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Abstract

Neutrino-less double beta decay (0v3/) is a useful tool to determine the
absolute neutrino mass and nature of neutrino (Majorana or Dirac particle).
The Ovfp is forbidden in Standard Model (SM) due to the violation of lepton
number conservation. The CANDLES experiment is searching for the Ovj3(
of #¥Ca using CaF,(pure) scintillator as the detector and the source. Scintil-
lation photons are collected by Photo Multiplier Tubes (PMTs) surrounding
the crystals. A Flash Analog-to-Digital Converter records the waveform of
each PMT. The two-neutrino double beta decay (2v3f), which is allowed
process in SM, behaves as an irreducible background in the OvgGg3 experi-
ments. In our plan, to achieve the effective neutrino mass sensitivity below
the Inverted Hierarchy, a ton-scale detector containing 600 kg of *Ca is going
to be developed; consequently, we will have a huge background from 2v3p3
from #8Ca. To discriminate the Ov33 from 2v30, the energy resolution must
be improved.

The CaF, signal contains many photoelectrons; hence, the energy res-
olution should be equal to the statistical fluctuation of the photoelectron
number. In the current data analysis, the obtained energy resolution (2.6 %)
is bigger than the statistical fluctuation (1.6 %) at Q-value of ¥Ca. There is
another (or more) fluctuation that affects the energy resolution. Because of
the long decay time of CaFy (1 usec), we make a signal integral of 4 usec to
calculate the obtained energy. Thus, the baseline fluctuation is accumulated
in the signal integration, and it makes the energy resolution worse. In this
thesis, the error of charge measurement caused by the baseline fluctuations is
discussed. The errors of charge measurement include the digitization error,
baseline noise, and error in the baseline measurement. Among these fluctua-
tions, the error in baseline measurement, which is linearly proportional to the
integration interval, is the most severe with the fluctuation of about 1 % at
Q-value of ¥Ca. This baseline fluctuation is accumulated to be more severe
due to the long sampling interval for CaFy scintillator, while it is negligible
in the short decay constant scintillator.

To avoid the baseline fluctuation, the photon counting method is consid-



ered to calculate the obtained energy. A threshold is set individually for every
PMT for detecting photoelectrons in the waveform, and the energy is equiva-
lent to the total photoelectrons. Thus, baseline fluctuation is avoided because
of no signal integration. However, many multi-photoelectron signals occur
near the rising edge of the waveform. These multi-photoelectron signals are
recognized as a single-photoelectron signal; hence, there are lost photoelec-
trons when introducing photon counting. To avoid the baseline fluctuation
and reduce the loss of photoelectrons, an alternative method named partial
photon counting is introduced. In this method, the waveform is divided into
two regions for calculating the energy: the energy in the prompt region con-
taining many multi-photoelectron signals near the rising edge is calculated
with signal integration, and the energy of the latter region near the tail of the
waveform is calculated with photon counting. With this method, the energy
resolution is improved 4.5-4.0 % at 1460 keV (y-ray of %K) and 3.3-2.9% at
2614 keV (y-ray of 2°°T1). With the improvement of resolutions at °K and
2081 peaks, the resolution at Q-value of *8Ca is estimated to be improved to
2.2 %, and the sensitivity for OvS half-life can be improved by 1.09 times.

The energy resolution is an important key to improve the sensitivity in
the search for Qv decay. At the cryogenic temperature, the scintillation
light yield of CaFy(pure) is increased by four times, so that the statistical
fluctuation is much improved. However, the decay constant is extended 40
times; the fluctuation can be tremendously huge. With the photon counting
method developed in this thesis, this baseline fluctuation can be removed,
and the energy resolution 0.8-0.9 % can be achieved. This energy resolution
is enough to achieve the Ov/33 half-life sensitivity of about 10%” years, which
is equivalent to the effective neutrino mass of 27-118 meV. Comparing to
the current world-best sensitivity of effective neutrino mass of 61-165 meV
reported by KamLAND-Zen, photon counting at the cryogenic temperature
can be a promising method to achieve the new world-best limit.
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Chapter 1

Neutrino mass and Double
Beta Decay

1.1 Neutrino Physics

The Standard Model is the theory explaining the elementary particles
(or the building blocks of physical matters) and three of four fundamental
forces (electromagnetic, weak, and strong interactions). There are 12 ele-
mentary particles, which are be classified into two groups of fermions called
quarks (with fractional charge) and leptons (with integer charge), and they
are divided into three generations (I, II, and III) of 4 particles each. Figure
1.1 shows the 12 elementary fermions and the 4 fundamental bosons (Gluon,
Photon, Z boson, W boson) meditating the forces.

Neutrino is one of the leptons with a neutral charge and assumed to be
a mass-less particle in Standard Model. In correspondence to the three gen-
erations, there are three flavors of neutrinos called electron-neutrino (v,),
muon-neutrino (v,) and tau-neutrino (). There are experimental evidence
that neutrino can change from one flavor to another, and it is called neutrino
oscillation (discussed in section 1.1.2). The neutrino oscillation indicates
neutrino is a massive particle. Neutrino is a neutral charge and it interacts
through weak interactions with small cross-section. It is challenging to study
the properties of neutrino. Some predicted and obtained properties of neu-
trino can explore new physics beyond Standard Model. Hence, the physics
and properties of neutrino are interesting topics in physics.

1.1.1 A brief history of neutrino

In 1914, J. Chadwick discovered the continuous spectrum of f-rays [2].
Without acknowledgment of neutrino, the continuous spectrum is not con-
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Three Generations
of Matter (Fermions)
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Figure 1.1: Elementary particles in Standard Model [1].

sistent with the theoretical expectation. In 1930, W. Pauli firstly postulated
the idea of a neutral charge particle, which was then named neutrino, with
the spin of 1/2 and a tiny mass in order to compensate for the conservation
of energy and momentum. The idea worked well, and E. Fermi constructed
the equations of interactions between neutrino and other particles. The the-
oretical equation of S-decay can be described as the following equation.

n—p+te +71, (1.1)
The three flavors of neutrino were obtained by experiments:

e The anti-electron-neutrino (77,) from S-decays inside a large reactor was
detected at Los Alamos in 1956 by C. L. Cowan and F. Reines [3];

e In 1962, in Brookhaven accelerator, L. M. Lederman, M. Schwartz, and
J. Steinberger confirmed the existence of muon neutrino (v,,) as a proof
of two kinds of neutrino [4];

e The tau neutrino was discovered in 2000 by the DONUT collaboration
at Fermilab using nuclear emulsion [5];

e In 2006, the LEP Electroweak Working Group (CERN) announced the
number of neutrino flavors determined by the results of four LEP ex-

-2 -



1.1. NEUTRINO PHYSICS Chapter 1

periments (ALEPH, DELPHI, L3, and OPAL) [6]. It is shown that
there are three flavors lighter than Z;.

After the discovery of neutrino, there were many experiments carried out
to study cosmological objects using high penetration through the matter of
neutrino. Neutrinos can be found from many sources, such as the Sun or
atmosphere. There were two important studies of neutrinos, which signaled
the disagreement between experimental and theoretical observations, and
they are Solar Neutrino Deficit and Atmospheric Neutrino Anomaly. The
disagreement of obtained and estimated results was later found due to the
neutrino oscillation (discussed in section 1.1.2).

1.1.2 Neutrino oscillation

In this section, two problems of Solar neutrino and Atmospheric neutrino
are recalled. The neutrino oscillation, which is the explanation for these two
problems, is discussed. The relation of neutrino oscillation the neutrino mass
is also briefly explained.

Solar Neutrino Deficit: One of the cosmological objects for studying
neutrinos is the Sun. In the Sun, the nuclear fusion via proton-proton chain
reactions produces a vast amount of emitted neutrinos, which are so-called
Solar neutrinos. R. Davis and J. N. Bahcall carried out the Homestake
experiment in order to count the number of Solar neutrinos [7]. However, the
amount of neutrino flux obtained is one-third of the expected flux estimated
from the luminosity of the Sun. The Solar Neutrino Deficit was a long-
standing problem.

Atmospheric Neutrino Anomaly: The cosmic rays enter the Earth
and bombard the atmospheric elements. The interactions generate many
mesons (and less abundant K mesons). These 7 decay into other particles
(a pu*, an e*, a v,, a 1, and a v, or a 7). Consequently, there are 2
(v, +v,) and 1 (v, or 7,) for every 7 decay, and the expected ratio of (v, +
U,)/ (Ve + 7e) is approximately 2. The Kamiokande Collaboration announced
the disagreement of the observed and calculated v, rates (85 events and 144
events, respectively), while the obtained result of v, is quite consistent with
the calculated result [3].

To resolve these deficits, a phenomenon called neutrino oscillation was
proposed by B. Pontecorvo [9]. In this phenomenon, the neutrino flavor
can change from one flavor to another one (v, <> v,, v, <> v, etc.). This
phenomenon was then obtained by many experiments using different neu-
trino sources (e.g., nuclear reactors, accelerators). In 2015, T. Kajita in
Super Kamiokande collaboration [10] and A. Donald in SNO collaboration

-3 -
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[11] were awarded the Nobel Prize in Physics for the discovery of neutrino
oscillation, which implies the non-zero mass of neutrino [12]. The theory of
neutrino oscillation was then elaborated by Z. Maki, M. Nakagawa, and S.
Sakata with the neutrino mixing matrix, which is named the PMNS matrix.
In this theory, each neutrino flavor eigenstate can be derived in the linear
combination of mass eigenstates as the following equation:

Ve n Uel UeQ U63 141
Vul =WUai) |2 ]| = (U Up Ups Vo (1.2)
Vr V3 UTl U7'2 UT3 V3

or ;
va) =) Usi va) (1.3)
i=1

where |v,) is the flavor eigenstate (a=e, p, 7)
|v;) is the mass eigenstate (i=1, 2, 3)
U is the 3x3 PMNS unitary matrix

The PMNS matrix is parameterized by three mixing angles (612, 623, and 6,3)
and a single-phase angle called dcp related to the Charge-Parity violations.

1 0 0 C13 0 8136_15 C12 512 0
U=1|0 Ca3 S923 . 0 1 0 . —S12 C12 0 P (14)
0 —S8923 (o3 —813616 0 C13 0 0 1

where ¢;; is cos0;;
Sij is sz’n@ij
P is a diagonal matrix which depends on the nature of neutrino.

The P is identity if neutrino is a Dirac particle (particle and anti-particle are
not identical), while it is P=diag(e’® ¢**2 1) if neutrino is a Majorana par-
ticle (particle and anti-particle are identical). The probability for a neutrino
changing its flavor to another is:

Am2. L
P(Vo = vg) = g — 42 Re (U;iUﬁanjUgj) sin® ( iy )

1<j 4B
1.5
. o Am?jL (1.5)
+2)  Im (UsUpiUa;Us;) sin2 ( —
i<j
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where d,4 is the Kronecker delta (d,5=1 if o = 3, and 6,5=0 if o # ),

Am? = |m? —m?| is the mass-square difference,

E' is the energy of the neutrino,

Table 1.1: The three-flavor oscillation parameters from global data fitting.
The results shown in the upper (lower) section are obtained without (with)
the Super-Kamiokande atmospheric data. The numbers in the 1st (2nd)
column are obtained assuming Normal Hierarchy (Inverted Hierarchy). Am2,
= Am3, > 0 for NH and Am3, = Amj3, < 0 for IH [13].

Normal Ordering (best fit) Inverted Ordering (Ax? = 6.2)
bfp +1o 30 range bfp £1o 3o range
} sin? 012 0.31075-9:3 0.275 — 0.350 0.31075-913 0.275 — 0.350
5| 012/ 33.8210°78 31.61 — 36.27 33.82170°78 31.61 — 36.27
]
E sin? a3 0.55870 033 0.427 — 0.609 0.56370 058 0.430 — 0.612
g | 02/° 48.3%1% 40.8 — 51.3 48.6711 41.0 — 51.5
=
5 | sin?6;3 0.0224170-99065  (0.02046 — 0.02440 | 0.0226175:50967  0.02066 — 0.02461
5| 01/ 8.6170 13 8.22 — 8.99 8.657015 8.26 — 9.02
-
= .
£ | dcp/° 2227138 141 — 370 285758 205 — 354
E Am?
ﬁ 7.3910-21 6.79 — 8.01 7.3910-20 6.79 — 8.01
Am3 .
ﬁ 252310032 19432 5 42,618 | —2.50970032 2603 — —2.416
Normal Ordering (best fit) Inverted Ordering (Ax* = 10.4)
bfp +1o 30 range bfp +1o 30 range
sin? 012 0.31079 015 0.275 — 0.350 0.310%0 015 0.275 — 0.350
£ | 0r2/° 33.8275°78 31.61 — 36.27 33.827078 31.61 — 36.27
el
2 | sin®0as 0.56310:05% 0.433 — 0.609 0.56570 040 0.436 — 0.610
(]
2 023/° 48.611°9 41.1 — 51.3 48.8119 41.4 — 51.3
Qo
% sin? 013 0.0223715-90066 (0.02044 — 0.02435 | 0.0225970:5096%  0.02064 — 0.02457
x 613/° 8.6010:13 8.22 — 8.98 8.647013 8.26 — 9.02
S | 6cp/° 221139 144 — 357 2821323 205 — 348
2
Amgl +0.21 +0.21
05 o 7.39702 6.79 — 8.01 7.39702% 6.79 — 8.01
Am%z +0.029 +0.030
Toaoyr | TR 42436 - 2618 | 2510006 —2.601 — —2.419
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L is the distance from the neutrino source to the detector.

The probability in equation 1.5 is called the survival probability with a = .
The neutrino mixing angles 6;; and the mass-square difference Amfj can be
determined from a measurement of survival probability. Table 1.1 shows the
Oscillation Parameters from global data fitting [13].

1.1.3 Neutrino mass

In Standard Model, neutrinos are assumed as mass-less particles. The
discovery of neutrino oscillation (section 1.1.2) is proof that neutrino is a
massive particle. However, the absolute value of neutrino mass is still a
puzzle for physicists. In this section, the different approaches for measuring
the neutrino mass are introduced.

From Neutrino Oscillation experiments: The survival probability of
Ve, can help us determine the mass-square difference (|m? — mf}) Addi-
tionally, the mass hierarchy is not confirmed. There are 3 orders of neutrino
mass eigenstates (mq, mq and mg):

e Normal Hierarchy (NH): the order is my < my < ma,

e Inverted Hierarchy (IH): the order is mg < mg < my,

.

m? m2

Normal [==VY: Inverted

2
my=— | j=—=—=—=1|

=
solar~7x10 3¢ V2

5
. - 1,
atmospheric 1
~2x103eV?2 )
atmospheric
il = ~2x107%eV?
- solar~7x105eV2 5
mc4 = [ 7

0

Figure 1.2: Neutrino Mass Hierarchy [11] in Normal Hierarchy and Inverted
Hierarchy. Based on (atmospheric and solar) neutrino experiments, Amfj can
be determined, but the absolute value of neutrino is still unknown.
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e Quasi-Degenerate (QD): the order is m; &~ my &~ my.

The Normal Hierarchy and Inverted Hierarchy (with data from neutrino os-
cillation experiments) are shown in Figure 1.2.

From Cosmology: The data from Cosmology Microwave Background
(CMB) can be used to probe the upper limit of the sum of neutrino masses.
In 2019, the Planck Collaboration reported the following upper limit of the
sum of neutrino mass [15]:

S=>"ms < 0.12 eV (95 % C.L.)

From Direct Measurement: This direct measurement is also named
the Kurie-plot experiment. At the endpoint (near Q-value) of a continuous
spectrum of f-decay, the spectrum of S-ray in case of m(v) = 0 is different
from the spectrum of S-ray in case of m(v) # 0. 3H is the preferred isotope for
the direct measurement of neutrino mass because of its small Q-value; hence,
the effect of neutrino mass on the energy spectrum is more significant. Figure
1.3 shows the energy spectrum of 3-decay from *H in cases of m(v,) = 0 eV
and m(v.) = 1 eV. The Karlsruhe Tritium Neutrino Experiment (KATRIN)
aims to observe the neutrino mass interpreted from the energy spectrum of
3H using high resolution magnetic adiabatic collimation with electrostatic
filtering. In September 2019, the KATRIN collaboration reported the upper
limit of electron neutrino mass [17]:

mg = 1/ 3., |Uei)m? < 1.1 eV (90 % of C.L.)

o
©°
=]
2
I3
=
©
E
>
@
0
@
©
0
e

0.4 only 2 x 10713 of
decays in last 1 eV
- interval

0.2

0
2 6 10 14

Electron-energy E [keV] E -Eq[eV]

Figure 1.3: Energy spectrum of S-decay from *H [16]. If neutrino-mass is
non-zero, there is a difference at the end-point of the spectrum.
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From Double Beta Decay experiment: The measurement for neutrino-
less double beta decay probes the effective neutrino mass, and it is proof that
neutrino is a Majorana particle. In the neutrino-less double beta decay, the
mass of neutrino depends on the half-life of neutrino-less double beta decay
and the nuclear matrix element. The nuclear matrix element depends on the
nuclear model; however, the correct model to explain the neutrino-less double
beta decay is still not confirmed. Additionally, the effective neutrino mass
can be plotted as a function of the lightest neutrino. Figure 1.4 shows the
effective neutrino mass as a function of the lightest neutrino in 3 hierarchies:
QD, NH, and TH. Thus, by determination of the effective neutrino mass, one
can also confirm the mass hierarchy.

1.2 Double Beta Decay

In this section, the phenomenon of double beta decay is introduced.
There are two decay modes can occur: two-neutrino double beta decay and
neutrino-less double beta decay. The neutrino-less double beta decay can

help us determine the neutrino mass and explore the new physics beyond the
Standard Model.

0.1F

[<m>| [eV]

0.001 F
d NH

| il | L MR | L MR
0.0001 0.001 0.01 0.1 1

m, [eV]

Figure 1.4: The value of effective neutrino mass can be plotted theoret-
ically as a function of the lightest neutrino (the picture is on page 250 of
reference [18]), including the 20 uncertainty. Three ranges are corresponding
to 3 neutrino mass hierarchies: Quasi-Degenerated (QD), Normal Hierarchy
(NH), and Inverted Hierarchy (IH).



1.2. DOUBLE BETA DECAY Chapter 1

Even Mass
Number

N.Z odd

Nuclear Mass

7+  Z+2

Atomic Number

Figure 1.5: Mass of isobaric nuclei as a function of atomic number[19].

1.2.1 Two-Neutrino Double Beta Decay (2v30)

The semi-empirical mass formula was introduced by Weizsacker to calcu-
late the mass of a nucleus based on the liquid-drop model. The mass of iso-
baric nuclei can be plotted as a function of the atomic number. With isobaric
nuclei whose atomic mass is even, the pairing term of the Weizsacker formula
is negative for even-even nuclei and positive for odd-odd nuclei. Therefore,
the semi-empirical mass formula can be plotted into two curves, as shown
in Figure 1.5. The nucleus with the lowest nuclear mass is stable, and the
other unstable nuclei will reach to this nucleus via 3% transitions. The single
[ is sometimes energetically forbidden, for instance, the transition from (A,
Z4£2) to (A, Z+£1); on the other hand, the transitions from (A, Z+2) to (A,
Z) is energetically allowed. This phenomenon is named Double Beta Decay
with the nuclear decay equations:

72X =9 X +2e” + 27, (1.6)

The phenomenon was proposed by theoretical physicist M. Goeppert Mayer
[20], and, later then, it was obtained in more than ten radioisotopes. Since
there are 2v, emitted together with 247, it is usually called two-neutrino
double beta decay (2v(0).

There are 35 isotopes acting as double beta decay sources. Since the
double beta decay is a weak process with a scarce decay rate, there are three
primary considerations to choose a double beta decay source in practice [21]:

-9 —
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e (Q-value: In arare decay experiment, background is a essential problem.
The Q-value far from energies of natural background can help reduce
the background.

e [sotopic abundance together with the available enrichment techniques:
The rare decay rate can be compensated with the natural abundance
of the isotopes (such as '*Te with 34 % natural abundance) or the
available techniques for enrichment (such as '*%Xe or Ge).

e Compatibility with available detection techniques.

Figure 1.6 shows the Q-value of different double beta decay isotopes, and 2
dashed lines are the energies of the background from 2°*T1 and 2'“Bi. The red
points are the 9 isotopes, which are named “the magnificent nine”, commonly
used as double beta decay sources because of their experimental advantages.
Table 1.2 shows the half-life of 2v30 (T%’/’Q) of different isotopes. The results
are taken from different experiments.

SETTTT T T I T[T I T I T I T T[T T T T TTTT]
— 48Ca ]
— § ]
4 ]
P %7y  Nd £ (214Bi) = 327 MeV 7

= I S -i.gMé..l .................................. 1.
= °F e Taclecq  E (BTl = 2,615 MeV-
E - 13°Teﬂ|:|.'&1séxe .
S 2+ u m] —
> [ 76 ] _
S ~ Ge . u] .
[ o-0 o ]
- o O o = .
1 o O 0o . 0 ]
n DEI Ohno i
ot lvmid g bl

0 50 100 150 200 250 300

Mass number
Figure 1.6: Q-value of various double beta decay isotopes [21]. The current

isotopes used in experiments are marked with red squares. Two blue dashed
lines are used to indicate the highest energies of v-decay and [-decay from
natural background.
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Table 1.2: Q-value, natural abundance, and half-life of 2v3( (T%’/’Q) of
different double-beta decay isotopes. Tf72 values are taken from different
experiments.

