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Abstract 4

Abstract

The world’s most precise half-life measurement of Tf/”Q = [7.02 £ 0.01(stat) £
0.46(syst)] x 10'® years has been made for the 2303 decay of °°Mo using data from
6.9kg collected with the NEMO3 detector over 1471 days. The 2v nuclear matrix el-
ement has been extracted using Tf/”z and is M? = 0.126 & 0.004. The Ov (33 search
yielded a limit on the half-life of 77}, > 1.1 x 10*! years at the 90% CL, correspond-
ing to a limit on the effective Majorona mass of (m,.) < 0.3 - 1.0eV, one of the most
stringent constraints on (m,,.) in the world. Limits on the right-handed currents and
Majoron Ov (33 modes have also been set. The world’s most stringent bound has been
set on the Majoron to neutrino coupling constant of (g,0) < (0.2 — 0.7) x 10~*.
SuperNEMO is a next generation (33 decay experiment, based on the design and
experience of NEMO3. Due to start demonstrator operation in 2013, SuperNEMO aims
to achieve a sensitivity of 10?° years, corresponding to (m,.) < 50-100meV using 52Se.
An alternative to the baseline calorimeter design was considered, using 2m x 10cm x
2.54cm scintillator bars. An energy resolution of 10% FWHM at 1 MeV and a time
resolution of ~ 450ps was achieved for the alternative design. This is an unprecedented

energy resolution for a scintillator of this size.
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Chapter 1

Introduction

The Standard Model (SM) of particle physics has been largely validated by experi-
mental particle physics in recent years. However, fundamental and as yet unanswered
questions remain about the neutrino sector of the SM, which postulates zero mass neu-
trinos. Recent observations of neutrino oscillations and flavour mixing imply a non-
zero mass of the neutrino, which leads to questions about the absolute neutrino mass,
the mass hierarchy and the nature of the neutrino - whether it is a Dirac or a Majorana
particle. As neutrinos are neutral particles the theory of weak interactions presents the
possibility that the neutrino is its own anti-particle (implying lepton number violation),
rather than a Dirac particle, in which case the neutrino would have its own distinct anti-
neutrino partner. The SM postulates that all fundamental particles are of a Dirac nature,
therefore observing a neutrino of a Majorana nature would provide direct evidence of
physics beyond the SM.

Neutrinoless double beta decay (Ov3(3) is a lepton number violating process for-
bidden in the SM, which occurs via the exchange of a virtual neutrino. It is one of
the most sensitive processes to determine the nature and the absolute mass of the neu-
trino and has access to the neutrino mass hierarchy. If observed it will have extremely
large significance for the fields of particle physics, nuclear physics, cosmology and as-
trophysics. It has an experimental signature of two electrons coming from a common
vertex with an energy sum equal to the ()3 value of the measured isotope. Any Ov303
decay isotope also undergoes the SM allowed process of double beta decay (2v(G3).
A greater knowledge and understanding of 2v 3 decay provides insight into the nu-
clear models used to calculate the nuclear matrix elements for Ov /3 decay, which are

required to extract the physics parameters, such as the absolute neutrino mass, from
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the Ov (33 decay search. Therefore it is important to continue studying 2v(( decay as
well as carry out searches for Ov 33 decay. The main aim of the NEMO3 experiment,
which collected data from 2003 to 2011, is to search for Ov33 decay and to carry out in
depth studies of 233 decay. The SuperNEMO experiment (which has recently started
constructing the “demonstrator” module) is a next generation Ov(33 experiment, which

will employ the successful tracker-calorimeter technique used in NEMO3.

1.1 NEMO3

The main goals of the NEMO3 detector (located in the Laboratoire Souterrain de
Modane, with 4850 metres water equivalent of rock overburden) are to study Ov3/3
decay to a half-life limit of 104 years, corresponding to a sensitivity of 0.3 - 1.0eV for
the effective neutrino mass and to carry out extensive studies of 2v3/3 decay. NEMO3
consists of 10kg of source foils, containing seven isotopes for the study of double beta
decay (1Mo, 82Se, 16Cd, 13°Te, '5°Nd, %Zr and **Ca, with Q4 values ranging be-
tween 2.5 and 4.3MeV) and two for background measurements (Cu and "*Te). The
detector combines the techniques of a tracking wire chamber for particle identification
with a calorimeter for energy and time measurements of the particles.

It is important to carry out 2v(33 decay studies due to the importance of its input
into nuclear models used to calculate the Ov (3 decay nuclear matrix elements and be-
cause it is an irreducible background to the Ov(33 decay search, with the two processes
having the same event topologies. Therefore a precise measurement of the 2v(33 decay
half-life must precede the search for Ov33 decay.

In this thesis the measurement of the 233 decay half-life of *°°Mo (which is the
main isotope used in NEMO3 with a mass of 6.9kg) is presented, followed by a search
for Ov (33 decay. Using 1471 days of data collected with the NEMO3 detector, the half-
life of '"’Mo 2v3f3 decay is T7/, = [7.02 £ 0.01(stat) + 0.46(syst)] x 10'® years and
the corresponding nuclear matrix element is M2 = 0.126 4= 0.004. This is the world’s
most precise measurement of the '*Mo 77/, and M.

No excess of events is observed in the Ov (3 energy region (~ 3MeV), therefore
a 90% CL (confidence level) limit was set on the Ov 33 search for the neutrino mass
mechanism, right-handed currents and Majoron particle emission modes. The half-life

limit for the mass mechanism is T10/V2 > 1.1 x 10%* years corresponding to a limit on
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the effective Majorona mass of (m,.) < 0.3 - 1.0 eV [[| which is the design sensitiv-
ity of NEMO3. This is one of the world’s most stringent constraints on the effective
Majorana neutrino mass. A half-life limit of Tl%)‘ > 5.5 x 10 years is set for the right-
handed currents Ov3/3 decay mode, corresponding to one of the world’s most stringent
results of the right-handed currents admixture parameter, (\) < 1.4 x 107%. A half-life
limit of 7' 1%"0 > 5.3 x 10?2 years is set for the main Majoron particle emission mode,

corresponding to the world’s most stringent bound on the Majoron coupling constant,

(g0) < (0.2—=0.7) x 1074,

1.2 SuperNEMO

SuperNEMO is based on the technology and experience of the NEMO3 experiment,
using a tracker-calorimeter detection technique for particle identification. The detector
will hold ~ 100kg of double beta decay source isotopes (¥?Se is the “baseline” design
isotope, with 1°°Nd and “®Ca being considered depending on enrichment possibilities)
to reach a projected sensitivity of 10%¢ years (at 90% CL), corresponding to an effective
neutrino mass of 50 - 100meV. One of the main focuses of the SuperNEMO R&D was
to obtain a previously unprecedented energy resolution of 4% FWHM at 3MeV (the
Qs value of ¥ Se) for the baseline design, which uses calorimeter blocks based on the
design of NEMO3. An alternative calorimeter design, known as the “bar” design was
considered for the SuperNEMO experiment, using 2m x 10cm x 2.54cm scintillator
bars to create multi-layered SuperNEMO modules. The main advantages of the bar de-
sign come from the reduction in the number and mass of photomultiplier tubes (PMTs)
used (~ 11,000 8" PMTs for the baseline design and ~ 5,000 — 7,000 3" smaller
and lighter PMTs for the bar design), decreasing the background contribution from the
PMTs and the cost of the experiment.

In this thesis the R&D of the bar design is presented, focusing on the energy and
time resolution test bench measurements of the calorimeter bar unit, with different scin-
tillator, PMT and other parameters considered. An energy resolution of 10% FWHM at
1 MeV and a time resolution of 450ps has been obtained with the calorimeter bar unit.

The energy resolution achieved for this size of scintillator is the world’s best.

I'The range in this and other 0v33 decay physics parameters is introduced by the uncertainty in the

nuclear matrix elements used to extract them, discussed later.
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In February 2010 the SuperNEMO collaboration reached the decision to use the
block design for the SuperNEMO demonstrator module, which is currently under con-
struction, with the advantages of the block design outweighing those of the bar design.
This decision could not have been made informatively without the detailed study of the

bar design presented here.

1.3 Author’s Contributions

1.3.1 NEMO3 Contributions

e Software development for the main analysis package (correct implementation of
the laser time corrections, implementation of laser energy corrections, compari-
son of results with different versions of reconstructions used for the data and the

MC)

e Analysis of 1“°Mo 233 decay: half-life measurement of the 233 decay half-

life and extraction of the 2v(3(3 nuclear matrix element

e Analysis of 1Mo 0v/3(3 decay: search for Ov33 decay, half-life limit bounds on
the mass mechanism, right-handed currents and Majoron emission Ov (33 decay

modes and the extraction of the corresponding physics parameters

Not presented in this thesis:

e Study of possible Pauli Exclusion Principle violation

The plastic scintillators used in NEMO3 contain '2C - a stable nucleus which has
fully occupied shells. Using NEMO3 data a search can be carried out to look for
transitions of '2C to non-Paulian states and a half-life limit on PEP violation can
be extracted. The limit obtained, at 90% CL, is T} /2 > 8.9 X 10?° years, an order
of magnitude higher than the limit obtained with the NEMO2 experiment [1].
However, the analysis was abandonned due to the Borexino experiment having a
superior sensitivity to the process (published in 2010 [2]]) because of the larger

mass of '?C contained in the detector.
e Data acquisition and calibration shifts for NEMO3

e Reporting results at collaboration meetings
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1.3.2 SuperNEMO Contributions

Bar calorimeter R&D test bench and data acquisition setup
Validation of the analysis package with simulations
Characterisation of photomultipliers

Precision energy and time resolution measurements of various configurations of

the scintillator bar unit

Not presented in this thesis:
Efficiency simulations for the SuperNEMO tracker Geiger cell geometry

Physics and efficiency simulations for the SuperNEMO calorimeter bar design,

in particular investigating the effect of a magnetic field

Reporting block and bar calorimeter development results at collaboration meet-

ings and the CALOR 2010 conference
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Chapter 2

Neutrino Physics Phenomenology

2.1 The History of the Neutrino

In early nuclear beta decay experiments it was thought that a nucleus A transformed
into a lighter nucleus B accompanied by an electron emission (A — B+e™). However,
the electron was observed to have a spectrum of energies rather than be monochromatic.
To explain this phenomenon, in 1930 Wolfgang Pauli proposed the neutrino [3] - an
electrically neutral particle emitted alongside the electron that carries off the “missing”
energy. In 1933 Enrico Fermi postulated the correct theory for beta (3) decay, which
incorporated the neutrino [4]. In the mid-fifties Clyde Cowan and Frederick Reines
detected the neutrino at the Savannah River nuclear reactor whilst studying inverse
beta decay, confirming the existence of the neutrino [, 6]].

In the 1950s, the Goldhaber-Grodzins-Sunyar experiment [7] at the Brookhaven
National Laboratory used circular polarisation and resonant scattering of v rays fol-
lowing orbital electron capture of *™Eu to measure the helicity of the neutrino. The
findings of the experiment showed the neutrino to be “left-handed” (i.e. emitted with
left helicity). As neutrinos are always found to be emitted with left helicity the Standard
Model (SM) of particle physics assumes the particle to be massless. In 1957, Bruno
Pontecorvo suggested that if neutrinos have non-zero mass then they could oscillate
between a neutrino and anti-neutrino (by analogy with the Kaon sector) [8]], [9]. This
idea was developed into neutrino oscillations between flavour eigenstates by Ziro Maki,
Masami Nakagawa and Shoichi Sakata in 1962 [10].

A confirmation of the existence of more than one flavour of neutrinos was made by

discovery of the muon neutrino in 1962 by Leon Lederman, Melvin Schwartz and Jack
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Streinberger at the Brookhaven National Laboratory [11]. The third neutrino flavour,
the tau neutrino, was discovered in 2000 by the DONUT (Direct Observation of NU
Tau) experiment at Fermilab [[12]].

In 1968 Ray Davis used the Homestake mine in South Dakota to observe solar
neutrinos [13]. A deficit was seen in the number of neutrinos detected compared to
the number expected from theory - only a third of the expected neutrinos was found,
implying neutrino oscillations. This deficit became known as the “solar neutrino prob-
lem”. In 2001 the SNO (Sudbury Neutrino Observatory) experiment, based in Canada,
discovered the first compelling evidence of solar neutrino oscillations [14], providing
the solution to the solar neutrino problem. The Super-Kamiokande experiment, located
in Japan, discovered the first evidence for atmospheric neutrino oscillations in 1998
[15].

The first long baseline accelerator experiment to study neutrino oscillations pro-
duced by a controlled artificial source was the K2K (KEK to Kamioka) [[16] experiment,
which started running in 1999. Accelerator experiments are able to produce neutrino
beams of a controlled flavour, energy and flux, allowing the neutrinos’ disappearance
to be accurately monitored from the point of injection (the KEK accelerator for K2K)
to the point of detection (the Super-K detector based in the Kamioka mine for K2K).
K2K was the first experiment to confirm v, disappearance, leading to a measurement
of the Am3, and 63 oscillation parameters. v, disappearance has also been observed
by the successful MINOS (Main Injector Neutrino Oscillation Search) experiment [[17]]
(which started running in 2005, using the NuMI (Neutrinos at the Main Injector) main
injector at Fermilab to produce a beam of mostly v, which then travels a distance of
735km to be detected at the Soudan Mine in Minnesota), leading to the world’s best
results of Am3,.

Compelling evidence has been collected to show that the neutrino has mass and

undergoes flavour oscillations and mixing.

2.2 Neutrino Mixing and Oscillations

Neutrino mixing is analogous to the Cabibbo-Kobyashi-Masakawa (CKM) mixing in
the quark sector and is expressed with the three neutrino flavours (v., v, and v;) as a

superposition of the three neutrino mass eigenstates (v, 1, and v3) via the Pontecorvo-
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Maki-Nagawa-Sakate (PMNS) unitary matrix,

|Voc> = ZaniIVi>7 (2.2.1)

where v, are the neutrino flavour eigenstates, v; are the neutrino mass eigenstates and

U is the PMNS matrix, represented as

—1ié

C12C13 S512€13 513€
1) 1) .
—512C23 — C12523513€" C12C23 — S12523513€" 523C13 DMv (2~2-2)
) )
512823 — C12C23513€"  —Ci2823 — S12C23513€"°  (23C13

where s;; and ¢;; are the sine and cosine of the three mixing angles 6;;, ¢ is the Dirac

CP violating phase and D), is the diagonal Majorana phase matrix,

1 0 0
Dy=10 € 0 |, (2.2.3)
0 0 e

where ¢, and ¢3 are the Majorana CP violating phases and only apply to Majorana
neutrinos.

For neutrino oscillations, the probability for a neutrino of flavour « to change into
flavour (3, in vacuum is

2

, (2.2.4)

P a—”/ﬂ ‘ZZ ng

where m; are the neutrino mass eigenstates, U, g are the unitary PMNS matrices, L
is the propagation length of the mass eigenstates and F is the neutrino energy. In the
simplified two neutrino case the experimental appearance (Equation and disap-
pearance (Equation [2. oscillation probabilities become

1.27L(k
P(va — v3) = sin?20,sin? (Amfj(ev%%) (2.2.5)
and
. . 1.27L(km)
2 2 2 2
P(Va — Va) =1 —sin 20@'5111 (Am”(eV )m) (226)
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Parameter Value Neutrino Source Experiment Ref.
sin%0o 0.312755:7 solar, reactor ~ SNO, KamLAND  [23] 28]
5in2045 0.52 £ 0.06 atm., accel. Super-K, MINOS  [29,30]
sin2613 0.0130-00% accel. T2K, MINOS  [31,32]

013 < 11° at 90% CL atm., reactor CHOOZ [22]
Am3,  (7.594+0.21) x 107°eV?  solar, reactor ~ SNO, KamLAND [23] 28]
|AmZ,| (243 +£0.13) x 1073 eV? atm., accel. Super-K, MINOS  [29,[30]

Table 2.1: Current best measured neutrino oscillation parameters, with the best global fits to
neutrino oscillations found in [33]], where an indication of non-zero 6;3 is based on the global

fit of several experiments [33]] and a limit on ;3 is obtained with the CHOOZ experiment [22].

where Am? = m7—m? and 6 and Am? can be extracted from experimental data. So far
oscillation parameters have only been measured with neutrino disappearance from solar
(with the SNO [18, [19] and Super-Kamiokande [20, 21]] experiments), atmospheric
(with the Super-Kamiokande [20, 21] experiment), reactor (with the CHOOZ [22] and
KamLAND [23| 24]] experiments) and accelerator (the K2K [25] 26] and MINOS [27]]
experiments) neutrino sources. A summary of the current measured parameters can be

seen in Table

Oscillation parameters will be measured more precisely by the next generation of
oscillation experiments. The T2K [34] and NOvA [335] experiments will measure 653
and Am?2, more precisely. Experiments such as Daya-Bay [36], Double CHOOZ [37],
T2K and NOvA will strive to obtain precision measurements of #y3. In June 2011,
the T2K (Tokai-to-Kamioka) experiment, which searches for v, — 1, appearance to
improve the sensitivity to ;3 using an off-axis neutrino beam, reported the first indi-
cation of v, appearance in data collected before March 2011, when data taking was
interrupted by the Japan earthquake [31]]. Six v, appearance events were observed indi-
cating a non-zero sin?26,3. T2K will aim to resume data collection by the end of 2011
and will be able to provide more insight into this recent finding once more data has
been obtained. T2K will also study 7,, — 7, appearance. Shortly after the T2K results,
the MINOS experiment also reported its v, — v, appearance results with 62 electron-

like events observed with an expected background of 49 events [32]. A global fit to
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the data obtained with both MINOS and T2K has a significance of 3o for a non-zero
013 [38]]. CP violation searches with the current generation of oscillation accelerator
experiments are limited by hadron production uncertainty. However, if 6,3 is found to
be at the order of ~ 10° then future off-axis super beam experiments such as NOvA
will start having access to the CP violation phases. CP violation searches will also be
made accessible with the next generation of oscillation experiments, which will include
neutrino factories providing a neutrino beam of a highly pure flavour, allowing neutrino

CP violation effects and mass hierarchy of the neutrino to be studied via matter effects.

2.3 Neutrino Mass

The neutrino mass can be constructed using Dirac or Majorana terms in the electroweak
Lagrangian. Combining the two Lagrangians leads to the see-saw mechanism (Section
[2.3.3)), which justifies the smallness of the neutrino mass compared to that of the other
fermions in the SM. The see-saw mechanism assumes very heavy Majorana neutrinos
(~ 10GeV), which may help to explain the matter/anti-matter asymmetry we observe

in the Universe today.

2.3.1 The Dirac Mass Term

The SM Higgs-lepton Yukawa coupling with a chirally right-handed singlet field under
the SM symmetries generates a Dirac neutrino mass [39]]. The field introduced is a sin-
glet, which therefore leads to a “sterile” neutrino. The introduction of only one neutrino
singlet field is referred to as the minimally extended SM. However, to represent each
lepton generation (e, x and 7) three chirally right-handed singlet fields are introduced
into the Lagrangian, which is written as

D

mass

=vrMpvy, + H.C., (2.3.1)

where M is the non-diagonal Dirac mass matrix, H.C' is the Hermitian conjugate,

and vy and vy, are the chirally right-handed and left-handed neutrino flavour fields

VR= | Vyr | VL = | Vur | - (2.3.2)
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The Dirac mass construction therefore requires four independent components (v,
v, Vg, Vg). The difficulty with the Dirac mass term is the requirement of a sterile
neutrino, which cannot be detected. The theory also fails to explain the smallness of

the Higgs-neutrino Yukawa coupling relative to the other fermions in the SM.

2.3.2 The Majorana Mass Term

Another approach to constructing the neutrino mass is to construct a massive Majorana
neutrino, as first proposed by Ettore Majorana in 1937 [40], which only requires two
independent components and can be constructed entirely out of the left-handed (or

right-handed) neutrino field. The Lagrangian for a massive Majorana neutrino is

1—
LMe = ——Ve My, v+ H.C., (2.3.3)

mass 2

where M), is the left-handed symmetric Majorana mass matrix and H.C. is the Her-
mitian conjugate. v and v, are not independent of each other, therefore a factor of 1/2
is introduced to avoid double counting. vf is the charge conjugate of v, which satisfies

the condition

vi =Crp ' [39), (2.3.4)

where C' is the charge conjugation matrix and 7" indicates a transposed matrix. Another

property of this field is that

vi = Prrf, (2.3.5)

where P, is the right-handed projection operator, making v§ a right-handed field.

Only two independent components (v and vy) are required to construct the Ma-
jorana neutrino mass compared to the four required for the Dirac mass, making the
Majorana mass a simpler theoretical model. The charge conjugate of the field is un-
changed, which leads to the neutrino being its own anti-particle. This is only allowed
for the neutrino among the other fermions in the SM as it is an electrically neutral

particle.
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2.3.3 The See-Saw Mechanism

The see-saw mechanism justifies the smallness of the neutrino mass by combining both

the Dirac and the Majorana mass terms in the Lagrangian.

Esee—saw - ED + LMRa

1
:V_RMDVL — 5 }:%MMRVR—{—H.C., (236)
1, v
— —— (M, | | +HC,
2 e
R

where M, is the neutrino mass matrix,

0
M, = mo 2.3.7)

mp Mpyp

M, is diagonalised to obtain the eigenvalues

1 . 5

If the Dirac mass, mp, is of the same order of magnitude as the fermions in the
SM and the right-handed Majorana neutrino mass, 1,,,,, is much heavier than the Dirac

neutrino mass term (m,y, > mp), then the first approximation of the eigenvalues is

(2.3.9)

and

M ~ mppg,. (2.3.10)

The see-saw mechanism therefore predicts a left-handed neutrino of a small mass
and a heavy right-handed Majorana neutrino partner. Assuming the heavy Majorana
neutrino to be at the mass of the Grand Unified Theory (GUT) scale (~ 10'°GeV) leads
to a light neutrino mass of the order of meV. This theory therefore explains the small-
ness of the observed light left-handed neutrino compared to that of the other fermions
in the SM. The see-saw mechanism could also play a significant role in leptogenesis

- the heavy Majorana neutrinos produced at the GUT scale could have decayed in a



2.4. Constraints on Neutrino Mass 29

CP violating way leading to the matter/anti-matter asymmetry we see today. The see-
saw mechanism assumes the nature of the neutrino to be that of a Majorana particle
as the Majorana mass term appears in both eigenvalues, implying total lepton number

violation (physics beyond the SM).

2.4 Constraints on Neutrino Mass

There are a number of techniques to set the limit on the absolute neutrino mass, which
include tritium 3 decay, cosmological constraints and Ov 33 decay. Oscillation experi-

ments can also provide constraints on some neutrino mass eigenstates.

2.4.1 Recent Experimental Constraints

A number of independent techniques have been used to set the limit on the absolute
neutrino mass. A summary of the current best limits obtained on neutrino mass is

shown in Table 2.21

2

o Ami; (also known as Amy,, o coneric

) obtained from neutrino oscillation exper-
iments (Table [2.1)) implies that at least one of the neutrinos involved in the oscillation
must have non-zero mass. This gives a lower bound on the heaviest mass eigenstate of
the neutrino to be > 0.05eV (/Am3,).

e Tritium (°H) beta decay,

SH—3He+e + 7, (2.4.1)

produces a 3 decay energy spectrum. If the neutrino is massless then the tritium decay
spectrum would look identical to that of an electron. However, if the neutrino has mass
then it will carry off some of the energy available in the decay, decreasing the ()3 value
of the spectrum. Measuring the difference between the spectrum produced if (m,) = 0
and the spectrum produced in tritium decay if (m,) # 0 by looking at the distortion at
the end of the (3 spectrum gives a constraint on the neutrino mass (as demonstrated in

Figure [2.1). The spectrum being measured is defined as

dN m2_ct

v _ _ B N L
= N(E) = CFp.E(E, — E) \/1 T

where C'is a constant, F' is the Fermi function, p. is the momentum of the electron, E

(2.4.2)

is the energy of the endpoint of tritium decay and E is the energy of the electron.
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Figure 2.1: Tritium (3 decay spectra for determining neutrino mass.

To extract the neutrino mass from tritium 3-decay a knowledge of the neutrino
flavour mixing angles is required, however it is not dependent on the Dirac and Majo-

rana CP violation phases. The neutrino mass is extracted with

(my,)* = Zianisz? = CloClami + sipciymy + sigmy [4]. (2.4.3)

Measurement of the end point of tritium decay has provided a limit of (m,) < 2.0eV (at
95% CL), obtained by combining two independent measurements from the Mainz and
Troitsk experiments [41, 42]. The main advantage of extracting a limit on the absolute
neutrino mass with tritium decay is that it is model independent. However, to measure
the spectrum distortion of tritium 3 decay the counting rate at the end of the spectrum
needs to be high, whilst the density of the source needs to be as low as possible. The
sensitivity to the mass is dependent on the square root of the size of the vessel used to
contain the source. Therefore the size of the vessel used is the limiting factor in the
mass sensitivity. It is not expected for tritium decay experiments to reach a neutrino
mass limit below 0.3eV.

e Cosmological data can be used to place a limit on the sum of the neutrino masses
(2m;). Neutrinos are near relativistic and hence place a limit on the size of cosmolog-
ical structures, such as galaxies (due to the streaming effect). With this information a
limit on ¥m; is extracted. From a combination of data sources a limit of ¥Xm,; < 2eV (at

95% CL) [43],/44]] is obtained. The limits obtained are model dependent. For this result
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Parameter Limit CL Reference

Oscillations > 0.05eV  68% Heaviest mass eigenstate [20} 27]]
(my,) < 2.0eV  95% Tritium decay [42,41]]
¥m; <2eV  95% Cosmology [43]44]
(m,,) <0.30eV  90% Ovp3 [45]

Table 2.2: Current limits obtained on neutrino mass from oscillation data, tritium (3 decay,

cosmological constraints and O (33 decay.

a flat, isotropic, homogeneous universe made up of ordinary matter, dark matter, dark
energy and radiation is assumed. The measurement of > also gives access to the neu-
trino mass hierarchy (Section[2.4.2)). If the hierarchy is degenerate (m,, ~ m,, ~ m,,)
an observable signature in the Cosmic Microwave Background power spectrum would
be seen.

The advantage of cosmological neutrino mass measurements is that an extremely
large amount of data are available to study, increasing the sensitivity to the mass limit.

However, the calculations of the mass limit are heavily model dependent.

e The effective mass obtained from Ov 33 decay is extracted with

_ 1.2 2 2 2 2igo 2 2i(p3+0)
= |012013m1 + 879C13Mae”? + s{smge ‘ . (244

() = |3 iU m

Currently, the best upper bound limit on neutrino mass from double beta decay
experiments is (m,, ) < 0.30eV at 90% CL (considering one specific nuclear matrix
element chosen by the author) [45] obtained by combining data from the IGEX and
the Heidelberg-Moscow experiments (Section d.2.1)). A fraction of the Heidelberg-
Moscow experiment published a claim of observing a Ov 33 signal, discussed in Section

4.2.1

The advantage of using Ov (3 decay to extract neutrino mass is that it can reach
sensitivities of ~ 50meV with next generation experiments. However, Ov3/3 is depen-
dent on the neutrino being of a Majorana nature. If the neutrino is found to be a Dirac

particle then no neutrino mass can be extracted using Ov (33 decay experiments.
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2.4.2 Future Experimental Constraints

The understanding of the neutrino mass can be improved by further study with next
generation oscillation, tritium [ decay and Ov3( decay experiments. Oscillation ex-
periments provide access to the neutrino mixing parameters, the neutrino mass hierar-
chy and possibly CP violation (for example, via access to 613 with off-axis super beam
experiments and neutrino factories).

KATRIN (Karlsruhe Tritium Neutrino Experiment) [46] is a next generation spec-
trometer tritium 3 decay experiment, which is about to begin data taking. It scales
up the size, precision and intensity of the tritium [ decay source used by an order of
magnitude compared to previous experiments to reach a neutrino mass sensitivity of <
0.3eV. This is the best sensitivity that can be expected from this type of experiment.

Ov(3( decay is the only practical experimental approach that gives access to de-
termining the Dirac or Majorana nature of the neutrino. Neutrino parameters such as
the CP violating phases and the scale of the absolute neutrino mass are also accessi-
ble with Ov3/3 decay. It is a possibility, although an unlikely one, that the neutrino
Majorana phases could cancel out to give an effective neutrino mass of zero, in which
case no OvGf3 decay could be observed. Ov(3( decay can also be a sensitive probe
to the absolute neutrino mass eigenstate hierarchy, complimentary to oscillation ex-
periments. Currently we do not know whether the mass hierarchy is “normal” (with
my, > m,, and m,, ), “inverted” (with m,, < m,, and m,,) or “degenerate” (with
my,, ~ My, ~ M), as shown in Figure Figure shows the probing of the
hierarchy with Ov(33 decay, where discrimination between hierarchies is shown as a
function of the effective neutrino mass obtained from experimental data. A degenerate
hierarchy is suggested by Klapdor’s claim of observing Ov(3/3 decay (Section
[47]. The next generation of Ov3[ decay experiments will be able to fully probe the
degenerate hierarchy, however not all of the inverted hierarchy.

It is crucial to consider information on neutrino mass gathered from all possible
sources. A combination of findings from oscillation and Ov (3 experiments can give
some vital answers about the neutrino sector even if no signal is observed. As a hypo-
thetical example, the next generation oscillation NOvA experiment might see that neu-
trinos have an inverted hierarchy. If a next generation Ov3( decay experiment which

can reach a sensitivity of 20meV (at which we expect to see the inverted hierarchy) runs



2.4. Constraints on Neutrino Mass 33

] 2

m-= m-
" 7
-V,
Normal | g v | Inverted
mi —— Lmy?
1 solar~7x10-%V? |
atmospheric T
~2x10-3e V2 .
atmosphenc
mPl ~2x10-%eV?
i solar~7x10-%e V2 1
m I — Ty
? 7
0 0]

Figure 2.2: The “normal” and “inverted” hierarchies of absolute neutrino mass eigenstates.

Characteristic Oscillations 3-decay Ov/[3[3 decay
Neutrino nature v
Absolute mass v v
Mass hierarchy v v
Mixing parameters v

Dirac CP violating phase v

Majorana CP violating phase v

Table 2.3: Neutrino characteristics and the experimental techniques used to measure them.

but does not see an inverted hierarchy this would lead to the conclusion that neutrinos
are not of a Majorana nature.
Table [2.3] summaries the characteristics of the neutrino and which experimental

technique they are accessible with.
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Figure 2.3: The use of Ov3/3 decay for the probing of the neutrino mass eigenstate hierarchy,

with the effective electron neutrino mass shown as a function of the lightest mass eigenstate

[48].
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Chapter 3

Double Beta Decay

3.1 Beta Decay

Single beta (/3) decay can occur via three modes, involving electron emission (5~ de-

cay), positron emission (57 decay) and electron capture (EC). In 3~ decay,

n—p+e +7g, (3.1.1)

a neutron decays to a proton, causing the emission of an electron and an anti-neutrino.

In 57 decay,

p—on+e + ., (3.1.2)

a proton decays to a neutron, causing the emission of a positron and an electron neu-

trino. The process of EC,

p+e —n+r,, (3.1.3)

occurs when the nucleus does not contain enough energy to emit a positron. Instead,
an electron (usually from the K-shell) is captured by the nucleus, causing the proton to
change into a neutron alongside an electron neutrino emission. The captured electron
leaves a “hole” in the atomic shell, causing electrons from higher levels to cascade
down to fill it. This process is therefore accompanied by X-rays and/or Auger electrons.

These 3-decay processes can only occur if the mass of the parent atom is greater

than the summed mass of the daughter atom and the particles emitted in the process,
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Zimp + (Az — Zl)mn + ]\71'777,6 — EZB

> Zymy, + (Ap — Zg)myn + Nyme — Ef ;. (3.1.4)

where m,,, m,, and m, are the mass of the proton, neutron and electron respectively, EB
is the nuclear binding energy and subscripts ¢ and f denote the initial and final states.
The atomic mass M is calculated with the Semi-Empirical Mass Formula (SEMF)
[49] as a function of its mass number A and atomic number Z. The SEMF also provides
predictions for allowed and forbidden decay modes and the transition energies involved.
The SEMF has six terms - the first is an approximation of the summed mass of all
protons and neutrons and the remaining five are corrections to the first approximated
term and are the volume, surface, Coulomb, asymmetry and pairing terms. The pairing
term maximises the binding energy of even-even nuclei and minimises the binding
energy of the odd-odd nuclei as a function of Z, as shown in Figure Thus double
beta decay can only occur for even-even nuclei. It can occur by going from the ground
state (0T) of the parent nucleus to the ground state (0") of the daughter nucleus and,

where energetically possible, the excited states (0", 27) of the daughter nucleus.

3.2 'Two Neutrino Double Beta Decay

Two neutrino double beta decay (2v3(3), proposed by Maria Goeppert-Mayer in 1935
[50], is a process which occurs when single 3 decay is not energetically favourable (as
shown in Figure[3.1)). It is a second order process, which conserves electric charge and

lepton number and is allowed under the standard electroweak model. In 23 decay,

(A, Z) = (A, Z +2) + 2¢~ + 2, (3.2.1)

two neutrons spontaneously decay to two protons, emitting two electrons and two anti-
neutrinos (Figure|3.2)). 2v3 decay occurs in even-even nuclei (which contain an even
number of protons and neutrons). The nuclear transition energy of the decay, ()gs, is

defined as

Qps = M(A,Z) — M(A, Z +2), (3.2.2)
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(a) B- | even-even |

Figure 3.1: The two parabolas showing energetically allowed beta and double-beta decays
for an arbitrary decay chain, where (e) is stable with the lowest mass, the transition (¢) — (d)
is energetically forbidden as the mass of (d) is greater than that of (c) and double beta decay

allows the transition of (¢) — (e).

where M (A, Z) and M (A, Z + 2) is the mass of the initial and final atom respectively.
The half-life of 263 decay is given by

T2t = G* ||, (3.2.3)

where G?" is the precisely calculable phase space, obtained by taking the integral over
momenta and angles of all possible final state particles emitted in the decay, and M?”
is the the 2v(33 nuclear matrix element (NME), which is the theoretically calculated
transition probability between the initial and final nuclear states of the decay. M?”
calculations are model dependent, therefore comparison of theoretically calculated and
experimentally extracted values is crucial to tune the M? calculation. NME models
are further discussed in Section 3.4

The experimental signature of 2 decay is a continuous spectrum of energies
from the two final state electrons (originating from the same vertex) in the decay, with

the end point of the spectrum equal to the ()35 value of the isotope.
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Figure 3.2: Feynman diagram of two neutrino double beta (2v33) decay - a process which

conserves electric and leptonic charge and is allowed in the Standard Model.

