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Abstract

The Reactor Experiment for Neutrino Oscillation (RENO) began gath-
ering data in August, 2011. The RENO is designed to measure the
neutrino mixing angle 13 and mass squared difference | Am2, | which is
the 7, weighted average mass square difference of |Am3;| and |AmZ,|.
The experimental site of RENO is the Hanbit nuclear power plant,
which is 280 km away from the capital city of Koera, Seoul. There
are 6 reactors in the Hanbit nuclear power plant, equally spaced in
a single line. The Experiment used two identical detectors. The near
detector (far detector) is located at 294 m (1384 m) from the cen-
ter of this six reactor array. and the flux-weighted average distance
between the reactors and the far (near) detector is 408.6 m (1444.0
m). The experimental has analyzed about 500 live days of data in
the period between August 2011 and January 2013. In this period,
the far (near) detector observed 31541 (290775) electron antineu-
trino candidate events with a background fraction of 4.9% (2.8%).
The measured prompt spectra has an excess of reactor 7, of approx-
imately 5 MeV relative to the prediction from the most commonly
used model. The excess is proportional to reactor thermal output
power, therefore the excess is the neutrino signal coming from reac-
tor cores and not a background. To aviod this problem, the data are
analysed based on the measured far-to-near ratio of prompt spectra.
A clear energy and baseline dependent disappearance of reactor 7, is
observed in the deficit of the observed amount of .. From this deficit,
we can determine sin® 26,3 = 0.082 & 0.009(stat.) + 0.006(syst.) and
|Am2,| = [2.62703% (stat.) 25 (syst.)] x 1073eV? based on a rate and
spectra analysis. The precise measurement of 13 would be a impor-
tant milestone in determination of the leptonic CP phase if combined
with a result of an accelerator neutrino beam experiment.
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Chapter 1

Introduction

There have been great advancements in understanding the neutrino physics in
the last two decades. The discovery of neutrino oscillation indicate directly a
physics beyond the Standard Model, and provides a unique, next milestone for
exploration on the Grand Unification energy scale.

1.1 Overview of Neutrino Oscillation

The observation of neutrino oscillation is one of the most important discoveries
in particle physics. Neutrino oscillation is a flavor transformation of a neutrino
from one type to another. Neutrino mixing, which is the oscillation of flavor
states of the neutrino and the nonzero neutrino masses provides insights into the
adjustment of the current standard model.

Neutrino oscillation is a consequence of that the neutrino flavor being lin-
ear combination of the mass eigenstate. The currently accepted model describing
neutrino mixing is a framework of three flavors(ve, v, v;). This phenomenon is
expressed by three mixing angles (612, a3, 613), three mass difference (Am3,,
Am3;, Am3,), and one phase angle (&) [I, 2]. In 1998, the Super-Kamiokande
experiment discovered neutrino oscillation and the mixing angle a3 [3]. It is inter-
esting that angle o3 is close to the maximal value. The solar neutrino oscillation
was determined by the SNO collaboration in 2001, and the mixing angle 82 was
obtained [4, [5].

The last unknown angle, the smallest mixing angle 613, was found in 2012 in
the RENO, Daya Bay and Double-Chooz experiments via the electron antineu-
trino disappearance from reactor [0, [7, 8]. These reactor neutrino experiments
could measure 013 without matter effects and charge parity (CP) violation. The
first measurement of 613 by RENO was based on the rate-only analysis to compare
expected and observed reactor neutrino rates [6]. In this thesis, we present a more



.|, a mixture of

|Am3,| and |Am3,|, obtained from energy and baseline dependent disappearance
of reactor electron antineutrinos.

precise measurement of #13 and the first measurement of \Am2

1.2 Neutrino Oscillation

A neutrino with flavor o and momentum ? is combination of different mass
eigenstate. Mathematically

’VO! Z az‘yl (11)

The massive neutrino states are eigenstate of the hamiltonian. This implies the
massive neutrino can evolve in time as plane wave.

[Val(t) Z e i ;) (1.2)

inverting equation the neutrino flavor states can be expressed in terms of
flavor states.
va®)) = > Une FilUg; |vg) (1.3)
B U, T

Therefore, The transition probability of v, to vg (a, 5 = e, p, 7) with Energy E
after traveling distance L in vacuum can be calculated as follows:

) 2
P(va = v3) = |(Valvs)]? = bus — 2Re; UaiUZ,;U3:Us; (1 - exp{zAm?iLE}>
J>1
(1.4)
where AmJQ«i = m? — m? is the difference between the neutrino masses squared. If
the neutrino has 3 flavors and 3 mass eigenstate, matrix U is described by a 3x3

matrix which is called Pontecorvo-Maki-Nakagawa-Sakata matrix [9) [10].

1 0 0 C13 0 813616 C192 S12 0
U= 0 C23 S23 0 1 0 —S12 C12 0 (1.5)
1 —s93 co3 *5136_11(S 0 C13 0 0 1
C12€13 512€13 s1ze 0
= | —s12c23 — C12523513€  ciaco3 — S12523513€  sp3013
512523 — 612023313616 —C12523 — 812023513ei6 C23C13

where ¢;; = cos0;j, s;j = sinf;; (6;; is the mixing angle) , and ¢ is a Dirac CP
violating phase. A further theoretical description of neutrino mixing can be found
in Ref. [11].
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The current best values of neutrino oscillation parameters with errors of one
standard deviation (1o) are summarized as follows [12]:

sin? 2093 = 0.99970:99 (normal) [f?é%] (1.6)
or 1.000139% (inverted) [F9-9%]
sin 201, = 0.846 «+ 0.021 [£2.5%]
sin?2013 = 0.093 %+ 0.008 [£8.6%)]
Am2, = (2.44+0.06) x 1073eV? (normal) [£2.5%)]
or (2.52=+0.07) x 1073eV? (inverted) [+2.8%]
Am2, = (7.53+0.18) x 107%eV? [+2.4%]

Where, the bracketed values are the fractional errors. Note that disappearance
experiments cannot measure the sign of Am%2 because the dominant term in
the Equation depends on the square of the sine function. This is called the
neutrino mass hierarchy problem.

1.3 Reactor Neutrino Experiment

Nuclear reactors have played crucial roles in experimental neutrino physics. The
discovery of the neutrino was made at the Savannah River Reactor in 1956 by
Reines and Cowan [I3]. KamLAND observed the disappearance of reactor an-
tineutinos and distortion in the energy spectrum because of neutrino oscillations
due to mixing angle 015 [14, [I5]. Because of low-energy reactor neutrino, the
mixing angle can be measured in short baseline experiment without the matter
effects and CP phase. A reactor neutrino detector does not need to be large, and
construction of a neutrino beam is not needed. In consequence, 6,3 is measured by
RENO, Daya Bay and Double-Chooz experiment via rate-only analysis in 2012
[6, [7, §].

Past reactor experiments could not observed neutrino disappearance using a
single detector located ~ 1 km or less from the reactor, as summarized in Ta-
ble[I.1] In the early efforts to measure 613 by using reactors, the CHOOZ and Palo
Verde experiments had a problem: instability with their Gd-doped liquid scintil-
lator (LS). Palo Verde struggled with the gradual deterioration of Gd-doped LS
through precipitation [28], 29]. The Gd-doped LS in the CHOOZ experiment
turned yellow a few months after deployment, which reduced the photo-electron
collection efficiency [25, [30]. To avoid this problems, researchers have used new
recipes to successfully synthesize Gd-doped LS with good optical properties and
long-term stability [31 32, [33]. To measure the rate and energy spectrum of the
Ves, CHOOZ and Palo Verde used a single detector with ~1 km baseline. Such
measurements from the single detector are sensitive to systematic issues related



Experiment Year Reactor Power (MW,;,) Baselines (m)  Nops/Neap
ILL [16] 1980-1981 o7 8.8 0.96 £ 0.12
Goesgen 37.9 1.02

1981-1985 2800 45.9 1.05 £+ 0.06

[17, 18, [19] 64.7 0.98 £ 0.06
Rovno [20, 21, 22] 1983-1991 1375 18, 25 0.964 £ 0.07
Krasnoyarsk [23]  1987-1994 - 57,231 0.99 £ 0.05
15 0.99 £ 0.05

Bugey [24] 1995 2800 40 0.99 + 0.05

95 0.92 £ 0.14

Chooz [25] 1997 8500 1000 1.01 £ 0.04
Palo Verde [26, 27] 1999 11600 890, 750 1.01 £ 0.10

Table 1.1: Past short-baseline reactor neutrino experiments

to the detector and the reactors. To avoid this problem, current experiments
(Daya Bay, Double Chooz, and RENO) are deploying multi identical detectors
at different placements in relation to the reactors the reactors, which allow the
disappearance of 7, to be obtained from the ratio of the observed v, rates. Be-
cause it is a relative measurement, the far-to-near ratio can significantly reduce
the systematic uncertainties from the detector and reactor. In 2012, two reactor
disappearance experiments Daya Bay [7], Double-Chooz [§], and RENO [6] re-
ported the measurement of the 613 value. The first measurement of #13 by the
RENO was based on the rate-only analysis of deficit found (rate only analysis)
[6]. In this thesis, A more precisely measured value of 613 will be reported, based
on the rate, spectral, and baseline information of reactor neutrino disappearance
(rate+shape analysis). Using a shape information of reactor neutrino made it
possble the value of 613 with less systematic error than that of the rate only
analysis. Because the spectral shape of the backgrounds is different from that of
the reactor neutrino, it is easy to distinguish between the backgrounds and the
neutrino.

1.3.1 Production of Reactor Neutrino

The electron antineutrinos are produced from -decay of reactor fuels; 23°U, 233U,
239Py and 235Pu. Figure shows the Feynman diagram for S-decay process. A
down quark of neutron transform to up quark by weak interaction and emits W=
boson. The W™ boson decays into an electron and antineutrino.



Figure 1.1: Feynman diagram for S-decay of neutron. A neutron decays into a
proton, an electron and an electron antineutrino.

Each fission of the four isotopes produces ~6 electron antineutrino [35, B0,
137, 38Jand releases average ~200 MeV of energy [34]. Based on this information,
the neutrino intensity can be estimated to be ~ 2 x 1020 /(GWy, - s).
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Figure 1.2: Production of neutrino in a fission process of reactor fuel [72].

The energy spectrum of reactor antineutrino is a function of reactor thermal
power and the fission fraction of the 4 major isotopes. The thermal output is varies
over time and with the reactor status. The fission fraction of the isotopes varies
with the fuel burning as shown on the left side plot of Figure In addition, the
reactor antineutrino energy spectrum per fission of 4 isotopes are differ from each
other, as shown on the right side of Figure [1.3] Thus, the expected antineutrino
flux and spectrum are calculated by combining these three types of information.
More details are given section |3.1
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Figure 1.3: The left plot shows evolution of fissile rate of four main isotopes
according to burn up. The right plot shows normalized neutrino spectrum from
the fission of each isotopes [39) 40].

1.3.2 Detection of Reactor Neutrino
The electron antineutrinos from reactor are obtained via the inverse beta de-
cay(IBD),

Ue+p—et+n (1.7)
When an electron antineutrino enters matter, it can be captured by a free proton

via the inverse neutron decay, producing a positron and a neutron as shown
Figure and Figure [I.5

176 €+

W+t

Figure 1.4: Feynman diagram for inverse (-decay. An electron antineutrino in-

teract with u quark of the protons and producing a positron and neutron( = d
quark).



The incident antineutrino energy is directly related to the energy of the
positron by

Ep. = Eq+ + (my, —my) + O(Ep, /my,) ~ E.+ + 1.293 MeV (1.8)

where E.+ is the energy of the positron coming out from the inverse neutron decay
and m,,(my) is the neutron (proton) mass. The positron deposits its energy and
then annihilates, yielding two photons, each with 0.511 MeV, thus experimentally
visible energy is (F.+ +0.511 MeV) with the minimum energy of 1.022 MeV. The
resulting neutron is subsequently captured by a proton in the following process:

n+p—D+7, (1.9)

where D is a deuterium. The mean time for neutron capture is ~ 200 us.

However, if a neutron is captured by Gd in which a proton is bound, the
capture cross section becomes larger and additional gammas are produced, which
causes the total energy to be ~8 MeV. The experimental signature for reactor
neutrinos is a prompt energy deposit of 1-8 MeV, resulting from the positron
kinetic energy and annihilated ete™ masses, followed an average of 30 us later by
an 8-MeV energy deposit of gammas from the neutron capture on Gd. Exploiting
the delayed coincidence is a key to controlling backgrounds. Figure shows
both prompt and delayed signals produced by a reactor neutrino.

30 us

Y

Y .
delayed signal A ’ ZEY ~ 8 MeV
1) Y

Figure 1.5: Electron antineutrino would be detected by coincidence signals of
prompt positron and delayed captured neutron. The neutrino energy is directly
related to the measured energy of the outgoing positron.
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The inverse neutron decay process has the following cross section of the form
[411 142],

22 h3

U(Ee+) ~ W
e n

Pe+ Bt (1.10)

where p,+ and m, are the momentum and the mass of the positron,respectively,
Ty, 18 the lifetime of a free neutron, and f = 1.7152 is the free neutron decay phase
space factor [43].

Figure shows the neutrino flux, inverse beta decay cross section, and in-
teraction spectrum at a detector in arbitrary units calculated in Ref. [44]. The
most probable neutrino energy interacting at a detector is ~ 3.8 MeV.

8

Bemporad et a. (2002)

Arbitrary Unit

8 8

Figure 1.6: Reactor 7, flux (a), inverse beta decay cross section (b), and interac-
tion spectrum at detector based on this type of reaction (c) from Ref. [44]. The
cut-off at 1.8 MeV is due to the minimum neutrino energy required for the inverse
beta decay process.

1.3.3 Neutrino Oscillation in Reactor Experiments

The energy of a reactor neutrino is less than 12 MeV. A reactor neutrino cannot
have enough energy to produce a muon or tau. Therefore, a reactor experiment
should only observe disappearance of reactor neutrino. Thus, survival probability
associated with the reactor experiment is only P(7. — 1). This survival proba-
bility does not consider the CP phase term. Because of the short baseline and low
neutrino energy, the matter effect is negligible in the reactor experiment. P(7, —



V.) is written as [45)]

Am?, L
P(e =) = 1—=4) |Uejl|Uek|” sin® (ﬁ;) (1.11)
j>k
Am3, L
= 1 — cos? ;3 sin® 20,5 sin? (Z%)
. ) Am2, L ) ) Am2,L
— sin® 263 <0082 012 sin” <4§}> + sin® 015 sin’ <4§}2>>
A 2 L A 2 L
~ 1-— COS4 013 Sin2 26019 Sin2 (Z%}) — sin2 2013 Sin2 <ZIE‘6>
where,
Am2, = cos® 1o Am3, + sin? f15Am3, (1.12)

Equationconsists of two components; Am3, and Am2,. Figure shows
the probability as a function of baseline, L (km). The Am3; term is a negligible
contribution in the few kilometer region. The other term (Am?2.) makes a full
contribution in this region. The first minimum located ~1.5 km away from the
reactor. If the far detector is placed at the distance of ~1.5 km, the value of 63
can be easily measured.

— A m?, contribution

0.8
',T:u 0.6 — Full Equation
[ [ — A m3, contribution
o 04

0-2-A m2, = 7.5 x 10° eV?, sin’(26,,) = 0.846 -]
C A mZ, =249 x10° eV, sin’(26,,) = 0.090, E =3 MeV ]
L TR | L 1 L MR A

0
10 1 10
L (km)

Figure 1.7: Survival probability P(r, — ) vs the distance. The blue line is the
Am?2, term in Equation The red curve represents the Am3,. And the black
line shows the sum of the two terms. The first local minimum is located ~1.5 km
apart from the reactor core. At this point, Am3, contribution is negligible.

.-':l-\.\,_ﬂ -tl"-.l' | -"‘.l!



1.3.4 Determination of Mixing Angle 0,3

As shown in Equation [I.11], mixing angle 613 determine magnitude of the survival
probability in the few km region. The measurement of the angle 613 increases our
understandings of neutrino oscillation. In addition, the angle 613 can also serve as
a guide for determining the neutrino mass hierarchy and CP violation in neutrino
oscillation [46], 47, 48]. The ordering of the neutrino masses can be directly mea-
sured by a reactor experiment with a large value of 613 and a baseline of ~ 50 km,
such as RENO-50 [49] and JUNO [50]. The CP phase angle dcp is always found
in the U,3 = sin #3¢"cP . Therefore, mixing angle #13 plays an important role
in the determination of the phase angle d¢cp [51]. In this study, a more precisely
0,3 is measured, based on the rate, spectral, and baseline information of reactor
neutrino disappearance (rate+shape analysis).

1.3.5 Determination of Mass Squared Difference |Am?,

The shape of survival probability P(7, — 1) is ruled by parameter |Am2,| which
is the angular frequency of the trigonometric function in the Equation The
measurement of the mass difference |Am?,| also enables further understanding of
neutrino oscillation and determination of mass hierarchy.

As shown in Equation The mass difference |Am?,| has physical meaning
that the v. weighted average of |[Am3| and |Am3,|. On the other hand, the
mass difference ]Ami“\ is used in the P(v, — v.) at the accelerator neutrino
appearance experiment T2K [52] and MINOS [53].

Amiu = sin® O1oAm2; + cos? 015Am3, (1.13)
+ cos ¢ p sin 013 sin 015 tan 923A§1

|Am? | is also the v, weighted average of |[Am3;| and |Am3,|, and has a tiny
difference because of d¢p, as shown in Equation [I.13] Therefore, the measurement
of Am2, and Am3, in the reactor experiment is simpler than doing so in the
accelerator neutrino experiment.

|Am2,| is also shown as following equation.

|AmZ,| = |AmZ,| +5.21 x 107 eV? (4 Normal, —: Inverted) (1.14)

The Equation shows the relation between the |Am2,| and |Am3,| [45]. If the
value of |[Am2,| is measured within 3% error, the mass hierarchy of the neutrinos
can be determined.

Figure shows the probability curve as a function of neutrino energy. The
value of [Am2,| determines the location of minimum point of the probability.
When using spectral information of the reactor neutrino, the RENO could mea-
sure |Am?2,|. In thesis will report the first measurement of |Am2,| in the RENO.

10



Recently, similar measurement results of 613 and |Am?2,| were reported by the
Daya Bay experiment [54].

1 ] T 1 1 I e —

0.98 =
0.96 =

?‘" 0-94¢ —L=14440m
o 0.92 —L=4086m -
g - ]
0.9 ]
0-881"A m3, = 7.5 x 10° eV, sin’(26,,) = 0.846 e
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Figure 1.8: Survival probability P(v, — 17.) vs the energy. The upper (lower) plot
shows the probability with Am?2, = 2.49 x 1073eV? (Am2, = 4.00 x 1073eV?2).
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1.4 The RENO Experiment

The RENO is the reactor based experiment to measure the neutrino mixing
angle 13 and and mass squared difference |Am2,|, It is being conducted near the
Hanbit Nuclear Power Plant in Korea. The experiment was suggested in 2005,
and obtained ~1M US dollars in funding in 2006. Civil engineering began in
2007, and the near and far detectors were both constructed in early 2011. Data
began to be gathered with both detectors started in August, 2011. In early April
2012, the experiment successfully reported a definitive measurement of 613 by
observing the deficit of reactor neutrinos [6]. As of January 2016, the experiment
has collected about 1500 days of data with accumulated data-taking efficiency of
better than 95%.

We describe experimental arrangement and the RENO detectors in Chapter
2, the expected flux and spectrum of the reactor neutrino in Chapter 3, energy
calibration of the near and far detectors in Chapter 4, and Monte-Calro simulation
in Chapter 5. From Chapter 6, we present a spectral analysis of 500 day data. We
describe IBD event selection criteria in Chapter 6, estimation of backgrounds in
Chapter 7, and systematic uncertainties in Chapter 8. A spectral measurement
of 013 and |Am?,| is presented in Chapter 9. Conclusions and discussions are
presented in Chapter 10.

12



Chapter 2

RENO Experimental
Arrangement and Detector

2.1 Overview

The RENO is the experiment to measure the neutrino mixing angle 613 using
electron antineutrino emitted from the Habit nuclear power plant in Yonggwang,
Korea with world-second largest thermal power output of 16.4 GW. The Han-
bit site was chosen due to a large number of anti-neutrinos from the nuclear
power plant at the site and a mountainous geography suitable for constructing
underground detectors.

The RENO experiment has two identical detectors, one placed at ~ 294 m
from the reactor array baseline and another at ~ 1384 m. They are called near
detector and far detector, respectively. By using identical design for both detec-
tors, a number of systematic uncertainties cancel out due to normalization of the
neutrino flux at the far detector using that of the near detector.

The detectors have a layered structure similar to other reactor neutrino ex-
periments, i.e. Daya Bay and Double Chooz experiments. The RENO detectors
consist of four cylindrical shape layers. They are, from the center, target, -
catcher, buffer, and veto, where an outer layer almost enclosing an inner layer.
The PMTs for detecting neutrino interaction will be in the buffer layer. The
cutaway view of a RENO detector is shown in Fig.

The “target” is gadolinium (Gd) doped liquid scintillator contained in a trans-
parent cylindrical vessel made of acrylic plastic. An inverse beta decay event
produces a positron and neutron pair. The positron loses energy through scin-
tillating process before converted into two gammas via a pair annihilation. The
neutron thermalizes then is captured by Gd nucleus producing several gammas.
The gammas produced close to the boundary of target can escape target with-
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out completely depositing its energy in scintillator. To contain the energy carried
by gammas escaping from the target, the “y-catcher,” another liquid scintillator
layer, surrounds target. Unlike the target, the liquid scintillator in the y-catcher
is not loaded with Gd since this layer is intended to augment the target in en-
ergy measurement of gammas emitted in target. As with target, a transparent
cylindrical acrylic vessel contains vy-catcher liquid.

Surrounding the «-catcher is a non-scintillating liquid layer called the “buffer.”
Mineral oil is used as the buffer and is contained in a cylindrical vessel made
of stainless steel. The photomultiplier tubes (PMTs) are mounted on the inner
surface of the buffer vessel immersed in buffer. The buffer acts as a shield against
gammas mainly coming from radioactive isotope contained in PMTs entering the
scintillating volume.

The outermost layer of the RENO detector is the “veto,” a water Cherenkov
detector layer. Its purpose is to reduce background gammas and neutrons from
the surrounding environment (such as rocks) inner layers as well as rejecting
cosmic muon induced background events. The veto container is constructed with
30 cm thick concrete and the top lid is made of stainless steel. PMT's are mounted
on the inner surface of veto container for detecting Cherenkov light from cosmic
muons.

The various design parameters have been determined for optimal performance
using detailed simulation[]. The simulation includes background ~s from PMTs
and surrounding rocks, cosmic muons reaching the detector site as well as inverse
beta decay from the reactor anti-neutrinos. The detector layers and vessels are
summarized in Table 2.1l

Detector Outer Outer Material Volume  Mass
Component Diameter(mm) Height(mm) (m?)  (tons)
Target 2750 3150 Gd-loaded LS 18.70  16.08
Target Vessel 2800 3200 Acrylic 0.99 1.18
~-catcher 3940 4340 LS 33.19  28.55
~-catcher Vessel 4000 4400 Acrylic 2.38 2.83
Buffer 5388 5788 Oil 76.46  64.22
Buffer Vessel 5400 5800 SUS 1.05 8.39
Veto 8388 8788 Water 352.61 352.61

Table 2.1: Dimensions of the mechanical structure of the detector.

A RENO DAQ system is designed to record the charge and arrival time of
PMT hits. The near and far detectors are designed to have the same PMT configu-
ration and readout system. The RENO DAQ employs a new electronics developed
for Super-Kamiokande experiment.
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Figure 2.1: RENO detector. From the center, there are liquid scintillator filled
target and gamma catcher with transparent acrylic vessel, mineral oil filled buffer
with stainless steel vessel, and water filled veto layers. The PMTs for the inner
and outer detectors are inwardly mounted on buffer and veto vessels, respectively.

2.2 Experimental Arrangement

2.2.1 Near and Far Detectors

One of the primary sources of systematic error is the uncertainty in the reactor
neutrino flux. To minimize this uncertainty, near and far detectors, two identical
detectors are needed. Each detector will contain 18.7 m? of liquid scintillator
target doped with 0.1% of gadolinium (see Chapter ?7).

Figure [2.3] shows the layout of six reactors and two detectors and table
shows the neutrino flux contributions of reactors at each detector. The near and
far detectors are placed 290 m and 1400 m away from the center of the reactors,
respectively. The near detector is located under an 70 m (AMSL) ridge with an
overburden of ~ 110 mwe whereas the far detector is located under a 260 m
mountain with the overburden of ~ 450 mwe as shown in Figs. and The

Rl ke
15 i



coordinates of the detector center are measured with a total station to a precision
of the order of 100 mm (See Appendix [F)).

Reactor No.

Near Detector (%)

Far Detector (%)

1

SO W N

7.06
15.54
33.80
26.71
11.37

5.52

14.24
16.31
17.82
18.28
17.53
15.83

Table 2.2: Fractional reactor neutrino contribution of reactor.

2.2.2 Hanbit Nuclear Power Plant

The Hanbit nuclear power plant is placed in the west coast of the southern part
of Korea, about ~ 250 km from Seoul as shown in Fig. The reactors in
the plant are Pressurized Water Reactors (PWR). These reactors are aligned in
roughly equal distances, as shown in Fig. Reactor operation cycle varies from
18 months to 24 months and refuelling are done with the plant shutdown. The
total thermal output power is 16.4 GWy;, with six reactor cores generating about
equal power. The coordinates of the reactor cores are measured with a GPS to a
precision of 30 mm (See Appendix .

Reactor No. Thermal power (MWy,) Commercial operation
1 2775 Aug. 1986
2 2775 Jun. 1987
3 2815 Mar. 1995
4 2815 Jan. 1996
5 2815 May 2002
6 2815 Dec. 2002

Table 2.3: Thermal power and Commercial operation of Hanbit powerplant
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Figure 2.2: Hanbit nuclear power plant. The plant is located Yonggwang away
from 250 km south of Seoul. Three other nuclear power plants are placed in the
east coast of the southern part of Korea.