Isotope Q-value Abundance T%72
(MeV) (%) (10'? year)

BCa 4.272 0.187 4.3424(stat.)+£1.4(sys.) [22]
6Ge 2.039 7.8 18473 (stat.) T4 (sys.) [29]
52Se 2.998 9.2 9.6+0.3(stat.)+1.0(sys.) [27]
967y 3.348 2.8 2.3540.14(stat.)+0.16(sys.) [21]
1000 o 3.035 9.6 0.711-0.002(stat.)£0.054(sys.) [20]
1160d 2.809 7.6 2.884-0.04(stat.)+0.16(sys.) [20]
130Te 2.527 34.08 704+9(stat.) =11 (sys.) [27]
36X e 2.459 8.9 216.5+1.6(stat.)+5.9(sys.) [23]
15ONd 3.371 5.6 18470 555 (stat.)4-0.63(sys.) [29]

1.2.2 Neutrino-less Double Beta Decay (0v55)

Beside the 2v33, there is an alternative decay mode named Neutrino-
less Double Beta Decay (0v(3/3). The OvBf is the phenomenon when (A, Z)
decay into (A, Z+2) without the emission of anti-neutrinos. In this Ovfg,
the emitted anti-neutrino can be converted into a neutrino, and they are
absorbed inside the atomic nucleus. The equation of Ov3p is:

4,X =5 X 42 (1.7)

Figure 1.7 shows the Feynman diagrams of Ov33 and 2v55. The lepton
number (AL:NfeJ;ttf;—N f;’;if) is not conserved in Ovff3, hence, this process
is not allowed in Standard Model. The Orv3f is an exciting topic which can

answer crucial questions for physicists:

(i) Determine the neutrino mass: The neutrino mass depends on the half-
life of Ov 38 and the nuclear matrix element. It is explained more details
in the following section.

(ii) Confirm the nature of neutrino: The detection of OvSfS occurs if the
neutrino is a Majorana particle. Thus, Ov50 is a way to probe whether
neutrino is a Majorana particle (particle=antiparticle) or a Dirac par-
ticle (particle£antiparticle).

(iii) Explore new Physics beyond the Standard Model: In Ovg(, there is a
lepton number conservation violation, which is not allowed in Standard
Model. Therefore, Ov3[ is a tool to explore the new Physics.

— 11 —
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Figure 1.7: The diagrams of beta decays [30]. The left figure is the diagram
of the 2v 3 with emission of 2 ., and the right figure is the diagram of the
OvBf without emission of .. The Lepton number is conserved in 2v503
(AL=0), but not conserved in Ovpf (AL=2).
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Figure 1.8: Spectrum of kinetic energy of 2e~ [31]. The kinetic energy

is normalized to Q-value. The 2v33 spectrum is continuous, but the Ov3p3
spectrum is mono-energetic.
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B Determination of neutrino mass from 0vj3j

The 2v35 can be explained as two single S-decay processes. In 2v343, a
portion of the released energy is carried away by 27, thus, the obtained 2e~
spectrum in 2v3( is continuous. On the other hand, in Ov5j3, since there is
no emission of 7, the 2e™ energy spectrum in Ov is a mono-energetic peak
at Q-value. The half-life of O3/ can be parameterized as [32] [33]:

(Ti)p) " = G™

mﬁﬂ ‘ ‘MOV (18)

where G% is phase-space factor, M is nuclear matrix element, and m, is
electron mass. The (mgg) is effective neutrino mass, which is defined as:

Z Uzm;

where U,; is the PMNS matrix for Majorana neutrinos, and m; is the eigen-
value of the i** neutrino mass eigenstate. Therefore, evaluation of the half-life
of Ovps (T(l)‘/’2) is an essential step to calculate the effective neutrino mass.

mgﬁ (19)

In the equation 1.8, the values of G and m, are well determined. How-
ever, besides the T(l)72, the nuclear matrix element (NME) is not known either
because of the unknown mechanism of Ovf35. There are several theoretical
structures proposed to calculate the NME for Ov5: Large-Scale Shell Model
(LSM) [31], Energy Density Functional (EDF) [35], Interacting Boson Model
(IBM) [36], Quasiparticle Random-Phase Approximation (QRPA) [37], etc.
The different results of NMEs from these approaches cause a deviation of
neutrino mass (as shown in Figure 1.9).

1.3 Status of some 0v(53 experiments

The Ovf35 is extremely rare, and it has not been observed in any experi-
ments. Since Qv is an interesting topic in nuclear and particle physics,
there are many experiments in over the world trying to prove this phe-
nomenon from different isotopes using different experimental approaches. In
this section, the most stringent results of the “magnificent nine” are indi-
cated. The list is sorted in the other of the atomic mass number.

¢'®Ca with Qzz=4.3 MeV: The current best limit Ov33 of *Ca was
reported by the 6" generation of ELEctron GAmma-ray Neutrino Telescope
(ELEGANT-VI) experiment in 2008 [39]:

TY,(*Ca) > 5.8 x 10% year (90% C.L.) (1.10)

— 13 —
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Figure 1.9: The Nuclear Matrix Element of Ov35 (top) and the half-life of
OvfBB. The half-life is scaled by the effective neutrino mass and is plotted as
a function of atomic mass [38] using different nuclear matrix elements.

The experiment was carried out at the Oto Cosmo Observatory, whose verti-
cal depth is 1400 m.w.e, and the non-enriched CaFs(Eu) crystals were used
as detector and source. The total amount of *®*Ca was 7.6 g, and the ex-
posure was reported as 3394 kg-day (for data in 2008) combined with 1553
kg-day (for data in 2004). However, the world-best limit of **Ca may be
taken over by the CANDLES collaboration according to a preliminary result
of the better limit in 2018 [10]:

TY,(*Ca) > 6.2 x 10* year (1.11)

¢"'Ge with Qs3=2.0 MeV: The Germanium Detector Array (GERDA)
experiment is set up at the Gran Sasso National Laboratories, in which the
vertical depth is 3500 m.w.e, to obtain the O3 from "®Ge. They deploy 37
high purity "*Ge-enriched (from 7.8 % to 85 %) detectors whose total mass is
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35.6 kg. They experimented with the exposure of 82.4 kg-year, and reported
the most stringent half-life limit in 2019 [11]:

TY,("Ge) > 0.9 x 10* year (90% C.L.) (1.12)

e*?Se with Qzs=3.0 MeV: The CUPID-0 Collaboration reports the
best limit of OvBf3 of 82Se carried out at the Gran Sasso National Laborato-
ries. The CUPID, which is the acronym of CUORE Upgrade with Particle
Identification, is the successor of the Cryogenic Underground Observatory
for Rare Events (CUORE) experiment. The CUPID collaborators use the
scintillating bolometers, which enhance the Particle Identification ability to
eliminate the a background from the detector surfaces. In the latest report
published in 2019, with a total exposure of 5.29 kg-year, they set a world
most stringent limit in search of OvSf half-life of 32Se [13]:

TY5(*Se) > 3.5 x 10! year  (90% C.L.) (1.13)

¢”Zr with Qz3=3.3 MeV: The international collaboration named Neu-
trino Ettore Majorana Observatory (NEMO-3), which is located at the Modane
Underground Laboratory (4800 m.w.e), reported the most stringent lower
limit of ®Zr. The two main components of the detector are the scintillator
blocks, which work as a calorimeter, and the drift cells, which work as a
tracking chamber. The NEMO-3 detector holds more than 10 kg of isotopes,
which are prepared as source foil. The source foils are surrounded by these
factors to obtain the energy and particle trajectory, which is used to discrim-
inate the 3~ with other particles. The world best limit of *Zr Ov33 with
the exposure of 0.031 kg-year was reported in 2010 [11]:

T0%,(P7r) > 9.2 x 102 year  (90% C.L.) (1.14)

oMo with Qz3=3.0 MeV: The NEMO-3 collaborators aimed to ob-
tain the OvBf from 7 DBD isotopes. They set three world best limits for
the search of Ov33 half-life limits of %Zr, which as aforementioned, 1Mo,
and "*Nd. For Mo, with the exposure of 34.3 kg-year, the most stringent
lower limit was set in 2015 [15]:

T%,(*Mo) > 1.1 x 10* year (90% C.L.) (1.15)

¢!15Cd with Qs3=2.8 MeV: The Aurora experiment at the Gran Sasso
National Laboratory aims to obtain the Ov34 of 11¢Cd. With the help of 1.162
kg of M6CdWOy scintillator crystals measured in 35324 hours, the Aurora
collaborators currently set the world best limit of the 0v33 half-life of 1*°Cd
in 2018 [16]:

TY,(1°Cd) > 2.2 x 10% year (90% C.L.) (1.16)
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Table 1.3: Summary of the best lower limit of the half-life of Ovf3S5 of
different isotopes with 90 % Confidence Level. The list is made in the order

of the increment of atomic mass.

Isotope T?’;Q limit (mgg) limit Experiment
(year) (eV) & Published Year
BCa | >58x10% | <(3.5-22) | ELEGANT-VI (2008) [2]]
TGe | > 0.9x10% | <(0.104-0.228) GERDA (2019) [11]
2S¢ | > 3.5x10% | <(0.311-0.638) |  CUPID-0 (2019) [1]]
BZr | > 9.2x102 | <(7.2-19.5) NEMOS3 (2010) [11]
0\ o | > LIx10% | <(0.33-0.62) NEMO3 (2015) [13]
Hecd | >2.2x10% <(1.0-1.7) Aurora (2018) [16]
e | > 1.5x10% | <(0.11-0.52) CUORE (2018) [17]
136Xe | > 1.07x10%° | <(0.061-0.165) | KamLAND-Zen (2016) [15]
TONd | >2.0x102 | <(1.6-5.3) NEMO3 (2016) [1]

o' Te with Qz3=2.5 MeV: The CUORE, which is aforementioned in
the world-best limit of ®2Se, aims to obtain the 0v33 from '*°Te using 988

TeO, crystals, each having a mass of 750 g. In 2018, with the total exposure
of 86.3 kg-year, the CUORE set the world best limit of 39Te 0v33 [17]:

T%,(*Te) > 1.5 x 10% year  (90% C.L.) (1.17)

¢'%Xe with Qzz=2.5 MeV: Kamioka Liquid Scintillator Antineutrino
Detector - Zero Neutrino Double -Decay (KamLAND-Zen) obtained The
most stringent limit of *®Xe was reported in 2016 [15]:

T, (**Xe) > 1.07 x 10* year (90% C.L.) (1.18)

The experiment was carried out with enriched 'Xe-loaded liquid scintillator,
and the above result was obtained with by a combined exposure of 593.5
kg-year.

¢'"'Nd with Qzz=3.4 MeV: The best lower limit of ***Nd was reported
by NEMO-3 collaboration in 2016 with the exposure of 5.25 kg-year [19]:

TY,(*"Nd) > 2.0 x 10* year (90% C.L.) (1.19)

e Summary: The world-best limits of the half-lives of Ov33 from differ-
ent isotopes are reported in Table 1.3. The final goal of Ovf3S experiments
is to probe the effective Majorana neutrino mass. Consequently, the upper
limit of effective neutrino mass denoted from the experiments are compared.
The corresponding effective neutrino masses are also reported in Table 1.3.
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So far, the KamLAND-Zen experiment has set the world best upper limit of
the effective neutrino mass [18]:

world-best sensitivity (2016): (mgg) < (61-165) meV

This upper limit is just above the Inverted Hierarchy region in Figure 1.4. A
very close limit was reported by GERDA collaborators in 2019 by combining
the effective neutrino mass limits of Ge, 82Se, 39Te and '*Xe in different
experiments [12]:

combined sensitivity (2019): (mgg) < (66-155) meV

In the next generations of many experiments, researchers aim to achieve
the sensitivity below the inverted hierarchy (about 20 meV). The isotope
enrichment and tons scale detector are prepared in order to achieve this
sensitivity. CANDLES experiment, which is the main object of this thesis,
is also under development process to improve the sensitivity.
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Chapter 2
CANDLES experiment

This chapter covers the details setup of the current CANDLES III detec-
tor as well as the merit and demerit when using **Ca as the research target.
Because the background is an essential factor when carrying out the neutrino-
less double beta decay, the current dominant background candidates (near
the Q-value region of *Ca) are discussed together with the background re-
duction methods. Furthermore, the goals to achieve the better upper limits
of T?72(48Ca) in association with the techniques and methodologies of the
present and future generations of CANDLES detector are indicated.

2.1 Introduction of CANDLES

CANDLES is the acronym of CAlcium fluoride for studies of Neutrino
and Dark matters by Low Energy Spectrometer. CANDLES is the successor
of ELEGANT VI [39] experiment with the same target is to obtain the Ov 5/
from “8Ca. The decay scheme of **Ca is shown in Figure 2.1. The Q-value
for Double Beta Decay transition (Qgs-) of **Ca is 4272 keV, which is the
highest Q-value among all of double beta decay isotopes (Figure 1.6). This
is the biggest advantage when using this isotope as the target of experiment
because its Q-value is much higher than most of the natural background from
v-decay, the highest one is E,(?%®TI) = 2614.5 keV, or S-decay, the highest
one is Eg(?'Bi) = 3270 keV. Only a few decays from the natural background
can dominate as the background in the Q-value region (this will be discussed
in section 2.3). With this advantage, the CANDLES experiment targets to
carry the zero-background measurement. Background reduction has been
carried out so far to achieve the goal.

Although the highest Q-value is the great advantage for background free
environment, **Ca has a disadvantage, which is its low natural abundance. As
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Figure 2.1: Decay scheme of Ca [70]. The dashed lines are possible Double
Beta Decay transitions from “8Ca to *®Ti.

we can see in Table 1.2, the natural abundance of **Ca is very low (0.187%).
The low abundance limits the sensitivity of the measurement. CANDLES
collaboration is studying the cost-effective methods for enrichment of 4Ca
(indicated in section 2.4) to compensate for the low abundance.

2.2 Detector setup

2.2.1 Kamioka Underground Observatory

Obtaining the 0v33 from “®Ca is a big challenge due to the extremely rare
decay rate (T{/, > 5.8x10?* year [30]). Therefore, the experiment requires
an intense amount of source and a low-background environment. For a low
background environment, CANDLES is set up in the Kamioka Underground
Observatory at 1,000 m underground (2,700 m.w.e) in the Kamioka Mine,
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Figure 2.2: CANDLES experiment in Kamioka Underground Observatory,

Ikenoyama Mountain, Gifu Prefecture, Japan [52].
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Figure 2.3: The muon flux as a function of vertical depth of different
underground observatories in the world [53].

Ikenoyama Mountain, Gifu prefecture (Figure 2.2). The muon flux from
cosmic-ray is reduced as a function of vertical depth (Figure 2.3). At a depth
of 2,700 m.w.e, the muon flux is about 107 of the surface flux [51]. With
large reduction of muon flux, other experiments (such as Super-Kamiokande
[10] and Kam-LAND [18]) are also situated there.
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2.2.2 Detector setup

As a scale-up version of ELEGANT VI in which 7.6 g of *8Ca is used,
we use much more amount of ¥Ca for 0v33 research. In plan, there are 5
generations of CANDLES detector:

e CANDLES-I and CANDLES-II are prototype detectors [51].

e CANDLES-III is the current generation (this thesis).

e CANDLES-IV and CANDLES-V are the future generations with im-
proved sensitivities (section 2.5).

Figure 2.4 shows the current setup of CANDLES III detector. CANDLES
detector consists of 96 cubic crystals of source-and-detector CaFs(pure) with
side lengths of 10 cm. The crystals are mounted in a jig with six levels and
16 crystals per level in total (Figure 2.5). The total mass of CaFsy is about
305 kg; and the total amount of **Ca is nearly 350 g. These crystals are
submerged within a vessel containing 2,000 liters of the liquid scintillator
(LS). The decay constants of LS and CaFy are about 10 nsec and 1 usec,
respectively. With the difference between the pulse shapes, the LS can be
used as an active shielding. Scintillation photons from LS and CaF, are
collected by 62 Photo Multiplier Tubes (PMTs) surrounding the vessel, and
each PMT is connected to one FADC. The layout of 62 PMTs is shown in
Figure 2.6, and the characteristics of the PMTs are shown in Table 2.1. There
are three different sizes of PMTs used in CANDLES:

e twelve 10-inch PMTs on the 1 row of the sides of the vessel;

e thirty-six 13-inch PMTs on the 2"¢, 3¢ and 4" rows of the sides of the
LS vessel;

e fourteen 20-inch PMTs on top and bottom of the LS vessel.

The light pipes are placed between the LS vessel and the PMTs [57] to in-
crease the photo-coverage. Scintillators, PMTs and light pipes are mounted
inside a cylindrical water tank with a height of 4 m and a diameter of 3 m. In
order to reduce the background induced by (n,7) reactions inside and outside
the tank, a passive shielding consists of lead (to reduce ) and boron (to re-
duce neutron) [58]. Outside the passive shielding, we installed a geo-magnetic
cancellation coil, which helps increase the efficiency of photoelectron collec-
tion [59]. The whole detector is currently operated at a constant temperature
of 2 °C degrees in order to increase the light output of CaFy(pure) [59].
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Figure 2.4: Experimental setup CANDLES III detector (top view - top
figure, side view - bottom figure) with CaF, crystals submerged in a vessel
filled with 2,000 L of liquid scintillator. There are 62 PMTs (12x107, 36 x 13",
14%x20”) surrounding the vessel. The vessel and PMTs are housed inside a
cylindrical water tank (4"x3% m). Between the PMTs and LS vessel, light
pipes are installed to increase photo-coverage. A passive shield composed of
Pb and Boron is installed to reduce the background from (n,y) reactions [55].
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Figure 2.5: Layout of 96 CaFy(pure) crystals in CANDLES III. These
crystals are placed in a mounted-jig with 6 levels and 16 crystals per level.
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Figure 2.6: Layout of 62 PMTs in CANDLES III detector.

2.2.3 Scintillator

A. CaF;(pure) and Wavelength Shifter

In ELEGANT VI, there were twenty-three CaF(Eu) crystals, each having
the size of 45 mm. In CANDLES, to increase the sensitivity, it is decided to
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Table 2.1: Characteristics of PMTs used in CANDLES

PMT 253 mm 332 mm 508 mm
Diameter (10 inch) (13 inch) (20 inch)
Product Name Hamamatsu Hamamatsu Hamamatsu
R7081-100 [55] R8055 [50] R7250 [56]
Photo-cathode Bialkali Bialkali Bialkali
Dynode 10 stage 10 stage 10 stage
Box&Line Box&Line Box&Line
Spectral Response | 300 to 650 nm | 300 to 650 nm | 300 to 650 nm
Peak Wavelength 420 nm 420 nm 420 nm
Gain 1.0x10" 1.0x 10" 5.0x107
(at 2 000V) (at 2 000V) (at 2 000V)

Table 2.2: Compare CaFy(Eu) scintillator used in ELEGANT VI and
CaFy(pure) scintillator used in CANDLES [60].

CaF;(Eu) CaF;(pure)
e Commonly used as scintillator | e Commonly used as lens
e Self absorption e Good transparency
e 24 photons/keV e about 10 photons/keV
® A\nission = 420 nm ® \nission = 285 nm
= well-matched with PMTs | = need Wavelength Shifter

scaled up in three-dimensional by introducing 96 cubic crystals of CaF;(pure)
crystals, each having the size of 10 cm. CaFy(pure) is selected as the scin-
tillator material due to its long attenuation length of 10 m, longer than the
attenuation length of 10 cm of CaFy(Eu).

However, CaFy(pure) has a disadvantage of emission wavelength. The
emission wavelength of CaFy(pure) is 285 nm, while CaFy(Eu) emits blue-
light wavelength of 420 nm (Table 2.2). The scintillation photons reach the
photocathodes of PMTs and produce photoelectrons needed for our experi-
ment. The quantum efficiency (Q.E.) is highest at the blue-light wavelength.
To compensate this problem, the Wavelength Shifter (WLS) is introduced.
The WLS can convert the UV photon from CaFy(pure) to the blue-light pho-
ton. The WLS (with 5 mm thickness) is used to coat outside the CaFy(pure)
crystal to form a pseudo-crystal (Figure 2.4). Measured results of the emis-
sion wavelength of CaFy(pure) and Q.E. of PMTs are plotted, respectively,
in Figure 2.7-a and Figure 2.7-b. Figure 2.7-¢ shows the transparency of
various detector components such as acrylic resin of LS vessel, acrylic resin
of pseudo-crystal, solvent, as well as CaFy. The details of WLS and LS are
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Figure 2.7: Optical properties of different components in CANDLES [61].
a. Spectrum of emission wavelength of CaFy(pure);

b. Spectrum of Quantum Efficiencies of PMTs in CANDLES (dashed) and
commercial PMTs (solid);

c. Transparency curves, from right to left, of UV-nontransparent acrylic resin
used for the LS vessel (thick-solid), UV-transparent acrylic resin for pseudo-
crystals (dashed), Paraol250 as a base solvent (dotted), quartz used for LS
container in test experiments (thin-solid), and CaFy (dot-dashed).

also discussed elsewhere [60].

B. Liquid Scintillator

If OvBp event occurs, the scintillation photons are produced inside the
CaFy crystals. Therefore, the photons produced inside the LS are generated
from unexpected radiations, which are y-rays (inside and outside the tank)
or cosmic rays. The decay constants of CaF, and LS are 1 usec and 10
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nsec, respectively (Figure 2.8). Therefore, we can discriminate the CaF,
waveform, that is needed for Double Beta Decay study, from the LS waveform
and CaFy+LS waveform by using FADC and pulse shape discrimination.
There are a lot of LS events in CANDLES III, and we developed our Data
Acquisition (DAQ) system to reject LS events and select CaFy events using
recorded waveform (section 2.2.4).

Puls:e Height %L’u M

Liquid scintillator
decay constant = O(10 ns)

. Lig.Scinti. Event
CaF, scintillator Y
2 Q_n‘

decay constant= O(1 us) ’

Ty

L 4

CaFgz Event + Lig.Scinti. Event

'l

r
Ti " L1 Short Gate
me CafFz Event L | Long Gate

Figure 2.8: Typical pulse shapes obtained in the CANDLES III detector.
Pulse Shapes of LS and CaFy [63] (left). Typical pulse shapes (from top
to bottom) of the obtained waveform when incident radiation interacts with
LS, LS+CaFy and CaFsy, respectively [62] (right). The Dual Gate trigger was
introduced in the DAQ system [03] [65] to reject LS events.