3.3 Neutrinoless Double Beta Decay

Guilio Racah [51] first proposed neutrinoless double beta (0v(33) decay in 1937 to
test Majorana’s theory of neutrinos being Majorana particles. By 1939 Wendell Furry
calculated the transition probabilities for Ov33 decay [52]]. In Ov33 decay,

(A, Z) — (A, Z+2)+2¢, (3.3.1)

only two electrons are emitted during the process, with no neutrinos in the final state
(Figure [3.3). This process therefore violates total lepton number conservation and is
forbidden in the SM. During the decay a virtual right-handed Majorana neutrino (com-
parable to a Dirac anti-neutrino) is emitted from one vertex and absorbed at the the other
as a virtual left-handed Majorana neutrino. In order for this to happen the right-handed
Majorana neutrino has to flip helicity to turn into a left-handed Majorana neutrino in
order to conserve angular momentum. This can only be done by selecting a frame
of reference that is moving faster than the neutrino, requiring the Majorana neutrino to
have mass. The probability of the second vertex being in a frame of reference for this to
happen is proportional to the squared mass of the neutrino. Therefore, for Ov 3 decay
to occur the neutrino must have mass and must be of a Majorana nature (v, = 7).

The half-life of Ov33 decay is given by

V11— 14 v 2
[TV] ™ = G [M™|"nty, (3.3.2)

where G is the precisely calculable phase space, M is the the Ov33 NME and 7,y
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Figure 3.3: Feynman diagram of neutrinoless double beta (Ov3(3) decay - a process which

violates total lepton number conservation and is forbidden in the Standard Model. There is a

factor of U,; (Equation i at each W~ ve™ vertex of the diagram.

is the lepton number violating parameter, which takes on a different form depending
on which Ov3( decay mechanism is behind it and is (m,, ) for the mass mechanism
(Section [3.3.1), (\) and (n) for the right-handed currents (Section [3.3.2) and (g,.) for
Majoron emission (Section [3.3.3). Measurements of the (m,,), (A) and (g,) lepton
violating physics parameters are presented in this thesis.

Other more exotic modes of 03 decay also exist, such as doubly charged Higgs
[53]], R-parity violating SUSY [54] and leptoquarks.

The experimental signature of O3/ decay (for all modes except Majoron particle
emission, Section [3.3.3)) is that of two electrons originating at a common vertex with
the energy sum equal to the (35 value of the isotope being looked at, resulting in a
peak seen in the distribution, the width of which is determined by the energy resolution

of the experiment.

3.3.1 The Neutrino Mass Mechanism

The neutrino mass mechanism, where the right-handed Majorana neutrino must flip
helicity to become a left-handed Majorana neutrino which requires the neutrino to have
mass, is the most discussed scenario for the production of Ov 33 decay as it requires the
fewest modifications to the SM. The half-life of the Ov (33 mass mechanism is expressed

as

2
[0t = G | M| <M> : (3.3.3)

Me

where G% is the precisely calculable phase space, M is the Ov33 NME, (m,, ) is the
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effective Majorana neutrino mass and m, is the electron rest mass. G* is proportional
to Q%ﬂ and the atomic number Z [535]], therefore O35 rates are higher for isotopes with
high Q35 values. G% is limited by the kinematics of the virtual neutrino exchanged in
the decay and is much lower than the phase space available for 2v(33 decay, which is
proportional to Qé}g There is much uncertainty in the value of M, which is required

to extract (m,, ) from experiments. This is further discussed in Section 3.4}

3.3.2 Right-Handed Currents

Another proposed O3 decay mechanism, which leads to two electrons in the final
state, is known as the right-handed currents mechanism. The electroweak Lagrangian
of the SM contains only left-handed chiral states (due to the V-A structure found in
nature). Theories beyond the SM predict the existence of pure right-handed W bosons
(Wgr) or W bosons which are a mix of right-handed and left-handed W bosons (W =
Wr + W) [56] by adding a small admixture of V+A currents (i.e. right-handed chiral
states) into the Lagrangian. If Wy exists and the neutrino is a Majorana particle, then
the neutrino can interact at the second vertex of Figure without the need for a
helicity flip. Two new physics parameters are introduced with the right-handed currents
mechanism - (\), the right chiral state coupling of the right-handed quarks to the right-
handed leptons (related to the ratio of W and 1), and (n), the coupling of the right-
handed quarks to the left-handed leptons (related to the mixing angle between Wg and
Wr).

The (\) parameter is extracted in the analysis presented in this thesis. This is
because only monte carlo simulations generated with the (\) admixture parameter are
available in the GENBB generator used for NEMO3. In this case the (1) parameter is

set to zero and (\) is extracted using

TUR] 7 = GO P ()2, (334)

3.3.3 Majoron Particle Emission

Some extensions to the SM exist in which global Baryon-Lepton (B-L) symmetry is
spontaneously broken, leading to a prediction of a massless Goldstone boson which
couples to the neutrino, known as the “Majoron” [S7]. Single, doublet and triplet mod-

els were postulated [58]] but the doublet and triplet models were excluded with the
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measurement of the Z boson width at LEP [59]. The singlet and dominantly singlet
Majoron models remain, predicting a coupling of a Majoron to a neutrino. The singlet

models require severe fine tuning as the coupling strength,

g=(my, /Mgp_r) [60], (3.3.5)

where m,,, is the mass of the light neutrino and Mp_, is the symmetry-breaking scale,
is at the symmetry-breaking scale, which is higher than the electro-weak scale at ~
90GeV. New Majoron models have been constructed, where the term “Majoron” has
been redefined to mean a light or massless boson which weakly couples to the neutrino.

There is no constraint on this Majoron being a Goldstone boson.

The existing Majoron models are referred to by their spectral index (n), which

shows the phase space dependence on the energy realeased in the decay by

G o< (Qpp — Egum)", (3.3.6)

where F,,, is the sum of the kinetic energies of the two electrons emitted in the decay.
Spectral index n = 1 refers to the models which involve one Majoron emission [38,
61], n = 2 refers to models which involve the “bulk” Majoron (in the context of the
“brane-bulk” scenario) [62], n = 3 refers to models which involve the emission of one
or two massless lepton number carrying Majorons [38, 63, 164] and n = 7 refers to
models where two light Majorons are emitted [58,163)164]. The energy of the final state

electrons of these models forms four distinguishable distributions, shown in Figure[3.4]

The half-life of O3 Majoron emission mechanism is given by

vx01— v v
[T = GO |M™ 2 (gy0)?, (3.3.7)

where (g,0) is the Majoron to neutrino coupling.

The extraction of the g,o0 parameter for the n = 1 Majoron emission mode only is
presented in this thesis as it is the only mode for which the relevant NMEs have been

calculated.
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Figure 3.4: Energy spectra for 2v303, Ov33 neutrino mass mechanism and Ov(33 Majoron

emission mode (for spectral index n =1, 2, 3 and 7) decay [635].

3.4 Nuclear Matrix Elements

The precision with which (m,, ) (and other Ov3(3 decay physics parameters) can be
experimentally extracted from Equation [3.3.2]depends on the half-life measurement of
Ov [ decay and the precision of the NME. The largest uncertainty comes from the cal-
culation of the NME, which is model dependent. NME calculations are carried out by
solving the many-body Schrodinger equation and accounting for the dynamics of each
nucleon-nucleon interaction given the total initial and final state nuclear wavefunctions,
which there are a great number of for 33 decay. The intermediate state interactions
must also be taken into consideration. Various approximations of the nucleon-nucleon
interactions and neglecting of second order effects such as the spin quantum number

are used as solutions to the complicated calculations.

Although there is no one-to-one correspondance between the 2v(3(3 matrix ele-
ment, M2, and M, calculations of M" can be informed by M?, which can be

experimentally extracted.

Some of the successful models to date include the nuclear shell model (NSM), the
quasiparticle random approximation (QRPA), the projected Hartree-Fock-Bogoluibov

(PHFB) and the microscopic interacting boson (IBM-2) models.
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3.4.1 The Nuclear Shell Model

The NSM postulates few single-particle orbitals (which the calculations are performed
on) around a relatively large inert core and includes arbitarily complex corrections. The
NSM is a useful model for calculating single particle states close to the Fermi level and
has difficulty for calculations of deformed nuclei (such as 1°°Nd) and heavy isotopes.
The NSM is considered to be more reliable for light nuclei, such as **Ca, "®Ge and

SQSe

3.4.2 The Quasiparticle Random Phase Approximation

The QRPA is the reverse of the NSM, with many single-particle orbitals around a rel-
atively small inert core and includes fewer corrections, reducing the complexity of the
model. The QRPA model calculates the Ov33 NME by connecting initial and final
states of Ov3(3 decay with the intermediate virtual excitation states. The NME is cal-

culated using

M
M = Mg — g—j + My, (3.4.1)
A

where Mqgr, Mpr and My are the contributions from the Gamow-Teller, Fermi and
tensor matrix elemets respectively and g4 is the effective axial coupling usually set
to ga = 1.25. Parameters for the particle-particle (g,,), which is correlated to the
proton-proton interaction, and particle-hole (g,;,), which is correlated to the proton-
neutron interaction, pairing interactions must also be introduced into the calculation.
The value of g, is generally set to g,;, ~ 1 to reproduce the experimentally measured
excitation energy of the Gamow-Teller giant resonance. The value of g,, is either left as
a free parameter, making the calculations of M unstable, or set to the experimentally
measured rate of 2v(33 decay (or the intermediate rate of 3 decay), greatly reducing
the uncertainty associated with variations in the QRPA model [66]. The QRPA model
has more success for the heavier isotopes compared to the NSM. The QRPA model is
unstable against the increase of proton-neutron correlations. Model extensions have
been proposed to stabilise the solutions, discussed in [67, 68 69]].

The NSM and QRPA models are complimentary to each other and after the inclu-
sion of short-range correlations in the NSM in 2007 [[70, [71] the consistency between

the NSM and QRPA models improved, as shown in Figure[3.5]
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Figure 3.5: Nuclear matrix element calculations with the NSM [71]], the QRPA model calcu-
lations by Rodin et al. [66] and Suhonen et al. [[7/2]] and the PHFB model [[73].

3.4.3 The Projected Hartree-Fock-Bogoliubov Model

In the PHFB model M2 and M are calculated with fewer model dependent parame-
ters and it is therefore advantageous. The model includes nuclear deformation degrees
of freedom, which has a significant effect on the quenching of M?” [73] [74]. The
PHFB model only allows neutron pairs with angular momenta 0", 2%, 4 etc. to be
transformed into two protons in the Ov (33 decay process. The pairs that are different to
0" are strongly suppressed compared to the LSM and QRPA models. NMEs obtained
with the PHFB model can be seen in Figure [3.3] compared to those obtained with the
NSM and QRPA models.

3.4.4 The Microscopic Interacting Boson Model

The IBM-2 model is quite restrictive and only allows neutron pairs with angular mo-
menta 0 and 27 to be transformed into two protons in Ov 3 decay. The model aims
to use realistic wavefunctions of initial and final nuclei which accurately describe the
known properties of the nuclei the NME is being calculated for. Good agreement is

found between the QRPA and IBM-2 models, as shown in Figure[3.6]
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Figure 3.6: Nuclear matrix element calculations with the NSM [75]], QRPA [76] and IBM-2

[77] models.
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Chapter 4

Double Beta Decay Experimental

Techniques and Status

4.1 Half-life Sensitivity

The challenge of double beta decay experiments is to search for the Ov/3( peak in
the summed electron energy distribution within the continuum of the 2v3/ decay and
natural radioactive backgrounds. The half-life sensitivity (in years) for Ov3/3, in terms

of experimentally accessible quantities, is given by

In2-Ny-a n e

T, > W ren (4.1.1)

for the case where there is zero background to the experiment and

In2-Ng-a n Mt
™ > N 4.1.2
1/2 w RCL kagAE7 ( )

for the case where there is non-zero background to the experiment, where /N4 is Avo-

gadro’s number, a is the isotopic abundance, IV is the molar mass of the source, M
is the total mass of the source, 7 is the detection efficiency (after passing all event se-
lection criteria), ¢ is the exposure time and ¢y, is the number of standard deviations
corresponding to a given confidence level (usually 1.640 for a 90% CL for the case
of non-zero background experiments and 2.3 for a 90% CL for the case of zero back-
ground experiments). AF is defined as the energy window of the O3/ decay at the
()35 value and can be approximated by the energy resolution of the detector in keV.

Nyig 18 the number of background events (for the case with non-zero background) in
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kg 'keV~lyr~!. The total number of background events, Np, after accounting for the

detector acceptance of background events, for a time interval ¢ is then given by

Np = NpygMtAE (4.1.3)

If an experimental condition of zero background can be achieved (Equation4.1.1))
then the sensitivity grows linearly with the mass M of the source and the exposure time
t. For the case of non-zero background experiments (Equation f.1.2) the sensitivity
grows as a square root with the mass M of the source and exposure time ¢, and the
number of background events Ny, per unit mass and energy per year and the energy
resolution A F of the experiment play an important part in the sensitivity. In particular,
the product of Ny, AE is one of the dominant factors that defines the experiment’s
sensitivity to Ov (33 decay.

One of the main focuses of experimental techniques used to search for Ov (5 de-
cay is therefore background suppression, with typical Ov(3( half-lives being > 10?
years and natural radioactivity half-lives being ~ 10'° years. Background suppression
and other factors that contribute to the sensitivity of Ov(33 decay experiments are the

following, based on Equation #.1.2}

e Mt: To reach an effective Majorana neutrino mass of 50meV ~ 100kg of en-
riched isotope is required. Future experiments hoping to reach a sensitivity of
~ few meV require > 1 ton of isotope. To increase the product of Mt a long

exposure time and/or a large isotope mass are required.
o NV bkg-

— One of the largest concerns for Ov 3 decay searches in the region of Ov3[3
decay are 2°®TI (Qs = 4.99MeV) and ?'*Bi (@ = 3.27TMeV) originating
from the natural radioactivity chains of ?*Th and 23U respectively. To sup-
press natural radioactivity background source isotopes with ()gz > 2.6MeV
are preferable, which is the energy of the highest y-line occurring in the nat-
ural radioactivity decay chains (from 2°®T1) and reduces the level of back-
ground by ~ an order of magnitude. The isotope and detector components

themselves must also have high radiopurity (< mBg/kg) to suppress natu-
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ral radioactivity. Future experiments hoping to reach a sensitivity of ~ few

meV require a radiopurity of well below pBg/kg.

— Experiments must be located underground or underneath a large overburden
of rock (typically > 2500 metre water equivalent) to suppress backgrounds

from cosmic muons.

— Experiments must have additional shielding to suppress external back-
grounds originating from the surrounding environment. The backgrounds
originate from s coming from the surrounding rock and neutrons coming
from spontaneous fission of Uranium in the surrounding rocks and («,n)

reactions on light elements.

— Event reconstruction, particle identification and event topologies are re-

quired for background suppression.

e a: Isotopes with a large Qs value (> 2.6MeV) are desirable to separate the
Ov (33 decay region of interest from the lower energy backgrounds (as described
above) and to increase the phase space available for the decay, which is propor-
tional to | LV\Q (where 1y is the lepton number violating parameter, Equation
[3.3.2)). The isotopes should have as high a natural abundance as possible or the
means for the isotope to be enriched. Table shows a summary of the main
isotopes used for O (3 decay experiments and their enrichment possibilities with
the techniques of gas centrifugation, laser enrichment and electromagnetic sep-
aration. The reliability of NME calculations are essential for extraction of the

effective Majorana neutrino mass and other Ov33 physics parameters.

e AFE: 2vf3[ decay is an irreducible background to searches for O3/ therefore a
good energy resolution is required to provide separation between the 2v 3/ tail
and the Ov3[ peak and to suppress other radioactive backgrounds. The prod-
uct of the background events observed and the energy resolution of the exper-
iment is one of the most important factors contributing to the sensitivity of an
experiment. Some experiments (such as "*Ge based semiconductor experiments,
Section focus on the AFE, whilst others focus more on background sup-
pression. For example, the Heidelberg-Moscow (H-M) "Ge (Section |4.2.1)) ex-
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Isotope Qpp (keV) NA (%) Enrichment Possibilities
BCa — BTi 4272 0.19  EMS is currently the only option,
with LE being looked at.
6Ge — Se 2039 7.8  GCis well established.
82Se — 82Kr 2996 9.2  GC is well established.
%7r — 9Mo 3350 2.8  EMS is currently the only option,
with LE being looked at.
100Mo — 199Ru 3034 9.6  GCis well established.
116Ccd — 168n 2805 7.5  GCis well established.
130Te — 130Xe 2529 33.8  GC is well established but

not necessary due to high NA.
136Xe — 135Ba 2459 8.9 GC is well established and cheapest

for 13Xe as it is already a gas.
150Nd — 1%0Sm 3367 5.6 EMS is currently the only option,

with LE and GC being looked at.

Table 4.1: Isotopes used in Ov/3/3 decay with the transition of the isotope, the )33 value (in
keV), the natural abundance (NA, in %) and the enrichment possibilities of the isotope, where
GC is gas centrifugation, LE is laser enrichment and EMS is electromagnetic separation (only

possible for small quantities of isotope).
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periment has a Ny, of 0.2kg™'keV~'yr~' and a AE of 0.2% at 2039keV (cor-
responding to 4.1keV) therefore Ny,,AE = 0.8. In comparison, the NEMO3
tracker calorimeter experiment (Section 4.3.2)), which uses a range of isotopes,
has a Ny, of ~ 0.0007kg 'keV~'yr~! and a AFE of ~ 8% at 3000keV (corre-
sponding to 240keV) therefore Ny, AE = 0.2. Whilst the H-M has a much better
AE NEMO-3 has a much lower N, counting rate, but when taking the product

of the two into consideration the sensitivity of the experiments is comparable.

e 7): Experiments must have as high a detection efficiency for double beta decay as

possible.

Double beta decay experiments are divided into two main categories: homoge-
neous experiments (where the source itself is the detector) and heterogeneous exper-
iments (where the source and the detector are distinct). Homogeneous experiments
(discussed in Section generally give very good energy resolution, whereas hetero-
geneous experiments (discussed in Section [4.3)) include tracking detectors providing
better particle identification.

The most precise 2v(33 decay half-life measurements obtained with recent exper-
iments are summarised in Table Recently past Ov(33 decay experiments and the
limits they have reached on the effective Majorana neutrino mass are summarised in
Table Next generation and future planned experiments and their projected sensi-
tivities for the effective neutrino mass are summarised in Table The references for

the experiments mentioned below can be found in the fore mentioned tables.

4.2 Homogeneous Design Experiments

The main advantages of a homogeneous design experiment are a high energy resolution,
good detection efficiency and a relatively compact design and therefore good radiopu-
rity. The main disadvantages of this design are poor event reconstruction and particle
identification. Homogeneous systems include semiconductor detectors, bolometers and

scintillator detectors.

4.2.1 Semiconductor Experiments

Semiconductor germanium (Ge) detectors are among the most popular Ov33 decay

experiments due to the high energy resolution that they can achieve. An established
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Experiment  Isotope TEfy(ym) Ref.
NEMO3 8Ca (4.440.6) x 101 [78]]
H-M Ge  (1.5+0.1) x 102! [79]
NEMO3 28e (9.6 1.0) x 101 [80]
NEMO3 967y (2.3540.21) x 10* [81]]
NEMO3 %Mo (7.02 4 0.46) x 10'* This Work
NEMO3  6Cd  (2.88+0.17) x 10" [78]
NEMO3 90Te (7.0 + 1.4) x 10% [82]
NEMO3 1ONd  (9.11 £ 0.68) x 108 [83]
EXO-200 136X e (2.140.2) x 10* [84]]

51

Table 4.2: A summary of the best 233 half-life measurements obtained with recent 33 decay

experiments. The 1°“Mo 2133 half-life is the result of the analysis presented in this thesis.

Experiment Isotope Mass kg-yr Tlo/”2 (yr) (my, )(eV) Ref.
ELEGANT VI  %#Ca  7.6g 0.025 >58x 102 <35-—22 [85]]
H-M Ge 1lkg 71.7 1.19 x 10% 0.44 [47]
IGEX “Ge 8.4kg 10.1 1.6 x 10% 0.33 —1.35 [86]
NEMO3 8Se  932g 419 >32x10® <094-26 [87]]
NEMO3 %7r 94g 0.031 >92x10" <72-195 [81]
NEMO3 1Mo 6.9kg 278 >11x10** <0.3—1.0 This Work
CUORICINO B0Te  11kg 1975 >28x10** < 0.30—0.71 [88]
NEMO3 1ONd  37g  0.094 >1.8x10*2 <4.0-6.3 [83]

Table 4.3: A summary of the best limits on effective Majorana neutrino mass (at 90% CL)

obtained with recent Ov(33 decay experiments, including the measurement presented in this

thesis. The (m,,) limits have been quoted from the references specified, where the authors

have chosen a range of or one NME for the calculations.
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Experiment Isotope Mass (kg) Type (m,, )(meV)  Ref.
GERDA-I 6Ge 18 Semiconductor 600 [89]]
GERDA-II 6Ge 40 Semiconductor 100 [89]
MAJORANA 5Ge 30-60 Semiconductor 70 - 200 [90]
CUORE 130Te 200 Bolometer 40 - 90 [91]
CANDLES III 48Ca 0.2 Scintillator 500 [92]
SNO+ 150Nd 56 Liquid Scint. 100 [93]]
KamLAND-Zen !%%Xe 400 Liquid Scint. 40-80 [94]
EX0O-200 136X e 200 Liquid Xe TPC 100-200 [95]
SuperNEMO 82Se 100 Tracker-Calor. 50-100 [96]
1ton Ge 6Ge 1000 Semiconductor 10-40 (189, 90]]
COBRA H6Cq 140 Semiconductor 45 [97]
CANDLES 48Ca 3 Scintillator 100 [98]]
EXO 136Xe 1000 Liquid Xe TPC 30-60 [99]
NEXT-100 136Xe 100 Gas HPTPC 100-140 [100]
DCBA:MTD-1 150Nd 32 TPC 100 [101]
DCBA:MTD-50 '5°Nd 600 TPC 30 [101]]
MOON-I 100Mo 30 TPC 160 [102]]
MOON-II 100Mo 120 TPC 100 [102]
MOON-III 100Mo 480 TPC 45 [102]]

Table 4.4: A summary of effective Majorana neutrino mass limits for next generation Ov (303 ex-
periments currently under construction and which are due to start/have started data taking (top)
and future planned/in the R&D phase (bottom). The (m,,) limits have been quoted from the

references specified, where the authors have chosen a range of or one NME for the calculations.
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Figure 4.1: The claim for a 0303 signal of "°Ge seen at 2039keV by a subset of the Heidelberg-
Moscow collaboration [47]. An identified peak is seen at 2030keV and the 2'4Bi peaks are seen
at 2011, 2017, 2022 and 2053keV.

enrichment process for large quantities is available for "°Ge. The isotope also has good
efficiency and its NME is considered reliable. The Heidelberg-Moscow (H-M) and
IGEX (International Germanium EXperiment) experiments have obtained some of the
most stringent limits on (m,, ), as shown in Table

The Heidelberg-Moscow experiment ran from 1990 to 2003, with 11.5kg of "*Ge
(enriched to 86%). In 2001 a claim for discovery of a Ov3( decay signal was made
by a subset of the collaboration (Figure @.1)) [47]. For 71.7 kg-yr of data a half-life of
T, = 1.197555 x 10% years (30) was claimed, corresponding to (m,,) = 0.44%7 eV
(30) using the NME found in [103]]. This claim has received criticism due to an uniden-
tified peak seen at 2030 keV and incorrect relative strengths of the 2*Bi peaks at 2011,
2017, 2022 and 2053keV. It is also believed that the background and systematic uncer-
tainty of the experiment are underestimated. The IGEX experiment [104]] used a similar
technique to the Heidelberg-Moscow experiment and did not see evidence of a Ov3[3
signal and instead excluded it with a limit on the half-life of 777, > 1.6 x 10* years (at
90% CL). However the claim has not been fully excluded due to insufficient sensitivity
of current experiments and uncertainty in NME calculations. One of the main tasks of

the next generation experiments will be to investigate this claim.



4.2. Homogeneous Design Experiments 54

Two next generation experiments are being designed to investigate the Heidelberg-
Moscow claim, both using "°Ge (enriched to 86%). The GERDA (GERmanium Detec-
tor Array) experiment has evolved from the H-M experiment and will implement the
concept of using Ge diodes immersed in a liquid argon bath for background suppres-
sion. GERDA uses the "°Ge from the Heidelberg-Moscow and IGEX experiments (~
18kg) for the first phase of its running (GERDA-I), which has recently started data
taking. For the second phase of running (GERDA-II) another ~ 25kg of the isotope
will be added to reach a half-life sensitivity of ~ 1.4 x 10%¢ years, corresponding to
(m,,) ~100meV. The MAJORANA experiment is an evolution of the IGEX experi-
ment, which aims to investigate the feasibility and cost of constructing and operating
a 1 ton Ge detector. The demonstrator module of MAJORANA will use ~30-60kg
of "®Ge to reach a sensitivity of (m,,) ~70-200meV. Depending ont the findings of
GERDA and MAJORANA future plans for a 1 ton Ge experiment may be considered
by combining the GERDA and MAJORANA experiments.

The COBRA (Cadmium telluride O-neutrino Beta decay Research Apparatus) ex-
periment proposes to use semiconducting CdZnTe (CZT) crystals arranged in a large
array to carry out a search for Ov(33 decay for several isotopes and decay mechanisms,
using %7Zn, 19Cd, 1%8Cd, '?°Te and ''6Cd, with 1°Cd being the main isotope. 5+37,
BTEC and EC EC decay processes will be studied. COBRA is currently in its R&D
phase and is developing the use of pixelised CdZnTe detectors, which are unique in
Ov (3 decay physics and have the potential to reduce the experimental background by
several orders of magnitude using their tracking capabilities. COBRA plans to use a

total of 140kg of isotope to reach a sensitivity of (m,, ) ~ 45meV.

4.2.2 Bolometer Experiments

Bolometer 033 decay experiments use bolometers containing double beta decay iso-
topes to measure the increase in temperature when double beta decay occurs as a func-
tion of the energy deposited in the crystal. According to Debye’s law the heat capacity
of a single crystal is proportional to (T'/Tp)?, where Tp is the Debye temperature of
the crystal. The change in the temperature of the crystal per unit energy deposited is
inversely proportional to the specific heat of the crystal, therefore extremely low tem-

peratures of ~ 10mK are required to measure a noticeable rise in temperature in the
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required energy region.

MI-BETA [105, 106] was the first experiment to utilise the bolometric tech-
nique with a large array of *°Te crystal bolometers to search for 0v33 decay. The
CUORICINO experiment then followed, with a total mass of 41kg of TeO, (with a
natural abundance of '3°Te of 33.8% corresponding to 11kg of '3°Te) crystals op-
erating at 10mK (~0.2 mK/MeV). The experiment obtained a Ov(33 decay limit of
TY/, > 2.8 x 10*! years corresponding to (m,, ) < 0.3-0.7eV, which is competitive with
the world’s best limits and comparable to the limit presented in this thesis ({(m,, ) <
0.3-1.0eV). The next generation experiment CUORE (Cryogenic Underground Obser-
vatory of Rare Events) will utilise the successful bolometer technique to study 750kg
of Te0, crystals (corresponding to 203kg of '3Te) to a projected half-life sensitivity
of T/, > 1.1 x 10? corresponding to (m,,) ~ 40 - 90meV. The energy resolution
of the experiment reaches 5keV at 2500keV and has an expected background level of
~ 1072 — 1073 counts kg~ *keV~'yr~!. CUORE has currently started construction in

the Gran Sasso laboratory and is expected to start running in 2013.

4.2.3 Scintillator Experiments

The advantage of scintillator experiments is that they are generally less technically
complicated than the semiconductor or bolometer types. Both solid and liquid scintil-
lators can be used. The ELEGANT VI experiment used solid CaF, crystal scintillators
and obtained a limit of 77/, > 5.8 x 10* years on Ov33 decay of **Ca corresponding
to (m,,) <3.5 - 22eV. *®Ca has a large (5 value of 4.27MeV and is therefore a good
Ov (3 decay candidate as a lot of the natural radioactivity background is below the re-
gion of interest for its Ov 33 decay. However it has an extremely low natural abundance
of 0.19% and is currently very difficult to enrich to large amounts, with electromag-
netic separation possible but only for small amounts of “®Ca and with laser enrichment
currently being looked into. Currently only small amounts of *8Ca can be produced.
The CANDLES (CAlcium fluoride for studies of Neutrinos and Dark matter by Low
Energy Spectroscopy) experiment is a next generation double beta decay experiment
based on the success of ELEGANT VI and currently holds 200kg of CaF; scintillator
corresponding to a mass of ~ 0.2kg of “®Ca (known as CANDLES III), reaching a

sensitivity of (m,, ) ~ 500meV. The experiment will be expanded to contain 3 tons of
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CaF, (~ 3kg of 1Ca) to reach a sensitivity of (m,,) ~ 100meV.

The SNO+ (Sudbury Neutrino Observatory +) and KamLLAND-Zen (KAMioka
Liquid scintillator Anti-Neutrino Detector-Zen) experiments are the proposed next gen-
eration experiments to utilise liquid scintillator. The SNO+ experiment plans to search
for Ov 33 decay with '5°Nd, with solar and geo-neutrinos still a focus of the programme.
The experiment plans to use most of the SNO experiment (the experiment that con-
firmed solar neutrino oscillations) infrastructure and shielding, replacing the heavy wa-
ter with 1000 tons of scintillator loaded with natural Nd. A Nd-loading of 0.1% would
correspond to 56kg of 1°°Nd and a (m,,,) ~ 100meV. If *°Nd can be enriched then the
expreiment may reach a sensitiviy of < 100meV, however Nd purification and energy
resolution issues will need to be considered. The KamLLAND experiment is a one thou-
sand ton liquid scintillator detector designed to search for v, appearance with neutrino
oscillations, based in the Kamioka mine in Japan. Whilst reactor and geo neutrino mea-
surements will continue a 400kg balloon loaded with liquid 3¢Xe will be suspended
in the KamLAND detector to search for Ov(3( decay with a projected sensitivity of
(m,,) ~40-80meV. Phase I of the experiment is due to start data taking next year.
Phase II of the experiment will see an increase of mass to 1000kg of liquid '**Xe with
plans to improve the energy resolution of the detector. The experiment plans to run for

5 years reaching a total sensitivity of (m,,) ~ 20meV.

The EXO (Enriched Xenon Observatory) experiment is a time projection chamber
(TPC, Section which can also be of a heterogeneous design) which will use 1-10
tons of liquid xenon enriched to 80% *%Xe. The deposited energy is measured via
particle interaction reconstruction and charge collection, achieved by placing a high
voltage cathode wire at the centre of the detector surrounded by anode wires along the
detector’s circumference. Liquid xenon is an efficient scintillator, therefore using both
the collected charge and scintillator light leads to an improved energy resolution of the
detector. The first phase of the experiment (known as EXO-200) uses 200kg of xenon
enriched to 80% '*6Xe corresponding to a sensitivity of (m,, ) ~ 100-200meV and is
currently running. In August 2011 EXO-200 reported the first observation of 2v3(3
decay with 3Xe with a half-life of T’ 12/”2 = (2.1 £0.2) x 10*! years [84]. Depending
on the background level findings of EXO-200 and the feasibility of Ba-tagging the

second phase of the EXO experiment may run by trapping and identifying the daughter
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isotope of 13Xe - 13Ba - with the use of laser spectroscopy, significantly reducing
the radioactive background with Ba-tagging. The NEXT (Neutrino Experiment with
a Xenon TPC) experiment is a high pressure TPC filled with xenon gas, which allows
capabilities for tracking and calorimetry (with a planned energy resolution of 26keV
at the (35 value of '3Xe) and hence topological background suppression. The NEXT
experiment is currently in its R&D phase. NEXT’s first phase will run with 100kg of
xenon enriched to 80% 3°Xe to reach a sensitivity of (m,, ) ~ 100-140meV. Plans for

a ton-scale upgrade to the experiment are being considered.

4.3 Heterogeneous Design Experiments

The main advantage of a heterogeneous design experiment is good background sup-
pression, using particle identification and event topology. Heterogeneous experiment
designs include time projection chambers (TPCs), where the ionising liquid or gas is
loaded with a double beta decay isotope (or the double beta decay source is housed in
a foil within the TPC), and tracker-calorimeter detectors, where the double beta decay

isotope is housed in a source foil located in the middle of the detector.

4.3.1 Time Projection Chambers

TPCs employ the technique of using an electric field to drift ionisation electrons created
by an event to a charge collection device (usually a drift-cell). An image of electrolumi-
nescence can be produced with the use of a CCD or a multi-pixel photomultiplier tube.
The amount of ionisation in the chamber is proportional to the energy deposited in the
gas, allowing the energy of a double beta decay event to be measured. The density of
the gas and geometry of the chamber are therefore generally chosen to allow double
beta decay events to deposit all of their energy in the ionising gas. TPCs allow event

vertex reconstruction, which is important for background suppression.

The DCBA (Drift Chamber Beta Analyser) experiment is a TPC which will use
source plates to house *Nd. The TPC will have a 2 kGauss magnetic field running
through it so that the momentum of the particles can be extracted from the curvature of
the track. The main experiment, DCBA-T3 (now known as MTD - Magnetic Tracking
Detector [101])), will use Nd,O5 enriched to 60% '°°Nd and contains two detectors - a

single module detector (MTD-1) and a modular detector (MTD-50) comprising of 50
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modules. MTD-1 will hold 32kg of "“Nd corresponding to a (m,,_ ) ~ 100meV after
one year of running. MTD-50 will contain 50 MTD-1 like modules, holding 600kg of
150Nd with a projected sensitivity of (m,,) ~ 30meV.