Far Detector

Figure 2.3: Layout of the Hanbit experiment site. The yellow dots and light
blue cylinder represent reactors and detectors, respectively. The six reactors are
roughly equally spaced in a 1280 m span. The near and far detectors are 290 m
and 1380 m away from the reactor array, respectively. The image taken from
Google Earth™ and copyrighted therein. Bottom-left plot shows a side view.
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2.2.3 Underground Facility and Experiment Halls

The detectors are built with two horizontal tunnels, 100 m long for the near
detector and 300 m long for the far detector, as shown in Fig. NATM (New
Austrian Tunneling Method) is used for constructing the tunnels. The tunnel
schematic of experimental hall are shown in Fig.

200m high

-
=|". 3Dnm
© 290m 1,380m : :
ﬂ Near Detector Far Detector E

Figure 2.4: Side view of RENO experiment.

The access tunnels are 95 m and 272 m long for near and far detector sites,
respectively. The cross section of the access tunnel is shown in Fig. 2.5 The gra-
dient toward the experimental hall is 0.3% for both tunnels for natural drainage.
It is designed to accommodate the passage of a 10 ton truck.

Experimental Hall 10.46m

L—17.53m—>‘

|ouuny poddng

Figure 2.5: Plan of the access tunnel (top) and 3D schematic for experimental
hall (bottom). The tunnels are constructed using NATM.
2.3 Detector Components

Both RENO near and far detectors consist of a cylindrical target of 140 cm in
radius and 320 cm in height, providing a volume of 18.7 m?3. Identical arrange-
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Figure 2.6: A schematic view of RENO detector. A neutrino target of 18.7 m?
Linear Alkyl Benzene (LAB) based liquid scintillator doped with Gd is contained
in a transparent acrylic vessel, and surrounded by 33.2 m? unloaded liquid scin-
tillator of gamma catcher and 76.5 m?® non-scintillating buffer. There are 354 and
67 10-inch PMTs mounted on buffer and veto vessel walls, respectively.

ment of the near and far detectors will significantly reduce the systematic errors
of relative normalization to 0.6%. However, they will have different cosmic ray
background levels because of unequal overburdens (~110 mwe vs. ~450 mwe).
Although the near detector will suffer from higher cosmic ray background, it will
observe much more signal events of reactor anti-neutrinos due to shorter distance
from the nuclear cores and thus allows a high signal-to-background ratio.

The RENO detector consists of a neutrino target, a gamma catcher, a buffer
and a veto. Target and gamma catcher vessels will be made from acrylic plastic
material, having transparency to the light of wavelengths above 400 nm. The
acrylic vessels should hold aromatic liquids without leakage and its properties
should not change for the duration of the experiment. They should not develop
any chemical reaction with the scintillating liquids of neutrino target, gamma
catcher and buffer for a long time period.
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2.3.1 Target and Gamma Catcher
Structure

The two innermost layers, target and -catcher, are contained in vessels made
of acrylic plastic. This acrylic plastic is transparent to photons with wavelengths
above 400 nm. Two important issues for these layers are considered; chemical
compatibility between the contents and the vessel, and mechanical stability.

As for the chemical compatibility, the liquid scintillating material for both the
target and y-catcher should not chemically interact with the vessel for the dura-
tion of the experiment. At the same time, the y-catcher vessel should be chem-
ically inert to the mineral oil in buffer layer. There have already been extensive
studies on chemical compatibility of these materials for CHOOZ experiment and
others. The RENO collaboration is also conducting various R&D on the chemical
interaction of acrylic plastic and other materials used in the experiment.

Mechanically, these vessels are required to withstand the mechanical stresses
that they are subjected to during the all phases of the experiment and maintain
structural integrity. When loaded with liquids, the volume of the vessels can
change slightly from the nominal volume. This change should be within specified
tolerances.

The target vessel a cylinder with a height of 3.2 m, a diameter of 2.8 m, and
a thickness of 25 mm. The mass of the target vessel is 1.2 tons. The target vessel
has a volume of 19.2 m? and the combined mass of the target liquid and vessel
with supporting structure is 17.3 tons. Inside the ~y-catcher vessel, the target
vessel is mounted on the supporting structure made of the same acrylic plastic.
When both target and vy-catcher are filled, the net load on the target supporting
structure would be 328 kg due to buoyancy. At the center of the top of the vessel,
a pipe is installed to connect the target volume to the outside of the detector for
filling target liquid and inserting calibration sources.

The design of the y-catcher is similar to that of the target but about three
times larger in volume. The v-catcher vessel is a transparent cylinder with a
height of 4.4 m and a diameter of 4.0 m diameter. Its wall is 3 cm thick. The ~-
catcher vessel is mounted on the supporting structure made of acrylic plastic and
placed inside the buffer vessel. It has a pipe connecting the top of the y-catcher
vessel and the outside of the detector for liquid filling and calibration source
insertion. The vy-catcher vessel has a mass of ~ 2.8 tons. The combined mass
of the ~-catcher vessel and v-catcher liquid scintillator is 31.4 tons. When the
~-catcher is immersed in buffer liquid, the total load on the ~-catcher supporting
structure would be 2.2 tons.
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Figure 2.7: Target and gamma catcher vessels with supporting structures. The
supporting structures are made with the same transparent acrylic plastic as the
vessels.

Acrylic Vessels

The target and ~v-catcher vessels are made of transparent acrylic plastic called
Polymethyl-methacrylate (PMMA ). The molecular formula of PMMA is (C502Hg)s,.
PMMA can be found under trade names like Plexiglas, R-Cast, and Lucite.
The properties of PMMA are shown in Table With additional ingredients
in PMMA the UV below 400 nm is absorbed.

The target and v-catcher vessels are made from cast acrylic sheets (Plexi-
glass, GS-233) supplied by Degussa GmbH, Germany. The cast acrylic sheet has
better mechanical and chemical properties than the extruded acrylic sheet. The
production of the vessels is done by KOA Tech in Korea.

The manufacturing precision of the vessels is less than 0.1% in volume (2 mm
in 1 dimension), therefore, less than 0.14% difference in target vessel volume
between near and far detector could incur.

Properties Value
Density 1.19 g/cm?
Melting point  130-140 °C

Refractive index 1.491

Transmittance 92%

Table 2.4: The mechanical and optical properties of cast acrylic, such as Plexiglas
GS-233 from Degussa GmbH, Germany and R-Cast from Reynolds Co., USA.
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Figure 2.8: External view of the buffer vessel. The vessel is made of stainless steel
(304L) and the supporting truss structure is made of nickel plated steel pipes.

Chimney

Each target and ~y-catcher has a chimney for filling liquids and transporting cali-
bration sources from the top lid of the veto vessel into and out of either target or
~v-catcher. A chimney is made of about 4-inch transparent acrylic tubing with a
flexible convoluted PTFE tube connecting the buffer vessel and the acrylic tubing
to ease the stress. From the top lid of the buffer the chimney is made of stainless
pipes extending to the top lid of the veto vessel.

2.3.2 Buffer

The buffer vessel is a cylinder of 5.8 m height and 5.4 m diameter containing
target, vy-catcher, and buffer liquid. The buffer contains non-scintillating oil to
shield the scintillating volume within from background sources outside, including
radioactivity in PMTs. The buffer vessel also acts as the PMT mounting surface
where 354 PMTs are mounted staring inward and optically isolates the these
PMTs from the veto volume. The size of the buffer vessel has been determined
from the MC simulations.

The buffer vessel should be chemically inert against mineral oil inside and
water outside. Also, it should withstand the stress from the loads coming from
liquids and structures contained within. The buffer vessel is constructed with
6 mm thick 304L stainless steel for the top lid and barrel section, 8 mm thick
for the bottom plate for extra mechanical support. The external view is shown
in Fig. 2.8] The surface of the vessel is not polished. When the detector is filled
with required liquids, the buffer vessel would experience buoyant force due to the
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density difference between the organic liquids inside the buffer vessel and water
in veto layer. The buoyant force is estimated to be 11.5 tons and the buffer vessel
supporting structure is designed to counter this force.

The buffer vessels are manufactured by Nivak co., Korea. They are trans-
ported as segmented pieces to the experiment site and assembled in the experi-
ment halls. The barrel section consists of six segments and top and bottom plates
each consists of three segments. The bottom plate is welded to the barrel section
and the top plate is bolted to the barrel section.

There are total 354 10-inch PMTs mounted on the inner side walls of the
buffer vessel, 234 PMTs mounted on the barrel section, 60 each on the top and
bottom plates, as shown in Fig. PMTs are mounted upright on the walls
using the PMT holding structure described in Sect.

¥

AA (1:40)

Figure 2.9: Inner detector PMT array on the buffer vessel. The PMTs are mounted
on the vessel wall using the PMT holders. There are total 354 10-inch PMTs.

2.3.3 Veto
Design Criteria

The veto system is located just outside of the buffer tank. The main background of
the experiment is caused by cosmic muons, and it is very important to identify the
entering muons since they can produce neutrons by muon-nucleus interaction in
the detector. There also correlated backgrounds by °Li and 8He in the target and
~-catcher produced by muons. The veto vessel should be chemically compatible
with water and strong enough to support all the three inner chambers before
filling the liquids.
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Structure

The inner diameter and height of the veto vessel are 8.4 m and 8.8 m, respectively.
The vessel is constructed with a 40 cm thick concrete vessel , as shown the
outermost layer of Fig.[2.10] Inner surface of the concrete vessel was water-proofed
with urethane resin. The water is purified at filling and continuously be circulated
through a water purification system. There are 67 10-inch water-proof PMTs
(R7081 Hamamatsu) attached on the inner surface of the veto vessel. The outer
surface of buffer vessel and the inner surface of veto vessel is covered by Tyvek
sheet to increase the light collection of Cherenkov photons in the water.

Figure 2.10: Cutaway view of RENO detector. The outermost region is veto and
filled with fure water.

2.3.4 PMT
PMT Requirements and Specification

The scintillation lights from target and «-catcher is detected with PMTs attached
on the inner surface of the buffer vessel. The number of photoelectrons detected is
estimated to be 150 photoelectrons per MeV for an event occurring at the center
of the target. Since the minimum energy deposited in the detector by a positron
emitted in the inverse beta decay process is 1.022 MeV, the average number of
photoelectron per PMT in the buffer layer is ~0.5. Therefore, the PMTs should
be able to measure the single photoelectrons with high efficiency. The peak-to-
valley ratio and the single photoelectron resolution of the PMTs are important
parameters.
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The main reason to isolate PMTs from ~-catcher via non-scintillating buffer
region is to shield the ~-catcher from PMT’s radioactivity. The radioactivity of
PMTs needs to be studied to understand the rate of background originating from
PMTs. The PMT background events are mainly in the low energy region of less
than 2 MeV and could be misidentified as signals by accidental coincidence with
neutron-like background events.

Since the PMTs is immersed in a layer of mineral oil, it is also important
that the whole PMT assembly is chemically inert to mineral oil. The oil proofing
should be stable for the duration of the experiment.

The quantum efficiency of each PMT is measured We measured the quantum
efficiencies of all PMTs with a relative accuracy less than 5%. The outlying PMTs
was excluded from installation on the detectors.

Specification of PMT

After considering various performance parameters, such as single photoelectron
resolution, afterpulse rate, radioactivity in PMT, and overall detector perfor-
mance to cost ratio, the RENO use 10-inch low background PMTs by Hamamatsu
(R7081-Low). Table shows the company specifications and our measurements
for the PMT.

R7081
Gain(x10") 1.0 @ 1500 V
QE @ peak (nm) 25% @390
DC (nA) 50
Size (inch) 10
Weight (g) 1150
Rise Time (ns) 4.3
TTS (ns) 2.9
Afterpulse 2%
Peak-to-valley ratio 3.5

Table 2.5: The specifications of PMTs. R7081 is from Hamamatsu

To reduce the background from PMTs, Hamamatsu makes 10-inch PMTs with
low background glass (R7081-Low). We measured radioactivities on two sample
R7081-Low PMTs. The measured activities for the PMT's tested are summarized
in the Table The background level of R7081-Low is found to be about 25%
of that of the normal glass R7081 PMTs. The measured level of radioactivity of
low background glass PMTs would be acceptable for RENO experiment.
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PMT 2387 2327 0
R7081(Hamamatsu) 48 +£0.07 2240.03 13.1+04
R7081(Hamamatsu)-Low 0.72 + 0.1 0.59 + 0.07 3.3 + 0.3

Table 2.6: The radioactivity of 10-inch PMTs from Hamamatsu. The units are
Bq/PMT.

PMT Test

To get rid of abnormal behaviors PMT, All PMTs were carefully checked be-
fore the installation. By the comparing PMT performance parameters between
given by Hamamatsu and measured, the PMT could be selected to employ in
the detectors. To test PMTs, a test room was built in the far detector tunnel.
The test room consists dark room and DAQ room as shown in Fig. The
PMT mountable table in the dark room can mount 12 PMTs at once as shown
in the left plot of Fig. and 1in-12out fiber distribute laser light to 12 PMTs
from the laser module in the DAQ room as shown in the right plot of Fig.
Therefore, 12 PMTs could be tested at once. Two PMTs were always mounted
in the table using for a reference, and ten PMTs were tested at once.

Figure 2.11: Photos of PMT test bench.

The check list is summarized as follows:
e appearance

e Peak to Valley

e Time resolution

e Charge linearity
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26 i

:



e Transit time

e Dark current
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Figure 2.12: PMT test setup block diagram.

PMT Holder

PMTs is mounted on the inner wall of stainless steel buffer vessel. We want to
minimize the amount of material while keeping the holding structure as stable as
possible. Also the distance between PMT photocathode surface and buffer vessel
should be minimized. The PMT holder is made of 1.5~2 mm thick stainless steel.
The schematic is shown in Fig. Two rings hold the glass bulb section of the
PMT and the front ring defines the photosensitive area. The inner diameter of the
rings is 12.3 cm. A mu-metal sheet surrounds the side of the structure to reduce
the effects of external magnetic fields. The height of the mu-metal shielding is
determined based on the magnetic field survey at the experiment halls.
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Figure 2.13: A design of PMT holder. Two stainless steel rims hold the glass of
10-inch PMT. A cylinder shape mu metal sheet is outside of the rings surrounding
the individual PMT to reduce the effect of the magnetic field.

2.4 Liquid Scintillator

The liquid scintillator(LS) of the RENO experiment is a blend of an organic
solvent, a flour, and wavelength shifters. For the previous neutrino experiments,
pseudocumene (PC or TMB, CgHj9, 1,2,4-trimethyl-benzene) was commonly used
for an organic solvent of LS because it grants a higher light yield compared to
others [55]. However, PC is toxic to the human body and the environment. It is
harmful to the human body and the environment and has a low flash-point (48
°C). On the other hand, LAB (C,,Ha,+1—C¢Hs, n = 10—13) is safe material and
has a high flash-point (130 °C), a relatively good light yield, high transmittance,
and a large attenuation length [56]. Furthermore, LAB could be bought at a
sensible price because it is produced by the Isu Chemical Company in South

Korea [57].
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Figure 2.14: Molecular structure of LAB with a linear alkyl chain CioHos

PC LAB
Molecular formula CgH1o CrH2,4+1-C¢Hs, n = 10 ~ 13
Molecular weight (g/mol) 120.19 233~237
Flash point (°C) 48 130
Density (g/ml) 0.89 0.85
Compatibility(acrylic) ~ Bad, need diluent Good
Cost Moderate Low
Fluor dissolution Very good Moderate
Domestic availability No Yes
Toxicity Toxic fume Non toxic

Table 2.7: Comparison between PC and LAB.

2.4.1 Optimization for Liquid Scintillator
Fluor and Wavelength Shifter

The PMTs being used (R7081-low, Hamamatsu) is most sensitive to light at ~390
nm but retains good sensitivity at 400 — 430 nm, and acrylic vessels of the target
and the ycatcher are made of becomes opaque rapidly for light with wavelength
below 390 nm. So, it is imperative for the liquid scintillator emitting light at ~420
nm.

However, the pure LAB solvent shows an emission maximum at 340 nm,
as shown in Fig. 2.15] Therefore, the wavelength of the scintillation light from
LAB needs to be shifted above 400 nm. This is achieved by using PPO (2,5-
diphenyloxazole, C15H;;NO) as a primary solute and bis-MSB (1,4,-bis(2-methylstyryl)-
benzene) as a secondary wavelength shifter. As shown in Fig PPO and
bis-MSB emit photons at 340 ~ 440 nm and 380 ~ 460 nm, respectively.
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Figure 2.15: Emission spectrum of the solvent LAB (black), the primary fluor
PPO (blue), and the wavelength shifter bis-MSB(red).

Optimization of liquid scintillator

We looked for the best concentration of the PPO in the LAB for the maximum
light yield(LY). The maximum light yield was obtained at 3 g/1, as shown in the
left plot of Fig. Then, the light yield was measured at different bis-MSB
quantity from 0 to 200 mg/l. The saturation point of the wavelength shifter was
found at 30 mg/l, as shown in the right plot of Fig. A maximum light yield
occurred at a concentration of 3 g/1 of PPO plus 30 mg/1 of bis-MSB [58].

Light yield [a.u.]
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Light yield [a.u.]

0 20 40 60 80 100 120 140 160 180 200 220
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Figure 2.16: The left plot shows relative scintillation light yield of 100% LAB in
arbitrary units with varying PPO. The right plot shows light yield of 100% LAB
and 3 g/l of PPO with varying bis-MSB concentration [32].
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2.4.2 Gd-loaded liquid scintillator

The hydrogen atoms (“free proton”) in the liquid scintillator serve as the target
for the inverse beta decay reaction. When a neutron is captured by a free proton,
~-rays with a total energy of ~2.2 MeV are emitted. Whereas, a neutron capture
on a Gd atom leads to an emission of v-rays with a total energy of ~8 MeV, much
higher than the energies of the gamma rays from natural radioactivities which
are normally below 3.5 MeV. The mean thermal neutron capture cross section
of Gd isotopes is four orders of magnitude larger than that of proton. Hence the
liquid scintillator doped with a small amount of Gd is ideal for detecting inverse
beta decay events [56].

Besides the light yield, stability of the Gd loaded scintillator is another crucial
matter. Gd-LS should be chemically stable for the duration of the experiment,
i.e. several years. From Palo Verde and CHOOZ reactor experiments, unexpected
problems with Gd-LS had been reported. Palo Verde had problems with precip-
itation, condensation, and slow deterioration of Gd-LS developing in time [28].
In CHOOZ experiment, Gd-LS turned yellow a few months after deployment. A
very rapid decay of attenuation length in Gd-LS had been measured [30].

Gadolinium Loading

It is difficult to add inorganic Gd to organic liquid scintillator to make a stable
Gd loaded liquid scintillator. However, two formulations for Gd loaded liquid
scintillator have shown promising results; liquid scintillators with Gd binding
with carboxylate (CBX) ligands and with §-diketonate (BDK) ligands. Double
Chooz and Daya Bay experiments report that both BDK and CBX Gd loaded
liquid scintillators have excellent performances [59]. We chose to use CBX as
our basis for ligands. There are two steps in synthesizing the Gd-carboxylate
compound:

1. Gd2O3 + 6HCl — 2GdCl3 + 3H>O
2. RCOOH 4 NHj3 * HoO — RCOONH,4 + H5O
3. BRCOONH4(aqueous) + GdCl3(aqueous) = Gd(RCOO), + 3NH,Cl1

First, we need to make GdCls solution from GdoO3 based on step [T} In step
3,5,5-trimethylhexanoic acid (TMHA) is neutralized with ammonium hydroxide.
In step [3] two aqueous solutions from steps [T and [2] are mixed to produce Gd salt.
When two solutions are mixed, white Gd-carboxylate compound (Gd-TMHA)
precipitates immediately. These reactions are very sensitive to pH. Precipitated
Gd-TMHA is thoroughly rinsed with 18 M) ultra pure water several times to
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remove impurities. Then, liquid-liquid extraction technique was used for the sec-
ond method as shown in Fig. After the reactions, the organic solvent and
water will be distinguished due to the density difference.

Neutralization e — GdR3

solution Y Gd solution

\{

Figure 2.17: Method of liquid-liquid extraction. Neutralization solution and Gd
solution are mixed into LAB. Gd complex is directly dissolved in LAB. T'wo layers
between LAB and water are separated due to the density difference between oil
and water [32].

Long-term stability

When GdLS filling was completed, GALS samples were taken out from the targets
of the near and far detectors. To evaluate the long-term stability of the GALS, Gd
concentration and transmittance value have been measured. The results of trans-
mittance measurement was routinely acquired by a spectrophotometric technique
as shown in Fig. All the variation of transmittance values was consistent
within the uncertainties. Gd concentration was also routinely measured. It shows
stable within the the uncertainties, as shown in Fig. 2.19

Moreover, in autumn 2012, The second GdLS samples were extracted from
the target of the far detector. They were 400 days passed samples. The measured
Gd concentration and transmittance of those sample show no degradation in the
quality. These points are drawn as a star mark in Figs. 2.18 and [2.19] From these
results, we conclude that the GALS is chemically stable.
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Figure 2.18: Long-term stability of GALS by measuring the transmittance value
at 430 nm as a function of day. A star mark is a value from the sample extracted
from detector recently [32].
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Figure 2.19: Variation of Gd concentration in gadolinium-loaded liquid scintillator
by EDTA method as a function of day. A star mark is a value from the sample

extracted

from detector recently [32].

33



Dynamic range 0 ~ 2500 pC

Self trigger Built-in discriminator
Number of input channels 3

Processing speed ~ 500 ns/cycle

Gain 1/7/49 (3 settings)
Charge resolution 0.05 p.e. (< 25 p.e.)

(Non-) Linearity (Q) < 1%

Timing resolution 0.3 ns (1 p.e.= -3 mV), 0.2 ns(> 5 p.e.)
Power dissipation < 200 mW /channel

Table 2.8: Characteristics of QTC chips. p.e. is photoelectron.

2.5 Data Acquisition (DAQ) and Monitoring System

2.5.1 Electronics

The antineutrino interaction in the RENO detector produces scintillation lights,
and a part of them are converted into photoelectrons at the PMT. To detect
the antineutrino event, the RENO detector has 354 inner PMTs and 67 outer
PMTs. A RENO readout system is designed to record the charge and arrival
time of PMT hits. Based on the energy and timing information we can select the
neutrino events, reject background events, and reconstruct the vertex of antineu-
trino interaction. The near and far detectors are designed to have the same PMT
configuration and readout system.

The RENO DAQ employs a electronics developed for Super-Kamiokande ex-
periment which uses charge-to-time conversion chips to record hits at 60 kHz
with no dead time. The following section describes the descriptions of the RENO
DAQ electronics.

QBEE Board

The QBEE board is the electronics that has eight charge-to-time conversion chips
(QTC), four Time-to-Digital conversion chips (TDC), and onboard ethernet card,
developed for Super-Kamiokande experiment. The electronics system are fast
enough to record every PMT hits and are guaranteed for stable data acquisition
over ten years. The pmt hit information is recorded in the storage and then
software trigger criteria are applied. The hit time and charge of the PMT pulse
are measured by the QTC chip, and are converted into binary formatted data by
the TDC chip. Table [2.§] shows the The characteristics of the QTC chip. And
the operation logic diagram of QTC chip is shown in Fig.
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Figure 2.20: Operation logic diagram of QTC chip and QBEE board

The output of QBEE is charge with ADC count. The QBEE board needs
calibration to convert ADC count to charge in pC. So, each QBEE board is cali-
brated with several charge and fitted with 5" polynomial. One of the calibration
results are shown in Fig.

[ G-Beecount (- pedestal) V.S. pC |

(&) 10' £ T TTTTTT] T T TTTTT] T Ty

1 10 10° 10°
Q-Bee counts ( - pedestal)

il

Figure 2.21: The result of QBEE board calibration for each three range using
charge-time generator.
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2.5.2 Data taking flow

The RENO data acquisition consists of data readout using front-end electronics,
event builder, software triggers, data logger and run control. A schematic diagram
of the RENO DAQ system is shown in Fig. and Fig.

————> Ethernet cable
- 1Gbps Ethernet

-Event Display
- Online histograms

&
| Reformatter -~ |

9 x 100Mbps
421 channels 9 x 100Mbps
YYYY I
Solit % Network Switch ad hd
B%x : 1 Networlg Switch
| I
v v
High Clock & Starting the I_—Iardwarfa Trigger _
Voltage Periodic Trigger - Data Collecting, Sorting, Merging
Supplier - Event Building by Software Trigger

-Run Conftrol
-DAQ Monitoring

Figure 2.22: Diagram of DAQ system for RENO. There are 18 QBEE boards in
two TKO crates collecting the hit signals from 421 PMTs (354 PMTSs in inner
detector and 67 PMTs in veto). The near and far detectors have the same DAQ

architecture.
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Figure 2.23: Flow diagram of run control for RENO. The run control sends com-
mands to DAQ component and makes run conditions.

Data Readout and Run Control

The front-end electronics for data readout are based on QBEE boards in the
TKO crate and ethernet cards on QBEE. A QBEE board receives 24 analog
PMT inputs, digitizes them, and sends the signal outputs to the online computer
through an 100 Mbps ethernet card. RENO uses 18 QBEE boards for 421 channels
per detector, and data throughput rate is about 1.8 Gbps per detector. The near
and far detectors have the same DAQ architecture.

The run control sends command to DAQ components and makes run condi-
tions, as shown in Fig. [2.24] Shift crew will use an integrated GUI, which can be
used to select run mode, trigger type, and detector parameter.

LELE
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=] Run Controller =/aix
Current Run Information
Run Number: 303
Run Title: regular
Shift Leader: litlim
Shift Member.
Run End Message:
Run Mode: 2: Test
Trigger Mask: biffffe6
Start Time: Fri Oct 14 07:11:00 2011
End Time: Running 14h 37m 59s
Run Control Status: 4 - Stanted

Next Run Setting =

T_'I Copy from cumrent Run (]

Run Number; 303
Run Title: ,(egulali
ShiftLeader  [tim
Shift Member: [
Run Mode: 2:Test |¥

~ Software Trigger Conditions.

ID  Trigger Type Thresholdhits) =
0 [ Buffer Trigger |90
1 NA

2 NA

3  Veto Trigger
4 [ Calib. Trigger |65536
5 7 NA
6 [ NA
7 C NA
B NA
9 NA
10 [ NA
11 [ NA
12 [ NA
12 M NA A =
Al |

Run Control
1| X 5"’"' @Chﬂng&‘ OAbonl

®  Star
Y Initialize Oseepresrl ol it

Figure 2.24: Display of run control panel. We can choose run mode and data
taking condition.