2.2.4 Data Acquisition system
A. Micro Telecommunications Architecture Data Acquisition

Since 2016, a Micro Telecommunications Architecture Data Acquisition
(LTCA DAQ) system with SpaceWire-to-GigabitEthernet network and eight
event buffers was installed in CANDLES (B. T. Khai et al. [65]). The
schematic view of our yTCA DAQ system is shown in Figure 2.9. The sys-
tem includes 37 Advanced Mezzanine Cards FADCs (AMC-FADCs) with
two input channels and eight event-buffers for each channel. We are using
ADCO0850DL, a product of Texas Instrument [66], with 8-bit resolution, 500
MHz sampling speed, and the Effective Number Of Bits (ENOB) is 7.5 bits
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Figure 2.9: The uyTCA DAQ system consists of Master Module, MCHs,
and AMC-FADCs [65]. The PC can access to the DAQ system via Gigabit
Ethernet.

at 125 MHz input and 500 MHz sampling speed. These AMC-FADCs are
mounted in 4 pTCA crates; each crate contains 9 (or 10) AMC-FADCs and
1 uTCA carrier hub (MCH). The MCH is used for data readout, clock distri-
bution, and trigger control of all AMC-FADCs in the same crate. A Master
Module developed under Nuclear Instrument Module (NIM) standard is in-
troduced for synchronizing clock and trigger signals of all AMC-FADCs via
4 MCHs.

B. Trigger in CANDLES

The high-level trigger decision made by the MCH is produced by the
local trigger logic of each FADC [65]. In addition to 62 FADC channels
for recording waveform of each PMT, there are 12 FADC channels used to
record the sum signals for trigger purposes. The local trigger is made based
on the analog sum of 62 PMTs. The trigger decision is made mainly to select
CaFy events, which are the most interested in CANDLES, by performing a
dual gate trigger with prompt-delay window coincidence [63]. In addition
to the Dual Gate trigger, the trigger decisions are also produced for other
monitoring triggers:
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- Low Threshold Dual Gate trigger: is made to select the CaFy events
at the lower threshold;

- Minimum Bias trigger: is made to select LS events;

Cosmic trigger: is made to select cosmology by using coincidence of
PMTs on the top and bottom:;

Clock trigger (constant 3 cps): is made for monitoring pedestal and
single photoelectron charge from the dark current.

To not cause the deadtime for recording the CaF, events, the number of
decisions for Low Threshold Dual Gate trigger and Minimum Bias trigger
is prescaled by a factor of 1/80 and 1/2000, respectively, inside the trigger
system. After the construction of passive shielding [78], the trigger rate of
CANDLES is about 10 cps.

C. Event data size

As signals of all PMTs are fed to the AMC-FADCs, the time windows
of the digitized waveform are set at 8.96 usec. To reduce the data size, the
AMC-FADC is developed with a summation function [67, 68]. The waveform
is digitized every 2 nsec with 8-bit/sample in the first 768 nsec; after that,
64-nsec digitized values are integrated and recorded as 16-bit strings [63, 64,

|. The data size of one waveform in each FADC is 640 Bytes, including
384 Bytes of 8-bit points and 128 Bytes of 16-bit points. Thus, the total
data size, including waveform informationof one CANDLES event and other
trigger information, is nearly 50 kBytes. Table 2.3 is the comparison of data
format in CANDLES III (currently used) and Photon Counting (this thesis,
discussed in Chapter 6).

Table 2.3: Compare the data format in CANDLES III (current) and Photon
Counting (this thesis)

CANDLES III | Photon Counting
2 nsec (8 bits) points 384 points 2044 points
64 nsec (16 bits) points 128 points 2 points
Time window 8960 nsec 4216 nsec
Size/FADC 640 Bytes 2048 Bytes
Size/Event 49,552 Bytes 153,774 Bytes
Size/24hour @10cps ~43 GBytes ~133 GBytes
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Filename format and Detector development

Every day, the data taken from our detector is recorded as raw data with
the filename format as follow:

Run[RunNo.]-[SubRunNo.]-[SubSubRunNo.].dat
where:

e RunNo. is the Run Number used to indicate the detector develop-
ments, which is explained in the next paragraph.

e SubRunNo. is the Sub Run Number (SRun). It is used to differenti-
ate the data taken on different dates.

e SubSubRunNo. is the Sub Sub Run Number (SSRun) introduced to
divide the data taken in one day into many data files. The size of one
Sub Sub Run is 2 GBytes (about 4x10* events/SSRun).

As the plan to achieve the detector with high performance in energy resolu-
tion and background subtraction, there are several developments carried out
in Kamioka Underground Observatory. These developments are indicated by
the Run number in the raw data file name. The Run numbers corresponding
to the detector developments are listed as below:

e Run001 - Run006: test runs

e Run007: installation of magnetic coil and rearrangement of the CaFy(pure)
crystals

e RunO08: installation of cooling system

e Run009: installation of lead shield and boron shield inside and outside
of the water tank, installation of 10-inch PMTs at 15 row on the tank
side, introduction of the yTCA DAQ system.

e Run010: introducing one more puTCA crate with one MCH and six
AMC-FADCs for the measurement of cosmic-ray induced background
in CANDLES III detector [72].

2.3 Background

Although most of the background can be removed by passive and active
shielding, there are still background events around the Q-value region. The
remained background events in CANDLES are originated from the event
from 2v(3, the external background from (n,y) reactions, the background
from *°Ca, the B-decay events from 2%8T1, and the sequential BiPo decays.
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2.3.1 The 2v303 events

The 2v50 is an irreducible background in the CANDLES experiment and
it is proportional to the mass of **Ca. It is discussed in Chapter 3.

2.3.2 The external background from (n, ) reactions

The external background from (n, ) reaction was the most dominant
background in CANDLES III. In an underground laboratory, the environ-
mental neutrons are mainly produced by the («, n) reactions with elements
inside the rock, with « are emitted from uranium and thorium decay chains
[69]. In Kamioka site, the environmental neutron flux is in the order of

1075 em™2s7! (either thermal or fast neutron) [70], while the muon-induced
neutron flux emerging from the rock is much smaller (in the order of 1078
em~2s7!) [71]. As the neutron from the environment captures on the ma-

terial (such as stainless steel and rock) near our detector, y-rays with high
energy (up to 10 MeV) are produced and observed in the detector. The
estimated background from (n,7y) reactions is 74410 events/year/96crystals
[58]. A passive shield containing Pb (to absorb ~-ray) and Boron (to absorb
neutron) was installed inside and outside of the tank (Figure 2.1) to reduce
this background. After installing the passive shield, the (n,y) background is
expected to be 1 events/year/96crystals [53].

2.3.3 Background from “Ca

When performing the measurement with enriched **CaF, crystals, in ad-
dition to 2v4( background, we also have the background events originated
from #°Ca. The *°Ca background events mainly come from the cosmic-ray
[72]. As the cosmic-ray interacts with detector material and produces neu-
trons, these neutrons capture on **Ca and create *°Ca isotopes. With high
Qg Of 5262 keV, the S-decay from **Ca behave as background in Qg of
48(a, especially, after enrichment process in CANDLES V, which is explained
in section 2.5. According to previous research [72], when carrying out the
measurement with CANDLES V detector, the background from °Ca is esti-
mated as about 0.8 counts/year, which is higher than expected background
(Table 2.4). A Monte Carlo simulation as conducted to study the method for
the reduction of this background. As a result, using smaller crystals (cubic
size 10 cm down to 5 cm) and active shielding can reduce the background
from *°Ca down to 0.04 counts/year [72]. Notably, either reducing crystal size
or introducing active shielding is not sufficient to reduce 2v/3( background
within the region of interest.
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Figure 2.10: The decay chain of impurities as background in CANDLES III.
There are two background components: -decay from 2°8T1 and 2'2Bi-2'%Po.

2.3.4 The B-decay events from °TI

The f-decay from ***T1 has T 2 ~3 min and Qg1 ~5 MeV (Figure 2.10),
which can contribute as background in Qgs region of *Ca. As this decay
occurs after the a-decay of ?'?Bi, to remove it, we can tag the preceding
a-decay. For high tagging efficiency, the deadtime of our DAQ system must
be minimized at the trigger rate [65]. The details of background rejection
of B-decay from 28Tl by offline analysis are explained elsewhere [73]. In
reference 73], the contamination of 2*®T1 (after background reduction) was
estimated as:

208T1: 9.2-11.9 + 0.1 (stat.) & 1.2 (syst.) events/129.5days.

2.3.5 The BiPo sequential decay

The #?Bi**?Po is the sequential decay of S-decay (Qz=2254 keV) from
22Bi and a-decay (Q,=8954 keV) from 2'?Po (Figure 2.10). Due to the
short half-life of 2'2Po (about 300 nsec), these two decays can be obtained in
the same waveform as a pile-up event. The visible energy of a-decay from
212Pg is reduced by a factor 1/3 due to the quenching effect. Thus, the
visible energy of this pile-up event is Qg+Q, < 5.2 MeV, which acts as a
background in Qgg region of ¥Ca. We can reject this background by using
waveform analysis. The details of background rejection of BiPo sequential
decays are explained elsewhere [73]. In reference [73], the contamination of
212Bj-212Pg (after background reduction) was estimated as:
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212Bi-212Po: 18.1 4+ 0.1 (stat.) & 0.7 (syst.) events/129.5days.

At this moment, the background events from 2°T1 and 2'2Bi-2'?Po are
the dominant background in CANDLES detector. Since both of them are the
daughter of 232Th which is contaminated inside the CaF,(pure) crystals, the
better sensitivity can be achieved if we have more purify crystals. Currently,
the average radioactivity contamination of ?*?Th is 18.7 uBq/kg, and there
are only 26 crystals (in 96 crystals) that have low radioactive contamination
(less than 10 uBq/kg). The CaFy(pure) with less contamination is being
prepared for the upcoming measurements.

2.4 Enrichment

In order to compensate the demerit of rare natural abundance, a practical
method to enrich **Ca is a must. So far, there has been no method to enrich
48Ca with high efficiency and low cost because there is no gaseous compound
of Calcium at room temperature to conduct the centrifugal separation. The
only way for mass separation is using an ion beam, and it may cost about 10
MJPY /g. Therefore, CANDLES collaboration are now studying different en-
richment methods: Resin method [76, 77], Micro Reactor [78], Multi-Channel
Counter-Current Electrophoresis [79] and Laser method [31, 81]. We expect
to introduce highly enriched “*CaF, crystals in the future generations of the
CANDLES detector.

2.5 CANDLES: current and future prospect

As mentioned, CANDLES III is the current detector setup in Kamioka;
CANDLES IV and CANDLES V are the future generations. Table 2.4 indi-
cates the difference in detail setup and targets in neutrino mass sensitivity
and expected background. To improve the sensitivity for Ovg/ research,
the strategy of CANDLES is increasing the mass of *Ca while reducing the
background events near Q-value region. We currently running with 305 kg
CaFy(pure) crystals (no enrichment) at the temperature of 2 °C.

At the moment, we aim to achieve a sensitivity of neutrino mass of 0.5
eV with 300 kg of non-enriched CaFy crystals running at a temperature of
2 9C. In future detectors, we aim to achieve a much-improved sensitivity of
neutrino mass, which is 80 meV and 9 meV in CANDLES IV and CANDLES
V, respectively. To do that, we are carrying out developments in background
rejection, isotope enrichment and energy resolution. For energy resolution,
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Table 2.4: Series of CANDLES detector: current and future [82]

CANDLES IIT | CANDLES IV | CANDLES V
CaF; crystal 305 kg 2 ton 2 ton
Abundance 0.187 % 2% 50 %
Mass of **Ca 350 g 25 kg 610 kg
Resolution (¢/E) 2.6 % 1.2 % 0.4 %
Expected 0.27/year <0.7/3year <0.2/9year
background
(zyﬁﬁ, 212Bi, 208T1)
<m, > 0.5 eV 80 meV 9 meV
no enriched, 2% enriched, | 50% enriched,
20C cooling bolometer
(current) (future) (future)

scintillation bolometer detector, which is operated at about 10 mK, for CaF,

crystals is under development process in different approaches:

e Scintillator Bolometer for CaFy(pure): a prototype is setup in Korea
in cooperation with AMORE collaboration [33],

e Scintillator Bolometer for CaFy(Eu): a prototype is setup in Korea in
cooperation with AMORE collaboration [$1],

e Scintillator Bolometer for CaFy(pure): a prototype is setup in Osaka

University |

- 33 —



Chapter 3

Background of 2v35 and
Energy resolution

Background events affect on the sensitivity when searching for the Ov3S
events. Among the background events discussed in section 2.3, 2v53 acts
as an irreducible background in CANDLES experiment. Additionally, the
2v 3 background is a significant matter when we use enriched scintillation
crystals in the future generations of CANDLES. In the energy spectrum, the
OvBB can be distinguished from 2v3/5 by improving energy resolution. In
this chapter, the 2v/3( background events and energy resolution, which are
the two essential aspects of this thesis, are discussed. Moreover, the chance
to improve the energy resolution of CANDLES III is indicated at the end of
this chapter.

3.1 Overview of 2v(55 background

The background events of CANDLES are mentioned in section 2.3. Pas-
sive shielding, pulse shape discrimination, adjustment of crystal size, and
active veto can remove background from (n,7y) reactions, BiPo sequential de-
cay, 28Tl f-decay and *°Ca fS-decay, but not 2v33. In OvSB experiment,
we obtain double beta decay events including Ov53 and 2v83 events. The
difference between 2v53 and OvBg is the emission of 7,. Since CANDLES
detector cannot observe 7., it is impossible to discriminate OvG3 from 2v33
by particle identification or waveform analysis. The kinetic energy of 2 5~
is deposited as a continuous spectrum with the endpoint of Q-value. On the
other hand, as Ovf3( emits no 7., the kinetic energy of 2 S~ deposited as
a discrete energy peak. Therefore, improvement of energy resolution is the
only way to distinguish Ov/3( and 2v503 events.
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Table 3.1: Comparison of 2v3f background rate with different mass of “*Ca
and energy resolution using simulation

®CaMass |0/E=26%|0/E=12%|0c/E=1.0%
M=0.3 kg 0.12x10" ! 0.1x10"! 0.3x10 2
(CANDLES III) | (counts/year) | (counts/year) | (counts/year)
M= 25 kg 1.0x 10! 0.1x10* 2.6x107!
(CANDLES 1V) | (counts/year) | (counts/year) | (counts/year)
M=610 kg 2.5% 107 2.7x 101 0.6x 10"
(CANDLES V) | (counts/year) | (counts/year) | (counts/year)
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Figure 3.1: Simulation histograms of Ov33 and 2v33 with different energy
resolutions. The energy resolutions used in this simulation are 2.6 % (red),
which is the energy resolution at Q-value in Run009, and 1.6 % (blue), which
is the statistical fluctuation of CANDLES III. The region of interest (ROI)
is marked with dashed black lines.

The number of 2v3/ events can be estimated as following the Taylor
expansion equation:

48
MECa) o (3.1)

Neven S ~ N
BT T%

where Ngyents is number of 2v33 events,

N, is the Avogadro number,

M(*8Ca) is mass of *¥Ca (g),
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t is measurement time (year),
T3 is half-life of 2030 of *3Ca (= 4.2x10" year [30, 87]).

According to the above equation, the background events from 2v3/ is pro-
portional to the mass of *8Ca. The estimated 2033 rates with different
48Ca masses and energy resolutions are reported in Table 3.1. With more
amount of *Ca used in the future CANDLES generations by introducing
enriched crystals, the 2v33 will become a severe background. According to
the table, as the energy resolution improved, the rate of 2v3f3 is reduced.
Figure 3.1 shows the simulation spectra with the energy resolutions of 2.6
% (energy resolution in Run009) and 1.6 % (current statistical fluctuation)
for the measurement of 350 g of *®Ca in 1 year. The simulation was done
with assumptions of the 0v33 half-life of ¥Ca is 10%® years and no natural
background. Within the region of interest around Q-value, as the energy
resolution improved from 2.6 % to 1.6 %, the ratio of Ov35 and 2v33 can
be increased about 15 times. Due to the capability of increasing the Ovf3(
over 2vf3 ratio, a study of the energy resolution of CANDLES detector is
carried out in this thesis.

3.2 Energy resolution in CANDLES III

3.2.1 Energy resolution of a scintillator detector

The detection process of a radiation in one scintillator detector can be
explained as sequential processes [38, 89, 90]:

(1) The Sp-ray observed in the crystal and, then, scintillation photons are
emitted. The emission of photons can be affected by the inhomogeneity
of the crystal and temperature dependence of light output. According
to our measurement, the light output of CaFs(pure) increases 1.35 times
when reducing the temperature from 20 °C to 0 °C [73]. Tt is also the
reason why we keep the temperature stable for CANDLES III (section
2.2). Additionally, the temperature is recorded as “slow” data during
Physics Run for monitoring purposes.

(2) The scintillation lights are collected in photocathode. Losing scintilla-
tion photons results in reducing the number of photoelectrons. There-
fore, light pipes were installed between scintillator and PMTs to in-
crease the collection efficiency (section 2.2).
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(3) The photoelectrons are produced at photocathode. Photoelectron emis-
sion depends on the wavelength of the incident photons. Since quantum
efficiency is highest at the blue-light wavelength, the WLS is introduced
to convert UV-light emitted from CaFy(pure) to blue-light (section 2.2).

(4) The photoelectrons are collected at the first dynode: The collection ef-
ficiency at the first dynode affects signal integration. The geomagnetic
field can affect the collection efficiency at the first dynode so that the
magnetic cancellation coil was introduced (section 2.2).

(5) The electrons are multiplied by PMT dynodes. The multiplication (or
gain factor) depends on the supplying high voltage. Therefore, high
voltages of all PMTs are monitored every day during Physics Run.
Additionally, the dark current emitted from cathode and dynodes can
be multiplied and recorded during data taking; thus, it also affects the
energy resolution.

(6) With the multiplication of dynodes, a bunch of electrons forming into
a signal is collected at PMT anode. The signal is recorded by the DAQ
system; thus, it can be affected by electronic noises. In Chapter 4, some
noises are found to be severe effects in the CANDLES III detector.

The electrons collected at the PMT anode are shaped into a signal which
contains the energy information. Therefore, the fluctuation of the electrons
at the anode affects energy resolution, and it can be derived as:

oA 2 o 2 o 2 o 2 oDC 2
YA _ p.e. scin pmt “DC
() - () () + () + (5)

where o, is the fluctuation of N electrons collected at PMT anode.

Op.e. is the fluctuation of N, .. photoelectrons generated at PMT cath-
ode by the incident scintillator photons. It is statistical fluctuation and

it is defined as 1/4/Npe..

Osein 18 the non-statistical fluctuation of scintillator photons. It is also
called the intrinsic resolution of scintillator.

opmt 1s the fluctuation caused by PMT dynodes of N electrons col-
lected at PMT anode. This fluctuation is related to the number of
dynodes and multiplication of each dynode.

opc is the fluctuation caused by the occurrence of dark current in
cathode and dynodes when collecting N, electrons.
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As the signal is recorded by electronics system, the energy resolution at an
energy peak (E) measured by a spectrometer including scintillator coupled
to a PMT can be written as:

<0E>2 _ [ 9pe ? + Oscin 2 + Opmt 2 4 oDC 2 n <Unoise>2(+ )
E B Np-e- Necin Na Na E
(3.2)

where og is the energy resolution at the energy peak E;

Onoise 18 fluctuation coming from the noise.

Equation 3.2 is derived assuming all factors are independent. In the ideal
case, the energy resolution is equal to the statistical fluctuation. The non-
statistical fluctuations are affected by the scintillation process and the PMT
gain. Therefore, the temperature and the supplied high voltage are monitored
during data taking for checking the detector stability. In addition to these
factors, there may be other factors contributing to the energy resolution.

3.2.2 The current energy resolution of CANDLES III

In previous research [73] using data of Run009, the energy resolutions at
different energy peaks were obtained. These energy peaks included:

o K (y-ray): 1461 keV, which is obtained as natural background

o 28T (y-ray): 2615 keV, which is obtained as natural background

o 88Y (y-ray): 1836 keV, which is obtained in ®¥Y calibration

e (n,7) reaction on 'H: 2223 keV, which is obtained in neutron calibration

e (n,7) reaction on #*Si: 3539 keV and 4934 keV, which is obtained in
neutron calibration

e (n,7) reaction on *°Fe: 7631 keV, which is obtained in neutron calibra-
tion

e (n,y) reaction on %*Ni: 8534 keV and 8994 keV, which is obtained in
neutron calibration

e a-rays of ?Rn and ?'Po (x Quenching-Factora(0.3), which are ob-
tained as natural background
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Figure 3.2: The energy resolution of CANDLES III [73]. These data points
are obtained from fitting energy spectra of « (red points) and /3 events (blue
circles). The dashed red line is the fitting function: o/E = a/v/E. The
energy resolution at Q-value of *Ca is 2.6 %.

All energy resolutions were plotted and fitted with below function:

: o a

Resolution(E) E- Vo (3.3)

where the value of a was obtained as 1.693 by fitting. Figure 3.2 shows the

obtained energy resolutions and the fitting function. As a result, the energy

resolution at Q-value was about 2.590+0.003 % [73]. The energy resolution

in Run010 obtained was 2.440.2 % [74]. The difference in resolutions and

the uncertainties may come from various sources, such as the adjustment of
the pedestal (mentioned in Chapter 4) or the different analyses.

3.2.3 Statistical fluctuation

The statistical fluctuation is calculated as 1/,/N,.. Assuming the en-
ergy is linearly proportional to the number of p.e., the energy scale factor is
estimated as:

Energy Scale Factor (p.e./keV) = N, . /Energy

where N, .. is the total p.e. obtained in one event. This number is calculated
as the total charge obtained in the signal divided by the charge of a single
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photoelectron. The scale factor obtained is 0.91 p.e./keV from Physics Run
data in Run010. This scale factor is discussed in more details in section 4.2.1.
Thus, the number of p.e. at Q-value is

N, (*¥Ca) = 4272 keV x 0.91 p.e./keV ~ 3888 p.c.,

hence, statistical fluctuation at Q-value is about 1/1/3888 ~ 1.6 %.