The ELEGANT V detector used a TPC containing a helium gas mixture, sur-
rounded by arrays of scintillator and PMT counters with °°Mo and ''Cd isotopes
contained in source foils. The next generation MOON (Molybdenum Observatory Of
Neutrinos) experiment is based on the techniques used in ELEGANT V and will search
for Ov33 decay of °°Mo as well as study solar neutrinos. Three phases of the experi-
ment are planned - MOON-I, MOON-II and MOON-III. MOON-I will contain 30kg of
1Mo corresponding to (m,, ) ~ 160meV, MOON-II will increase the ®*Mo to 120kg
with a projected sensitivity of (m,,_ ) ~ 100meV and MOON-III will hold a total of ~
480kg of %Mo corresponding to (m,, ) ~ 45meV.

4.3.2 Tracker-Calorimeter Experiments

Tracker-calorimeter experiments are advantageous due to their powerful particle and
event topology identification, which are useful tools in background suppression, and
their ability to disentangle different O3 decay physics mechanisms. This type of ex-
periment also allows for several isotopes to be studied at once. The NEMO3 (Neutrino
Ettore Majorana Observatory, Chapter [5)) and NEMO?2 experiments were the first type
of this experiment to run. NEMO3, which ran from 2003 to 2011, housed seven dif-
ferent double beta decay isotopes. The main isotope studied is 1“°Mo with a mass of
6.9kg, corresponding to a sensitivity of (m,, ) < 0.3 - 1.0eV. Analyses are currently
underway to study all of the obtained data.

SuperNEMO (Chapter [9) is a next generation Ov(3( decay experiment based on
the successful tracker-calorimeter technique of the NEMO3 experiment. It will con-
tain 100kg of 32Se corresponding to a projected sensitivity of (m,,) ~ 50 - 100meV.
Following a 3 year R&D programme the techniques used in NEMO3 have been further
improved and new technology has been implemented to improve the energy resolution

of the calorimeter, the tracking efficiency and the Ov33 decay detection efficiency.
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Chapter 5

The NEMO3 Experiment and Detector

The main goals of the Neutrino Ettore Majorana Observatory (NEMO?3) detector (Fig-
ure are to study Ov33 decay to a sensitivity of 10?* years, corresponding to an
effective neutrino mass of 0.3 — 1.0 eV, and to carry out in depth studies of 2v33. The
experiment ran from February 2003 to January 2011.

NEMO3 consists of 10kg of source foils (Section [5.3)), containing seven double
beta decay isotopes with (g3 values ranging between 2.5 and 4.3 MeV and two source
foils for background measurement (Cu and "*Te). The geometry of the detector is
cylindrical with a height of 3m and a diameter of 5m (excluding the passive shielding
of the detector (Section [5.8)). It is split into twenty equal sectors (Figure [5.2), each
containing seven strips of source foils. The foils, arranged in a ring, are vertically
suspended and surrounded by the vertical wires of the drift-cell tracking chamber, used
for particle identification (Section [5.1)), and internal and external calorimeter walls and
petals, providing energy and time measurements (Section [5.2). The detector is located
in the Laboratoire Souterrain de Modane (LSM) in the Fréjus tunnel connecting France
and Italy and is covered by an overburden of 4800 metres water equivalent (MWE) to
reduce the incoming cosmic muon flux.

The summary of the main detector features and components can be seen in Table

[5.3]at the end of this chapter.

5.1 Tracker

The NEMO3 tracker provides three dimensional tracking of charged particles and con-
sists of 6180 vertically aligned, octagonal drift cells, which operate in Geiger mode.

Each Geiger cell has a 3.0cm diameter and is 2.7m long, containing a central stainless
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Figure 5.2: A NEMO3 sector showing the source foils and the calorimeter walls. The Geiger

cells (not shown) are located between the internal and external walls.
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steel anode wire (of a 50um diameter) surrounded by eight ground wires (with an extra
ground wire placed between layers of Geiger cells to avoid electrostatic cross-talk). The
eight ground wires are shared amongst adjacent cells in order to minimise the amount
of wire material used, which in turn minimises the scattering of electrons off the wires
and the radioactivity originating from the wires. A cathode ring (of a 2.3cm diameter
and 3cm length) is positioned around the anode wire at the end of each cell, with the
ground wires supported just outside of the ring. The characteristic operating voltage of
the anode wire is ~ 1600V.

On each side of the source foil the Geiger cells are organised in a 4 — 2 — 3 layer
configuration (Figure[5.3)), with four cells of layers closest to the source foil (in order to
maximise the vertex resolution, which ensures the event originated in the source foil),
followed by two layers of cells in the middle block and three layers next to the internal
or external calorimeter walls. There is a total of 309 Geiger cells in each sector. The
gaps between the layers are used to position the calorimeter counters on the top and

bottom of the detector (known as ‘petals’).

The tracking volume is filled with a gas mixture, consisting of 95% helium, 4%
ethyl alcohol and 1% argon at 10mbar above atmospheric pressure. The use of helium,
which is light and has a low atomic number (Z), allows good transparency of the wire
chamber by minimising multiple scattering (electrons lose ~ 30keV in the gas). The
ethyl alcohol in the gas acts as a quencher to limit the photoinosation process of the
fired cell by absorbing UV photons and also reduces the probability of neighbouring
cells being triggered. The argon is used to make the plasma propagation more stable as

it has a lower ionisation potential than helium.

When a charged particle passes through the gas in the chamber an ionisation of
an average of 6 electrons/cm is produced. These electrons travel to the closest anode,
accelerating (due to the increase in the electric field near the wire) from ~ lcm/us to
~ 2.3cm/pus. The time t4 elapsed before reaching the anode is used to calculate the
distance d of the track from the wire (d = k+/ta, where k is a constant), giving the
transverse position of the particle in the cell. In the Geiger regime this anode pulse
has a fast rise time of ~ 10ns and can be used as a reference for TDC measurements.
An avalanche is formed close to the anode wire, producing a Geiger plasma which

propagates along the anode wire at a speed of 6 — 7cm/us and is detected by the cathode
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anode wire ground wire

Figure 5.3: A top view of one NEMO3 sector showing the 4 — 2 — 3 Geiger configuration.
The large circles in the diagram show the positions of the calorimeter counters on the petals of

the sector.

rings at either end of the cell. The two cathode times, t;,, and tpo0m are used to

calculate the longitudinal position (y) of the particle, according to:

5= _Leff ttop - tbottom 1 — 0.505 x 10_4Leff (1 . ttop - tbottom):| (511)
2 ttop + tbottom 2 ttop + tbottom

where L.y is the effective length of the cell.
The average hit resolution of each Geiger cell is ~ 0.5mm in the transverse direc-
tion and ~ 0.8cm in the longitudinal direction, but varies with the angle of incidence

of the track to the wire [107].

5.2 Calorimeter

The NEMO3 calorimeter provides energy measurements (up to 12MeV) of the de-

posited particles and time of flight (ToF) information, whilst also acting as a trigger.
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There are 1940 calorimeter units, each made up of a scintillator, two light guides and a
3" or5" photomultiplier tube (PMT), depending on their position in the detector. The
units cover the cylindrical internal and external walls surrounding the tracking volume

as well as partially the top and bottom of the detector.

There are 480 petal scintillators and 1460 wall scintillators, with the shape and size
differing slightly according to their location in the detector (in order to fit the cylindrical
geometry of the detector). Typical dimensions of a block are 10cm x 20cm X 20cm.
The scintillator thickness was chosen to increase ~y-ray detection efficiency (50% at
500keV [108]]). The scintillator is made of polystyrene (PST), chosen for its low Z
value which reduces back-scattering of low energy electrons. PST is also easy to mass
produce, has good uniformity and is radio-pure. The PST scintillators are doped with
a solid solution of scintillation agent, p-Terphenyl (p-TP) and a wavelength shifter,
1.4-bis(5-phenyloxazol-2-yl) benzene (POPOP). Petal scintillators consist of 98.75%
PST, 1.2% p-TP and 0.5% POPOP, whilst wall scintillators consist of 98.49% PST,
1.5% p-TP and 0.01% POPOP. To increase light collection the four lateral sides of the
scintillator are wrapped in 350um (or five layers) of polytetrafluoroethylene (Teflon)
for diffusive reflection. Five faces of the scintillator (excluding the light guide coupling
face) are then further wrapped in 12um thick aluminised Mylar for specular reflection
and to protect the scintillators from the UV photons produced by excitation inside the

tracker, which can cause scintillation.

The light guides that couple the scintillator to the PMT are made from polymethyl-
methacrylate (PMMA). Whilst the scintillator blocks are placed within the helium gas
mixture of the tracking chamber in order to minimise energy losses, PMTs can age
rapidly when in contact with helium. The PMTs are also a lot more radio-polluted
(~ 60 to 340 times more than the scintillators) so it is important to keep them out of
the active volume of detector. The light guides also serve the purpose of isolating the
PMTs from the helium/detector volume.

The PMTs used are 3" (R6091) and 5 " (R6594) Hamamatsu types made from low
radioactivity glass and other components, with a fast signal rise time and good linearity.
The 3" PMTs, found on the internal wall and the inside petals, have 12 dynodes and
a flat photo-cathode. The 5" PMTs, found on the external walls and the outer petals,

have 10 dynodes and a hemispherical photo-cathode for structural integrity and need a
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second interface guide to match the PMT and the light guide. Each PMT has a p-metal
shield to protect it from NEMO3’s magnetic field.

All calorimeter counters have been tested and information such as gain, dark noise
and linearity can be found in a database. Deviation from linearity begins at ~ 4MeV,
satisfying the detector requirement of having good linearity up to the ()gs value of

the source foil isotopes studied (Section [5.3)). The energy threshold of the counters is

14.1-17.6%
VE(MeV)

spread of energy resolution measured over the 1940 calorimeter blocks) and the time

30keV. The calorimeter energy resolution is (quoted as a range due to the

resolution is 250ps (o at IMeV). A schematic of a calorimeter unit is shown in Figure

54
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Figure 5.4: Schematic of a NEMO3 calorimeter unit showing the coupling of the scintillator
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Figure 5.5: Distribution of sources in the NEMO3 detector.
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As NEMO?3 is of a heterogeneous design (Section 4.3)), meaning that the source and

the detector are independent, several double beta decay isotopes can be studied by the

detector. NEMO3 contains 8.8kg of seven double beta decay isotopes (1°°Mo, #Se,

H6cq, 139Te, 159Nd, *®Ca and °Zr) distributed throughout the detector as shown in

Figure [5.5] There are also two sectors in NEMO3 that contain ultra-pure copper and

nalTe, which provide sectors of high radiopurity largely free from internal backgrounds

and aid the understanding of the external background model.

The isotopes studied by NEMO3 were chosen according to the following parame-

ters:

e The ()33 value of the isotope, which should be relatively high to suppress back-

ground contributions in the Ov3/3 region coming from the 2°°TI and 2'*Bi decay

chains which have high () values of 4.99MeV and 3.27MeV respectively. A 7y

transition of 2.615MeV coming from 2°°T1 is particularly troublesome, therefore

isotopes with (Qgg > 2.6MeV are preferred. A larger (s value also increases
the phase-space factors, G% and G, for Ov33 and 2v3(3 decay.

e The possibility of obtaining high radio-purity of the source.

e The natural isotropic abundance of the isotope (typically, it should be > 2%).
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Natural Mass (kg)
Transition Qpp (keV)  Abundance in G (yr’ 1 G (yr™h
(%) NEMO3
10Mo — 1%%Ru  3034.8 + 6.3 9.6 6.914 8.9 x10718 4.6 x107™
828e — 82Kr  2995.2 +3.3 9.2 0.932 43 x107¥ 2.7 x10714
130Te — 139Xe 2528.8 2.1 33.8 0.614 4.8 x107*¥ 4.1 x10~
16Cd — H6Sn  2804.7 £ 4.2 7.5 0405 7.4 x107' 47 x107
1%0Nd — 1%0Sm  3367.1 +4.9 5.6 0.037 1.2 x107% 1.9 x10713
BCa— BTi 42720+ 4.1 0.187 0.007 4.0 x107'7 6.4 x107
%Zr — %Mo 3350.0 £3.5 2.8 0.0094 1.8 x107'7 57 x107*

Table 5.1: Double beta decay isotopes used in NEMO3. All isotopes have a ()gz value > the
2.6MeV ~-ray transition from 2°°T1 (except '3Te) and a natural abundance > 2% (except for
48Ca). Phase-space values are published in Reference [67] for all isotopes, other than for GWY

of 1Mo, which is published in [T11].

e A suggested large nuclear matrix element for both the Ov33 and 2v(33 decay.
There are currently many uncertainties in the calculations of nuclear matrix ele-
ments, therefore those that are favourable by theory to be large should be consid-

ered.

100Mo, 82Se, 16Cd, %Zr and '"“Nd were chosen as they have a natural abundance
> 2% and a Qgg value > 2.615MeV. **Ca was included due to its large Q35 value
of 4.27MeV and *°Te was included in order to obtain a direct measurement of its
2v 33 half-life and to solve the dispute between a number of inconsistent geochemically
measured 2vG3 half-lives [109, [110]]. Table summarises the seven isotopes studied
by NEMO3, their ()3 values, natural abundances, mass in NEMO3 and phase-spaces.

The detector holds 140 strips of source foil. Each sector of the detector has a
source frame on which seven strips of source foil are mounted. Each strip has a mean
length of 2480mm and a width of 63mm (if they are on the edges of the frame) or 65mm
(for the five strips in the middle of the frame). The thickness of the foil is a compromise
between the need for large source mass and the necessity to limit worsening of energy

resolution due to loss of electron energy inside the foil. The area density of the foil
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is 30 — 60mg/cm?, corresponding to a thickness of ~ 60um for metallic foils (*6Cd,
a fraction of '““Mo and Cu) or ~ 300um for composite foils, which are a mixture of
isotope source powder and organic glue (¥?Se, *Te, %Zr, °Nd, “®Ca and 64% of

IOOMO).

5.3.1 Characteristics of the !°Mo Source Foils

The isotropic abundance of ®°Mo in "*Mo is 9.6%. The enrichment process, car-
ried out in Russia, involved the production of MoFg gas from "**Mo, which was
then centrifuged to isolate heavy isotopes, such as °“Mo. The enriched MoFg then
underwent an oxidation-reduction reaction to produce a metalic *°Mo powder from
100Mo03. A total mass of 10kg was obtained, with enrichment levels of 95.14 4+ 0.05%
to 98.95 + 0.05%. When measured for radioactivity the samples were found to be too
radio-polluted and had to undergo further purification, using two different methods -
physical purification (to produce metallic °°Mo) and chemical purifaction (to produce

composite 1°°Mo).

5.3.2 Physical Purification of the Enriched '“’Mo Powder for

Metallic 1°“Mo Production

The %Mo powder was first pressed to obtain a solid °°Mo sample and then melted
with an electron beam in a vacuum to extract a mono crystal from the liquid. The
impurities contained within the sample are more soluble at the temperature the liquid
was melted to than 1°°’Mo and so were attracted to the extremities of the crystal. The
impure skin was then cut off from the crystal and the process repeated until an ultra-
pure mono crystal was obtained. Metallic strips (44 — 63um thick, 64 — 1445mm long
and 63 — 6bmm wide) were then fabricated from the crystal by heating and rolling
it in a vacuum. Three to five short strips were then attached together with Araldite
AW106/Hardener HV953U glue to create a source strip ~ 2480mm in length. Sector
02, 03 and 04 are fully occupied by metallic 1“°Mo. Sector 01 contains five strips of
metallic °°Mo and sector 05 contains a further two. The total mass of metallic 1*°Mo

contained in NEMO3 is 2478.94 4 5g.

Table shows radioactivity measurements of metallic '°°’Mo after purification

carried out with high purity germanium (HPGe) detectors.
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238(J chain 232Th chain

Isotope Mass (g) K 2°U 234Th 2MBi  28Ac 298]

Metallic °“Mo 2479 +5 <5 15403 <156 <039 <05 <0.11
Composite 1Mo  4435+22 <6 < 0.3 <15 <034 <03 <0.10

Table 5.2: Radioactivity measurements (in mBg/kg) for '°°Mo carried out with HPGe detec-
tors [107].

5.3.3 Chemical Purification of the Enriched Mo Powder for

Composite '""’Mo Production

A solution containing the enriched Mo powder, ultra-pure HyO, quartz distilled
HNO; and Ba(NOs3), (an almost radon free salt) was heated to dissolve the '°°Mo. The
solution was then further heated to increase the acidity and reduce the volume until the
100Mo precipitated as MoO3. The MoQs precipitate then underwent vacuum assisted
filtration to separate it from impurities in the sample, most of which are acid soluble.
The resulting compound was then rinsed, dried and heated in a quartz lined tube fur-
nace to further dry the powder and to reduce the MoOs to a purified metal powder,
typically containing < 2% O,.

The resulting powder was then sieved to select grains < 45um in diameter so that
a good bond between the powder and the Mylar foils used to hold the powder could be
achieved. It was then mixed with water and PVA glue and inserted into a syringe, which
was heated with ultra sound to obtain a paste. The paste was then spread between two
sheets of 18 — 19um thick Mylar, left to dry for 10 hours and then cut into source foil
strips of required size (2480mm long with a surface density < 60mg/cm?). Sectors 01,
05 and 10-16 contain composite 100Mo in various combinations, with a total mass of
4434.61 4+ 22g.

Table|5.2|shows radioactivity measurements of composite 1°’Mo after purification

carried out with HPGe detectors.

5.4 Electronics, DAQ and Trigger

The NEMO3 detector has an independent tracker and calorimeter, which allows indi-

vidual or interdependent triggering and data readout systems. This gives the flexibility
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to change the triggering for calibration and testing purposes of the detector, as well as

for acquiring (33 data.

5.4.1 Calorimeter Electronics

The high voltage (HV) for the PMTs is provided by three CAEN power supplies, which
each contain ten modules with 24 HV channels (providing 240 HV channels per power
supply). The HV is transferred to a sector through nine distribution boards, each con-
taining four channels. Each of the channels is split into three outputs, supplying HV for
twelve PMTs. The typical HV is positive 1800V for the 3" PMTs and positive 1350V
for the 5 PMTs.

Each sector contains 97 PMTs, which are divided into two sections by the source
foil - an internal (containing 46 PMTs) and external (containing 51 PMTs) section.
Each section has a motherboard, which contains either 46 or 51 dedicated signal pro-
cessing daughter cards for each PMT channel. There are 40 motherboards in total
housed in three Versa Module Europa (VME) crates.

The calorimeter DAQ electronic boards have a low and high threshold leading
edge discriminator. When a PMT signal exceeds the low level threshold (7mV, cor-
responding to 23keV) a TTL (Transistor Transistor Logic) ‘start’” command is sent to
the TDC (Time to Digital Converter). This opens the charge integration gate for 80Ons.
The high level threshold is set to 48mV (corresponding to 150keV) and if the required
multiplicity of active PMTs is achieved (usually one PMT) the first level trigger (T1) is
activated. The trigger logic then sends a ‘stop’ signal to the TDC, activating the ADC
(Analogue to Digital Converter). The relevant data are then read out and saved.

The TDCs have a time resolution of ~ 53ps/channel for 12 bits for a total time
of ~ 200ns. The ADCs have a charge resolution of 0.36pC/channel (corresponding to
~ 3keV/channel) for 12 bits and get saturated at ~ 12MeV.

5.4.2 Tracker Electronics

The HV for the tracker is supplied by two CAEN power supplies, each containing 16
HV channels. The tracker is made up of 18 concentric layers of Geiger cells, with
each layer requiring a slightly different HV to avoid electrostatic effects. The internal
nine layers are each powered by one HV channel, and the external nine layers are each

powered by two HV channels to supply a greater current. The HV is delivered to the
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tracker by distribution boards, which are also used to receive the analogue signals from
the anode and cathode rings. Each sector contains eight boards, which each contain 15
daughter boards with eight channels. Five of the daughter boards are used for the anode
signal, five for the top cathode ring and five for the bottom cathode ring. The typical
HYV on the anode wires is 1620 — 1650V.

The tracker acquisition boards amplify and discriminate the signal before initial-
ising the TDCs for the anode (tdc4), the top cathode ring (tdc;,,) and the bottom cath-
ode ring (tdcpettom). When running acquisition for 5 events the T1 trigger from the
calorimeter starts the tdc 4 measurement. The anode signal then sends a ‘stop’ signal to
tdc4 and a ‘start’ signal to tdcy,, and tdCpestom, Which are then ‘stopped’ by the signals
arriving at the cathode rings. The time difference between the tdc4 ‘start’ and ‘stop’
is used to obtain the drift time from the point of ionisation, t4. The time differences
between the tdcy,, and tdcyoron, ‘starts’ and ‘stops’ are used to obtain the longitudinal

plasma propogation times, t,, and tyosom (see Section [5.T).

In the case of a 33 event the ‘stop’ signal is sent ~ 6.4us after the ‘start’ signal.
However, the tracker has the ability to wait for up to 710us after T1 to look for delayed
Geiger hits produced by the troublesome 2'4Bi background (see Section[7.1). 2*Po is
the daughter isotope of 2'*Bi and undergoes o decay with a half-life of 164 s, produc-
ing a short ionization track in the chamber. By keeping a time window of 710us open

most of these events can be identified.

5.4.3 NEMOZ3 Trigger

The NEMO3 detector trigger has three levels: T1, T2 and T3.

The first level trigger, T1, is applied by the calorimeter. It requires the desired
mulitplicity of PMTs to be activated with energies > 150keV. For 33 acquisition only
one PMT is required. However, this changes for some of the other runs, such as cali-

bration with ®°Co, where two coincident PMT signals are required (see Section |5.3)).

The T2 trigger is applied by the tracker. It allows the use of a rough track recog-
nition programme, which is later refined by spatially connecting triggered Geiger cells
and PMTs, by requiring specific patterns of triggered Geiger cells. A half-sector of
NEMO3 contains nine Geiger layers and the T2 trigger requires Geiger hits in at least

three of these layers. At least two of these hits must also be in one (and the same) of
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the three groups of the 4 — 2 — 3 Geiger cell configuration (layers 0 — 3,4 —5or 6 — 8,
Section [5.1)).

The T3 trigger is only used during calibration runs. It checks for possible coin-
cidences between the Geiger hits in T2 and fired PMTs to select tracks coming from

radioactive sources positioned in the calibration tubes.

5.5 Energy and Time Calibration

For absolute energy and time measurements NEMO3 relies on dedicated calibration
runs with radioactive sources. Laser surveys are used for PMT gain fluctuation moni-

toring (for relative energy calibration).

The detector’s 20 sectors are each equipped with a vertical copper calibration tube
fixed on the same cylindrical radius as the source foil. Each tube has three pairs of
windows, covered by 25um thick kapton, one hole oriented towards the internal wall
and the other towards the external wall of the detector. The vertical positions of the
windows (z = —90, 0 and +90cm) have been chosen to optimise illumination unifor-
mity of the scintillator blocks. Radioactive sources are introduced into the top of the

tubes in long narrow Delrin rods. Each rod can support three source holders.

The absolute energy calibration of the PMTs is carried out monthly. The sources
used for this are 2°"Bi (Section and, less frequently, *°Sr. 2°"Bi provides two
calibration points from K-shell conversion electrons at 976keV and 482keV. °Sr decays
to Y via 3-decay with a half-life of 2.67days, providing a higher energy calibration
point at the endpoint of the 3 *°Y spectrum (2.28MeV).

60Co sources are used for the calorimeter time calibration. °°Co emits two co-
incident y-rays with energies of 1173keV and 1332keV. The relative time difference

between the signal of the two s is used for the calibration.

The gain stability of the PMTs is measured twice daily with a calibrated laser light
injection system. A small sphere of scintillator wrapped in Teflon and aluminium shifts
the wavelength of the laser beam to reproduce an ionisation signal. This signal is mon-
itored by six reference PMTs fitted with 2°“Bi and a pin diode, and is then transmitted
to the PMTs via an optical fibre. The linearity (up to 12MeV) of the PMTs is measured

on a yearly basis using a 7Smm variable optical attenuator disk.
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5.6 Radon Trapping Facility

One of the main backgrounds in NEMO3 (discussed in Section|/.1]), and all low back-
ground experiments, is >?Rn (radon), whose daughter '*Bi has a ) 5 value of 3.27MeV
and is in the region of interest for Ov 3. After one year of NEMO3 running it was dis-
covered that radon from rock surrounding LSM was diffusing into the detector through
the glued joints of the sectors, depositing ~ an order of magnitude more ?!“Bi on the
surface of the source foils than ?'Bi coming from internal contamination.

A radon trapping facility was installed around NEMO3 to reduce the amount of
radon present in the detector by an order of magnitude based on the design of the Super-
Kamiokande air purification system [112]]. The facility works by cooling fresh com-
pressed air to —50°C and flushing it through activated charcoal, which is also cooled
to the same temperature. The cooled radon is adsorbed (or ‘trapped’) by the porous
charcoal, where it decays with a half-life, T} /5, of 3.8 days. The radon free air is then
flushed into an air-tight polyethylene tent surrounding the NEMO3 detector, which pre-
vents any radon-infused air entering the detector. Air enters the trapping facility with
an activity of ~ 15Bg/m?® and leaves it with ~ 0.015Bg/m?, achieving a reduction fac-
tor of 1000. This translates as a reduction from an average total of 700 = 1mBq (or
37.7 £ 0.1mBg/m?) to 140 £ 1mBq (or 6.46 & 0.05mBg/m?®) [113] inside the tracking
volume of the detector (the reduction factor within the detector is smaller due to out-
gassing of radon from detector components), providing an acceptable level of radon
contamination.

NEMO3 data are split into two ‘phases’ according to the level of radon contami-
nation within the detector. ‘Phase I’ includes data from the beginning of the experiment
(February 2003) to September 2004, when the trapping facility was installed. ‘Phase
IT" includes data collected after the installation of the facility, from October 2004 to

January 2011.

5.7 Magnetic Field

There is a solenoidal coil surrounding the detector which produces a 25G (= 2.5 x
1073T) magnetic field parallel to the z axis of the cylinder (i.e. the Geiger cells), cre-
ated by passing ~ 30A of current through 203 loops of copper rods connected by

copper rings. The magnetic field allows charge identification using the curvature of the
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tracks and is used to suppress some of the backgrounds that mimic 2e~ common vertex
events, such as e - e™ pairs (with 95% efficieny at 1 MeV [107]]) and external electrons
crossing the detector.

The magnetic field also allows a measurement of the particle’s momentum. The
radius of the track gives the momentum component orthogonal to the field and the
helix pitch of the track gives the parallel component. However, the reconstruction of
momentum from a track’s curvature is less accurate than and not competitive with the

energy measurement given by the calorimeter.

5.8 Passive Shielding

It is extremely important to suppress as much of the background originating from out-
side of the detector (‘external’ background) as possible as it can mimic 33 events by
interacting within the detector (Section [7.4). To achieve this NEMO3 uses a set of
passive shielding surrounding it, consisting of an iron shield and a neutron shield.

NEMO3 is shielded from cosmic rays by the overburden of mountain surrounding
the LSM (4800mwe). The rock reduces the muon flux by a factor of one million at sea
level to 5 x 10~>m~2s~! measured inside the LSM.

The iron shield is used to reduce the y-ray flux coming from radioactive decays
from the surrouding rock and neutron capture. It is made of low radioactivity iron plates
(20cm thick) surrounding the detector in its entirety. It also acts as a flux return for the
solenoidal coil of the detector.

Spontaneous fission from Uranium and Thorium in the surrounding rock of the
LSM produces fast, thermal and epithermal neutrons. Once these neutrons are slowed
down by the iron shield they can be captured by the materials inside of the NEMO3
detector to produce high energy photons. In order to suppress this background a shield
made of 20cm of paraffin, 35cm of borated water (held in ten tanks attached to the
cylindrical external walls of the detector) and 28cm of wood (surrounding the petals
of the detector where borated water is inconvenient) is used. This structure surrounds
the iron shield. Fast and epithermal neutrons are slowed down and thermalised on the
hydrogen in the water. The thermal neutrons are then captured by the boron (which has
a high thermal neutron cross-section) through an (n,7) reaction, creating s, which are

shielded by the iron.
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The NEMO3 Experiment

Depth

Running Time

4800m water equivalent

February 2003— January 2011

Magnetic Field 25G (= 2.5 x 1073T)
Tracker
Gas Helium gas (4% ethyl alcohol, 1% argon)
Pressure 10mbar above atmospheric pressure
Drift Cells 6180
Wire Thickness 50pm
Wire Length 2.Tm
Single Hit Transverse Resolution 0.5mm [107]]
Single Hit Longitudinal Resolution  0.8cm [[107]
Calorimeter
Blocks 1940
Block Size ~ 10 x 20 x 20xcm3
Energy Threshold 30keV
Energy Resolution %
PMT Size 3" and5"

PMT Coincidence Time Resolution

250ps (o at 1MeV)

Foil
Diameter 3.Im
Height 2.5m
Thickness 30 — 60mg/cm?
Backgrounds
214R; ~ 300u:Bg/kg (for 1°°Mo)
208 ~ 20uBg/kg (for '“*Mo)

222Rn in tracking volume

37.7 (Phase 1) & 6.46 (Phase IT) mBq/m3[113]]

Shielding
[ron 20cm
Paraffin 20cm
Borated Water 35cm
Wood 28cm

Table 5.3: Summary of the NEMO3 detector features and components.
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Chapter 6

NEMOZ3 General Analysis Technique

NEMO3 analysis consists of generating simulated events (Section [6.1)), carrying these
events through the detector description (Section [6.1]), reconstructing the simulated and
NEMO?3 data events (Section and preselection of all events (Section [6.6). Follow-
ing this a statistical analysis is carried out for background estimation, a 2v(33 half-life

measurement and a search for Ov33 decay (Section |6.7)).

6.1 Monte Carlo Simulation

The NEMO3 simulation package (NEMOS) uses the GENBB [114] event generator,
which contains full kinematic and branching ratio descriptions of «, 3 and -~ events
for the required isotopes. Once generated, the events are propagated through a full
geometrical detector description (including resolution and detector acceptance effects)
created with GEANT-3.21 [[115]. This structure is used to produce Monte Carlo (MC)
simulations of the 2v33 and Orv(33 modes and Majoron emission processes to ground
and excited states for the source isotopes. The associated internal and external radioac-
tive backgrounds in NEMO3 are also simulated. The simulated events are stored in the
same format as the raw data collected by the experiment so that an identical reconstruc-

tion process can be carried out on both.

6.2 Reconstruction

In order to reproduce the same detector conditions for the reconstruction of the MC as
for the data the NEMO3 reconstruction package (NEMOR) connects to the NEMO3
database. The database stores information such as PMT, scintillator and drift cell char-

acteristics and calibration constants. The simulated MC events must correspond to the
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detector status during the entire period of data being analysed and are therefore dis-
tributed among the data acquisition periods (known as ‘runs’) as a function of run time.
The MC events are reweighted by the length of the data runs, so that the sample of
events in each MC file is proportional to the distribution of the events in the data. The
associated run status (a flag to identify the quality of a run e.g. run status = 1 cor-
responds to a good run and run status = 6 corresponds to a high radon run) is then
applied to each corresponding acquisition period. This produces reconstructed MC
with all intrinsic and running detector characteristics taken into account.

During the reconstruction the ADC and TDC signals collected in both data and
MC are converted to energies and times, the particle tracks are reconstructed and asso-

ciated to scintillator hits (in the case of electrons and positrons).

6.3 Particle Identification

Using NEMO3’s ability to combine calorimetry and tracking the experiment can iden-
tify electrons, positrons, v-rays and as.

An electron is identified as an ionization track of negative curvature (due to the
magnetic field) originating from the source foil and a deposit in a scintillator associated
to that track. A positron is identified in the same way, but with a track of positive
curvature.

As only charged particles produce an ionization in the Geiger chamber a v does not
leave a track and is identified as an ‘isolated’ single scintillator deposit (not surrounded
by any other scintillator hits, as shown in Figure[6.1]). The ey and e~y channels are used
to ascertain background activities in NEMO3 (Chapter[7), therefore it is important to be
able to distinguish them. Low energy s can scatter and hit a neighbouring scintillator,
producing two or more hits. When a situation arises where two scintillator hits next
to each other have been fired, as in Figure it is difficult to distinguish between
an ey event where the ~ has scattered to a neighbouring scintillator and a genuine e~y
event. Low energy -y interactions are modelled less precisely in GEANT-3.21, therefore
simulations do not reproduce scattering of low energy ~s accurately for these events.
The probability of a vy interaction with a single 10cm calorimeter block is ~ 50% for a
0.5MeV 7 [108].

An « particle is identified as a short straight ionization track in the gas of the
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Figure 6.1: Three scenarios showing scintillator deposits that are considered to be ‘isolated’
(no two scintillator blocks next to each other are fired), with the grid representing a set of
scintillator blocks and the ~y hit to the scintillator block represented in green. These events are

considered as suitable y candidates.

o

Figure 6.2: Two scenarios showing scintillator deposits that are considered to be ‘non-isolated’
(two scintillator blocks next to each other are fired), with the grid representing a set of scintil-
lator blocks and the ~y hit to the scintillator block represented in red. These events are not

considered as suitable v candidates.

tracking volume which does not leave a deposit in the calorimeter.

6.3.1 24Bi-2*Po Event Identification

A troublesome background for NEMO3 comes from 2“Bi (produced by ???Rn decay,
originating from the 23®U natural decay chain inside or outside of the detector), which
decays to 2'*Po with a ) value of 3.27MeV. It is important to be able to identify these
events as background in order to distinguish them from 2v/ 35 or Ov (3 events. This can
be done using Bismuth-Polonium (Bi-Po) delayed coincidence events, using electronics
as described in Section 214Po decays to an o with a half-life of 164 s, therefore
a Bi-Po event (Figure|6.3)) consists of a § accompanied by a delayed « (within a 710us
time window), with a common event vertex in the source foil or inside the tracking
volume. The « particle is identified as a straight short ionisation track (produced by
one or more delayed hits) in the gas volume of the tracking detector, without depositing
energy in the calorimeter. For events with only one accompanied delayed signal the
delay is required to be > 90us [113]]. For grouped hits (one or more hits within 2.1us
of each other, correlated in space) a delay > 30us is required [113]. These times were

chosen to exclude background non-« events caused by refiring coincidences produced
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Figure 6.3: NEMO3 event display showing a transverse view of a 2!4Bi-214Po event, with one

electron track (red) and a delayed « particle (green), with a common vertex in the source foil.

by the Geiger cells (caused by UV s and cross-talk between the cells). The maximum
range of a Bi-Po « in the helium gas of the Geiger chamber is ~ 36cm, therefore the
delayed hits are required to be within 35cm of each other. The distance between the
reconstructed vertex of the § and « particles is required to be < 15cm in space, with
IAXY| = V/AX? + AY? < 10cm in the transverse (z — y) plane and |AZ| < 15cm
in the longitudinal plane [116].