Event Builder

All the QBEE boards are driven by a common 60 MHz master clock (MCLK).
A 60 kHz periodical trigger and a serialized 32-bit event number are generated
by a trigger module, and fanned out via a distributor to all the QBEE boards
through network cables. All the hit data are sorted and merged according to the
trigger event number and the timing information.

A periodic trigger of 60 kHz makes a data block of hits. The order of the data
blocks is made according to the event number. The hits in a data block are sorted
by their hit time and merged. The hit data in the same block are merged, sorted
by hit time, and stored with an event number. An event builder constructs events
by applying software trigger to the merged hit data.

A& 8t
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Software Trigger

The software triggers are applied to the events constructed by the merger for
identifying neutrino candidate events, cosmic muon events, or calibration events.
The software trigger calculates the total number of hits (multiplicity) within 50
ns time window and constructs event if the hit sum exceeds a certain threshold
number; 90 hits for ID trigger and 10 hits for OD trigger. The moment of sat-
isfaction trigger condistion is set to Ty, and time windows before and after Tj
determine an event gate by software triggers. All of PMT hits within this event
gate makes an event and calculate charge sum in time gate (-100 ns — 50 ns).

2.5.3 Monitoring System

An online monitoring computer located in the control room reads data from the
DAQ host computer via network. It provides event display, online history his-
tograms to monitor detector performance, and variety of additional tasks needed
to e silently monitor detector performance parameters and diagnose troubles of
detector and DAQ system. The slow control monitors the status of the HV sys-
tems, the temperatures of the electronics crates and detectors, the fluids levels,
and humidity. And the slow control is able to set up high voltage for each channel
and turn on and off HV remotely. The slow control scheme is shown in Fig.
The data collected by the slow control system are sent to online monitoring sys-
tem and database.

Reading temperature,

e

USB RunControl
Database
Detector Slow Control
TCP/IP

Figure 2.25: Diagram of slow control. The slow control system monitors detector
conditions and controls PMT HV power supplies.
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Event display and online histograms

Online monitoring system immediately shows the obtained trigger. Event display
gives us the condition of a individual trigger. Event display shows the charge and
hit time information of trigger for a individual PMT. Figure shows event
display. Center of the circle indicates hit PMT, size of the circle is proportional
to charge of the hit, and color corresponds hit time.

The accumulated condition of the DAQ system is displayed online histograms;
ID and OD hit PMT channel, number of hit of trigger, and trigger histograms.
Shift crew can recognize any problem in the DAQ system from this online his-
tograms. Figure shows the online histogram panel.

Figure 2.26:
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RENO event display. Center of the circle indicates hit PMT, size of
the circle is proportional to charge of the hit, and color corresponds hit time
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Figure 2.27: Online histogram panel.

High Voltage Monitoring

PMT need to supply high voltage (~1700 V). Nine 48-channel power supply
module (A932AP) in two crates (SY1527), purchased by CAEN are used at each
two detector. The supplied high voltage value should be stable and be checked
by shift crew. In this needs, the high voltage monitoring system is developed
using Labview as shown in Fig. [2.28 The status of each high voltage channel is
displayed by colors.
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Figure 2.28: RENO high voltage monitoring system.

Slow Monitoring

Experimental environments such as temperature and humidity should be stable
during the data taking. To prevent damage of the electronics from the humidity
and temperature, a air conditioner and a dehumidifier are installed in the exper-
imental hall, electronics hut and control room. To check the temperature, three
thermocouple inside the detector, two thermocouple in the electronics hut and
control room are installed. The humidity is also watched with sensor. And for
safety reason, Og, COs, and Radon sensor are installed.

Veto is filled with pure water for a Cherenkov radiation. The water needs to
be purified to prevent the the deteriorate of quality. So the level of filled water is
also monitored with sensor. If the water level is the high setting threshold, water
circulation and purify system pump out water in the veto region automatically
and re-filled with purified water.

Shift crew can check all these environmental statuses by the slow monitoring
system, as shown in Fig. [2.29]
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Figure 2.29: RENO slow monitoring system. The temperature, humidity, O,
COs, and Water level in the OD are monitored.
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Chapter 3

Expected Flux and Spectrum
of Reactor Neutrino

3.1 Reactor Neutrino Production

Reactor neutrinos emitted through the decays of fission products of fissile isotopes
in the reactor core (Figure . The fissile material in the reactors mainly consists
of 25U, 238U, 239Py, and 2*'Pu, which undergoes thermal neutron fission. and
other fissile isotopes contribute only at the 0.1% level.

The dominant 238U is fissile only for fast neutrons but also undergoes fission
process by thermal neutron capture and produces 23°Pu,

n 428U 529U 529 Np -39 pu (3.1)
Similarly, 24'Pu is generated from 23°Pu,

n +29 Pu —240 py 24! py, (3.2)

The electron antineutrino is emitted from these 8 decay of isotopes.

45



Figure 3.1: A pressurize water reactor core. Red dot is the center of reactor fuel.

The fission rates of the fissile isotopes are shown in Figure These four
isotopes release similar energy, as shown in Table when they undergo fis-
sion [34].Therefore, even though the make up of the fissile material in the reactor
changes over a refuelling cycle, the average mean energy per fission does not
changes significantly.

These four components of reactor fuel S-decay at various energy and the
neutrino spectra from these isotopes are difference from each other as shown
Figure (3.3} The neutrino energy spectra from fission processes are parameterize

in Refs. [60, [61] using
5
) = eap (Z ai-”Ei) (3.3)
=0
@)

where a;”’ are the fit parameters for the jth isotope and £, is a neutrino energy
in MeV. The results are shown in Table and Figure
The fission rate in a reactor with a power Py, is

> filyi’
where f; and Ey; are the fission fraction in the nuclear fuel and the mean energy

released per fission of isotope 4, respectively. The number of fission per second is
related to the reactor power by

(3.4)

Py,

= (6.24 x 10'®) . ——"__
" ( . ) szzEfl

(3.5)

 m—

2 - sky
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where the reactor power Py, is given in Watts and Ey; in eV ( 6.24 x 1018 is J

to eV conversion factor). The number of neutrinos from the fission process from
the ith isotope is

Emaz .
N = Ny, - / oW dE, (3.6)

Where, Ny; is the number of fission of the ith isotope. And the neutrino flux is
isotropic about the source.

1 i
®I/‘T = 471'7“2 ZNfzﬁbl(,) (37)

Assuming ~ 200 MeV per fission, there are 3.1 x 10 fission per GWy,. Since
six neutrino are emitted one fission above ~ 2 MeV on average [35] [36, 37, 37] ,
the neutrino intensity can be estimated to be ~ 2 x 1020 /(GWyy, - 5).

100 ———————————

_ 23y

Fission Rate (%)

25 |

L
8000 12000 16000
MWD/MTU

N
0 4000

Figure 3.2: Evolution of fissile rate of four main isotopes according to burn up.

Isotope Mean Energy Per Fission (MeV)

257 201.7+ 0.6
287 205.0 £ 0.9
239py 210.0+0.9
241py 212.4+1.0

Table 3.1: Mean energy released per fission [34]
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Parameter 2357 23817 239py 24lpy

ao 4.367 4.757 4.833 x 1071 2.990
ai -4.577 -5.392 1.927 x 101 -2.882
as 2.100 2.563 -1.283 x 1071 1.278
as -5.294 x 1071 -6.596 x 107! -6.762 x 1073 -3.343 x 107!
ay 6.186 x 1072 7.820 x 1072 2.233 x 1073 3.905 x 1072
as 22777 x 1073 -3.536 x 1073 -1.536 x 10~* -1.754 x 1073

Table 3.2: Parameters of the polynomial of order of 5 for the neutrino flux from
dominant isotopes in nuclear fuel. Parameters for isotopes 233U, 239Pu, and ?4'Pu
are from Ref. [61]and 2**U from Ref. [60]. The resulting distributions are shown
in Figure
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Figure 3.3: The Neutrino spectra from fisson of four isotopes
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3.2 Calculation of the Flux and the Spectrum

3.2.1 Calculation of Expected Antineutrino Flux

The equation to calculate the number of antineutrinos observed in the detector
d is like following [62]

ni_ Mo it Ny o5[L+3,04(:/05 — 1))
VT 4rR2Y, B " AmR2 Es[1+ 3 o (Bi/Es — 1)]

P (3.8)

where,
e N, : the number of target proton.
e R : the distance between the detector and the reactor.

e «; : fission fraction of the ith isotopes. (*3°U, 238U, 239Pu, 241Pu))

o5, = [o(E)) qbl(,i JdE : The cross section of ith isotope averaged over the
antineutrino spectrum per fission.

e G5 : & for the 23°U.
e F; : energy released per fission for the ith isotope.
e [5 : energy released per fission for the 235U,
e P, : reactor thermal power generated.
Above expression is represented the another form
N =~ (1+k) P (3.9)

where, v = 477}’%26; is a constant for a given detector and geometry; 1 + k =
14> ai(gifos —1)]/[1+> «a; (Ei/Es —1)]. 1 4+ k is time-dependent as the

fission fraction of the 4 isotopes evolve as time.

Number of Target Proton N,

Target free proton number is decided by the amount of LAB(Linear Alkyl Ben-
zene) in the target detector. The molecular structure of LAB is C,, Hoy 11 — CsHg
with n = 10 ~ 13. The composition of each structure is different from manufac-
turer. The free proton number of RENO LAB molecule is 30 and the molecular
weight is 240.7 from the composition analysis sheet provided by the manufacturer.
The density of LAB is 0.85 g/L measured by densitometer with 0.001 resolution.
Target volume is slightly different between near and far detector. The measured

.-':l'\-\._i -kl- e 1_!= "‘.l .
| I - 1]
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target volume is 18641 + 5 L at the near detector and 18637 &+ 5 L at the far
detector. So that the number of free proton is calculated by following equation,

30
N, = pN4V— 3.10
p = PLNA M ( )

where p is the density of LAB, N4 is Avogadro’s number, V is the measured
volume of target detector, M 4 is the molecular weight of LAB and 30 is free proton
number of LAB molecule. The calculated number of target proton is 1.189 x
103 both near and far detector. the correlated uncertainty is 0.5 % and the
uncorrelated uncertainty is 0.1 %. These uncertainty is explained later.

The Distance of The Detector and The Reactor R

The neutrino flux is isotropic about the source. So that the flux diminish at a
rate inverse square of the distance. The distance between the detector and the
reactor is from the detector target center and the center of the reactor fuel array.
The Coordinate of reactor core center and detector target center is determined
by survey from the national cadastral control points near the power plant and
blue print of the reactor and detector. The uncertainties of the baselines are
order of cm. Their uncertainties are negligible. because the distance of reactor
and detector is order of km.

Near Far
R1 660.06 1563.77
R2 444.73 1460.83
R3 301.56 1397.81
R4 339.26 1380.06
R5 519.97 1409.39
R6 746.16 1483.00

Table 3.3: The distance between each detector and each reactor in meters.

Fission Fraction of Isotopes o

As described in section 2.1, the fission fraction of the 4 isotopes evolve as time
and it cause 1+ k changes in time. The isotope fraction also changes the expected
reactor neutrino energy spectrum. The average fission fractions of each reactor
are summarized in the below table.
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Reactor U235 U238 Pu239 Pu24l

1 0.579 0.075 0.293  0.052
0.575 0.076 0.296  0.053
0.552 0.072 0.314 0.061
0.583 0.072 0.292  0.053
0.575 0.073 0.297  0.056
0.565 0.073 0.304 0.059

O T s W N

Table 3.4: The average fission fraction of 4 isotopes for far detector

Reactor U235 U238 Pu239 Pu24l

1 0.584 0.075 0.290 0.051
0.572 0.076 0.299 0.054
0.548 0.072 0.318 0.062
0.585 0.072 0.290 0.053
0.577 0.073 0.295 0.055
0.561 0.073 0.307 0.060

O UL x W N

Table 3.5: The average fission fraction of 4 isotopes for near detector

The Cross Section Averaged over The Antineutrino Spectrum Per Fis-
sion ¢

The cross section averaged over the antineutrino spectrum is the convolving the
IBD cross-section with the antineutrino energy spectrum. It is the expected en-
ergy spectrum of antineutrinos per fission from the each isotopes, as shown Fig-
ure

Energy Released Per Fission F
The mean energy emitted per fission has been calculated in Ref. [34]. and is
summarized in Table Bl

Reactor Thermal Power Generated Py,

The maximum thermal power is 2.900 GWy;, for the reactor 1 ~ 2 and 2.815
GWyy, for the reactor 3 ~ 6. However, the thermal output of the reactors are not
constant for time. The daily mean thermal output for the 6 reactors are provided
by KHNP. Then the thermal power can be calculated by considering the thermal
output like maximum Py, x thermal output(%).
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Reactor Near  Far
1 88.82 88.46
2 88.30 87.58
3 97.42 99.83
4 89.29 88.79
5 89.21 91.82
6 98.31 98.33

Table 3.6: The average thermal power

Flux Variation Coming from Fuel Burning 1 + k

1 4+ k is time-dependent as the fission fraction of the 4 isotopes evolve as fuel
burning. Since we are provided with the values of the fission fraction and cycle
burnup, which are determined by reactor core simulation of ANC with about 1
month interval from KHNP (Korea Hydro & Nuclear Power Co), the daily 1+ &
can be predicted by fitting. Figure shows the fitting of 1 4+ k& for reactor 1
and cycle 20, for example. The elapsed time (x-axis in Figure is calculated

dividing cycle burnup by mean daily burnup.
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Figure 3.4: Fitting of 1 + k factor for reactor 1, cycle 20

Expected Number of Antineutrino Flux N¢?

By calculation Equation with the quantities obtained above, the expected
number of antineutrino event detected at the detector is constructed. The results

of the expected flux is summarized Table
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Reactor Far Near

1 7854.65  41165.41
8957.33  90241.63
8652.48 170306.79
9907.65 155050.13
8359.33  56501.16
8251.18  30063.38

O T s W N

Table 3.7: Expected flux for far and near detector. Visible energy range is 1.0~
8 MeV

3.2.2 Expected Interaction Antineutrino Spectrum

The expected interaction antineutrino spectrum in each detector d, can calculated
using the following equation,

= N¢ (Z Iﬁi) (3.11)

where, N¢ (: > Nlii) is the expected number of antineutrino obtained above

(where Nz(/i,i is the expected number of antineutrino of ith isotope at the detector

is the fraction of neutrino interaction at the target by neutrino

produced by the isotope species i. The average interaction fractions of each reactor
are summarized in the Tableand And s¢, ( @ Jo( ) s dE )

is the normalized interaction spectrum by the ith 1sot0pe, as shown left side plot
of Figure From the Equation the expected interaction antineutrino
spectra are shown middle and right side plot of Figure and Figure

Reactor U235 U238 Pu239 Pu24l

1 0.624 0.123 0.204 0.050
0.613 0.124 0.210 0.053
0.593 0.120 0.225 0.061
0.627 0.118 0.204 0.051
0.619 0.119 0.208 0.054
0.605 0.120 0.217  0.059

S T W N

Table 3.8: The average interaction fraction of 4 isotopes for near detector
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Reactor U235 U238 Pu239 Pu24l

1 0.619 0.123 0.206  0.051
0.616 0.124 0.209  0.052
0.597 0.119 0.223  0.060
0.625 0.118 0.205 0.052
0.617 0.119 0.210 0.054
0.608 0.119 0.215 0.058

O T s W N

Table 3.9: The average interaction fraction of 4 isotopes for far detector
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Figure 3.5: Expected interaction spectrum of neutrino. Left side is the normalized
interaction spectrum for each isotope. Middle one is the expected interaction
spectrum of reactor 3 for the far detector and right side is for the near detector.
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Figure 3.6: Expected neutrino and visible energy spectrum. The left plot shows
the far detector, and the right plot shows the near detector. The black line shows
the expected interaction spectrum of neutrino at the detector. Blue line shows
the expected visible spectrum of neutrino at the detector.
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Figure 3.7: Daily expected neutrino flux

3.3 Systematic Uncertainties of Expected Flux and
Spectrum

The systematic uncertainties consist of two kinds: correlated and uncorrelated.
The correlated systematic uncertainties are same direction and same amount in
the data of both detector. By using two identical detectors, These correlated
systematic uncertainties could be canceled out. And the uncorrelated system-
atic uncertainties are independent of each other. These uncorrelated systematic
uncertainties could not be canceled out. These two kind of uncertainties are sum-
marized below.

Parameter Uncorrelated Correlated

Baseline 0.03% -

Thermal Power 0.5% -

Fission fraction 0.7% -
Fission reaction cross section - 1.9%
Reference energy spectra - 0.5%
Energy per fission - 0.2%
Combined 0.9% 2.0%

Table 3.10: Systematic uncertainties of Expected Flux

The combined uncorrelated uncertainty is 0.9 %
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Baseline

The distance from the detector center to reactor fuel center has been precisely
measured with below 10cm uncertainty. The shortest baseline which is between
the reactor 3 and the near detector is 301.56 m. Therefore, the maximum system-
atic uncertainty is 0.1/301.56 — 0.03%. It is too smaller than others and could
be negligible.

Thermal Power

The thermal power of reactor is measured indirect way that is calculation with the
total power supplied at the secondary side of steam generators. And Uncertainties
of thermal power output is usually less than 0.5% per core and fully correlated
among the reactor, from the reference [63]. We attached 0.5 % for the uncorrelated
uncertainty of thermal power.

Fission Fraction

The uncertainties of fission fraction is summarized Table and shown Fig-
ure [3.8] These uncertainties are result from using the Westinghouse ANC reactor
simulation code [64]. To understand the antineutrino flux varying due to un-
certainty of fission fraction, A pseudo experiment was performed. 1,000 pseudo
experiment data sets are generated. Each isotope’s fission fraction is randomly
shaken within it’s error. And the sum of four isotope’s fission fraction must be
100 % by definition. Therefore each pseudo experiment data sets are normalizing
procedure. But normalizing process cause unwanted side effects that reduce RMS
of generated fission fraction distribution. This problem is summarized Table
The neutrino flux calculated from pseudo data set vary 0.5 %. But normalization
problem is not solved. So that we attached 0.7 % for the uncorrelated uncertainty
of fission fraction instead of 0.5 %.

Isotope | Fractional uncertainty of fission fraction
235U 3.3 %

88U 6.5 %

9Py 4.0 %

21py 11.0 %

Table 3.11: Fractional uncertainties of fission fraction
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Figure 3.8: The fission fraction varying due to fuel burnup and its uncertainties.
Reactor 1 ~ 2 are different reactor type than Reactor 3 ~ 6. The fission fraction
varying is small difference between Reactor 1 ~ 2 and Reactor 3 ~ 6. The highest
Red is 23°U. Green is »?Pu. Blue is 2! Pu. And lower Red is 238U.

Pseudo Data before normalization Pseudo Data after normalization
Isotope

[Mean + RMS] [Mean + RMS]
25U 58.56 + 1.97 58.56 + 1.13
28y 7.53 + 0.48 7.53 £+ 0.47
239py 28.76 + 1.16 28.76 + 1.04
241py 5.15 + 0.56 5.15 + 0.55

Table 3.12: Pseudo fission fraction data set

Fission Reaction Cross Section and Reference Energy Spectra
Associated anti-electron neutrino flux gives 1.9 % correlated uncertainty,calculated
from the neutrino yield per fission and fission spectra.

Energy per fission

As shown Table The thermal energy released per fission gives 0.2 % correlated
uncertainty.

A& 8t
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Chapter 4

Energy Calibration

RENO detector observe events ( signal or background) collecting scintillation light
via PMTs. Through the PMT lines, QBEE board takes this signal. and return the
ADC values at each PMT channel. Calibration is the process that converting ADC
values collecting from events to energy (MeV). First step is adjusting supplying
high voltage value of PMT for the same gain values of each PMTs from one photo
electron. this step make possible to convert pC to photo electron. Second step is
converting photo electron to MeV from the several radioactive source data.

The energy response of the detector has varied with time. The detector need
to be monitored for response. So that the calibration source run has been taking
regularly. And delayed signal is used daily monitoring data and obtaining the
daily charge correction factor.

4.1 Energy Calibration System

The detector can not take regular run data which is used for IBD analysis during
time that radioactive source data is in the detector. The event rate of source data
is too higher than event rate of the regular run data. So the detector need the
source driving system. So that a 1D/3D source driving system were developed
and is operated with custom computer software in the windows os.

The 1D system was setting up for the target region. The wire is moving along
the z-axis exactly the center of target vessel, The 1D system consists of a stepping
motor, pulley and polyethylene wire. At the end of wire, The encapsulated source
container is connected. At the end of the container,a weight made by teflon is
connected to countering buoyant force of liquid scintillator[]. The 1D system have
an order of a few mm for the z-position accuracy that is much smaller than the
vertex resolution(a few cm) of the detector. The design of 1D driving system is
shown in Figure |4.1

99



servo motor

timing pulley

wire pulley (target)
3 = wire pulley (GC)

rail

wire pulley

servo motor

i

310

radioactive source

stainless weight

Figure 4.1: Design of 1D source driving system.

The 3D driving system can place the calibration source in the target region
only. The system employs four rods to enable moving continuously the z direction
of cylindrical coordinate. and uses a robot arm clinging to end of the rod to allow
moving all ¢ direction and three p points of cylindrical coordinate as shown in
Fig. Figure shows the 1D /3D calibration system installed at the detector.

BT TTLETELE

T eeeeqeeg

Figure 4.2: Design of 3D calibration system. The left plot shows cutaway view of
3D calibration system installing in the detector. The red dot in the right plots
corresponds the position of the calibration source in the robot arm.
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Figure 4.3: Installed 3D system. Two installed 1D system is also shown.

4.2 Energy Reconstruction

The threshold value of QBEE board is needed to separate noise and event. So,
single photon electron responses are compared with different threshold value.
Figure [£.4] shows the charge distributions of each threshold value. But the figure
shows no noticeable difference between the distributions. So the highest value is
chosen, -1.0 mV, to lower background.
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Figure 4.4: Charge distribution of single photo-electron. Different threshold shows
almost similar shape.||

The PMT gain value is set to 1.0x107. When one photo electron come in to
PMT, the QBEE board get 1.6 pC from the PMT. For setting gain value, 137Cs

I
=

,aﬁ b= t_‘.” 'E:'} .
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radioactive source is taken in the detector center. Because The detector has 354
PMTs in buffer and '37Cs source gives 120~130 hits, so the events from the 137Cs
source is expected single photo-electron response at each PMTs.

To determine the proper high voltage value for the PMT gain, 37Cs source
data is taken with 4 different high voltage, 1400, 1500, 1600, and 1700 V. And
then the results are fitted together with gain function

PMT Gain = A- V¥ (4.1)

where, V' is the voltage. A and N is fitting parameter. From the fitting result,
the proper voltage that gives 1.0x107 gain is chosen. The left plot of Figure
shows the example of fitting result. After fit all the PMT channel, The proper
high voltage value was set at each channel. And then '37Cs source data was
taken to check the gain setting. The right plot of Figure shows the PMT gain
distribution after gain matching. X axis is converted to PMT gain. It shows gain
variation among PMTs are below 3% level[]. from the PMT gain matching and
137Cs source data, pC to photo-electrons conversion factors are derived with the
gain table at each channel.

[eH1] Q dist
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Mean 1.008

35 - RMS 003189
E Prob 05223

C Ceonstant 103.9:£7.0
Mean 1.004 + 0.002
Sigma 0.03386 + 0.00145
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Figure 4.5: The left plot shows fitted curve with four data points. X axis of the left
plot is the PMT high voltage value and the Y axis is the output value converted
to pC. 1.6 pC is desirable gain value.[] The right plot shows result of PMT gain
matching. The variation among PMTs below 3% at the near and far detector.

4.3 Radioactive sources

Four radioactive sources are used for the energy response monitoring. The char-
acteristics of radioactive sources are summarized in Table [£.1l These sources are
used regularly to check the energy response and resolution, as shown in Fig.
The ?°2Cf source is important that it is neutron source. From the ?*2Cf source,
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we could check the neutron capture by Gadolinium in the target region. As time
goes on, the p.e. response of detector is getting lower and lower. So that the PMT
charge adjusting is needed as described Appendix [A]

type  sources energy (keV) calibration
et BGe 511(2) position E threshold
vy 137Cs 662 gamma
60Co 1173+1333 multiple gamma

neutron  2°2Cf  neutron + ~10 MeV  neutron efficiency

Table 4.1: A list of radioactive sources for RENO detector calibration.
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Figure 4.6: Regular ®Ge source run results. The red dot is the peak value of the
source run after charge correction.
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Figure 4.7: Spectra of source data at the far detector. Left side is far and right
side is near.

4.4 Enmnergy Conversion Function

In the previous section, the source data and IBD candidates are well controlled
for the time variation. From the these corrected data, the p.e. values and corre-
sponding MeV are known. So that p.e. to MeV conversion is possible from the
these data. Figure shows the relation between p.e. and MeV of the each point.
The n-H point is selected from the 2°2Cf source data. The n-C point is added to
obtain energy conversion function which is from 2'°Po”Be source data as shown
Figure This n-C point was taken once on the April 2012. And the n-Gd point

O F 7]
A
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is from delayed signal of IBD candidates. Each points are converted to uniformly
distributed positron event which is prompt signal of the IBD candidates from the
center distributed source data except n-Gd point as following equation.

mean p.e. of source data - Ceenter—to—Uniform - C.