3.2.4 Crystal dependence

In CANDLES, the light outputs of each CaF, crystals are different. The
energy calibration is carried for each crystal using the 7-peak (1836 keV)
of 8Y. The B+LS accidental events can be contaminated around the 1836
keV ~-peak. Therefore, the peak positions in calibration and Physics Run are
different, and the difference depends on the crystal [73]. Figure 3.3 shows the
crystal dependence of the peak positions at the vy-peak of 2°8T1 (2614 keV).
At 2614 keV, the standard deviation of peak positions of 96 crystals is about
60 keV (equivalent to 2.3 %) due to the accuracy of the calibration [73]. In
the current analysis, the crystal dependence is corrected for each layer. After
correction, the standard deviation is reduced to 8 keV (equivalent to 0.3 %),
negligible, at 2614 keV [73].
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Figure 3.3: The crystal dependence of mean value of 2°°T1 ~-peak [73].
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3.2.5 Improve the energy resolution

After many efforts, which are recalled in processes (1) to (5) in section
3.2.1, to improve the detector performance, the energy resolution (og/E)
of CANDLES III is obtained as 2.6 % at Q-value in Run009 and 2.4 %
in Run010. However, the statistical fluctuation (og./E) is only 1.6 %. Tt
means there should be other fluctuation(s) affecting the energy resolution.
As mentioned in section 2.2.4, the waveform in every PMT is recorded with
a window gate of 8.96 usec, and the sum waveform is then produced by
combining the digital waveform of 62 PMTs (Figure 3.4). In the current
analysis, because the CaF'y scintillator has a long decay constant of 1 usec,
we make a signal integration of 4 usec of the sum waveform to calculate the
deposited energy:

2000

Energy o< Signal Integration = Z (Pedestal — Signalli]) (3.4)
i=0

where Pedestal is corresponding to the baseline of the waveform,
Signal[ i ] indicates the value of the waveform at i*" timebin (2 nsec/timebin).
Due to the long period integral, the fluctuation from the baseline affects the

energy, and it causes other fluctuations factor contributing to the energy

Sum Waveform of 62 PMTs (Physics Run)
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Figure 3.4: The sum waveform in CANDLES with a CaFy event. The
vertical axis is in unit of ADC, and the horizontal axis is in unit of timebin
(2nsec/timebin). Values at first bins of waveform are used to calculate the
pedestal. The integral of the waveform is proportional to the energy.
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resolution. These baseline fluctuation is proved and estimated in Chapter 4.
The research motivations of this thesis are studying the baseline fluctuation
effect in the energy resolution of the CANDLES detector and developing a
new analysis method to reduce these fluctuations. The goal is removing the
baseline fluctuation as much as possible to improve the energy resolution on
the CANDLES III detector for searching of Ov33 from **Ca.
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Baseline fluctuation in
CANDLES 111

As discussed in the previous chapter, the energy resolution depends on
the following factors:

e Statistical fluctuation: It depends on the number of photoelectrons
and the multiplication of PMT dynodes. The fluctuation of the num-
ber of photoelectrons is the main contribution to the energy resolution
of the scintillation detector. It is essential to increase the number of
photoelectrons by improvements of photon collection efficiency and to
increase the light yield by low-temperature measurement.

e Detector stability: The scintillation process is affected by the temper-
ature. The PMT gain is affected by the supplied high voltage. Their
change makes the energy resolution worse. In CANDLES, the tem-
perature and high voltage are monitored as “slow data” for necessary
adjustment.

e Error of charge measurement: It is caused by the noise and the error
of the baseline measurements.

Since the signal is integrated for a long interval of 4000 nsec, the dark current
and the errors of charge measurement can be accumulated. The errors of
charge measurement in a long interval include the noises in baseline, the
digitization error and the error in pedestal measurement. In this chapter,
the dark current and the errors of charge measurement are discussed.
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4.1 Dark Current

The photoelectrons are obtained from the scintillator. Besides, we may
detect the electrons of the Dark Current during the waveform recording.
The Dark Current influences the energy resolution. In this section, the effect
of Dark Current on the energy resolution of CANDLES is estimated. An
analysis is carried out to estimate the rate of Dark Current signal in every
PMT. Clock events (random trigger) are used in this analysis to avoid the
photoelectrons from the scintillator. However, small scintillation photons
may be accidentally collected in this analysis. To estimate the rate of dark
current (and small scintillation photons), a threshold is set individually for
each PMT to count the number of photoelectrons. The details of thresholds
are discussed in section 6.1.1. The counting rate is shown as the count in

Dark Current Rate | PMTO1 Dark Current Rate | PMT02

10t 10
107 1072
107 107

Average Dark Current Rate in PMT02
9.2e-04 +9.7e-06 (p.e./100ns)

Average Dark Current Rate in PMT01

Dark Current Rate (p.e./100ns)
Dark Current Rate (p.e./100ns)

10 6.0e-04 + 7.8e-06 (p.e./100ns) 107
100 B e e e e 0% e
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500 4000
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Figure 4.1: Check of Dark Current Rate at every 100 nsec in the waveform
of PMTO1 (a), PMTO02 (b), PMT49 (c), and sum waveform (d). The red-
dashed lines indicate the mean dark current rate obtained in each PMT.
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every 100 nsec. The dark current in the sum waveform is a sum of the dark
current rate of 62 PMTs. Figure 4.1 shows the uniform distributions of dark
current rates in the waveform of PMTO1 (10-inch), PMTO02 (13-inch), PMT49
(20-inch), and the sum waveform of 62 PMTs. The red-dashed lines indicate
the mean dark current rates. In the sum waveform, the mean rate of dark
current is 6.2x10° p.e./sec. Figure 4.2 shows the mean rates of dark current
of all PMTs. All dark current rates are in the order of 10* p.e./sec. The dark

Dark Current in 62 PMTs
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Figure 4.2: Dark Current Rate of 10-inch PMTs (blue), 13-inch PMTs
(black) and 20-inch PMTs (red).
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Figure 4.3: Dark Current Rate accumulated in the sum waveform of 62

PMTs (blue line) linearly corresponds to the integration interval. The sta-
tistical fluctuation of Dark Current is plotted with black line.
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current rates of 10-inch PMTs are lowest.
The mean of dark current of 62 PMTs (upc) is accumulated in a integra-
tion interval T. It is estimated as:
Mean RateS"™M

ppc = Dark Current Count = x T.
100ns

The mean value and the fluctuation of dark current are plotted in Figure 4.3.
At the integration interval of 4000 nsec, the average number of dark current
in one event is about 2.5 p.e., and the fluctuation of dark current (opc) in
one event is about 1.6 p.e. The contribution of dark current to the energy
resolution is negligible:

e at the y-peak of K (~1329 p.e.), the opc/E is about 0.1 %;
e at the y-peak of 2®T1 (~2379 p.e.), the opc/E is about 0.06 %;
e at the Q-value of ¥Ca (~3838 p.e.), the opc/E is about 0.04 %.

4.2 Digitization Error

4.2.1 Introduction of digitization error

In CANDLES, we are using the 500MHz-8bits ADC08DL502 from Texas
Instrument [06] to record the waveform with 7.5 Effective Number Of Bits
(ENOB). The pedestal is calculated as the average value of several first data
points in the waveform. The digitization error is the difference of the mea-
sured pedestal and the true pedestal due to the Least Significant Bit (LSB)
of the ADC. Assuming the distribution of true pedestal is Gaussian with the
mean (uy) and the standard deviation (oa) (Figure 4.4), the probability to

[13S)]

record a digitized values “n” can be expressed as:

n+0.5 2
1 _
P, = / exp (= 1a) dx (4.1)
n—05 V2moa 204

The measured pedestal is calculated as:

Measured Pedestal = (n) = Z (n x Py) (4.2)

Using these two equations 4.1 and 4.2, one can plot the measured pedestal
as a function of true pedestal (Figure 4.5-a), and the digitization error as a
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function of measured pedestal (Figure 4.5-b). The digitization error is cal-
culated as the true pedestal subtracting the measured pedestal. The cal-
culations in these figures were made with three o, values of 0.1 ADC, 0.2
ADC and 0.3 ADC. The digitization error is zero at the data points at 244

A

(a.u.)

Hp n+0.5 n+1 n:-l.S (ADC)

Figure 4.4: The Gaussian distribution of true pedestal. Measure pedestal
is obtained by calculating the average of digitized values.
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Figure 4.5: The theoretical plots of Measured Pedestal as a function of True
Pedestal (a); and the theoretical plots of Digitization Error as a function of
Measured Pedestal (b) with 3 different o4 values of 0.1 ADC, 0.2 ADC and
0.3 ADC.
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Effect on 1p.e. charge of PMT04
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Figure 4.6: The 1p.e. charge value is plotted as a function of the measured
pedestal. The vertical dash lines indicate the measured pedestal values of
244 ADC, 244.5 ADC and 245 ADC. The solid-red line is the linear fitting
function. Value of True 1p.e. (horizontal dash line) is estimated at the
measured pedestal of 244.5 ADC using the linear function.

ADC, 244.5 ADC, and 245 ADC. From the figures, we can see the digiti-
zation error approaches to zero if the o, is large. The ENOB of an ADC
can be determined by the oa [91]. For an 8-bit ADC, o, is proportional
to 28-ENOB - The ENOB is reduced if o, is increased; thus, the digitiza-
tion error becomes smaller. In CANDLES, the ADCs with 8-bit resolution
are selected for further analysis related to energy spectrum and pulse shape
discrimination.

To calculating the charge of single photoelectron (1p.e.), the measured
pedestal is subtracted from 1 p.e. waveform (), (Ped — Signal[i])). For the
waveform integration, the digitization errors are randomly summed, the av-
erage digitization error is about zero [92]. On the other hand, the digitization
error is accumulated in the measured pedestal. The digitization error is ac-
cumulated in the width of 1p.e. signal. The digitization error effect on the
1p.e. charge of every PMT was reported in previous research [93]. The cor-
relation of 1p.e. charge and measured pedestal is assumed to be linear with
measured pedestal ranging from 244.1 to 244.9 ADC [93]. Figure 4.6 shows
the 1p.e. charge of PMT04 as a function of measured pedestal. The o, in
PMT04 was estimated to be 0.23 ADC. The red-solid line is the linear cor-
relation, and the vertical black-dashed lines mark the measured pedestals of
244 ADC, 244.5 ADC, and 245 ADC. The true value of 1p.e. charge calcu-
lated at the measured pedestal of 244.5 ADC is indicated with the horizontal
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Figure 4.7: The energy scale factor is plotted as a function of time. The
horizontal axis indicates SubRun in Physics Run. The scale factor is changed
from SRun095 from ~0.94 to ~0.91 p.e./keV due to the pedestal adjustment.

blue-dashed line. When the measured pedestal fluctuates, the maximum
fluctuation of digitization error is about £0.5 ADC (Figure 4.5-b). Since
the digitization error is accumulated when calculating the charge of 1p.e.
signal, the fluctuation of of 1p.e. charge value, in Figure 4.6, is much more
than the fluctuation of digitization error. From SRun095 in Physics Run, the
pedestals of all PMTs are adjusted to 244.5 ADC to reduce the digitization
error. Due to the digitization error effect, the 1p.e. charge is shifted after the
pedestal adjustment, and it results in the change of energy scale factor from
0.94 to 0.91 p.e./keV (Figure 4.7). The research in this thesis was carried
out after SRun430; hence, the energy scale factor of 0.91 p.e./keV is used to
estimate the statistical fluctuation in this thesis.

4.2.2 Estimate the effect of digitization error
A. Estimate Digitization Error in energy spectrum

The effect of digitization error on the energy resolution of CANDLES III
is discussed in this section. A CaFy signal contains many photoelectrons,
and the digitization error of a 1p.e. signal is accumulated at the signal
points. If the 1p.e. signals overlap each other, the number of signal points is
reduced, and the digitization error is adjusted with a reduction factor. The
calculations of overlap probability of 1p.e. signals and the reduction factor
are mentioned in appendix C and appendix D. The digitization error effect
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in CaF; signal is calculated as:

62 iPMT iPMT
. ) Slope X (Ped —244.5
Q=Y nFMT  piPn o 2P iipm L
1 p.e.

where §2: the digitization error effect in a CaFy signal (p.e.);

nPMT: the number of photoelectrons in the i*" PMT;

APMT: the reduction factor of the i* PMT. The estimation of reduction
factor is described in appendix C;

IPMT. " the slope of linear correlation between digitization error of 1p.e.
charge and measured pedestal in the i PMT. It was determined in

previous research [93];

Slope

Ped™MT:  the measured pedestal of the it PMT,

pio™: the mean value of 1p.e. charge of the i PMT. It is obtained by

measuring the charge of dark current in Physics Run.

To estimate the digitization error in the energy spectrum, one can calculate
the number of photoelectrons and measured pedestal from experimental data.

Figure 4.8 shows the dependence of digitization error on the number of
photoelectrons. The histogram is produced using the data taken with the
same trigger condition as in the Physics Run. With this trigger condition,
the natural background spectrum is observed with y-peaks emitted from “°K
(1460 keV) and 2%®T1 (2614 keV). In the Figure 4.8, the digitization error
increases with more number of photoelectrons. The circles and the error
bars indicate the mean and the uncertainty of estimated digitization error at
40K and 2%8T1 peaks.

The digitization errors on *°K and 2°®T1 peaks are estimated. The en-
ergy cut (u + 1lo) for each peak is determined with the peak position (u)
and energy resolution (o) obtained by the fitting. The distributions of the
estimated digitization error effect on these two peaks are shown in Figure
4.9. At a determined number of photoelectrons, fluctuating pedestal causes
the fluctuation of digitization error. The mean value (upg) and the root
mean square (opg) of the obtained distribution affect on the peak position
and energy resolution, respectively. The mean and width of digitization er-
ror distribution are increasing at higher energy with more photoelectrons;
therefore, the shift of peak position and fluctuation at higher energy is more
severe. The digitization error is strongly related to the shift of peak positions
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in the Physics Run of CANDLES (appendix D). For the effect of digitization
error on the energy resolution, it is studied in the next section.

B. The dependence on Integration Interval

The digitization error depends on the number of photoelectrons. The
CaF, signal, including many photoelectrons, can be expressed as an expo-
nential function. As the integration interval is shortened, we obtain less
number of p.e., and the fluctuation of digitization error is reduced as well.
The signal is integrated with different intervals ranging from 4000 nsec down
to 500 nsec to study the interval dependence of the fluctuation of digitization
error. In this analysis, the energy histograms constructed by “partial pho-
ton counting”, which is introduced in Chapter 6, with improved resolution
are used to make the energy cut. The estimated fluctuations of digitization
error at *°K and 2°8T1 peaks are plotted as a function of integration interval,
as shown in Figure 4.10. The fluctuations of digitization error at these two
peaks are attenuated as the integration interval reduced. At the interval of
4000 nsec, we obtain a small contribution of opg on the energy resolution of
these two peaks:

e at the y-peak of “°K, the opg is 7.3 p.e., equivalent to opg/E ~0.55%;
Estimated effect of 62 PMTs
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Figure 4.8: The estimated digitization error effect on the energy spectrum.
The dependence of digitization error on the number of photoelectrons. The
black filled-circle points are the estimated mean values of digitization er-
ror effects on the “°K and 208T1 ~-peaks. The error bars are the estimated
fluctuations of digitization error effects on two y-peaks.
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Figure 4.9: The estimated digitization error at the “°K (a) and 2°*T1 peaks
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resolution, while the mean value (upg) affects the peak position. The solid-
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Figure 4.10: Estimated fluctuation of digitization error at “°K (green) and
208 (violet) peaks as a function of integration interval.

e at the y-peak of 2°8T1, the opg is 10.4 p.e., equivalent to opg/E ~0.44%.

At Q-value of *Ca, the contribution of digitization error on the energy res-

olution should be small.
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4.3 Noise in 62 PMTs of CANDLES

4.3.1 Noise Analysis

As discussed, the pedestal values of all PMTs in CANDLES III are set
at 244.5 ADC to minimize the effect of digitization error. However, at the
pedestal of 244.5 ADC, another problem rising up is the noise [94, 95]. Ev-
ery PMT baseline selected by Clock trigger is fitted with the following sine
function to obtain the noise amplitude and cycle:

A(t) = Offset + A0 x sin (27Tt ;90> (4.4)

where A(t): is the amplitude of the sine-wave noise in ADC unit at timebin t
of the waveform,

Offset: is equivalent to the pedestal value (ADC),

AO0: is the amplitude of sine-wave noise at the beginning of the wave-
form (ADC),

T: is the cycle of sine-wave noise (nsec),
©: is the phase factor of sine-wave noise (nsec).

Figure 4.11-a shows the fitting functions of PMTO01’s baseline; and Figure
4.11-b shows the fitting function of the sum baseline of twelve 10-inch PMTs.
The noise cycles and amplitudes of 62 PMTs are plotted in Figure 4.12. In
most of PMTs, the noise amplitudes are small. For 10-inch PMTs, the noise
amplitudes are high, especially at PMTO01, PMT05, PMT09, PMT25, and
PMT29. The noise cycles in these 10-inch PMTs are around 730 nsec.
The sum baseline of 10-inch PMTs is used to study the noise effect. Figure
4.13 shows the event-by-event distribution of the noise amplitude and the
event-by-event distribution of the noise cycle obtained from fitting. As a
result, the amplitude of the sum baseline is 0.726 ADC (equivalent to about
3 mV in FADC input), and the cycle is about 730 nsec (equivalent to the
frequency of 1.37 MHz). Each PMT signal is amplified 10 times before it
is fed into each FADC channel. The noise amplitude of the sum baseline
of twelve 10-inch PMTs might be about 0.3 mV. The noise amplitude and
cycle in the sum baseline are also plotted in Figure 4.12 for comparison. The
higher amplitude of the sum baseline compared to the amplitudes of twelve
10-inch PMTs indicates the coherence of noise in 10-inch PMTs.
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Figure 4.11: Fitting function on the baseline of PMTO01 (a) and sum base-

line of 10-inch PMTs (b).

4.3.2 Effect of noise in 10-inch PMTs

In this section, the effect of 730 nsec noise in the integration of CaF's signal
is estimated. With the integration interval of 4000 nsec, the 730 nsec noise
is not canceled in signal integration. To estimate the effect of 730 nsec noise
in CaF, signal is not easily practical because the phase factor (mentioned
in equation 4.4) in the sine function is random. The maximum effect of 730
nsec noise is estimated, and its dependence on the integration interval is also
discussed. The effect of the 730 nsec noise in p.e. unit on the integration of

CakF, signal can be calculated as:

1 TiNT t
Effectoise = — / A x sin (27r
0

Hp.e.

AT | ( TINT> ) <
= — gin | T—— ] sin
Tilp.e. T

where Tint: is the integration interval (nsec),
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Figure 4.12: Noise amplitude and noise cycle obtained by fitting of 62
PMTs. The results of 10-inch, 13-inch, and 20-inch PMTs are respectively
plotted with black up-triangles, blue circles, and red down-triangles. Most
of the noises have small amplitudes; the noise amplitudes in 10-inch PMTs
are significantly higher.
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Figure 4.13: Distributions of the amplitude and cycle of 730 nsec noise by
fitting the sum baseline of 10-inch PMTs (using Clock events). The data is
taken in a one-day measurement.

fipe: is the average 1p.e. charge of 62 PMTs (ADC/p.e.),
A: is the amplitude of the 730 nsec noise (ADC),
: is the noise cycle (730 nsec),

. is the phase of 730 nsec noise (nsec).
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Figure 4.14 shows the distributions of Effect ;s with different integration
intervals. The Effect, s is a sine wave function, and the peak-to-peak am-
plitude is the full width of Effect, ;s distribution. The maximum fluctuation
induced by 730 nsec noise is the full width of Effect, ;s distribution divided
by 2v/2, and it is a function of an integration interval T:

AT

) TINT) ‘
= ——|sin|7 4.5
V27 fip.c, < T (45)

The maximum fluctuation (oy,ise) is canceled at the integration interval which
is a multiple of the noise cycle, and it is maximized at the integration interval
which is a multiple of a half of the cycle. Figure 4.15 shows the maximum
effect of the 730 nsec noise as a function of the integration interval. The
circle points are the results of ogr estimated from the Effectyp distributions
with different integration intervals, and the red-solid line is the theoretical
plot using equation 4.5.

In summary, the noise from 10-inch PMTs with a cycle of 730 nsec has
a high amplitude. From the estimation, the effect of noise on the waveform
depends on the integration interval. At the integration interval of 4000 nsec,
the maximum fluctuation caused by 730 nsec noise is about 2 p.e. At high
energy peaks, the effect of 730 nsec noise to the energy resolution is negligible:

O noise (T)

e at the y-peak of °K, the 730 nsec noise effect is opie/E < 0.15 %;

e at the y-peak of 2°°TI, the 730 nsec noise effect is o,0ie/E < 0.08 %;
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Figure 4.14: The Effect,;s. distributions are plotted with different integra-
tion intervals of 3800 nsec (blue) and 4000 nsec (black).
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e at the Q-value of 48Ca, the 730 nsec noise effect is opeie/E < 0.05 %.

4.4 FError of baseline measurements

In the above sections, several sources of the baseline fluctuations are
checked. The dark current and noises in baseline are both negligible, and the
fluctuation of digitization error is estimated to be small. In this section, the
error of baseline measurement is found to be the most severe fluctuation in
4 pusec signal integration of CaFy signal.

4.4.1 Uncertainty of pedestal value

In this thesis, the pedestal of each PMT is calculated as the average value
of the first 40 data points, which are equivalent to 80 nsec, of the waveform.
The measurement of the pedestal distributes as a binomial distribution of
40 trials and the obtained value is 244 ADC or 245 ADC in each trial. The
probability P(r) to obtained r times of 245 ADC in N trials is expressed as:

N!
P — r(] — p)N-r 4.6
(r) r!(N_r)!p( D) (4.6)
3F
ra effect of sum of (x12)
¢ F 10-inch PMTs
g 2
@ =
-g 1.5;
5 I
g 05
Q
x 0
© -
= 050
_1:
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Figure 4.15: The fluctuation from 730 nsec noise as a function of the
integration interval. The circles mark some random values from 0 nsec to
4000 nsec. The red line is plotted using equation 4.5.
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With the mean ((r)) and standard deviation (o) of the distribution, the
measured pedestal is obtained as the average of 40 data points:

(r)

Measured Pedestal = 244 + N - 244 + p,

and the uncertainty of measured pedestal of one PMT is:

iPMT Or v Np(1 —p) _ p(l —p) (4.7)

OPedStat — N - N - N

The oiPMI in equation 4.7 is the statistical uncertainty of pedestal value.
If the waveform is affected by noise, the obtained opeq is bigger than the
statistical uncertainty. For more details of the pedestal uncertainty affected
by noise, on can check appendix E.