6.4 Time of Flight Criterion

Time of flight (ToF) information is used to distinguish between internal 2e~ and e™~y
events (originating in the source foils) and external events that mimic 2e~ events and
e~y events (originating from s outside of the source foils). These s come from
detector components and the rock surrounding LSM and can fake events used in the

analysis in the following way:

e ¢ v events (Figure 6.4): The external  crosses the detector after leaving a de-
posit in a scintillator and Compton scatters in the foil to produce an electron,
which leaves a second scintillator deposit. The ToF information is used to con-

struct ey internal and external hypotheses (similar to the two electron vertex hy-
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potheses described in Sections [6.4.1 and [6.4.2) in order to distinguish between

genuine internal ey events and fake external ey events, which originate from a

single external 7.

e ([ events (Figure[6.4): The external v Compton scatters in the initial scintillator
block and produces an electron that crosses the entire tracking volume via one of
the source foils, leaving two associated scintillator deposits and what appears to

be two tracks with an event vertex originating in the source foil.

Figure 6.4: NEMO3 event display showing a transverse view of (a) ey external (where an
external v leaves a deposit in the scintillator and Compton scatters inside the source foil to pro-
duce an electron, leaving a second scintillator deposit) and (b) crossing electron events (where
an external v leaves a deposit in the scintillator, then Compton scatters in that scintillator pro-
ducing an electron that crosses the entire detector volume), with presumed s (wavy black lines)

superimposed onto the display.

These fake 33 events are known as ‘crossing electron’ events and are a background
to the analysis. In order to distinguish between 3/ events that originate inside the
source foil (genuine events) and those that originate from external s coming from
outside of the detector (producing crossing electron events) two hypotheses are formed:
the two electron internal vertex hypothesis and the crossing electron external vertex

hypothesis. Each hypothesis, x?, takes the following form:

tex —1 h 2
2 = Moo — ten)” o tg) , 6.4.1)
aexp + Uth
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where t.,, is the experimentally measured time difference between the two scin-
tillator hits, ¢4, is the theoretically calculated time difference, and o, and oy, are the
uncertainties on the experimentally measured and theoretically calculated time differ-
ences respectively.

The TDC information, tﬁdc, from the two PMTs (: = 1, 2) is used to calculate the

probability of the event originating inside and outside of the source foil.

6.4.1 The Two Electron Internal Vertex Hypothesis (7 ,)

The internal vertex hypothesis assumes that the two electrons are emitted from the
source foil simultaneously. They then travel through the Geiger chamber and leave two
energy deposits in the calorimeter associated to two different tracks. The particles have

reconstructed track lengths L; (i = 1,2), a trigger time ¢{%, deposit an energy F; in the
tof

calorimeter, and have a ToF, ¢;"’, obtained from the reconstruction, (in natural units) of

L‘
ter = = 6.4.2)
Bi

where E; takes into consideration the energy loss in the gas of the tracking volume and

includes corrections for the energy calibration, and (3; is defined as

EZ(EZ + 2m€)

5i - Ei"_mea

(6.4.3)

where m, is the electron rest mass. The time of emission for each particle, assuming
internal origin, ¢, is then
int __ 4tde tof __ jtdc L 6.4.4
=" -4 = "B (6.4.4)
7

and the internal x? , ToF variable is written as

2

(-5)-(-5)

= i ~ nyJ (6.4.5)
tint

where afm is the sum of errors on the time o4, energy o and track length o, which

is defined as

2 ; 2 ; 2 ; 2
at'mt atznt 8tmt
Ofne = Y (875'? dc) O puac + ( 95 ) oy + ( 5 Li) o7, (6.4.6)

=1

and has the more explicit form of
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Figure 6.5: Distribution of the internal probability calculated from the time of flight for the

Composite Phase I 100\fo data set on a linear scale (a) and a logarithmic scale (b).
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The probability that the event is internal P(x?,,) is given by

2 int
P(xiy) =1-= /0 e da, (6.4.8)

where

1
r=———. (6.4.9)
1 + V 2X12nt

The internal probability built using this description is shown in Figure [6.5] for the
Composite Phase I data sample (Section [6.3).

6.4.2 The Crossing Electron External Vertex Hypothesis (y2,,)

The external vertex hypothesis assumes that an external « particle Compton scatters
in a scintillator to produce an electron, which then crosses the entire tracking volume
via a source foil and deposits energy in a second scintillator. Assuming that only one
particle crosses the tracking volume, it has reconstructed track lengths L; and deposits
energies I; in the calorimeter, and has a ToF, tt°f obtained from the reconstruction, (in
natural units) of

L, L,

ttOf - —I—

-, 6.4.10
53 (6.4.10)
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where (3, and (3; have the same form as (3; in Equation |6.4.3| but 3, takes into consid-
eration the energy loss of the particle as it traverses the source foil as well as through
the tracking chamber. The external x2,, ToF variable is then written as
((ttc/lc _ tzidc) _ ttof)Q
Xow = ——— 6.4.11)

Jtemt

where o2, has the explicit form of

1 o
= 2 ol me 2 (L) (02 102 ). 6412
— ti E1<E1 + m6)<E1 + 2me) 1 51 Ll 1

The probability that the event is external P(x?,,) has the same form as in Equation

6.4.8]

6.5 Analysis Data Set

NEMO3 data are split into two phases (Section [5.6) according to the level of radon
contamination present during the time of data acquisition. ‘Phase I (February 2003 -
September 2004) contains higher level radon data and ‘Phase II’ (October 2004 - Jan-
uary 2011) contains lower level radon data (taken after the installation of the radon
trapping facility). Phase II data collected up to December 2009 is presented in this
analysis. As mentioned in Section [5.3| the 1°°’Mo source foils are split into two cate-
gories: composite and metal foils. The analysis presented is carried out in four subsets
of data due to the individual background models required for each: Mo composite
foils Phase I, °“Mo composite foils Phase II, 1Mo metal foils Phase I and °°Mo

metal foils Phase II.

6.6 Event Preselection

In order to create a subset of a manageable size, yet one that is still flexible for cut
studies, the data and MC undergo a ‘slimming’ process, where loose selection criteria

cuts are applied. In order to select a 33 event the following criteria are required:

e Two negatively charged tracks (reconstructed from the direction of curvature)
originating within the '®® Mo source foil with two scintillator deposits > 200keV

associated to each track.
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e The event vertex is defined as the distance between the position of the two recon-
structed track vertices of intersection with the foil. As the source foils are 80pm
thick the vertex cuts are determined by the resolution of the tracking detector
(Section[6.6.1)). In order to maximise the positional resolution of the event origin
the distance between event vertices must be AXY < 4cm in the transverse plane
and AZ < 8cm in the longitudinal direction as an initial selection. This criteria

is further tightened during the final selection (Section [8.T]).

e The sum of the two tracks must be > 60cm. This number is chosen in order to
increase distinction between the internal and external hypothesis. Considering
a 60cm minimum of the sum of the two tracks (or ~ 30cm for each track) a
relativistic internal electron will travel its minimum track length (per particle) in
1000ps. An external electron will hence take 2000ps, which is significantly larger
than NEMO3’s time resolution (o = 250 ps at 1MeV).

e The event must be ‘internal’, hence the ToF probabilities are required to be x?, , >
1% (Section6.4.1) and x?%,, < 10% (Section [6.4.2) for the initial selection. This

criteria is further tightened during the final selection (Section 8.1)).

An example of a typical 33 event that has passed the listed selection criteria can

be seen in Figure [6.6]

6.6.1 The Two Electron Vertex Resolution

As the two electrons are required to originate in the same vertex to select 33 events
it is important to understand the vertex resolution of NEMO3. The vertex selection
requirements are determined by the resolution of the tracking detector and are taken as
~ Ho of the resolution. The transverse (AXY) and longitudinal (AZ) vertex distribu-
tions were studied with 2°"Bi sources placed inside the calibration tubes of the detector
(providing two simultaneous conversion electrons of a 2% relative intensity), giving a

measurement of the vertex resolutions:

0(AXY) = 0.6cm and o(AZ) = 1.0cm [107]. (6.6.1)
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Figure 6.6: NEMO3 event display showing a transverse view of a typical 3 event, with two
negatively charged electron tracks and two associated scintillator hits, with a common vertex in

the source foil.

6.7 Statistical Analysis

ROOTANA, written in C/C++/ROOT, is a statistical analysis package used for in depth
NEMO3 analysis. The software is used to optimise and apply further selection cuts
(Section [8.1)), to carry out likelihood fitting to determine the 230 half-life (Sections
[6.7.1] and [6.7.2)) and to search for Ov33 decay. If no Ov33 signal is found then an

exclusion of the signal at a specific confidence level is performed (Section |6.7.3)).

6.7.1 Likelihood Fitting of Monte Carlo to Data

In order to take into account the shape of the energy distribution ROOTANA uses a
maximised binned log-likelihood function [117]], where each bin is treated as an inde-
pendent search channel. Assume that the number of events, d;, in the i** bin is predicted

by the MC to be

where s; is the signal (2v3(3) and b; is all other backgrounds. Each bin follows a

Poisson distribution, therefore the probability P; to observe n; events is given by
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*didﬂi Si+bi( o, b\
p=2 % _° (si +0)™ (6.7.2)

The likelihood (L) is defined as the product of the binned probabilities (for a total

number of bins V) as

et I(Si -+ bz) g
L=][r=]] - : (6.7.3)
=0 =0
As the function is monotonic a logarithm of the function can be taken
N
In(L) = Z —(s; + b;) + n;In(s; + b;) — In(n;!). (6.7.4)

The first derivative is then taken (with respect to the total signal (number of 2v3(3

events), S) to find the maximum for L:

dln(L) 0o s\
5 _—1+;<5i+bias)_o. (6.7.5)

Equation is solved numerically for S to find the number of 23 events in the
experiment. The likelihood, L, follows a x? distribution. Hence, to determine the one
o error, AS, on S one must find the interval where In(L) (Equation 6.7.4) decreases by
1/, from its maximum value:

1

In(L(S)) — In(L(S + AS)) = . (6.7.6)

Equation is solved numerically for AS to find the error on the total number

of signal events.

6.7.2 Calculating the Half-Life

Like other decays, the isotopes under study in NEMO3 obey the radioactive decay law:

N = Nye ™, (6.7.7)

where Vj is the number of initial atoms in the sample, N is the number of atoms

remaining in the sample after time ¢ (the experimental run time) and A = % = 1;1(/22)

(where 7 is the average lifetime and 77/, is the half-life). As the half-lives involved are
large (of the order of 10?° years or more), A becomes small and a Taylor expansion of

the exponential in Equation can be taken, giving
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e M1 — )\, (6.7.8)

which is substituted into Equation to give

In(2)

1/2

Ndecay == No(l - (1 - )\t)) - No)\t == N(] t, (679)

where Nyecay = No — N and is the number of observed decays. The efficiency of the

detector, 7, is not perfect and therefore Ngc.q, must be corrected for

N ECQ’
Ndecay - decay (6710)
n
and 7 introduced into Equation |6.7.9;
Ndecay = T]No)\t, (6711)
where the initial number of atoms in the experiment, N, is expressed as Ny = NLM’“,

N, is Avogadro’s number = 6.022x10% mol~*, m is the isotope mass (in g) and M is

the molar mass (in gmol™1).

Solving for T3 /5 gives

In(2)t. (6.7.12)

6.7.3 Limit Setting and Confidence Levels

The search for Ov(33 involves looking for rare events with potentially high back-
grounds. When the statistical significance of a signal is too low to claim a half-life
measurement, the signal is excluded at a particular confidence level (CL). Using the
binned distribution of data, background and signal (similar to the method described in
Section provides a more robust and reliable method for limit setting compared to
simple counting experiments [[118}[119]].

The so called CLg method uses the log likelihood ratio (LLR) test statistic, which
is an optimal one for searches involving small statistics [120,121]. The LLR test checks
for consistency between data and two hypotheses: the ‘signal plus background, S + B’

hypothesis, which takes into account indication of new physics and the background,
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and the ‘background only, B’, hypothesis, which takes into account background only.
This is defined as

L(S + B)
L(B)

where L(S + B) and L(B) are the Poisson likelihoods for the S + B and B hypotheses

Q= (6.7.13)

respectively.

Substituting the S' + B (as defined in Equation 6.7.3]) and B hypotheses into Equation
gives

He (si4b0) (55 + b;)%i ;!

Q —b bxz /ZL‘Z )

(6.7.14)

N

=0

N
ITe '(S’+b> : (6.7.15)

=0 l

where i is the i bin of the histogram, s; is the number of expected signal (0v33)
events in bin 7, b; is the number of predicted background events and x; is randomly
obtained Poisson distributed pseudo-data given an expectation of p = s;+b; events. The
systematic uncertainties, o, on the expectations, p°, are assumed to follow a Gaussian

distribution,

— P (1 + Zg(gj)> ’ (6.7.16)
J

where g is a random number taken from a Gaussian distribution with a width of one
and a mean of zero, and o; is the j*" fractional uncertainty on the rate of p".
The LLR statistic in Equation is recast as a negative LLR (NLLR) and is written

as

X =NLLR = —2In(Q), (6.7.17)

N
-2} (Si —;In(1 + Z—)) . (6.7.18)
1=0 ‘

The generated x; is substituted with observed data, d;, to obtain the NLLR of the real

data (4). The confidence level (CL) in the S + B hypothesis (C'Lg, g) is given by
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* 0Psyp
ox

where Ps,p(x > Xq) is the probability to produce an outcome which is less like the

CLsyp = Psyp(X > Xa) = / dx; (6.7.19)

Xd

S+ B hypothesis than the observed data and is found by integrating the expected NLLR
distribution for the S + B hypothesis. Similarly, the CL in the B hypothesis (C'Lg) is
found by integrating the expected NLLR distribution for the B hypothesis, and is given
by

> 0Pp

xa YX

An example of NLLR distributions for the S + B and B hypotheses can be seen in
Figure The confidence level in the signal (C'Lg, which gives its name to the CLg

method) is then defined as

CLsyp
CLp '’

where C'Lg, g is divided by C'Lp to take into account downward fluctuations of the

CLg = (6.7.21)

background, which create inconsistencies between the expected background and ob-
served data. The limit is found by scaling the signal until C' Lg = 0.1 (or 1-C'Lg = 0.9,

a 90% confidence level), which is the convention for Ov33 searches.
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Figure 6.7: Example distributions of the NLLR (negative log likelihood) test statistic for the
expectation in the S + B hypothesis (red) and in the B hypothesis (blue) compared to observed
data (black). The regions used for the integral to obtain 1 — C'Lg and C'Lg g are shown [122].
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Chapter 7

NEMO3 ""Mo Background Model

NEMO3 is unique amongst Ov (33 detectors as the only backgrounds to the experiment
are those that mimic the signature of 23 and Ov 33 events, producing two tracks with
two scintillator deposits (2e~-like events), with an energy sum in the region of 2v3(3
and the ()3 value of Ov33 decay (2.5 — 4.3MeV). Any other background events, such
as « particles, which contribute to backgrounds in other Ov 3 detectors, are rejected by
NEMO3’s event topology. In particular, NEMO3’s sensitivity to Ov33 decay depends
on the number of background events found in the ()35 region. It is important to be able
to identify 23-like background events that remain in the data after event selection and
to statistically subtract them from the data to obtain the signal.

The NEMO3 backgrounds can be thought of in two categories - internal back-
grounds (Section[7.3)), originating from radioactive contaminants inside the double beta
decay source foils, and external backgrounds (Section [7.4)), originating outside of the

source foils.

7.1 Natural Radioactivity

The are two isotopes from the 232Th and ?**U natural radioactivity chains that are par-
ticularly dangerous to Ov/33 searches in the region of 3MeV (the ()35 value of **Mo),
whose decay schemes are shown in Figure 208T] is part of the 2%2Th chain, with
a Qg value of 4.99MeV and a half-life of 3.05 minutes (Figure [7.2). ?"Bi is part of
the #**U chain, with a Q3 value of 3.27TMeV and a half-life of 19.9 minutes (Figure
[7.3). Both of the isotopes decay via (3 emission and can mimic 23 events via certain
mechanisms (described in Sections[7.3]and[7.4)).

One of the focuses of the NEMO3 R&D was to suppress the amount of 28Tl and
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Figure 7.1: 238U and ?*?Th natural radioactivity chains, with the the ?*?Rn —2!“Bi and ??’Rn

—298T] transitions highlighted.

214Bj in the detector components to minimise contamination. Prior to installation into
the detector the components were measured with HPGe detectors, the results of which
can be seen in Table However, both 2°®Tl and 2'*Bi are produced by ??°Rn and
222Rn respectively, which enter the detector through diffusion from the surrounding
rock. 22°Rn has a short half-life of 55.6 seconds and therefore does not pose as much of
a problem as ?*Rn, which has a half-life of 3.82 days and has enough time to diffuse

through the concrete walls of the laboratory into the detector.

7.2 222Radon

222Radon is the most troublesome background for the experiment as it originates from
the 23U natural radioactivity decay chain and is therefore present within the detector
components and the surroundings. It therefore contributes to both the internal and ex-
ternal backgrounds of NEMO3. It diffusely permeates into the detector, providing a
steady supply of its daughter isotope, 2'Bi via two « decays and a 3 decay (Figure

[7.1). Various steps have been taken to reduce the level of radon contamination in the
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Figure 7.2: Heavily simplified 28Tl decay scheme, with a harmful ~y transition (in blue) at
2.62MeV with a ~ 100% intensity. 5 decays are represented by horizontal arrows and -y decays

by vertical arrows.

Activity (Bq)
Detector Component  Mass (kg) 2°TI  2Bi
Copper Frame 25000 <25 < 10
Iron Shield 180000 <300 < 300
Steel Frame 10000 <6 <8
Tracker Wires 1.7 <107 <6x107*
Scintillator Blocks 5000 <07 <03
PMTs 600 <302 <178
p-metal PMT Shields 2000 <2 < 2.7

Table 7.1: Radioactivity measurements of 2°8T1 and 2'“Bi (in Bq) for the main detector com-
ponents, carried out with HPGe detectors and extrapolated to the total mass of the component

[LO8].
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Figure 7.3: 214Bi decay scheme, with harmful + transitions (in blue) at 1.12MeV (with a 15.0%
intensity) and at 1.76MeV (with a 15.8% intensity). [ decays are represented by horizontal

arrows and -y decays by vertical arrows.

experiment, such as purification of materials and the installation of the anti-radon fac-
tory in the LSM (Section [5.6). Bi-Po events (Section [6.3.1) are used to measure the
level of 222Rn background and to exclude these events from the 33 analysis, using the
« decay of 2'Bi’s daughter isotope, 21*Po, which has a half-life of 164.s. Keeping a

time window open for 710us allows the as produced in the Bi-Po process to be tagged.

Phase I data (February 2003 - September 2004) has a total average radon contam-
ination level of ~ 700 & 1mBq (or 37.7 + 0.1mBg/m?®) inside the tracking volume of
the detector [[107]. NEMO3 data indicates that the o radon daughters are deposited
on the surface of the source foils, the Geiger chamber cathode wires and the reflective
wrapping around the scintillators [113]]. This supports evidence that ~ 87% of a-decay
daughters are positively charged [[123] and hence attracted to negative and grounded

surfaces.

After the installation of the anti-radon factory, the total average radon contamina-
tion was reduced to 140 + 1mBq (or 6.46 & 0.05mBgq/m?) insinde the tracking volume

of the detector for Phase II (October 2004 - present day) [107], as can be seen in Figure
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Figure 7.4: The 222Rn activity (in mBg/m?®) inside the tracking chamber measured on an hourly

basis for Phase I and part of Phase II (to the end of 2006) [113]].

7.3 Internal Backgrounds

Internal backgrounds are defined as those that come from isotopes decaying within the

source foils.

7.3.1 The 2v33 Tail

An irreducible background for NEMO3 is the overlap of the 2v(33 decay tail onto the
Ov(3 decay peak, as shown in Figure The energy resolution of the calorimeter is
key to discriminating between the Or and 2v distributions as their topological signatures
are identical. The thickness of the source foils was chosen so that the loss of energy
effects in the foils would not be greater than the intrinsic resolution of the calorimeter.
This is one of the dominant backgrounds to the search for O3/ decay for NEMO3 and
therefore must be extremely well measured and understood by the experiment in order

to estimate the number of 2v/(33 events contributing to the Ov3 peak.
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Figure 7.5: Overlap of the 234 tail onto the Ov33 peak, with indistinction between the two
due to the calorimeter’s non perfect energy resolution. The scale of the Ov (33 decay peak is

greatly exaggerated to emphasize the overlap.
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Figure 7.6: The three dominant internal background processes that mimic (33 events.

7.3.2 Internal 5 Emitters

(3 emitters, such as 2°8Tl, 2Bi and others, coming from radon and natural radioactivity
are contaminants present inside the source foils. They decay via 3 emission, typically
to an excited state, and can mimic §/ events via three mechanisms: (5 decay accom-
panied by an internal conversion (where the excitation energy of a daughter nucleus is
transferred to an orbital electron which is then ejected from the nucleus), Mgller scat-
tering (where an emitted [ particle scatters in the foil, ejecting a second electron) or
Compton scattering (where a ( particle emission is followed by a de-excitation photon,
which scatters in the source foil to generate a Compton electron). These processes are

illustrated in Figure/.6).
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7.4 External Backgrounds

External backgrounds are defined as those that come from isotopes which originate
outside of the source foils, including the detector components and the laboratory and
its surroundings. External background interactions are dominated by photon interac-
tions, which originate from natural radioactivity of the detector components and the
surroundings (Section and neutrons (produced in the surrounding rocks and detec-
tor components by spontaneous fission and the (a,n) reaction). The contribution from

cosmic muons is negligible due to the overburden of rock surrounding the laboratory.

7.4.1 Crossing Events

Crossing electron events (described in Section[6.4) are those produced by external pho-
tons Compton scattering in the detector components. The electrons produced can scat-
ter in the foil to create an event with two tracks and two scintillator deposits. This
background is reduced using ToF information and NEMO?3’s magnetic field, causing
external crossing electron events to curve into the same direction on the two sides of

the source foil as opposed to opposite directions for internal events.

7.4.2 ~-Ray Interaction with Source Foils

The external s can interact with the source foil to mimic 3 events via five different
mechanisms: pair creation, Compton scattering followed by Mgller scattering, double
Compton scattering, the photoelectric effect followed by Mgller scattering and Comp-
ton scattering followed by the photoelectric effect. Pair production occurs when a high
energy v (£, > 1.02MeV) interacts with the source foil to produce an electron-positron
pair. The positron can be misidentified as an electron in the reconstruction, mimicking
a (83 event. NEMO3’s 25G magnetic field is able to identify these events with a 95%
efficiency at IMeV [107]]. The external background processes are illustrated in Figure

77

7.4.3 External 2°°Tl and 2'*Bi

The 2°®T1 and 2'*Bi originating from 22°Rn (thoron) and ?>2Rn (radon) (as described in
Sections[7.1]and[7.2) outside of the source foils are considered to be part of the external

background, contaminating the tracking chamber.



7.5. %Mo Background Model 97

-
T

NVAV/

TE

(b) Compton Scattering

{a) Pair Creation :
+ Maoller Scattering

\/\/ i \/’\/ e
/\/\/\/@_< AN
L ®%Y’ .
S R
- ¥
{c) Double Compton {d) Photoelectric Effect + {e) Compton Scattering

Scattering Mgller Scattering + Photoelectric Effect

Figure 7.7: The five dominant external background processes that mimic 33 events.

7.5 '““Mo Background Model

The Mo internal and external radioactive background models used for the analysis
presented are existing models developed by the NEMO3 collaboration. A summary of
the 1°°Mo background model is presented. An in depth description of the background
model can be found in [113]. All backgrounds are identified using event topologies

obtained with NEMO3’s calorimeter-tracker technique.

7.5.1 '““Mo Internal Background Model

The internal background varies for the metal and composite °°Mo foils due to their dif-
ferent production techniques. ToF information cannot be used to reject internal back-
ground events. Instead, after topology event selection has been carried out to select 53
events, energy and angular distribution cuts are used. The components of the internal
backgrounds are radon (??2Rn) and thoron (*2°Rn) products deposited on the surface of
the foils and 3 emitters originating in the source foil.

The internal radon background component is measured using Bi-Po events (Sec-
tion . The analysis is carried out for each 1Mo sector, studied for layer by layer
of the Geiger tracking chamber in order to get an accurate description of the background

near the source foils.
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21Bj Contamination on the Surface of the '““Mo Source Foils

e The ““Mo composite foils are held together by thin Mylar films, which are also
considered to be a source of internal background. The activity for the Mylar was
obtained with HPGe detector measurements, prior to and post foil fabrication.
The 2'“Bi activity originating in the 1Mo composite Mylar films is set to the
value obtained with the HPGe detectors (0.59mBq [113]). The ?'4Bi contami-
nation of the foil is estimated both inside the foil and on the surface of the foil,
using statistical models based on electron distributions and MC simulations to
distinguish between the two. An electron coming from inside of the source foil
loses more energy (through interactions inside the foil) and therefore stops earlier
and has a distorted distribution compared to that of an electron coming from the

surface of the foil.

e The ®Mo metallic foils were produced from a °°Mo powder (without the need
for any Mylar to hold them together). The !“Bi contamination of the foil is
estimated both inside and on the surface of the foil, as described above for the

composite foil.

The 2°®T1 contamination is measured with the ey and eyyy channels. The (3
decay of 2Tl (its daughter isotope) is accompanied by a 2.62MeV + from the first
excited state of 2°8Pb [[124]] in ~ 100% of cases. It is accompanied by a second y (of 583
or 860keV) with a branching ratio of ~ 100%. There is a 35% chance for a third 7 to
be emitted during the decay. This places a selection requirement of the highest energy
v to have E, > 1.7MeV and the energy of the electron to be £, > (4.2 — X E,)MeV,
with an event vertex in the source foil [[113]].

At lower energies other isotopes, such as *°K (originating from the surrounding
rock), 222 Ac, 2'2Bi (both from the 2*>Th chain), 2**™Pa and 2'°Pb (both from the 23*U
chain), contribute to the background in the 2v33 spectrum. The le and ey channels are
used to study these backgrounds, requiring a track associated to a scintillator deposit
with energy > 500keV, with the event vertex in the *°Mo foils. An estimate of the *°K
activity was made with HPGe detectors and used as part of the internal model [[1235]].

Figure [126]] shows the internal backgrounds for the 1e channel for composite

and metallic foils for Phase I data. The internal backgrounds shown include ??Ac,
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212Bi and 2°®TI collectively (labelled as ??®Ra - backgrounds that originate from the
232Th chain), 2**Bi and 2'*Pb collectively (labelled as ??°Ra - backgrounds that origi-
nate from the 238U chain), 2>¥”Pa and %°K. ?!Bi is also shown as an individual com-
ponent (labelled as Radon, originating from ?*?Rn). The metallic foils also have a
contamination contribution from 2!'Pb and 2°"TI (labelled as 23U, originating from the
235U natural decay chain) due to the different production mechanisms for the composite

and metallic foils. The internal background model is summarised in Table[7.2]

10° %Mo composite, Phase 1 1%%10 metal, Phase 1

P 1]

z Ra228 - — Ra228

e Ra226 3 10 Ra226

5 10° — K40 5 U235
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Figure 7.8: Energy spectrum of the 1Mo internal backgrounds (for composite (left) and
metallic (right) foils) in the le channel. The sum of external backgrounds and backgrounds

originating on the surface of the foil and the wires are also shown [126]].

7.5.2 '““Mo External Background Model

The external background varies for Phase I and Phase II, due to the higher flux of radon
during Phase I running. The external background is divided into two categories: back-
ground events due to radioactivity inside the tracking chamber and background events
that originate outside of the tracking chamber (such as the calorimeter, the detector

shielding and the laboratory surroundings).

External Background Inside the Tracking Chamber

The main components that comprise the background inside the tracking chamber are
radon (*2Rn), thoron (**°Rn) and 2!°Bi (on the Geiger wires of the tracker). The exter-

nal background component originating from radon in the tracking chamber is measured
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Isotope Composite Foil ~ Metallic Foil
Activity (mBq) Activity (mBq)

28 Ac 1.86 0.79
2124 1.86 0.79
208 0.70 0.28
214Bj 0.25 0.26
214pp 0.25 0.26
234mpy 10.59 11.82
40K 68.82 12.94
21pp 0 17.97
207T] 0 17.97
214Bj in Mylar 0.59 0
214Pb in Mylar 0.59 0

Table 7.2: Summary of the main components of the NEMO3 internal background model (in

mBq) measured with the ea, ey, ey and le channels [113}[126].

using Bi-Po events (Section[6.3.1). The analysis is carried out sector by sector and layer
by layer of the tracking chamber to have an accurate description of the background near
the source foils. A cross check to measure this background can be carried out using the
ey channel as a large fraction of ?'*Bi events is accompanied by a high energy ~-ray.
The e channel provides a measurement of the systematic uncertainty of 22?Rn activity
within the Geiger chamber to within 10%. The 20 sector average of 214Bi contamination

in the tracker is 700 & 1mBq for Phase I and 140 + 1mBq for Phase II [113].

The thoron contamination is measured with the ey and ey~ channels with se-
lection criteria similar to that described in Section with the event vertex required
to originate on a Geiger wire. The average of 2°®Tl contamination in the tracker is
3.5 = 0.4mBq for Phase I and 2.9 + 0.4mBq for Phase II [113].

Another source of contamination in the tracking chamber comes from the -decay
of 219Bi from 2'9Pb, originating in the 238U natural radioactivity chain, with a half-life
of 22.3 years and a (g value of 1.16MeV. This does not pose a threat to the search for

Ov/33 but must be considered as a background to the 2v33 spectrum. The ?'°Bi and
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Activity (Bq)
Detector Component 4K~ 208T1 214Bi 2Mpp 228Ac OCo 219Bi
Copper Frame 0 0 0 0 6.09 0 0
Iron Shield 0 484 7360 0 1350 0 0
Steel Frame 100  3.07 9.12 0 8.54 6.09 0
Tracker Wires 0 0 0.198 0.198 0 0 12.6
Scintillator Blocks 21.5 0 0.38 0.38 0 0 30.4
PMTs 1080 27.0 324 0 72.7 0 0
p-metal PMT Shields 0 0 0 0 0 14.6 0

Table 7.3: Summary of the main components of the NEMO?3 external background model (in

Bq), according to detector components [[113]].

211Bi coming from ???Rn are not in equilibrium, with levels of 2'°Bi being much higher
than that of 2'*Bi. This is speculated to be due to ?'°Pb being deposited on the wires
of the tracking chamber during construction of the detector. The 1e channel is used to
estimate this background, with the event selection criteria requiring one electron track
with an energy deposit > 600keV with the vertex associated to a Geiger cell. Levels

between 2.11Bq and 18.37Bq are measured for different sectors of the detector [113].

External Background Outside of the Tracking Chamber

The external ~ flux that originates outside of the tracking chamber is measured using
ev-external and crossing electron events (Section [6.4). Out of the possible sources of
external v events the natural radioactivity in the detector components is the dominant
source of contamination, with half of the contribution coming from the cathode glass
of the PMTs. A summary of the external background model (including background

originating in the tracking chamber) can be seen in Table

The model has been verified using the ultra radiopure OFHC (oxygen-free high
conductivity) copper foils which occupy sector 0 of the 20 NEMO3 sectors. The e-
internal (coming from the copper foils) and 2e channels were used for the study. Figure
[7.9] shows the fit of the background model to the copper data for Phase I and Phase II.
A detailed study of the NEMO3 external background model is presented in [113]].
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Figure 7.9: Validation of the external background model with Cu foil events, showing the

distribution of the energy sum of the e~ and the -y for Phase I and Phase II data [[113]].
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Chapter 8

10'Mo Double Beta Decay Analysis

The analysis presented in this thesis focuses on the search for the 0v33 decay of 1°°Mo.
Existing NEMO3 collaboration models for the internal and external radioactive back-
grounds are used (as described in Chapter[7). Based on these models a 2v/3 half-life
measurement, which is an irreducible background to the Ov (33 signal, is made. A search
for Ov (3 decay is then carried out.

The double beta decay analysis of °°Mo is carried out as described in Chapter
6l The 2v(33 background, radioactive backgrounds and the Ov3( signal MC events
are simulated and propagated through a full detector description (Section [6.1)). The
MC and data are then both reconstructed, taking into account the status of the detector
at the time of acquisition (Section [6.2)) and undergo event preselection (Section [6.6)).
Following this the event selection is further refined (Section and the fitting of the
signal to data (including full internal and external background descriptions) is done

using the log-likelihood method (Section[6.7.1]).

8.1 Final Selection Cuts

Standard selection criteria have already been applied to the data and MC samples (as
described in Section[6.6). To select 33 events further cuts must be applied. The validity
of the cut is tested using the signal-to-background (S/B) ratio of the total of 2v/(3 events
selected after cuts to the total number of background events.

The 2v(33 signal (S) was obtained by running an MC simulation of 2v33 events
originating from the °*Mo source foils, and was then propagated through the NEMO3
detector description and normalised on a previously measured half-life of 1°°’Mo (using

Phase I NEMO3 %Mo data [80]).
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The background (B) to the signal was obtained by using control channels where
the signal contribution is negligible, selected using event topology (such as the eq, ey
and ey channels, discussed in Chapter [7)), to obtain the background activity. An MC
simulation was then run to select 23-decay like events normalised to the activity of the
background measured in those control decay channels.

Standardly, the parameter used for cut optimisation is S/o g, where o is the un-
certainty on the background B. However, as the background for the °°Mo analysis is
very small compared to the signal the fluctuation in o5 is very small and S/B becomes
a more informative variable. The cut study has also been carried out using the S/op
parameter, which lead to the same optimisation of cuts as using the S/B parameter.