P.E./MeV = yotomet (4.2)

MeV value of source data

where, mean p.e. of source data is from the charge corrected and additional cor-

rected source data or charge corrected delayed of IBD candidates. Ceenter—to—Uniform
is the values at the November 2012 that is reference date, as shown Figure

and summarized Table and C,_;,_.+ is the correction factor for the conver-
sion to positron to y-ray from the source data. this correction factors are derived

by comparing positron MC and source MC. The C,_;, .+ are summarized in
Table Lastly, The results of Equation [4.2] are summarized Table
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Figure 4.8: Photo-electron distribution of carbon captured event of 2'°Po’Be
source data. Left side is near detector. And right side is far detector.

far near
Center-to-Uniform correction factor 1.0050 £+ 0.0014 1.0060 £ 0.0006

Table 4.2: Center-to-Uniform correction factor at the November 2011.
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~-to-eT correction factor

far

near

137CS
58Ge
n-H
GOCO
n-C
n-Gd

0.9647 + 0.0004
1.0199 £ 0.0003
0.9745 £+ 0.0002
1.0223 £ 0.0002
0.9896 + 0.0001
1.0257 £ 0.0002

0.9643 £+ 0.0004
1.0190 £ 0.0003
0.9743 £+ 0.0002
1.0234 £ 0.0002
0.9895 £ 0.0001
1.0256 £ 0.0002

Table 4.3: y-to-e™ correction factor from MC.

p.e./MeV far near
137Cs 209.49 + 1.16 203.95 + 1.07
58Ge 217.66 + 2.10 211.77 £ 1.75
n-H 237.73 + 1.07 231.10 + 1.04
60Co 241.67 + 1.45 234.95 + 1.29
n-C 251.35 + 2.85 244.06 + 2.58
n-Gd 261.10 + 0.11  254.63 + 0.05

Table 4.4: p.e./MeV values of each calibration source data

The LS and Gd-LS have quenching effect. So that energy response of the
detector is not linear. The energy conversion function model have to take into
account quenching effect. The energy conversion function model are chosen em-

pirically such as following equation.

Function of P.E. / MeV (MeV) = Py —

where, Py, P1, P> and P5 are fitting parameters. The fitting results are shown in

Figure [4.9] and Table
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Figure 4.9: Energy conversion function. The top plot shows the near detector.
And bottom plot shows the far detector. The point of n-H is from 2°2Cf source
data. The point of n-C is from ?'°Po?Be source data. and The point of n-Gd is
from the delayed of IBD candidates.

Parameter far near
Py 2759 £ 1.0 270.1 £ 1.3
P 0.0170 £+ 0.0015 0.0170 £+ 0.0025
P, 0.000123 £ 0.000012 0.000116 + 0.000012
Py 0.000174 £+ 0.000018 0.000179 + 0.000030

Table 4.5: The fitting results of energy conversion function

To check energy conversion function, the far and near spectra of the >B and
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12N events are compared as shown Figure From the this plot, The energy
conversion function seems does not have a problem.
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Figure 4.10: Spectra of the '?B and 2N events. Upper plot is comparing between
far, near and prediction. The prediction is MC. bottom plot is far to near ratio
of the spectra. It shows well behaved.

4.5 Energy Resolution

The energy resolution is obtained from the fit of %Ge, %°Co, n-Gd data. The
fitting model is defined as following equation.

P
Resolution(E) = 4/ EO + P (4.4)

where, E is the visible energy, Py and P; are the fitting parameter. The fitting
results are summarized Table and Figure .11
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Figure 4.11: Energy resolution of far and near detector. The top plot shows the
near detector and the bottom plot shows far detector. Open square is data point
for the %Ge, °Co, n-Gd. And Blue line is the fitting result curve.

Parameter far near
Py 4.956x1073 + 8.023x107% 5.267x1073 + 1.013x10~°
P 2.951x107% + 2.748%x1076  2.031x10~* + 2.656x10~

Table 4.6: The fitting results of energy energy resolution function
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Chapter 5

Monte Carlo Simulation

Monte-carlo simulation is commonly utilized in the particle experiments and it
provides the guidance to optimize various parameters of the detector. And it
enables to check detector performance and to estimate some systematic uncer-
tainties. Simulation of RENO detector is from modified GLG4SIM, GEANT4-based
code for liquid scintillator detector. We can obtain the expected flux of the de-
tector with oscillation from the MC. And the expected is used for obtaining 613
and |dm2,|.

5.1 Detector Simulation

The detector simulation is used as a data analysis tool. The RENO detector is
designed to have four concentric cylindrical modules, two active inner modules
called target and -catcher and two inert outer modules called buffer and veto
as shown in Fig. Compared to the past reactor neutrino experiments, an
additional active layer, y-catcher, is added to the detector design to surround the
target to contain gamma rays escaping from target. There are 354 and 67 10-inch
PMTs mounted on the buffer vessel wall and veto wall, respectively, pointing
inward normal to the wall surfaces.
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Figure 5.1: Side and top view of the RENO detector simulation with a muon (red
line) passing through the target and leaving showers (green lines).
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5.1.1 Software Tools

The primary software tool for modelling the RENO detector response is GLG4SIM,
a GEANT4-based simulation package for liquid scintillator detectors provided from
KLG4SIM of KamLAND collaboration. This software is designed for simulation of
the detailed detector response to particles moving through and interacting with
a large volume of liquid scintillator detector.

GEANT4 Simulation

The RENO detector has four concentric cylindrical sub-detectors each filled with
Gd-loaded liquid scintillator, liquid scintillator without Gd, mineral oil, and wa-
ter, respectively. The GEANT4 toolkits are applied for simulating the physics pro-
cesses involving particles with energies above a few keV propagating through the
materials in the detectors. However, the optical photon production and propaga-
tion through liquid scintillator, including processes like absorption, re-emission,
and elastic collisions, are handled by specifically written codes in GLG4SIM.

In the detector simulation, the liquid scintillator consists of LAB for the or-
ganic solvent, 1.5 g/1 of PPO as a fluor, and 0.3 mg/1 of Bis-MSB as a secondary
wavelength shifter. In the target region, 0.1% Gadolinium (Gd) is loaded. GEANT4
Neutron Data Library (NDL) version 3.8 gives a reasonable approximation for the
continuum gamma spectrum after neutron capture on Gd. However, the discrete
lines of high-energy gammas are not included in the NDL version 3.8. Fortunately,
an update is available for GLG4SIM for an additional Gd support for a proper mod-
elling of discrete lines of high energy gamma. The resulting distributions of the
neutron capture distance and capture time are shown in Fig. [5.2
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Figure 5.2: Neutron capture distance from inverse beta decay events (left) and
neutron capture time (right).

5.1.2 Optical Photon Processes

Each photon generated in the simulation is tracked while in the detector until it
either reaches a PMT or is lost. The simulation accounts for several light propaga-
tion phenomena while tracking the photons. Photons can experience absorption
or elastic scattering (Rayleigh scattering) by solvent and fluor molecules, in the
scintillator.

Attenuation length, Ay, of the liquid scintillator is defined as

1 1 1
= + , 5.1
)\att )\scat )‘abs ( )

where Ageqrr and Agps are the scattering length and the absorption length, respec-
tively. The reciprocal value of the liquid scintillator attenuation length, 1/A%3, is
equal to the sum of those of scattering lengths and absorption lengths,

11 LS SR S (5:2)
N TR TN TN e e
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Figure 5.3: Measured scattering fraction of the LAB based liquid scintillator.

In the simulation photons can be either scattered or absorbed by the solvent
and fluors according to appropriate fractions. Because a large fraction of liquid
scintillator is the solvent, photons are scattered mostly by LAB. It has to be
noted that the band gap for the lowest-energy electronic transitions in the LAB
molecules is at 320 nm, and thus the absorption by LAB below 320 nm is strong.
At wavelengths longer than 320 nm the absorbance by LAB drops rapidly and
the measured extinction coefficient roughly obeys a A% dependence, as expected
in Rayleigh scattering. The scattering fraction, fsc.tt, can be obtained from

il
fscatt = )\LaAB (53)

scatt

Figure shows the measured scattering fraction of an optical photon in
the liquid scintillator. If a photon undergoes elastic scattering, its wavelength
remains unchanged but its direction is altered. The direction of a photon after
elastic scattering has an (14 cos? f) dependence, where 6 is the photon scattering
angle. Absorption of a photon by fluors can be followed by their re-emission, but
there is a chance for a absorbing molecule undergoing non-radiative relaxation
process depending on its quantum yield efficiency. The non-radiative relaxation
results in the loss of the photon, and tracking in the simulation is terminated
in that case. The absorption probability of LAB, PPO, and bis-MSB can be
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calculated by

A )\LbS
e = )\g s (5.4)
abs

where ¢ represents LAB, PPO, or bis-MSB. Figure shows the measured ab-
sorption probability for each component in the liquid scintillator. Re-emission
occurs isotropically and a longer wavelength than that of the absorbed photon,
based on the emission spectrum, is assigned to the re-emitted photon.

The absorption of photons within the acrylic medium (vessel walls) is simu-
lated according to the absorption probability calculated with medium’s attenu-
ation length. Also, the reflection and refraction of photons at the surface of the
acrylic vessel are simulated using the Fresnel’s law. The refractive indices of all
dielectric materials in the detector are measured at different wavelengths and im-
plemented in the simulation. The measured refractive indices of some of detector
materials are shown in Fig. After a photon enters a PMT and is absorbed
by the photocathode, tracking is terminated, and a hit is made depending on the
quantum efficiency of the photocathode.
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Figure 5.4: Measured absorption probabilities of LAB, PPO, and bis-MSB. These
are used in the detector simulation.
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Figure 5.5: Measured refractive indices of liquid scintillator, mineral oil, and
acrylic.

5.1.3 Quenching at low energy

When charged particle move in the LS, the LS take a energy from the particle
and then emit scintillating light. If the particle have high energy, the relation
between light yield of LS and transfered energy from particle is

dL dE
— =5— 5.5
dx dz’ (5.5)

where, L is the light yeild, % is the energy loss of the particle per path

length. However, % of low energy particle is greater then that of the high energy
particle. So the Equation [5.5] need some modification. The modified equation is
named Birks low, an empirical formula to explain relation between the light yeild
of LS and particl energy loss per path length, as following equation,

dL S4E

X 1+k& Bim
where, kp is Birks constant, quenching parameter, which depends on the ma-
terial. A schematic view of the experimental setup to measure kg is shown in
Fig. The 7-ray from the 37Cs source transfer energy to electron via comp-
ton scattering, and then remaining energy of v is measured by Ge-detector. The

q L] & 3
¥ — I o
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recoiled electron move and transfer energy to the LS. The scintillating from the
LS is measured by PMT to obtain the light yield of LS. The energy of recoiled
electron is calculated from following equation,

E. = E, — B, = 662KeV — B¢ det. (5.7)

measured’

where, £, (= 662 KeV) is well known energy of the y-ray from 137Cs. and E,
is the energy of the y-ray after compton scattering. and Eﬁi;ﬁjﬁe g4 is the ~-ray
energy measured by Ge-detector. By comparing E. and Light yield measured
from the PMT, the kp can be measured. The measured kp of LS and Gd-LS are

summarized in Table More details are described in Appendix [H}

Compton scattering
LS

source
Ge-detector

Scintillation response
photon

Figure 5.6: Experimental setup for Birks constant.
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Figure 5.7: Fraction of measured light yield and energy as a function of energy in
LS and GdLS. The left plot shows the LS. And the right plot shows the GdLS.
The black line shows the fitting result [32].
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kp (cm/MeV)
LS  0.0117+0.0003
GdLS 0.012440.0004

Table 5.1: Measured birks constant of LS and GdLS

5.2 Energy Calibration of Monte Carlo

5.2.1 Energy Conversion Function for Monte-Carlo

To convert photo electron (p.e.) to prompt energy (MeV) for IBD events, we
derive the conversion function using the same procedure as data. That is, first we
obtain raw p.e. from 137Cs, %Ge, H-capture, °Co, C-capture and Gd-capture,
which are located at target center as show Figure Then we apply gamma-
to-positron correction and uniform-to-uniform correction as summarize Table
since we need p.e. from uniformly distributed positrons. And we also apply center-
to-uniform correction factor. Center-to-uniform correction factors are obtained
as described in previous section. The measured values for far and near MC is
1.004831 + 0.00019 and 1.00773 £ 0.00019. As for H-capture and C-capture, we
generate 2.223 MeV single gamma and 4.95 MeV single gamma for MC. The
other procedure and the fitting function are exactly same as data. The following
table shows the source raw p.e., which are used for MC energy conversion. 1 M
events are used for n-Gd and 400 k events are used for the other sources.

Source Range

Fitting Function

Far raw p.e.

Near raw p.e.

137Cs  —2RMS - +2RMS
68Ge  —4RMS - +3RMS
nH  —2RMS - +2RMS
60Co  —4RMS - +3RMS
nC  —2RMS - +2RMS

nGd  —4RMS - +3RMS 7 poly. + two Gauss

Single Gauss
7" poly. 4+ Gauss
Single Gauss
7" poly. + Gauss
Single Gauss

147.63 £ 0.14
223.37 £ 0.94
538.26 + 0.28
583.10 = 1.00
1226.31 £+ 0.61
1931.63 £+ 0.95

143.45 £+ 0.14
216.45 £ 0.94
522.86 £+ 0.28
565.94 £ 1.00
1191.89 £+ 0.61
1880.64 + 0.95

Table 5.2: MC raw photo electron of calibration sources, which is used for con-

version function.
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Figure 5.8: Monte-Carlo simulation result of calibration sources at the far detec-

tor.

Based on corrected raw p.e., we obtain pe-to-MeV conversion function by
fitting with the following function.

Function of P.E. / MeV (MeV) = Py —

P
1 —exp(—P - MeV — Ps)

(5.8)

where, p.e. is photoelectron, MeV is prompt energy (MeV) and Py, P, P, Ps
are fitting parameters. The fitting results are shown in Figure [5.9]and Table
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Figure 5.9: Energy conversion function for MC. Left side is near detector. And
right side is far detector.

Parameter far near
Py 256.19 £ 0.26 249.46 + 0.26
P 0.0118 £ 0.0014 0.0100 £ 0.0090
P, 0.000208 £ 0.000023 0.000184 + 0.000166
Py 0.000156 + 0.000019 0.000136 + 0.000121

Table 5.3: The fitting results of energy conversion function

5.2.2 Correction of Energy Resolution for MC Prompt Energy
Spectrum

Energy resolution between MC and data are compared using ®Ge, °Co and
n-Gd sample, which are taken in target center. In case of n-Gd, as data have
no sample taken at center, we obtain it by correcting from IBD n-Gd, which is
uniform. Table show energy resolution (¢/E) for both data and MC and its
ratio. As you can see in the tables, data resolution is more worse than MC except
near Ge sample. So we need to apply energy resolution correction to MC by the
difference between data and MC.
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Source

Far 0 / mean

Data

MC

58Ge center

60Co center

n-Gd center
n-Gd uniform

0.0698 + 0.0001
0.0481 £ 0.0001
0.0298 £+ 0.0003
0.0344 £+ 0.0004

0.0639 £+ 0.0002
0.0461 £ 0.0001
0.0270 £+ 0.0001
0.0312 £ 0.0002

Source

Near o / mean

Data

MC

68Ge center

60Co center

n-Gd center
n-Gd uniform

0.0696 £ 0.0001
0.0488 + 0.0001
0.0291 + 0.0001
0.0334 £+ 0.0001

0.0720 £+ 0.0002
0.0470 + 0.0001
0.0273 £ 0.0001
0.0314 + 0.0002

Table 5.4: Energy resolution (o/mean) for data and MC, respectively.

Figure and Figure show o/E vs. Energy (left) and the difference
(%) between data and MC resolution (right) for far detector and near detector,
respectively. o/E vs. Eneargy graph is fitted using the following function.

o/E =sqrt(A/E + B) (5.9)

Using the fitted functions, we calculate the difference of energy resolution between
data and MC for any given energy. The resolution correction for any given energy
is calculated as

2 2 2
Ocor = Odata — OMC (510)

Then, we do Gaussian smearing of MC energy event-by-event like following
Epew = GaussianRandom(Ey 4, 0cor) (5.11)

One thing to take into account is that the energy resolution differences between
data and MC shown in Figure and Figure [5.10] are what we obtained from
center source. So its difference cannot be applied to MC absolutely since our
resolution correction is for uniform IBD events. Therefore, we just take the rel-
ative difference from the center source and derive odata for uniform source like
following.

Odata = OMc X relative difference (5.12)
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Figure 5.11: o /E vs. E (left) and difference (%) between data and MC resolution
for far detector

5.2.3 MC prompt energy spectrum

We have tuned MC parameters and obtained MC conversion for near and far,
respectively. Energy resolution correction factor is also obtained. Then now we
can make MC energy spectrum to compare with data. Figure shows finally
reconstructed MC spectrum without oscillation effect.
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constructed finally after applying energy resolution correction. Far MC spectrum
is shown in the top side. Near MC spectrum is shown in the bottom side.
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Chapter 6

Data Sample and Event
Selection for IBD Candidates

Data taking began on Aug. 1%¢, 2011 with both near and far detectors. The
Data have been being taken. The data samples contain 800 day data and are
divided into 3 sets : Set A, Set B, Set C : Set A contains 400 day data and the
normal physics run. It has no any problems. Set B contains 100 day data and
is contaminated with 2°2Cf. Finally, Set C contains 300 days data and is also
contaminated with 2°2Cf,too. In addition, set C exhibits DAQ inefficiency due
to UPS noise. This thesis focuses on the results from Set A and Set B, and the
results from Set C are briefly reported on. The RENO data acquisition system
has the power to take all triggered events without no electronics dead time. The
triggered event rate is of the order of a hundred Hertz and the system produces
450 GB per day. On the other hand, the expected rate of observed neutrino
events is of the order of ten per day (hundred per day) at the far detector (near
detector).As the data consists mostly of backgrounds, IBD signal reconstruction
has been developed in consideration of the higher the selection efficiency and
lower backgrounds. The IBD selection criteria are different at the far and near
detectors for the high efficiency.

6.1 Data Sample

Data taking began on Aug. 1%/, 2011 with both near and far detectors being
commissioned. The physics data acquisition began on Aug. 11¢, 2011 (Aug. 19%h,
2012) at the far (near) detector. This data has no calibration source data and
contains bad data. Bad data is identified by abnormal behavior in the hit map,
charge distribution and event rate. Data taking efficiency is 96.65% (94.78%)
at the far (near) detector. Fig. shows three data sets and daily detection
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efficiency of both detectors.

FAR Detector NEAR Detector
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Figure 6.1: Data set and Data Taking efficiency of RENO. The left image shows
the far detector and the right image shows the near detector.

Detector Data Set Date DAQ Live time (days)
Set A 11" Aug, 2011 ~ 28" Sep, 2012 384.47
Far Set B 28" Sep, 2012 ~ 21°¢ Jan, 2013 105.46
Set C  21% Jan, 2013 ~ 31°¢ Dec, 2013 304.79
Set A 19"" Aug, 2011 ~ 27" Oct, 2012 379.66
Near Set B 27" Oct, 2012 ~ 215t Jan, 2013 78.83
Set C 215 Jan, 2013 ~ 31°* Dec, 2013 302.62

Table 6.1: Three sets of data sample

The physics Data consist of three sets: Set A, Set B and Set C. Set A contains
the normal run data. Set B contains the 2°?Californium (**?Cf) source data during
the contaminated period. A tiny fraction of the 2*2Cf calibration source was
dissolved into Gd-LS during the source run on Sep. 282012 at the far detector
and Oct. 27", 2012 at the near detector. To remove the backgrounds from the
22(Cf contamination, Cf removal cuts were applied to the set B. Lastly, Set C has
DAQ inefficiency due to UPS noise at the near detector. The UPS was installed
both detector on Jan. 22¢" 2013. Unfortunately the UPS in the near detector
caused electric noise, which negatively affected the data taking. The noise gets a
place in the data instead of signals. Fig. shows the effects of UPS noise effects
on the data. So that the detector loss a event or some energy of event. In this
thesis, the main analysis is coming from the Set A and Set B.

86



1000
900
800
700
600
500
400
300
200
100

Sec. / # of Subrun

HH‘\H\‘HH‘HH‘HH‘\HW

N T NI E I B
01/12 07/12 12/12 07/13
date[mml/yy]

300

Near

250

?\\\\‘\\\\

200f~ 2
b W aaaanli L oo v

150 N

Sec. / # of Subrun

100

50

\\\\‘\\\\‘\\\\‘\-\\4

N R N S S E ST R
01/12 07/12 12/12 07/13
date[mml/yy]

Figure 6.2: Live time per subrun distribution. The top image shows the far and
the bottom image shows the near detector. The subrun is generated with every
500 MB of raw data. Set C of the near detector contains UPS noise. The data
production rate with UPS noise ( Set C ) is faster than that without UPS noise
( Set B or Set A ). Live time per subrun of the near detector suddenly dropped
after the installation of the UPS. This means that the noise was taken in the data
and the data production rate was increased.
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6.2 Backgrounds

6.2.1 Accidental Background

Accidental backgrounds are caused by uncorrelated events accidentally coincid-
ing and mimicking the IBD process. As mentioned in section [6.4.1] the events
from gamma and electron emission can be prompt and the single neutron events
induced by cosmic muons can be indicated by delayed signal of the inverse beta de-
cay. These backgrounds are completely statistical accidents, such that the prompt
and delayed signal of accidental backgrounds have no temporal and spatial cor-
relations, as shown in Fig. [6.3] From this property, the accidental backgrounds
are removable.
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Figure 6.3: Properties of accidental background. The left plot shows the time
difference(=AT') between the prompt and delayed. There are only Accidentals in
the AT > 1 ms region. The gentle-sloped component is accidental. The middle
plot shows distance(=AR) between prompt and delayed accidental. The peak
is around 2500 mm. A difference can be seen between accidental backgrounds
and IBD which have the spatial correlation between the prompt and delayed
signals, as shown Fig. [6.16] The right plot shows the prompt energy spectrum of
the accidental background.

6.2.2 Fast Neutron Background

The fast neutron produced by a cosmic muon in surrounding rock or in the
detector can mimic an inverse beta decay signal in the detector in three ways.
First, the fast neutrons with an energy over 10 MeV can be scattered elastically
from protons in the target or the «-catcher many times and be captured in the
target volume. The quenched proton recoil scintillation signals can be detected
as the prompt signal with an energy between 1 and 50 MeV and the moderated
neutrons can be captured with the same time distribution as the neutrino signal.

Second, some neutrons are produced by cosmic muons without recoil pro-
tons and are captured in the detector within 100 us. A single neutron capture
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signal has some probability of falling accidentally within the time window of a
preceding signal caused by natural radioactivity in the detector, producing an
accidental background. In this case, the prompt and delayed signals are from
different sources, forming an uncorrelated background.

Third, multiple neutrons are produced within a short period of time. Multiple
neutrons are captured by hydrogen or gadolinium within short time (order of ~ 10
us). The first captured neutron event could be prompt and the next gadolinium
captured neutron event could be delayed. Therefore, this type of fast neutron
background has two peaks around 2.2 MeV and 8 MeV.

For these reasons, the prompt and delayed pair of fast neutrons have occurring
before or after the prompt event. Using this property of fast neutrons, the fast
neutron background could be reduced.
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Figure 6.4: Spectra of fast neutrons. The energy spectrum of fast neutron shows
a flat shape in the region that where the energy > 10 MeV.

6.2.3 °Li/®He

From the experiences of previous reactor neutrino experiments such as Kam-
LAND [14], [15] and CHOOZ [25, 30], we know there are irreducible background
events from the decay of cosmogenic isotopes. Most prominent radioactive iso-
topes are He and °Li. ®He decays by 3~ +n (16%, Qp- = 10.653 MeV) with
a half-life time of 119 ms. Li decays by 8~ 4+ n (49.5%, Qg- = 13.606 MeV)
with a half-life time of 178.3 ms. The 8~ + n decay gives a prompt and delayed
signal similar to an IBD events. The production rates of these long-lived cosmo-
genic isotopes were studied initially by rock dating group. There is a lot of data
available on the production rates of '°Be and 26Al from silicon and oxygen by
cosmic muons. The production cross section of ®He and °Li in carbon has been
measured with accelerator muon beams at an energy of 190 GeV at CERN [65].
Their combined cross section is o(°Li +% He) = (2.12 £ 0.35) pb. The energy
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dependent production cross section is estimated as oy = E2'73, where E), is the
muon energy given in giga electronvolts.

The KamLAND experiment reported that their 8He and °Li backgrounds are
correlated with showering muons, which has more than 10% photoelectrons, and
they applied a 2 s veto for the muons. For RENO experiment, we plan to apply a
1 ms veto for non-showering muons and around the order of 100 ms for showering
muons. This veto on the showering muons will further reduce the 8He and °Li
background rate by about 70%.

6.2.4 Backgrounds from ?*>Cf contamination

The physics Data are consist of three sets: Set A, Set B and Set C. Set B contains
contaminated with the 2°?Californium (?*2Cf). A tiny fraction of 252Cf calibration
source was dissolved into GdLS during the source run on Sept. 282012 at the
far detector and Oct. 27¢", 2012 at the near detector. Fig. shows the 2°2Cf
source and its package. The package is not perfectly sealed, and the O-ring in the
source container has a limited lifetime. The loose O-ring permits GALS into the
container, and the 252Cf remains at the target after the source run.

A5504 — Retaining Ring
Radioactive Source
0.438” (11.1 mm) Diameter x _—
0.125” (3.18 mm) Deep R

/ Holder
0.25” (6.35 mm) ‘\—’—E' |

—>| 0.25” |<—

(6.35mm)

1” Diameter (25.4 mm)

Figure 6.5: The 252Cf source is mounted in a plastic holder, in which it can be
separated from and exposed to GALS [66].

252Cf decay by alpha emission ( 96.91 %) and spontaneous fission ( 3.09 %).
Half-life time is 2.65 years. The neutron produced from 2*2Cf energy spectrum
is shown Figure with most probable energy of 0.7 MeV and an average
energy of 2.1 MeV. And 252Cf emits an average of 3.7 neutrons per fission[][]. The
fission neutron is also captured by Gd and can be delayed signal. So that The
252Cf have cause colossal backgrounds. To remove these backgrounds from 22Cf
contamination, the Cf removal cuts are applied to Set B.
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6.3 Removal of y-Rays from Radioactivity, Noise and
Flashers

6.3.1 Removal of v-Rays from Radioactivity and Noise

As mentioned in the previous section, energetic gamma rays and particles coming
from the radioactive decay of isotopes in the inner detector can create accidental
as well as correlated backgrounds. Some of these backgrounds come from sur-
rounding rocks, the detector vessels, the PMT glasses and the mineral oil in the
buffer, and can be reduced by using properties of the event at the border. These
border events have a large ratio value of the maximum PMT charge (Qnqz) to the
total charge (Qot) ((7.€. Qmaz/Qtot) ), because the events deposit energy at the
buffer, near the PMT, and the PMT nearest to the events receives a much larger
number of photoelectrons than the other PMTs. Therefore, the Qunaxz/Qtot ratio
is useful for reducing such radioactive backgrounds, but has an energy-dependent
efficiency. The lower the energy of the event, the lower the number of photo-
electron that hit the PMT. In addition the Qqez/Qor of high energy events is
relatively larger than that of low energy events. In other words, the lower the en-
ergy of the event, the lower the efficiency. The energy dependent efficiency of the
Qimaz/Qtot cut is shown in Fig. This efficiency affects the spectra analyses,
as it could be a large systematic uncertainty for measuring |Am?2,|. To avoid this
uncertainty, the Quqaz/Quor cut efficiency has to be almost 100 %. Fig. shows
an almost 100% efficiency when the cut threshold is 0.07.
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Figure 6.6: IBD Spectrum w.r.t the case in which the Quua./Qtor < 0.07 case. The
left image shows the far detector and the right image shows the near detector.
Under the assumption that the efficiency of Quaz/Qor < 0.07 is 100 %, this plot
shows the Quaz/Qior cut efficiency has energy dependence.
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the far detector. The right image shows the near detector. The black line is the
fitting result of a logistic function. The cut efficiency at 0.07 is 99.99 £ 0.02% at
both detectors, according to the fitting results.

