GUT) scale (=10 GeV) and of order of the electroweak scale

(=100 GeV), respectively. By diagonalizing the matrix, the mass eigenstates

\Dheavy = (¢R + ¢g) - % (¢L + ¢g) (18)
M

Uyt = (V1 +97) + % (VR + %) (1.9)
M

are obtained. The heavy mass eigenvalue is calculated to be ~mf, (~10'
GeV) and the light one is ~m?%/m%, (~0.01 eV). The see-saw mechanism
explains the smallness of the mass of the light neutrino (which is mainly
composed of the left-handed states) compared to the other SM particles. It
suggests that the heavy neutrino (which is mainly composed of the right-
handed states) has decayed in the early Universe and has therefore not been

observed so far.

1.4 PMNS matrix

As with quarks, the mass eigenstates of the neutrinos are different from their

weak eigenstates. The relation between them is described by the PMNS

matrix
Ve Uel UeQ Ue3 151
Vu = U,ul UMZ Uu3 V2 . (110)
Vr UTl UT2 UT3 V3



Since the PMNS matrix is unitary, it can be written in terms of the mixing

angles and the Dirac phase (which indicates the CP-violation),

C12 512 0 1 0 0 C13 0 Slge_i(s
Uai = | —512 c12 0O 0 co3 S93 0 1 0 Da (111)
0 0 1 0 —S93 (€23 —81361'(s 0 C13

where ¢;; and s;; are the cosine and the sine of the mixing angle 0;; and D is

a diagonal matrix containing Majorana phase angles ¢,

1 0 0
D=10 e 0o |. (1.12)
0 0 e*

D only appears if the neutrinos are Majorana particles. The angle 615 was
measured by solar neutrino experiments [8] and a3 was measured by atmo-
spheric neutrino experiments [9]. The angle 6,3 is currently being measured

by experiments such as the T2K [3] and MINOS [10] experiments.

1.5 Double Beta Decay

1.5.1 Two Neutrino Double Beta Decay

The two neutrino double 8 decay is a SM process that is described by
(A, Z) — (A, Z +2) + 2~ + 27, (1.13)

where A is the mass number and Z is the atomic number (Fig. 1.1a). This
decay takes place in nuclei for which a single  decay is forbidden or strongly
suppressed due to energy conservation (or angular momentum conservation)

as shown in Fig. 1.2. In this process, all the quantum numbers including

9
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Figure 1.1: Diagrams of (a) 2v3( and (b) Ov3[ decays.

lepton number are conserved unlike Ov33 (Fig. 1.1b), hence it is allowed by
the standard electroweak theory. The associated nuclear transition energy

(g is defined as

Qas =m(A, Z) —m(A,Z +2) — 2m., (1.14)

where m(A, Z), m(A, Z +2) and m, are the mass of the mother nucleus, the
daughter nucleus and the electron, respectively. The half-life, Tf/"z, of this

process is written as

1

T,

=G |m> |, (1.15)

where G*" is a phase space factor and 9% is a nuclear matrix element
(NME). Both G and 9" are calculable, but 9 is model dependent.

Therefore, it is vital to extract the value of 9 experimentally [11].



Energy

Figure 1.2: A schematic energy diagram for double § decay isotope X. A

decay to isotope Y is energetically forbidden while a decay to isotope Z is

favoured.
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Chapter 2

The NEMO-3 Experiment

2.1 NEMO-3 Detector

There are several types of double [ decay experiments: homogeneous and
heterogeneous. For the homogeneous experiments, such as semiconductor
calorimeters or Xe time projection chambers (TPCs), the source and the
detector are identical and the choice of the isotope is not flexible. For the
heterogeneous experiments such as NEMO-3, which has a source foil in be-
tween tracker and calorimeter, flexibility in the choice of isotopes is given.
This feature allowed the NEMO-3 to study double  decay half-lives for sev-
eral isotopes.

The NEMO-3, shown schematically in Fig. 2.1, was a cylindrical detector
that was located at LSM Modane, France, where the depth is 4800 meters
water equivalent (m.w.e.). This provided a low cosmic ray background as
shown in Fig. 2.2 [12]. There were 7 different 53 isotopes with a total mass
of =~ 10 kg and a tracker with 6180 drift cells to identify the tracks of the

particles. At the walls of the detector, there were 1940 plastic scintillators

12



coupled to low-radioactive photomultiplier tubes (PMTs). A solenoid pro-
vided a magnetic field designed to be 25 Gauss and orientated vertically
through the detector. The whole setup was covered with pure iron and water

and wood to shield from photons and neutrons outside the detector.

2.2 Double Beta Decay Isotopes in NEMO-3

Isotope | Mass | Qgs (keV)
10N o | 6.914 kg | 3034
82Se | 0.932 kg 2995

1cd | 405 g 2805
%7 | 94g 3350
150Nd 36.6 g 3367
BCa 70 ¢ 4272
190Te | 454 ¢ 2529

Table 2.1: 3 isotopes in NEMO-3 [13].

Table 2.1 shows the double 3 decay isotopes in the detector. They were
chosen because of the high ()gg-value so that the 33 signals can be easily
isolated from low Q-value backgrounds [4]. Since 2v(3[ decay is a rare pro-
cess, these choices are important to gain better signal to background ratios.
As well as measuring 2v3/3 half-lives of all these isotopes, the experiment
was particularly designed to search for Ov33 decays of Mo and 32Se with

higher mass. The source foils are placed in the detector as shown in Fig. 2.3.

13
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Figure 2.2: The intensity of muon background at Frejus, Modane [12].

5 4 SOURCE DISTRIBUTION IN NEMO-3

1%%\15 (6.9 kg)

#3e (0.93 kg)
Cu (0.62 kg

11%cd (0.40 kg)

130.

Te (0.45 kg)
%0Nd (36.5 g)
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“Ca (6.99 g)

"Te (0.61 kg)

Figure 2.3: The distribution of the isotopes throughout the 20 sectors of the
NEMO-3 detector [13].
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2.2.1 "'Nd Isotope

In this dissertation, decays of Neodymium-150 (*°Nd) are studied. '»*Nd un-
dergoes 2v33 decay to *°Sm. It predominantly decays to the ground state,
but it can also decay to the 0f and the 2 excited states. The excited
1%0Sm nucleus emits photon(s) with the energy shown in the decay scheme in
Fig. 2.4. Due to its high Qgg-value (Tab. 2.1) and the high atomic number,
1%0Nd has the largest phase space factor of all the 33 isotopes. However, de-
formation of the nucleus leads to a large uncertainty in the calculation of the
NME for this isotope [14]. Thus the theoretical uncertainty on the neutrino
mass calculation is large.
The '"°Nd foil for the NEMO-3 was produced in the Institute for Nuclear
Research of Moscow, Russia. After several purification processes, the foil is
enriched with 36.55 4 0.10 g of °Nd. Together with a Mylar support foil
(6.458 g) and some impurities, its mass is 57 g in total. The impurities were
identified to be 207Bi, 214Bi, %2Eu, 214Pb, 4mPa, 2¥T] and “°K by using a
high purity germanium (HPGe) detector [13]. In the detector, the »*Nd foil
is located in Sector 5 as shown in Fig. 2.3. The geometry of the foil was
defined as

1.802 < ¢ < 1.845 rad, (2.1)

—117.0 < z < 117.0 cm, (2.2)

using the cylindrical coordinate system of the detector [4].

2.3 Tracker

The NEMO-3 tracks charged particles by drift cells operating in Geiger mode.

Each sector contains 9 layers of 30 mm diameter cells on the inner and outer

16
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Figure 2.4: An energy diagram showing a decay of °Nd to °Sm [15].

side and they are arranged as a pattern of 4-2-3 layers (Fig. 2.5). It is filled
with a gas of helium (95%), ethanol (4%), argon (1%) and water (1500 ppm).
When a charged particle passes through the gas, it ionizes He atoms and the
ionized electrons drifted towards the anode wire causing further ionizations.
The avalanche of ionization makes a measurable pulse when it reached the
wire and plasma propagates along wire to cathode rings at both ends of the
wire (Fig. 2.6). A time to digital converter (TDC) attached at the end of the
anode wire measured the arrival time of the signal to determine the transverse
position of the hit. Helium is the lowest atomic number noble gas, therefore
it causes minimum energy loss of the charged particles and remains stable
inside the detector. Alcohol molecules were used to quench the avalanche of
the electrons. Argon and water were added in order to improve the quality
of the signal by increasing the plasma propagation efficiency and reducing

the noise.