Figure 4.16 shows the statistical uncertainties and measured uncertainties
of pedestal as a function of measured pedestals using data from 62 PMTs.
The measured uncertainties are bigger than the statistical uncertainties. It
may be because of the noise affecting the baseline. The pedestal uncertainty
of sum waveform of 62 PMTs is:

; 2
Ulsz’lclarélErr = Z (O-g;lc\i/[gl‘"r ) (4 . 8)
iPMT

4.4.2 Error accumulation of the signal integration

The signal integration is calculated as N x Ped — >_1 Signal[i], where N
is the number of data points. For a 4000 nsec integration, the number of
data points is 2000. The accumulated fluctuation of pedestal uncertainty of
a PMT is interpreted as:

iPMT iPMT
UgedErr =N x O-i)edErr (49)
where ofiPMI': the pedestal uncertainty accumulated in signal integration of
the i'" PMT,

olPMT . the pedestal uncertainty of the i" PMT.

More points of integration causes the larger error. The pedestal uncertainty
in signal integration of each PMT can be probed by making the baseline in-
tegration. Figure 4.17 shows the baseline fluctuation in PMT27 as a function
of integration interval. A linear fitting is applied to estimate the fluctuation.
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Figure 4.16: The op.q of pedestal is plotted as a function of measured
pedestal with 40 data points using measured and theoretical values of 62
PMTs. The red-solid line is the theoretical function in equation 4.7. The
magenta circles are the measured opeqg;:-

At interval of 4000 nsec, the accumulated fluctuation of pedestal uncertainty
in the baseline of PMT27 is about 4 p.e.
In the sum waveform of many PMTs, the fluctuation uncertainty of
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Figure 4.17: The accumulated fluctuation estimated by baseline integration
in the waveform of PMT27 as a function of integration interval.
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Figure 4.18: The pedestal fluctutaion as a function of number of PMTs in
different integration intervals. The circles are the data of 10-inch PMTs, 13-
inch PMTs, 20-inch PMTs and 62 PMTs. The solid line is the calculation of
VNPMT X OpedErr, With Gpeqrr:r is estimated from the fluctuation of 62 PMTs.
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Figure 4.19: Compare the uncertainties from pedestal measurements and
fitting for all PMTs.

pedestal is amplified as \/NpyT X Gpeqrr; Where Npyr is the number of
PMTs, and Gpeqr:r is the average fluctuation of pedestal in one PMT. Fig-
ure 4.18 shows the accumulated fluctuation in the sum waveform of 10-inch
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PMTs, 13-inch PMTs, 20-inch PMTs and 62 PMTs with different integra-
tion intervals of 1 usec, 2 psec and 4 psec. As the fluctuation depends on
the number of PMTs, the fluctuation of twelve 10-inch PMTs is close to
the fluctuation of fourteen 20-inch PMTs, and lower than the fluctuation of
thirty-six 13-inch PMTs and 62 PMTs. It should be noticed that the baseline
integration includes the noise effect, which is negligibly small compared to
the uncertainty of pedestal. The baseline fluctuation should be close to the
pedestal uncertainty estimated in section 4.4.1. Figure 4.19 shows the com-
parison of these two values for all PMTs. The estimated values obtained by
fitting are quite consistent with the expected uncertainty. The accumulated
fluctuation of 62 PMTs is about 38.6 p.e. at an integration interval of 4000
nsec. As the accumulated pedestal uncertainty affects in the same way on
the CaF, signal, the effect of accumulated pedestal uncertainty at different
energy peaks is estimated:

o at 'K peak, opeqrn/E is 2.8 %;
e at 281 peak, opeqr/E is 1.6 %;
e at Q-value of **Ca, opeqr./E is 1 %;

Comparing to the statistical fluctuations (2.7 % at °K, 2.0 % at 2°8T1, 1.6
% at Q-value of *Ca), this fluctuation causes a severe effect on the energy
resolution.

4.5 Summary of baseline fluctuations

The energy resolution can be affected by the baseline fluctuation. In the
experiments with short decay constant scintillator, this baseline fluctuation is
negligible. In CANDLES, due to the long decay constant of CaFy, the signal
is integrated with the 4000 nsec interval to estimate the obtained energy.
The baseline fluctuation is accumulated and affects the energy resolution of
the CANDLES detector. In this chapter, the dark current (section 4.1) and
the baseline fluctuations are discussed: the digitization error (section 4.2),
the 730 nsec noise (section 4.3), and the pedestal uncertainty (section 4.4).

All of these fluctuations depend on the integration interval. Figure 4.20
shows the fluctuations caused by dark current (opc), digitization error (opg),
noises in baseline (0,0ise), and pedestal uncertainty (opeqrr). According to
the analysis, opg, opc and Opeqrr are attenuated when the integration inter-
val is shorten. Table 4.1 indicates the statistical fluctuation, and all fluctua-
tions discussed in this chapter at the integration interval of 4000 nsec. In the
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Figure 4.20: The baseline fluctuation at “°K peak (a) and 2°®T1 peak (b) as a
function of integration interval. Fluctuations from dark current, digitization
error, error in baseline measurement and maximum fluctuation of 730 nsec
noise are respectively plotted with magenta, blue, black and cyan lines.

Table 4.1: The statistical fluctuation (o,, ), and all factors of baseline
fluctuation (opg, our, opc and Tpeggrr) On energy resolutions.

WK peak 28T peak #¥Ca Q-value

1460.822 keV | 2614.511 keV 4272 keV

Op.e. 36.5 p.e. 48.8 p.e. 62.3 p.e.
(0p0./Np.o.) (2.7 %) (2.0 %) (1.6 %)
oDC 1.6 p.e. 1.6 p.e. 1.6 p.e.
(opc/Np.e.) (0.1 %) (0.06 %) (0.004 %)
Onoise <2 p.e. <2 p.e. <2 p.e.

(Onoise/Np.e.) (<0.15 %) (<0.08 %) (<0.05 %)

ODE 7.3 p.e. 10.41 p.e. N/A

(opE/Np.e.) (0.6 %) (0.4 %) (small)
OPedErr 38.6 p.e. 38.6 p.e. 38.6 p.e.
(UPedErr/Np.e.) (29 %) (16 %) (10 %)

table, the digitization error at Q-value is not estimated, but its contribution
to the energy resolution should be negligible.
Among the fluctuations in a long integration interval, the error in pedestal

measurement (Opeggr;) is the most dominant factor on the energy resolution,
the contributions of opg and opc are small. As the non-negligible baseline
fluctuation is accumulated in signal integration, an alternative way is needed
to calculate the energy instead of signal integration. Photon counting method
is a common technique used in the experiments with a long decay constant
scintillator to avoid the fluctuations from the baseline. In this thesis, this
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technique is introduced for the first time in CANDLES to minimize the effect
from the baseline fluctuation. The DAQ setup and the data analysis for this
method are discussed in Chapter 5 and Chapter 6, respectively.
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Chapter 5

Measurement at Kamioka
Underground Observatory

The baseline fluctuation discussed in Chapter 4 has a non-negligible effect
on the energy resolution. In the current data analysis, baseline fluctuation
is accumulated in long signal integration. The photon counting method is
used in the CANDLES detector to avoid this fluctuation. In this chapter, the
DAQ setup for photon counting and parameters for further offline analysis
are introduced.

5.1 DAQ setup for photon counting

5.1.1 DAQ setup for photon counting

The photon counting method has been used widely in nuclear and particle
physics experiments. In this research, the waveform is recorded, and the 1p.e.
signals are counted in offline analysis. The widths of 1p.e. signals are all less
than 50 nsec (Figure D.3). As mentioned in section 2.2.4, the waveform
contains eight-bits data points, which are recorded every 2 nsec in the first
768 nsec, and 128 sixteen-bits data points, which are the sum of 64 nsec
digitized values. With this FADC setting, it is impossible to see the 1p.e.
signals if they rise after 768 nsec. Thus, the region for recording 2 nsec data
should be maximized. Due to the limit of event buffer size, the FADC setting
is adjusted to 2044 points of eight-bits data and 2 points of sixteen-bits data
for photon counting measurement. The summary of the FADC setting for
photon counting is indicated in Table 2.3. The total data size for photon
counting data-taking is three times larger than the size of Physics Run data,
while the waveform interval of photon counting data is 4216 nsec, shorter
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than the Physics Run interval of 8960 nsec. The photon counting is carried
out with the same trigger conditions in Physics Run.

The DAQ software must be modified for maximizing the 2 nsec data re-
gion to carry out the measurement. Figure 5.1 shows the DAQ Middleware
setup for Physics Run (a) and the setup for Photon Counting measurement
(b). Thanks to previous developments [(4, 5], only the Fast Reader com-
ponent reading data from pTCA modules in the DAQ Middleware has to be
modified for this purpose. Since it is the first time that photon counting is
carried out in CANDLES, only the most necessary components are used for
Photon Counting measurement. An event monitor is not prepared in Pho-
ton Counting measurement; thus, the sum waveform of 62 PMTs is checked
every 15 minutes by the offline analysis. Figure 5.2 shows the difference of
the waveform taken in Physics Run (red) and Photon Counting measure-
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Figure 5.1: The DAQ Middleware configuration for Physics Run of CAN-
DLES (a) and Photon Counting (b). The Fast Reader component in Photon
Counting is adjusted to maximize 2 nsec data region.
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Photon Counting (Etc010-188)
Physics Run (Run010-430)

Amplitude (ADC)
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Timebin (nsec)
Figure 5.2: The different waveforms in Photon Counting and Physics Run
measurements. Each waveform is selected from raw data with the same cut
conditions of signal integration, charge ratio, trigger condition. In Physics
Run, the waveform is recorded every 2 nsec up to 768 nsec (green-dashed
line), and the remaining part is recorded as sum data in every 64 nsec. In
Photon Counting, the waveform up to 4088 nsec is recorded at 2 nsec/sample.

ment (black). These two signals are chosen with the same cut conditions of
signal integration, charge ratio for Pulse Shape Discrimination, and Dual-
Gate trigger condition. After the first 768 nsec, the Physics Run waveform
is smoother than the Photon Counting waveform because the data in this
region is taken average for every 64 nsec. The photon counting measurement
was carried out with 3 Sub Runs in total real time of about 70 hours (from
December 4th to 6th, 2017).

5.1.2 Data taking efficiency in photon counting mea-
surement

As the data size is extended three times larger in photon counting mea-
surement, the DAQ readout time is extended. The readout time consists of
the readout time of small-size registers and waveform data, and it can be
estimated using data in previous research [05]. Figure 5.3 shows the readout
time as a function of data size [05]. From these data, the readout time of
the photon counting can be estimated as 20 msec, which is two times longer
than the readout time in Physics Run. The data taking efficiency can be
calculated as a function of the number of event buffers, readout time, and
the trigger rate [65]. Figure 5.4 shows the data taking efficiencies calculated
with one and eight event buffers are plotted as a function of trigger rate.
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Figure 5.3: The read time at every packet size was measured. There is an
overhead due to the long waiting-reply time [65]. The waveform reading in
Physics Run is 640 Bytes (shown in the above graph), and it is 2048 Bytes
in Photon Counting measurement.
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Figure 5.4: Estimated data-taking efficiency as a function of trigger rate
with different number of event buffers and readout times. Using eight event
buffers, the data taking efficiencies with the readout times of 10 msec and 20
msec are about 100 % at the trigger rate of 10 cps.

The readout times in the Physics Run (10 msec) and in Photon Counting
measurement (20 msec) are used in this calculation. The data efficiency is
reduced at the longer readout time, but enhanced with more event buffers.
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Figure 5.5: The obtained data taking efficiency as division of recorded
events by incident events. The violet and green squares are the efficiencies
obtained in Physics Run and Photon Counting measurement, respectively.

With eight event buffers, the calculated efficiencies with both readout times
are almost 100 % at the current CANDLES trigger rate of 10 cps.

The data taking efficiency is evaluated by the number of recorded events
divided by the number of incident events. The efficiencies in Physics Run
and Photon Counting measurement are plotted in Figure 5.5. The efficiencies
in both measurements are nearly 100 % as it is expected. With the current
CANDLES detector setup, we can conclude the efficiency of data taking in
Photon Counting is the same in the Physics Run at the random trigger rate
of 10 cps. However, one should note that the big data size per event is the
disadvantage of Photon Counting measurement, and its readout time also
results in the DAQ speed as 50 cps, which is two times slower than the DAQ
speed in Physics Run.

5.2 Event Reconstruction for Photon Count-
ing measurement

As discussed in the previous chapter, the signals of double beta decay
inside CaFy crystals are preferable events. However, during data taking,
many unexpected events may be obtained. In order to construct the energy
histogram, those unexpected events are rejected in offline analysis. In CAN-
DLES, the raw data taken by the DAQ system is sequentially analyzed by two
analysis tools, which are PreAnalysis and CANDLES Analysis Tool (CAT).
In order to make a ready-to-use analysis, the photon counting analysis is im-
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plemented in these 2 tools for counting photoelectrons (PreAnalysis), energy
reconstruction (CAT), and other analyses. The details of photon counting
analysis is introduced in Chapter 6. In this section, the parameters used
for event reconstruction are discussed. These parameters are discussed in
details elsewhere [62, 73]; however, since the waveform in photon counting
measurement is different, it is needed to recheck these parameters.

5.2.1 Data Quality check

All waveforms are reconstructed after timing correction, which is ex-
plained elsewhere [73]. An good example of CaF;y events can be seen in
Figure 5.2, and Figure 5.6 shows the examples of bad events. These bad
events cannot be avoided by our trigger system, and they consist of:

e Saturated event: the signal’s peak is exceeded the dynamic range of
FADC as it shown in Figure 5.6-(a),

e Overshoot event: a part of the waveform crosses over the baseline as it
shown in Figure 5.6-(b),

<D( 10000

Amplitude (
2
8

Saturated Overshoot

| 1 1 1 1 1 1 1 1 1 1 1 1 1 1
% 500 1000 1500 2000 2500 3000 3500 4000 1000 1500 2000 2500 3000 3500 4000
Timebin (nsec) Timebin (nsec)
(a) Saturated (b) Overshoot

14600 Start Channel error

| 1 1 1 | 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000
Timebin (nsec)

(c) Start Channel error

Figure 5.6: Bad waveform examples: Saturated (a), Overshoot (b), and
Start Channel error (c).
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e Start Channel error event: there is no Start Channel found as it shown
in Figure 5.6-(c).

Fortunately, these bad events can be identified and rejected by the waveform
analysis in the PreAnalysis tool.

5.2.2 Pulse Shape Discrimination by Charge Ratio

The dual-gate trigger is introduced to the select the CaFy events; however,
other backgrounds can be accidentally selected. These background events
consist of the CaFy+LS events, which are mostly generated by the ~-ray
from the external background, and the a-ray events, which are generated
by the impurities inside the crystals. In current CANDLES analysis, the
Pulse Shape Discrimination (PSD) proceeds by fitting each waveform with
the reference waveform of a-event, S-event, and S+LS-event [62, 73]. The X%,
X2, X% 415 obtained from the fitting are used to select different events. Due to
the difference of waveform intervals, the reference pulses, and the yx3gp (PSD
is a, B or S+LS) parameters should be studied to identify different events
in Photon Counting measurement. It requires many events to construct the
reference pulses [(2], but the data obtained in Photon Counting measurement
is not enough for the PSD study. Thus, it is decided to use other ways to
reduce the number of unexpected events.

In this research, the energy spectrum of v-ray deposited inside CaF, is
used to study the energy resolutions; hence, a-events and CaFy+LS events
should be removed. The impurities in some crystals in CANDLES are much
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Figure 5.7: Distribution of Charge Ratio, which is equivalent to the ratio
of the signal integration in the first 200 nsec and the integration in 4000
nsec. The red-dashed lines mark the range of charge ratio for selecting CaF,
events.
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Figure 5.8: Examples of CaFy+LS signals with LS signal in the tail part of
CaF, signal (a), and LS signal in the prompt part of CaFy (b). The charge
ratio can reject all of these events.

higher compared to the other [73]. The low-impurity crystals are selected
using event position reconstruction, which is introduced in section 5.2.5, to
reduce the a-events. The CaFy+LS events are reduced using the charge
ratio obtained by dividing the signal integration in the first 200 nsec by the
integration in 4000 nsec. The distribution of charge ratio is plotted in Figure
5.7. Figure 5.8 shows two examples of CaFy+LS signal accidentally recorded
by the Dual-Gate trigger: LS signal in the tail part (a) and the prompt part
(b). The CaFy+LS events mentioned above are selected using the charge
ratio of less than 0.14 and more than 0.17, respectively. The charge ratio cut
from 0.14 to 0.17 is used to reduce the CaFy5+LS events.

5.2.3 Start Channel

The integration interval of 4000 nsec is used to study the improvement of
energy resolutions using the photon counting method (chapter 6). In Photon
Counting measurement, the waveform interval is only ~4.2 usec. If the start
channel of the sum waveform of 62 PMTs exceeds 200 nsec, the waveform is
not successfully integrated in 4000 nsec. The distribution of start channel is
plotted in Figure 5.9 with cut conditions of event data quality, charge ratio,
and the dual-gate trigger. The maximum start channel is about 200 nsec;
thus, the signal integration of 4000 nsec can be performed in photon counting
measurement.
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Figure 5.9: Distribution of the start channel of the sum waveform of 62
PMTs. The maximum start channel is about 200 nsec.

5.2.4 Charge of single photoelectron

The charge of 1p.e. (in ADC unit) is essential to estimate the number
of photoelectrons obtained in every PMT for every event. The charge of
1p.e. is estimated by making the integration of 120 nsec around 1p.e. signal
(60 nsec on the left side and the right side of the signal peak). The 1p.e.
values in Run010-429, which is taken one day before the photon counting
measurement, is used. Figure 5.10 shows the values of 1p.e. charge of 62
PMTs. All charge values are ranging from 50 to 80 ADC. These values are
used in section 4.2 to estimate the number of photoelectrons.
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Figure 5.10: Charge of single photoelectron of 62 PMTs.
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Figure 5.11: Two-dimensional distributions of event positions in CaFy crys-
tals. We may see events generated from 96 crystals arranged in 6 layers (a)
and 16 crystals in each layer (b).

5.2.5 Event Position Reconstruction

The energy deposited in a crystal n is calculated by following equation
Energy = F,, X 21621 n;_e.. The nip,e. is the number of photoelectrons of ih
PMT. F, is the energy calibration factor, depends on the light yield. The light
yield of each CaF';y crystal is different. Thus, reconstruction of event position
is crucial in CANDLES for calculating the energy. To determine the event
position, we use the weight-mean method of the number of photoelectrons

as expressed in the following equation:

. —
— Zi n;).e. X pmtl
r =

N

p-e.

where T': is the position vector (x, v, 2),

i: is the i*h PMT,

n! _: is the number of photoelectrons in the i*® PMT,

p.e.
pmt': is the position vector of the i*" PMT,
Npe.: is the total photoelectrons obtained in 62 PMTs.

Figure 5.11 shows the event positions in Y and X axes (a), and Z and X
axes (b). The Figure 5.11-(a) is the crystals arrangement in each layer as it
shown in Figure 2.5, and Figure 5.11-(b) shows 6 layers of crystals distributed
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Figure 5.12: Distributions of event positions in X-, Y-, Z- axes. There
are five peaks in X-dimension, four peaks in Y-dimension, and six peaks in
Z-dimension.

vertically. Figure 5.12 shows the distributions of X, Y and Z axes. According
to the crystal layout, there are five peaks in X-dimension, four peaks in Y-
dimension, and six peaks in Z-dimension.

Using the above method, one can select the events occurring in one specific
crystal using a position table of 96 crystals in CANDLES. The volume around
the center of each crystal can be selected as 0.50, 1o, 20, or 30 (o of each
X-, Y-, Z- axis is about 3 cm [73]). The event position reconstructed from
this method is used to reject the events from following bad crystals:

e Crystal 11 is the most contaminated of ?**U and 23?Th [73];

e The housing module of crystal 57 is reported to have the contaminated
air [73];

e Crystal 54 is reported to have the largest quenching factor, which makes
the a-peak of 21°Po to be isolated, so that it is difficult to estimate the
background events in this crystal [73].

Thus, in this research, to reduce the effect of a-events, events from all crystals
(except crystal 11, crystal 54, and crystal 57) with 20 precision are accepted.
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Conditions for energy reconstruction

In summary, the S-events in this thesis are selected using the following cut
conditions:

e Data Quality is used to remove saturated, overshoot, start channel
error events;

e Charge Ratio ranging from 0.14 to 0.17 is used to select S-like events;

e Dual-Gate Trigger condition, stored in Master Module’s registers, is
used to select CaFy events;

e Crystal selection is used to select the events from all crystals within 20
precision, but not crystal 11, crystal 54, and crystal 57.

For every event, the above conditions are used to select the [-like events of
CaFy crystals to construct the energy histogram.
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Chapter 6

Photon Counting Analysis

In this chapter, the photon counting method as a solution for the base-
line fluctuation is described. The data with fine sampling, mentioned in
chapter 5, is used for analysis. The single photoelectron signals can overlap
each other in CaFy waveform. Due to signal overlapping, there are many
photoelectrons lost in photon counting. The loss of photoelectrons makes
the energy resolution worse. Thus, partial photon counting is introduced
to reduce baseline fluctuation and avoid the loss of photoelectrons. With
this alternative method, it results in the improvement of energy resolution.
The K and 2%T1 peaks are used to evaluate the improvement of energy
resolution with partial photon counting.

6.1 Threshold for Photon Counting Analysis
in CANDLES

The summed waveform of CaF; signal is formed by many photoelectrons,
which are generated in 62 PMTs, and the waveform of each PMT contains less
amount of photoelectrons (Figure 6.9). The overlap of single photoelectrons
causes the inefficiency in photon counting. If there are many photoelectrons,
the overlap probability is increased. For instance, at the v-peak of “°K, there
are about 1330 p.e. obtained in 62 PMTs, and there are about 21 p.e. in
each PMT. In the spectrum of natural background of CANDLES, the y-peak
of K (1460 keV) is most dominant. The decay constant of CaFy is about
1000 nsec. The photoelectron rate in the summed waveform of 62 PMTs
is about 1330/1000 ~ 1.3 p.e./nsec. The average photoelectron rate of one
PMT is about 0.02 p.e./nsec. As the rate of photoelectron in each PMT is
small, the overlap of photoelectron signals in each PMT is reduced.