6.3.2 Removal of Flasher

Sometimes PMT's spontaneously emit lots of light and this light from PMT can be
triggers. This event is called a flasher and is not yet a fully understood mechanism.
The flasher rate is monitored as shown in Fig. [6.8] For purity of signals, when a
PMT with a high flash rate exists, the PMT is removed from the DAQ system.

Where the discharge of flasher events is suspected in PMTs. and the flasher
event has a particular hit time and charge pattern, so the flasher can be removed
without signal loss. Typically, flasher events occur before the hit-time 0 (to) with
large charge that is shown in Fig. To remove flashers, it is more efficient
to use the time and charge information between -400 — 800 ns than -100 —
50 ns, so that the flasher removal cut uses same Qna./Qrot Of the v-rays from
radioactivity removal cut. However a difference between two cuts is that flasher
removal uses a wider time-window. For the 100 % efficiency, the flasher removal
cut threshold is also 0.07. Therefore, The flasher removal cut also includes the
~-ray from radioactivity removal cut.

e ~-ray and flasher removal Q;nq:/Qtor ( -400 — 800 ns ) < 0.07
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is before the cut and cut passed. The bottom image shows the cut rejected. The
red line is between -100 — 50 ns, and the blue line is between -400 — 800 ns.
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X) RENO Event Display.
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Figure 6.11: Event diplay plot. The top image shows the normal event. The

middle image shows external y-ray event(Quaz/Qtor cut rejected). The bottom

image shows the flasher event (flasher cut rejected). =] —
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6.4 Removal of Accidental Backgrounds

6.4.1 Radioactive Backgrounds

A radioactive isotope (i.e. radionuclide) is an atom with an unstable nucleus.
They undergoes radioactive decay, and emits a gamma(s) and/or subatomic par-
ticles such as alpha, electron and position, etc. Some radioactive isotopes, such
as 10K, %0Co, 232Th and 238U, are naturally abundant in detector materials and
rocks around the detector hall. Energetic gammas and particles coming from the
radioactive decay of isotopes in inner detector can create accidental as well as
correlated backgrounds. Especially signal made by radioactive gamma rays and
electrons can mimic the prompt signal of the inverse beta decay. This background
can form an accidental (uncorrelated) background with the single neutron events
induced by cosmic muons.

Radioactive background can come from a variety of sources, mainly form inner
detector materials and surrounding rock. In this study, we consider the K, Th,
and U isotopes as the radioactive sources that exist in the following materials.

e rocks surrounding the detector hall

liquid scintillators

e acrylic vessels

buffer oil

stainless steel vessel

PMT glasses

Most radioactive isotopes do not decay directly to a stable state, but rather
undergo a series of decays until a stable isotope is eventually reached. Fig.
shows the decay chains of 233U and 232Th. Fig. shows the energy level dia-
gram for °K decay. Gamma radiation emission occurs not only when a radioactive
isotope undergoes gamma decay, but also beta decay, where gammas emission of-
ten follow the emission of a beta particle. To take into account probability of decay
and coincidence of a generated particle, a decay chain generator is developed.
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Figure 6.13: Level diagram for ‘°K.

Using the radioactive decay chain generator, radiations from the three dom-
inant decay chains are generated at the detector subsystem. We apply a 1 MeV
threshold to the reconstructed energy. Table [6.2] shows the detector acceptance
of the radiation from each radioactive isotope decay chain.

40K 232Th 238U

Target LS 0.20 1.34  1.25
Target Acrylic  0.09 0.67  0.79
GC LS 0.23 1.29 1.25
GC Acrylic 0.04 0.28 0.35
Buffer Oil 0.007  0.05 0.05
Buffer Vessel 0.0005 0.007 0.004
PMT 0.01 0.04 0.04

Table 6.2: Detector acceptance of the radioactive radiations from each detector
subsystem with 1 MeV threshold.

The concentration of isotopes in the inner detector material is measured us-
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10K 232Th B8y Single Event Rate

ppt ppt ppt Hz
Rock 4.33(ppm) 7.58(ppm) 2.32(ppm) 9.2
Target LS < 0.32 17.7 13.9 <5.6
Target Acrylic 8 206.8 167.5 0.95
GC LS < 0.32 17.7 13.9 < 8.4
GC Acrylic 8 206.8 167.5 0.87
Buffer Oil 10 19.7 5.0 1.07
Buffer Vessel 60 900 900 0.33
PMT 10.8 125.9 50.3 8.19
Total < 34.6

Table 6.3: Concentrations of K, 232Th, and 238U in surrounding rock and the
main components of RENO detector, and their event rates.

ing an ICP-MS and HPGe detector. With the concentration and the detector
acceptance values from the full simulation, the single event rates caused by each
detector subsystems are calculated. Table shows the results. The most dom-
inant contribution comes from the liquid scintillator in the target and gamma
catcher. However, if we control the concentration of the isotopes under 10~12g/g,
these rates are negligible compared to that from PMT glass.

6.4.2 Removal of Accidental Backgrounds

The rate of signals resulting from radioactive gamma and electron emission, which
can mimic the prompt signal of the IBD process is ~50 Hz. However, the expected
IBD rate is around 70 per day in the far detector and 700 per day in the near
detector. Therefore, reducing non-relevant events is important to obtained IBD
process from the reactor neutrino. IBD candidates are selected according to the
following criteria using 3 properties of the IBD process : temporal correlation,
spatial correlation between the prompt and delayed signal, and the energy.

Energy Threshold

The prompt signal of the IBD process is from the positron. No matter how small,
It will have an energy of at least 1.022 MeV, which is the pair annihilation energy.
As seen in the expected prompt energy spectrum Fig. the prompt positron
will not often be 12 MeV or higher. The delayed signal, which is a Gd captured
neutron has a narrow gaussian distribution around 8 MeV. So far, these conditions
are for an ideal case. The RENO detector has some inefficiencies. e.g., y-rays can

.-':l'\-\._i -kl- e 1_!= "‘.l .
| I - 1]
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escape the LS region, and the detector can not observe their full energy. For
these reasons, the energy threshold for the positron signal has been decided to
be higher than 0.75 MeV and lower than 12 MeV, and the energy threshold for
the delayed signal have been decided to be higher than 6 MeV and lower than 12
MeV. From the required energy threshold, the IBD candidate is reduced by the
order of 1072,

e 0.75 MeV < Prompt signal energy (E,) < 12 MeV
e 6 MeV < Delayed signal energy (Eg) < 12 MeV.

Delayed energy (MeV)

12 14 16
Prompt energy (MeV)

Figure 6.14: The prompt and delayed spectra with no energy threshold condition.
The energy threshold for IBD events are indicated by the red box.

Time coincidence

For the neutrino detection, the IBD reaction is commonly used. This IBD reaction
produces a positron and a neutron. During the IBD process, the positron imme-
diately deposits kinetic energy and is annihilated with the electron. The neutron
undergoes thermalization before the capture process; hence there should be a
time difference between the positron event and neutron capture event (At). The
neutron capture cross-section increases as the neutron kinetic energy decreases
by thermalization. Therefore, At can be modeled as an exponentially decreasing
function. Fig. [6.15|shows the At of both detectors. The mean At is almost same,
at ~ 27 psec. In this picture, the time coincidence cut has been decided to be 3
times of the mean time difference (2 us — 100 ps). The prompt and delayed candi-
date signal is reduced by 0.5% because of the time coincidence cut and assuming
event rate which can be prompt of IBD process is 50 Hz.
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e 2 us < Time difference between prompt and delayed signal (At) < 100 us

10* Near Detector : T = 27.04 +/- 0.09

10°

80 90 100
Time difference b/w prompt and delayed At (us)

10° Far Detector : 1=27.68 +/- 0.30

102

80 90 100
Time difference b/w prompt and delayed At (us)

o

Figure 6.15: Time difference between the prompt and delayed signal. The top
image shows the near detector and the bottom image shows the far detector. The
red Line is a fit of the simple exponential function. The two detectors have a
similar mean time difference ~ 27 usec.
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Spatial Correlation

The neutron from the IBD process is in the order of KeV. For this reason, the
neutron can not go far from the IBD point of occurrence. Therefore, spatial cor-
relation would exist between the prompt and delayed signals. However, acciden-
tal backgrounds (such as when uncorrelated prompt-like events and delayed-like
event pairs accidentally pass the IBD selection cuts) have no spatial correlation
and can have a greater distance between the prompt and delayed than IBD pairs.
To remove accidental background, this spatial information can be a useful tool.

Fig. [6.16] shows the AR distributions of the near detector data. The tight
accidental cut sample has almost zero event that have AR > 2.5 m (0.001%).
Therefore, the AR cut has been decided to be lower than 2.5 m with almost zero
signal loss.

e Distance between the prompt and delayed signal (AR) < 2.5 m

10° E
i Near g Near
. . 104
10° Tight Accidental Cut
10°E 10°F
10 i
8 102
1? | | | | | | | | i | | | | | | | |
0 500 1000 1500 2000 2500 3000 3500 4000 4500 0 500 1000 1500 2000 2500 3000 3500 4000 4500
distance b/w prompt and delayed AR (mm) distance b/w prompt and delayed AR (mm)

Figure 6.16: Distance between the prompt and delayed signal. The left image
shows the tight accidental cut sample at the far detector and the right image
shows no tight accidental cut sample at the near detector. According to the left
plot, the signal with AR > 2.5 m is 0.001% of the total sample. The right plot
shows the data has many backgrounds (AR > 2.5 m).
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Figure 6.17: The prompt spectra before and after the AR cut. The left image
shows the far detector and the right image shows the near detector.
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Figure 6.18: AR cut rejected prompt and delayed spectra of near detector. The
left image shows the prompt signal and the right image shows the delayed signal.
The delayed signal of the rejected data does not have the 8 MeV Gd captured
event. This means the AR cut rejected signal is not relevant to the neutron
process.

Fig. [6.18] shows the prompt and delayed signals of AR cut rejected. The
delayed single of AR cut rejected does not show the 8 MeV Gd captured neutron
event. This means the delayed signal of AR cut rejected is not neutron event, while
the prompt signal of the rejected is similar to spectrum of accidental background

(see Fig. [7.1)).
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Buffer and Veto trigger Veto Cut

There are some components that have a buffer and veto trigger following the
prompt signal. There are a few events after 200 us from prompt signal. According
to Fig. we decided to reject pairs that have a buffer and veto trigger within
200 ps of the prompt. The rejected signals by this veto cut are shown in Fig.
They consist of mainly low-energy backgrounds of ~2 MeV.

e Zero Buffer and Veto trigger within (0 us, 200 ps) of prompt signal

Near, Time Since Prompt

|+
_+_
+ 't A Pttt

Buffer & Veto Trigger Events / 40 ms

o b b b b b b b L
0 100 200 300 400 500 600 700 800 900 1000
Time Since Prompt (us)

+ Far, Time Since Prompt
10—

o THH it g

[y

Buffer & Veto Trigger Events / 40 ms

P I P U I I U I N B
0 100 200 300 400 500 600 700 800 900 1000

Time Since Prompt (us)

Figure 6.19: Buffer and veto trigger time distribution since prompt. The top
image shows the near detector and the bottom image shows the far detector.
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Figure 6.20: Prompt spectra before and after buffer and veto trigger after 200 us
veto cut. Of the upper plots, the left image shows the near detector and the right
image shows the far detector. The right plots are before the cut (black), after the
cut (blue), and rejected by the cut (red). The left plots are rejected by the cut
(red), expected signal loss due to the cut (blue) and the difference between these
two histograms (black). The black histogram in the left plots shows the rejected
background by the cut.

6.5 Removal of Background associated with cosmic-
rays

Neutrons can be produced as result of interactions between muons and the pro-
tons inside or outside the detector. Such neutrons could enter the detector, be
captured, and mimic the prompt or delayed signals of IBD candidates. Therefore
these events from the muon need to be cut. We chose to reject events within 1 ms
after the muon event. The veto time window (1 ms) was decided in consideration
of efficiency. Muons consist of two kinds : one which passes through the Buffer
(muonl), and one shortly passes through the veto region then deposits a large
amount of energy in the veto (muon2).
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Figure 6.21: Muon visible energy spectra. The left image shows the muon spec-
trum of the near detector and the right image shows the muon spectrum of the far
detector. The spectrum shows a peak at near 1600 MeV. The muon deposit en-
ergy is directly proportional to the length of trajectory in the detector. Therefore,
the maximum muon energy has a dependence on detector size.

The observed energy of the reactor neutrino events is below 12 MeV. However,
muonl deposited large energy at the buffer region. We defined the muonl event
to be that which deposited energy of more than 70 MeV at the buffer. Muon2
deposited large energy at the veto region and small energy at the buffer. The
criteria for muon2 is a deposition of more than 20 MeV at the buffer and a
number of hits in the veto region is greater than 50. Muonl can deposit very
high energy. If muons have enough energy, it can make ?Li or ®He. As mentioned
in the previous section, ?Li/®*He decay with a long lifetime also emits neutron,
can mimic the IBD process and give severe background. To reduce ?Li and 8He
backgrounds, the cut time range has to be much longer than that of any other
veto cuts. Because the half-life of Li (8He) is 119.1 ms (178.3 ms), the °Li and
8He events are timely correlated with the muons. They can be selected by the time
distribution since the last muon (t) for all IBD candidate events, and the time
distribution can be modeled by a combination of two exponential functions [67].

f(t):B-eXP<—§\> +S‘exp<—;>, %z%—k% (6.1)

where B and S are the magnitudes of Li and 8He and other IBD candidates, T
is the mean time interval between two adjacent muons, and the inverse of the
muon rate, 7 is the lifetime of °Li and ®He, and X is the effective lifetime of
9Li and ®He due to interruption by the muons. Fig. shows the muon rate
per megaelectronvolt which is increased as muon energy decreases. The faster
the muon rate, the faster the °Li and ®He effective decay time. According to the
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Fig. Muonl is separated by type A, B, and C, which each have different
muon visible energy ranges each other. Depending on the muon visible energy,
different ranges of time windows for rejecting muon-associated events are used.
The ranges are determined such that the efficiency on the signal does not change
significantly for each range.

Muon Far Near
Type Energy Rate (Hz) Energy Rate (Hz)
A > 1.5 GeV 0.047 > 1.6 GeV 0.107

B 1.2 ~ 1.5 GeV 0.081 1.5 ~ 1.6 GeV 0.081
C 1.0 ~ 1.2 GeV 0.157 14 ~ 1.5 GeV 0.091
1 0.07 ~ 1.0 GeV 12.854 0.07 ~ 1.4 GeV ~ 117.193
2 20 ~ 70 MeV 0.258 20 ~ 70 MeV 0.759

Table 6.4: Rate of muons. Muon rate of the near detector is higher than that of
the far detector. Since, the near site’s mountain is 70 m high, and the far site’s
mountain is 200 m high, muon shielding is more powerful at the far site than near
site.

e Far Muon A (> 1.5 GeV) : Veto all events within a 700 ms window following
muon A at the far detector.

e Far Muon B (1.2 — 1.5 GeV) : Veto all events within a 500 ms window
following muon B at the far detector.

e Far Muon C (1.0 — 1.2 GeV) : Veto all events within a 200 ms window
following muon C at the far detector.

e Near Muon A (> 1.6 GeV) : Veto all events within a 700 ms window fol-
lowing muon A at the near detector.

e Near Muon B (1.5 — 1.6 GeV) : Veto all events within a 400 ms window
following muon B at the near detecter.

e Near Muon C (1.4 — 1.5 GeV) : Veto all events within a 200 ms window
following muon C at the near detector.

e Muon 1 ( Far: 0.07 — 1.0 GeV, Near : 0.07 — 1.4 GeV ) : Veto all events
within a 1 ms window following muon 1.

e Muon 2 ( Far, Near :20 — 70 MeV, the number of hits in the outer detector
> 50): Veto all events within a 1 ms window following muon 2.

106



[ Near, Time since p (1.4 ~1.5GeV) Near, Time since p (1.5~ 1.6 GeV) [ Near, Time since H(>1.6 GeV)

S

=
U

=
3

Events / 5 ms
Events / 5 ms
Events / 5 ms
=
5]

x10° | | L | x10° | | 1 1 x10°
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Time since muon (1.4 ~ 1.5 GeV) [us] Time since muon (1.5 ~ 1.6 GeV) [us] Time since muon (>1.6 GeV) [us]
 Far, Time since p (1.0 ~1.2 GeV ) }  Far, Time since p (1.2~ 1.5GeV ) I Far, Time since p (>1.5GeV)
» » »
E E 2kt £ el
w ¢ o W0F 3 w 10°F 4
5ol ¢ o i f 1 i f ey ;
g § f 5 gy Y W
g g g
& & & §
10
| \ \ | 10° 10, | \ \ | x10° E | , . | 10°
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000

Time since muon (1.0 ~ 1.2 GeV) [us] Time since muon (1.2 ~ 1.5 GeV) [us] Time since muon (>1.5 GeV) [us]

Figure 6.22: Time since muon. The plots are fitted by two exponential func-
tion(Eq. [6.1)). The black line is the signal component and the red line is the
9Li/®He component. These plots show lower muon energy, fewer observable
9Li/®He events, and a shorter effective Li/®He lifetime. Because of the muon
rate, it is difficult to find observable ?Li/®He that has below 1.0 GeV (1.4 GeV)
muon visible energy at the far (near) detector.

6.6 Removal of Fast Neutron Backgrounds

The IBD event is just a pair of one prompt and one delayed signal. If the pair
has multiple prompt or delayed signals, it is not an IBD event. However IBD
candidates from fast neutrons have signals before and after the prompt signal with
high probability. From this, fast neutron background is rejected using triggers in
the vicinity of an IBD candidate pair. For the cut efficiency, 3 types of trigger
cuts are used.

e No any trigger within (-100 us, 0 us) of prompt signal
e Zero Buffer trigger within (0 us, 200 ps) of prompt signal

e No prompt-like trigger (-300 us, 0 us) of prompt signal (near data only)

6.6.1 Any Trigger Veto Cut

Fig. shows the component, which has time correlated with prompt signal.
If the pair is a true IBD, It has no signal before the prompt, so this component
is not an IBD signal and is a background. According to Fig. we decided to
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reject a pair which has any trigger within 100 us before the prompt. The rejection
by this veto cut is shown in Fig The rejected signals consist of mainly 2.2
MeV hydrogen captured and 8 MeV gadolinium captured event. This means that
the rejected signals by this cut are the event from multiple neutron events.
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Figure 6.23: Any trigger time distribution before prompt. The left image shows
the near detector and the right image shows the far detector.
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Figure 6.24: The prompt spectra before and after any trigger before the 100 us
veto cut. The left image shows near and the right image shows the far detector.
The black histogram shows IBD candidates before the cut. Blue shows after the
cut. Red shows rejected by the cut. The red line consists mainly of hydrogen and

gadolinium captured neutron events.

6.6.2 Buffer Trigger Veto Cut

There are some components that have a buffer trigger following the prompt signal
apart from the delayed neutron signal, as shown in Fig. [6.25] There are a few
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events after 200 us from the prompt signal. According to Fig. we decided to
reject pair that have buffer triggers within 200 us after the prompt. The rejected
signals by this veto cut are shown in Fig. [6.26] The rejected signals consist of
mainly the flat component (= fast neutron, as discussed in chapter 7) and some
background which is gaussian distributed around 10 MeV.
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Figure 6.25: Buffer trigger time distribution since prompt. The left image shows
the near detector and the right image shows the far detector.
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Figure 6.26: The prompt spectra before and after buffer trigger after the 200 us
veto cut. The left image shows the near detector and the right image shows the
far detector. The black histogram shows the IBD candidates before the cut. Blue
shows after the cut. Red shows rejected by the cut. The red line consists mainly
of fast neutron events and unknown component around 10 MeV.
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6.6.3 Prompt-like Trigger Veto Cut

The prompt-like trigger is the buffer trigger that is after the muon veto cuts,
Qmax/Qtot cut and flasher cut, but with no energy cut applied. As shown Fig.
/refsigletdiff, the component which is time correlated with the prompt-like trigger
is smaller than that which is buffer trigger correlated and any trigger correlated.
We decided to rejected pairs of the near detector that had a prompt-like trigger
within 300 us before the prompt, because it is difficult to find a time correlated
with the prompt-like trigger in the far detector. The rejected signals by this veto
cut are shown Fig. The rejected events seem like hydrogen captured neutron
events, But are too small to be identified.
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Figure 6.27: Prompt-like trigger time distribution before prompt. The top image
shows the near detector and the bottom image shows the far detector.
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Figure 6.28: Prompt spectra before and after prompt-like trigger before 300 us
veto cut. The bottom plots are before the cut (black), after the cut (blue), and
rejected by the cut (red). The top plots are rejected by the cut (red), expected
signal loss due to the cut (blue) and the difference of these two histograms (black).
The black histogram in the top image indicates the rejected background by the
cut.

6.7 Removal of 22Cf contamination

As mentioned in the previous section, 2°>Cf emits an average of 3.7 neutrons per
fission[][]. Using these properties, the Cf removal cuts were developed. The Cf
removal cuts consist of three kinds: time correlated, spatial correlated and time
and spatial correlated veto cuts. The after and rejection of the cf removal cuts
are shown in Fig. [6.30, By the Cf removal cut, the backgrounds due to the 2*2Cf
contamination are reduced by 75%.
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Figure 6.30: Prompt spectra before and after Cf removal cut. The right image
shows the far detector, and the left plot shows the near detector. Black shows
before the cut, blue shows after the cut, and red shows rejected by the cut.

6.7.1 Time Correlated Veto Cut

The time correlated veto cuts use trigger information before and after the prompt
signal. The time correlated veto cut consists of 1 kind: the prompt-like trigger
veto cut.

e No prompt-like trigger within (-300 us, 1000 us) of prompt signal
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Prompt-like Trigger Veto Cut

To remove 2°2Cf, the prompt-like triggers before and after prompt signal are
used. According to Fig. and Fig. we decided to reject pair which has a
prompt-like trigger within 300 us before the prompt and 1 ms after the prompt.
The rejected signals by the before 300 us cut consist of mainly 2.2 MeV hydro-
gen captured neutron events, and the rejected by the after 1 ms cut consist of
backgrounds are around 8 MeV, 10 MeV and the low energy region.
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Figure 6.31: Prompt-like trigger time distribution before prompt. The top image
shows the near detector and the bottom image shows the far detector.
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Figure 6.32: Prompt spectra before and after prompt-like trigger before the 300
us veto cut. Of the upper plots, the left image shows the near detector and right
image shows the far detector. The right plots are before the cut (black), after the
cut (blue), and rejected by the cut (red). The left plots are rejected by the cut
(red), expected signal loss due to the cut (blue), and the difference between these
two histograms (black). The black histogram in the left plots shows the rejected
background by the cut.
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Figure 6.33: Prompt-like trigger time distribution since prompt. The left image
shows the near detector and and right image shows the far detector.
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Figure 6.34: Prompt spectra before and after prompt-like trigger after the 1000 us
veto cut. Of the upper plots, the left image shows the near detector and the right
image shows the far detector. The right plots are before the cut (black), after the
cut (blue), and rejected by the cut (red). The left plots are rejected by the cut
(red), expected signal loss due to the cut (blue), and the difference between these
two histograms (black). The black histogram in the left plots shows the rejected
background by the cut.

6.7.2 Spatial Correlated Veto Cut

As shown in Fig. [6.35] There is a hotspot in the center of the bottom of the
far target. However, the near target has no hotspot. Because, 2°2Cf has a heavier
mass than that of the Gd-LS, some fragments of 2°2Cf were drowned at the center
of the bottom of the far target. Fig. shows the sinking process of the 252Cf
fragments. To remove these backgrounds, as shown in Fig. [6.37] we decided to
remove the IBD candidates which the prompt signal of the IBD candidate is in

the region \/(X —125)% + (Y —125)% < 300 mm and - 1700 mm < Z < -1200
mm for the far detector only.

e No prompt signal in the region \/(X —125)% + (Y — 125)% < 300 mm and
- 1700 mm < Z < -1200 mm.
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Figure 6.35: Vertex distribution of prompt. Upper plots are from the near de-
tector and the lower plots are from the far detector. The left plots are vertex
distributions of Z and X? + Y2 plain. The right plots are vertex distributions of

X and Y plain. There is a hotspot in the bottom center of the far target. and The
near detector does not show a hotspot.
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Figure 6.36: 2°2Cf sinking to the bottom of the far target. Before the 252Cf con-
tamination, there was no hotspot as shown in the upper left plot. After taking
the 252Cf source run, the Backgrounds from 252Cf were in target center and up-
per side as shown in the lower left plot. Three days after the source run day, the
252(f events sank as shown in the upper right plot. Lastly, the 2°2Cf events were
gathered at the center of the bottom of the target, as shown in the lower right
plot.
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Figure 6.37: Criteria of hot spot removal cut and cut rejected spectrum. The left
image is the (X — 125)? + (Y — 125)? distribution of the prompt in the condition
-1700 mm < Z < -1200 mm. The middle plot is the Z distribution of the prompt
in the condition \/(X —125)% + (Y — 125)* < 300 mm. The right image is the
spectra of cut rejected (red), the expected signal loss (blue) and the rejected
background (black). The right plot shows the rejected backgrounds by the hotspot
removal cut are 8 MeV with a gaussian component.