17



anode wire ground wire

cathode ring

Figure 2.5: A top view of a sector of the NEMO-3 detector. The 4-2-3
configuration of the drift cell layers and the PMTs on the top and bottom

are shown [13].
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Figure 2.6: A drift cell of the detector [13]. As an electron passes through,
the gas is ionized and the signal is picked up by the cathode ring at the end.

2.4 Measuring the Energy of the Particles

The NEMO-3 measured energies of particles with calorimeters, which con-
sisted of scintillators and PMTs (Sec. 2.4.1). The calorimeters were cali-
brated by two methods: absolute energy calibration (Sec. 2.4.2) and Laser
calibration (Sec. 2.4.3 and Sec. 2.4.4). The absolute energy calibration
was performed approximately six times a year and the laser calibration was

realized during every interval between the normal runs.

2.4.1 Scintillators and PMTs

The scintillators and PMTs were installed to measure the energy of the par-
ticles. Fig. 2.7 illustrates the calorimeter layout. The scintillators were made
of polystyrene. When a charged particle passes through the scintillator, the

energy is absorbed by the polystyrene molecules and the excited molecules
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emit photons to de-excite. A photon loses its energy via Compton scattering
and the scattered electron loses the energy as described before. The PMTs
multiply the photons produced by the scintillator to measurable level of elec-
trical signals by the avalanche of the photoelectric effect.

There are two sizes of radio-pure PMTs, 3” and 5”, both capable of measur-
ing the energy range from 0 to 12 MeV [4]. The 3” PMTs are mounted on
the inner wall of the calorimeter and the 5” PMTs are mounted on the outer
wall (Fig. 2.8). The top and the bottom of the detector are attached with
both 3”7 and 57 PMTs. The signals from PMTs are also used to measure
TOFs and charge integrations with TDCs and analogue to digital converters

(ADCs).

2.4.2 Absolute Energy Calibration

The calorimeters were calibrated with 2°7Bi and °Sr sources of known ac-
tivities for periods of ~ 72 hours. The 2°"Bi source provides two peaks of
482 keV and 976 keV electron energies via a conversion process of v decay.
The higher energy region (above 1.5 MeV) was calibrated by a measurement
of the energy spectrum of the daughter isotope of *°Sr, Y. This is a pure 3
emitter and has an end point energy of 2283 keV. The results of the 2°"Bi and
the Y energy measurements were combined to calculate a linear response

of each PMT that is valid for the energy region up to 4 MeV [13].

2.4.3 Laser Energy Correction

Calibration of the calorimeters was also performed by shining lasers on PMTs.

A laser light of known energy was sent directly to the PMT's via optical fibers.
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Figure 2.7: A schematic diagram of an external calorimeter block [4].

PMT is attached to a scintillator block with a light guide.
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Figure 2.9: An example of an ADC distribution and Gaussian fit [16].

The ADC charge distribution was measured for each PMTs.

A Gaussian distribution was fitted and the corresponding x% . value was
calculated (Fig. 2.9). The energy of the incident beam, F;, was calculated

for each PMT in every laser run and the ratio
= — (2.3)

was obtained, where E'r is defined as the value in the reference run chosen at
the middle of the absolute energy calibration with the 2°"Bi source. The beam
energy generally decreased with time. In order to take this into account, the

variation V' was calculated by

(Er)
(ERr)

The mean values were obtained from the mean of all the stable PMTs. The

V:

(2.4)

correction coefficient (LEC value) is defined as
LEC value = § (2.5)

The correction values are stored in the NEMO-3 database and the variation
is recorded. A linear fit is done to the variation plot (Fig. 2.10) and the

corresponding x? . is determined.
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Figure 2.10: Examples of (a) a linear distribution of LEC value and (b) a

non-linear distribution of LEC value [16].
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In addition, LEC quality flag was defined as the following in order to deter-
mine the stability of the PMTs.

e +1: bad laser ADC distribution e.g. x%pc > 2.5;
e +2: bad linear fit through corrections e.g. x%, ... > 10;
e +4: maximum correction value > 4 % during the survey period;
e +8: amplitude of correction value > 5 %.
The measured energy was divided by the LEC value to get the corrected

energy. For some PMTs in some runs, an LEC was not available due to

reasons such as:

no laser light was available;

too few counts in ADC distribution;

laser light energy was too low;

the gain was too low.

2.4.4 Laser Time Correction

The TDCs were calibrated with laser. During the laser run j, a correction

factor, LT'C', was calculated by

LTC} = tdc, — tdc; (2.6)

reference’

where tdc' is the time measured by the PMT 4. The run number 1404 was

chosen as the reference run because of its relative stability compared to other
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runs [17]. Hence, tdc of the data, which was taken during the k-th run that

is the nearest to the laser run j, is corrected as following,

tdc’

‘ (
corrected

k) = tdc.,,,(k) — LTC; (2.7)

raw

2.5 Phase 1 and Phase 2

After running the experiment for 19 months, it was found that the concen-
tration of the radon in the air inside the detector was high and was affecting
the measurements. An anti-radon facility was introduced in September 2004.
An airtight tent was constructed around the detector in order to prevent the
radon diffusing through glue joints, and an air-cleaning system was installed
to send radon-free air into the detector. The air-cleaner consisted of charcoal
which traps the radon long enough to decay to a stable isotope (**?Rn has
Ty, ~ 3.8 days). As a result, the concentration level was reduced by a factor
of = 6 (Fig. 2.11). The pre- and post- anti-radon system installation periods
were named as Phase 1 and Phase 2 respectively. The data acquisition time

during these periods were

Phasel = 397.71 days (2.8)

Phase2 = 1250.39 days (2.9)
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Measurements of 222Rn act|V|ty in the gas of tracker (mBq/m3)
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Figure 2.11: Total Rn activity inside the detector before and after the instal-
lation of the anti-radon facility [12].
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Chapter 3

General Analysis Technique

3.1 Monte Carlo

A Monte Carlo (MC) comparison method is used to analyze the data. All the
MC samples are generated by DECAY0 (which is a different version of DE-
CAY4 [18]). After the kinematics of 53 and background events are simulated
by DECAY0, NEMOS (which is based on GEANT-3.21 [19]) generates a full
description of the detector and particle tracks including processes such as
energy loss, scattering etc., according to their cross-sections. The simulated
events have the same format as the data, hence they can be reconstructed

identically.

3.2 Reconstruction of Data and Monte Carlo

The reconstruction of data and MC is done almost identically by NEMOR [20].

In both cases, a track is reconstructed if there are more than three hits on
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Geiger layers and two of these are in adjacent layers. The track fitting pro-
gram connects those layers to reconstruct a helical track of a charged particle.
The best-fit track is then used to identify the particle by its curvature, length
etc. (Sec. 3.3). During this process, the information of the experimental
status of each data acquisition period, for example the status of the detec-
tor, energy and time calibration efficiencies and resolutions for individual

calorimeter blocks, is applied only to MC via the NEMO database.

3.3 Particle Identification

The tracks of charged particles are bent due to the magnetic field (Sec 2.1)
which is used to discriminate electrons and positrons. « particles are identi-
fied by their short traveling distance (/20 c¢cm) before quenching in the gas.
A photon can be identified by a scintillator hit without an associated track.
A Time of Flight (TOF) calculation is also used to discriminate the internal

events and the external events. (see Sec. 3.4.1)

3.3.1 Measurement of Photon Energy

Since photons are more likely to be scattered and deposit energy on more
than one PMT, a sum of energies deposited in a “photon cluster” (Fig. 3.1) is
used as the energy of a photon. In order to distinguish a photon’s scintillator
hit from noise, the scintillator hit must be isolated. The definition of the

isolated hit is shown in Fig 3.2.
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Figure 3.1: Sum of energies deposited on the highlighted PMTs by a photon

is defined as an energy of a photon.