Each cut was applied in turn to ensure the improvement of the S/B ratio obtained

for each successive cut (Figure[8.4). The selection criteria applied are:

e Require isolated scintillator deposits to exclude events where an e~ or a -y has hit
the centre of two scintillators or scattered into a nearby scintillator to avoid false

energy readings (Section [6.3)). This cut is MC driven.

e Require for any scintillator hits that are in the ‘petals’ (the top and bottom rings
of scintillators) to have a hit to the face of the scintillator (any hits to the side give
an inaccurate energy reading to due non uniformity in the light collection). This

cut is data driven by observation of poor energy readings in data.

e Require the track to be ‘internal’, with x? , > 4% and x?,, < 1%. These val-
ues were chosen to discard a large fraction of background events. Data are used
to determine afmt (the error associated with the two electron internal vertex hy-
pothesis (Section and o7, (the error associated with the crossing electron
external vertex hypothesis, Section [6.4.2)). These errors are then used as input to

the MC simulations.

e Require less than two fast Geiger hits (Geiger hits not associated to a track) on
the opposite side of the source foil with the reconstructed tracks within 15cm
of the event vertex. This suppresses false 33 events where electrons originate
from the wires of the tracker and interact with the source foil. Data are used to

measure the level of ?>?Rn inside the Geiger chamber. This measurement is then
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Figure 8.1: Geiger cell layout with respect to scintillators.

extrapolated to 2e~ events using MC simulations.

Require the two tracks to cross one of the first two Geiger layers, ensuring the
track originates in the source foil. This cut is driven by observation of Geiger cell

efficiencies in the data.

Require the two tracks to cross one of the last two Geiger layers, ensuring the
track ends near a scintillator. This cut was investigated in depth to determine
which group of scintillators the tracks should pass near to obtain the best S/B
ratio. The possibility of excluding events that end up with scintillator hits in
the petals was investigated as these events have poor timing, making it difficult
to distinguish between internal and external events [127]. This is because the
electrons have a shorter distance to travel to the petal scintillators than to the wall

scintillators, making the internal/external distinction more difficult.

As shown in Figure [5.3] there are nine Geiger layers on each side of the foil, in a
4 —2 — 3 layer configuration. Geiger layers 0 and 1 are near the source foil, 2 and
3 are near the ‘internal petals’ (the petal scintillators that are nearest to the source
foils), 4 and 5 are near the ‘external petals’ (the petal scintillators that are furthest
from the source foil) and 7 and 8 are near the scintillator walls, as illustrated in

Figure Three distinct possibilities of Geiger layer cuts were considered:

— Request that the two tracks cross Geiger layer 7 or 8. This will accept tracks

that mostly end near the wall scintillators. However, it does not explicitly
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reject all events that end up in the petal scintillators, as can be seen in Figure
which shows the distribution of scintillator hits after applying the cut. It
is possible for some of the events to scatter after interacting with the Geiger

wires, with some of the scintillator hits ending up in the petals. This is
known as ‘Scenario 1’ (Figure [8.2(a)).

— Request that the two tracks cross near any scintillator hit (if the scintillator
hit is on a wall request layer 7 or 8, if the scintillator hit is on an internal
petal request layer 2 or 3 and if the scintillator hit is on an external petal
request layer 4 or 5). This accepts any scintillator hit events (Figure [8.3).
This is known as ‘Scenario 2’ (Figure[8.2(b)).

— Request that the two tracks cross layer 7 or 8 if the scintillator hit is on a
wall, layer 4 or 5 if the scintillator hit is on an external petal and explicitly
reject any events that end up with hits in the internal petals. This accepts
scintillator hits in the wall scintillators and the external petals (Figure 8.3)).
Internal petals are the closest layer of scintillators to the source foil, there-
fore decreasing the distance of the track from the foil to the scintillator even
more than for external petals. Another reason to potentially exclude inter-
nal petal events is the identification of the curvature of the track, which is
done in the transverse plane (from a top view). When going to a petal hit
the track would only have four points in the Geiger layers for the curvature

reconstruction, which could be easily misreconstructed. This is known as

‘Scenario 3’ (Figure 8.2(c)).

The three different possibilities were also looked at as part of the S/B study (Fig-
ure [8.4), obtaining the ratio for the three different scenarios and thereafter. Sce-
nario 1 was found to give the highest S/B ratio and hence chosen as the cut to
apply. For this cut, data are used to measure the time resolution of the petal and
main calorimeter blocks. The resolution is then input into MC simulations to

optimise the significance of the measurement.

Reject any delayed o events, using Bi-Po events (Section [6.3.1). Data is used
to measure the level of 2?Rn present in the active volume of the detector using

control channels (such as the ea, ey and ey channels, discussed in Chapter
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[7). The measured activity is then input into MC simulations, which are used to

extrapolate to 2e~ events and to optimise the S/B ratio.

e Require a tight event vertex to maximise the positional resolution of the event
origin within the Mo source foils, with the distance between event vertices:
AXY < 2cm in the transverse plane and AZ < 4cm in the longitudinal plane.
Special calibration runs in the collected NEMO3 data are used to measure the
spatial resolution of the tracker detector, which is then input into MC simulations,

used for the S/B optimisation.

e Require events to originate within £120cm of the source foil in the longitudinal
plane (|Z| < 120cm). This suppresses extra ?'*Bi events found near the ex-
tremities of the source foils, most likely originating in the foil holders and/or the

scintillator faces, as discussed in [113]]. This cut is data driven.

Figure [8.4] shows the S/B study (where S = 2v(33 MC events selected and B =

expected number of background events) cut by cut, for the four different parts of the

analysis (1Mo Composite Phase I (Figure [8.4(b)) and Phase II (Figure [8.4(c)), and
190Mo Metallic Phase 1 (Figure [8.4(d)) and Phase II (Figure [8.4(e))). The fractional

error on S/B, o5/, is determined by the normalisation of the signal to the previously
measured half-life. The S/B ratio increases with each cut, showing that each cut is a
valid requirement for selecting 233 events. The breakdown of the above cuts applied

to the 2v3(3 signal and expected background (for Scenario 1) can be seen in Table

8.2 The 2¢~ Angular Distribution Correction

Using NEMO3’s topological information it is possible to look at the angular distribu-
tion between the two selected electron tracks. The angular distribution can be used
to verify the background model and as a discriminator between different O (33 mecha-
nisms [128]. A (1—cos @) distribution is expected due to the kinematics of 2v3( decay
(with back-to-back events being the most probable), however due to the detector geom-
etry and acceptance an altered distribution with an access of events at cos# = 0.6 — 0.8
is seen. As can be seen in Figure (showing the 1Mo Composite Phase I sample)
the fit of the total MC to the data are not perfect (with a x? of 126.6/25), with an ac-

cess of data events over MC at smaller cosf (< —0.7) and a depletion of events at
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Cut Applied Number of 2v33  Number of expected
signal events (S) background events (B)
Events generated 2.5 x108 2.5x 10
1: Preselection 129363 + 367 3179 £ 51
2: Isolated hits 123588 4+ 359 2974 + 50
3: No side hits to petal 117285 £ 350 2757 £ 49
4: Time of flight 113806 + 344 2581 +49
5: Non-associated fast hits 113430 £ 343 2443 + 48
6: GG layers near foil (0/1) 111507 £ 340 2305 £ 47
7: GG layers near wall (7/8) 95708 + 316 1919 £ 45
10: No delayed as 95534 + 315 1685 445
11: Axy < 2cm, Az < 4cm 87612 £ 302 1349 £ 43
12: Z £120 cm 87086 + 298 1290 + 26

Table 8.1: Cut breakdown applied to the 2303 signal (S) and expected background (B) for

Scenario 1 for the 1Mo Composite Foils Phase I sample.



8.2. The 2e~ Angular Distribution Correction 111

Phase 1, Composite: Signal/Backg i Br
h-] [
g H —®—— NOPETALS accopted |
I 60: ——a——  ALL scintillators accepted o
%’ [ WALLS and EXTERNAL PETALS accepted -5
& 55f /
1: Preselection '-é r //‘
2: Isolated hits @ 50F 4
3: No side hits to petals @ r
4: ToF 451
5: Non-associated fast hits £ /"ZK —a/
6: GG layers near foil {0/1) 40f /,
7: GG layers near wall (7/8) E o+
35
10: No delayed as PR AR ARV SPURVIN SRR SR B
0 2 4 3 8 10 12

11: Axy < 2cm, Az < 4cm
12. Z2: £120cm

7: If hit on wall, GG 7/8 (b) '°“Mo Composite Phase I
8: If hit on int petal, GG 2/3

9: If hit on ext petal, GG 4/5 o
10: No delayed as Phase 2, Composite: Signal/Background Breakdown
11: Axy < 2cm, Az < 4cm
12, Z2: £120cm

7. If h|t on waII GG 7/8 'WALLS and EXTERNAL PETALS accapted d‘l/“
8: If hit on ext petal, GG 4/5

80 k,
9: Reject all int petal events 75 /

10: No delayed as )__,/

After Cut Number

———— NO PETALS accepted
——#—— ALL scintillators acceptad

85

Signal/Background

11: Axy < 2cm, Az < 4cm 70 Pt

12, Z: +120cm o //]./1
60 A

55

(a) Cut Breakdown

R e T
After Cut Number

o
NA
N
o

(c) 1Mo Composite Phase II

Phase 1, Metal: Signal/Background Breakdown

E 65 —e— noPETALS accepted
° H ALL accepted J .—f‘l'
%’ 601 WALLS and EXTERNAL PETALS accepted /
8 L /i‘/‘
£ ss5F
o F
c E
o E
in 50¢

45F A

40F e

35f o8

0 2 4 6 8 10 12

After Cut Number

(d) 199Mo Metal Phase I

Phase 2, Metal: Signal/Background Breakdown

E ; ——8—— NO PETALS accepted
o 95( ALL accepted &
2 H WALLS and EXTERNAL PETALS accepted /"/
g oof
o E /
g a5
B aof . T

75F /

70F /"’4

65k v

0 2 4 6 8 10 12

After Cut Number

(e) 199Mo Metal Phase I

Figure 8.4: S/B (signal-to-background) cut studies for °“Mo Composite Phase I (a) and II
(b) and Metallic Phase I (c) and II (d), calculated after each cut is applied. The three different

Geiger layer scenarios are included in the study. The breakdown of cuts is shown in (a).



8.3. Laser Energy Corrections 112

0 < cosf < 0.6. Observing this result has led to a tuning of the MC using NEMO3
data (rather than trying to alter the detector description using GEANT-3.21).

NEMO3 calibration runs are carried out with 2°’Bi sources (Section on a
roughly bi-weekly basis, providing two conversion electrons at 482 and 976keV. The
acquired 2°“Bi data are processed in an identical way to the 33 data (as described at
the beginning of the section) and the distributions for the real calibration data and MC
are obtained. The discrepancy between the 2°“Bi data and MC is present, as it is in 33
events, therefore taking the ratio of the 2°’Bi data and MC and applying this ratio to the
(3 data provides an angular distribution correction (or a scaling) of the 3 distribution.
The result of the corrected 2e~ angular distribution (for the °°Mo Composite Phase I
sample) can be seen in Figure[8.3] giving a factor of 2 improvement of the x? to 63.5/25.

The speculative reasons for the physics behind this discrepancy are the following.
The first and the main reason is due to the imperfect modelling of electron multiple
scattering in the foils. This, in turn, is due to an inaccurate description of the foils
themselves. For example, the 1Mo composite foils were glued together with water
based PVA therefore at the time of installation there was water present in the foils.
This water could have evaporated over the running time of the experiment, causing the
description of the foils to be altered. In order to rectify this problem after dismantling
the NEMO3 experiment (the dismantling is currently underway) the foils will be care-
fully measured again in order to improve their description. The second reason is due
to the imperfect modelling of the response of the Geiger tracker cells, effecting the hit

reconstruction efficiency and hence the reconstruction of the tracks.

8.3 Laser Energy Corrections

As discussed in Section [5.5] a laser light injection system is used to monitor the gain
stability of the PMTs on a bi-daily basis. Laser Energy Corrections (LECs) are cal-
culated from these runs, used to correct the ADC energy distributions of the collected
data for the PMT gain variations (this work is currently being carried out by the collab-
oration and is yet unavailable) and to flag unstable PMTs. For the analysis presented in
this thesis the LECs were used to flag and remove “bad” PMTs from the data and MC
samples. The LECs are calculated separately for each period between absolute energy

calibrations carried out with 2°"Bi (Section|5.5)), with a run in the middle of the absolute



8.3. Laser Energy Corrections

1

Number of Events/0.08

2e Cosine
0000

-1 -0.8

data_p1_c (88426)
mo2b2n_p1_c (8.709 = 0.0) x10° A=(8.30= 0.0) x10?
bi214sw_p1_c (2.331+ 0.0) x10° A=1.21x10°
k40inbg_p1_c (1.61+ 0.1) x10° A=6.88 x10°
pa234minbg_p1_c (1.515 = 0.1) x10° A=1.06 x10”
pb214sw_pl_c (1.376 + 0.0) x10° A=1.21x10°
i214ex2_p1_c (1.08 = 0.1) x10° A=566.48
214ex11_p1_c 97.68 = 6.9 A=324.38

210sw_p1_c77.48:54A=9.93
bi214ex4_p1_c 65.65+ 7.6 A=7.36x10
sum of remaining backgrounds

Total MC = 88375 = 457
CHI*2/NDF = 126.6 / 25

-06 -04 02 0 02 04 06 08 1

Cosine

(a) Before angular distribution correction (linear)

2e Cosine

-0.8

-0.6

——+—— data_p1_c (88426)
mo2b2n_p1_c (8.709 £ 0.0) x10° A=(8.30z 0.0) x107
bi214sw_p1_c (2.331+ 0.0) x10° A=1.21x10°
k40inbg_p1_c (1.61+ 0.1) 107 A=6.88 <107
pa234minbg_p1_c (1.515 = 0.1) x10° A=1.06 x10°
pb214sw_p1_c (1.376 + 0.0) x10° A=1.21x10°
bi214ex2_p1_c (1.08+ 0.1) x10° A=566.48
bi214ex17_pT_c 97.68 = 6.9 A=324.38
bi210sw_p1_c 77.48 = 5.4 A=9.93
bi214ex4_p1_c 65.65 + 7.6 A=7.36 x10"
sum of remaining backgrounds

Total MC = 88375 + 457

CHIA2/NDF = 635 25

-04 0.2

0 02 04 06 08 1

Cosine

(c) After angular distribution correction (linear)

Number of Events/0.08

Number of Events/0.08

2e Cosine

113

newdata

Entries 88426
Mean -0.2412
RMS 0.621

04 06 08 1

Cosine

(b) Before angular distribution correction

(logarithmic)

2e Cosine

Enfries 88426
Mean  -0.2046
RMS  0.6283

-1
10775858

06 08 1

Cosine

(d) After angular distribution correction

(logarithmic)

Figure 8.5: Distributions of the cosine of the angle between the two electrons before (a and b)

and after (c and d) applying the angular distribution correction obtained from 2°7Bi calibration

data on linear and logarithmic scales respectively. This example is for the '°“Mo Composite

Phase I data sample.
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calibration chosen as a reference run. The energy, F, of the laser signal is calculated
for each PMT in each of the laser runs. A ratio, R, of the laser energy of a current run

E; to the laser energy of the chosen reference run E' is obtained:

=5

R (8.3.1)

The variation of the laser energy, V, is then estimated using the mean overall energies

of all the PMTs (carried out separately for 3 "and5" PMTs):

< E; >
V= . 8.3.2
< Ep > ( )

The laser energy correction coefficient, C;, is then:

C; = —. (8.3.3)

The values of the correction coefficient, C;, are then analysed to define stability flags

for the PMT:
e Flag 0: stable PMT

e Flag 2: A distribution of the PMT response to the laser light is plotted as a
function of time to determine whether the gain drift of a PMT is continuous with
time or shows erratic behaviour. If a linear fit obtained has a x? > 10 the PMT is

flagged.
e Flag 4: the variation of C; between two successive laser runs is > 5%

e Flag 8: the PMT is unstable during the absolute calibration causing the correction

amplitude to be > 5%

Flags > 2 are considered to be suspicious and only PMTs with flags < 2 are used in
the analysis presented in this thesis. At present moment the LECs are available for data
up to the end of 2009, which has determined the Phase II data set used for this analysis
(October 2004 - December 2009). Using the LECs reduces the 2v 33 efficiency for
1Mo from 3.6% to 3.3%.
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8.4 2v(33 Results

The 2133 **Mo simulations used for the analysis presented here are for the single state
dominance (SSD) hypothesis [[129, [130] which NEMO3 data favours over the higher
order state dominance (HSD) hypothesis. The four '“°Mo data samples (Composite
Phase I, Composite Phase II, Metal Phase I and Metal Phase II) are evaluated individ-
ually using the log-likelihood method (Section and are then combined to give a
half-life for the entire 1“°Mo data set.

The final cuts lead to the distributions seen in Figures [8.6] - where Figure
shows the Composite Phase I (‘CPI’) distributions, shows the Composite Phase II
(‘CPII’) distributions, Figure [8.8] shows the Metal Phase I (‘MPI’) distributions and
Figure [8.9|shows the Metal Phase II (‘MPII’) distributions. The figures show the 2v 33
signal described by the two electron energy sum, the angular distribution of the two
electrons and the single electron energy, which are useful for verifying the background
model and for discriminating between different modes of Ov3[ decay. The results
for each of the data sets are summarised in Table [8.2] showing the total run time, the
number of data events, the number of expected background events, the number of signal
events, the detection efficiency and the obtained half-life. The errors on the number
of expected background events, o, and on the signal events, og (05 = \/m,
where o is the error on the number of data events), are determined by the statistical
error on the large background MC simulation samples scaled down according to the
activity measured for those backgrounds and by the error on the measurement of the
background activities in the control channels. Due to the scaling down of the MC

sample o and og may have an error smaller than the square root of B and S.

The average S/B obtained is 68 for Phase I data and 96 for Phase II data.

8.4.1 Combining Half-Lives

In order to extract the 233 half-life for the combined data sample the backgrounds for
each of the four individual samples are all treated as independent background channels,
with an activity specified for each channel (extracted from the four individual data set
analyses). The data and signal (2v3( and different Ov (3 decay modes) are slimmed
and booked into one combined data set (containing Phase I, Phase II, metal and com-

posite 1°°Mo). The log-likelihood method is then used to extract the combined half-life
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Figure 8.6: Distributions of (a) the two electron energy sum, F; + F», and (b) legend, (c) the

single electron energy, F., and (d) legend and the cosine of the angle between the two electrons

on (e) a linear and (f) logarithmic scale respectively for the 1"°Mo Composite Phase I data set,

showing the top 8 contributing expected backgrounds (and the sum of the rest) and the 2v 33

signal. A S/B of 68 is obtained for the CPI data set.
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Figure 8.7: Distributions of (a) the two electron energy sum, F; + Fs, and (b) legend, (c) the
single electron energy, F., and (d) legend and the cosine of the angle between the two electrons
on (e) a linear and (f) logarithmic scale respectively for the '°°Mo Composite Phase II data set,
showing the top 8 contributing expected backgrounds (and the sum of the rest) and the 2v 33
signal. A S/B of 94 is obtained for the CPII data set.
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Figure 8.8: Distributions of (a) the two electron energy sum, F; + F», and (b) legend, (c) the

single electron energy, F., and (d) legend and the cosine of the angle between the two electrons

on (e) a linear and (f) logarithmic scale respectively for the Mo Metal Phase I data set,

showing the top 8 contributing expected backgrounds (and the sum of the rest) and the 2v 33

signal. A S/B of 69 is obtained for the MPI data set.
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Figure 8.9: Distributions of (1) the two electron energy sum, E; + Fs, and (b) legend, (c) the
single electron energy, F., and (d) legend and the cosine of the angle between the two electrons
on (e) a linear and (f) logarithmic scale respectively for the '°Mo Metal Phase II data set,
showing the top 8 contributing expected backgrounds (and the sum of the rest) and the 2v 33
signal. A S/B of 97 is obtained for the MPII data set.
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Set  Run Data Bkg Signal n Half-Life
Time x1018
CPI 341 88426 +297 1290 +£26 87086 298 3.6% 7.08 +0.02
CPII 1130 257913 £508 2708 +39 255173 £509 3.2% 7.27 +0.01
MPI 341 51167 £226 734+ 17 504154227 3.4% 6.54+0.03
MPII 1130 159600 4+ 399 1630 +23 157939 +400 3.3% 6.75 + 0.02

Table 8.2: Summary of the half-lives obtained for the 2v33 decay of °°Mo for the four data

samples, using the the log-likelihood method (i.e. not simply data - background). The run time

(in days), number of data, expected background and signal events, the efficiency (1) and the

half-life (in years) with the statistical error are shown.

(shown in Figure 8.10).

8.4.2 Systematic Error Discussion

The following uncertainties contribute to the systematic error of the 2v3(3 analysis:

e The largest contributing factor comes from the geometrical acceptance of the de-

tector and the reconstruction algorithm [[107]. The imperfect detector description
with GEANT-3.21 introduces a systematic error into the analysis. The recon-
struction algorithm tightens the vertex resolution between two tracks, also intro-
ducing a systematic error. The combined error is estimated by placing the 2°"Bi
calibration sources of known activities inside the detector. This data then under-
goes a 33 analysis and the number of expected events calculated from the activity
is compared to the number of observed events. The error contributes +5% to the

systematic error.

There is a +£1% error on the precision of energy calibration in the calorimeter,
which contributes +1% to the systematic error of the half-life (studied by fluctu-
ating the gain of the PMTs by +1%).

There is a +0.54% uncertainty on the mass of the 1°°Mo foils [107].

The external background model is determined with a precision of 10% [113].

The effect on the 2v3/3 half-life is observed by fluctuating the external back-
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ground model by +10% and is found to be negligible due to the large S/B for the

measurement.

e The internal background model is determined with a precision of 5% [[113]. The
effect on the 263 half-life is observed by fluctuating the internal background
model by +5% and is found to be negligible due to the large S/B for the mea-

surement.

e A systematic uncertainty is introduced by the imperfect modelling of the geom-
etry of the 1%’Mo source foils and how they vary with time (in particular the
composite foils) and of electrons passing through those different source foils. To
estimate the systematic uncerainty contribution from the source foils the analysis
is carried out on four different samples in order to study each type of source foil
and phase of running individually. The root mean square (RMS) value of a his-
togram of the individual sample measured half-lives weighted by their statistical
errors then gives the error due to source foil composition. The error from these

factors contributes ~ +4.0% to the systematic error.

A summary of the systematic error elements can be seen in Table [8.3] The total
systematic error contributing to the analysis is +6.5%, obtained by adding the individ-

ual independent components in quadrature.

Description Syst. Error (%)
Acceptance and reconstruction +5.0 [107]
Energy calibration precision +1.0
The mass of Mo +0.54 [107]

+10% external background precision negligible [L13]
+5% internal background precision negligible [113]

Source foil composition +4.0%

Total Systematic Error +6.5%

Table 8.3: Summary of the systematic error components for the 2303 analysis of '°°Mo.

The final combined result (Figure [8.10) for the 2133 half-life of 1“Mo for 1471
days of data taking, with 557191 + 746 data events and 6362 + 54 background events
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Figure 8.10: Two electron energy sum, E; + s, distribution for the combined Mo data set,

showing the data described by the sum of the expected external and internal backgrounds and

the 2v 33 signal.

selected, and 550727 4 774 signal events predicted (with an S/B of 87) with an effi-
ciency of 3.3%, including statistical and systematic (+6.5% as described in Table

errors is

Tify = [7.02 4 0.01(stat) £ 0.46(syst)] x 10" years. (8.4.1)

This is the world’s most precise measurement of 77}, for '%’Mo and can be com-
pared to the previous direct measurement of Tf/”Q = [7.11£0.02(stat) £ 0.54(syst)] x
10'® years obtained with the NEMO3 detector for Phase I data only [80] and 77, =
[7.240.9(stat) +1.8(syst)] x 10'® years obtained with a liquid argon ionisation cham-

ber [131]].

8.5 0v(3/3 Results

After applying the cuts described in Section [8.1] no excess of events is observed in
the Ov3/3 decay energy region and therefore a limit on the half-life is evaluated. Two
methods are used to set a limit. The first, known as the “Helene” method [132], is
a simple counting experiment which compares the number of observed events to the
number of expected background events within a specific energy window containing the
Ov (33 peak and if no signal is seen a limit is set. The drawback of this method is that

it is dependent on background fluctuations. The energy window selection is optimised
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by using the the following expression:

Ui
B+op’

(8.5.1)

where 7 is the efficiency of selecting the signal, B is the expected background to the
signal (from MC) and o 1s the error on the expected background to the signal. Maxi-
mum sensitivity is achieved when the expression reaches its maximum.

The second method is the CL, method (described in Section [6.7.3)). It is a more
conservative and robust method, which is less dependent on background fluctuations
and takes into account the shape of the energy spectrum. The final results are therefore

presented using the CLg method.

8.5.1 Neutrino Mass Mechanism

The neutrino mass mechanism, (m,.), (Section is the most discussed method
for the production of O35 decay. The optimisation for the Helene energy window is
carried out from a lower energy bound (starting at 2MeV) to an upper bound energy of
3.2, 3.1 and 3.0MeV, increasing in steps of 0.1MeV. Figure[8.11|shows the optimisation
study for 1Mo Composite Foils, Phase I data. In this case the energy window which
maximises Expression [8.5.1]is 2.9 — 3.1MeV. The CLg method uses the full energy
range of the 33 spectrum (0.4 — 3.2MeV, with 0.4MeV being a minimum energy re-
quirement of the 2¢~ sum energy to suppress low energy events). The evaluated Ov (3
limits for each of the four data samples are summarised in Table [8.4] (using the Helene
method) and Table (using the CLg method).

The four individual data samples are combined to obtain a limit for the total data
sample using the method described in Section A visual representation of the limit
obtained with the CLg method can be seen in Figure[8.12] The efficiency for observing
Ov(3[ decay with the CLg method is 12.5% and < 13.9 Ov3/3 events at 90%CL are
excluded. The combined limit (calculated at the 90%CL) for the Ov 33 decay of 1°° Mo

is

TYfy > 1.1 x 10* years. (8.5.2)

The limit is validated with the Helene method for an optimised energy window of

2.9 —3.1MeV, with 0 data events selected, 3.53 £ 0.38 background events expected and
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Figure 8.11: Optimisation of the energy window for the Helene method, using the optimisation

variable 1/(B + o). This example is for the 1°°Mo Composite Foils, Phase I data.

Helene Method
Set Energy Data Bkg Excluded n Limit
Window (MeV) Events (years)
CPI 29-3.1 0 06+1.0 <23 25% >19x10%
Cp1I 29-3.1 0 23+13 <23 22% >5.6x10%
MP I 2.8-3.2 2 18+09 <40 6.0% >1.4x10%
MP 11 2.8-3.1 2 25408 <37 56% >49x10%

Table 8.4: Summary of the limits obtained for the Ov33 mass mechanism mode for the four

data samples, using the Helene method. The Energy window selected by optimisation, the

number of selected data events, the number of expected background events, the number of

excluded Ov303 events at a 90% CL, the efficiency (1) and the limit are shown.



8.5. Ovf3[ Results 125

CLg Method
Set Data Bkg  Excluded n Limit
Events (years)

CPI 88425 88376 <11.8 13.6% >2.0x10%
CPII 257913 257881 < 11.9 123% > 5.9 x 10%
MPI 51167 51148 <83 12.6% > 1.5 x 10%
MPII 159599 159570 <71 12.4% > 5.6 x 10%

Table 8.5: Summary of the limits obtained for the Ov33 mass mechanism mode for the four
data samples, using the the CLg method. The number of data events, the number of expected
background events, the number of excluded Ov 33 events at a 90% CL, the efficiency () and

the limit are shown.

< 2.3 0v 303 events excluded at the 90% CL. The Ov 30 efficiency is 2.5% and the limit
obtained is 77, > 1.3 x 10** years at 90% CL.

8.5.2 Right-Handed Currents

The (\) parameter from the right-handed currents Ov/33 mechanism, described in Sec-
tion is investigated in this thesis as only the (\) parameter was available in the
GENBB generator used for NEMO3. The right-handed currents mode produces the
same energy sum distribution as the mass mechanism Or 3/ decay mode. The differ-
ences between the two mechanisms can be seen in the cosine of the angle between the
two electrons and the single electron energy distributions. The expected angular distri-
bution should follow (1+cos 6), however due to the detector acceptance and efficiencies
the angular distribution looks similar to the mass mechanism distribution, with a pref-
erence at smaller angles (cos ~ 1) for the (\) process. The single electron energy
distribution for the right-handed currents is asymmetrical. The asymmetry observed in

the single electrons,

Ey — By

= 8.5.3
E) + By ( )

Asymmetry =

can be used to discriminate between the two Ov35 decay modes. Figure [8.13] shows

the single electron energy (Figures [8.13(a)| and [8.13(b))), angular (Figures and
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Figure 8.12: Two electron energy sum distribution (zoomed in to the 1.5 - 3.9MeV energy
region for clarity) for the combined Mo data set, showing the sum of the expected back-
grounds, the 2v((3 signal and the combined limit on the O3 mass mechanism at 90% CL

obtained using the CLg method.

8.13(d)) and asymmetry (Figures [8.13(e)| and [8.13(T))) distributions seen in the Ov 303

mass mechanism mode and in the right-handed currents Ov33 decay mode. The exam-

ple shown is for 1’ Mo Composite sample simulations.

If a positive Ov33 decay signal is observed with significant statistics then the
asymmetry in the single electrons can be used to distinguish between the two decay
mechanisms [[128]].

The limit obtained, using the CLg method described in Section[6.7.3] for the Ov 33

right-handed currents mechanism for the combined data set, at the 90%CL, is

TIO/”Q)‘ > 5.5 x 10* years (8.5.4)

with an efficiency of 6.9% and an excluded number of Ov events <14.5 at the 90% CL.
A visual representation of the limit can be seen in Figure[8.14]

The limit is validated with the Helene method for an optimised energy window of
2.9 —3.1MeV, with 0 data events selected, 3.53 £ 0.38 background events expected and
< 2.3 0v 303 events excluded at the 90% CL. The Ov 30 efficiency is 1.3% and the limit
obtained is Tlo/”;‘ > 6.6 x 10% years at 90% CL.

As the two electron energy sum spectrum is the same for the mass and right-

handed currents mechanisms one would expect the limit obtained to be similar. How-
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Figure 8.13: Distributions of the mass mechanism (MM) and the right-handed currents (RHC)

Ov 33 mechanism showing (a) + (b) the single electron energy, F., (c) + (d) the cosine of the

E1—E5

angle between the two electrons and (e) + (f) the asymmetry, BT for the 19°Mo Composite

sample simulations.
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ever, due to the detector acceptance the efficiency for the right-handed currents angular
and single electron distributions is decreased (as described at the beginning of this sec-

tion), lowering the (\) limit.

NEMO-3
—— data = 557189
Mo 2v(R = 550727 £ 774
sum of bkgs = 6362+ 54
B Ov limit < 14.46

10°=

counts / 0.1 MeV

1075 2 2.5 3 3.5

E, + E, (MeV)

Figure 8.14: Two electron energy sum distribution (zoomed in to the 1.5 - 3.9MeV energy re-
gion for clarity) for the combined '°°Mo data set, showing the sum of the expected backgrounds,
the 2v3(3 signal and the combined limit on the Ov3( right-handed currents mechanism at 90%
CL obtained using the CLg method.

8.5.3 Majoron Particle Emission

The ‘Majoron’ O3/ mechanism involves the emission of one or two Majoron parti-
cles, described in Section [3.3.3] and produces a continuous energy spectrum (similar
to that of 2v3(3). The Majoron mode studied in this thesis is the spectral index n = 1
mode as nuclear matrix element (NME) calculations currently only exist for this mode
and therefore it is the only one that leads to an extraction of the Majoron to neutrino
coupling physics parameter.

The limit obtained, using the CLg method described in Section on the full
spectrum, for the n = 1 Majoron emission mechanism ((gxo>), which is the most dis-

cussed Majoron mode, for the combined data set, at the 90% CL, is

Tlo/”;‘0 > 5.3 x 10*? years (8.5.5)

with an efficiency of 9.0% and an excluded number of Ov events < 196.8 at the 90% CL

for an energy window of 0.4 - 3.2MeV. A visual representation of the limit for the n = 1
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Figure 8.15: Two electron energy sum distribution for the combined Mo data set, showing
the sum of the expected backgrounds, the 2v33 signal and the combined limit on the Ov (303

Majoron mechanism (n = 1 mode) at 90% CL obtained using the CLg method.

Majoron emission mechanism can be seen in Figure [8.15] The NEMO3 experiment is
the most sensitive in the world to the Ov(33 Majoron mechanism due to the mode’s
continuous energy spectrum and NEMO3’s ability to identify backgrounds using the
calorimeter-tracker technique for event topology. For a continuous energy spectrum
topological background suppression becomes much more important than background
suppression achieved with energy resolution. The continuous energy spectrum also
means that the Majoron emission mechanisms limits are weaker than the mass and

right-currents mechanisms due to a larger background contribution.

8.6 Discussion

8.6.1 2v33 Nuclear Matrix Element

There is a some uncertainty in the calculation of the Orv(G3 nuclear matrix element
(NME), M, which introduces the largest uncertainty into the extraction of the ef-
fective Majorana neutrino mass (and other Ov (33 decay mode physics parameters). Al-
though the NMEs M% (0v33) and M?” (2v3/3) are different a more precise knowledge
of M? can inform the M® calculations. As within the QRPA model NMEs have a
strong dependence on the g,, parameter (Section [3.4.2) it has been suggested [66, 133]]

to fix the g,, parameter to the experimentally extracted value of M?” for calculations of
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M. This makes the different calculations of A/%” within the QRPA model converge.

The experimental value of M?” can be extracted from the measured value of the 1°’Mo

half-life (Equation [8.4.1)), using Equation [3.2.3] reiterated here:
T2) " = G| M,

where G* = 8.9 x 107! yr~! and is the precisely calculable phase space factor eval-

uated for g4 = 1.25 [67]]. The obtained M?”, scaled by the electron rest mass, is

M?* =0.126 + 0.004. (8.6.1)

This value can be compared with the PHFB (Section [3.4.3)) theoretical calculation,
where M2 = 0.104 [134]. This is the world’s most precise measurement of M?” for
1%Mo and can be compared to the previous result of M = (0.118 4 0.005, based on a

combination of several previous measurements [[131]].