117



6.7.3 Time and Spatial Correlated Veto Cut

Since 252Cf emits multiple neutron and other particles, the backgrounds due to
252Cf contamination have many temporally and spatially correlated prompt-like
triggers near the prompt. Fig. [6.38|shows the time and spatial correlation between
the prompt and prompt-like triggers. However, the prompt-like trigger rate is
too high to be able to use an entire energy range. Fig. [6.39| shows the prompt-
like trigger consists of mainly low energy events. For the efficiency, prompt-like
triggers less than 3 MeV are dropped out. Fig. and Fig. clearly show a
correlation of shorter than 400 mm and less than 10 sec. We decided to remove
IBD candidates with prompt-like triggers greater than 3 MeV within the time
range from -10 to 10 s and a of distance 400 mmmm; we called this cut AR-Cf
Cut.

e No prompt-like trigger greater then 3 MeV within (-10 s, 10 s) and (0, 400
mm) of prompt signal

After Prompt Signal -

4
T

ime Before Prompt (sec) Time Since Prompt (sec)

Figure 6.38: AR and AT distribution between prompt-like trigger and prompt.
The left image shows the relation of the prompt and prompt-like trigger occurring
before the prompt. The right image shows the relation of the prompt and prompt-
like trigger occurring after the prompt. There are some correlated components in
the region AR < 400 mm.
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Figure 6.39: Spectrum of the prompt-like trigger with AR < 400 mm and AT
< 10 s. The top image shows the prompt-like trigger spectrum occurring before
the prompt. The bottom image shows the prompt-like trigger spectrum occurring

after the prompt.
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Figure 6.40: AR distribution between prompt and prompt-like trigger greater
than 3 MeV with AT < 10 s.
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Figure 6.41: AT distribution between prompt and prompt-like trigger greater
than 3 MeV with AR < 400 mm.
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Events rejected by the AR-Cf cut consist of 2 kinds: low energy peaked and
around 12 MeV peaked. The low energy peaked has correlated prompt-like trigger
before prompt. On the other hand, the 12 MeV peaked is correlated with prompt-
like trigger after prompt, as shown in Fig. and Fig. For this reason,
The AR-Cf cut is divided into 2 kinds : before cut and after cut.

e AR-Cf before cut: No prompt-like trigger greater than 3 MeV within (-10
s, 0 s) and (0, 400 mm) of prompt signal

e AR-Cf after cut: No prompt-like trigger greater then 3 MeV within (0 s, 10
s) and (0, 400 mm) of prompt signal

i

o

S
T

Near Prompt

— Cut Rejected

— Expected Signal Loss
— Difference (= Bkg.)

Far Prompt

— Cut Rejected

— Expected Signal Loss
— Difference (= Bkg.)

PN
o N A
S o o

# of Event/ 0.5 MeV
(2] ©
o o
T T T T T

# of Event/ 0.5 MeV

N
o

20

" !
10 15 20 25 0
Prompt Energy (MeV) Prompt Energy (MeV)

Figure 6.42: Prompt spectra rejected by AR-Cf before cut. The left image shows
the near detector and the right shows the far detector.
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Figure 6.43: Prompt Spectra rejected by AR-Cf after cut. The left image shows
the near detector and the right shows the far detector.
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AR-Cf cut is applied to both the far and near detectors although the cut has
more efficiency for the far detector than the near detector, as shown in Fig. [6.42
and Fig. 6.43] Because backgrounds from 2°2Cf are not yet fully understood, they
must be removed as much as possible. The expected signal loss of the AR-Cf cut
is 1 ~ 2 %. It does not affect statistics of the entire data set.

6.8 Signal Loss from IBD Selection

6.8.1 Signal Loss from Time Coincidence

We require the coincidence time window for the prompt and delayed event to
be 2usec ~ 100usec. The mean lifetime of neutron capture by Gd is ~30usec;
hence, lifetimes longer than 100usec are negligible. If we increase the coincidence
time window to be more than 100usec, the increased events will be negligible
and accidental background will increase. The efficiency for this coincidence time
window is 96.20%.

There is one more inefficiency. The capture time distribution should be expo-
nentially decrease. However, Figure shows that both the Monte-Carlo simu-
lation and final data sample have a rapidly increase structure between the 2—13
usec region. The inefficiency between the 2—13 usec capture time is 13.04% for
the data and 8.81% for the Monte-Carlo simulation. The difference is 4.23%, so
we subtract this difference to the original efficiency to compensate for the dif-
ference between the data and the Monte-Carlo simulation. The final calculated
efficiency is therefore 91.07%, and signal loss from the time coincidence is 8.93%.

hisT2_cut3 hisT2_cut3 |
Entries 7888
Mean 28.88
RMS 21.77
-MC x* I ndf 0.01206 / 83
-DATA PO 0.04272 + 0.14557
p1 27.83+ 114.69
-5.346e-05 + 2.285¢-02

10(
Time [us]

Figure 6.44: Capture time distribution of final data sample and Monte-Carlo sim-
ulation. There is a rapidly increasing structure between 2—13usec and the dashed
line is the extrapolation curve of exponential fitting of the greater than 13usec
region. The difference of the extrapolation curve and capture time distribution is
considered to be the inefficiency.
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6.8.2 Signal Loss from Energy Threshold
Prompt Energy Threshold

The threshold energy of the prompt signal for the inverse beta decay event is 1.022
MeV, or ~250 photo-electrons. However in the experiment, we must consider the
energy resolution and discriminator efficiency, and so on. The efficiency of the
prompt energy cut is 100%, with no signal Loss.

Delayed Energy Threshold

The criterion for the delayed energy cut is 6 MeV—12 MeV. However, Fig.
shows that there is a long tail below 6 MeV. This portion of the event cannot
be selected to the inverse beta decay events. Considering this fractional loss, the
efficiency for the delayed energy cut is 94.14%. and the loss from the delayed
energy cut is 5.86%.

6.8.3 Signal Loss from Spatial Correlation and Removal of ~-
Rays from Radioactivity and Flashers

In the section the v-ray and flasher removal cut (Qumaz/Qiot < 0.07) does not
have any signal loss.

6.8.4 Signal Loss from Timing Veto with Muon or Trigger Infor-
mation

If the trigger is within the cut time range [0,At] relative to the prompt of the
IBD event, the IBD event is lost by the cut. Because there is no correlation
between the prompt of the IBD event and adjacent trigger, signal loss is just the
probability that at least one of the triggers is within the cut time window [0,At]
relative to the prompt of the IBD event and It can be calculated by the Poisson
probability distribution. The equation is as follows.

P(0,At) =1 — e firraBit, (6.2)

The signal loss from the timing veto cut with muon or trigger information is
calculated by equation However, there is some modification case by case in
the equation [6.2] More details are given in the Appendix.

6.8.5 Signal Loss from Cf Removal

The Cf removal cuts consist of 3 kinds : time correlated , spatial correlated and
time and spatial correlated. The time correlated Cf removal cuts also can be cal-
culated by Equation The spatial correlated Cf removal cut (hotspot removal

.-':l'\-\._i -kl- e 1_!= "‘.l .
| I - 1]
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cut) is calculated from signal loss at Set A which does not contain 22Cf contami-
nation. If the hotspot is applied to Set A, the rejected signals are not background
from 252Cf contamination, but the IBD and other backgrounds. Therefore, the
loss from the hotspot removal cut can be easily estimated. Lastly, the loss from
time and spatial correlated (AR-Cf cut) is estimated to be a spectral fit to the
rejected with IBD candidate. The fitting result is the number of IBD candidates
in the rejected. This fitting result is assumed as signal loss. More details are given
in the Appendix.

6.9 Summary

Applying IBD event selection criteria, observed IBD candidate events are 290775
(31541) at the near (far) detector from Set A and B, which have a total live time
of 458.49 (489.93) days in the near (far) detector. Below is a summary of observed
IBD candidate for Set A and Set B.

NEAR

Data Set Observed IBD Candidate DAQ live time (days)
A 261338 379.66
B 29437 78.83
A+B 290775 458.49

FAR

Data Set Observed IBD Candidate DAQ live time (days)
A 26579 384.47
B 4962 105.46
A+B 31541 489.93

Table 6.5: Event rate of the observed IBD candidates at 1.2 < E, < 8.0 MeV

The signal losses could be divided into two kinds: one is common signal losses
of the two detectors and two data set. The other one is uncommon signal losses
of the two detectors and two data sets. Common signal losses are from time
coincidence, energy cuts of the prompt and delayed signals, the spatial correlation
cut and incoming ~-ray and flasher cuts. The common signal losses are assumed
to be the same at the far and near detector with time. Uncommon signal losses are
from the other selection criteria. The differences are from the event rate varying
with time and the difference between the far and near detector environments,
such as overburdens. Below is a summary of the signal loss for Set A and Set B.
More details are given in Appendix
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Figure 6.45: Prompt and Delayed Signal Spectrum of Observed IBD candidates

detector Near Far
Data Set Set A Set B Set A Set B
Common 13.42 £+ 0.09%

Uncommon 13.62 + 0.00% 20.12 £ 0.10% 26.61 + 0.00% 33.42 £+ 0.04%

Table 6.6: Signal Loss
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Chapter 7

Background Estimation

Unfortunately, backgrounds in experimental measurements still remain after ap-
plying many selection criteria. The backgrounds can be separated by two ma-
jor properties: uncorrelated background (accidentals) and correlated background
(fast neutrons produced by muons outside the buffer and S-n decay of °Li/®He
also produced by muons, and backgrounds from 2°2Cf). Each background has
two kinds of uncertainties: shape uncertainty and magnitude uncertainty. Shape
uncertainty is uncertainty of the backgrounds shape that arises from statistics of
the background sample. Magnitude uncertainty is the uncertainty of the amount
of background that arises from the background estimation.

7.1 Accidental

A random coincidence of both a prompt-like signal and a delayed-like signal can
accidentally survive the applying of several selection cuts. An accidental back-
ground is characterized by temporally spatially uncorrelated coincidences between
prompt and delayed signals. The AT, AR (= distance between prompt and de-
layed signals), and the energy distribution of accidentals are shown Figure

The remaining amount of accidental background in the final sample is esti-
mated by a AR fitting method. The data has accidental and other backgrounds.
They are distinguished by a AR distribution, so that the accidental background
can be estimated by fitting a AR distribution over a large AR region. The x?
fitting function for estimation of the accidental background is

2
2 Z ARpp —7-ARY . (7.1)

- i \/ AR 51

125



E 70000

30000F AT >1ms E AT>1ms
25000 _5o000E-
o 1050 £ £ ] E
E £ 50000
8 20000 8 F
S & 8
= Z S40000F
g £15000F 2 E
< o F S30000-
I 510000 5, E
#® 10° LM s E £20000F
F 50001 10000F

L. L L L L L L L L L 0: L L L L L C': L L L L L

1000 2000 3000 4000 5000 6000 7000 8000 900010000 500 1000 1500 2000 2500 3000 3500 4000 4500 2 4 6 8 10 12
AT (ps) AR (mm) Prompt Energy (MeV)

Figure 7.1: Properties of accidental background. The left side plot is the time
difference between prompt and delayed signals (=AT'). There are only accidentals
in the AT > 1 ms region. The slow sloped component is accidental. The middle
plot shows the distance between prompt and delayed signals (=AR) of accidental.
The peak is around 2500 mm. It shows the difference between other backgrounds
and IBD, which has a spatial correlation between prompt and delayed signals, as
shown in Figure [6.16] The right plot shows the prompt energy spectrum of the
accidental background.

where, AR! D (Acci) 18 it" bin of IBD (Accidental) AR distribution. The fitting
parameter -y represents a normalization factor between the AR distribution of
the accidental sample and the AR distribution of the accidental background in
the IBD sample. The obtained accidental background in the final IBD sample is

Accidental(1.2 ~ 8MeV, AR < 2.5m) = - ARS&?;SMGV’ARQ'E’T”) (7.2)

The shape uncertainty of the obtained accidental background is

Shape (1.2~8MeV,AR<2.5m) 1.2~8MeV
5Acci. =7 ARAcci. ’ 5nAcci. (73)

where (5niﬁg.8M ¢V is the uncertainty of the normalized accidental spectrum. The

magnitude uncertainty obtained is 5%63"”%6 =y - ARS&?; SMeV,AR<2.5m) e

results of accidental estimation are summarized in Table [T.7

;ﬁ'! 2 1_..” .__;J!_ W
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Figure 7.2: Fitting results of accidental estimation.

Detector Data Set Rate Shape Uncert. Mag. Uncert.. Total Uncert..

Set A 0.989 0.009 0.033 0.035

Far Set B 0.919 0.015 0.061 0.063
Set A+B  0.974 0.008 0.029 0.030

Set A 7.127 0.024 0.092 0.095

Near Set B 5.769 0.046 0.179 0.185
Set A+B  6.893 0.021 0.082 0.085

Table 7.1: Estimated rate of accidental background in per day, Energy Range:
1.2 — 8 MeV.

7.2 Fast Neutron

An energetic neutron produced from a muon can travel many meters transmitting
energy to a proton by elastic scattering and finally being captured by Gd or H.
The recoil proton due to neutron scattering can be prompt, and the Gd captured
neutron can be delayed of IBD candidate. To estimate the fast neutron rate, when
extending the prompt energy criteria up to 60 MeV, the IBD candidates under
the extended prompt energy criteria have a flat high energy tail above 12 MeV
and 22 MeV (= data set B) as shown Figure
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The estimation method for fast neutrons involves extrapolating the flat fitting
result from the high energy region into the IBD energy region. The results of the

fast neutron estimation are summarized in Table
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Figure 7.3: Fitting results of the fast neutron estimation

The spectrum of a fast neutron is usually described by a flat distribution.
However, since we do not know the real spectrum of the fast neutron, we add
an uncertainty from a model (= shape uncertainty). The difference between the
fitting result of a fast neutron dominant sample with fitting model consisting of
the 0"" polynomial and 1st polynomial is treated as a shape uncertainty of fast
neutrons. The estimated fractional shape uncertainty of fast neutron is 1.25% for
the far detector and 1.20% for the near detector. More details concerning the
shape uncertainty of fast neutron are given in Appendix [C}
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Detector Data Set Rate Shape Uncert. Mag. Uncert.. Total Uncert..

Set A 0.500 0.006 0.017 0.018

Far Set B 0.425 0.005 0.034 0.034
Set A+B  0.483 0.005 0.015 0.016

Set A 2.342 0.028 0.036 0.045

Near Set B 1.991 0.024 0.085 0.088
Set A+B  2.282 0.023 0.033 0.040

Table 7.2: Estimated rate of the fast neutron background in per day, Energy
Range: 1.2 — 8 MeV.

7.3 9Li / 8He

9Li/®He are produced by interaction between cosmic muons and carbon in the
detector. These isotopes have 3 and neutron cascade decay modes. Since ?Li has
a half life time of 0.178 sec and a Q value of 13.6 MeV, and ®He has a half life time
of 0.119 sec and a Q value of 10.7 MeV, these isotopes are hard to distinguish
from the IBD process.

The spectrum of ?Li/®He is obtained from the time difference distribution
between IBD candidate events and high energy muons,as shown in Figure 77?.
there are 3 components: Mu-accidental, Li/®He and other IBD and backgrounds.
The spectrum of Li/®He through the fitting with three exponential function
models is shown in Figure More details are the Appendix
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Figure 7.4: Time difference between IBD candidate and adjacent high energy
Muon ( > 1.5 GeV).
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Figure 7.5: Spectrum of °Li/®He

The ?Li/®He background rate in the final sample is obtained by the mea-
sured rate in the background dominant region of prompt Energy > 8 MeV. Since
9Li/®He, fast neutrons and small IBD in the region greater than 8 MeV, the
amount of °Li/8He is estimated by a spectral fit. The spectral fitting function is

0i—EN ([ f\ fo )
o5 )2 ()
i:8~¥M€V VOi 9f Zz: Tfsi

where, O; is IBD candidate data. E; = o - n% ; + n§BDMC +(1L+ f+fs;)  nloy-
nra,nry and nippae represent it’s shapes. The fitting parameter o represent
the amount of °Li/®He. The IBD component is borrowed the expected flux from
MC. The fast neutron component is constrained by the magnitude uncertainty
(=f) and shape uncertainty(=fs, ).

The °Li/®He obtained in the final sample is

(7.4)

9Li/8He(1.2 ~ 8MeV) = o - ni28MeV, (7.5)
The shape uncertainty of the obtained Li/®*He is o - (5n1L‘%I_8MeV and the mag-

nitude uncertainty of the obtained ?Li/*He is 6 - nk-#8M¢V The results of the
9Li/®He estimation are summarized in Table [7.7
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Figure 7.6: Fitting results of °Li/®He estimation
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Detector Far

Data Set Set A Set B Set A+B
nt28Mev 1013.5 + 50.8
ol 0.55 +0.08 0.16 = 0.07  0.71 &+ 0.11
9Li/®He rate (per day) 1.52 4+ 0.231 1.613 £ 0.64 1.542 + 0.228
Detector Near
Data Set Set A Set B Set A+B
nt2r8MeV 1856.4 + 138.8
a! 1.66 £ 0.13  0.35+£0.05  2.01 +0.14

9Li/®He rate (per day) 8.342 + 0.861 8.470 4+ 1.405 8.364 + 0.820

Table 7.3: Estimated rate of 9Li/®He estimation in per day, Energy Range: 1.2 —
8 MeV. The estimated ?Li/®He of the far set B is mentioned in the next section.

7.4 Backgrounds due to ?*Cf Contamination

Multiple neutron events come from the 2?Cf contamination. They could easily
mimic IBD candidate pairs. Most of these backgrounds are eliminated by Cf
removal cuts so that, backgrounds from ?°2Cf are small and enough to be ignored
in the near detector. However, there still remain a few background events in
the far detector. The reconstructed backgrounds shape is shown Figure (More
details are in the Appendix .
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Figure 7.7: Spectrum of backgrounds from 2°2Cf

The estimation method is the same ?Li/®He. The fitting function for 2°2Cf

131



adds an extra term [ - an to the function for “Li/®He, so that backgrounds from
252Cf and °Li/®He are obtained at the same time. The calculation of the amount,
shape uncertainty and magnitude uncertainty is similar to that using the ?Li/®He
equations. However there is a correlation between the obtained ?Li/®He and the
backgrounds from 2°2Cf. This correlation is taken into account at the magnitude
uncertainty of °Li/®He. The obtained backgrounds from 252Cf in the final sample
are

Backgrounds from *2C'f(1.2 ~ 8MeV) = 3 - nlc;?cNSMev. (7.6)

The shape uncertainty of the obtained backgrounds from 22Cf is 3 - 5n}j§~8M eV

and the magnitude uncertainty of the obtained backgrounds from 2°2Cf is 643 -

né;?NSM ¢V The results of backgrounds from the 2°2Cf estimation are summarized
in Table [7.70

25
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— Fitting Result
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Figure 7.8: Fitting results of backgrounds from the 252Cf and °Li/®He estimation
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Detector Far

Data Set Set B
ni28MeV 1013.5 + 50.8
oY 0.16 & 0.07
9Li/®He rate (per day) 1.61 + 0.64
Correlation Coefficient p,g -0.47
gV 523.2 + 91.2
B 0.14 + 0.01
252Cf rate (per day) 0.67 + 0.14

Table 7.4: The result of %Li/®He and 2°2Cf estimation of far data set
B, The correlation coefficient between « and [ is -0.47. The correla-
tion is taken into account in the magnitude uncertainty of °Li/®He (=

\/(M ) nb%ngeV)? + 2 pag - Oa - nLLEMeV 55 nlc;?CNSMeV

7.5 Summary

The results of the background estimation are summarized in the following tables.

7.5.1 Summary for Data Set A

Background Far Set A
Rate Shape Uncert. Mag. Uncert. Total Uncert.
Accidental ~ 0.989 0.009 0.033 0.035
Fast Neutron 0.500 0.006 0.017 0.018
Li/He 1.522 0.072 0.213 0.231
Total 3.011 0.073 0.216 0.234
Background Near Set A
Rate  Shape Uncert. Mag. Uncert. Total Uncert.
Accidental 7.127 0.024 0.092 0.095
Fast Neutron 2.342 0.028 0.036 0.045
Li/He 8.342 0.607 0.610 0.861
Total 17.811 0.608 0.618 0.867

Table 7.5: Summary of estimated background rate in per day for set A. Unit: per
day, Energy Range : 1.2 — 8 MeV.
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7.5.2 Summary for Data Set B

Background Far Set B
Rate Shape Uncert. Mag. Uncert. Total Uncert.
Accidental ~ 0.919 0.015 0.061 0.063
Fast Neutron 0.425 0.005 0.034 0.034
Li/He 1.613 0.079 0.634 0.639
Cf 0.671 0.117 0.072 0.137
Total 3.628 0.142 0.642 0.658
Background Near Set B
Rate  Shape Uncert. Mag. Uncert. Total Uncert.
Accidental 5.769 0.046 0.179 0.185
Fast Neutron 1.991 0.024 0.085 0.088
Li/He 8.470 0.617 1.263 1.405
Total 16.230 0.619 1.278 1.420

Table 7.6: Summary of estimated background rate in per day for set B. Unit: per
day, Energy Range : 1.2 — 8 MeV.

7.5.3 Summary for Data Set A+B

Background Far Set A+B
Rate Shape Uncert. Mag. Uncert. Total Uncert.
Accidental  0.974 0.008 0.029 0.030
Fast Neutron 0.483 0.005 0.015 0.016
Li/He 1.542 0.074 0.216 0.228
Cf 0.144 0.030 0.025 0.015
Total 3.144 0.079 0.219 0.232
Background Near Set A+B
Rate  Shape Uncert. Mag. Uncert. Total Uncert.
Accidental 6.893 0.021 0.082 0.085
Fast Neutron 2.282 0.023 0.033 0.040
Li/He 8.364 0.609 0.550 0.820
Total 17.539 0.610 0.557 0.826

Table 7.7: Summary of estimated background rate in per day for set A+B. Unit:
per day, Energy Range : 1.2 — 8 MeV.
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Chapter 8

Systematic Uncertainty

8.1 Detector Efficiency

The signal losses are an inevitable part of signal selections. Additionally, detec-
tion efficiency is not a 100%, because RENO detectors are not perfect detectors.
Detector efficiency consist of these signal lost from signal selections and detection
efficiency. In this section, Detector efficiency is mentioned before the comment
about systematic uncertainties.

8.1.1 Efficiency from IBD selection

The Efficiency from IBD selection is calculated with the following equation.
Efficiency from IBD selection = 1 — Signal loss from IBD selection (8.1)

where, the signal loss from IBD selection was summarized in section

The efficiency from IBD selections can be sorted into two groups, common and
uncommon between the far and near detectors. The common efficiencies between
the far and near detectors are listed below.

e Efficiency from time coincidence

e Efficiency from prompt Energy cut

e Efficiency from delayed Energy cut

e Efficiency from spatial correlation cut

e Efficiency from External y-ray and Flasher cut

Uncommon efficiencies are listed below.
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e Efficiency from muon veto cut
e Efficiency from timing veto cut
e Efficiency from Cf removal cut

The common efficiencies are treated as component of the detection efficiency, and
the efficiencies are treated independently for each detector and data set.

8.1.2 Detection efficiency

The many causes of detection efficiency are calculated individually in the Monte-
Carlo simulation. Descriptions of the each causes are described below.

Trigger Condition

The DAQ device for RENO experiment is the QBEE board. It requires 400 ns
for charging time and 560 ns for dead time. These properties of the QBEE board
affects Detection efficiency. The buffer trigger condition, which is more than 90
hit within 50-ns time window, is also taken into account. The detection efficiency
obtained from the trigger condition is 98.8% from the Monte-Carlo simulation.

Gd Neutron Capture

A Neutron can be captured by either H and Gd. So that the delayed signal of
the IBD process has a 2.2 MeV peak due to H capture and a 8 MeV peak due to
Gd capture. IBD Candidates of H capture were abandoned for the purity of the
IBD sample. because, the delayed signal of H capture is hard to distinguish from
the background. The fraction of neutron captures on H is evaluated to be 14.4%
and that from Gad is 85.6%. Figure shows the energy spectra of the neutron
captured by H and Gd.

Spill in

A neutron captured by Gd, not H, is selected as a delayed signal of an IBD event.
The Gd is located only at the target region of the detector, so that the events
where a neutron was captured by Gd occurred at the target region, only. however,
a neutron produced in the target could travel to the outside of target, and be cap-
tured by H only. The detection efficiency decrease due to this phenomena that is
named spill-out. In the opposite case, a neutron produced in the ~y-catcher region
could move to the target and be captured either H or Gd. When this neutron is
captured by Gd, the number of observed IBD candidates is increased and affects
the detection efficiency. This phenomena is named spill-in. The spill-out events
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Figure 8.1: Neutron capture by H and Gd. 2.2 MeV peak is H capture and discards
this fraction of the event.

are only H captured. and the spill-in events are either H and Gd captured. So
that the detection efficiency due to spill-out is unequal to the detection efficiency
due to spill-in. From the Monte-Carlo simulation, the excess amount of spill-in is
3.1 %.

Summary of Detection Efficiency

So far, the detection efficiencies of each part are calculated based on the Monte-
Carlo simulation and statistics, and are summarized in Table Table These
detection efficiencies are common in the near and far detectors and the combined
common detection efficiency is 75.5+1.4%.

Trigger condition 98.8%
Prompt energy 100.0%
External v-ray and flasher cut 100.0%
Spatial Correlation 100.0%
Gd neutron capture 85.6+0.7%
Delayed energy > 6 MeV 94.1+0.5%
100usec coincidence 92.04+0.5%
Spill in 103.1%
Detection efficiency 75.5+1.4%

Table 8.1: Detector efficiency of inverse beta decay events. The calculation is
based on the RENO Monte-Carlo simulation.

] &- ‘_h ok 7
s I =
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The final detector efficiency is combined with uncommon efficiency from the
IBD selection and summarized in following table.

Far Near
Set A Set B Set A Set B

Detection Efficiency 755 +14 755£14|755+£14 T55+14
Efficiency from Selection | 86.4 + 0.0 79.9 + 0.2 | 73.4 + 0.0 66.6 = 0.04

Total Detection Efficiency | 65.2 £ 1.2 60.3 £ 1.1 | 55.4 £ 1.0 50.3 £ 0.9

Table 8.2: Total efficiency of inverse beta decay events. unit: %

8.2 Detector Related Uncertainty

8.2.1 Common Systematic Uncertainties Related with Detector
IBD cross section

The inverse beta decay cross-section is calculated from the theory. Hence, the
uncertainty from the IBD cross-section can be also from the theory, and have
no dependence with detectors. Consequently, the uncertainty of the IBD cross-
section is only the correlated uncertainty. The value of correlated uncertainty is
taken from reference [42], and the value is 0.2%.