(a) (b)

Figure 3.2: Examples of (a) isolated photon clusters and (b) a non-isolated

photon cluster.
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3.4 Statistical Technique

A C++/ROOT [21] based statistical analysis program ROOTANA is specif-
ically constructed for the NEMO-3 experiment and is used for most of the
analysis in this dissertation. It is capable of performing statistical techniques
such as TOF selection (Sec. 3.4.1) and likelihood fitting of MC to data (Sec.
3.4.2).

3.4.1 TOF probability

An event which has one electron crossing the foil can mimic an event which
has two electrons coming from the foil. To discriminate those events, a TOF
probability is calculated. For a pair of tracks with lengths [; and Iy with
associated energy deposits of F; and E5 on the calorimeter, the internal and

the external TOF differences are calculated theoretically by

Lol

Ath = — = 3.1
wnt ﬁl ﬁQ ( )
l l
Ah =Ly 2 3.2
ext ﬁl ﬁQ ( )
where (3; is the speed of the particle + = 1,2 and defined as
Ei EZ + 2me
Bi = ( ) (3.3)

E; +m,
assuming the particle mass is the electron mass m,.. For a photon accompa-
nied with the emission of an electron, 3 = 1 and [ is the distance between the
center of the photon cluster and the vertex on the foil where the associated
electron’s track is found. The TOF t7P¢  is experimentally measured by

int/ext

the TDC. From the theoretical and experimental TOF values, the following
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variable is calculated for both the internal and external origin hypotheses,

2
N ()
Rt o2 ' (3.4)
TOF
The uncertainty oror is expressed as
(UTOF)2 =
22: m? (Ve ] 39
o —) o2+ o

i=1 BiE;(E; +me)(E; + 2m,) E 3 l irpC jro

where op, 0y, o,rpc and o,Lre are uncertainties in energy measurements,
track length calculation, time measured by TDC and LTC, respectively. The
TOF probability P, e is given by

2 X?’nt/ezt 22
Pint/ea:t (X?nt/ext) =1- ﬁ/o e dZC, (36)

where z is

- L (3.7)

1+ \/ zxfnt/eaxt

3.4.2 Fitting Monte Carlo Events to Data

ROOTANA uses a maximum-likelihood estimation (MLE) [22] to fit the MC
normalization to the data. MLE treats each bin of the energy distribution
as an independent channel, therefore, it takes into account the shape of the
distribution. In the i** bin, MC predicts the number of events to be the
sum of the signal (s;) and backgrounds (b;). Following Poisson statistics, the
probability P; of obtaining d; events is given by

ef(si“’bi) (Si _|_ bz>dl
d;! .

P = (3.8)

The likelihood (L) is defined as

L=]]~r (3.9)



where n is the number of bins in the histogram. The logarithm of the function

1s written as

n

InL = [— (si +bi) + diln (s; + b;) — In(d,)] (3.10)

i=0
The maximum can be found by setting the derivative with respect to the
total number of signal events 8§ = ). s; to be zero

BlnL - dz aSi
a8 —‘”;)(sim 08> -0 (30

Eq. 3.11 is solved numerically to obtain S. Since L follows the x? distribu-
tion, the standard deviation ¢ is determined by solving the following equation

numerically;

InL(8) — InL(S + AS) — % (3.12)
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Chapter 4

Construction of the

Background Model

4.1 Background Events

The half-life Tl% is expected to be > 10%% years, whereas natural radioactivity
has a typical Tj/2 < 10'° years. Therefore, it is important to understand the
background processes that mimic the 33 signal. There are two types of non-
(B3 events that produce two-electron events originating in the foil. One is the
internal background, which has its origin inside the source foil, and the other
is the external background, which has its origin located outside the foil. The
internal backgrounds are mostly due to the presence of radioactive isotopes
in the foil. As shown in Fig. 4.1a, they can undergo one of the following

processes to mimic 53 events [23]:

e A 3 decay to an excited state. Then the daughter nucleus de-excites

and emits an electron by an internal conversion.
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e A ( decay where the  particle undergoes Mgller scattering off another

electron in the foil.

e A [(3-y cascade where the photon produces an extra electron via Comp-

ton scattering.

The external backgrounds are mostly produced by a photon coming from
outside the foil. As shown in Fig. 4.1b, they undergo interactions includes

such as:

e Pair production to create an electron and a positron which can be

misidentified as an electron.
e Double Compton scatterings.

e Compton scattering and the scattered electron undergoes Mgller scat-

tering.
e Photoelectric Effect and the photoelectron undergoes Mgller scattering.

e Compton scattering and the scattered photon causes a photoelectric

effect.

Some of the external background components originating from radon and
thoron in the air inside the detector can undergo processes similar to the
internal backgrounds. During the experiment, the type of the external back-

grounds are given names, such as exbg2, and are explained in Sec. 4.3.
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Figure 4.1: Diagram illustrating (a) internal background production and (b)

external background production. Photoelectric effect can be considered as a

Compton scattering with no scattered photon [23].
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Figure 4.2: The decay series of 28U, 232Th and ?*U. They are the main

sources of natural radioactivity [4].

4.2 Internal Background of the "Nd Foil

Radioactive isotopes can mimic 3 events as described in Sec. 4.1. Their

activities are estimated by investigating different final states (one electron

plus one photon, one electron plus two photons and one electron events).
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4.2.1 The Hot Spots

The “hot spots”, which are the spots on the »°Nd foil where contamina-
tion of background isotopes are especially high, were identified by previous

studies [15, 24]. The coordinates of them are defined as:

(a) 1.820 < ¢ < 1.827rad, 34 < z < 42 cm
(b) 1.836 < ¢ < 1.842rad, 6 <z < 12 cm
(c) 1.801 < ¢ < 1.802 rad, 52.8 < z < 55 cm

(d) 1.815 < ¢ < 1.827 rad, 104 < z < 110 cm

The hot spots (a), (b) and (c) are determined by using the one electron
plus one photon channel (Fig. 4.3) and (d) is determined by the one electron

channel as shown in Fig. 4.4.

4.2.2 Measurement of BiPo Activity

214Bi and 2Po are in the decay chain of 23¥U as shown in Fig. 4.2. The
majority (99.98 %) of 2'Bi decays to 2!4Po via a decay, and immediately af-
terwards the daughter nucleus emits a 3 particle (77, ~ 164 pus). This event
cascade is named as BiPo and its activity for the °°Nd foil was measured to
be

A(BiPo) = 0.187 % 0.05 mBq (4.1)

by studying one electron plus one a events [23]. The hot spots are not

removed for this measurement.
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Figure 4.3: Distribution of event vertices on the foil for one electron plus one

photon channel (a) with the hot spots and (b) without the hot spots.
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Figure 4.4: Distribution of event vertices on the foil for one electron channel
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4.2.3 One Electron - One Photon Channel

The contaminations of the following isotopes are measured with these decay

channels:

208T]: it principally decays via emission of one electron and two photons
(Sec. 4.2.4). However, one of the photons may be lost due to the finite

acceptance of the detector.

207Bi: it decays to the excited states of 2°"Pb via electron capture.

Then, the 2°"Pb emits a photon to be in its ground state.

1%2Fu: it can decay to several exited states of either 1*?Gd or *2Sm
through a G~ -decay (27%) or an electron capture (73%), respectively.

The daughter nuclei then de-excite by the emission of a photon.

14Fu: it undergoes a 3~ -decay and the daughter nucleus **Gd pro-

duces a photon in a similar way to *?Eu.

The following criteria are applied to select one electron plus one photon

events:

Only one track of a negatively charged particle with an associated scin-

tillator hit in the energy range 0.2 < E, < 4.0 MeV is found.
Run status and PMT status are both good.

The track originates inside the '"°Nd foil geometry as described in

Sec. 2.2.1, but not from the hot spots, which are defined in Sec. 4.2.1.

The charged particle hits at least one of the first two layers of the

Geiger cells.
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One photon cluster with energy £, > 0.2 MeV is detected.

The energy sum of all other photon clusters is < 0.2 MeV.

The length of the electron trajectory is > 50 cm.

The internal TOF probability is > 4 % and the external TOF proba-
bility is < 1 %.