8.6.2 The Effective Neutrino Mass

An upper bound on the effective Majorana neutrino mass ({m,,.)) is extracted from the

limit on the O3 half-life (Equation 8.5.2)), using Equation [3.3.3] reiterated here:
2
[Tl()/y2]—1 — GUV‘MOVP (<7ZLV5>> ,

where G% = 4.57 x 10~ yr~! is the precisely calculable phase space factor evaluated
for g4 = 1.25 [111}135]. Table shows the obtained limits on the effective Majorana
neutrino mass as a function of g4 and g,, using the NMEs, M "o computed for the

QRPA, R(QRPA), PHFB and IBM-2 models (referenced in the table), where

MY — (%)2 MO, (8.6.2)

allowing the phase space evaluated for g4 = 1.25 to be used for all calculations. In-
cluding all NME uncertainties, the limit (at 90% CL) on the effective Majorana neutrino

mass is

(mye) < 0.3 —1.0eV. (8.6.3)

This is one of the world’s most stringent constraints on the effective neutrino Ma-

jorana mass and is comparable to the limit of (m, ) < 0.3 - 0.7eV obtained with the
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Model  ga g MO (Mye) (€V)  (gyo) (x107)  Ref.
QRPA  1.00 1.07 -3.103-2.257 0.75-1.03 049-0.67 [136]
QRPA 125 1.09 -3.931-2737 0.59-0.85 0.38-0.55 [136]
R(QRPA) 1.25 2vB33 2.685-2.875 0.81-0.87 0.53-0.56  [66]
R(QRPA) 1.00 2v33 228-240 097-1.02 0.63-0.66  [66]
R(QRPA) 125 2vB33 222-277 0.84-104 0.55-0.68 [133]
R(QRPA) 1.00 2v38 3.53-458 0.51-0.60 033-0.43  [133]
PHFB 125 - 6.72-7.72 030-035 0.20-023 [I37]
PHFB 1.00 - 471-545  0.43-050 028-032 [137]
IBM-2 125 - 3.73-422  055-0.63  034-041  [77]

Table 8.6: 90% CL upper limits on effective Majorana neutrino mass, (m,.), and the Majoron
to neutrino coupling, (g,0), as a function of g and g,, using NMEs calculated in the QRPA,
R(QRPA), PHFB and IBM-2 models.

CUORICINO detector for a total exposure of 19.8kg-yr of *°Te [88] and Klapdor’s
claim of (m,,) < 0.2-0.6eV (with a “best fit” of 0.4eV, which is starting to be excluded

with the result present here) obtained with the Heidelberg-Moscow experiment [47]].

8.6.3 The Majoron Neutrino Coupling Factor

An upper bound on the Majoron to neutrino coupling ({g,0)) is extracted from the limit
on the Majoron Ov 33 half-life (Equation [8.5.5) for the most discussed n = 1 Majoron
mode, using Equation [3.3.7| reiterated here:

P v v
[T10/2x ] 1 _ o X0|M0 |2<9X0>2’

where G9X° = 8.23 x 10716 yr~! and is the precisely calculable phase space factor
evaluated for g4 = 1.25 [67]. The NMEs, M, for the Majoron to neutrino coupling
are identical to those for the mass mechanism. Table shows the obtained limits on
the Majoron to neutrino coupling. Including all NME uncertainties, the limit (at 90%
CL) on the Majoron to neutrino coupling is

(gy0) < (0.2 =0.7) x 107*, (8.6.4)
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This is the world’s most stringent bound on the Majoron coupling constant, which
has been improved by a factor of ~ 2 compared to the previous world’s best result
obtained with NEMO3 ({(g,0) < (0.4 — 0.8) x 10~*) [138] and by a factor of ~ 4
compared to other experiments (for example, (g,0) < (0.8 — 2.3) x 10~* obtained
with the Heidelberg-Moscow experiment [79]). The differences in the range of (g,o)
presented here and the range of previous results is due to the range of the NMEs used
to extract the parameter, chosen by the authors, with a more conservative NME range

used for the result presented in this thesis.

8.6.4 The Right-Handed Currents Coupling Parameter

An upper bound on the right-handed currents coupling parameter (\) (describing the
coupling between the right-handed leptonic current and right-handed quark current
(Section [3.3.2))) is extracted from the limit on the right-handed current Ov (30 half-life
(Equation [8.5.4) using Equation [3.3.4] reiterated here:

[T10/1/2)\]—1 — GOV)\|MOV)\|2<)\>2,

where G%* is phase space factor. For the right-handed currents Ov/33 decay mode it
is more difficult to separate the M%* and G, therefore to extract a limit on ()\) a
coefficient, CY,, is used, which is a convolution of G®* and M [139]. Equation

then becomes:

[I775]71 = Ch(N)?, (8.6.5)

where CY, = 9.66 x 107'3 [139]. The limit on the right-handed currents coupling

parameter () is then

(\) <1.4x107°, (8.6.6)

This is one of the most stringent constraints on the right-handed currents admixture
parameter (\) and is comparable to (\) < 1.1 x 107¢ obtained with "°Ge experiments
[140] and to Klapdor’s claim of (\) < (0.6 — 1.6) x 107° (when taking into account
different NMEs) [1140].
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Chapter 9

The SuperNEMO Experiment and

Detector

The SuperNEMO experiment is based on the technology and success of the NEMO3
experiment, using a tracker-calorimeter detection technique for particle and energy
identification. It uses the same technology as that of NEMO3, with thin source foils
at the centre of a detector module, surrounded by drift cells operating in Geiger mode
(providing particle identification) and enclosed by calorimeter walls (providing energy
measurements). The detector will hold ~ 100kg of double beta decay source isotope to
reach a projected sensitivity of 10%° years (50 — 100meV effective Majorana neutrino
mass). An underground location is required for the experiment in order to screen it
from muons, as for NEMO3 and any low background experiment.

SuperNEMO underwent a three year R&D study in order to utilise and improve
the technique and technology used in the NEMO3 experiment, with five main areas of
focus: source foil production, tracker development, calorimeter development, ultra-low
background materials production and measurement and software development. The

construction of the experiment has now started.

9.1 The SuperNEMO Detector

The SuperNEMO detector will contain 100kg of double beta decay source foil (*2Se is
the first choice isotope to be used, with 1"°Nd and *8Ca being considered depending on
enrichment possibilities), providing a sensitivity of 10%° years (corresponding to 50 —
100meV effective Majorana neutrino mass). The detector is of a modular design with

two possible calorimeter designs: the ‘Baseline (or ‘Block’)’ design (Section [9.2.1)
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Figure 9.1: Views of a SuperNEMO baseline module: an enclosed module (~ 4m (height) x
6m (length) x 2m (width)) on the left and a view of the module’s components: (from left to

right) calorimeter wall, tracker, source foil, tracker and calorimeter wall (on the right).

and the ‘Bar’ design (Section[9.2.2). Each module is an independent, fully operational

detector able to start data taking as soon as it is built.

The baseline design (Figure @ consists of 20 modules (~ 4m (height) x 6m
(length) x 2m (width)), each containing 5kg of vertically suspended thin (~ 40mg/cm?)
isotope source foil (providing a total of 100kg), surrounded by ~ 2000 Geiger mode
drift cells and enclosed by the calorimeter walls (containing ~ 550 8" PMTs), com-
posed of square scintillator blocks. The advantages of the baseline design are the size
of the modules, providing flexibility in the location of the detector (as one underground
laboratory space may not be large enough to house all of the modules) and a faster
commissioning time, allowing for data to be taken sooner. Other main advantages (and

disadvantages) are considered in the calorimeter design (Section[9.2.1].

The bar design (Figure[9.2)) consists of 7 modules (2.8m (height) x 6.65m (length)
x 6.65m (width)), each containing 12.5kg of vertically suspended thin (~ 40mg/cm?)
1sotope source foil (providing a total of 105kg). The source foil is surrounded by Geiger
mode drift cells, which then have a calorimeter wall composed of vertical 2m long
scintillator bars (stacked up next to each other horizontally) on either side. This struc-
ture is repeated in a sandwich like design, containing 6 sheets of vertically suspended
source foils and 7 vertical bar calorimeter walls in each module. The advantages of

this layered bar design are more efficient v tagging (helping to identify and reduce the
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Source Foils

Tracking
Chamber

Calorimeter

Figure 9.2: Views of a SuperNEMO bar module: one complete module of 2.8m height x 6.65m
length x 6.65m width (on the left) and a cross-sectional view of a complete module, showing

the source foil-scintillator wall layered structure (on the right).

backgrounds to the experiment), reduction in cost and improvement in radio-purity due
to the calorimeter considerations (as discussed in Section[9.2.2).

In February 2010 the SuperNEMO collaboration made a decision to use the base-
line design for the SuperNEMO detector after considering the advantages and disad-

vantages of each design. The discussion regarding the decision is presented in Section

2.4

9.1.1 SuperNEMO Sensitivity

SuperNEMO’s sensitivity has been studied by taking into account detector effects
known from the experience with NEMO3 and by carrying out full detector simulations
and taking into consideration parameters such as the source thickness (20 - 40mg/cm?)
and radio-purity, the absence and presence of a magnetic field, calorimeter energy res-
olution and design and exposure time. The calorimeter energy resolution is one of
the dominant factors in achieving the required sensitivity (Section0.2)), with an innate
detector energy resolution of ~ 5% |I| originating due to the smearing of the energy
distribution caused by the electrons exiting the source foils (hence a source foil as thin
as possible is preferable). Therefore an energy resolution better than this cannot be
achieved. The target sensitivity of 10%¢ years (50 — 100 meV) has been confirmed with
simulations, as demonstrated in Figure @

Sensitivity is shown as a function of energy resolution for three source purity mod-

"Hereafter the energy resolution is quoted for electrons as % full-width half-maximum (FWHM) at

1MeV, unless stated otherwise.
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Parameters SuperNEMO  NEMO3
Isotope 82Ge 100Mo
Mass 100kg kg
Ov 33 Detection Efficiency 30% 18%
Energy Resolution \/%(’AEZJV) \/%(Z\Z?/)
211Bi Purity < 10puBg/kg < 300uBg/kg
208T] Purity < 2uBg/kg < 20uBg/kg
Exposure 500 kg years 30 kg years
777y Sensitivity 1 x 10% years 1 x 10%* years

Effective Majorana Mass (m,,, )

50 — 100meV

0.3 —1.0eV

Table 9.1: SuperNEMO R&D parameters and goals compared to those of NEMO3.

els (“2n2b”: the absence of 2“Bi and 2°*T1, “SN_bgr”: 214Bi and 2°®TlI at the target level
of SuperNEMO and “N3_bgr’:214Bi and 2°®TI at the level of NEMO3), a foil thickness
of 40mg/cm2, with the magnetic field switched on (at 25G) and off, and a fixed ex-
posure of 500kg years (Figure 9.3(a)). The sensitivity is also shown as a function of
exposure (in kg years) for the three source purity models, a foil thickness of 40mg/cm?,
with the magnetic field switched on (at 25G) and off, and a fixed energy resolution of
7% FWHM at 1MeV for the baseline and bar designs (Figure[9.3(b)).

9.1.2 SuperNEMO R&D

The SuperNEMO R&D focuses on four main areas for both of the designs (source foil
production, purification of materials, tracker development and software development)
and looks at calorimeter development for each of the designs individually. The main
goals of the SuperNEMO R&D, with comparison to NEMO3, are summarised in Table

Source production and purification can be achieved using chemical and distillation
methods, with enrichment possible through centrifuging. The radio-purity of the source
foils is of utmost importance in order to achieve the desired sensitivity. A dedicated de-
tector, known as the BiPo detector, has been designed and commissioned to measure

the level of 2“Bi (2*®TI) contamination in the source foils from the 238U (**2Th) ra-
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Figure 9.3: SuperNEMO half-life sensitivity for the baseline (labelled as ‘BASIC”) and bar
(labelled as ‘BAR’) designs as a function of (a) energy resolution with a fixed exposure of
500kg years and (b) exposure with a fixed energy resolution of 7% FWHM at 1 MeV for the
baseline and bar designs. Three radio-purity models are considered (the absence of 2!“Bi and
20871, 214Bj and 28T1 at the level of SuperNEMO and 2'Bi and 2°®TI at the level of NEMO3)
for a foil thickness of 40mg/cm? with the magnetic field switched on (at 25G) and off [141]).
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dioactivity chains to a sensitivity of 10uBqg/kg (2uBg/kg) [142]. The detector principle
is to place the source foils in between two scintillators, which will tag the electron
emitted by the 3-decay of 2Bi (>'2Bi) and subsequently the o emitted by the decay of
214pg (212pg).

Each SuperNEMO module (for the baseline design) contains ~ 2000 octagonal
Geiger drift cells (~ 5 x 10° wires for the entire baseline detector). The tracker de-
velopment focuses on optimising its operating parameters, such as the wire length, ma-
terial, configuration, detector readout and end-cap design. Challenges include plasma
initiation and propagation efficiency, crosstalk between the cells, and ageing and radio-
purity of the cells. Due to the large number of wires a dedicated wiring robot is being
developed for the mass production of the drift cells. A 90-cell tracker prototype has
been commissioned and tested with cosmic muons. The tracking studies carried out
show good plasma propagation and charge collection across 4m long anode wires and
good resolution (AXY: 0.7mm and AZ: 1.3cm) [143]].

The SuperNEMO software, including a full MC simulation, has been developed
using C++, ROOT and GEANT-4.9 based on NEMO3 experience. New algorithms

have improved performance of the reconstruction efficiency.

9.2 The SuperNEMO Calorimeter Design

The energy resolution of the calorimeter is of utmost importance to the success of

SuperNEMO), as can be illustrated by the following half-life sensitivity formula:

n2 - NA n M-t
T . | / 144 9.2.1
1/2 > A K/CL kag . AE [ J? ( )

where the energy resolution AFE (in keV at 1 o) is as significant as the isotope mass M

(inkg), the run time ¢ (in years) and the expected number of background events Ny, (in
kg 'keV~lyr!). Factors N4 and A are Avogadro’s number (6.022 x10% mol~!) and
the atomic mass (in gmol 1) of the isotope respectively, 7 is the detector efficiency and
ke 1s the number of s corresponding to the confidence level (usually 1.640 for a 90%
CL) of the Ov (3 half-life sensitivity Tlo/”z. One of the dominant backgrounds to Ov (343 is
the irreducible 2050 tail, making the energy resolution one of the determining factors
of the detector’s sensitivity to Ov33. This is demonstrated in Figure and can also

be seen in Figure where simulations carried out for 2Se with a calorimeter energy
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Figure 9.4: Calorimeter energy resolution simulations for 2Se for 500kg-yr, with the Ov 3.3
half-life (red) normalised to 10%¢ years. 12% (a) and 7% (b) FWHM at 1 MeV energy resolu-

tions are shown, illustrating the overlap of the 2v3 (black) tail.

resolution of 12% and 7% FWHM at 1MeV respectively and normalised to a 10%¢ year
Ov (3 half-life are shown. It can be seen that a much clearer separation between the

2v/3(3 tail and the Ov (33 peak is achieved with a 7% energy resolution.

SuperNEMO has a need for a robust calorimeter (using reliable and time with-
standing technology) with ease of manufacturing and assembly, which provides the
required energy resolution at a sensible cost. The calorimeter R&D for SuperNEMO
consists of three main areas of study: energy and time resolution (Chapters[10]and[12),

calibration and photomultiplier tube (PMT) radio-purity.

During five years of data taking the gain and stability of ~ 11,000 PMTs must
be monitored at a 1% level. The detector response must be linear, and any non-linear
effects must be monitored at a 1% level up to 3—4MeV (the region of interest for Ov3[3).
The absolute calibration system will use 2°’Bi sources (providing conversion electrons
with single energies of 482keV and 976keV) inserted into the detector on a monthly
basis. A UV-LED based light injection system is being developed for gain and linearity
monitoring. Using low activity alpha sources embedded into the scintillator to monitor
the gain is an additional possibility being studied. °°Co (providing two coincident s

of 1.1 and 1.3 MeV) will occasionally be used for absolute time caiblration.

Specific to low background counting experiments ultra-pure materials must be

used throughout the detector. One of the main sources of contamination comes from
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the PMTs, specifically from the photocathode glass, which is closest to the active vol-
ume of the detector. The PMT radiopurity requirements, depending on radon emanation
from the PMT glass, are: 2'Bi < 0.05Bg/kg and 2*®T1 < 0.004Bg/kg. These require-
ments for SuperNEMO have prompted development of low-background glass on a new
scale and the collaboration is currently working closely with Hamamatsu to develop a
radio-pure Barium salt free glass to reach the radio-purity requirements of the detector.
Currently, the radioactivity limits reached with glass containing Barium salt are K <
0.6Bg/kg, 2*Bi < 0.8Bg/kg and 2°*TI < 0.06Bg/kg. A PMT has been constructed and
tested using this Barium salt glass. Radioactivity levels of an order of magnitude better
have been reached with the silica Barium salt free glass being developed by Hama-
matsu, however a PMT has not yet been built using this silica glass. There are plans to

test this in the near future.

9.2.1 The Baseline Design Calorimeter

The baseline design is similar to that of NEMO3, however it uses polyvinyl-toluene
(PVT) scintillator instead of polystyrene (PST) scintillator. It consists of 308mm?
or 256mm? square PVT blocks with a hemispherical “cutout” directly coupled to 8"
PMTs (Figure[9.6(a)). Different geometries of the blocks have been considered and pre-
viously it was thought that optical simulations [145] and test bench measurements have
shown a hexagonal geometry (with a 28cm diameter and a 10cm minimum thickness)
to give the best performance. However, recently simulations and test bench measure-
ments have shown that normalising the area of a square block to the same area as that
of a hexagonal block give very similar energy resolution results [146]. The final size
of the square blocks will be decided by the end of 2011. An energy resolution of 7%
FWHM at 1MeV has been reached with the blocks [147]], with the big breakthrough
being made by coupling the scintillator blocks directly to the hemispherical 8 " without
the use of a light-guide. Instead, the block has a hemispherical cutout to enable the face

of the PMT to fit it directly.

The advantages of the baseline design are that a 7% FWHM at 1 MeV energy
resolution has been reached, good time resolution (250ps o at 1MeV E]) and the use

of well understood and proven technology of NEMO3. 11,000 block + PMT units

2Hereafter the time resolution is quoted for electrons as o at IMeV, unless stated otherwise.
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would be required for the full detector, which increases the cost of the experiment. The
number of channels used could potentially increase the radioactivity within the active

detector volume.

9.2.2 The Bar Design Calorimeter

The bar design consists of vertically placed 2m x 10cm (with the ends tapered to 6.5cm
at 45° angles in order to match the diameter of the bar to that of the 3 " PMT) x2.5cm
thick PVT bars with 3" PMTs at each end of the bar (Figure . The advantages
of the bar design are more efficient v tagging (enabled by the layered design of the
detector) and the reduction of the number of bar + PMT units to 5,000 — 7, 000 for the
full detector, reducing the cost of the experiment and the radioactivity within the active
volume of the detector. However, as the bar design is new unproved technology which
is more difficult to extrapolate from NEMO3, test bench measurements and simulations
must be carried out to see whether a sufficient energy resolution and time resolution
can be reached with this design to achieve the desired SuperNEMO sensitivity. Other
issues, such as uniformity and ageing of the bars, must also be considered.

The more efficienct 7 tagging of the bar design could mean that the time of flight
requirements for the detector could be relaxed. This would allow a smaller gap between
the source foils and the scintillator walls, which has been shown to increase efficiency
in simulations [[148]]. The bars also provide an increased impact resolution of 2 — 3cm.
As can be seen in Figure simulations have shown that an energy resolution of
9% at 1MeV could be enough to achieve the desired sensitivity of ~ 10%° years [141].
The sensitivity as a function of exposure for the bar design at an energy resolution of
9% can be seen in Figure

The test bench measurements and results for the bar design are presented in this

thesis.

9.3 The SuperNEMO Time Line

The construction of the SuperNEMO “demonstrator” module is currently underway.
The idea of the demonstrator module is to have one (of twenty) fully operational stand
alone SuperNEMO module containing 7kg of 82Se, which can start taking data and

testing the principles of the technology used for SuperNEMO as soon as it has been
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Figure 9.5: SuperNEMO half-life sensitivity for the bar (labelled as ‘BAR’) design as a func-
tion of (a) energy resolution with a fixed exposure of 500kg years and (b) exposure with a
fixed energy resolution of 9% FWHM at 1 MeV. Two radio-purity models (the absence of 2!4Bi
and 2°8T1 and 2'“Bi and 2°®TI at the level of SuperNEMO) and four foil thickness models

(20mg/cm?, 40mg/cm?, 60mg/cm? and 80mg/cm?) are considered [141].
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0

(a) Baseline design calorimeter (b) Bar design calorimter unit

unit

Figure 9.6: SuperNEMO (a) baseline (a 308mm? or 256mm? block coupled to an 8 ” PMT)
and (b) bar (2m x10cm x2.5¢cm PVT bars coupled to 3” PMTs at each end) calorimeter unit

designs.

commissioned. The demonstrator will be installed and commissioned in the Labora-
toire Soutterain de Modane (LSM) within 2013 and begin running at the end of 2013.

In parallel to the demonstrator running the rest of the SuperNEMO modules will
start being constructed in 2014, with each module being commissioned and starting
running as soon as it is ready, utilising the advantage of the modular design of Su-
perNEMO. By 2019 SuperNEMO hopes to reach its design sensitivity of (m,, ) ~
50-100meV.
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Chapter 10

Parameters Influencing Energy

Resolution

The energy resolution of the calorimeter is an important factor in achieving the desired
SuperNEMO sensitivity, as described in Section However, other calorimeter re-
quirements must be considered, which can limit the methods used to achieve the desired
energy resolution. The PMT considerations include the quantum efficiency, cathode to
first dynode collection efficiency, uniformity, gain stability and linearity, and radio-
purity. The scintillator material must be considered, requiring a low Z material in order
to minimise back-scattering of external low energy electrons to maintain the detection
efficiency. The radio-purity of the scintillator must also be taken into account. The

calorimeter must be relatively easy to manufacture and assemble, at a sensible cost.

The general structure of a calorimeter unit consists of a scintillator bar wrapped
in a reflective wrapper optically coupled via a gel to a 3 " PMT at each end. Each of
these four components and their influence on the energy resolution are considered in

the sections that follow.

10.1 Energy Resolution

In order to achieve a sensitivity of 10?® years SuperNEMO’s calorimeter requires an

unprecedented energy resolution for plastic scintillator. The energy resolution, %,
is dominated by stochastic photon fluctuations for scintillation detectors. For a high

number of photo-electrons (V. > 20) the statistical error \/le_ is reduced and leads
pe

to an optimisation of the energy resolution, which is expressed as:
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AE _ 2.350 _ 2.35 (10.1.1)

E E «/Npe’

where N, is the number of photo-electrons and the factor of 2.35 converts 1o to the

full-width half-maximum (FWHM). The energy resolution can be shown as three ex-
perimental objectives:

% . (light (QEPMT . 6PMT) — N (10.1.2)

E col col — 4Vpe,
e

where % is the number of photons per unit energy and is determined by the scintil-

lator light output (the number of detected photo-electrons). elciogg

" is the light collection
efficiency and depends on the material, surface treatment and geometry of the scintilla-
tor, the reflector material and its efficiency and the optical coupling quality (gels, light
guides etc). Intrinsic characteristics of the PMT include the quantum efficiency (QE)
of the photo-cathode Q EPMT | the collection efficiency M7 and, to a lesser extent,

col

the gain of the first dynode.

10.2 Photomultiplier Tubes

The dominant factor in influencing energy resolution for PMTs is the quantum effi-
ciency (QE) of the PMT’s photo-cathode. There are three main manufacturer con-
tenders for SuperNEMO PMTs: ETL (Electronic Tubes Limited), Hamamatsu and
Photonis. Significant breakthroughs have been made with new bi-alkali photo-cathodes
developed by Hamamatsu and Photonis, with a QE range of 35 —43% at the peak wave-
length. ETL are currently in the R&D stage of their high QE development, however
they produce very radio-pure PMTs and have therefore been considered in the study.

The PMTs used for the study of the bar calorimeter design and their characteristics are

given in Table
10.2.1 ETL (Electron Tubes Limited)

Whilst ETL are still in the R&D phase for their high QE photo-cathode development,
they are known for producing very radio-pure PMTs. Equation [9.2.1] shows that the
number of background events (/Vy,) and the energy resolution (AE) have the same
significance for the Ov33 decay sensitivity. Other PMT factors which affect the energy

resolution, such as the first dynode collection efficiency and gain, are not explicitly
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Type Cathode Quoted QE at Dynode Gain
Z(in.)  Max QE 400nm Stages

ETL 9390KB 5” 28% 26% 10 ~ 106

Hamamatsu R6233-100 3 35% 32% 8 2.3 x 10° [149]

Hamamatsu R6233-100-S 3” 43% 40% 8 2.3 x 10° [149]

Photonis XP5312 3” 43% 43% [150] 8 2.4 x 10°

Photonis XP5302 3” 45% 45% 8 2.4 x 10°

Table 10.1: SuperNEMO bar design calorimeter candidate PMTs and their characteristics.

Independent measurements were carried out where referenced.

stated by manufacturers and therefore must be investigated. It is possible that these
factors, combined with the radio-purity of the PMTs, may be enough to compensate for
the lower QE of the tubes to maintain the SuperNEMO sensitivity.

Two 5 9390KB ETL tubes with a peak QE of 28% were used for testing of the
calorimeter bar design (the wavelength vs. QE of the tubes can be seen in Figure
[10.1(a)). The photo-cathode of the tubes is bi-alkali and the PMT window is made of

borosilicate glass.

10.2.2 Hamamatsu

Hamamatsu have developed high QE Super-Bialkali (SBA - R6233-100) and Ultra-
Bialkali (UBA) photo-cathodes with peak efficiencies of 35% and 43% respectively.
3" UBA select tubes are not yet available for the market, however SuperNEMO was
provided with proto-type ‘SBA-Select’ tubes (R6233-100-S) for testing, which are es-
sentially UBA type tubes. Both SBA and SBA-Select tubes were used for testing of the
calorimeter bar design. The wavelength vs. the QE of the tubes can be seen in Figure
[10.1(b)] The photo-cathode of the tubes is bi-alkali and the PMT window is made of

borosilicate glass.

10.2.3 Photonis

Photonis have also developed high QE super bi-alkali photo-cathodes. The Su-
perNEMO collaboration and Photonis have closely worked on development of 8" bi-

alkali PMTs for the baseline design to obtain impressive results and unprecedented en-



10.3. Scintillators 147

ergy resolution [147]. Prototype 3" PMTs are used by the SuperNEMO collaboration
to test and develop the photo-cathode with Photonis, then applying the developments
tothe 8 tubes.

The two tubes used for testing of the calorimeter bar design were such 3 " proto-
types: XP5312 and XP5302, which have a peak QE of 43% and 45% respectively. The
XP5312 and XP5302 tubes both have a super bi-alkali photo-cathode, but the XP5302
tube uses further improved technology to achieve a higher QE. A typical spectral re-
sponse and measured QE vs. the wavelength of the XP5302 tube can be seen in Figures

[10.1(c)|and [10.1(d)} The PMT windows are made of Lime glass.

During baseline design testing it was found that the Photonis 8" PMTs produce
a better energy resolution (~ 6.5% FWHM at 1MeV) than the Hamamatsu 8" tubes
(~ 7.5% FWHM at 1MeV) [151]]. This difference seems to come from the collec-
tion efficiency of the tube. Unfortunately, Photonis have announced a full stop to their
photo-multiplier R&D branch in 2009. The bars were still tested with the Photonis
PMTs to produce a direct comparison of Hamamatsu and Photonis tubes. The collab-
oration has been working closely with Hamamatsu to improve the collection efficiency
of their tubes. By changing the voltage divider of the tube and increasing the gain at the
first and second dynodes (at the expense of the overall gain of the PMT) the collection
efficiency has been improved, giving an improvement in the energy resolution of 0.5%

obtained with the Hamamatsu tube [146]].

10.3 Scintillators

Many types of scintillator are available on the market. Non-organic scintillators have
an advantage of a high light yield but have slow timing, a high rate of electron back-
scattering and can often be radio-polluted. However, two types of non-organic scintil-
lator were considered for SuperNEMO to see whether the benefits could outweigh the
disadvantages to achieve the required energy resolution. YSO scintillator (composed
of Y,SiO3, doped with Ce) has suitable properties of fast timing and a high light yield,
however the high electron back-scattering, bad radio-purity and high cost of YSO took
it out of the running. The Phoswich scintillator is a hybrid consisting of two scintillators
optically coupled to each other: CaF, scintillator doped with Eu and plastic scintillator.

The plastic scintillator provides fast timing and the CaF, gives a high light yield. This
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Figure 10.1: Wavelength vs. QE for (a) the ETL photo-cathode [152] and (b) the Hama-
matsu photo-cathodes for the standard Bialkili (bottom curve), Super-Bialkili (middle curve)
and Ultra-Bialkali (top curve) photo-cathodes [153]. Figure shows a typical spectral
sensitiviy (cathode radiant sensitivity vs. wavelength) [154] and (d) measured QE vs. wave-

length for the Photonis XP5312 photo-cathode [[150]].
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reduces the problem of back-scattering as electrons now enter the low Z medium of the
plastic scintillator. However, the overall performance of the scintillator was not of a
sufficient quality for the SuperNEMO detector.

Liquid (toluene based) organic scintillators (consisting of 0.5% of PPO (2,5-
Diphenyloxazole) scintillating agent and 0.0025% of wavelength shifting POPOP)
were considered for the SuperNEMO calorimeter as they have fast timing, low back-
scattering, good uniformity and radio-purity. However, due to the difficulty of the
mechanical design and the energy losses of external electrons in the entrance window
of the liquid scintillator container, which reduces the energy resolution to lower than
the requirement, liquid scintillator is not a suitable candidate for SuperNEMO.

This led to a choice of organic solid plastic scintillator, which has fast timing, low
back-scattering and high radio-purity, is mechanically easy to manufacture compared
to liquid scintillator and allows the scintillator bars for the bar design to be produced.

Electron back-scattering is proportional to Z2 and reduces the detection efficiency.
The scintillator material must therefore be a low Z one in order to minimise electron
back-scattering as low energy electrons are being studied. For this reason high Z type
scintillators, such as mineral oils, Nal (sodium iodide) and CsI (caesium iodide) scin-
tillators, are not considered for the SuperNEMO calorimeter. The two main choices
of low Z scintillator are PST (polystyrene), as used by NEMO3, and PVT (polyvinyl
toluene). The scintillator is also required to have good coincidence time resolution
(< 250ps o at 1MeV) for accurate ToF information, which is a characteristic of both
PST and PVT scintillators. Another consideration for the scintillator is the manufac-
turing process. Uniformity of the light yield can be problematic, in particular for large
geometry scintillators such as the 2m long bars, as it is difficult to achieve uniform
cooling during the manufacturing process, which directly affects the light yield unifor-
mity. Scintillators that are cast rather than extruded are more uniform and are therefore
preferred, but are more expensive to manufacture.

Both PST and PVT scintillators are relatively radio-pure. PST scintillators pro-
duce ~ 7,000 photon/1MeV e~, compared to ~ 10,000 photons/IMeV e~ for PVT
scintillators. PVT scintillators have a higher light yield than PST scintillators, there-
fore the focus of the calorimeter R&D has been on PVT scintillators, the results of

which are presented in this thesis. However, there are some difficulties with using PVT
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Type Light Yield  Refractive = Decay Attenuation A
(ph/1MeV e™) Index Time (ns) Length (cm) (nm)
PST ~ 7,000 1.58 ~2-3 200 430
Bicron BC-408 10,000 1.58 2.1 380 425
ELJEN EJ-200 10,000 1.58 2.1 380 425

Table 10.2: SuperNEMO bar design calorimeter candidate scintillators and their characteris-
tics, where A is the wavelength of maximum emission (nm). The refractive index is quoted at a

wavelength of 589.3nm.

scintillator, such as ‘crazing’ (or corroding) of the scintillator when it comes into con-
tact with various common substances, including the natural oils on a person’s fingers.
This makes handling of the scintillator of utmost importance, requiring gloves to be
worn whenever in contact with the PVT. Crazing is also caused when the PVT is ex-
posed to sudden temperature fluctuations when using ethanol or methanol to clean the
scintillator surface. After various testing it was found that isopropanol does not cause
crazing as it evaporates more slowly and is therefore the preferred choice of cleaning
solution for PVT scintillators. PVT is also more brittle than PST and can therefore
crack if impacted, requiring a high level of care when handling. For these reasons PVT
is more difficult to machine. Ageing is also a concern for PVT scintillators, especially
of such a considerable size as the bar.

The characteristics of the two cast PVT scintillators used to study the calorimeter
bar design are shown in Table [10.2] compared to typical characteristics of a PST scin-
tillator. The Bicron BC-408 and ELJEN EJ-200 scintillators combine the properties
of long optical attenuation length, fast timing, a high light output and have emission
spectra (shown in Figure well matched to that of common PMTs. This makes
them good candidates for ToF systems using scintillators greater than one metre long,

as in the case of the bars.

10.4 Optical Coupling Materials

Good optical coupling between the scintillator and the PMT is extremely important

for uniform and complete light collection, therefore it is a strong factor in influencing
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Figure 10.2: Emission spectra of SuperNEMO scintillator candidates: (a) Bicron’s BC-408
[155]] and (b) ELJEN’s EJ-200 [156]].

the energy resolution. The refractive index, which should have a value between the
refractive index of the scintillator and that of the PMT glass, and the transmittance of
the coupling material are the dominant factors in getting good optical contact. It is
important that the optical gel used does not corrode PVT scintillator, therefore crazing
tests have been carried out in order to select appropriate gels. The viscosity of a gel
is another consideration. A heavily viscous gel can pose a problem for large non-flat
surfaces (such as coupling a hemispherical PMT to a scintillator, as for the baseline
design) as it is difficult to entirely remove the air bubbles which obstruct the contact
between the scintillator and the PMT. However, when working with small flat surfaces,
such as the edge of a 2.5cm thick bar and a 3" PMT window, a viscous gel such
as Bicron’s BC-630 provides good optical contact without crazing PVT scintillator.
BC-630 gel is composed of silicone (methyl phenyl polysiloxane) and its properties
(summarised in Table [10.3) are a refractive index of 1.465 (compared to 1.491 for
PMMA and 1.50 - 1.54 for Crown glass), a viscosity of ~ 10° (compared to 81 for
olive oil and 2.5 x 10° for peanut butter), and a transmission of 95% at 280 - 700 nm.

Due to BC-630’s refractive index (1.465) being closely matched to that of the PVT
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Type Refractive Viscosity  Transmission Composition
Index (cP)
Bicron BC-630 1.465 ~ 10° 95% at Silicone (Methyl

280nm - 700nm  Phenyl Polysiloxane)

Table 10.3: Bicron BC-630 optical gel characteristics. The refractive index is given at a wave-

length of 589.3nm. The dynamic (absolute) viscosity value is given in centi-Poise (cP) at 25°C.

scintillator (1.58) and the PMT borosilicate glass (1.470) and other suitable properties

of the gel it is used for testing the bar calorimeter set up.