Target Protons

The free proton number of the target is 1.189x103C. This value is determined
from the measured density of the LAB(=0.85 gL.) and target volume measurement
with 0.5% correlated uncertainty. The uncorrelated uncertainty of the free proton
number is due to the difference of the liquid filled target and the target volume.
To reduce the uncertainty from the liquid filled target, 2000 L of the liquid, which
is a Gd-Loaded liquid scintillator was produced divided into two 1000 L tanks
and filled the targets of the near and far detectors. The measured target volume
of the far and near detectors are differ by less than 0.1%, and the uncertainty
from the liquid is minimized. From this, we set the uncorrelated uncertainty of
free proton number at 0.1%.

Gd capture ratio

The Gd capture ratio depends on the Gd concentration of the Gd-LS. As men-
tioned in the previous section, the target volume difference between far and near
detector is less than 0.1%, so that the difference in Gd concentration between the
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far and near detector can be also below the 0.1% level. To derive the systematic
uncertainty from the Gd capture ratio, Monte-Carlo simulations were performed
with various Gd concentrations. A 0.4% difference in the Gd capture ratio came
from a 1% change of Gd concentration according to Monte-Carlo simulations.
Since a 0.1% change of in the Gd concentration causes a 0.04% change of Gd
capture ratio. We concluded that the uncorrelated uncertainty of Gd capture
ratio is 0.1%. and the correlated uncertainty is 0.7% from the neutron capture
cross-section.

Delayed Energy Cut

The energy scale affects the observed number of IBD pairs, because it changes
the delayed energy cut range in p.e. units. and leads to a systematic error coming
from the delayed energy cut. To obtain the uncertainty from the delayed energy
selection range, Monte-Carlo simulations are performed within 2% changes of the
lower threshold of the delayed energy range. The results of this simulation are
summarized in Table normalized by the number of events when the lower
threshold is 6 MeV. As a result, the uncertainty coming from delayed energy cut
is below 0.5% (0.05%) when energy selection range is changed by 2% (0.2%).

Energy cut change Ecut(MeV) Event(%)

-2.0% 5.880 100.41
-0.2% 5.988 100.05
0% 6.0 100
+0.2% 6.012 99.95
+2.0% 6.120 99.54

Table 8.3: The change of event with respect to the energy scale difference.

The uncertainty in the energy scale can be calculated from the energy scale
difference of the peak value difference of several radioactive isotopes measured
between the near and far detectors. The calculated energy scale difference is
at ~0.15% level, so it gives less than ~0.05% of uncorrelated uncertainty. We
determined that the uncorrelated uncertainty from the delayed energy cut is 0.1%,
and the correlated uncertainty from the energy scale is below 2%. Therefore, we
determined that the correlated uncertainty from delayed energy cut is 0.5%.

Spill in

The neutrons produced outside of the target must penetrate the acrylic vessel
to be spill-in events. So that the target acrylic thickness of the target affects the
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number of spill-in event, and could be a source of uncertainty of spill-in events.
The thickness of the acrylic vessel of the target is 25mm. The uncertainty of the
target volume is less than 0.1%. Consequently, the uncertainty in the thickness
should be below 1mm. To obtain the uncertainty from spill-in, Monte-Carlo sim-
ulations were performed with 1mm changes of acrylic thickness. The result from
the Monte-calro shows 0.03% changes of spill-in due to a Imm change of the
acrylic thickness. Therefore, we determined that the uncorrelated uncertainty of
spill in is 0.3%.

The Others

The systematic uncertainties from others causes are less than 0.01%. The common
systematic uncertainties related to the detectors are summarized in Table[8.4l The
overall common uncorrelated systematic uncertainty is 0.2%.

Detector related Uncorrelated Correlated
IBD cross section - 0.2%
Target protons 0.1% 0.5%
Prompt energy cut 0.01% 0.1%
Flasher cut 0.01% 0.1%
Gd capture ratio 0.1% 0.7%
Delayed energy cut 0.1% 0.5%
Time coincidence cut 0.01% 0.5%
Spill-in 0.03% 1.0%
Combined 0.2% 1.5%

Table 8.4: Common Detector related systematic uncertainties.

8.2.2 Uncommon Systematic uncertainties from IBD Selection

The uncommon efficiencies of each detectors and each data sets are different,
since these efficiencies came from the difference of signal loss due to the IBD
selection. These efficiencies need to be separate from the detection efficiency. The
uncertainties of uncommon efficiencies from the IBD selection are given in the
Appendix [Bl Summary of these efficiency uncertainties is shown following table.
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Criteria

Far

Efficiency Uncertainty

Near

Efficiency Uncertainty

Muon Veto Cut 88.80 0.00 78.36 0.00
Timming Veto Cut 97.28 0.00 6.33 0.00
Combined 86.38 0.00 73.39 0.00

Table 8.5: Uncommon Efficiencies from IBD Selection for data set A(%)

Criteria

Far

Efficiency Uncertainty

Near

Efficiency Uncertainty

Muon Veto Cut 89.22 0.00 79.14 0.00
Timming Veto Cut 97.30 0.00 93.77 0.00
Cf Removal Cut 92.02 0.20 89.72 0.05
Combined 79.88 0.17 66.58 0.04

Table 8.6: Uncommon Efficiencies from IBD Selection for data set B(%)

8.3 Reactor Related Uncertainty

The systematic uncertainties related with the reactor is came from various sources.
Expected reactor neutrino flux depends on the fission fraction of four major iso-
topes, the mean energy released per fission, the thermal power of the reactor
and the cross section of fission reaction. The main sources of reactor related un-
certainty are the thermal power of the reactor and the fission fraction of four
isotopes. The thermal power of the reactor is the measured in an indirect way.
at the secondary steam generator of reactor with a 0.5% uncertainty provided
from reference [63]. The uncertainty from the fission fraction of the four isotopes
is calculated from pseudo experiment. The routine of the pseudo experiment and
its results are mentioned in section The flux change due to the uncertainty
of fission fraction is 0.5% from the pseudo experiment. The maximum difference
with the varying fission fraction is 0.6%. Therefore we determined the systematic
uncertainty from the fission fraction to be 0.7%.

The systematic uncertainties related with the reactor are not from the dif-
ference between the far and near detectors. Even though their origin is from
the reactor only, the systematic uncertainties related with the reactor are not
from canceled out by comparing the far and near detectors, because the flux
contributions of each reactor are different at the far and near detectors due to
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the difference in baseline, as summarized in Table ?7. Further details of these
uncertainties are in section [3.9]

Reactor related Uncorrelated Correlated
Thermal Power 0.5% -
Fission fraction 0.7% -
Fission reaction cross section - 1.9%
Reference energy spectra - 0.5%
Energy per fission - 0.2%
Combined 0.9% 2.0%

Table 8.7: Reactor related systematic uncertainties.

8.4 Energy Scale Uncertainty

The energy scale uncertainty is estimated from the energy scale difference between
the far and near detectors. The energy scale difference is obtained from spectral
comparison of the calibration sources, as shown in Figure All energy scale
difference points of source data are under 0.15%. We attached 0.15% for the
energy scale uncertainty.
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Figure 8.2: Energy scale difference. The red line is 0.15% line, which is treated
as the energy scale uncertainty.

The energy scale is assumed to be linear in the energy value, i.e. E(e) =
Eop(1 + €), and therefore the expected energy distribution with the energy scale
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offset ¢ can be written as

oT?
T + ) ~ T8 + @ i 8.2
P+ e") =T + ¢ 9t ) 4y (8.2)

following the prescription given in Ref. [68]. The differential is not easy to obtain
from the histograms of the expected energy distribution due to limited statistics.
Instead, a function is used to fit Tid distribution and the differential is obtained

from it. The energy distribution from each reactor-detector pair is fitted with the
following function

6
f(E) = exp (ZpiE(i‘“?’)) : (8.3)
=0

The fit is performed from E = 1.0 to 8 MeV as shown in Fig. [8.3
The differential is approximated by the finite difference as

o1 | J(E(L+e?) — f(E(1 —€h)

Oed 2 ¢d ’ (8.4)

where
Jf(E)dE
J f(E(1+e?))dE

and € = 0.0015. The fit to an MC positron energy spectrum and its differential
with respect to € are shown in Fig. B3]

fe(BE(xeh) = f(E(L£ ) (8.5)
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Figure 8.3: The positron energy spectrum is fitted with the function in Eq.
(left). The differential 9T'/0e of the positron energy spectrum constructed with
the fit function (right).
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8.5 Background Uncertainty

The uncertainties in the background were described in Chapter [7] The uncer-
tainties in the background consist of 2 kinds: shape uncertainty and magnitude
uncertainty. These are summarized Table [7.7 The uncertainties of backgrounds
are the dominant component for the systematic errors of 13 and |Am2,.|. The
background uncertainty inputs for measuring 613 and |Am?,| are summarized in
the following plots. The Backgrounds from 22 consist of many components, each
estimated independently, so that the shape uncertainties of the backgrounds from
252(Cf need to be considered for each component. For simplicity, The shape uncer-
tainties of the backgrounds from 2°2Cf are divided into 2 components: a 1 MeV-b
component that has the largest shape uncertainty and a combined shape uncer-

tainty of other components. More details for shape uncertainties of Backgrounds
from 252Cf are Appendix
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Figure 8.4: Magnitude uncertainties of the backgrounds
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Chapter 9

Measurement Results of 63
and |Am?.|

Now we have all inputs to determine #;3 and ‘Amge‘. In Chapter 2, the expected
neutrino flux and spectrum is calculated and in the Chapter 5 and Chapter 8, the
detector effects and efficiencies are applied in the expected flux and spectrum. The
observed are prepared with IBD selection developed in Chapter 6 and background
estimation in Chapter 7. To measure 613 and |Am2,|, x? fitting methods with
pull terms are used [68]. The y? fitting methods are of three 3 kinds: the first
one is Rate-Only, which uses the number of events information only, the second
one is Rate + Shape, which uses magnitude and spectra, and the last one uses
spectral information only.

9.1 Observed IBD Candidate and Backgrounds

Physics data was acquired with the far and near detectors from August 2011.
During the calibration source data taking, 22 Cf contamination occurred on Oc-
tober 2012. Therefore, the data set is divided into two groups: set A (before 222Cf
contamination) and set B (after 2°2Cf contamination). IBD candidate events are
obtained by applying the IBD selection criteria in data sets A and B. The IBD
candidates obtained from data sets A and B are 31541 events for a 489.93-day
dataset in the far detector and 290775 events for a 458.49-day dataset in the
near detector with a prompt energy range (1.2—8 MeV). IBD candidate events
obtained include both the signals and small amounts of backgrounds. The back-
grounds in the final IBD candidate sample are either uncorrelated or correlated
IBD candidates. An accidental background has no correlation between prompt
and delayed signals so that accidentals could be estimated by comparing the
distribution of distance between prompt and delayed signals(=AR). Correlated
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backgrounds are fast neutrons from out side the detector and muon followers,
9Li/®He induced from cosmic muons and 2°2Cf contamination. All of these cor-
relation backgrounds are estimated by comparing the energy spectrum between
backgrounds and IBD candidates at a greater than 8 MeV region. The total
background fraction is 4.9 + 0.3% in the far detector and 2.8 + 0.1% in the
near detector for data sets A and B. IBD candidate events less than 1.2 MeV
are abandoned for this analysis because they include a prompt signal that has an
observed energy of 1.02 MeV. These 1.02 MeV events are occurring in the acrylic
vessel. Consequently, the event loses most of its kinetic energy in the acrylic ves-
sel, not the liquid scintillator. The IBD candidate events and backgrounds are

summarized in the following table and figures.
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Figure 9.1: Prompt energy spectra of observed IBD candidates and backgrounds

148

5 ) 8t

o



16000
14000

312000|

2
iy
o
S
IS}
S

# of IBD pair/ 0.2 M

31400
=
«~1200)
=}
<1000
g
g 800
— 600
(=}

#*

8000

6000

4000

2000

Near : Data set A

=]

3 4 5 6 7
Prompt Energy (MeV)

1800
1600

400
200

Near : Data set B

=

3 4 5 6 7
Prompt Energy (MeV)

Near : Data set A+B

=

Prompt Energy (MeV)

1600
1400

21200

# of IBD pair/ 0.2 M
B (=2} o] S
o o o o
o o o o
T T T T T T T T

n
o
S

Far : Data set A

=

3 4 5 6 7
Prompt Energy (MeV)

300

25

=]

20

S

15

10

# of IBD pair / 0.2 MeV
o

5

]

o
T T[T T T[T

Far : Data set B

=

3 4 5 6 7 8
Prompt Energy (MeV)

ir
P
1)
S]
S
RRRRRE RN R ERRRRRRRRNRRRERRRRRRRERY
[RRRR R R R A

=

Far : Data set A+B

149

Prompt Energy (MeV)

Figure 9.2: Prompt energy spectra of background subtracted IBD candidates

T



Data Set A : before ?°2Cf contamination
Detector Near Far
Number of selected events 261338 26579
Total Background Rate (per day) 17.81 £ 0.87  3.01 £ 0.23
IBD rate after background subtraction 670.53 £ 1.60 66.12 4+ 0.48

DAQ live time (days) 379.66 384.47
Accidental rate 7.13 &£ 0.09 0.99 + 0.03
9Li/®He rate 8.34 +0.86  1.52 £ 0.23
Fast neutron rate 2.34 £ 0.05 0.50 + 0.02
Data Set B : after 2°?Cf contamination
Detector Near Far
Number of selected events 29437 4962

Total Background Rate (per day) 16.23 £ 1.47  3.63 £+ 0.62
IBD rate after background subtraction 357.22 4+ 2.60 43.43 £+ 0.91

DAQ live time (days) 78.83 105.46
Accidental rate 5.77 &£ 0.19 0.92 + 0.06
9Li/®He rate 847 £ 1.41  1.61 & 0.64
Fast neutron rate 1.99 + 0.09 0.43 4+ 0.03
252Cf contamination rate - 0.67 £ 0.14

Data Set A + Set B
Detector Near Far
Number of selected events 290775 31541

Total Background Rate (per day) 1754 + 0.83 3.14 + 0.23
IBD rate after background subtraction 616.67 + 1.44 61.24 £+ 0.42

DAQ live time (days) 458.49 489.93
Accidental rate 6.89 + 0.09 0.97 £ 0.03
9Li/®He rate 8.36 + 0.82  1.54 & 0.23
Fast neutron rate 2.28 £ 0.04 0.48 4+ 0.02
252(Cf contamination rate - 0.14 + 0.03

Table 9.1: Event rate of the observed IBD candidates and the estimated back-
ground at 1.2 < E, < 8.0 MeV. Rates are given in per day.
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9.2 Expected Neutrino Oscillation Templates

9.2.1 Expected IBD Prompt Spectrum
The expected prompt spectrum of IBD in the detector d could be calculated by
Equation and shown Figure

6
Z Psurv (EI/7 Ld,m 613) |Am§e|) : S;lﬂ’ (Ep)

r=1

N& (Ep) =€t

exp

(9.1)

where, €? is detection efficiency of detector d, which is summarized in Table
Poyro (Ey, Lg,, 613, \Amze\) is the antineutrino survival probability with neutrino
energy F,, distance between detector d and reactor r (=Lg,), 613 and |Am2,

Sg " (Ep) is the expected prompt events of detector d with visible energy E,, from
the reactor r, which can be expressed by the following equation,

SeT (B, N‘“-(ZI st ) (9.2)

1=180
where, N =3
detector d from the reactor r that was summarized in Table I; = N¢ i/ Diziso N¢ z)

is the interaction fraction of the i*? isotope which is summarized in Table and
In addition, s;(Ep) is the normalized prompt energy spectrum from the i
isotope’s neutrino with prompt energy £,. The relation between the prompt en-
ergy of IBD and the neutrino energy is following equation.

Ny, d ; s the expected number of interacting neutrinos in the

E, ~ E.+ +1.022 MeV ( pair anihillation energy)

9.3
~ Ey — (mn —myp) + 0.511 MeV ~ Ej — 0.8 MeV (9:3)
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Figure 9.3: Expected prompt spectra of IBD. The left side is the normalized
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Figure 9.4: Observed and expected daily-average rate of reactor neutrino. The
red (black) line shows the expected reactor neutrino rate for no oscillation (the
best fit oscillation).

Figure [9.4] shows the daily rate of expected IBD event and background sub-
tracted IBD candidate. We can easily find the strong correlation between the
observed and expected reactor neutrino fluxes. It could be a new telemeter for
reactor thermal power.

9.2.2 5 MeV Excess

Figure shows the difference between the observed background subtracted IBD
(Figure and the prediction (Figure normalized by spectral fitting exclud-
ing the 3.5 < E, < 6.6 MeV region. The observed background subtracted IBD is
greater than the prediction at 5 MeV that constitutes 3 % of the total observed
IBD rate in the both the detectors.

When the excess was found at first, we could not assure that it was from
reactor neutrino events. The excess could be from miscalibration of energy |,
background. However, all these studies of these excess events confirmed that the
excess is not background or due to the miscalibration of energy. The excess is
proportional to the reactor power as shown in Figure which means that the
excess is from a reactor neutrino. So that the current reactor neutrino model [60),
61] is in need of reevaluation and modification. Because of the excess, the 63
and |Am?..| are determined from comparison of the far-to-near ratio between
observed and expected events.
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9.2.3 Oscillation Templates

To measure 613 and |Am?..|, Expected IBD templates are prepared with various
oscillation parameters, as shown in Figure Each template that is shown as a
point in the Figure |9.7| represents the expected oscillated prompt spectra at the
far and near detectors. The measured 013 and |Am?..| are points in the template
sets, which have minimum y? values calculated between the events observed and
the expected templates. There are a total of 6331 expected templates in the region
bounded by 0.004 < #13 < 0.19 and 0.0003 < |[Am?..| < 0.0043 eV2.

Il
012
sin’28

13

Figure 9.7: Oscillation parameters set for the expected templates, The expected
neutrino oscillation templates are prepared with oscillation parameters from these

points.
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9.3 Systematic Uncertainties

As described in the chapter [8] the systematics uncertainties are came from de-
tector, reactor, energy scale, and backgrounds and affects the measurement of
013 and |Am26e|. In this section, the systematics uncertainties are summarized
by these four categories. The correlated systematic uncertainties are omitted in
this section. because the correlated systematic uncertainties are canceled out in
the ratio analysis.

9.3.1 Uncertainties of Detection Efficiency

The uncertainties of detection efficiency are came from detector and signal se-
lections as shown Table and Table These are divided into 2 categories:
common uncertainties to the detector and data set, and those uncommon. The
total common uncertainties are 0.2% with respect to the IBD signal. The total
uncommon uncertainties derive mostly from Cf removal cuts, and are applied
only to data set B and neglected on data set A.

detector Near Far
Data Set Set A Set B Set A Set B
Common 0.20%

Uncommon 0.00% 0.17% 0.00% 0.04 %

Table 9.2: Uncertainties of detection efficiency

9.3.2 Reactor Related Uncertainties

The reactor related uncertainties are came from the reactor thermal power and
fission fraction of fuels, as shown Table The uncertainty from the reactor is
0.5% with respect to the IBD signal, and the uncertainty from the fission fraction
is 0.7%. The combined uncertainty is 0.9% (=v/0.52 4+ 0.72).

9.3.3 Energy Scale Uncertainties

The energy scale uncertainties are estimated by the difference between far and
near source data distributions,as shown in Figure and are attached 0.15%.
This uncertainty was calculated assuming half of the difference between the 0.15%
left and right shifted templates, as shown in Figure [8.3
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9.3.4 Background Uncertainties

The background uncertainties are the main systematic error of #13 and |Am?2.|.
The background uncertainties are divide into 2 categories: shape uncertainty
mostly from the statistics uncertainty of background sample and magnitude un-
certainty from the fitting error from the magnitude parameter, as shown in Fig-
ure 8.4l and [R.5l The values of the uncertainties are summarized in Table [Z.71

9.4 Rate Only Analysis

9.4.1 2 Fitting of Rate Only Analysis

The x? for the rate only analysis is based on the pull method described in Ref. [68],
which takes care of correlations between various systematics, and is written as

2

N};,P NEP
obs exp
NN,P - Nﬁ]\i,P
2= Z % +X1276nalty (9.4)
P=_SetA,SetB
where
6
NEP =S [(0+6+ &P+ £) - NEPT —bp = 8E- STy (9.5)
r=1
6
NEP = ST+ €88 1 1) - NPT vk - 85 - SNy (9.6)
r=1
FP F,P F,P N,P N,P
P _ Nob’s Nobs +kag Nobs +ka‘g 9 7)
NVP NFP 2 o 2 (9.
obs obs obs
and
= ()0 2 () o (2) s () v s (S
e (9 5, ) 2 (4) ()
pee o¢ d—FN \ & =1 \9fr Pd Uli d oLy

Here, the parameters are defined as follow.

e N4T . Number of background subtracted IBD, d = detector (far, near), P

obs

= data set (Set A, Set B)
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Né@;ﬁ : Number of expected IBD, d = detector (far, near), P = data set (Set
A, Set B)

Ng,;; : Number of total background, d = detector (far, near), P = data set
(Set A, Set B)

& : Pull parameter of detection efficiency
o¢ : Uncertainty of detection efficiency

§§€tB : Pull parameter of uncommon detection efficiency for data set B only,
d = detector (far, near).

o¢, : Uncertainty of uncommon detection efficiency for data set B only, d
= detector (far, near).

fr : Pull parameter for the reactor Thermal power and isotope fraction for
reactor (r=1~6)

oy, : Uncertainty of the neutrino flux from thermal power for reactor (r =
1~6)

vY, . Pull parameter for the accidental, fast neutron, magnitude part of
9Li/®He and 252Cf background, d = detector (far, near), P = data set (Set
A, Set B)

oy Combined uncertainty for the accidental, fast neutron, magnitude

uncertainty of ?Li/®He and 2*2Cf background, d = detector (far, near), P
= data set (Set A, Set B)

B4 : shape uncertainty of 9Li/®He shape, d = detector (far, near) ), P =
data set (Set A, Set B)

Sﬁ g : Pull parameter for the 9Li/®He background shape uncertainty, d =
detector (far, near)

O'gLH : normalized uncertainty for the °Li/®He Background, d = detector
(far, near)

The x? values are calculated separately two data sets A and B because the

IBD selection cut and its detection efficiency are different in each data set an the.
252Cf backgrounds are only obtained for data set B. Therefore, the systematic
uncertainties are different. The detection efficiency uncertainty is the relative
ambiguity between the far and near detectors. Hence, it is located only in terms
of the far expected IBD. The uncommon detection efficiencies are the independent
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ambiguities in the far and near detectors because they pertain to the statistics
of their own data. The uncommon detection efficiencies are too small at the data
set A; hence, the uncommon detection efficiencies are applied only to set B. The
values of pull parameter £ fletB have the fixed value ”0” in the data set A term. The
reactor pull parameter has only a reactor index no detector index and it commonly
located in both the numerator and denominator. That means the correlation
between far and near detectors from the reactor uncertainties is taken into account
in the x? function. Background uncertainty pull term take into account combined
all background uncertainties combined except the shape uncertainty of *Li/®He.
Since, °Li/®He is estimated with same the ?Li/®He template for both data sets
A and B, the shape uncertainty of °Li/®He is correlated between data sets A and
B. For this reason, the shape uncertainty of °Li/®He are applied separately for
data sets A and B.

9.4.2 Fit Result of Rate Only Analysis

The fitting result shows that sin? (2613) = 0.087 4 0.009(stat.) + 0.007(syst.),
where the the world average value of |[Am?2,| is used Ref. [I2]. To obtain the
statistical error, we fit to this model with all pull parameters turned off. The
systematic error is calculated from following equation once the total error is
obtained from the fit result with all pull parameters turned on.

6§yst. = 5t20tal - 5§tat. (9~9)

Since the |Am2,| is borrowed from the world average value, the systematic
error from the uncertainty of |Am?2,| needs to be considered. This systematic
error is estimated by half the difference of the values of sin? (2613) with |Am2, |+
§|Am2.|. The results are summarized in the following table.

|Am2,| = Am?2,| = Am?2,| = Systematic error
2.49 x107% eV? | 2.55 x1073 eV? | 2.43 1072 eV? from
world average [12] (+61am2,1) (=61am2,]) |Am?2, |
sin? (2613) 0.087 0.086 0.088 0.001
Table 9.3: Systematic error from |Am?2,|
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Figure 9.10: The statistics-only x? fitting result of rate-only analysis. 1-o value
contains statistic uncertainty only.

9.5 Rate + Shape Analysis

9.5.1 2 Fitting of Rate + Shape Analysis

The x? for the rate + shape analysis is also based on the pull method described
in Ref. [68], and is written as

NF,P,Z NF,P,z

Nbin W7 — NP
1 .
2 _ Nops ~ Nexp ;i 2
X = Z Z UPi +Xpenalty (910)

P=SetA,SetB i=1
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where

6 6TF,P,7‘,i
T, ex:
NEPH =D [+ 6+ €8P + £) - THPM] 4 e sB=—2—
r=1
P,F\k,i
<6Bshap6 > bP7F,k‘ (911)

shape

k= accsz \/Z 6B§zfplzl

+ Z <5BPFI“ bPFk>+5BPFz P

mag mag LH
k=acci,Fn,Cf
6
N,Pyi SetB N, P,
Nexp ‘= Z [(1 +§Fet + f?”) Tezp rz}
r=1
(5B
pe P,N,k
bshape (912)

k= acczC’f \/Z 5B§LCJ:;§7,)

Y (OBRNERNE) 4+ oBIY b

mag mag
k=acci,F'n,Cf

NF,P,i NF,PZ NF Py NN,PZ NN Pyi

Pi _ obs obs bkg obs bkg
NP NF’PJ NN’P” (9.13)
obs obs obs
and,
2 SetB\ 2 6 2 2
2 f gd f'r €
e () () ()
penalty O¢ dZZF,N 0¢, ; O f, Ocal
14
bRk 2 pP 2 Gd \? (9.14)
shape mag. LH
o3 () e (S5 o3 ()
Pdk bshape P7d7k bmag. d LH

Here, the parameters are defined as follow.

e NP Number of background subtracted IBD, d = detector (far, near), P

obs

= data set (Set A, Set B) in the i"* energy bin.