Activity of 2%°T1

28T occurs naturally in the ??Th chain. The activity is driven by the
large half-life of 232Th, hence 2°®T1 has a constant activity. Since **®Ac and
212Bj are in the same decay chain and 36% of 2!2Bi decays to 2°®TI, the
activities of 228Ac and ?'?Bi are estimated from the activity of 2°8T1. In
addition to the selection criteria described above, the events are required to
have a photon which has energy > 2.0 MeV for the 2°®*T1 measurement. In
this energy region, only 2°®T1 and 2“Bi on the surface of the wires dominate
and all the isotopes with unknown activities do not contribute. From the
distribution shown in Fig. 4.5 (the details of activity measurements shown
in this and subsequent figures are given in Appendix A), the activity of

2087 is measured to be
A(*®TI) = 0.61 £ 0.07 (stat) mBq. (4.2)

for Phase 1 and
A(*®TI) = 0.61 £ 0.04 (stat) mBq. (4.3)

for Phase 2. Therefore,

A(*?Bi,*® Ac) = 1.69 £ 0.20 (stat) mBq (4.4)
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A(*?Bi,*® Ac) = 1.69 £ 0.11 (stat) mBq (4.5)

for Phase 1 and Phase 2, respectively

Activity of 27Bi

In order to measure the activity of 2°’Bi, which emits a photon of known

energy, the following selection criteria are added:

e 0.70 < F, < 1.10 MeV

e 0.25 < E, < 0.60 MeV

In this region, °’Bi dominates over the other backgrounds. The activity of

W07Bj is estimated to be
A(*™Bi) = 11.7+ 0.5 (stat) mBq (Phasel) (4.6)

A(*Bi) = 11.0 + 0.2 (stat) mBq (Phase2) (4.7)

as shown in Fig. 4.6.

Activities of »?Eu and '"*Eu

Both »?Eu and Eu are fitted simultaneously to the energy spectrum of
the photon shown in Fig. 4.7. 2Eu and '®Eu are fitted by the maximum-
likelihood method (Sec. 3.4.2). The activities of ?Eu and '*Eu are mea-
sured to be

A(*?Eu) = 2.06 £ 0.15 (stat) mBq. (4.8)

A("Eu) = 0.16 £ 0.02 (stat) mBq. (4.9)
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Figure 4.6: (a, b) electron energy spectrum; (c, d) photon energy spectrum;
(e, f) energy sum of the selected region 0.7 < E, < 1.10 MeV and 0.25 <
E, <0.60 MeV. (a, c, e) Phase 1 data and they are described by the legend
in (a); ( b, d, f) Phase 2 data and they are described by the legend in (b).
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for phase 1 and
A(*?Eu) = 1.88 £ 0.09 (stat) mBq. (4.10)

A(*Eu) = 0.93 £ 0.05 (stat) mBq. (4.11)

for Phase 2.

4.2.4 One Electron - Two Photon Channel

208T] decays to an excited state of 2°"Pb with an emission of a 3 particle.
The daughter nucleus emits two photons to de-excite to its ground state. A
schematic diagram for this decay is shown in Fig 4.8. The initial photon has
the energy of either 0.58 MeV or 0.86 MeV and the second photon has an
energy of 2.6 MeV. Similarly, 17.6 % of 2'*Bi decay to 2'4Po, which produces
photons with an energy of 0.61 MeV and 1.12 MeV. To enhance the signal

of 2%8T1, the following event selections are applied:

e Only one track of a negatively charged particle with an associated scin-

tillator hit of the energy > 0.2 MeV is found.
e Run status and PMT status are both good.

e The track originates inside the “Nd foil geometry as described in

Sec. 2.2.1, but not from the hot spots, which are defined in Sec. 4.2.1.

e The charged particle hits at least one of the first two layers of the

Geiger cells.

e Two photons are detected. The one with lower energy is required to
have E, > 0.35 MeV and the one with higher energy is required to
have F,, > 1.8 MeV.
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Figure 4.8: Decay scheme of 2%T1 [15].

e The energy sum of all other photon clusters is < 0.2 MeV.
e The length of the particle trajectory is > 50 cm.
e The internal TOF probability is > 4 % and the external TOF proba-

bility is < 1 %.

From the distribution shown in Fig. 4.9, the activity of ?°*T1 was measured
to be
A(*°®TI) = 0.50 £ 0.09 (stat) mBq (4.12)

A(*°®TI) = 0.66 £ 0.06 (stat) mBq (4.13)

for Phase 1 and 2, respectively. Hence,

A(*?Bi,*® Ac) = 1.39 £ 0.25 (stat) mBq (4.14)
for Phase 1 and

A(*2Bi,**® Ac) = 1.83 + 0.17 (stat) mBq (4.15)
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for Phase 2 were determined.

4.2.5 Estimation of Systematic Uncertainties

The activity of 2°®T1 is measured both in the one electron one photon channel
(Sec. 4.2.3) and one electron two photon channel (Sec. 4.2.4). By calculating
the average and the deviation from the average as systematic uncertainty,

the activity of 2°T1 is measured to be
A(*®TI) = 0.55 £ 0.06 (sys) mBq. (4.16)
A(*®TI) = 0.63 £ 0.03 (sys) mBq. (4.17)
for Phase 1 and 2, respectively. This implies that
A(*?Bi,*® Ac) = 1.54 £ 0.15 (sys) mBq (4.18)
for Phase 1 and
A(*?Bi,*® Ac) = 1.76 £ 0.06 (sys) mBq (4.19)

for Phase 2. By using the activities for 2°8T1, 22Bi and ?2®*Ac obtained from
the one electron two photon channel (Sec. 4.2.4) and refitting to the one
electron one photon distributions, the activities of 2°"Bi, '*?Eu and '**Eu are
reevaluated. By calculating the deviation between them and the original

values, the activities of 2°"Bi, »?Eu and '**Eu are found to be

A(*™Bi) = 11.9 £ 0.5 (stat) & 0.2 (sys) mBq (4.20)
A(*?Eu) = 2.40 £ 0.15 (stat) & 0.34 (sys) mBq (4.21)
A(*™Eu) = 0.23 £0.02 (stat) & 0.07 (sys) mBq (4.22)
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for Phase 1 and

A(*™Bi) = 10.9 +£ 0.2 (stat) 0.1 (sys) mBq (4.23)
A(*Eu) = 1.68 £ 0.09 (stat) & 0.20 (sys) mBq (4.24)
A(*Eu) = 0.81 £0.06 (stat) = 0.12 (sys) mBq (4.25)

for Phase 2.

4.2.6 One Electron Channel

Internal 2**"Pa, internal “°K and 2'°Bi on the surface of the wires under-
goes single 3 decay to the ground states of the daughter nuclei. Hence, the
activities are measured in the one electron channel. The following selection

criteria are applied:

e Only one track of a negatively charged particle is found. The track
must have an associated scintillator hit with the energy > 0.5 MeV. If

the LEC is applied, the corrected energy is required to be > 0.5 MeV.
e Run status and PMT status are both good.

e The track originates inside the '"°Nd foil geometry as described in

Sec. 2.2.1, but not from the hot spots, which are defined in Sec. 4.2.1.
e The length of the particle trajectory is > 50 cm.

e The charged particle hit at least one of the first two layers of the Geiger

cells.

The three activities are measured by fitting simultaneously to the electron

energy spectrum with the maximum likelihood method. For Phase 1, the

o1



activities

A(*K) = 10.3 4 0.1 (stat) £ 0.8 (sys) mBq (4.26)
A(®*™Pa) = 2.07 4 0.03 (stat) £ 0.13 (sys) mBq (4.27)
A(*'"Bi) = 1.87 + 0.04 (stat) + 0.29 (sys) Bq (4.28)

are found from Fig. 4.10. Similarly for Phase 2,

A(*K) =10.24 0.1 (stat) £ 0.2 (sys) mBq (4.29)
A(*™Pa) = 1.85 4+ 0.02 (stat) £ 0.03 (sys) mBq (4.30)
A(*'Bi) = 1.59 + 0.02 (stat) + 0.05 (sys) Bq (4.31)

are determined. The systematic uncertainties are found by comparing the

results which the LEC is applied.

4.2.7 Summary

The activities of internal backgrounds measured above are shown in Tab. 4.1.