An optical epoxy grease (RTV 615 based), the same as was used for NEMO3,
will be used to couple the PMTs and scintillators in the final construction of the Su-

perNEMO calorimeter in order to obtain good optical coupling.

10.5 Reflective Wrappings

The reflective material used in the SuperNEMO calorimeter must have a low Z (to
minimise back-scattering), a high reflectivity, a low density and must be dimensionally
thin. The reflector has to be thin and of a low density in order to reduce the electron
energy loss as it passes through the material. A high reflectivity of the material is
required in order to redirect any escaped light back towards the PMT photo-cathode.
The reflector must also be as radio-pure as possible to reduce the number of background
events within the active detector volume. The reflector types used for the study of the

bar calorimeter design and their characteristics are given in Table [10.4]

Energy resolution can depend on whether the reflective material used is specular
(reflecting the incident light at one angle) or diffusive (reflecting the incident light at
many different angles). Optical simulations have shown that the impact of specular or
diffusive reflector on energy resolution depends on the geometry of the scintillator [145,
151]. This is due to bulk absorption and surface effects contributing to the overall light
collection of the calorimeter system. For example, scintillator blocks obtain a better
energy resolution with diffusive reflection around the lateral sides, whereas scintillator

bars work better with specular reflection due to their geometry.
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Type Thickness Reflectance Density  Density S or
(pm) (%) (mg/em?)  (g/em®) D?
PFTE Ribbon 25 > 70 1.0 0.4 D
PFTE (3 layers) 75 > 80 3.0 0.4 D
Goodfellow Al-Mylar 6 ~ 93 0.78 - 0.84 1.2 S
Goodfellow Al-Mylar 12 79+4[157 1.6-1.7 1.2 S
Vikuiti ESR 65 > 98 7.8 1.2 S
ReflechTech ESR 100 94 + 4 [[157] 12 1.2 S

Table 10.4: SuperNEMO bar design calorimeter candidate reflective materials and their char-
acteristics. Independent measurements were carried out where referenced. S and D indicate

whether the reflector is specular (S) or diffusive (D).

10.5.1 PTFE (Teflon)

PFTE ribbon (or Teflon) is a type of diffusive reflector. When using the ~ lcm wide
ribbon wrapping it around the scintillator in three layers produces a better energy res-
olution than with one layer. Due to the small width of the ribbon it is difficult to use
in the manufacture of a full scale bar design calorimeter, however it is important to
test its influence on the energy resolution as for certain geometry scintillators (such as
the baseline design blocks) the energy resolution obtained is as good as that obtained
with Mylar or, in some cases, ESR [[147]. Special apparatus are required to collect the
isotropically scattered light of the diffusive reflector to quantify the reflectance, there-

fore its measurement could not be carried out.

10.5.2 Enhanced Specular Reflector

ESR (enhanced specular reflector) is a relatively new polymer based product. It is com-
posed of layers that form a gradient of refractive indices. The ESR works by refracting
light with an incident angle 6; < 6. (where 6. is the critical angle) to the next layer until
0; > 0.. Reflectivity as a function of wavelength comparing ESR to aluminised Mylar

can be seen in Figure|10.3

Two companies produce the ESR: Vikuiti and ReflechTech. Vikuiti ESR is ex-

tremely expensive at ~ 400 GBP for a 12" x 12" sheet and is marketed as an aid to
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Figure 10.3: Reflectivity as a function of wavelength for aluminised Mylar and ESR [145]].

back-lighting of LCDs (liquid crystal displays). Due to its expense an amount of Vikuiti
ESR to wrap a 2m long bar in was unavailable (and not viable for a full scale calorime-
ter production) therefore it was not tested for the calorimeter bar design. ReflechTech
ESR has a much more reasonable price of ~ 120 USD for a Im x60m roll and is
marketed for massive solar reflector applications. Despite the price difference mea-
surements confirm that ReflechTech’s ESR has a reflectance similar to that of Vikuiti.

ReflechTech ESR was used for testing of the calorimeter bar design.
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Chapter 11

The Calorimeter R&D Setup

The “bar” calorimeter test-bench has been designed to carry out energy and time reso-
lution measurements of a full scintillator bar unit, with the possibility of testing the bar
both horizontally and vertically (as it would be positioned in SuperNEMO). The energy
and time resolution measurements are carried out by exciting the scintillator with a flux
of monochromatic electrons of a known energy and fitting the resulting distributions.
The monochromatic electron source approximates the delta function and any smearing
of the distributions that is seen is due to the light collection properties of the calorime-
ter unit. PMT gain is characterised using the single photo-electron (1°*-PE) method

(158, [159].

11.1 The Monochromatic Electron Source

Two different electron sources are used for resolution measurements. The first, and
more discussed in this thesis, is a 2°"Bi source, which is cheap and simple to implement
in an experimental setup as the 976keV K-shell conversion electron (CE) is used. How-
ever, as the fitting function for 2°"Bi needs to incorporate a convolution of X-rays, s,
L-shell and M-shell CEs the extraction of the energy resolution is complex. The second
electron source is a “’Sr 3 beam passed through a magnetic field to select monochro-
matic electrons of known energy. The spectrum obtained from the beam can easily
be fitted with a Gaussian function, however is more difficult to set up, expensive and
relatively large. Both methods have been used to cross check the energy resolution

measurements acquired and have been found to be consistent (Section [12.2).
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11.2 The Data Acquisition System

The data acquisition system (DAQ) uses two standards - the Nuclear Instrumentation
Module (NIM) standard and the Computer Automated Measurement and Control (CA-
MAC) standard. The NIM standard is used for signal discrimination and logic elec-
tronics and the CAMAC standard is used for collection of the signals (with an Analog-
to-Digital Converter (ADC) and a Time-to-Digital Converter (TDC)) and for computer
communication.

Two modes of operation are used with the DAQ - one to obtain a measurement of
the leakage currents of the PMTs and any background noise coming from the electron-
ics, known as a pedestal run, and one to obtain the energy and time resolution measure-
ments (collected simultaneously) of the scintillator bar unit. When collecting energy
and time resolution measurements the two PMT signals are sent to a pre-amp to am-
plify the signal (with identical length LEMO cables for the two signals used throughout
the DAQ to ensure there is no time difference between the two PMT signals introduced
by the electronics) and then to a 50 € passive splitter, dividing the signal in two.

One half of the split signals goes to the charge integration ADC - a 2249W LeCroy
12 channel, 11-bit unit, with an input sensitivity of 0.25 pC (pico Coulombs) per count
and a dynamic range of ~ 500 pC (bins > 1980 are overflow). This unit allows opera-
tion at wide gates (30 ns - 10 us) and has been optimised for linearity and stability.

The other half of the split signal goes to a leading edge discriminator, creating
pulses used to trigger the TDC and gated ADC (after passing through a further chain
of electronics, described below) and for collection of signals by the time integration
TDC. The TDC unit used, LeCroy 2228A (or 2228) is an 11 bit unit with 8 channels,
each of which measures the time from a leading edge of a common start pulse to the
leading edge of individual stop pulses. The TDC resolution is 55 ps (or 100 ps for the
2228 module), as confirmed by measurements. The two discriminator pulses have an
equal delay on them (not delayed beyond the range of the TDC) and are used as the
individual stops for the TDC.

The discriminator pulse used for the gate triggering has to be in coincidence with
the “Not Busy” logic (generated by the Out Register once an event is read in). This
then activates pulses from the coincidence unit. One of these is used to activate the gate

generating unit (CAEN 2255A), which creates a pulse with a predefined width (tuned
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Figure 11.1: The data acquisition system (DAQ) for scintillator bars. The dashed red lines
show the unaltered collected signal, the solid blue lines show the electronics logic and the

dashed and dotted purple lines show the set-reset flip-flop loop.

to the TDC range) and is used as the integration gate for the TDC common start.

The other coincidence pulse is used to activate the ADC gate. A CERN N7337
set-reset flip-flop is used to interpret the “Busy” or “Not Busy” signals from the Out
Register, which then provides the coincidence unit with the corresponding logic signal.

When a pedestal run is being obtained the triggering signal from a pulse gener-
ator is sent directly to the discriminator unit, after which the chain of events remains
identical.

Block diagrams of the entire DAQ system and the TDC acquisition system can be

seen in Figures and respectively.

11.3 The ?°"Bi Technique

11.3.1 ?°"Bi Decay Scheme

Using 2Y"Bi is a cheap and compact way to acquire energy and time resolution mea-

surements of the scintillator bar unit. However, the fitting method for 2°7 Bi is complex
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Figure 11.2: The TDC data acquisition system (DAQ) for scintillator bars.

due to its decay scheme (Figure [I1.3)).

When considering the 2°“Bi decay chain, the 2°"Bi captures one of its shell elec-
trons and decays to an excited state of 2°’Pb via a process known as electron capture
(Section . The 2°7Pb is left in an excited state. In order to get back to the ground
state it de-excites via two v emissions of 1064 and 570keV (which have a conversion
efficiency of ~ 7%). Due to the overlap of the electron and nucleus wave functions
there is a small probability of the electron being found within the nucleus meaning the
excited nucleus has some probability to transfer the energy to that electron. There-
fore there is a chance that instead of a v emission process the 2°"Pb de-excites via a
conversion electron process at 976keV (which produces the mono-chromatic 976keV
K-shell conversion electron used as the source for testing). This process will almost
always be accompanied by a ~ 570keV -y (unless this also occurs via electron conver-
sion, which has a small probability of happening). As this process is simultaneous the
acquired bismuth spectrum gets broadened, therefore worsening the resolution. The
large v background, which is more noticeable in the long geometry of the bar, also
contributes to worsening the resolution. At the same time, when the 2"Bi captures an
electron to decay to 2°7Pb, it is left with a “hole” in the atomic shell and its remaining

electrons cascade down to lower orbits to fill it, emitting an X-ray of ~ 15-30keV.

Therefore a “pile up” effect becomes apparent as the 976keV conversion electron

is always accompanied by a 570keV ~ and a 15-30keV X-ray. Due to the solid angle
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Figure 11.3: 207Bi decay scheme, showing the excited states of 2°"Pb and the corresponding

de-excitation transitions. The ~ transitions are indicated in blue.

in the geometry of the bar testing these s and X-rays are more likely to be picked
up by the scintillator. This means that the fitting method for 2°’Bi has to take this into
account with a convolution of K-shell, L-shell and M-shell conversion electrons, s and
X-rays (Section[I1.3.3). The energy resolution is also worsened by electron energy loss
through ionization in the air and the reflective material wrapped around the scintillator
(according to the Landau distribution), which smears the energy spectrum. This must

also be considered in the fitting method.

11.3.2 Acquiring the Data

To acquire the data for the scintillator bar characterisation the bar is placed (on metal
supports, in order to avoid having the bar entirely lying down on a surface) inside a
wooden light tight box. The box allows access for LEMO and High Voltage (HV)
cables to the two PMTs and contains a support structure to hold the PMTs in place
(Figures[11.4(a) and [IT1.4(b)).

The data are acquired in the following way. The 2°7Bi source is placed directly

onto the bar and scanned at up to nine points across it (-80cm, -60cm, -40cm, -20cm,
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(a) The light tight box containing the scintillator (b) The PMT support structure inside the box

bar setup

Figure 11.4: Scintillator bar setup, showing the light tight black box containing the scintillator
bar setup (a), where you can see the support structure for the bar and the PMTs (using wires
to ensure good optical contact between the PMTs and the scintillator) and the scintillator bar
wrapped in Mylar. The PMT support structure can be seen in (b), with a light-guide connecting

the PMT and the scintillator bar.

Ocm, +20cm, +40cm, +60cm and +80cm, where Ocm marks the centre of the bar).
Six runs are required to be taken at each point being measured. A background run is
first carried out in order to subtract any cosmic muons, which could contribute to the
energy resolution of the bar due to its large geometry (this problem would be avoided
for SuperNEMO due to its location in an underground laboratory, shielding it from the
muons). The second run is taken with the 2°"Bi source to acquire a full 2°"Bi spectrum.
The third run is taken with a 2mm thick aluminium disk placed between the source and
the scintillator, which filters the conversion electrons, producing a spectrum of only the
~s of the 2°"Bi. The full and 7 spectra are required for the fit parametrisation. Before
each of the three runs is taken a pedestal run must be taken to measure any electronics

noise produced by the system (estimated by the o of the pedestal run). The mean value
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of the pedestal run is then subtracted from the relevant run. An example of the obtained
ADC spectra can be seen in Figure[11.3] which shows the individual and summed PMT

spectra with and without the filter for the 2°7Bi runs and the spectra for the background

run.
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Figure 11.5: ADC spectra obtained with 2°7Bi for the scintillator bar setup, with the bar in a
vertical position, wrapped in ESR and the 2°7Bi source at the -20cm position. The individual
PMT spectra (for the “top” and “bottom” PMTs) and the summed spectra are shown for (a)
the full 297Bi run, (b) the filtered 2°"Bi run (showing s only) and (c) the background run.
The effect of background subtraction can be seen on the summed PMT spectra for the full and

filtered runs in (d).

11.3.3 Analysis Procedure and Parametrisation of the >°"Bi Energy

Spectrum

To increase the light collection and improve the resolution the data acquired from each

PMT at the ends of the bar is summed. As it is possible that the two PMTs used have
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slightly different gains, it is important to normalise the data before adding the spectra.
This is done individually for the spectra of each PMT. The full and filtered (v only)
spectra are normalised to each other and background subtracted. The filtered spectrum
is then subtracted from the full spectrum to obtain the 2°’Bi conversion electron spec-
trum. The subtracted electron only spectrum can be used to obtain a cross check of
the energy resolution measured. The main method, described below, uses the full and
filtered spectra to obtain a fit to the data. However, a complicated analytical function
(Equation [T1.3.8)) is required for this. The electron only spectrum can be fitted with a
simpler triple Gaussian function of the K, L and M-shell electrons of the 976keV peak
(Equation to obtain the energy resolution.

Figure [11.6] show the normalised full and filtered spectrum together and the con-
version electron spectrum after the subtraction. A deficit of events is seen in the sub-
tracted spectrum at lower energies (at ADC bin ~ 400, labelled (1) in Figure [T1.6(b)).
This deficit can also be seen in simulations (Section[I1.3.4). A speculative explanation
for this could be due to the conversion electron decay from the excited state of 2°"Pb al-
ways being accompanied by a 570keV . As the scintillator bar used for testing is 1.25
- 2.5cm thick and has a low Z there is a large probability that this v will not interact as
there is not enough material. When an aluminium filter disk is introduced the -y from
the source interacts with the aluminium, most likely by Compton scattering, produc-
ing a low energy electron which then interacts in the scintillator. The aluminium filter
therefore acts as a 7y to electron converter, creating a surplus of events when the filter is
used. A surplus of events is seen in the subtracted spectrum at ADC bin ~ 200 (labelled
(2) in Figure [IT.6(b)). This can be explained by the 15-30keV X-rays accompanying
the 2°7Bi electron capture. These X-rays are absorbed by the 2mm thick aluminium

disk and are therefore not seen in the filtered spectrum.

Once the required data has been obtained and processed as described above it is
ready to be used for the 2°"Bi parametrisation, which is an analytical method where a
function is fitted to the shape of the 2°“Bi energy spectra. The fit works in the following
way. At first the two 7 lines (at 1.06MeV and 570keV) of the filtered 2°“Bi are fitted
with a Compton edge, which is the maximum energy the ~y can transfer to an electron
inside the scintillator before escaping, described by a variation of the Heaviside step

function
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(b) Conversion electron only 2°7Bi spectrum

Figure 11.6: Normalised full and filtered (y only) 2°7Bi spectra (shown in a) and subtracted
207Bj spectrum, showing conversion electrons only (shown in b) for the bar in a vertical position,
wrapped in ESR and with the source placed at the -20cm position. In (b) - (1) shows a deficit of
events and (2) shows a surplus of events in the subtracted spectrum caused by the introduction

of the aluminium filter to obtain a y only run (see text for details).
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14 e G

11 e(Ca—2)/Cs (11.3.1)

where C is the approximate energy of the Compton edge and z is the corresponding
ADC bin number. ', C5 and (5 are free parameters of the function for each Compton
edge. The parameters are obtained from the fit to the « only spectrum and are then fixed
for the fit to the full spectrum. The full 2°"Bi spectrum is described by a combination of
two triple Gaussian fits (for the K, L and M shell electrons of the 482keV and 976keV
conversion electrons) and gamma lines. The conversion electrons are each described

by a triple Gaussian distribution, where a Gaussian distribution is defined as

G(p,0) = ! e<_(§fi;)2>, (11.3.2)

027r‘

where 1 is the mean of the distribution, o is the o of the Gaussian distribution and
x is the corresponding ADC bin number. The L and M-shell Gaussian functions are
set to be dependent on the K-shell parameters in order to reduce the number of free

parameters in the fit. The number of photo-electrons, N,., can be approximated by
2
N,o ~ (H> , (11.3.3)
o

assuming N, > 20. From this it can be seen that energy (and time) resolution changes

as a function of square root. Therefore,

, [ E
o =oy |1+ =22, (11.3.4)
1

can be used to express the resolution of the K, L. and M-shell electrons, where « is the

ADC calibration constant,

976keV peak position in ADC - 482keV peak position in ADC
o= .

11.3.
976keV — 482keV (11.3.5)

The triple Gaussian of the K, L. and M-shell electrons is then given by
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Transition  Shell  Relative Intensity (%)

482keV  K-shell 1.52
554keV  L-shell 0.44
566keV  M-shell 0.15
976keV  K-shell 7.03
1048keV  L-shell 1.84
1060keV ~ M-shell 0.54

Table 11.1: Relative intensities of the 482keV and 976keV conversion electron transitions

[124].

E
IlG(/LK,O'K>+IQG <,UK+EKL0570'K 1"’ ;IO[)
K

| E
+ LG <MK+EKM04,UK 1+ zMO‘>, (11.3.6)
K

where I, I; and I3 are the known K, L and M-shell transition intensities for the 482keV

and 976keV conversion electrons, shown in Table The pg, 0 and « factors are
free parameters of the fit and z is the corresponding ADC bin number; g and oy
are the mean and o of the K-shell conversion electron; Fx; and Ex ), are the known
energy differences between the K-L and K-M shells [124].

As an example the function of the 976keV conversion electron is

721
7.03 - Glux, ox) + 1.84 - G (uK + 7210, 0541+ O‘)
1207¢
811
+0.545 - G (ux + 8410, oy |1+ O‘) (11.3.7)
[27:¢

To summarise, the analytical description of 2*’Bi is achieved with two Compton

edges at 1.06MeV and 0.57MeV and two triple Gaussians for the conversion electrons

at 482keV and 976keV:

GC(570keV) + CE(482keV) + GC(1060keV) + GE(976keV),  (11.3.8)
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where GC(keV) is the function described in Equation [I1.3.1)and CE(keV) is the func-
tion described in Equation

An example of the fitting procedure for the v only spectrum and the full 2°"Bi

spectrum can be seen in Figure[1.7]

The energy resolution is then extracted from the 1 and o returned by the fit, using

Equation|10.1.1

11.3.4 Validation of the 2°"Bi Fit

In order to test the validity of the fitting method the fitting procedure is applied to
simulated 2°"Bi spectra. 2°’Bi events are generated with GEANT-3.21 [113]] used for
the geometry description of the calorimeter and GENBB [[114] used for the 2°"Bi de-
cay kinematics description. Parameters such as the geometry of the scintillator and
the distance between the source and the scintillator are user defined. The energy res-
olution for which the simulation is run is also user defined, by providing the number
of photo-electrons that the PMT sees (using Equation to convert the number of
photo-electrons into energy resolution). Effects such as gamma interaction rates, pile
up, Landau energy losses of the electrons and edge effects (when an electron passing
through the edge of the scintillator only deposits part of its energy) are taken into ac-
count in the physics description of the decay, therefore by fitting the simulated MC with
the analytical 2°"Bi function an estimate of these effects can be obtained by comparing

the obtained energy resolution with the user defined MC truth.

In order to see how much pile up (and other effects) affects the scintillator bar
geometry compared to that of a small scintillator block (which better tests the analytical
fit function due to its smaller surface area, reducing v interaction rates and pile up) two
geometries were studied: a scintillator bar (2m x 10cm x 1.25cm) with the source
placed directly on the bar and a small scintillator block (5cm x Scm x 2cm) with a 6cm
air gap between the source and the block. As the fit used on the data fits the filtered
only spectrum and then applies the obtained parameters to the full spectrum the 2mm
aluminium disk must also be included in the simulations, and two simulated “runs”
must be acquired - with and without the electron filter. The simulations were run for
four different light outputs: 1000, 800, 600 and 400 photo-electrons. Figure|l1.8[shows

the spectra obtained for the block and the bar setups with and without the aluminium
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Figure 11.7: An example of the fitting procedure used for 207Bi, for the bar in a vertical

position, wrapped in Mylar and with the source at the -20 cm position, with the v only spectrum

fit (a) and the full 207Bi fit (b) shown. The parameters obtained from the fit are © = 623.2 and

o = 311.2, giving an energy resolution of 9.9% at IMeV.
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Figure 11.8: Simulated MC truth of 7.3% FWHM at 1MeV for a Scm x 5cm x 2cm block (a)

and a 2m x 10cm x 1.25cm bar (b) showing the full and filtered 2°7Bi spectra.

disk filter for a 1000 photo-electron output (corresponding to an energy resolution of
7.3% FWHM at 1MeV). It can be seen that the peak in the bar simulations is more
smeared than in the block simulations, showing that the pile up effect is greater for the
bar setup than for a block, as expected.

The results obtained for the light outputs tested can be seen in Table [I1.2] show-
ing the differences between the simulated and reconstructed energy resolutions for the
block and the bar setups. For photo-electron outputs of 1000, 800 and 600 the block
setup resolution remains a ~ constant 0.3% away from MC truth, whilst the bar setup
resolution is a ~ constant 0.6% away from MC truth. For a lower light output of 400
photo-electrons the difference between the energy resolution returned by the fit and the
MC truth increases, showing the effect is larger for lower light outputs.

A systematic error on the measured energy resolution is estimated by varying the
initial parameters (and their limits) provided for the 2°7Bi fit. This contributes 4-0.4%
to the systematic error. Another measurement of the systematic error was made by
acquiring multiple measurements of the same point on the bar made under identical
conditions for various setups. The measured resolution for these points was consistent
with the systematic error of +0.4%. A further contribution is estimated by looking at
differences between MC truth set in simulations and the energy resolution measured
by the fit, as described above. Simulations were carried out for a 2m x 10cm x 2.54cm
bar (more widely used in the calorimeter unit tests) for a range of energy resolutions

(8 - 12%) relevant to the results obtained with the scintillator bar setup. Table
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Light Output MC Truth Block Reconstructed Diff. Bar Reconstructed Diff.

(Npe) SE (%) 2E (%) A2 (%)

1000 7.3 7.6 -0.3 7.9 -0.6
800 8.2 8.5 -0.3 8.7 -0.5
600 9.5 9.8 -0.3 10.1 -0.6
400 11.6 12.3 -0.7 12.5 -09

Table 11.2: Comparison of the simulated energy resolution (FWHM at 1MeV) to the energy
resolution extracted with the analytical 2°“Bi fit extrapolated to 1MeV, for a S5cm x Scm x 2cm

block geometry and a 2m x 10cm x 1.25cm bar geometry.

shows the differences between the simulated and measured energy resolutions, with
an average systematic of —1.1%, which is implemented into the measurement as a
correction to the acquired energy resolutions.

For a discussion on optimising the 2°7Bi fit see Section below.

11.3.5 TDC Analysis

To analyse the TDC data the time difference between the two TDC channels is looked
at. The s from 207Bj contribute to the width of the TDC distribution, therefore in order
to look at the true time resolution of the scintillator bar unit some of the background
~s are excluded from the fit. This is achieved by selecting TDC events that fall within
£5 ADC counts of the 976keV conversion electron peak ADC distribution as mostly
electrons contribute to this peak, reducing the v background. The difference between
the two TDC channels (for the summed spectra) is then obtained and a simple Gaussian

fit is used to extract the time energy resolution, o,

Otime = O it -+ TDC resolution (55 or 100 ps), (11.3.9)

where o;; 18 the o returned by the fit and is multiplied by the TDC resolution, or scale,
(55 ps for the 2228 A module and 100 ps for the 2228 module) depending on the TDC

module used. The coincidence time resolution (CTR) is then

Otime
CTR = 11.3.10
NG ( )
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MC Truth Bar Reconstructed Difference

S (%) AL (%)
8.0 8.7 -0.7
9.0 10.3 -1.3
9.5 10.8 -1.3
10.0 11.1 -1.1
10.5 11.5 -1.0
11.0 12.1 -1.1
11.5 12.7 -1.2
12.0 13.1 -1.1

Table 11.3: Comparison of the simulated energy resolution (FWHM at 1MeV) to the energy
resolution extracted with the analytical 2°7Bi fit extrapolated to 1MeV, for a 2m x 10cm x

2.54cm bar geometry.

Figure[I 1.9 shows an example of an ADC selected TDC time difference spectrum with

a Gaussian fit.

11.4 The *’Sr Technique

SuperNEMO collaborators at CENBG (Centre d’Etudes Nucldires de Bordeaux
Gradignan) focus on R&D using Photonis PMTs (Section[[0.2)) with a mono-chromatic
electron test beam of “°Sr. The beam is produced by a spectrometer, which uses the
momentum created by a magnetic field to select the 3s from the continuous *’Sr energy
spectrum. The test beam has a range of 0.4 - 2.0MeV, allowing the user to select the
energy of the beam to be supplied to the calorimeter unit. The injection energy preci-
sion of the beam is +1%, determined by the physical diameter of the beam aperture

and the resolution of the silicon detector used for the calibration.

The data acquisition and analysis pre-processing when using a “°Sr source are
identical to those used for 2°"Bi. Instead of using a complex fit such as for 2°“Bi the
98r spectrum requires a simple Gaussian fit, greatly reducing the complexity of the

parametrisation.
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Figure 11.9: An example of an ADC selected (within 5 of the 976keV peak) TDC time
difference spectrum for 207Bj with a Gaussian fit, with a time resolution (0jme) of 534 ps and
a coincidence time resolution of 378 ps, for the bar in a vertical position, wrapped in Mylar and

with the source at the Ocm position.

11.5 PMT Gain Measurement

In order to obtain accurate results for energy and time resolution measurements, the
two PMTs used to obtain the measurements must be run with the same gain, requiring
them to be gain calibrated. The 1°*-PE method [158] [159]] is used to measure the gain
of the 3" Hamamatsu R6223-100S PMTs.

The gain, g;, between two dynodes, d; and d;_1, is proportional to the difference

in the voltage applied to them multiplied by the secondary emission coefficient, d;:

gi = €i—10;6; V", (11.5.1)

where ¢; and ¢;_; are the collection efficiencies of the dynodes d; and d;_; and ais a
constant usually in the range 0.6 - 0.8.
The absolute gain of the PMT, G py,7, is extracted with the pedestal-subtracted

first photo-electron peak position, 1PE 4 ¢, in ADC bins:

M) (11.5.2)

Gpur = (1PE — pedestal) 4pc ( e

charge
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Figure 11.10: An example of a 1°*-PE spectrum for a 3” Hamamatsu R6223-100S PMT at
1400V with the fit to the data shown.

where pedestal 4 p¢ 1s the value of the pedestal position in ADC counts and ADCgp
(the least significant bit of the ADC = 0.25fC) is the value required to transform the

ADC bin value into a charge.

The data for the gain measurement is acquired by shining a light emitting diode
(LED) directly onto the PMT. Once the 1°°-PE spectrum is obtained it is then fit with
the analytical function described in [158]. An example of a 1%*-PE spectrum and its
fit is shown in Figure for a 3" Hamamatsu R6223-100S PMT. The first peak
corresponds to the pedestal at bin 381, the second peak is that of the 15'-PE at bin 420
and the tail of the distribution is the sum of the higher-order overlapping photo-electron

peaks.

A number of measurements are carried out at different HVs and the gain is then
extracted from the data using Equation producing a characteristic gain curve
of the PMT. Figure shows the gain curves obtained for the two 3" Hamamatsu
R6223-100S PMTs used for scintillator bar testing, tested up to 1500V (the maximum
voltage that can be applied to the PMTs). The measured curves are consistent with
Hamamatsu’s expectation of ~ 2.3 x 10° (Table and can be used to gain equalise
the two PMTs used.
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Figure 11.11: Gain curves for the 3” Hamamatsu R6223-100S PMTs at 1350 - 1500 volts.

11.6 Discussion

It is difficult to parametrise the effects of pile up and multi-Compton scattering, which
are of particular concern to the scintillator bar setup due to the bar’s large geometry, in
the function used to fit the 2°’Bi. There are a number of possible solutions to the pile

up problem, some of which have been investigated.

The source could be lifted from the bar to create an air gap between the source
and the scintillator so that the 570keV ~ has more of a chance of escaping and not
interacting in the bar. However, this was not found to improve the energy resolution
and greatly worsened the time resolution (due to the large solid angle illuminated by
the source, created when the source is lifted, contributing to the width of the TDC

distribution, Section|12.2)).

Using some sort of lead shielding to stop the s could be considered, however this
would be heavy, bulky and difficult to implement in the setup as there is limited space

available inside the black box that contains the bar setup.

The most logical solution is to create a “look up table” by running simulations for
the bar setup at energy resolutions of 0.1% intervals to reproduce all possible resolu-
tions that can be obtained with the bar setup. However, before this can be done a more
accurate description of the bar setup needs to be implemented into the simulations, in

particular the physics of the pile-up caused by the 570keV ~ and 15-30keV X-rays must
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be well described. Once the simulations with the full physics descriptions have been
carried out the data spectrum can then be fitted to the generated MC spectra from the
look up table, using a Kolmogorov-Smirnov (K-S) test [[160] or similar to determine the
goodness of the fit and find the best simulated resolution to match the data. As the pile
up effects wuld be included in the simulations this would mean that it would no longer
affect the energy resolution measurements, allowing a more accurate measurement of
the energy resolution of the setup to be made. Another advantage of this method is that
the data would only have to be acquired with the full 2°"Bi spectrum, reducing the time
required to collect data and minimising any human error introduced when replacing the

source with the filter.
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Many different configurations of the bar calorimeter unit were considered and tested,

with the parameters of the configurations tested summarised in Table 2.1}

Parameter Options Tested
Photo-multipliers ETL, Hamamatsu and Photonis Table (10.1
Scintillators Bicron (BC-408) and Eljen (EJ-200) Table [10.2
Scintillator shapes 1 of 200cm x 10cm x 1.25cm,

2 of 200cm x 10cm x 2.54cm

(with ends tapered to 6.5cm at 45° angle)

and 1 of 200cm x 10cm x 10cm

(with ends tapered to a 6.8cm & circle at 70° angle)
Optical couplings Bicron BC-630 gel Table|10.3
Reflective wrappings PTFE, Al-Mylar and ESR Table|(10.4

Light-guides With light-guide, without light-guide

Table 12.1: Parameters of the tested bar scintillator configurations.

The measurements of the possible configurations of the scintillator bar unit are

organised (by scintillator shape) into three groups:

e Configuration 1: Tests are carried out on the 200cm x 10cm x 1.25cm BC-408

bar. 3' PMTs are the ideal choice for a calorimeter bar design, however due to
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Figure 12.1: The polished PMMA light-guide used to couple a 10cm width bar to a 3”

PMT.

the size of this bar when using a 3" PMT the width of the scintillator is greater
than the diameter of the photo-cathode, therefore two PMMA light-guides were
designed to direct the collected light from the ends of the scintillator bar to the
PMTs. The light-guides (Figure [I2.1)) were polished by hand and coupled to the
scintillator and PMT joints using optical grease in order to achieve the highest
possible light collection. 5 " PMTs were also tested in order to collect all of the

light from the scintillator bar without using a light-guide.

Configuration 2: Tests are carried out on the two 200cm x 10cm (with ends
tapered to 6.5cm at 45° angles) x 2.54cm EJ-200 bars. Due to multiple optical
coupling layers introduced by the light-guide the energy resolution measured in
Configuration 1 is relatively poor compared to that of other setups, therefore
instead of using a light-guide the scintillator bar was tapered to fit the 3 " photo-

cathode profile fully without any overlap.

Configuration 3: Tests are carried out on the 200cm x 10cm x 10cm (with ends
tapered to a 6.8cm & circle at 70° angles to fit the 3 " PMT photo-cathode diame-
ter fully without any overlap) EJ-200 bar. With a 2.54cm thick bar multiple layers
of the calorimeter in a module can be used to tag the ~s. However, the meausre-
ment of internal and external backgrounds becomes very convoluted due to the
layered design of the calorimeter and the small thickness of the bars, making

background varification and the search of Ov (3 decay to excited states complex.
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PMT Size & Make  Light-guide? Reflector 2£(%) Comments

3” Ham. R6223-100S Yes Al-Mylar  13.5 (1)*

3” Ham. R6233-100S No Al-Mylar  12.7 (2)*

3” Ham. R6233-100S No ESR 12.9 (2)*
5” ETL 9390KB No ESR 13.5

Table 12.2: Results of measurements obtained with Configuration 1. The energy resolution
measurement (FWHM at 1MeV) is obtained from the sum of the PMTs. The -1.1% offset from
simulations is not included and the energy resolution has a +-0.4% error on it (Section|11.3.4).

Any comments regarding measurements can be found below in Section @

Using a 10cm thick bar would be using a geometry closer to that of the blocks
used in NEMO3 (which also have a thickness of 10cm), which is tested technol-
ogy for y-tagging. Therefore a 10cm thick bar was tested to see whether a good
enough energy resolution could be achieved with this setup, whilst being able to

use previous experience gained from NEMO?3.

12.1 Configuration 1

A summary of the measurements obtained with Configuration 1 is shown in Table
showing the parameters used in the setup (excluding the size of the scintillator, which
is constant for each configuration), the results obtained and any comments on the setup
and results of the tests. The BC-408 200cm x 10cm x 1.25cm scintillator bar was the
first bar available for testing. All tests were carried out with the BC-630 optical gel.
The TDC setup was not yet implemented at the time of these tests, therefore no TDC
data are available for Configuration 1.