For photon counting, a threshold is set for each PMT, and the photoelec-
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trons are counted if they cross the threshold. The signal at every timebin is
counted as 1p.e. if it crosses the threshold. The number of photoelectrons
is proportional to the obtained energy. Since there is no need to integrate,
the baseline fluctuation is avoided. The threshold is determined by using
the peak of the single photoelectron signal of each PMT. In this section,
determination of the threshold for photon counting is indicated, and the
discrimination of 1p.e. from Op.e. using the threshold is discussed.

6.1.1 Threshold for photon counting

The 1p.e. waveform of one PMT is different one by one (Figure D.4).
Therefore, the threshold for photon counting is set individually for each PMT.
Figure 6.1 shows the pulse height distribution of 1p.e. signal of PMT01 using
LED data taken in the previous research [93]. The threshold for photon
counting is set as:

Threshold = Pedestal — (fipeak — N0peak )

where fipeax and opeax are the mean and deviation of this distribution, respec-
tively. Different thresholds are applied to the experimental data to evaluate
the performance in the separation of 1p.e. signals from the baseline. The
green-solid line in Figure 6.2 shows the distribution of signal integration
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Figure 6.1: Distribution of the peak of 1p.e. signal of PMTO01. The thresh-
old for photon counting is set at u — 20, where u and o are respectively, the
mean and deviation of peak distribution.
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Figure 6.2: Distribution of signal integration (from 200-400 nsec) in PMTO01
(green-solid line). Different thresholds are applied to discriminate the Op.e.
signals (blue-solid line) and 1p.e. signals (red-solid line).

between 200-400 nsec of PMTO01 using CaF, events. Three thresholds of
(Hpeak — 10peak)s (Hpeak — 20peak) aNd (Upeak — 30peak) are tested. Using the
thresholds, the 1p.e. signals within 200-400 nsec are identified. If there is no
count of photoelectron, the signal integration is equivalent to the integration
of Op.e. If the number of counted photoelectrons is more than or equal to
one, the signal integration is the integration of 1p.e. and multi p.e. The
separation performance can be checked by comparing the histograms of Op.e.
and 1p.e signals with different thresholds for photon counting:

e For the threshold of (fipeax — 10peax): Because the threshold is high,
some photoelectron signals are not counted as Op.e. signals. The right
tail of Op.e. histogram overlay on the 1p.e. histogram.

e For the threshold of (fipeak — 30peak): Because the threshold is low,
noises in the baseline are counted as 1p.e. signals. The left tail of 1p.e.
histogram overlay on the Op.e. histogram.

e For the threshold of (fpeax — 20peax): The threshold is enough to dis-
tinguish the 1p.e. signals from the noises in the baseline. It results in
the best separation of Op.e. and 1p.e.

— 78 —



6.1. THRESHOLD FOR PHOTON COUNTING ANALYSIS IN
CANDLES Chapter 6

In this research, the threshold of (ftpeak — 20peax) is chosen as the threshold
for photon counting analysis.

6.1.2 Charge of single photoelectron obtained by pho-
ton counting

The photoelectrons can be distinguished from the baseline using the above
threshold. The charge of single photoelectron is useful information to evalu-
ate the performance of identification of 1p.e. To get the charge information
of every 1p.e. signal, we need to identify the 1p.e. signals and determine the
time window to get the 1p.e. signal integration. An upper threshold (UD) is
used to identify the 1p.e. signals. As discussed in previous section, for every
event, the upper threshold is set as Pedestal — (fipeak + 20peak) i set individ-
ually for every PMT. To determine the left and right bins for 1p.e. signal
integration, a lower threshold (LD) is set as Pedestal — 0.5ADC. Figure 6.3
shows an example of 1p.e. signal with the upper threshold (red-dashed line)
for identification of 1p.e. signals and the upper threshold (green-dashed line)
to determine the window for 1p.e. signal integration.

The charge of signal counted as 1p.e. is studied for every PMT. The
charge distributions of 1p.e. in CaF, signal and dark current events in
PMTO01 are compared (Figure 6.4). Since the CaFy waveform has many pho-
toelectrons, the charge distribution of single photoelectron in CaFy waveform
has the contribution from the charge of multi photoelectron signals. On the
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Figure 6.3: The waveform of 1p.e. signal (black-solid line). Thresh-

old Upper Limit (red-dashed line) = Pedestal—(fipeax — 20peak) i set to

count the photoelectrons. Threshold Lower Limit (green-dashed line) =

Pedestal —0.5ADC is set to determine the left and right bins for integrat-

ing 1p.e. signal.
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Figure 6.4: Charge distributions of photoelectron signals in CaFy waveform
(a) and dark current (b) in PMTO01. The charge distribution of photoelec-
tron signals in the CaFy waveform has the contribution of single and multi
photoelectron signals. Due to the low rate of dark current, the charge of
multi photoelectrons signals is rarely obtained.

other hand, as the low rate of dark current, the occurrence of multi photo-
electron signals in dark current is rare, and the charge distribution obtained
is mainly from 1p.e. By analyzing 62 PMTs, the applied threshold are proved
to be good enough for photon counting purpose.

6.2 Overlap of single photoelectron signals in
Photon Counting

The multi photoelectron signal forms the overlap of single photoelectron
signals. It causes the loss of counts during photon counting. With more
photoelectrons obtained, the overlap probability increases. The overlap of
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two 1p.e. signals depends on their time interval. If their time interval is too
short, it is impossible to separate these two signals, and these two signals are
detected as a single photoelectron. SIGNAL INTERVAL is used to name the
minimum time interval for distinguishing these two 1p.e. signals in photon
counting. The SIGNAL INTERVAL depends on the threshold set for photon
counting and the width of 1p.e. signal. With the smaller value of SIG-
NAL INTERVAL, the overlapping probability and the loss of photoelectrons
are reduced. The inefficiency of photon counting can be seen with the 2-
dimensional distribution of counted photoelectrons and true photoelectrons.
Figure 6.5 shows those distributions of PMT07 and PMT21. For PMTO07
(13-inch PMT), due to signal overlapping, the number of counted photoelec-
trons is saturated as many photoelectrons obtained in the PMT. The overlap
in PMTO7 is similar to the overlap in other 13-inch and 20-inch PMTs. The
widths of 1p.e. signals of 13-inch and 20-inch PMTs are much wider than
the widths of 1p.e. signals of 10-inch PMTs. For PMT21 (10-inch PMT),
the correlation of counted photoelectrons and true photoelectrons tends to
be linear due to the narrow width of 1p.e. signal. For 10-inch PMTs, there
is reflection of 1p.e. signal with low amplitude (Figure D.4). In a multi
photoelectron signal, the reflection is amplified, and it may be counted as a
1p.e. signal. At Q-value, the number of photoelectrons in each PMT is about
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Figure 6.5: Signal overlapping in photon counting is checked using the
correlation of counted photoelectrons and signal integration in PMT07 (a)
and PMT21 (b). The green-dashed line is the expected linear correlation,
and the red-solid is the estimated correlation due to 1p.e. overlapping.
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Figure 6.6: Energy histograms of full signal integration (blue) and full
photon counting (red). The photon counting histogram has a terrible en-
ergy resolution due to the less number of photoelectrons. The number of
photoelectrons is reduced because of signal overlapping in photon counting.

62 p.e. Using the estimation of counting efficiency (red-solid lines in Figure
6.5), and we can estimate the inefficiency of photon counting using 62 PMTs
is 30 % at Q-value. Therefore, the overlap can result in many photoelectrons
lost at Q-value. The discussion of overlap of 1p.e. signals in photon counting
is mentioned in appendix F.

The loss of photoelectrons due to overlap of 1p.e. signals is found in
all 62 PMTs. The loss of photoelectrons reduces the statistical resolution,
and it makes the worse energy resolution. The energy histogram created by
photon counting is compared to the histogram created by signal integration in
Figure 6.6. The photon counting histogram has much worse energy resolution
compared to the one of the signal integration histogram. In the photon
counting histogram, the 1°K ~-peak (1460 keV) is broader, and the 25T1 ~-
peak (2614 keV) is not visible. The photon counting is a solution for baseline
fluctuation; however, it results in a worse energy resolution due to the overlap
of 1p.e. signals.

6.3 Partial Photon Counting

In general, there are two ways for calculating the obtained energy in
scintillator: signal integration is used in short decay constant scintillator
(e.8., ™Nai(pure) = 60 nsec [97]) with negligible effect of baseline fluctuation;
and photon counting is used in long decay constant scintillator (e.g. Tcawo, =
8000 nsec [97]) to avoid the baseline fluctuation. The decay constant of CaFy
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(Tcar, = 1 psec) is something in between. The 4 usec signal integration used
in CANDLES to calculate the energy of CaFy signal leads to the accumulated
baseline fluctuation (as discussed in chapter 4). Therefore, photon counting
is considered as a method to reduce the baseline fluctuation. However, as
discussed in section 6.2, photon counting in CaF'y signals results in the overlap
of 1p.e. signals and the loss of photoelectrons. Consequently, the resolution of
the photon counting energy spectrum is worse than the spectrum obtained by
signal integration. Therefore, an alternative method needs to be studied for
the reduction of baseline fluctuation and avoiding the loss of photoelectrons.

6.3.1 Distribution of photoelectron charge by timebin

The multi photoelectron signals, which are formed by many single pho-
toelectron signals, are the demerit for photon counting. In section 6.2, it is
probed that the overlap probability in CaFy depends on the number of ob-
tained photoelectrons and the signal interval of a PMT. In this section, the
rate of multi photoelectron signals depending on the timebin in the recorded
waveform is discussed since it is a useful approach to the partial photon
counting method introduced in section 6.3.2.

The charge distribution of single photoelectron by timebin of CaFy, events
and dark current in PMTO1 are plotted respectively in Figure 6.7. In the case
of dark current, most of the events obtained are single photoelectron signals
distributed uniformly in all timebin. The projection on the horizontal axis
of the dark current histogram is analyzed in section 4.1 to estimate the dark
current rate. On the other hand, due to the exponential-decay shape of the
CaFy waveform, many multi photoelectrons are found near the rising edge of
the CaFs signal. The probability of finding these multi photoelectron signals
is decreased near the tail of the waveform. The charge distributions at the
head (signal integration of 800-1200 nsec) and the tail (signal integration
of 3600-4000 nsec) of the waveform are plotted in blue color in Figure 6.8
to compare with the charge distribution of dark current plotted in magenta
color. Comparing distributions of 1p.e. charge at the head and tail of the
waveform, it is clear that the overlap of single photoelectrons is much reduced
at the signals near the tail of the waveform. Therefore, in opposition to the
head of the waveform, the photon counting can perform well at the tail part
of the waveform. The partial photon counting is introduced in section 6.3.2
making use of this characteristic.
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Figure 6.7: Charge of photoelectron signals distributed by the timebin in
CaFy (a) and Dark Current (b) events. The multi photoelectrons are found
near the start (or the rising edge) of the CaFy waveform.

6.3.2 Partial Photon Counting
A. Introduction of partial photon counting

Photon counting is not useful at the rising edge of CaF, waveform as the
multi photoelectron signals dominate in this region, but it can perform at
the tail of the waveform with low overlap probability of single photoelectrons.
The partial photon counting is introduced using the dependence of overlap
probability on the timebin. Figure 6.9 shows the idea of the partial photon
counting method. In partial photon counting, for every PMT, the waveform
in 4000 nsec is divided into two areas:

e The head part (near the rising edge of the waveform) contains many
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Figure 6.8: Charge distribution of photoelectron signals of CaFsy signals
plotted in blue-solid line at timebin of 800-1200 nsec (a) and 3600-4000 nsec
(b). The distribution of dark current signals is plotted in magenta color for
comparison. The single photoelectrons are mainly detected near the tail of
the CaF, waveform.

multi photoelectron signals. Signal integration is carried out for this
area to calculate the obtained photoelectrons to avoid the loss of pho-
toelectrons.

e The tail part (near the tail of the waveform) contains less multi pho-
toelectron signals. The photon counting is performed to count the
obtained photoelectrons to avoid the baseline fluctuation.

The intervals for signal integration and photon counting are, respectively,
TINT and TCOUNT; and the sum of TINT and TCOUNT is fixed at 4000 nsec.
The energy of the waveform is equivalent to the total photoelectrons obtained
in the head and tail parts.

B. Calibration of histograms built with partial photon counting

The energy spectrum from the natural background is obtained in Photon
Counting measurement. In this thesis, different mixtures of Tyt and TeounT
are applied to construct the energy histograms in order to find the mixtures
providing the best energy resolutions at “°K and 2°T1 peaks. Figure 6.10-(a)
shows the obtained histograms of the number of photoelectrons using partial
photon counting method with cut conditions mentioned in chapter 5. In the
partial photon counting method, the number of photoelectrons is still lost,
depending on the interval of photon counting. To expand the interval of
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photon counting results in the decrement of the number of photoelectrons.
For checking this decrement, the graphs of the number of photoelectrons ob-
served at K and 208T1 peaks as a function of Ty, which is ranging from
500 to 4000 nsec, are plotted in Figure 6.10-(b). For further analysis, these
histograms are calibrated using the referred values of two energy peaks *°K
(1460.822 keV [98]) and 2°8T1 (2614.511 keV [93]). Some energy histograms
after calibration are plotted in Figure 6.11-(a), and the number of photo-
electrons after calibration is plotted as a function of integration interval in
Figure 6.11-(b).
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Figure 6.9: Sum waveform of 62 PMTs (top) and waveform of one PMT
(bottom). The sum waveform contains many photoelectrons, but there are
not so many photoelectrons in one PMT. In partial photon counting, the
4000 nsec waveform of every PMT is divided into two areas: the head one
for signal integration, and the tail one for photon counting.
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Figure 6.10: Histograms of the number of photoelectrons built with partial
photon counting method before calibration. Different mixtures of Tyt and
Tcount are marked with different colors. The number of photoelectrons is
decreased when the photon counting interval is increased.
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Figure 6.11: Energy histograms built with partial photon counting method
after calibration.

C. Energy resolution with partial photon counting

In partial photon counting, expanding the Tint (Tcount) results in the
improvement of statistical resolution (reduction of baseline fluctuation). In
other words, expanding interval of photon counting or not is a “trade-oft” of
statistical resolution and baseline fluctuation. Thus, different results of en-
ergy resolution are obtained with a different combination of photon counting
and signal integration intervals. With every energy histograms obtained from
partial photon counting, a fitting function is applied to extract the energy
resolutions of “°K and 2°8TI peaks. This fitting function studied in previous
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Figure 6.12: Fitting function (red-solid line) applied on every energy spec-
trum obtained by partial photon counting method to extract the energy
resolutions of *°K and 2°®T] peaks. The Gaussian peaks of 2°®T1, 2“Bi and
40K are plotted in green, black and cyan dashed lines.

researches [74, 75] includes following functions:
e Gaussian of ?®T1 gamma peak at 2.6 keV,
e Gaussian of 2'Bi gamma peak at 1.76 MeV,
e Gaussian of K gamma peak at 1.46 MeV,

e Error function to interpret the Compton background from 2%8T1 (and
other unknown events forming the baseline in the energy spectra).

Figure 6.12 shows the obtained energy histogram with the fitting function
plotted with the red-solid line. The Gaussian peaks of 2°8T1, 2“Bi and “°K
are plotted in green, black and cyan dashed lines. In this section, the partial
photon counting is applied to the raw data with different mixtures of pho-
ton counting and signal integration intervals, and the integration interval is
ranging from 4000 nsec down to 600 nsec.

The energy resolutions (og) at 1°K and 2°°TI peaks obtained by fitting
are respectively plotted with blue circles and red squares in Figure 6.13.
The results at 2'*Bi y-peak are not discussed due to their low statistics.
At each energy peak, the errors of different mixtures of signal integration
and photon counting are correlated. The error bars of “°K and 2%8T1 peaks
are plotted with blue and red lines, respectively, in Figure 6.13. When the
integration interval is increased, the baseline fluctuation is reduced; hence,
the energy resolution is improved. Near the rising edge, the probability of
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Figure 6.13: Obtained energy resolution at “°K (blue circles) and 2°°T1 (red
squares) peaks as a function of integration interval.

signal overlapping is much higher than the tail part. Therefore, the resolution
is rapidly increased near the rising edge. Comparing the graphs, the rising-
up slope at the short integration interval of 2°8TI peak is steeper than the
one of *K due to the more severe overlap probability at 2°°T1. From fitting
results, we obtain the improved resolution:

o At 10K peak, the deviation is improved from 66.8 keV to 59.3 keV (o /E
is improved from 4.5 % down to 4.0 %) when reducing the integral gate
from 4000 nsec down to 1600 nsec.

o At 20871 peak, the deviation is improved from 86.7 keV to 75.3 keV
(og/E is improved from 3.3 % down to 2.9 %) when reducing the inte-
gral gate from 4000 nsec down to 1700 nsec.

With the improvement of energy resolution, it is expected to improve the
energy resolution at the Q-value of “*Ca with the same method. Conse-
quently, the sensitivity of the CANDLES detector is enhanced in search of
neutrino-less double beta decay from *®Ca. The optimized integration inter-
val to obtain the best energy resolution depends on the energy. The energy
resolution of each energy peak consists of different components (as discussed
in chapter 7). By studying those components, one can estimate the optimized
integration interval for each energy peak.
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Result and Discussion

Since the baseline fluctuation studied in chapter 4 affects the energy
resolution severely, the partial photon counting method mentioned in chapter
6 is introduced to reduce this fluctuation. In this chapter, the obtained
energy resolution and baseline fluctuation are compared to each other and
remaining fluctuation affecting the resolution is estimated. From the study
of baseline fluctuation, a fitting function of energy resolution is derived, and
the energy resolution at Q-value of Ca is estimated to be improved. With
the estimated energy resolution, the improvement of the O3/ half-life limit
is discussed in this chapter.

7.1 Discussion about Energy Resolution

7.1.1 Fluctuations affecting the energy resolution

As mentioned in chapter 6, the energy resolutions at *°K and ?°*T1 peaks
are improved when reducing the integration intervals. In this section, these
improvements are probed to be strongly related to the baseline fluctuation
studied in chapter 4. Figure 7.1-(a) and (b) indicate the energy resolution
at 19K and ?%TI peaks. Figure 7.1-(c) and (d) shows the fluctuations affect-
ing energy resolution in CANDLES experiment as functions of integration
intervals. The fluctuations consist of:

e The statistical fluctuation (og;at) are plotted with black solid line. Re-
ducing the integration interval (or increasing the photon counting inter-
val), there are more photoelectrons overlapping each other. With more
overlap of photoelectrons, the statistical fluctuation becomes worse be-
cause there are photoelectrons lost in counting. The loss of photoelec-
trons in counting is statistical. The statistical fluctuation is estimated
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Figure 7.1: The energy resolutions, statistical, statistical+baseline, and
remaining fluctuations are plotted as a function of the integration interval.

accounting the overlap of photoelectrons in photon counting by a simple
mathematical model (appendix F).

e The root sum square of statistical fluctuation and baseline fluctuation

(\/0¢. + 08.) are plotted with red line.

e The remaining fluctuation (Gremain) are plotted with magenta circles.

. . . . 2 2 2
The remaining fluctuation is calculated as \/o2 — 02, — 05, -

The baseline fluctuation is the sum square root of the accumulated pedestal
uncertainty mentioned in section 4.4 and the digitization error mentioned in
section 4.2. Since the dark current cannot be reduced by partial photon
counting and its effect is too small, it is not considered in this calculation.
The remaining fluctuation is almost not changed at 2°8TI peak from 4000
nsec down to 600 nsec integration. At the “°K peak, the average remaining
fluctuation is about 40 keV. The remaining fluctuation is quite different from
the average remaining fluctuation at Tyt > 3000 nsec or Tyt < 1500 nsec.
Because the overlap of photoelectrons in photon counting is estimated with a
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Table 7.1: The energy resolution (og) and the contributing fluctuations
(statistical, baseline and remaining fluctuations) at *°K and 2°®T1I peaks.

UK peak 20871 peak
1460.511 keV | 2614.822 keV
Energy Resolution 66.8 = 0.4 keV | 86.7 &+ 2.0 keV
(oE)
Statistical Fluctuation 38.9 + 0.1 keV 52.3 + 0.1 keV
(Up.e. =\ Np.e.)

Baseline Fluctuation 41.7 £ 1.3 keV 42.5 + 1.3 keV
(UBase - \/Gl%'edErr + U]QZ)E)

Remaining fluctuation 34.8 £ 1.8 keV | 54.5 + 3.3 keV

(\/0—12*3 — U%tat o 0123ase)

simple mathematical model, the statistical fluctuation may be estimated not
perfectly. It leads to the reduction or increment of remaining fluctuation. In
general, the remaining fluctuation is almost independent to the integration
interval.

The energy resolution, statistical fluctuation, baseline fluctuation, and
the remaining fluctuation of “°K and 2°°TI peaks with an integration interval
of 4000 nsec are indicated in Table 7.1. At “°K peak, the baseline fluctua-
tion contributes the most effect on the energy resolution, and the remaining
fluctuation contributes the least (0pase > Ostat > ORemain)- At the 2%°T1 peak,
the baseline fluctuation has the least contribution, while the remaining and
statistical fluctuations have the most contribution to the energy resolution

(URemain X OStat > O-Base)‘

7.1.2 Discussion about the remaining fluctuation

The remaining fluctuation is assumed to be independent with the inte-
gration interval, and the source of this remaining fluctuation is unknown. If
the remaining fluctuation depends on the energy, the effect of this remaining
fluctuation may be more severe at the Q-value of **Ca compared to the effect
at 19K peak and 2°®*T1 peak. Assuming the remaining fluctuation is zero with
no incident photoelectrons, we can make the graphs of remaining fluctuations
a function of energy. Figure 7.2 shows the remaining fluctuations at 0 keV,
40K peak and 2°°TI peak. The data points at “°K and 2°*T1 peaks show the
average value of remaining fluctuations, in the integration interval from 600
nsec to 4000 nsec, with the standard deviations. The remaining fluctuations
are quite close to the statistical fluctuations at *°K and 2°*T1 peaks. Assum-
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Figure 7.2: The remaining fluctuation as a function of energy. The cir-
cles are the remaining fluctuations at y-peaks of YK, 2°8T1 and at the Q-
value of ¥Ca. The remaining fluctuation at Q-value is estimated assuming
Remain(E) = axv/E. The solid line is the statistical fluctuation function

(y=VE).

ing the remaining fluctuation is zero at 0 keV, using the function Remain(E)
= axVE is not so bad to cover remaining fluctuations at 3 data points (0
keV, 9K peak and 2°8T1 peak). Thus, the remaining fluctuation at Q-value
of ¥8Ca is extrapolated with this function. From estimation, the remaining
fluctuation at Q-value of 8Ca is about 60 keV to 70 keV.