4.3 External Background of the ""Nd Foil

Tab. 4.2 shows a list of the sources of external backgrounds and correspond-
ing activities [23]. In order to validate this model, one electron plus one

photon events are investigated with the following event selections:

e Only one track of a negatively charged particle with an associated scin-

tillator hit in the energy range 0.2 < E. < 4.0 MeV is found.
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Isotope Activity (mBq) Method
Phase 1 Phase 2
214B; 0.187 £ 0.05 BiPo
214pp 0.187 + 0.05 BiPo
2087 0.55 + 0.07 4 0.06 0.63 £ 0.05 + 0.03 ey & eyy
28 Ac 1.54 +£0.23 + 0.15 1.76 + 0.14 + 0.07 ey & eyy
22Bi | 1.54 + 0.23 + 0.16 176 £ 0.14 £ 0.07 | ey & eyy
207R;4 11.9 + 0.5 £ 0.2 109 + 0.2 +£ 0.1 ey
1525y 2.40 + 0.15 £ 0.34 1.68 £ 0.09 £+ 0.20 ey
154Ey 0.23 + 0.02 £+ 0.07 0.81 4 0.05 + 0.12 ey
40K 10.3 + 0.1 + 0.8 10.2 + 0.1 0.2 e
24mPpay, 2.07 £ 0.03 + 0.13 1.85 + 0.02 £+ 0.03 e
20Bi | 1.87 & 0.04 £ 0.29 Bq 1.59 & 0.02 £ 0.05 Bq e

Table 4.1: The activities of internal radioactive isotopes. The first uncer-

tainty is statistical and the second systematic.

Run status and PMT status are both good.

The track originates inside the °Nd foil geometry as described in Sec.

2.2.1, but not from the hot spots, which are defined in Sec. 4.2.1.

The charged particle hit at least one of the first two layers of the Geiger

cells.

One photon with energy F., > 0.2 MeV was detected.

The energy sum of all other photon clusters is < 0.2 MeV.

The length of the particle trajectory is > 50 cm.

The external TOF probability is > 4 % and the internal TOF proba-

bility is < 1 %.
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Figure 4.11: (a, b) electron energy spectrum; (c, d) photon energy spectrum
of external one electron plus one photon events. (a, ¢) Phase 1 data; (b, d)

Phase 2 data.

The internal backgrounds are normalized to the activities that are determined
in the previous sections and the external backgrounds are normalized as
described in Tab. 4.2. As shown in Fig. 4.11, the model describes the external

events well.
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Source Isotope Activity (Bq)
Phase 1 Phase 2
214 B4 566 0
Air Under Iron Shield (exbg2) | 2“Pb 566 0
2087 11.5 0
214B4 7.36x103
Iron Shield (exbg4) 208 4.84x102
228Ac 1.35%103
Internal Tower (exbg6) 59Co 29.4 18.4
0K 100
214Bj§ 9.12
Iron Petals (exbg7) o 07
228Ac 8.54
60Co 6.09
234mPpy, 1.51x103
%Co 23.3 14.6
PMT Shield (exbg8) . ,
234mPy, 3.42x103
0K 1.08x103
PMT Glass (exbgll) b o2
208 27.0
228 Ac 72.7
Copper Above Petals (exbgl7) | %°Co 76.1 47.6
Inside Scintillator (sci) K 7.17
2104 30.4
Scintillator Surface (ss) 214Bi 0.38
214p, 0.38
2104 9.93 8.92
Wire Surface (sw) 214Bi 1.201 0.198
214py, 1.201 0.198

Table 4.2: The list of external backgrounds [23]. Inside the brackets, the short
hand notation for the type of the background used during the experiment is

shown.
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Chapter 5

Two Neutrino Double Beta
Decay of 1°'Nd

5.1 Definition of Half-life

The expected number of events, N(t), can be calculated by;

N(t) = =N, (1 —exp {—mz (%ﬁ)]) , (5.1)

where ¢ is the event selection efficiency, Ny is the number of °Nd atoms
in the foil and is equal to 1.462x10%, ¢ is the data collection time and T7 o
is the half-life of a particular decay mode. Since T/, is large, it can be

approximated by

T\)s = eNoln2 <ﬁ) | (5.2)
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5.2 Two Electron Channel

The following selection criteria are applied to maximize the signal to back-

ground ratio;

e Two isolated tracks of negatively charged particles are found. The
tracks must have the associated scintillator hits with the energy > 0.2
MeV. If the LEC value is applied, the corrected energy was required to
be > 0.2 MeV (Sec. 5.2.1).

e Run status and PMT status were both good.
e Particles hit the face and not the side of the scintillator.

e Tracks must originate inside the 1°°Nd foil, but not from the hot spots.

The definition of %°Nd foil geometry is discussed in Sec. 5.2.1.

e Two tracks must have a common vertex with < 2 cm in the x-y plane

and < 4 cm in the z direction.

e The internal TOF probability is > 4% and the external TOF probabil-
ity is < 1%.

e Tracks must have the length > 30 cm.

e The particles must pass through one of the first two Geiger layers.

5.2.1 Optimization of Selection Criteria
Optimization of the Foil Geometry

The resolution of the tracking detector is limited, thus a small portion of the

15%0Nd events can be misidentified as events from the adjacent foils and vice
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Figure 5.1: The distribution of MC events as a function of ¢. As this does

not include any cuts, MC does not describe the data well.

versa. Hence, the definition of the foil geometry is optimized to improve the
product of the selection efficiency € and the purity p. ¢ is taken from MC

events and p is defined as

B S
S+ B’

where S is the number of signal MC events and B is the total number of
background MC events. The '°Nd foil is defined that 1.802 < ¢ < 1.845.
The ¢ distribution of MC events is shown in Fig. 5.1. The boundary at

p (5.3)

¢ = 1.802 is adjacent to the °°Mo foil and named as the “Left Boundary”
The other side of the foil is adjacent to the foil consisting of *°Zr and **Ca and

named as the “Right Boundary”.

Fig. 5.2 (a) shows that the real boundary is the optimal boundary for the
analysis. However, (b) shows that it is better to shift ¢ from 1.845 to 1.847.

29



i

0.075
0.07
0.065
0.06
0.055
0.05
0.045

0.04

efficiency €
—— purity p/10
Exp

- e
-~

LAAS RARRNRARAR AR LARRERARES RARRERARES RAR

"
| - |

P [ PRI EPUPET EPUPE UV PEPIT PTET PAPET
-0.008-0.006-0.004-0.002 0 0.002 0.004 0.006 0.008 q)

(a) “Left Boundary”

0.075} H‘—’\H—«\\_\
0.07 i— efficiency €
- |— purity p/10
0.085:— Exp
0.06/—
0.055— ‘
0.05| *
0.045 it
- f/,.t"" —w
004
PP N P PPN EPEPIT IFIPRPS EPUPITT RPN | alas
-0.008 -0.006 -0.004 -0.002 0 0.002 0.004 0.006 0.008 (D

Figure 5.2: €, p and the product € x p for (a) “Left Boundary” and (b) “Right

(b) “Right Boundary”

Boundary”. p is scaled down by a factor of 10.

60




Optimization of Laser Energy Correction

In order to determine how the LEC (Sec. 2.4.3) should be used, the following

methods are tested:

e Do not apply LEC value. - “No LEC”

e Apply LEC. If LEC is not available, use the uncorrected measurement
of energy instead. - “LEC 140”

e Apply LEC. If LEC is not available, exclude the events from the final
results. - “LEC 00”

As shown in Fig. 5.3, most of the correction values are < [2%] and Gaussian
distributed with the peak at 1 i.e. no correction. LEC values are only
applied to the data because MC assumes that correct energies are measured
by PMTs. Thus, the event selection efficiency taken from MC is same for
“No LEC” and “LEC 140" as both have the same number of simulated events
in the final states. The difference in “No LEC” and “LEC 140" comes from

the different number of the real events in the data.

Use of LEC Flag

The LEC flag (Sec. 2.4.3) is also tested. As shown in Fig 5.4 most of the
events have LEC flag = 0 while some have flag = 2. Also a small portion of
events is associated with bad PMTs with flag > 8. Therefore, the following

selection criteria are applied as well as the cuts on the LEC value.

e No cuts on LEC flag.
e Flag =10
o Flag <2
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Figure 5.3: The distribution of LEC values for the two electron channel.

e Flag < 8

The different criteria are applied to Phase 2 data and the foil geometry
described in Sec. 2.2.1 is used. The qualities of fit are evaluated by comparing

x? value of each plots.