Optical simulations carried out with GEANT4 show that the best energy resolution
should be achieved with the source positioned at the ends of the bar [161], where one
of the PMTs is getting most light, whilst the worst resolution should be in the central
position of the bar. The energy resolution is not expected to vary by more than + ~
0.5% across the length of the bar. When analysing the spectra of the individual PMTs
the energy resolution should be highest at the end where the source is placed and lowest

at the end farthest away from the source. The resolutions obtained for the 5 " 9390KB
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Figure 12.2: Individual and summed energy resolutions obtained for the 5” PMTs, no light-

guides, ESR setup.

ETL PMTs, no light-guides, wrapped in ESR setup can be seen in Figure The
trend expected from the individual PMTs can be seen, with the resolutions being similar
at the Ocm position on the bar (~ 18% FWHM at 1MeV). The trend for the summed
PMT resolution is also as expected, with the best energy resolution achieved at the -
80cm and 60cm positions on the bar. The errors shown on the plot are systematic errors
obtained from the fit to the generated MC. The average summed energy resolution
obtained is 13.5%;8:% FWHM at 1MeV, with the errors taken from the best (13.1%
FWHM at 1MeV) and worst (13.7% FWHM at 1MeV) energy resolutions obtained.

Comment (1)*: For all of the measurements in Table [12.2] a small aluminium
box was placed around the source when collecting data, to filter any electrons being
emitted into the northern hemisphere of the setup, which could contribute to the energy
resolution width by making false deposits in the scintillator. The aluminium box was
not used for the first setup (3 " Hamamatsu R6233-100S PMTs, with light-guides, with
the scintillator wrapped in Al-Mylar). To estimate whether the aluminium box shield
improved the energy resolution a measurement was carried out at the 60cm position
on the bar using identical setups with and without the box. The energy resolution with
using the box was measured to be 12.6% FWHM at 1MeV, and the energy resolution
without using the box 13.0%. Some improvement is seen in the energy resolution,

however only one point was tested due to time constraints, therefore a more accurate
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estimate cannot be made.

Comment (2)*: As ESR has a higher reflectivity coefficient than Al-Mylar it is ex-
pected that a setup using ESR wrapping would give improved energy resolution results
compared to a setup using Al-Mylar. In order to investigate this the light outputs of
the Al-Mylar and ESR in identical setups (3 " Hamamatsu PMTs without light-guides)
were looked at. Figure[12.3|shows the 976keV peak position in ADC counts for the Al-
Mylar and ESR setups. The light output of the Mylar setup increases at the far (80cm)
end of the bar, whilst the ESR setup light output decreases at that end. A possible ex-
planation for this is that at the far end of the bar the Al-Mylar wrapping was less tight
than at the near (-80cm) end, creating an air gap between the Al-Mylar and the scin-
tillator. Optical simulations show that a small air gap between the scintillator and the
reflective material increases the light collection [[145]], which could be the effect seen
here. However, for the ESR setup case the far end of the setup was dirty with optical
grease (due to limited time available to create the setup), attracting dust and other dirt,
which could worsen the light collection. At certain points, such as at -80cm, the light
output of the ESR setup is ~ 50% higher than that of the Al-Mylar setup, which is ex-
pected to be seen translated into energy resolution. In order to create a uniform air gap
between the bar and the reflective wrapper to exclude such uncertainties the bar setup
later incorporated an “ESR Pipe” (Section[I2.2) to go around the scintillator bar, keep-
ing a constant distance between the reflective material and the scintillator throughout
the length of the bar.

The best energy resolution of 12.7% FWHM at 1MeV obtained for Configuration
1 is with the 3" Hamamatsu R6233-100S PMTs, without light-guides, with the scin-
tillator wrapped in Al-Mylar setup. Although some of the light is being lost by the
PMT due to the width of the bar being larger than the diameter of the PMT this setup
still provides better results than using light-guides. This is due to the amount of optical
couplings introduced into the system when using the light-guides. For this reason no

light-guides were used in any future setups.

12.2 Configuration 2

A summary of the measurements obtained with Configuration 2 is shown in Table|12.3]

showing the parameters used in the setup, the results obtained and any comments on the
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Figure 12.3: Al-Mylar vs. ESR: light outputs for the 976keV peak in ADC counts for identical

setup conditions (3” PMTs, no light-guides).

setup and results of the tests. Two EJ-200 200cm x 10cm (tapered to 6.5cm) x 2.54cm
bars were available for testing, referred to as Bar 1 and Bar 2. All tests were carried out
with the BC-630 optical optical gel.

Comment (3)*: Using scintillator bars tapered to fit the photo-cathode of the high
QE3 " PMTs is an optimised design of the scintillator bar calorimeter, as the scintilla-
tor bar fits the PMTs without any overlap. Optical simulations have shown that creating
an air gap between the scintillator bar and the reflective wrapping material improves the
energy resolution of the system [[145] by minimising the number of surface absorptions
along the bar. The larger the gap the less reflections of the light from the reflective
material. In order to provide a uniform gap between the scintillator and the reflec-
tive material an “ESR Pipe” (shown in Figure [I2.4) is introduced into the setup, with
the scintillator centred inside a 150mm diameter plastic pipe lined with ReflechTech
100pm thick ESR (with an estimated 15-20keV energy loss through the ESR). The
ESR pipe contains nine holes to allow the source access to the bar (with an air gap
of ~ 8.8cm). The bar is placed in a vertical orientation to test the resolution with the
alignment that SuperNEMO would actually use. Aluminium face plates are introduced
into the design to align the bar with the PMTs, causing some light to be reflected away
from the PMTs.

Comment (4)*: The bar was brought down into a horizontal position to remove
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PMT Size & Make Bar Source Refl. ESRPipe? ££(%) CTR C
3”H.R6223-100S 1,V 2"Bi  ESR Yes 10.1 - (3)*
3”H.R6223-100S 1,H 2"Bi  ESR Yes 112  850ps (4)*
3”H.R6223-100S 1,H 2"Bi PFTE No 126 410ps (5)*
37 H.R6223-100S 1,H 207Bj - No 13.1 523 ps
3”H.R6223-100S 1,H 2°"Bi PFTE No 123  431ps (6)*
3” H.R6223-100S 1,H 2°"Bi  PFTE No 124  417ps (6)*
3”H.R6233-100S 1,H %Sr PFTE No 11.1 464 ps
& 3” H. R6233-100

3” Ph. XP5312 LH %Sr  Mylar No 11.3 520 ps
& 3” Ph. XP5302
3”H.R6233-100S 1,H %Sr  Mylar No 10.7 463 ps (11)*
& 3” H. R6233-100
3” H.R6233-100S 1,H *Sr ESR No 11.0 500 ps
& 3” H. R6233-100
3”H.R6233-100S 2,H %Sr  Mylar No 9.7 448 ps
& 3” H. R6233-100
3”H.R6233-100S 2,H 2°"Bi  Mylar No 11.3 448 ps
& 3” H. R6233-100
3" H.R6233-100S 2,V 2"Bi  Mylar No 10.3 424 ps

& 3” H. R6233-100

Table 12.3: Results of measurements obtained with Configuration 2. The orientation of the

bar (horizontal (H) or vertical (V)) and whether Bar 1 or Bar 2 is used is indicated. The energy

resolution measurement (FWHM at 1MeV) is obtained from the sum of the PMTs. The -1.1%

offset from simulations is not included and the energy resolution has a +0.4% error on it (Sec-

tion [11.3.4). The coincidence time resolution (CTR) measurement is shown. Any comments

(C) regarding measurements can be found below in Section
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(a) The “top” end (b) The “bottom” end

Figure 12.4: The 150mm & “ESR Pipe”, creating a uniform gap between the ESR and the

scintillator bar, in a vertical orientation.
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the face plates obstructing light in the vertical design. The average energy resolution
obtained with the horizontal orientation, 11.3% FWHM at 1MeV, is ~ 1.1% worse than
with the vertical orientation. This could have been caused by a problem with the optical
contact in the setup. In the vertical orientation gravity helps to obtain good optical
contact. To test this the scintillator and PMTs were re-gelled and put back together and
two points along the bar were measured again. At -80cm the re-gelling provided an
energy resolution of 11.0% (cf. 10.9% before re-gelling) and at 60cm the re-gelling
provided an energy resolution of 10.4% (cf. 12.9% before re-gelling), showing that
optical contact could have been the cause of the degradation. The 2228 TDC module

(with 100ps resolution) was used to acquire the TDC data.

12.2.1 Time Resolution Measurements Investigation

The CTR resolution of NEMO3 is 250ps o at IMeV. A time resolution similar to that is
desirable for the SuperNEMO calorimeter. Initial tests of the scintillator bar calorimeter
unit indicated a CTR of 850ps. An in depth investigation, summarised below and in
Table was carried out in order to improve and understand what is contributing to
the width of the TDC distribution. The best CTR achieved with the scintillator bar unit

after optimising the setup was ~ 400ps.

Comment (5)*: When using the ESR pipe an air gap of ~ 8.8cm is created between
the source and the scintillator bar. This creates a large solid angle illuminated by the
source, contributing to the width of the TDC distribution. The source was brought
down onto the bar to decrease the solid angle illuminated by the source and to decrease
the path travelled by the light to improve the time resolution of the system. Nine points
were tested across the bar with each point of measurement individually wrapped in
Teflon (three layers thick and ~ 6cm wide). A CTR of 410ps was achieved with this
setup - a great improvement on the previous 850ps, however still far from the desired

250ps.

Comment(6)*: The 2228 A TDC module, with a finer 55ps resolution, was intro-
duced into the system to see whether this would improve the CTR measurement. A
measurement was repeated with the two different TDC modules with identical setups
(3" Hamamatsu PMTs, with the bar wrapped entirely in PFTE, at the Ocm position).
The 2228 TDC module (100ps resolution) gave a result of 431ps CTR. The 2228A
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TDC module (55ps resolution) gave a result of 417ps CTR. Whilst some improvement
is seen the resolution of the TDC module is not what is causing the CTR to be greater
than expected. From this point onwards only the finer resolution 2228 A TDC module

is used.

Comment (7)*: The discriminator used in the DAQ so far has been a leading edge
discriminator (which uses the leading edge of the signal for triggering). In order to see
how this effects the TDC width a constant fraction discriminator (CFD), which takes
into account the pulse shape of the signal, was introduced into the DAQ instead. A
measurement with identical setups (3 " Hamamatsu PMTs, with the bar wrapped en-
tirely in PFTE, at the Ocm position) was carried out. The leading edge discriminator
gave aresult of 417ps CTR, and the CFD gave a result of 548ps CTR. In order to inves-
tigate why using the CFD gives a worse CTR than using the leading edge discriminator
the contribution of the electronics with the CFD in the chain was looked at. This was
done by splitting the signal from one PMT and passing it through an identical chain of
electronics. A narrow peak was obtained with this test, indicating that the electronics
behaved reasonably. The threshold of the CFD was varied (set to minimum, achieving a
CTR of 585ps and set to maximum, achieving a CTR of 598ps), which did not improve
the CTR. In conclusion, the leading edge discriminator gives a better CTR result. This
is thought to be due to the pulse shapes of the signals being different, in which case a
CFD gives a worse result. When using the leading edge discriminator and cutting on
the ADC spectra to select TDC data (Section[I1.3.5)) this is effectively doing the job of
a CFD.

Comment (8)*: The next part of the investigation involved looking at whether
the coincidence unit contributes to the measurement of the TDC width. The TDC
trigger was changed to not use the coincidence for triggering. Instead, the TDC “start”
came directly from the PMT1 discriminated signal. The TDC “stop” came from the
PMT?2 discrimated signal delayed by ~ 24ns (a slightly longer time than that which the
signal takes to travel across the entire bar), to ensure the “stop” always comes after the
“start” (Figure[I2.5). No improvement was seen in the CTR result, concluding that the

coincidence unit does not contribute to the width of the TDC distribution.

Comment (9)*: In order to see the contribution to the TDC width coming from

the length of the scintillator bar the test was carried out with a “short” bar. A block
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Figure 12.5: The TDC data acquisition system (DAQ) for scintillator bars with the coincidence

unit taken out of triggering.

of BC-408 PVT scintillator (15cm x 15¢cm x 2cm) was used, coupled to the two 3"
Hamamatsu tubes. The block had no reflective wrapping in order to degrade the light
output to make it similar to that of the bar (the energy resolution obtained was 11.5%,
similar to that of the bar setup wrapped in PFTE). The CTR achieved was 306ps - an
improvement from the best (individual point) CTR of 395ps achieved for the bar setup.

However, a CTR of ~ 250ps is expected to be seen for a block this size.

Comment (10)*: After many variations of the DAQ and setup and no great im-
provement in the TDC width measurement it was decided to test the intrinsic time
resolution of the 3" Hamamatsu tubes. At this point one of the tubes developed a
crack (possibly due to an HV spike), causing the photo-cathode to evaporate entirely.
A 3" Hamamatsu R6233-100 tube (Table with a QE of ~ 35% at 350nm was
used to replace this. Despite the R6233-100-S tube having an 8% higher QE than the
R6233-100 tube both PMTs show a similar performance [147]. The EJ-200 and BC-
408 scintillators have suppressed light emmissions below 400nm, therefore the shift of
the QE profile of the R6233-100-S to lower wavelengths (Figure[I0.1(b)) could explain
the similar performance of the tubes. To test the intrinsic time resolution of the PMTs
the two tubes were placed side by side with a UV LED, pulsed at 2.23V to give an
ADC peak position similar to that of 2°’Bi, suspended centrally above them. The CTR
of the 3" Hamamatsu tubes was found to be 258ps (compared to 306ps measured with
the “short” bar). Therefore a sizeable contribution to time resolution comes from the
intrinsic time resolution of the 3" Hamamatsu tubes (258ps compared to an average
measurement of 460ps for the EJ-200 Bar 1). The time transition spread (TTS), which
is the spread of the time that the electron avalanche takes to go through the dynode
chain, for the 3 " Hamamatsu R6233-100-S tube is 14ns (~ 3 times worse than for an

8" tube, which has a TTS of 4ns). A flat cathode window, as in the 3" Hamamatsu
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Scint. Size & Make Refl.  Setup Details CTR C
EJ-200 Bar 1 PFTE Source brought down 410 (5)*

onto bar

EJ-200 Bar 1 PFTE 2226 TDC module used 431 (6)*
(100ps resolution)

EJ-200 Bar 1 PTFE 2228 TDC Module used 417 (6)*
(55ps resolution)

EJ-200 Bar 1 PFTE Constant Fraction Discri- 548  (7)*
minator used

EJ-200 Bar 1 PFTE Remove coincidence unit 613  (8)*
from triggering

BC-408: - “Short” bar tested 306 (9)*
I5cm x 15cm x 2cm
Intrinsic time resolution 258  (10)*
- - of 3 R6233-100-S and

and R6233-100 PMTs

Table 12.4: Summary of the time resolution investigation measurements. The scintillator and
reflector used and the coincidence time resolution (CTR), in ps, obtained are shown. All tests
were carried out with the 3” Hamamatsu R6233-100-S PMTs and with a 2°"Bi source. Any

comments (C) regarding measurements can be found in Section @

R6233-100-S tube, generally leads to a poor time resolution due to the variation of the
drift time from the cathode to the 1°*-dynode. After discussions with Hamamatsu it was
discovered that they have a “plano-concave” tube with a flat window on the outside but
a concave photocathode on the inside, which reduces the TTS to 4ns (designed for an-
other experiment). Although there is no one-to-one correspondence between the TTS
and the time resolution it is expected that reducing the TTS and introducing a concave
photocathode would help to improve the time resolution of the system. The tubes are
available to purchase, however due to time and money constraints the tubes were not

acquired.
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12.2.2 Sr Measurements

The scintillator bar setup was taken to CENBG to be tested with the *°Sr to cross check
the energy and time resolution measurements with those obtained at UCL. Using *°Sr
removes many complications associated with the 2°7Bi fit. As an additional cross check
the scintillator bar setup was tested with the UCL DAQ and the DAQ used at CENBG
for consistency.

The bulk attenuation length of the EJ-200 scintillator bar was measured as part of
the testing. The peak of the ?°Sr Gaussian distribution in ADC counts for the individual
PMTs is plotted as a function of the source location (its distance from the centre of the

bar) and is fitted with an exponential function:

y = Ae”, (12.2.1)

where A and b are the constant and the slope of the distribution, y is the value of the 908y
peak in ADC counts and x is the position of the source on the bar in cm. The attenuation
length is then % An example of an attenuation length fit can be seen in Figure
obtained for the EJ-200 Bar 1 setup, wrapped in PFTE with 3" Hamamatsu PMTs.
The attenuation length measured with the R6233-100 tube (referred to as the “left”
tube) was measured to be 154cm and the attenuation length measured with the R6233-
100-S tube (referred to as the “right” tube) was measured to be 171cm. On average the
attenuation length was measured to be 158cm with the R6233-100 PMT and 165c¢m
with the R6233-100-S PMT.

Comment (11)*: When using scintillator bars for the SuperNEMO calorimeter
design it is important to be able to identify the position of an event on the bar and
the precision to which this can be done. To acquire a measurement of this the “°Sr
spectrometer was moved to a “mystery”’ point on the bar unknown to me (for the EJ-
200 Bar 1 wrapped in Al-Mylar with the 3" Hamamatsu PMTs). The mean of the
TDC distribution (¢, — ¢1) plotted as a function of position of the source (obtained from
earlier measurements of bar scanning), shown in Figure was then fitted with a

straight line equation:

Yy =mzx+c, (12.2.2)
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Figure 12.6: An example of obtaining the attenuation length of the calorimeter unit with
908r for a setup using the EJ-200 Bar 1 wrapped in PFTE with 3” Hamamatsu R6233-100 and
R6233-100-S PMTs.

where m and c are the gradient and the constant of the line, y is the TDC mean (in
TDC ticks) and x is the position of the source (in cm). The fit returned the values of
m = —3.479 and ¢ = —126.09. In order to get the position of the mystery point the
mean of the TDC width distribution obtained for the mystery point (Figure
was then converted to a position, using the values returned by the fit. The position was

reconstructed at —33.4cm, with the actual location of the °°Sr at —33.3cm.

To obtain the error on the mystery point position the straight line equation ob-
tained from the TDC mean as a function of position is used to convert the TDC width
distribution from TDC ticks to position in cm. The error is then the width (o) of this
Gaussian distribution (Figure [[2.8)). The mystery point position was measured to be
-33.4cm =+ 3.7cm. The average o obtained for all of the measurements with the EJ-200
Bar 1 wrapped in Al-Mylar with 3 " Hamamatsu PMTs setup 1s 3.6, translating to an
error of + 3.6cm. Therefore the location of an event on the scintillator bar can be found
to within £ 3.6cm.

The spectrometer is able to produce a monochromatic source of electrons from
208r from 0.4 to 2.0MeV (Section . When testing the energy and time resolution
of the scintillator bar calorimeter unit a dependence inversely proportional to the square

root of the energy (v/E) is expected to be seen. The EJ-200 Bar 1 wrapped in Al-Mylar
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TOE Mean vs Position of Hit: EJ200 Bar wrapped in Mylar with 3 inch Hamamtsu PMTs, “8r Spectromater
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(b) TDC distribution for the “mystery” point

Figure 12.7: The distributions used to obtain the location of the °Sr at a “mystery” point for

the EJ-200 Bar 1 wrapped in Al-Mylar with 3” Hamamatsu PMTs setup.
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Figure 12.8: An example of the TDC distribution converted to position to obtain the error on
position for a setup using the EJ-200 Bar 1 wrapped in PFTE with 3”” Hamamatsu R6233-100
and R6233-100-S PMTs.

with 3 Hamamatsu PMTs setup was tested for five different energies (between 0.4 and
1.6MeV) with the %°Sr spectrometer placed at the Ocm position on the bar. Both the

energy resolution (Figure[12.9(a)|) and the time resolution (Figure [12.9(b)) were found
to have a good v/E dependence.

12.2.3 Configuration 2 Conclusion

The best energy resolution obtained with Configuration 2 is 10.1% FWHM at 1MeV
with the EJ-200 Bar 1 wrapped in ESR with the 3 " Hamamatsu PMTs (in the vertical
orientation) using 2°’Bi and 9.7% FWHM at 1MeV with the EJ-200 Bar 2 wrapped
in Al-Mylar with the 3" Hamamatsu PMTs using ?°Sr. These results show that the
UCL (*°"Bi) and CENBG (*°Sr) methods produce consistent results, therefore the 2°"Bi
analytical function used to fit the collected data works well. The results obtained with

the UCL DAQ and the CENBG DAQ were also found to be consistent.

12.3 Configuration 3

The schematics and picture of the EJ-200 200cm x 10cm x 10cm (with the ends tapered
to a 6.8cm & circle at 70° angles) bar, referred to as the “square” bar, can be seen
in Figure [12.10L The weight of the bar is ~ 25kg, therefore there is some doubt as

to whether the 3" PMT can withstand the weight of the bar when it is in a vertical
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EJ200 Bar wrapped in Mylar with 3 Inch Hamamtsu PMTs, Dgr Spectrometer, 0cm Position
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Figure 12.9: Energy (a) and time (b) resolution as a function of *Sr energy for the EJ-200 Bar

1 wrapped in Al-Mylar with 3” Hamamatsu PMTs setup, showing a v/E dependence.
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Figure 12.10: The EJ-200 “Square” bar schematics (a) and physical appearance (b).

IAGONAL

orientation. Hamamatsu were planning to do a “pressure” test, with their concern being
that the stem area at the bottom side of the PMT may be broken by the applied pressure.
An additional support mechanism was suggested to be implemented by Hamamatsu to
reduce the burden on the PMT. However, due to time constraints the EJ-200 square bar

tests were carried out in the horizontal orientation.

The square bar tests were carried out with the 3" Hamamatsu PMTs, with the
bar wrapped in Al-Mylar and with the BC-630 optical gel used for coupling. Due to
the large thickness of the bar the y background picked up by the calorimeter unit is
extremely large. Figure shows the full and filtered 2°’Bi spectra obtained with
the EJ-200 square bar, at the Ocm position. The thickness of the bar means that there
is a higher probability of v interaction within the bar, therefore the 1.7MeV Compton
shoulder at 1300 ADC counts starts to become visible. Too much 7 background is
introduced for the full analytical 2°“Bi fit (described in Section to be used.
Instead, a less robust but simpler triple Gaussian fit (Equation[T1.3.6) is used on the the
subtracted, or electron only, spectrum (obtained with the procedure described in Section
[I1.3.3) to obtain the energy resolution. Figure[I2.11]shows the subtracted spectrum for
the Ocm position, where a “false” peak can be seen at ~ 1800 ADC counts. When
subtracting the spectra, the normalisation is done to the 976keV peak and Compton
shoulder therefore this false peak becomes visible in the subtracted spectrum due to
the 1.7MeV Compton shoulder picked up by the scintillator bar. The energy resolution
obtained for the Ocm position is 12.5% FWHM at 1MeV.

Simulations with GEANT-3.21 for the EJ-200 square bar (200cm x 10cm x 10cm,
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Figure 12.11: ADC spectra obtained with 27Bi for the EJ-200 “Square” bar at the Ocm po-
sition, with the bar wrapped in Al-Mylar, using 3” Hamamatsu PMTs. The full and filtered
spectra for the individual and summed PMTs are shown in (a) and the subtracted (electron)
only spectrum for the summed PMTs is show in (b). An energy resolution of 12.5% FWHM at
1MeV is obtained.
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without the taper) were carried out for the Ocm position for an MC truth of 12.5%
to confirm the large v background seen in the data. Figure [12.12| shows the full and
filtered spectra for the summed PMTs obtained with the data and with the simulations
for the Ocm position. The simulations confirm what is seen in the data - the 976keV
conversion electron peak and Compton shoulder become more merged and difficult to
distinguish. The 1.7MeV Compton shoulder is also seen to appear in the simulations at
~ 1300 ADC counts.

Some non-uniformity across the length of the bar was seen when the measure-
ments were carried out, with one side of the bar giving a better performance (with an
energy resolution of 12.8% FWHM at 1MeV) than the other (with an energy resolu-
tion of 14.3% FWHM at 1MeV). In order to explore the non-uniformity of the bar
further three “faces” (out of four) of the bar were tested. Every paremeter was kept
constant (meaning no re-gelling of the PMTs was done between measurements of dif-
ferent faces) with the 2°7Bi source placed on top of Face 1 and suspended by the sides
of the bar and centralised for Face 2 and Face 3 measurements.

A summary of the measurements obtained for the three different faces of the bar is
shown in Table[I2.5] Some non-uniformity is seen from one face of the bar to another.
This could be explained by the large size of the bar or something going wrong dur-
ing the production of the bar (several unsuccessful attempts were made to produce the
bar). The energy resolution obtained with the thick square bar is 12.1 - 13.1% FWHM
at 1 MeV, up to 3% worse than for the 2.54cm thick EJ-200 bars. If used for the Su-
perNEMO calorimeter, this energy resolution would not achieve the required sensitivity

for the 033 half-life of 10%¢ years therefore the 10cm thick bar is not an option.

12.4 Summary and Conclusions

Many different parameters were varied and tested for the scintillator bar calorimeter
unit. The best setup was found to be using a 200cm x 10cm (with ends tapered to
6.5cm at 45° angles) x 2.54cm EJ-200 scintillator, wrapped in ESR or Al-Mylar, with
3" Hamamatsu R6233-100-S PMTs giving an energy resolution of ~ 10% FWHM
at IMeV and a CTR of ~ 450ps (o at 1MeV). This energy resolution result is un-
precedented for a scintillator of such a large size. The result was validated with two

independent methods (using 2°’Bi and “Sr) and was found to be consistent, proving
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Figure 12.12: ADC spectra obtained with 2°7Bi for data (a) and MC (b) simulations for an
MC truth of 12.5% FWHM at 1 MeV for the EJ-200 “Square” bar at the Ocm position.
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PMT Size & Make  Reflector Bar Face 4£Z(%) CTR (ps)

3” H. R6233-100 Al-Mylar 1 13.1 646
& 3” H. R6233-100-S

3” H. R6233-100 Al-Mylar 2 12.9 640
& 37 H. R6233-100-S

3” H. R6233-100 Al-Mylar 3 12.1 636

& 37 H. R6233-100-S

Table 12.5: Results of measurements obtained with Configuration 3. The energy resolution
measurement (FWHM at 1MeV) is obtained from the sum of the PMTs. The -1.1% offset from
simulations is not included and the energy resolution has a +0.4% error on it (Section|11.3.4).

the method used is robust and reliable. It should be noted that this energy resolution is
a conservative estimate as the —1.1% systematic shift (Section (11.3.4) found with sim-
ulations has not been included in this final result. When including the shift a potential

energy resolution of ~ 9% FWHM at 1 MeV is achievable for the scintillator bar unit.

In February 2010 a decision regarding the SuperNEMO calorimeter design for
the demonstrator module was made by the collaboration. An unprecedented energy
resolution of 7% FWHM at 1MeV has been obtained with the block design, which
corresponds to the target resolution of the SuperNEMO calorimeter of 4% FWHM at
3MeV [147]. Following a discussion, focusing on the sensitivity, risks and costs of
the designs, it was agreed that the block calorimeter design would be used. It was
decided that the current information available on the bar calorimeter design does not
give sufficient advantages to be chosen over the block design, even when considering
the saving in cost and reduction of background introduced by the PMTs using the bar
design would provide. The main disadvantage of the bar design was that a fully func-
tional demonstrator module could not be built using scintillator bars. The prerequisite
of the demonstartor module was to have a stand alone fully functional SuperNEMO
module. With one module of the bar design containing 12.5kg of 32Se this was too
expensive an option to consider. Other issues of concern were the inexperience of the
bar design. Concerns regarding the time calibration of the bars, accurate measurement

of external and internal backgrounds (especially for 2°®Tl) and the bars’ design sensi-
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tivity for the analysis to the excited states of 2Se due to the layered structure of the
design were raised. If the target backgrounds for SuperNEMO can be reached with the
SuperNEMO demonstrator module the block calorimeter design would ultimately give
a 50% better sensitivity than the bar design. However, if the demonstrator finds that
the dominating problem in reaching the target sensitivity is caused by the emanation of
radon from the PMTs then the bar design remains as a “back up” option.

A low level R&D programme will continue for the scintillator bars, such as further
optimisation of the energy and time resolutions of the calorimeter unit, looking at the
ageing effects of the bars (for example, by measuring energy and time resolutions in

identical setups as a function of time) and full detector simulations.
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Chapter 13

Conclusion

Neutrinoless double beta decay (0v(3/3) is a lepton number violating process, forbidden
in the Standard Model of particle physics. If it is observed it identifies the neutrino to
be that of a Majorana nature, with the neutrino being its own anti-particle. It is also
one of the most sensitive processes to ascertain the effective mass of the neutrino and
has access to the neutrino mass hierarchy (complimentary to oscillation experiments).
It will therefore have large implications for the fields of particle and nuclear physics,
cosmology and astrophysics. Studying two neutrino double beta decay (2v/3(3) provides
insight into the nuclear models used to calculate nuclear matrix elements for Ov 3/,
which are required for the extraction of the corresponding physics parameters, such
as the effective neutrino Majorana mass, (m,.). 2v(3(3 decay is also an irreducible
background to Ov (33 decay (with the two having the same event topology) and must
therefore be studied in great depth before a 033 decay search can be carried out.

The NEMO3 detector, located in the Laboratoire Souterrain de Modane (which
provides a rock overburden of 4850 metres water equivalent to shield the detector from
cosmic rays), collected data from February 2003 to January 2011 from 10kg of seven
different double beta decay isotopes. The NEMO?3 collaboration has produced some
of the world’s most competitive results for the 2033 and Ov (3 decay isotopes used,
including the 1Mo (which is NEMO3’s main isotope at 6.9kg) result presented here.

The thesis gives a detailed description of the main NEMO3 components - the
tracking chamber, calorimeter, source foils, calibration, radon purification facility and
passive shielding. NEMO3’s main distinguishing feature from other experiments is the
topological identification of events, which allows identification of electrons, positrons

(using NEMO3’s magnetic field), vs and as. This means that the only backgrounds
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to G decay are 2e~ events, which mimic 233 and Orv(G3 decay. Topological back-
ground suppression is particularly important for a continuous energy spectrum, such
as produced by 2v3/3 decay and some of the Ov (3 decay modes, making NEMO3 the
most sensitive experiment for these searches. The internal and external background
models used for 1°°’Mo are described.

The validity of the cuts applied to the data and the Monte Carlo simulations is
tested and presented and the methods used to extract 2v(3(3 and Ov 33 decay half-lives,

limits and corresponding parameters are given. The 2v 33 decay half-life measured is

Tty = [7.02 + 0.01(stat) + 0.46(syst)] x 10"years,

for 6.9kg of %Mo collected over 1471 days (obtained from February 2003 to Decem-
ber 2009, for which laser energy corrections are available). The nuclear matrix element

is then extracted from the half-life and is

M?* =0.126 + 0.004.

This is the world’s most precise measurement for °*Mo to date and helps to provide
constraints on future O3 nuclear matrix element calculations.
No excess of events are observed in the O (33 region of interest and the limit found

on the Majorana neutrino mass mechanism of Ov 33 decay E] is

Tlo/”2 > 1.1 x 10** years,

corresponding to an effective Majorana neutrino mass of

(mye) < 0.3 —1.0eV,

which is one of the world’s most stringent constraints on (m,,.), comparable to the limit
of (m,,) < 0.3 - 0.7eV obtained with the CUORICINO [88] and Klapdor’s claim of
(m,,) < 0.2-0.6eV (with a “best fit” of 0.4eV, which is starting to be excluded with the
result present here) obtained with the Heidelberg-Moscow experiment [47].

A half-life limit of

Hereafter all the limits stated are given at a confidence level (CL) of 90%.
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TP > 5.5 x 10* years,

is obtained for the O3 right-handed currents decay mode, corresponding to a right-

handed currents admixture parameter of

(\) <1.4x107°,

This is one of the most stringent constraints obtained on the right-handed currents ad-
mixture parameter (\).

A half-life limit of

T > 5.3 x 107 years

is set for the main Majoron particle emission mode (with spectral index n = 1), corre-

sponding to a Majoron coupling constant of

(gyo) < (0.2 =0.7) x 107,

These is the world’s most stringent bound on (g,0) and has been improved by a factor
of ~ 2 compared to the previous world’s best result obtained with NEMO3 [13§]].
SuperNEMO is a next generation double beta decay experiment based on the suc-
cessful tracker-calorimeter technique used in NEMO3, with the “demonstrator” module
currently under construction. The detector will hold ~ 100kg of ®2Se to reach a sen-
sitivity of 10?6 years for Ov33 decay, corresponding to an effective neutrino mass of
(my,e) < 50 - 100meV, providing access to the inverted neutrino mass hierarchy. A
detector description and R&D activities are presented in the thesis, covering source foil
production, purification of materials used to construct the detector, tracker, calorime-
ter and software development. The main focus of the work presented in the thesis is
R&D of an alternative calorimeter design for SuperNEMO, known as the “bar” de-
sign. The advantages and disadvantages of both the calorimeter baseline (or “block™)
and bar design are given. An overview of parameters influencing energy resolution of
a calorimeter system is described and considered in the test bench measurements of

a bar calorimeter unit. Many different configurations of scintillators, photomultiplier
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tubes (PMTs) and reflective wrappings were considered and tested and the results are
presented in this thesis.

An energy resolution of 10% FWHM at 1MeV and a coincidence time resolution
of 450ps (o at 1MeV) have been obtained for the calorimeter bar setup. The result
advocates the advantages of using PVT based scintillator and high quantum efficiency
PMTs. Whilst this is an unprecedented energy resolution for a scintillator of this size
it does not meet the requirements of the 7% FWHM at 1MeV for the SuperNEMO
baseline design calorimeter, which has been met with a block calorimeter setup. In
February 2010 the SuperNEMO collaboration reached the decision to use the block
design for the SuperNEMO demonstrator module, with the advantages of the block
design outweighing those of the bar design, described in the thesis. This decision could
not have been made in a properly informed manner without the detailed study of the bar
design presented here. The bar design remains a “back up” option for the SuperNEMO
detector depending on the findings of the demonstrator. If the target backgrounds for the
detector can be achieved with the SuperNEMO demonstrator then the baseline design
will give a 50% better sensitivity than the bar design due to the better energy resolution
of the baseline design. However, if it is found that radon emanation from the PMTs is
limiting the sensitivity then the bar design may be the way forward. A low level R&D

programme will continue to run for the bar design.
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