7.2 Improvement of energy resolution and Ov 5[
half-life limit

7.2.1 Energy resolution at Q-value of Ca

As the energy resolutions at “°K and 2°®T1 peaks are improved, the im-
provement of energy resolution at Q-value of *Ca is expected. In summary,
four fluctuations studied in this thesis are affecting the energy resolution:

e Statistical fluctuation (og) is proportional to VE;

e Digitization Error (opg) is proportional to the statistical fluctuation of
number of photoelectrons obtained in each PMT. The effect is probed
to be no much when pedestal is adjusted to 244.5 ADC as it is shown
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in Table 4.1. According to equation 4.3, it is roughly assumed to be
proportional to vE;

e Accumulated pedestal uncertainty (opeqr;;) is independent with the
obtained number of photoelectrons;

e Remaining fluctuation (0Remain): is assumed to be proportional to the
statistical fluctuation (as mentioned in section 7.1.2).

From the above factors, the energy resolution can be expressed as a function
of energy as following:

_ 2 2 2 2
Og = \/Jstat + ODE + O PedErr + ORemain

= \/aOE+a1E+02+agE

OR ag + a1 + as c2
= = =y

E \/ E B
The energy resolution equation can be described as:

. OE p0  pl
Resolution(E) = T - VmtE (7.1)
The fitting function is applied to the obtained energy resolutions obtained in
[71] to study the energy resolution of Run010 to justify its accuracy. Figure
7.3 shows the obtained energy resolutions plotted with black circles and the
fitting function plotted as a red-dashed line. From the fitting, the energy
resolution at Q-value is 2.4x1072 & 3.3x107%. This result is very close the
value of 2.4x1072 £ 0.2x 1072, which is estimated in previous research [74].
As the equation 7.1 is probed to be good enough for fitting, the energy
resolution at Q-value is extrapolated using the resolutions of K and 2°8T1
peaks obtained from partial photon counting method. Figure 7.4 shows the
energy resolutions at Q-value as a function of integration interval. The green,
red, and blue circles respectively indicate the resolutions obtained in Run009
[73], Run010 [74], and this thesis. As we can see, at the integration interval
of 4000 nsec, there is an agreement in the energy resolution obtained in this
thesis and the energy resolutions obtained in Run009 and Run010. As the
integration interval reduced, the energy resolution is also improved due to
the reduction of baseline fluctuation, and it rises up afterward. The best
energy resolution estimated at the integration of interval of 1700 nsec is

P (Q-value) = (2.1714% 0.003)x 1072
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Figure 7.3: Apply the fitting function in equation 7.1 on the obtained
resolutions in Run010 of CANDLES. The data points are referred from [74].
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respectively.
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7.2.2 Estimate the improvement of the Ov3s half-life
limit of *Ca

The half-life limit of neutrino-less double beta decay can be expressed as a
function of natural abundance, target mass, measurement time, background
index and energy resolution:

cg-a /M-T
T =In(2)Np—/ ——
12 = In(2) 2w Vb AE

where T /5: Ov(3f half-life limit (year),

N4: Avogadro number (=6.023x10%3),

o

detection efficiency,

abundance of double beta decay isotope,

£

molecular mass,
total mass of target (kg),

measurement time (year),

o =3 £ 3

background index (counts/keV /kg/year),
AE: energy resolution at Q-value (keV).
Table 7.2: Estimated the sensitivity of 033 half-life of **Ca after improve-

ment of energy resolution from og/Qgs of 2.6 % in Run009 to or/Qgs of
~2.2 % in this thesis.

Sensitivity of
T?l//2(48ca)
O'E/Qﬁ,é’ = 2.6 %

Sensitivity of
T?72(48Ca)
UE/QBB = 2.2 %

oM = 93 crystals,

eNo enrichment,
(a=0.2 %)

eLive Time = 129.5 days,

0.44-0.50x 10 year
(90 % C.L.)

[73]

0.48-0.55x10% year
(90 % C.L.)

eExpected background
= 27.3 - 30.0 counts
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The improvement of AE can reduce the background in the region of interest
(from 4170 keV to 4480 keV for the current CANDLES analysis) and improve
the Ov3/ half-life limit. The latest Ov3f half-life limit of *Ca of CANDLES
is reported using data in Run009 in reference [73]. As the background of 2v 5/
is not dominant in the current CANDLES detector, if the energy resolution
is improved to 2.2 %, the half-life limit is improved by:

AE(Run009)  [2.6% x Q — value
AE(this thesis) |/ 2.2% x Q — value

~ 1.09 times.

With the improved energy resolution, the lower limit of 033 half-life of **Ca,
is estimated to be improved by about 1.09 times. In previous research [73],
the sensitivity of the Ov53 half-life obtained by CANDLES is reported for the
measurement with 93 CaFy(pure) crystals, carried out in 129.5 days. With
the improved energy resolution, this lower limits should be improved. Table
7.2 indicates the sensitivity of Ov/( half-life obtained in previous research
[73] and the sensitivity estimated with the improved energy resolution in
this thesis with the same measurement conditions. With the improvement of

sensitivity, the partial photon counting method can be a useful tool to achieve
a lower limit of Ov34 half-life of **Ca with current CANDLES detector.
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Conclusion

Neutrino-less double beta decay (0vSf3) is a powerful tool to probe the
Majorana nature of the neutrino, and it has not been obtained so far. This
phenomenon indicates the violation of lepton number conservation. Hence,
it requires new physics beyond the Standard Model. With the decay rate of
OvB0, the effective neutrino mass can be determined. CANDLES detector is
set up at 2700 m water equivalent underground at the Kamioka Underground
observatory to detect the OvS3f from **Ca using 96 CaFy(pure) scintillator
crystals. Taking advantage of the highest Q-value (about 4.3 MeV) among
all of double beta decay isotopes, it aims to achieve background-free mea-
surement.

The two-neutrino double beta decay (2v/f3) is an irreducible background,
and we need to improve the energy resolution to reduce this background. In
principle, the energy resolution should be equal to the statistical fluctuation
of number of photoelectron (o, = 1.6 % at Q-value). The energy resolu-
tions at Q-value in Run009 and Run010 are 2.6 % [73] and 2.4 % [71], which
are both more extensive than the statistical fluctuation, thus, there should
be other fluctuation(s) affecting the energy resolution. As the CaFj(pure)
scintillator has a long decay constant of 1 usec, the CaFs signal is integrated
in 4000 nsec. Due to the long integration interval, the error of baseline mea-
surement affects the energy resolution, and it consists of digitization error,
dark current, and accumulated of pedestal uncertainty. In other experiments
(such as KamLAND-Zen), the baseline fluctuation is not considered because
of the short decay time of the scintillator. Among the baseline fluctuations,
the error of baseline measurement is the most severe with the effect of about
40 p.e. at an integration interval of 4000 nsec. The partial photon count-
ing method is introduced to calculate the obtained energy and reduce the
baseline fluctuation. In this method, the signal is divided into two regions:
the prompt part is for signal integration, and the latter part is for photon
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counting. As a result, the energy resolutions at 2 ypeaks of 1K (1460.822
keV) and 2°8T1 (2614.511 keV) are improved:

e the resolution at *°K peak is improved from 4.5 % down to 4.0 % when
reducing the integral gate from 4000 nsec down to 1600 nsec, and

e the resolution At 2°T1 peak is improved from 3.3 % down to 2.9 %
when reducing the integral gate from 4000 nsec down to 1700 nsec.

An unknown fluctuation is remained after subtracting the resolutions by all
the fluctuations studied in this research. The unknown fluctuation having a
severe effect on the energy resolution seems independent toon the integration
interval. Thus, it is not reduced by partial photon counting.

The energy resolution at Q-value is extrapolated using the resolutions
obtained at K and 2°T1 peaks, and it is estimated to be improved from
2.5 % down to 2.2 %. Comparing the energy resolutions of Run009 and this
thesis, it is expected to obtain the improved OvSG3 half-life lower limit of
8BCa by 1.09 times. With 93 CaF,(pure) crystals and the same measuring
conditions, the half-life limit is estimated to be:

Run009 [73] : TV, > 0.44 — 0.50 x 10** year (90 % C.L.)
= This thesis : T}, > 0.48 — 0.55 x 10* year (90 % C.L.)
With the improvement of sensitivity, the partial photon counting method

can be a promising method to achieve a lower limit of Ov 3 half-life with the
current CANDLES detector.
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Future Prospect

Improving the energy resolution is essential to improve the sensitivity.
CANDLES collaborators are planning to develop a detector with the bolome-
ter technique, which provides excellent energy resolution. However, the tech-
nique has significant disadvantages, which are state-of-art refrigerator (op-
erating temperature is nearly 0 K) and detector. It costs a lot of time and
money on research and development. Another way to approach better en-
ergy resolution by using low-temperature CaFq(pure) and photon counting
is discussed in this chapter.

9.1 CaFy(pure) scintillation properties at low
temperature

The light yield and decay time of CaFy(pure) scintillator crystal behave
as functions of temperature [99]:

e The light yield is increased by four times with the temperature of less
than 100 K (Figure 9.1-(a))

e The decay constant is extended from 1 usec to 40 usec with the tem-
perature less than 30 K (Figure 9.1-(b)).

The increment of light yield leads to the increment of photoelectrons (4 x3838
= 15352 p.e.) results in the improvement of statistical fluctuation (from 1.6 %
to 0.8 %). For cooling, we can use the cooling machine (such as CryoCoolers
products of Cryomech company [100]) or liquefied gas. The liquefied gas
with critical temperature less than 100 K are available on the market, such
as LHe (5.19 K), LNe (44.4 K) or LHy (20 K) [I01]. Because the decay
constant is extended, using signal integration leads to a huge fluctuation
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Figure 9.1: The decay time and light yield of CaFy(pure) scintillator as a
function of temperature [99].

from the baseline. From provided data in the research [99], to achieve all
number of photoelectrons, the integration interval is about 2 msec, and the
error of baseline measurement can be increased to 20000 p.e. Thus, the
photon counting method must be used for low-temperature measurement.

9.2 Photon Counting for low temperature mea-
surement

In this thesis, photon counting is probed as a more appropriate method to im-
prove energy resolution. However, due to the overlap of 1p.e. signals, partial
photon counting is introduced. Thus, baseline fluctuation is remained, espe-
cially near the rising edge of the waveform. Considering the average rate of
photoelectrons in the waveform when using CaFs(pure) at low temperature:

o At 293 K, the N, . (Q-value) is 3838 and Tqecay is 1 psec. The rate of
photoelectron defined as N ¢ /Tdecay is about 3.8 p.e./nsec.

o At 30 K, the N, (Q-value) is 15352 and Tgecay is 40 psec. The rate of
photoelectron is about 0.4 p.e./nsec.

With the less rate of photoelectrons, the overlap probability is much reduced;
thus, the photon counting method is more effective.

Photon counting method cannot reduce the fluctuation from the dark
current and the unknown fluctuation mentioned in chapter 7. Table 9.1 in-
dicates the estimation of fluctuations and energy resolution obtained in the
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Table 9.1: Estimate energy resolution with cryogenic CaFy(pure) and pho-
ton counting with waveform interval of 2 msec

Statistical Fluctuation 124 p.e. (~ 0.8 %)
Baseline Fluctuation 20000 p.e. (~ 130 %) removed
Unknown Fluctuation 60-70 p.e. (~ 0.4 %) not changed
Dark Current 35 p.e. (~0.2%)
Energy Resolution ~ 0.9 % no baseline fluc.

m,=27meV, T, ~107yr

&

35

30 0.9%

25

e
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[$)]

TTT T TTT T[T T[T T [TIT T [ TITI[TTITIT T

39002000 4700 4200 4300 4400 4500 2600
Energy (keV)

Figure 9.2: The simulation spectrum of OvgfS and 2v3 with resolution

of 0.8-0.9 % at Q-value. The ratio of OvfS3 over 2v/3f is ranging 10-13.

The TY/,=10*"year is equivalent to the (mgs)~27-118 meV (using the NME

values introduced in chapter 1).

measurement with cryogenic CaFy(pure) scintillator and by photon count-
ing. The energy resolution is obtained assuming that baseline fluctuation
is removed and unknown fluctuation estimated in chapter 7 is not changed.
Consequently, the total fluctuation at Q-value is about 0.9 % when baseline
fluctuation is all rejected. With the energy resolution about 0.8 - 0.9 %,
the detector can be ready for the sensitivity of T/,=10*"year (Figure 9.2).
From equation 1.8, the (mgg)~27 meV is obtained with G of 2.47x107%°
yr~teV=2 and the NME(EDF) of 2.37 [35]. Using CaFy(pure) operated at
cryogenic temperature and photon counting method, the estimated sensi-
tivity of CANDLES detector may get over the current world-best sensitivity
((mpp)~61-165meV) reported by KamLAND-Zen collaboration [1%]. The ob-
tained energy resolution by low-temperature CaFy(pure) and photon count-
ing is estimated in a very promising case. An experimental study is necessary
to provide more realistic value of energy resolution.
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Appendix A

Energy spectrum of double
beta decay

Calculation for shape of 2v33 decay in Figure 3.1. The following calculation
is referred from [102].

Single beta decay

The transition rate is given by
2
R = —[Hil"n; (A.1)

where Hy; is the matrix element and ny is the density of final states. Since
the weak interation is very short range, the matrix element could be form

Hys = Gu [ Wy Havtat 5507 (A2)

We would assume lepton wave functions are plane wave,

1 =
Yy = —=e A3
v (49)
where the wave function is normalized to 1 in an arbitrarily large volume V.
The wave length of electron and anti-neutrino is much longer than the nuclear
size. Therefore, expansion of exponential will be a good approximation. We
will take the first term of the expansion, which is “one”.

G . . G
Hy = 7W / Uiy Hyonid®F = TWMﬂ (A.4)
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where My; is a nuclear matrix element describing a nuclear transition. As-
suming the anti-neutrino mass is zero, the transition rate with Coulomb
potential after a straight-forward derivation is:

dR = W|Mf1| (Z"’ 1,E ) ePeC (Q E ) <A5)
where F is Fermi-function. The Fermi function for the electron will be ap-
proximated as

2mn 1 E
F(Z, E6> ~ ﬁ =~ 27TZO{E = 27TZO{Z; (A6)
Zer 1 Z
when n = 47reihc§ = Fa for the electron. Consequently,
G 7
dR = W22\ L PEXQ — E.)E, (A7)

2h7

is obtained for the electron energy spectrum.

Two-neutrino double beta decay

The case of double beta decay can be calculated as the same way. The
transition matrix element is

G?
5 My (A.8)

Hy. = G [ itz = &

The transition rate will be

27 (47 )3 Gy

R = oy

| |2/p§1p§2p31(62 — By — Eep — Cpf/l)2dpeldp62dpl71
(A.9)

Integrating over anti-neutrino momentum,

Q Ee1—FEe2 9 9 ) 1
/ C pul(Q - Eel - E62 - Cpul) Cdpyl == %(Q E@l ) (A 10)
0

The transition probability is

G4
dR = 15X26—7I:§7113(27|Mﬁ’2/ EelpelEeQPez(Q —Eo — E62)5dEeldE62
(A.11)
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Taking into Coulomb potential

dR o / E%E%(Q — Eo — Ep)’dE 1 dE, (A.12)
In order to obtain the sum energy spectrum, the energy difference is inte-
grated over the physical energy region. Here, summed kinetic energy will

be T = E.; + E.5 — 2mc? and the difference of the kinetic energies will be
t = E.; — F.. The physical region for t is between -T and T.

2 1
dR o (Q' —T)° [(T + 2me*)'T — g(T + 2me?)* T3 + gTﬂ dT (A.13)
As the result, we can obtain

(g Qo (Jomrramire o]

30 3 3
x(Q — T)°TdT
(A.14)
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PMT Resolution

The following calculation is carried out to study the contribution of PMT
fluctuation in the energy resolution. It turns out that the statistical number
of electrons collected at PMT anode is affected by the statistical fluctuation
of photoelectrons emitted at PMT cathode, the non-statistical fluctuation of

scintillation in the crystal and the multiplication fof PMT dynodes.

Generic function

Generic function is quite useful in calculation of mean and variance of a
defined distribution. A variable n has the distribution p,,, the generic function

of p,, is defined as:

G(t) =) pat"
n=0

Differentiate the generic function with t,

G'(t) = annt”’l
n=0

So that,

The variance,

o’ =G"(1)+G'(1) — G"(1)?
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Fluctuation of number of photoelectrons at PMT
cathode

The number of photon emitted by a scintillator distributing as a function
fm- The photon has a mean probability u to be detected and converted to a
photoelectron. The number of photoelectron distributing as g,:

Z mCott" (L= )™ " fom (B.6)

The generic function is
= gut"=> full—p+pt)" =F(1 - p+ pt)
n=0 m=0

where F(t) is the generic function of f,,. The variance of photonelectron is:
oo =G"(1)+G'(1) - G"(1)?
= (2o + p(l — ) (f) (B.7)

Dividing by (g)* = (i (f))2,
+ (B.8)

2 2
(&) _ (ﬁ) _
(9) () @] (9
In case that the number of scintillator photons fluctuate statistically (i.e.
Poisson distribution), oy = y/(f) and the fluctuation of photoelectron is:

o\’ 1
<) =— (B.9)
(<g>) (9)
The number of photoelectron follows the Poisson distribution. Only the

non-statistical fluctuation makes additional fluctuation on the number of
photoelectrons.

1

Fluctuation of number of electrons at PMT
dynode

When m electrons arrive a dynode, each electron is multiplied to nq, ns, ns,
. M,, where n has distribution r,,. With the distribution of the number of
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input electrons is p,,, the distribution of the number of output electrons is
¢» defined as:

m=0 i=1 n;=0 j=0

Respectively define the generic functions for input electrons, output electrons
and electrons generated by one of input electrons:

P(t) = i pat™, Q(t) = i gnt™, R(t) = irnt” (B.11)

Combing equations B.10 and B.11, the generic function for output electrons
can be derived as:

Qt) =Y pmR()™ = P(R(1)) (B.12)

Fluctuation of the number of electrons col-
lected at PMT anode

Define n is the total dynodes of a PMT. Electrons bombard with n dynodes
before arriving at the PMT anode. Define the generic function of electrons
generated at the n'* dynode as Q,(t),

Qn(t) = Qo(R1(Ra(Rs(...Ru(1)--.)))) (B.13)
Differentiate @, by t,
Qn(t) = Qo(R1) Ry (Re) Ry(Rs)... Ry (Rn) R, (1) (B.14)
Define the mean values:

Qn(1) = Na, @,(0) = Ne, Ri(1) = \; (B.15)
= Ny = NeAi Aoz )\, (B16)

where Ny: is the number of electrons collected at the PMT anode.
N¢: is the number of photoelectrons generated at the PMT cathode.

\;: is the multiplication of the i** dynode.
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For the case of n dynodes, the fluctuation becomes to:

04 2 oo 2 1 o1 2 1 09 2
4y (== — = = B.1
(NA) (NC> " Ne <>\1> " NeAi (A2) (B.17)

1 Op, 2
b (™ B.18
LR VI W ()\n) (B.18)

For the case of single photoelectron (No = 1), the fluctuation is:

(%), ~ () == ®19
NA 1p.e. /\1 A1 '

O A 2 oc 2 1 oA 2
— ) == +t—=— | = B.20
(NA> (NC) Ne (NA)lp.e. (B20)

With Ny is the number of scintillation photons and ox is the non statistical
fluctuation of scintillation photons, the fluctuation of electrons collected at

PMT anode is:
2 2 2
oA 1 ox 1 (0,4)
— | =—=4+=] +— | — B.21
(NA) N¢ (NX) Neo \ Ny Ipe. ( )

Consequently,
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Signal Overlap in Digitization
Error Estimation

The widths (w) of 1p.e. signals in different PMTs are different. The digitiza-
tion error of N photoelectrons is proportional to N x w if there is no overlap.
As mentioned in section 4.2 and section D, the overlap of 1p.e. signals results
in a reduction of digitization error. In this appendix, the derivation of this
reduction factor is discussed.

The probability of being pedestal is derived as follow. A BIN has pedestal
data means there is no 1p.e. signal in the preceding w. The expectation
number of p.e. in the period w is:

p(thw = NZevr (C.1)
T

where 7 is decay time of the scintillator, and N is the total number of p.e.
The number of p.e. obey the Poisson distribution. So, the probability of
pedestal is:

(t) = exp (=p(t)w) = exp (~N=Ze /") (C.2)

The number of BIN, which is not pedestal is:

Nt = (1= at) = 5 [ (1 = a0t (©3)

)

where ¢ is BIN width (2 nsec), and T is the integration interval. Introducing
a variable z defined as:

r=e " (C4)
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Figure C.1: The calculation of (1 —e™¥)/y (a) and the calculation of v of
PMTO01 with different decay constant of 1 usec, 2 usec and 4 usec (b).

The number of BIN, which is not pedestal is:

[ ez o

Nsignal = -

Declare variable y = X%z the above equation is rewritten as:

T

[0 1—e
Nsignal - g/\[w y dy (C6)

T

If there is no signal overlap, the number of signal BIN, which is not pedestal,
is %. Therefore, the number of signal BIN is reduced as a factor v:

) T O 1—¢e¥
—Nsi na d C.7
i gl N T Nuw /Vw y Y (C.7)

7 is obtained from the average of (1 — e™¥)/y between 0 and Nw/7. Here,
Nw/T is occupancy of N signals in the decay time 7. There is no analytical
solution on this integral. Therefore, v is numerically calculated. The ~
is used in equation 4.3 for calculation of Digitization Error in CANDLES
spectrum.