As shown in Fig. 5.5, nearly half of the data is not used for “Flag = 0"
comparing to the “No Flag cut” (Fig. 5.8). The “Flag < 2”7 (Fig. 5.6) has
about the same order of statistics and the quality of fit to the “Flag < 8”
(Fig. 5.7). But “Flag < 8” includes the events with the amplitude of LEC
value > 5 %, i.e. very unstable PMTs. Hence it is less reliable than the
“Flag < 27. Therefore, “Flag < 2”7 requirement is used in the final analysis.
In general, LEC 140 has slightly more statistics than LEC 00 while LEC
00 has much smaller x? value than LEC 140 and No LEC. LEC 140 has more
events than No LEC. It implies that there are more events that are increased

their energy than the events that are decreased their energy in the low energy

62



datalLECf
Entries 83048

= Mean 1.383
— RMS 2.858
50000—
40000—
30000—
20000—
10000
o—llllllI|IlI[AAAl_|_|||III|IIII_|_|)|||AI||I
o 2 4 6 8 10 12 14 16 18 20

Figure 5.4: The distribution of LEC flags for the 2 electron channel.

Flag=0

Energy Sum of Electrons | + data (1937) Energy Sum of Electrons ——+—— data (2099)
= B oMo 2b2n B oMo 2b2n
8 + B 7B int W i int
160F- B K int E— K int
E . »*Paint I »°Paint
1a0f B oMo 2020 B Mo 2020
E E— eAcint — A int
o 0TI int E— T int
100F- — i int — i
E 152Ey int Eu int
80— I 2B int IS :Biint
E ~————— TOTAL MC = 1937 + 45 —————— TOTAL MC = 2099 + 45
60 E X2/NDF = 12.0/27 X2/NDF = 12.7/27
40
0f
3 05 1 15 2 25 3 35 4 4
E,[MeV] E,[MeV]
ANo LEC WLEC 00 A\ LEC 140
[_Energy Sum of ] 4 data (1797)
= N '°°Nd 2b2n
E B 7B int
- — i | [noiec [iec140 |iLECOO
= I 2Paint
140—
E S Mo 2020
o E— o 25 N 1458+ 44 1620+ 44 1347+43
E 5Tl int -
1007 B 2Bi int Efficiency 0.0359 0.0359 0.0336
E 152Eu int
80 N B int
cob N ToTaLMc=msrsaa | (V12 8.54E+18 7.69E+18 8.66E+18
j X2/NDF = 10.6/27
w0F- X?/NDF  12.0/27 12.7/27 10.6/27
20;

4
E[MeV]

Figure 5.5: Three different use of LEC value for LEC flag = 0.

63



Flag <=2

Energy Sum of Electrons | R data (3284) Energy Sum of Electrons data (2099)
E N 5°Nd 2b2n E N '5°Nd 2b2n
300 I -o7Biint 300 ] i::(slu int
K F 1
E ——— E E— P it
250 — IS °°Mo 2b2n 2501 IS °°Mo 2b2n
E I 2RAc int C B 2PAcint
200— . eeTint 200 I eTlint
E B int E — s int
10 m— 180 ——
E ————— TOTAL MC = 3284 + 59 E ————— TOTAL MC = 3435 + 58
100~ X2/NDF = 13.9/28 100— X2/NDF = 14.0/28
50; 50;
3 25 3 35 4 5 3.5 4
E,[MeV] E,[MeV]
ANNo LEC WLEC 00 A\ LEC 140
Energy Sum of Electrons | + data (3123)
N °°Nd 2b2n
I 7Biint
- — | |notec [Lec140 [Lecoo
£ I *Paint
E B Mo 2b2n + + +
f — o 2 N 2482+ 58 2633+58 2355+ 57
E . eTlint 5 o
- o nt Efficiency 0.0605  0.0605  0.0581
E 152Ey int
150— i i
F e -szsesr | 12 8.47E+18 7.98E+18 8.56E+18
= XZ/NDF = 12.7/28
" X?/NDF  13.9/28  14.0/28  12.7/28
50—
3 25 3 35

7
E[MeV]

Figure 5.6: Three different use of LEC value for LEC flag < 2.

Flag <= 8

Energy Sum of ] + data (3360) Energy Sum of Electrons data (3511)
E B >°Nd 2b2n B '5°Nd 2b2n
a00f- B 7B int E B 7B int
E I <K int E I oK int
E 5 E— P int 0o i
250 BN °°Mo 2b2n E B °°Mo 2b2n
E B eAc int 250 ™
200/ B T int E B T int
C I 2Biint 200— . 27Biint
E 152Ey int e 152Ey int
s B B int 150 B 2¢Biint
E ~—————— TOTAL MC = 3360 £ 59 E ~——————— TOTAL MC = 3511 £ 59
100 — X?/NDF = 14.1/28 100 } X2/NDF = 13.9/28
50 ; 50 f—
B 05 1 15 2 25 3 5 4 '3 35 4
E.[MeV] E.[MeV]
ANo LEC WLEC 00 A LEC 140
Energy Sum of Electrons | ; data (3199)
BN 5°Nd 2b2n
E B 7B int
00k E— K int - No LEC LEC 140 | LECO00
E B Paint
250~ B Mo 2b2n + o n
E ——— s N 2538+59 2689+59 2412+58
E B 0TI int -
2001 ——J i Efficiency 0.0619 0.0619 0.0594
e 152Ey int
150— 2aB; j
E e ToTalmc-sieosse | N1/2 8.46E+18 7.99E+18 8.55E+18
e YONDE = 125728 X2/NDF  14.1/28 13.9/28 12.5/28
50—

Figure 5.7: Three different use of LEC value for LEC flag < 8.
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Figure 5.8: Three different use of LEC value for no LEC flag cut.

region so that more events passed through the > 2 MeV requirements. As
they are expected to have similar results, it is found that many uncorrected
events are expected to be corrected to lower energy. Therefore LEC 00 is
found to describe the data better than other uses of LEC value. Hence LEC

00 is used as a part of event selection criteria.

5.3 2v(37 Half-life

After the event selection described above including the change in the foil ge-
ometry and the application of LEC, the selection efficiency for 1*°Nd is found
to be 5.42 % and 5.77 % for Phase 1 and Phase 2, respectively. *Nd MC
is fit to the background-subtracted data and 671.6 4+ 31.1 events and 2234.2
+ 55.9 events are expected to fit for Phase 1 data and Phase 2 data, re-
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Figure 5.9: (a, b) energy sum of two electrons; (c, d) energy difference of two
electrons; (e, f) cosine of the angle between two electrons. (a, ¢, e) Phase 1
data and they are described by the legend in (a); (b, d, f) Phase 2 data and
they are described by the data in (b).
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spectively. The energy difference between two electrons is also described well
with x?/NDF value less than 1 for both Phase 1 and 2. Fig. 5.9 (a, b, ¢, d)
shows that the energy spectrum of the data is described by MCs well with
corresponding x?/NDF of the energy sum plots of 14.7/25 for Phase 1 and
13.4/28 for Phase 2. From Fig. 5.9, the number of decayed **Nd atoms,

N(t)

Ndecayed(t> - - ) (54)
is found to be
Nieeayea(Phasel) = 12384 + 573 (stat) (5.5)
and
Niecayea(Phase2) = 38721 + 969 (stat). (5.6)
Therefore,
Nieeayea(Phasel + 2) = 51105 + 1541 (stat). (5.7)
Using Eq. 5.2, Tf/”2 was calculated to be
TPy = (8.957055(stat)) x 10™ years. (5.8)

The data of cosine of the angle between two electrons also agrees well with
MCs with corresponding x?/NDF of 22.9/50 and 43.4/50 for Phase 1 and
Phase 2, respectively. It suggests that the V + A weak boson is strongly

suppressed.