- 112 —



Appendix D

Digitization error: Signal
Overlap and Peak Shifting

Digitization Error effect on the single photo-
electron charge

The digitization error affects on single photoelectron (1p.e.) charge value
within the signal width:

633 MT — WIPMT 5 (MeasuredPedestal™7™ — TruePedestal™T) (D.1)

and the 1p.e. charge obtained from measurement is:

ATPMT _ TyyolPMT 4 GiPNT (D2)

where A the 1p.e. charge value obtained from measurement (ADC)
True,.: the true 1p.e. charge value (ADC)

dp.e.: digitization error effect on the 1p.e. charge value (ADC)

pe.
w: number of signal-pedestal points of 1p.e. signal (timebin)
iPMT: the i*" PMT, and 1<i<62

As the Digitization Error is canceled at measured pedestals of 244.0 ADC,
244.5 ADC and 245.0 ADC (Figure 4.6), the obtained 1p.e. charge at either
one of these measure pedestals is equivalent to the True, .. With measured
pedestal ranging from 244.1 ADC to 244.9 ADC:

AgfyT = Slope™ x MeasuredPedestal ™7 (+ Intercept) (D.3)
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Figure D.1: The linear coefficient Slope between A,. and Measured
Pedestal. Theses values are results by fitting the data from [93]. The Slope
at the PMTO is the average slope of 62 PMTs.

Figure D.1 shows the slope parameter of every PMT, and the slope at PMT0

is all PMTs’ average value, which is about 10.740.1. The digitization error
can be canceled at measured pedestal of 244.5 ADC, and the obtained charge
at this measured pedestal is True, .. Therefore, the digitization error effect
on lp.e. charge can be estimated as follow:

(552” = Slope™™ x (Measured Pedestal ™71 — 244.5) (D.4)

The width of 1p.e. signal

For calculating the digitization error effect on 1p.e. charge value of a
PMT, the width of 1p.e. signal is an essential factor (equation D.1). In
this section, the determination of 1p.e. widths of 62 PMTs is introduced.
The width of an 1p.e. signal is the number of signal points of that 1p.e.
signal. The number of signal points is linearly proportional to the number
of photoelectrons if there is no overlap of 1p.e. signals.

An analysis is executed using the experimental data in Chapter 5 to see
the correlation of signal points and the number of photoelectrons. Pedestals
of 62 PMTs set at 244 ADC to 245 ADC, the signal points are defined as the
ones whose digitized values are less than 244 ADC. In this analysis, in every
PMT the signal points and photoelectrons are counted. The 2-dimension
histogram showing their correlations in PMTO01 and PMT02 are shown in
Figure D.2. The difference in distributions obtained in 2 PMTs is due to the
dependence of overlap probability on the 1p.e. signal width. For a few first

- 114 —



Appendix D

r Intercept -3.025 + 11.35 r Intercept -40.51+ 38.6
2000¢ Slope  914z06012| , 2000F Slope  18.21+2.104
1800} 'E 1800F -

C Q C 3
1600 A 1600 5
1400F = 1400}

F .o0 F
1200 2 1200F = e

Gy e g

C o C =i
1000 . 1000 =

[ o L F == 3
800} 'S 800 E
600F 5 600F
400[ 400F
200 ; 200 .

" . s R I ERU TN SN FRUTR FRUTE n P N N R YN I FUTN U

0 0 10 20 30 40 50 60 70 80 90 100 0 0 10 20 30 40 50 60 70 80 90 100
Counted Photons of PMTO1 (p.e.) Counted Photons of PMTO02 (p.e.)
(a) PMTO1 (b) PMT02

Figure D.2: Number of signal points as a function of number of photoelec-
trons in PMTO1 (a) and PMT02 (b). case of PMTO01, whose 1p.e. width is
about 18 nsec, and PMT02, whose 1p.e. width is about 36 nsec. The red-
dashed lines indicate the linear fitting, which results the slope as the number
of signal points per photoelectron. The fitting area, which is marked with
green-dashed lines, of number of photoelectrons is determined by the Mean
and standard deviation (RMS) of number of photoelectrons.

tens of photoelectrons, the number of signal points is assumed to be linearly
proportional to number of photoelectrons. Thus, the linear fitting is applied
to estimate the number of signal points per 1p.e. signal (or the 1p.e. width).

The slope parameters of 62 PMTs are plotted in Figure D.3. The width
of 1p.e. signals from 10-inch PMTs are narrower than the one of 13-inch and
20-inch PMTs (Figure D.4).

Overlap of 1p.e. signals - Reduction factor

A CaF; signal contains many 1p.e. signals created by the photocathodes.
Because of the digitization error, one may estimate the digitization error
effect in a CaF, signal as follow by assuming the 1p.e. signals created in a
PMT are not overlapped each other:

62 62
r_ APMT _ iPMT ,, §iPMT
0= g w = g N,e X O, (D.5)
1

1
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Figure D.3: Obtained widths of 1p.e. signals of 62 PMTs. The width is
defined as width = signal Points x 2 nsec. The 1p.e. signals from 10-inch
PMTs have narrower shapes (circled in black-solid line) compared to the
shapes of 1p.e. signals in 13-inch and 20-inch PMTs.
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Figure D.4: A comparison of the shapes of 1p.e. signals from PMTO01 (10-
inch), PMTO02 (13-inch) and PMT49 (20-inch). Each average waveform is
made using about 500 events of LED measurement data from reference [93].

where €): the digitization error effect in a CaF, signal with assumption of
no overlap of 1p.e. signals (ADC),

WPMT: the digitization error effect on the i*® PMT with assumption of
no overlap of 1p.e. signals (ADC),

n T the number of p.e. obtained in the i*" PMT.

However, in fact, the 1p.e. signals in a PMT are overlapped. In Figure
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: DigitErr-1 DigitErr-2 :

A = Non-pedestal points (no overlapping)
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Figure D.5: Demonstration of non-overlap (top) and overlap (bottom) of
two single photoelectron signals. The accumulated digitization error in 2
cases are different. If the photoelectron signals are overlapped each other,
the number of signal points are reduced (A>B), hence, the digitization error
is reduced by B/A.

D.5, the digitization error accumulated when integrating two single photo-
electrons in non-overlap and overlap cases are different. In the case of signal
overlap, the number of signal points is decreased so that the digitization error
accumulated is also reduced. Therefore, to estimate the digitization error in
CaF, signal, it is needed to calculate the reduction factor defined as:

signal Points©verlap

Reduce Factor = Signal PointsNom—Overiop (D.6)
The reduction factor of a PMT can be calculated as:
i 1 a 1—eV . iPMT
A PMT — —/ © dy, with a = ng?el\./[TW— (D.7)
a efT/T y T

where v"MT: is the reduction factor in the i'" PMT,

7: is the CaFy’s decay constant (1000 nsec),

iPMT

pe 0 the decay constant T,

a: is the occupancy of n
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Figure D.6: Reduction factor as a function of obtain number of photo-
electrons. The calculation reduction factors for PMTO01 (10 inch PMT),
PMTO02 (13 inch PMT), 62 PMTs are shown in figure (a), (b) and (c). The
1p.e. width of PMTO1 is shorter than PMT02’s, so the reduction factor in
PMTOL1 is higher (less overlap). Different decay constants are used in these
plots 1 psec (blue), 2 usec (red) and 4 psec (black). The right figure is a
2-dimensional plot of reduction factor and number of photoelectrons using
experimental data of CANDLES III. The right figure is corresponding to the
decay constant of about 1 usec as the current CakFy decay constant.
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Tinr: is the integration interval (4000 nsec).

Figure D.6 shows 4 plots showing the dependence of reduction factor on
the number of photoelectrons. With more number of photoelectrons, the
signal points are decreased, thus, so are the reduction factor. Additionally,
a shorter decay constant implies a higher overlap probability or a smaller
reduction factor. Moreover, the wider width of 1p.e. enhances the chance of
signal overlap and causes the decrement of reduction factor (PMT01-10inch
and PMT02-13inch).

Using the above equations, the sum reduction factor for 62 PMTs can be
calculated as:

62 i i i
anMTwlPMT,YlPMT
T p-e.

62 _iPMT ., iPMT
> np M

(D.8)

Figure D.6-(c) shows the sum reduction factor of 62 PMTs as a function
of number of photoelectrons. In this plot, the e~ /7 is assumed to be 0,
the decay constant is set, respectively, at 1 usec, 2 usec and 4 pusec; and
the number of photoelectrons collected at every PMT is assumed to be the
identical. For comparison, a 2-dimensional scatter plot of reduction factor
and obtained number of photoelectrons is prepared (Figure D.6-(d)). With
the current setup, the decay constant of CaFy is about 1 pusec, and the
correlation in Figure D.6-(d) is quite consistent with the estimation in Figure
D.6-(c).

Estimate Digitization Error in Physics Run
data

In this section, the effect of digitization error on the energy spectrum of
Run010 of CANDLES III is discussed. The experimental data in Physics Run
of 480 Sub Runs (406 days) are analyzed to obtain the digitization errors.

During data taking, some accidents, which are power outages and high
voltage shutdown, occurred, and they led to the change of pedestal values.
The pedestals were, then, readjusted as soon as the problem recognized. In
Figure D.7, the blue points are the average pedestal of 62 PMTs plotted
as a function of Sub Run (SRun), which is equivalent to about 1 day of
measurement. The red-dashed line is the expected value 244.5 ADC, and the
green-dashed lines inform the limited range of 244 ADC to 245 ADC. The
solid-red lines show change of pedestals due to accidents, and the solid-blue
lines show the pedestal (re-)adjustments.
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Figure D.7: The profile of average pedestal of 62 PMTs by time using
1-year data of Physics Run. At SRun095, the pedestal of all PMTs are set
to 244.5 ADC. During data taking, the pedestal value were changed due to
some accidents (power outage, high voltage shutdown) and (re-)adjustments.

When the pedestal changed, the digitization error is affected, and it leads
to the change of peak position. A study was carried out to probe the cor-
relation between the changes of pedestal and the changes of peak position.
Both peak positions and digitization error are calculated in p.e. unit in this
analysis.

The digitization error was estimated in every event of each SRun, and the
mean value (upg) of digitization error distribution is obtained. To compare
the pupg with the peak positions, both values are normalized using data from
SRun100-SRun300. Figure D.8 shows the consistence of normalized peak
positions and digitization error at “°K and 2°®T1 peaks. There are big differ-
ences between upg and peak positions at some SRuns. It may be due to the
method for estimation of digitization error by assuming linear correlation. If
the pedestal is close to 244 ADC or 245 ADC, the linear estimation is not
good. At the SRuns where upg and peak positions are big different, there
are PMTs whose Pedestal near 244 ADC or 245 ADC.
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Figure D.8: The profile of normalized peak positions and normalized DEEP
at 1K (top) and 2T1 (bottom) peaks are plotted with blue circles and red
circles, respectively.
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Pedestal Fluctuation - Error in
baseline measurement

Among the factors of baseline fluctuation, the error of pedestal measurement
is probed to be the most severe one (as discussed in section 4.5 of chapter
4). In this appendix, the uncertainty of pedestal is discussed.

Pedestal measurement

Define the probability of “1” to p and that of “0” to 1 — p. When p is
constant, the number of “1” (n) in N samples follows binomial distribution.
In this document, we discuss the case that p has distribution f(u). The
probability of the number of “1” being “n” in N sample is:

Po= [ $Con(1 = ) "d (5.1)
Making the generic function (mentioned in section B of appendix B):
Gty =) Put" = /f(u) (ut +1—p)" dp (E.2)
n=0
= G = [ £4)Npdu=N () (E.3)
= ") = [N - DA = NV -1 () (B4

o2 =G"(1)+G'(1) — G'(1)?
= N(N = D)o + N (u) (1= () (E.5)
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In this thesis, the pedestal is n/N:

) (E.6)
= (%) =Tt ) (- () (.7
_ NA_[ L2 4 o2 (E.8)

op is the binomial distribution.

Difference of pedestal measurement

In this section, the distribution of the difference of two pedestal measure-
ments in two different regions of the waveform is discussed. Respectively call
them as pq and py are not the same nor different. Measure the pedestal in
N points. One measurement has n “1” points, and another measurement
has m “1” points. The distribution of the difference n — m = [ is derived as
following. Probability of [ is:

Ql = /f(:ulv MQ)ZZNCnM?(l - ;ul)N_nNCm[ﬂlT%l - :ul)N_m(S(l —n+ m)dﬂldlw
s (E.9)

Generic function is

H(t) = /f(ul, po) (gt + 1 — ) (ot ™ + 1 — o) Ndpadps - (E.10)

Hm>=N/}whmxm—uﬂmam (E11)

Since the distribution f() is symmetry for py, and po, H'(1) = 0.
H"(1) :/f(ﬂlaﬂz)N(N— V)pddpndpy — Q/f(ul,uz)NZLLluzdulduz

+/f(u1,u2)N(N— V) pzdpndps — 2/f(u1,u2)Nu2t‘3du1duz
(E.12)

1 and ps have the same distribution.

H"(1) =2N(N —1) (i) — 2N? / [ (1, po) paprodpndpg + 2N () (E.13)
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In general, ;1; and ps are not the same nor independent. Coherent term
te = (1 + p2)/2 and the difference term pg = (py — p12)/2 may have inde-
pendent distribution. Since the Jacobian determinant is one,

fpa, po)dpndpy = g(pe)h(pa)dpedpa (E.14)
/f(ﬂl,ﬂ2)duldﬂz = (pte) = (1) (E.15)
[ paiidnds = ) + 5 G = 1) (5.16)
Then,
[ mpadids = ) = 3 ) = - St (BAT)

Therefore, H"(1) is:

H"(1) = N* (u3) + 2N ({u) — (%))

(y=H'(1)=0 (E.18)
ofy=H"(1)+ H'(1) — H'(1)> = H"(1
!
(E.19)
Measure the difference of pedestal is [/N:
[
<—]\; =0 (E.20)
a1\? _ o 952 L, E
<N) = o} + 20} — 2107 (E.21)
When p; and po are the same, oy is zero.
2 1
(%) =20} —20? (E.22)
When p; and ps fluctuate independently,
/ F (s o) p pradpndpig = () (E.23)
L, 2 2 2
502 = W) —{w)” =0, (E.24)
2 N -1
(%) —9 (Tai + a,?) (E.25)
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Integration over long period

Integrating longer period, p may fluctuate during the period. In this section,
AN poins are summed. A is assumed to be an integer number (in this thesis,
N =40 and A = 50). The period is divided into A sections. p in the section

(1552

i” is constant as u;. The probability of “m” points of “1” is

A

R, = /f(,ul...u,\)é (m - Zn,) HNC’niu?i(l — )N d (E.26)

1=1

Generic function is:

= /f(ﬂl H pit + 1 — )N dp; (E.27)
A A A

F1)=>_ / Pl ) Ny [ [ dps = N3Gy = NA Q) (B.28)

A A
FI(1) = NV = 1) S (2) + N2 37200 = 1) (uogu) (E.29)

j=1 I=1

As in the equation E.17,

(o) = () = 5 () (E:30)

Here, (117) is the mean square of o — p;.

F"(1) = NA(NA = 1) Z (E.31)
o7, = NANA =)o — N*Aoy — N> (A= 1) (1}) (E.32)

=1

In the case of independent fluctuations, (u?) = 202, the above equation is
modified to:
op, = N(N —1)Aos — N*\oj (E.33)

m
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Integration over long period (with pedestal sub-
traction)

In this section, AN points are summed. A is assumed to be an integer.
The period is divided into A regions. p in the section “i” is constant as ;.
Pedestal is measured at the region “0” and subtracted:

Sk = /f an + )\n()) HNOTLzMz (1 — )N ™dp; (E.34)

Generic function is:

A
/f ) (ot + 1= o)V [ [ (it ™ + 1= p)¥dp (E.35)

E"(1) = =NAA+1) (4| + N> > 1 {u7) + NAA + 1) () (E.37)

Jj=1

A
o7 = —NAA+ 1oy, + N> " 1{) + N*A(A + 1)o} (E.38)

J=1

o? increases in \?. So, the correlation of o, with )\ is linear. In the

case of independent fluctuations, (47) = 207, and:

=AA+1) [N(N = 1)o; + N3] (E.39)

Summary

Following are the variances (02) of:
e Pedestal width: of + (1 — ) o2

e Pedestal difference: ad + 20b —2 (%) .
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o ADC integration: NA(NX —1)02 — N2XoZ — N2 370 (A — 1) (1?)

o ADC integration: —NA(A+ 1)o2 + N2 320 1(12) + N2A(A + 1)o7
(pedestal subtracted)

In this thesis, the N = 40 for pedestal calculation. We can neglect 1/N to
1. Assuming (u?) is constant, the variances are approximated to:

e Pedestal width: o + o7,
e Pedestal difference: o2 + 207
e ADC integration: N? (\202 + Ao} + Ao)

e ADC integration: s N2A(A+ 1) (03 + 207)
(pedestal subtracted)

Applying the experimental data

For every PMT, the pedestal is calculated with the first 40 bins in the wave-
form. The pedestal difference is calculated by subtracting the pedestal in
different regions (40 bins/region) with the pedestal in the first 40 bins. Fig-
ure E.1 shows the pedestal difference o4 discussed in section E, and Figure
E.2 shows the accumulated pedestal in a long integration period oy, discussed
in section E. Checking the o, as a function of timebin, we can also recognize
the noise in the baseline in the PMTs. There are 5 different cycles of noises
found, and they are reported in section 4.3.

Choose data from PMT49 to checking the valid of this calculation. The
obtained pedestal (p) is 244.4 ADC, the statistical fluctuation (o) is 7.79x 1072
ADC. The obtained fluctuation (op.q) is about 2 times larger. Thus the o,
is /3 times larger than o3,. In the measurement, og;s¢ is also 2 times larger
than o,. Therefore, og is v/2 times larger than o,. The fluctuation of ADC
integration is N x adiff/\/ﬁ = 0.12N\. It is proportional to the width. For
4000 nsec integration, this fluctuation is be accumulated to 240 ADC as it is
shown in Figure E.2.
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Figure E.1: The deviations of distributions of pedestal differences (o4) in
different PMTs are plotted as a function of timebin. Different noises are
visible by this checking. The solid lines are fitting functions.
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Figure E.2:

mentioned in equation E.38 the oy is linearly correlated with the timebin.

Integration Points

Integration Points

The deviations of distributions of accumulated baseline
long period (o%) in different PMTs are plotted as a function of timebin. As
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Overlap in Photon Counting

Overlap in Photon Counting

The following calculation is carried out to study the overlap probability
of 1p.e. signals in photon counting. Assuming the waveform of CaFy is
assumed to be an exponential function pgexp (—f), The total number of
photoelectrons of a CaFy signal is: Ny = po7. In Figure F.1, we define
the shortest interval to distinguish two 1p.e. signals is minimum SIGNAL
INTERVAL equivalent to w nsec. The w is mentioned in section 6.2, and
the values plotted in Figure F.2 are related to w. If the interval is shorter
than w, two signals are recognized as only one signal, and the existence of
the other signal is lost. To avoid the lost, there should be no 1p.e. signal in
the previous w nsec of a 1p.e. signal. Therefore, the probability to count a
signal is the probability of no signal in preceding w nsec: e #**. The number

photoelectrons counted from t — t+At is:

AN = pAte ™ = pge /™ Aterowe™" (F.1)
Define s = e %7, the equation F.1 is modified to:
AN = pgsAte " = dN = —pore 10" ds (F.2)
= N = /0 —poTe H0ds = % (1 —erow) (F.3)
1
Since Ny = po7, the above equation can be rewritten as:
N =" (1-¢%) (F.4)

w

Function F.4 is used for fitting in Figure 6.5.
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Figure F.1: SIGNAL INTERVAL in Photon Counting is the minimum
interval to distinguish two single photoelectron signals. The SIGNAL IN-
TERVAL depends on the shape of 1p.e. signal and the threshold. If the
interval of two 1p.e. signals is less than the SIGNAL INTERVAL, they are
counted as one signal. The top figure shows the two 1p.e. signals that can
be distinguished, and the bottom figure shows two 1p.e. signals that are not
distinguished.

Statistical Fluctuation in Partial Photon Count-
ing

In partial photon counting, a waveform in each PMT is divided into two
regions. The prompt region (near the rising edge) is used for signal inte-
gration; and the latter region (near the tail) is used for photon counting.
In this section, the statistical fluctuation of partial photon counting is dis-
cussed. The total number of photoelectrons in the waveform is assumed to
be Ny. The decay constant of CaFs is 7 nsec. The minimum Signal Interval
is w nsec. The prompt region is integrated from 0 nsec to T nsec; and the
photoelectrons in the latter region is counted from T nsec. The number of
photoelectrons in the prompt region (Np) is calculated as:

No (" T
Np=— 1/ exp (—E) dt = Ny (1 — exp (——)) (F.5)
T Jo T T
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Figure F.2: The intervals, which are related to the SIGNAL INTERVALS,
of 62 PMTs. Smaller value of interval indicates the lower overlapping prob-
ability.

The number of photoelectrons in the latter region (Np) is calculated as:

Np = Noexp <_§) (F.6)

Apply photon counting in the latter region, the number of photoelectrons
counted (Mp) is (using equation F.4):

Mp = 5 (1 ~exp <—§ND>) (F.7)
:>d1\1\/I[DD = exp (_N$w> (F.8)

The total number of photoelectrons obtained by partial photon counting
(Pqtotal> is:

Niotar = Np + Mp (F.9)
oo (D)o e (1)
(F.10)

In this thesis, the Ny is normalized to Ng. The statistical fluctuation of
Niotal after normalization is calculated as:

dNp \?
AN2 = AN2 4+ ( dM];) AM?, (F.11)
T N N
= Np (1 — exp (—?>) + g <exp (—iw) — 1) exp (—iw)
(F.12)
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Threshold in Photon Counting

Threshold is essential in photon counting method. In section 6.1, the thresh-
old is selected based on the discrimination of 1p.e. and Op.e. In this appendix,
some results of overlap probability in photon counting and counting efficiency
are presented.

Threshold and overlap probability

Figure G.1 shows the correlation of counted p.e. with true p.e. using different
thresholds for PMTO01 and PMT02. In PMTO01 (10-inch), with threshold of
i — lo, the counted p.e. is saturated as the other PMTs. For the threshold
of i — 20, the number of counted p.e. is increased due to the signal reflection
is more counted with a lower threshold level. For the threshold of u — 3o,
the number of counted p.e. is over-counted and more than the expected p.e.
number. In PMTO02, the correlations with different threshold levels are quite
consistent with each other. With a lower threshold, the number of counted
p.e. with the threshold of u — 20 is slightly more than when we use the
with the threshold of © — 1o. With these discussions, the threshold p — 20
is probed to be good enough for photon counting in CANDLES.
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