5.4 Systematic Uncertainties

The systematic uncertainties are introduced by the followings:
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e Uncertainty in LEC. The results are compared with the one which both
LEC flag and value are not applied and the uncertainty in 2 electron

analysis is found to be 0.6% by calculating the deviation.

e Uncertainty in the background model. Using the background model
that is shifted by an amount of one systematic uncertainties gained in
Chap. 4, the MCs are re-fitted to the data. As a result, the uncertainty

induced in 2 electron analysis is found to be 0.9%.

e Uncertainty due to the two different Rn background model. In the
background model used in this dissertation, there are separate MCs for
Rn sitting on the surface of the foil, on the surface of the tracking wires
and contaminated in the foil. However, there is a different background
model that approximates Rn background events only by the MC of Rn
sitting on the surface of the wires [25]. Fig. 5.10 shows the plots of
energy sum with “Triple components model” and “Single components

model” and the deviation of 0.8 % is found as shown in Tab. 5.1.

e Uncertainty in the tracking algorithm. Two tracking algorithms are
developed for NEMO-3. However they are found to have a difference

of 5.4% in the resultant event selections [26].

By calculating a quadratic sum of the contributions to the uncertainties, a

total of 5.6% of systematic uncertainty is estimated.
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Figure 5.10: Energy sum of 2 electron events of Phase 2 data with (a) “Triple

components model” and (b) “Single components model” of Rn background.
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No. of Events

Triple components model | Single components model

150Nd 2v603 2815+60 2838+60
Background MC 896182 873+81
Total Mc 3711+£62
Data 3711

Table 5.1: Details of the fit for Fig 5.10.

5.5 Summary and Discussion

To improve the analysis, the foil geometry is optimized and the use of LEC

is investigated. This yield that 2033 half-life of °Nd is determined to be
TPy = (8.9570 55 (stat) + 0.50(sys)) x 10'* years (5.9)
This agrees with the previous result
TPy = (9.1175355(stat) + 0.62(sys)) x 10'® years (5.10)

within one standard deviation [15]. The systematic uncertainty in the energy
measurement was reduced from 1 % to 0.6 % by introducing LEC. Also the
uncertainty in the foil geometry, which was found to be 3 % in the previous

analysis is removed because the bug in MC production was fixed.
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Chapter 6

Conclusions

In this dissertation, a precise measurement of the 2v343 half-life of 1"°Nd in-
cluding a construction of the background model is presented. The activities
of the internal background are studied with the one electron plus one pho-
ton, one electron plus two photons and one electron channels. The results are
summarized in Tab. 4.1. The external background model is also validated
with the one electron plus one photon channel. In the two electron channel,
the boundaries between the °Nd foil and the adjacent foils are adjusted to
maximize the yield of the signal. The use of LEC was investigated and it
was found that applying an LEC value and rejecting the events with LEC
flag > 2 improves the results. The 2v(6 half-life is obtained to be

TP/, = (8.957055(stat) + 0.50(sys)) x 10'* years, (6.1)

which agrees with the previous analysis within one standard deviation. Due
to the introduction of LEC flag cuts, the statistical uncertainty increased
slightly. However, the systematic uncertainty was reduced because of the
use of LEC. The systematic uncertainty is dominated by the uncertainty in

the tracking algorithm and could be improved in the future. As 2v30 de-
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cay is an irreducible background for Ov(G3 decay, the result is important for
Ov(B0 search and and the systematic uncertainty needs to be reduced since

the statistics of Ov(30 is low.
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Appendix A

Details of Activity

Measurements

The details of the fits for Fig. 4.5, 4.6, 4.7, 4.9, 4.10, 4.11, 5.5, 5.6, 5.7, 5.8

and 5.9 are provided in this chapter.
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Isotope No. of Events Activity (Bq)
2087T] ing, 80.1349.4 (6.104£0.71) x 10—
211Bi swire 3.731+£0.58 1.20
214Bj int 2.2940.19 1.87x10~%
2081 from 26Zr 0.32-+0.00 9.10x 105
20871 pmt 0.2240.16 27.0
208 T exbg7 0.174+£0.17 3.07
2081 from '9°Mo 0.0966=0.0216 1.15x10~%
211Bi from %6Zr 0.079140.0250 1.90x<10%
214Bi from '°°Mo 0.021040.0210 5.00<10~°
214Bj from *®Ca (1.8640.83) <1073 4.45x10—6
Total MC 87+9
Data 87

Table A.1: Details of the fit for Fig 4.5 (a), (c) and (e).

Isotope No. of Events Activity (Bq)
2081 int 245420 (6.0740.40) <1074
2MBi int 5.97+£0.30 1.87x10~%
214Bi swire 3.1240.23 0.198
2081 from °6Zr 1.09+0.10 9.10x10°°
20871 pmt 1.0140.34 27.0
2081 exbg7 0.85+0.38 3.07
24Bi pmt 0.4940.49 324
20871 exbg4 0.401+0.40 484
20871 from '9°Mo 0.2540.00 1.15x10~%
214Bi from “9Zr 0.1740.00 1.90x10~*
Total Mc 258+16
Data 258

Table A.2: Details of the fit for Fig 4.5 (b), (d) and (f).
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Isotope No. of Events Activity (Bq)
207RBj int 1091447 (1.1740.05) x 102
2081 int 11847 6.10x10~%
228 Ac int 90.74+2.3 1.69x1073

211Bi exbg?2 66.0-£9.4 566.5
214§ swire 51.6+£2.1 1.20
214§ exbgd 50.0-+6.6 7360
211Bi pmt 49.14+4.9 324

4OK pmt 38.246.0 1080
212Bj int 30.3%+1.3 1.69x103
211Bj int 25.8+0.6 1.87x107*

Others 154 419
Total Mc 1683+46

Data 1683

Table A.3: Details of the fit for Fig 4.6 (a), (c) and (e).

Isotope No. of Events Activity (Bq)
207Bj int 3055456 (1.10£0.02) x 102
20871 int 353+18 6.07x<10"4
228 Ac int 255413 1.69x1073

214Bj exbgd 13110 7.36 %103
211Bi pmt 13010 324

40K pmt 109410 1080
212Bj int 91.544+2.3 1.69x103
214Bi int 78.314+1.1 1.87x10~%

40K exbg7 33.1+3.0 100
234m Py, int 31.0+1.4 1.82x1072

Others 160 +£34
Total Mc 442672

Data 4426

Table A.4: Details of the fit for Fig 4.6 (b), (d) and (f).
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Isotope No. of Events Activity (Bq)
207Bi int 165666 1.17x10~2
228 Ac int 1167+58 1.69x1073
2087 int 664433 6.10x10~*

211§ swire 454410 1.20

211Bj exbg?2 36620 566

211B§ exbg?2 318-£20 7360

21Bi pmt 288410 324

152 int 270-£20 (2.0640.15) < 103
214Bi int 206=+0.0 1.87x10~%
212Bj int 159=+0.3 1.69x1073

Others 100310

Total Mc 6711447

Data 6605

Table A.5: Details of the fit for Fig 4.7 (a), (c) and (e).

Isotope No. of Events Activity (Bq)
207Rj int 4627+93 1.10x1072
228 Ac int 348082 1.69x<103
2081 int 200760 6.07x10~%
214§ exbg4 868430 7360
21Bi pmt 850420 324
152y int 73640 (1.884:0.10) x 103
54 Eu int 625+30 (9.3540.50) <104
214Bi int 61240.0 1.87x10~%
10K pmt 486420 1.08 %103
212Bj int 4794+0.1 1.69x<103
Others 2528 424
Total Mc 1729872
Data 17221

Table A.6: Details of the fit for Fig 4.7 (b), (d) and (f).
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Isotope No. of Events Activity (Bq)
20877 int 30.72-£0.2 (5.00=0.90) x 10—4
20871 from 9¢Zr 0.154+0.0 9.10x 1075
211Bj swire 0.074840.0748 1.20
20871 from '°°Mo 0.03844-0.0136 1.15x10~%
21Bi int 0.0283=40.0200 1.70x10~%
20871 from 48Ca 0.01144-0.0022 5.25x1076
24Bj from 48Ca | (3.7243.71) <104 4.45%10°6

Total Mc

Data

314+0.0
31

Table A.7: Details of the fit for Fig 4.9 (a), (c) and (e).

20871 from 48Ca

Isotope No. of Events Activity (Bq)
208 ing 1194+0.0 (6.6040.06) x 10—*
20871 from 2%Zr 0.6540.0 9.10x10—°
2081 from '9°Mo 0.114+0.0 1.15x10~4
211Bi int 0.098940.0374 1.70x10~4
214 B swire 0.061040.0306 0.198

0.023640.0032

5.25x1076

Total Mc

Data

12040.0
120

Table A.8: Details of the fit for Fig 4.9 (b), (d) and (f).
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Isotope No. of Events Activity (Bq)
10K int (6.64£0.05) x 10* | (1.0340.01) x 102
210Bj sfoil (2.580.05) x 10* 1.8740.04
210Bj swire | (2.51240.03)x10% 9.93
24mPy int | (1.884:0.04)x10* | (2.0740.03) <103
2123 ing (9.39-£0.02) x 103 1.84%10°3
90V from *8Ca | (5.66=£0.00)x 103 3.00x 102
228 Ac int (3.444-0.01) <103 1.84x1073
40K from %Zr | (3.2540.00) <103 1.97x102
207R§ int (2.83+0.01) x 103 1.12x 102
2UB] swire | (2.76-£0.00)x 103 1.20
Others 11388 =110
Total Mc 174780220
Data 1744773

Table A.9: Details of the fit for Fig 4.10 (a) and (c).

Isotope No. of Events Activity (Bq)
40K int (2.02+£0.01) < 10° | (1.0240.01)x 102
210Bj swire (7.1140.00) x 10* 8.92
210Bj sfoil (6.654-0.02) x 104 1.59-40.02
234m Py, int (5.112£0.04) x 10* | (1.854-0.02) <103
212Bj int (2.864-0.02) < 10* 1.84%1073
90Y from 8Ca | (1.6824=0.00) <104 3.00x 1072
228 Ac int (1.062£0.01) x10* 1.84%1073
10K from %Zr | (9.624-0.00)x 103 1.97x1072
207Bi int (8.8740.02) <103 1.12x1072
150Nd 2038 | (4.262£0.09) x 103 3.70x 104
Others 27919 4250
Total Mc 497000290
Data 496999

Table A.10: Details of the fit for Fig 4.10 (b) and (d).
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Isotope No. of Events | Activity (Bq)
21Bi exbg?2 403=£20 566
2148} pmt 37510 324
214Bi exbg4l 233410 7360
OK pmt 202410 1080
20871 pmt 62.34+2.6 27.0
60Co exbg8 57.54+3.1 23.3
20871 exbg4 52.444.6 484
60Co exbgl7 51.34+7.9 76.1
234m Py oxbg8 50.04+6.7 3420
60Co exbgb 48.4+5.6 29.4
Others 217 =13
Total Mc 1702+£37
Data 1255

Table A.11: Details of the fit for Fig 4.11 (a) and (c).

Isotope No. of Events | Activity (Bq)
214Bj pmt 1114430 324
214Bi exbgd 73630 7360
OK pmt 554420 1080
2087] pmt 189410 27.0
234mPa, exbg8 158+10 3420
20871 exbg4 145410 484
228 Ac pmt 142410 72.7
60Co exbgl? 111410 47.6
60Co exbg8 107410 14.6
60Co exbgb 89.5+6.0 18.4
Others 473 £23
Total Mc 381753
Data 2717
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No. of Events

Isotope No LEC | LEC140 LECO00
150Nd 2v33 | 1458444 | 1620444 | 1348+43
207Bji int 90.6+£1.9 | 90.64+1.9 | 84.94+1.8
40K int 71.8+£2.5 | 71.8+2.5 | 67.3+2.4
234m Py int 60.1+£1.9 | 60.14+1.9 | 56.94+1.8
100NIo 2033 | 55.14+4.2 | 55.1+4.2 | 49.944.0
228 Ac int 43.94+1.6 | 43.94+1.6 | 41.0£1.6
2081 int 36.84+0.2 | 36.8+£0.2 | 34.54+0.2
212Bj int 29.7+1.4 | 29.74+1.4 | 27.94+1.3
152Fu int 19.34+0.8 | 19.34+0.8 | 18.3+0.8
214Bj int 11.84+0.4 | 11.8+0.4 | 11.24+0.4
Others 60.047.8 | 60.0£7.8 | 57.34+5.0
Total Mc 1937445 | 2099+45 | 1797443
Data 1937 2099 1797
Table A.13: Details of the fit for Fig 5.5.
No. of Events
Isotope No LEC | LEC140 LECO00
150Nd 2v 83 | 2482458 | 2633458 | 2355457
207Rj int 14944 14944 143-£3
40K int 12144 12144 117+3
234mPpy, int 96.9+2.4 | 96.94+2.4 | 93.54+2.3
100N\ o 2033 | 96.54+5.6 | 96.54+5.6 | 91.0+£5.4
228 Ac int 74.1+2.1 | 74.14£2.1 | 70.94+2.1
208771 int 61.8+0.3 | 61.84+0.3 | 59.34+0.3
212Bj int 46.7+1.7 | 46.7£1.7 | 44.8+1.7
152y int | 33.2+1.1 | 33.24+1.1 | 32.0%+1.0
214Bj int 19.34+0.5 | 19.34+0.5 | 18.7+£0.5
Others 103410 103410 97.04£9.2
Total Mc 3284459 | 3435458 | 312357
Data 3284 3435 3123
Table A.14: Details of the fit for Fig 5.6.
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No. of Events

Isotope No LEC | LEC140 LECO00
150Nd 2083 | 2538459 | 2689459 | 2412458
207Bji int 15345 15345 14743
40K int 12344 123+4 119+3
234mPg int | 98.842.4 | 98.84-2.4 | 95.54+2.4
100Mo 2033 | 98.545.6 | 98.545.6 | 93.045.5
228 Ac int 76.1+£2.2 | 76.14+2.2 | 72.9+2.1
2081 int 63.1+£0.3 | 63.14+0.3 | 60.64+=0.3
212Bj int 48.241.7 | 48.2+1.7 | 46.2+1.7
152Fu int 33.9+£1.1 | 33.94+1.1 | 32.74+1.0
214Bj int 19.74+0.6 | 19.7+£0.6 | 19.04+0.5
Others 10710 107410 102410
Total Mc 3360159 | 3511£59 | 3199458
Data 3360 3511 3123

Table A.15: Details of the fit for Fig 5.7.
No. of Events
Isotope No LEC | LEC140 LECO00
150Nd 2v 83 | 2915463 | 3051463 | 2768462
207Bji int 1755 17545 16843
40K int 14045 14045 13543
100NIo 20383 | 117+£7.2 11747.2 11145.5
234m Py, int 116+3.4 116+3.4 113+2.4
228 Ac int 87.14£2.3 | 87.1£2.3 | 83.842.3
208771 int 72.6£0.3 | 72.64+0.3 | 70.0£0.3
212Bj int 54.74+1.8 | 54.7+£1.8 | 52.6+1.8
152K int 39.041.1 | 39.04£1.1 | 37.84-1.2
214Bj int 22.3+0.6 | 22.34+0.6 | 21.64+0.6
Others 120411 120+11 116411
Total Mc 3858+=64 | 3994+63 | 3676162
Data 3858 3994 3676
Table A.16: Details of the fit for Fig 5.8.
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Isotope No. of Events | Activity (mBq)
150Nd 2v 33 672+53 0.361+£0.017
207Bj int 42.7+£1.3 11.9
234mPa int 34.7+1.5 20.7
10K int 32.441.7 10.3
100\ 2033 32.143.2 7.80
228 Ac int 17.5£0.9 1.54
2081 int 14.040.1 0.55
2128 int 12.0+0.8 1.54
214Bi swire 10.3+£0.9 120x 103
0V from 48Ca 6.98+1.32 30.0
Others 46.3 3.6
Total Mc 921431
Data 921

Table A.17: Details of the fit for Fig 5.9 (a), (c) and (e).

Isotope No. of Events | Activity (mBq)
150Nd 2v388 2234456 0.358+0.010
207Bi int 136+3 10.9
40K int 11642 10.2
100\ [ 2133 10411 7.80
234m Py int 99.24+2.5 1.85
228 Ac int 65.942.0 1.76
2081 int 55.4+0.2 0.63
212Bj int 42.20+£1.6 1.76
0V from 48Ca 25.442.5 30.0
2l4Bj int 18.54+0.5 0.187
Others 80.8+5.4
Total Mc 300356
Data 3003
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