° Ngg’i : Number of total background, d = detector (far, near), P = data set
(Set A, Set B) in the i*" energy bin.
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Né@éﬁ’i : Number of expected IBD, d = detector (far, near), P = data set
(Set A, Set B) in the i*" energy bin.

nggg’i’r : Number of expected IBD template, d = detector (far, near), P =
data set (Set A, Set B), r = Reactor (1~6) in the i** energy bin.

¢ : Pull parameter of detection efficiency

o¢ @ uncertainty of detection efficiency

§§etB : Pull parameter of uncommon detection efficiency for data set B only,

d = detector (far, near)
o¢, : Uncertainty of uncommon detection efficiency.

fr : Pull parameter for the reactor thermal power and isotope fraction for
reactor (r =1~ 6)

oy, : Uncertainty of the neutrino flux from thermal power and isotope frac-
tion for reactor (r=1~6)

€ : Pull parameter for the energy scale uncertainty

F,P,r,i
0F 8T"’5g : Uncertainty of energy scale in data set P in far detector in

reactor r in the i*" energy bin.

0cql - Normalized uncertainty of the energy scale uncertainty

P,d,k
bshape

P in detector d in k*"* Background.

: Pull parameter for the shape uncertainty of background in data set

P,F\k,i
5Bshape

d in k™ background in the i*" energy bin.

: Shape uncertainty for the Background in data set P in detector

o,pakr : Normalized shape uncertainty for the background in data set P in

shape

detector d in k** background.

bf{g’g@ : Pull parameter for the magnitude uncertainty of background uncer-

tainty in data set P in detector d in k** background.

5B£’fg’{€’i : Magnitude uncertainty for the Background in data set P in de-

tector d in k' background in the i** energy bin.

o,p.ak : Normalized magnitude uncertainty for the background in data set

mag.

P in detector d in k** background.
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e b, : Pull parameter for the °Li/®He background shape, d = detector (far,
near)

. 5Bfﬁ’i : 9Li/8He shape uncertainty , d = detector (far, near) ), P = data
set (Set A, Set B) in the i*" energy bin.

e 0! . Normalized shape uncertainty for the ?Li/®He background, d = de-
bru

tector (far, near)

The differences from the rate only x? function originate from calculating the
energy bin by bin, taking into account that the energy scale difference and the
uncertainties of background are separate shape and magnitude uncertainties. The
uncertainties attached to the i** energy bin index are different from each other.
To consider this property, the pull term of these uncertainties is normalized and
paired with its uncertainty value at the i*” energy bin and normalized constraining
term o.

9.5.2 Fit Result of Rate 4+ Shape Analysis

The fitting results obtained from the rate + shape analysis are sin? (26,3) =
0.08240.009(stat.)+0.006(syst.) and |Am2,| = 2.62702%(stat.) T512(syst.) x 10~
eV? with x2/NDF = 58.9/66..

| § o ST L L 1 H H
0.05 0.06 0.07 0.08 gOQ 01 011 012 0.u 0.0015 0.002 0.02025 0.003 0_‘05 0.1
sin’(28,,) B mz| Sin20,,

Figure 9.11: The resulting plots of rate and shape analysis with all pull term
turned on. The left plot shows minimum x? values at the sin? (2613) value on the
X-axis. The middle plot shows minimum x? values at the |Am2,| value on the
Y-axis. The right plot shows a contour plot with the allowed regions for 1-, 2-,
and 3-0. The o contains the total error.
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Figure 9.12: The result plots of rate and shape analysis with all terms turned off.
The left plot shows minimum y? values at the sin? (2613) value on the X-axis.
The middle plot shows minimum x? values at the |Am?2,| value on the Y-axis.
The right plot shows a contour plot with the allowed regions for 1-, 2-, and 3-o.
The o contains the statistical error only.

9.6 Shape Only Analysis

9.6.1 2 Fitting of Shape Only Analysis

The x? for the shape only analysis is also based on the pull method described in
Ref. [68], and is written as

F,P,i P NP 2
) Noin | %P — (1+« )N;;fgi ,
J— b exrp
o=y SIEMTC oy 019

P=SetA,SetB i=1

The differences from rate + shape x? function are (1 + af’) in the front of the
expected term. This (1 + o) term affect the magnitude information are aban-

doned.

9.6.2 Fit Result of Shape Only Analysis

The fitting results obtained from the shape only analysis are sin? (2013) = 0.066) 52 (total)

and |[Am?2,| = 2.6270% (total) x 1073 eV? with x2/NDF = 58.8/67.
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Figure 9.13: The contour plot of shape only analysis with turning on all pull
terms with allowed region of 1-, 2-, and 3-o.

9.7 Summary and Comparison of Experimental Re-
sults

9.7.1 Results Summary

RENO has observed energy dependent disappearance of reactor antineutrino by
comparing 500 days of data from two identical detectors. The obtained sin? (263)
and |Am2,| are summarized in the Table and Figures and
Figure shows 68.3 %, 95.5 % and 99.7 % confidence region for the neutrino
oscillation parameter sin? (2613) and |Am2,|. Figure shows the observed IBD
prompt spectrum in the far detector compared to the expected spectrum for
oscillation at the far detector. The expected spectra are obtained by weighting the
spectrum at the near detector with the best-fit oscillation and the no-oscillation
models. Figure [9.16| shows the measured survival probability of reactor neutrino
as a function of an effective baseline L.y over neutrino energy E,, in a good
agreement with the prediction that is obtained from the observed distribution in
the near detector. The new results are reported in Ref. [69].

sin® (2013) ]Amzel (X1073€V2>
mean + (stat.) + (sys.) £ (tot.) mean + (stat.) £ (sys.) £ (tot.)

Rate Only ~ 0.087 = 0.009 % 0.007 £ 0.011 -
Rate + Shape  0.082 £ 0.009 £ 0.006 + 0.010 2.62 1055 1012 1028
Shape Only 0.066 70012 (total) 2.62 0%

Table 9.4: Measured sin® (2613) and |Am

el
ee

164



Rate Only
sin2 (2913)

Rate + Shape

sin2 (2013)

|Am2,| (x10~3eV?)

Reactor + 0.0028 | 4 0.0026 - 0.0028 + 0.018 - 0.018
Detection efficiency | + 0.0029 | + 0.0028 - 0.0029 + 0.020 - 0.022
Energy Scale - -+ 0.0026 - 0.0015 + 0.081 - 0.094
Backgrounds £ 0.0054 | 4 0.0030 - 0.0028 + 0.084 - 0.106
Total £ 0.0068 | 4 0.0055 - 0.0052 + 0.115 - 0.133

Table 9.5: Systematic errors from uncertainty sources

The systematic uncertainties were studied carefully. The uncorrelated uncer-
tainty of the detection efficiency is 0.2 %. The uncorrelated uncertainty from the
reactors is 0.9 %. The energy scale uncertainty between the far and near detectors
is 0.15 %. The background uncertainties are 4.7% and 6.7% for the near and far
detectors, respectively. The systematic errors from these systematic uncertainties
are summarized in Table The dominant systematic error source is the back-
ground uncertainty. The second dominant systematic error source is the energy
scale. The background uncertainties depend on the statistics of the background
sample and data so that the systematic error from the background uncertainty

and statistical error will be reduced as data increases as a factor of the /nguia-
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Data / Prediction

¢ FarData
Prediction (best fit)
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Figure 9.15: Comparison of the observed IBD prompt spectrum in the far de-
tector with the no-oscillation prediction from the observed spectrum in the near
detector. The prediction from the best-fit results to oscillation is also shown.
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Figure 9.16: Measured reactor neutrino survival probability as a function of
Letr/Ey.

9.7.2 Comparison of Experimental Results

Comparison of our measurement with the previously obtained values of sin? (26;3)
is a useful and important check. From the first result of PRL (2012) [6] to the
current result [69] as shown in Table[9.6{and Figure the systematic error has
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been reduced by a factor of 3 and the statistical error is reduced by the amount
of data. The sin? (203) values obtained have also been reduced because the esti-
mation of backgrounds have changed and using world average value of |Am?2,| is
changed from 2.32x1073eV? (PDG 2012) [70] to 2.49 x10~3eV? (PDG2014) [12].

Data Set sin?(20;3) Stat. Error Sys. Error Tot. Error  |Am?2,|
PRL 2012 220 days 0.113 0.013 0.019 0.023 2.32
TAUP 2013 403 days 0.100 0.010 0.012 0.016 2.32
Current Result 500 days 0.087 0.009 0.007 0.011 2.49
PDG 2014 - 0.093 - - 0.008 2.49

Table 9.6: sin? (2013) Measurement in RENO.

PRL 2012
2012 | ——
: 222 days
TAUP 2013
2013 | -
i 403 days
arXiv:1512.03366
2015 -
| 500 days
01 0 01_ 02 03 04
sin“20,,

Figure 9.17: Summary of sin? (2613) Measurement in RENO. The light blue box
is sin” (2013) at PDG 2014.

The results of RENO with 500 days data [69] agree well with the results of
Daya Bay [54] and Double Chooz [71],as shown in the following tables and plots.
The results of Double Chooze has the lowest-significance results because the those
results are from data with only one detector, and Double Chooze could not cancel
out correlated uncertainties by comparing two detectors. The Daya Bay results
provide the lowest error among the three experiments.

RENO has received improvements in energy calibration, signal selection crite-
ria, and background estimation. These improvements reduce the systematic error
of the rate-only sin? (20;3) result from 0.019 in the previously published RENO
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result [6] to 0.006.

sin? (2013)  RENO ( 500 days) [69] Daya Bay [54] Double Chooz [71]

Rate Only 0.087 £ 0.011 0.085 £ 0.006

0.090 10032
Rate + shape 0.082 + 0.010 0.084 + 0.005 —0.029

Table 9.7: Comparison of the experimental result for sin? (26;3)

Am?, | (x1073eV?) RENO ( 500 days) [69] Daya Bay [54] Double Chooz
ee

Rate + shape 2.62 03¢ 2.42 + 0.11 -

Table 9.8: Comparison of the experimental result for [Am2,| (x103e¢V?)
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Chapter 10

Summary and Discussion

The RENO experiment is designed to measure the value of neutrino mixing angle
613 and oscillation frequency |Am?2,| by comparing data from the two identical
detectors located near and far from the nuclear reactors. In the first 500-day data
31541 and 290775 IBD candidate events are found at the far and near detectors,
respectively. The estimated backgrounds are 4.9% at the far detector and 2.8%
at the near detector with respect to the number of observed IBD candidates.
The background subtracted IBD spectra shows an excess around 5 MeV relative
to the prediction from the reactor spectrum model. This observation indicates
a demand for modification of current reactor 7., model and reconsideration of
the reactor anomaly. To avoid this excess problem, a method comparing spectral
ratio between observed and expected is used. The far to near spectral ratio of IBD
events shows an energy dependent disappearance of reactor 7, in comparison to
the expected far to near ratio. The result obtained using event rate information
is

sin®(2613) = 0.087 = 0.009(stat.) = 0.007(syst.) + 0.011(total), (10.1)

where, the world average value of |[Am2,| = 2.49 x 1073eV? is used [12]. The
method using event rate and shape information obtains

sin?(203) = 0.082 «+ 0.009(stat.) + 0.006(syst.) £ 0.010(total). (10.2)

This large value of 613 will raise the following round of neutrino experiments
to measure CP phase angle. and resolve the neutrino mass hierarchy problem.
The main causes of the systematics error of §sin® 263 are the uncertainties of
backgrounds, energy scale, detection efficiency and reactor v, flux as summarized
in Table Because the backgrounds are measured from the data samples, the
uncertainties of background estimation will be reduced with the increases of data.
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As shown in Fig the RENO experiment is expected to get a sin® 26,3 value
with a 7% fractional error.

With a measurements from the hydrogen captured IBD data and better un-
derstating of systematic uncertainties, the RENO experiment could obtain the
results with 5% or less than 5% fractional error. The combining of accelerator
beam results and precise sin? 2613 would be the first step of the finding CP phase
angle.

The first |Am2,| measurement of the RENO experiment is

|AmZ,| = 2.621055 (stat.) L5713 (syst.) 15 35 (total). (10.3)

The Table[10.Ishows consistent results of the current experiments and powerfully
supports the paradigm of three generations of neutrinos. The RENO experiment
is expected to determine |Am?2,| values with a precision of ~5% with 5 years of
data. It might provide a tip on the neutrino mass ordering.
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Experiment Am? Result (x1073 eV?)

RENO [69] |Am2, 2.62 +0.24 — 0.26
Daya Bay [54] |Am2,| 2.42 4+ 0.11

MINOS [53] |Am?| 2.50 4+ 0.23 — 0.25
TK [51] Am3, (normal) 2.51 4 0.10
Am?, (inverted) 2.48 4 0.10

Table 10.1: Comparison of the current Am? values

The comparison of the current estimation precision to the RENO, the Daya
bay and the expected precision to the RENO with 1500 days data are summarized
as following table and figure.

sin? (2613) RENO (500 days) [69] Expected RENO (1500 days) Daya Bay [54]
Statistical Error 0.009 0.005 -
Systematic Error 0.006 0.005 -

Total Error 0.01 0.007 0.005

Table 10.2: Comparison of the error of the experimental result for sin? (260;3)

|AmZ,| (x107%eV?) RENO (500 days) [69] Expected RENO (1500 days) Daya Bay [5

Statistical Error +0.21 - 0.23 +0.12 -0.13 -
Systematic Error +0.12 - 0.13 +0.10 - 0.12 -
Total Error +0.24 - 0.26 +0.16 - 0.18 +0.11

Table 10.3: Comparison of error of experimental result for |Am2,|

Rate Only Analysis : sin22913 Rate+Shape Analysis : sinzze13 Rate+Shape Analysis : D&m:eD
—e— RENO (500days) —e— RENO (500days) —e— RENO (500days)
—— RENO (1500days) —— RENO (1500days) —— RENO (1500days)
Double Chooz ———e——— Double Chooz
—— Daya Bay - Daya Bay e Daya Bay
0.05 0.1 0.15 0.2 0.05 01 015 0.2 2 P 5
sin’20,, sin’20,, 0Am,, 0 (x 10" eV?)

Figure 10.2: Plot for the comparison of the experimental result
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Appendix A

PMT Charge Stability

As time goes by, The response of pmt to the unit energy decrease. The main
causes of the decreasing response are degradation in attenuation length of Gd-
LS as shown Figure So that some charge correction factor is needed to
fix the decreasing energy response problem. The daily charge correction factor
for regular run data is derived from p.e. distribution of delayed signal of IBD
candidate. The delayed signal of IBD candidates are distribute at the target
uniformly. The correction factor from the delayed is mean charge correction for
the uniformly distributed events. It is imperfect correction for the calibration
source data which is distributed at target center. A additional charge correction
factor for source data is needed. The additional charge correction factor is derived
from the comparing n-Gd events between IBD candidates and Cf source data and
the common decreasing slope of the source data.
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Figure A.1: Stability of Gd-LS Attenuation length. The initial attenuation length
(August first 2011) is assumed as 12 m.(same for near and far detector)

A.1 Charge Correction from IBD Delayed Signal

At the opening paragraph of this section, the pmt response is decreasing as time
goes. The pmt response is monitored by photo-electron distribution of delayed
signal of IBD candidates. Figure shows the clearly 8 MeV Gd captured neu-
tron events. The IBD candidates are observed around 70 events per day at the
far detector and around 700 event per day at the near detector. They could be
enough daily monitoring material.
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Figure A.2: Photo-electron distribution of delayed signal of IBD candidate.
Clearly shown 8 MeV Gd captured neutron events

Figure shows the degradation of daily base pmt response by observation
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of the peak values of delayed. From the Figure[A3] The charge correction factors
for each run could be derived from following equation.

Correction Factor =

reference p.e.

Al
peak value of delayed (A-1)

where, reference p.e is 1984.33 p.e. for the near detector and 2036.18 p.e. for the
far detector. After applying this correction factor, Figure [A.4] shows the response

of pmt is well controlled.

Q E
Q 2200 —
% :i 5 - Far
o =2 H
21007 5 i N
— r
E&, ﬁgﬁ%ﬂim S#EW iz ea
2 —
000 = 4 % ., “l'hh sl "
— & et
ool 0 i
1800 — ! ﬁi kﬁ;%
1700 —
1600 —
1500 —
1400 E ! | I I | I I | ! ! | I I | I I
01/01/12 07/0112 12/3112 07/02113 12/31/113
Date [mm/dd/yy]

Figure A.3: Time variation of peak value of photo-electron distribution of delayed
signal of IBD candidate. The Red point is peak value of p.e. distribution at the
far detector. each point is a bunch of 200 IBD candidates (~ 3 day data). And
Blue point is peak value of p.e. distribution at the near detector. each point is a

bunch of 300 events(~ 0.5 day data)
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Figure A.4: Time variation of peak value of photo-electron distribution of delayed
signal of IBD candidate after correction.

A.2 Charge Correction for Source Data

The pmt response of calibration source data is also decreasing as time goes,
even though after correction by correction factor from IBD candidate delayed

signal(Equation [A.1]) as shown Figure
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Figure A.5: Time variation of 8 Ge source data at the near detector. Black dots
are Mean of photo electron distribution of % Ge source data after applying charge
correction from delayed signal of IBD candidate. And red line is guide line. The
mean p.e. of % Ge source data is decreasing as time goes, even though the charge
correction factor(Equation is applied.)

Because the ratio of events at the target center and events that distribute
target uniformly is increasing as time goes. Increasing of the ratio is also due to
degradation of attenuation length of Gd-LS. Calibration source data is taken at
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the center of target. So that calibration source data is distribute target center. It
is difference from IBD candidate which is distributed target uniformly. So that
the conversion factor for center distributed event to uniform distributed event is
needed to calibration energy. This conversion factor is named as center-to-uniform
correction factor and defined as following equation.

mean p.e. of uniform distributed delayed signal

- (A.2)

mean p.e. of center distributed delayed signal

Ccenter—to—uniform

where the center distributed delayed signal is events in the cylindrical region,
height is (-550 mm , 550 mm) and radius is 400 mm, located target center.
Figure shows the center-to-uniform correction factor is increasing as time
goes. So that the additional charge correction factor is needed to correct p.e
distribution of source data.

Center to Uniform Correctrction Factor

oE. | I | | I I E ! ! ! ! L L
0 200 400 600 800 1000 1200 U0 200 400 600 800 1000 1200
Days since Aug 19"', 2011 (day) Days since Aug llm, 2011 (day)

Figure A.6: Time variation of Center-to-Uniform correction factor. The center-
to-uniform correction factor is increasing as time goes at the both detector.

The additional charge correction factor for Hydrogen captured neutron events
of 22Cf is defined as following equation.

B C -
n— center—to—uniform
C} to—unif (A.3)
Qn—Gd
where, fﬁgd is mean p.e. of delayed signal of IBD candidates after applying

charge correction factor(Equation . QS{ Gq 18 mean p.e. of Gadolinium cap-
tured neutron event of 2°2Cf. and Clepnter—to—uni form factor is the value on Nov
2011 that date is chosen as reference date for all charge correction. The addi-
tional charge correction factor for n-H events of 2°2Cf is derived from comparing
Gadolinium captured neutron event between IBD candidate and 2°2Cf. Because

additional __
Cn—H -

2] -Cﬁl- 1_'_“ Sl
| — I
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of Gadolinium captured neutron event of IBD candidate (=delayed signal) is uni-
formly distributed event. In the contrary, Gadolinium captured neutron event
of 2°2Cf is distributed at the center of target. Therefore the term of Center-
to-Uniform correction factor is needed. This correction factor is simpler than
additional charge correction factor for other source data. Other sources do not
have Gadolinium captured neutron event which could be comparing with delayed
signal of IBD candidates. Because of this, The additional charge correction factor
for other sources is using degradation slope from time variation of mean p.e. of
source data and p.e. values from Hydrogen captured neutron event as defined
following equation.

—_
ptio __ esni "
QCf,n—H : fsrc,cs (date)

where, Q. FeH = Mean(Cﬁﬂf}iO”al - Qcfn—m, the degradation slope of source
data and 137Cs data is fsccs(date) = 1 + Pfrc’cs - date + P;TC’CS - date® and
Qrcej{‘niH = Pocf - fer(Nov.2011). Pocf is fitting parameter of Equation

The degradation slope (=fsrc,cs) of 137Cs and other sources have different
behavior. So that the slopes are derived from different method. Firstly, the slope
for the 137Cs(=fc,)is derived from fitting 2nd polynomial(:Equation on the
its own time variation as shown Figure and the slope of other sources(=fq¢)

is derived from fitting common slope model(=Equation [A.6)) on the time variation
of all the other sources.

itting functiones = PS® - fos = PY* - (1 + PC% - date + PS* - date? A5
0 0 1 2

fitting functiong.. = (PS¢ + POCf’”_H + P+ POCf’”_Gd) < fsre (A6)
= (P§e 4 pOIn=H | pfo 4 pPIn=CGdy (1 4 pyre. date + Py - date?)

The fitting result of the Equation and Equation are summarized in
the Figure [A.7] [A.§ and the Table [A2] And the mean p.e. time variation
after correction is shown [A.9
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Figure A.7: The degradation slope of 137Cs data. Left side is near detector and
right side is far detector.

Parameter Near Far
P§® 141.65 + 0.03 143.21 4 0.03
PCs -8.50 x107° £ 5.17 x1077  -2.97 x107% 4 4.99 x10~7
P§s 6.18 x107% 4 3.27 x10719  -2.75 x1078 + 3.19 x10~ 10

Table A.1: Fitting results of 137Cs time variation
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Figure A.8: The common degradation slope of the other sources, Left side is near
detector and right side is far detector.
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Parameter Near Far

pge 211.00 £ 1.18 216.09 + 0.52
pyinH 523.38 + 2.59 586.41 + 0.92

P§e 571.03 + 3.03 586.41 + 0.92
pyin-cd 1951.27 + 9.61 1994.63 + 2.65

Pjre -7.95 x1076 £ 1.62x107°  -3.70 x1079 £ 4.96 x10~17

Pyre -3.89 x1078 £ 1.15 x107%  -2.87 x107® £ 1.74 x107?

Table A.2: Fitting results of the other sources time variation
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Figure A.9: Comparison of time variation of sources. Left side is near detector
and right side is far detector. Black is the time variation of the source data
without any charge correction. Blue is the time variation of the source data after
applying charge correction. Red is the time variation of the source data after
applying charge correction and additional correction. The red shows the stability
of source data is well controlled.
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Appendix B

Signal Loss from IBD Selection
Criteria

B.0.1 Signal Loss from Time Coincidence

We require the coincidence time window for the prompt and delayed event, 2usec
~ 100usec. The DAQ process for each channel takes ~1usec, so below 2usec,
the prompt and delayed event can be mixed like single events. So, we give up the
portion of below 2usec. The mean lifetime of neutron capture by Gd is ~30usec, so
the portion of upper than 100usec is negligible. If we increase the coincidence time
window more than 100usec, the increased events will be negligible and accidental
background will increase. The efficiency for this coincidence time window is 96.20

%.

There is one more inefficiency. The capture time distribution should be expo-
nentially decrease. However, Figure shows that both Monte-Carlo simulation
and final data sample have rapidly increase structure between 2 ~ 13 usec re-
gion. Dashed line is the extrapolation of exponential fitting upper than 13 usec
region. We calculate the difference of extrapolation curve and both measured data
spectrum and simulated result to calculate the inefficiency of this region. The in-
efficiency between 2 ~ 13 usec capture time is 13.04 % for data and 8.81 % for
Monte-Carlo simulation. The difference is 4.23 %, so we subtract this difference
to the original efficiency to compensate the difference of data and Monte-Carlo.
The final calculated efficiency is therefore 91.07 %. And signal loss from time
coincidence is 8.93 %.
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Figure B.1: Capture time distribution of final data sample and Monte-Carlo sim-
ulation. There are rapidly increasing structure between 2 ~ 13usec and dashed
line is the extrapolation curve of exponential fitting upper than 13usec region.
The difference of extrapolation curve and capture time distribution is considered
to the inefficiency.

B.0.2 Signal Loss from Energy Threshold

Prompt Energy Threshold

The threshold energy of prompt signal for Inverse Beta Decay event is 1.022
MeV, about 250 photo-electrons. However in experiment, we must consider the
energy resolution and discriminator efficiency, and so on. So, we need to require
more lower energy for prompt signal energy threshold. We decided this energy
threshold to 170 photo-electrons. Also, almost whole generated events are passing
this criterion. The efficiency of prompt energy cut is 100%, No signal Loss.

Delayed Energy Threshold

The criteria for delayed energy cut is 6 MeV ~ 12 MeV. However, Figure[8.I|shows
that there is a long tail below 6 MeV. This portion of event cannot be selected
to the Inverse Beta Decay events. Consider this fractional loss, the efficiency for
delayed energy cut is 94.14 %. and the loss from delayed energy cut is 5.86 %.

B.0.3 Signal Loss from Spatial Correlation and Removal of In-
coming 7-rays and Flashers

In the section the ~-ray and flasher removal cut (Qqaz/Qtor < 0.07) does not
have any signal loss.

;ﬁ'! 2 1_..” .__;J!_ W
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B.1 Equation for Signal Loss from Timing Veto with
Muon or Trigger Information

If trigger is within cut time range [0,At] relative to the prompt of IBD event,
the IBD event is lost by the cut. Because no correlation between the prompt of
IBD event and adjacent trigger, Signal loss is just probability that at least one
of trigger is within cut time window [0,At] relative to the prompt of IBD event
and It can be calculated by poisson probability distribution.

| — |
—

0 t t+dt At

Figure B.2: Signal loss condition: One Trigger is within [t,t+dt]. and no trigger
is [0,t].

The probability of signal loss condition that the one trigger is within [t,t+dt]
and no trigger is [0,t] is

dP = P[(N(t) — N(0)) = 0] - P[(N(t+dt) — N(t)) = 1] = e Ferst . Ryt (B.1)

where, P[(N(t) — N(0)) = 0] = e fot and P[(N(t +dt) — N(t)) = 1] = Ryqdt -
€7R”9dt ~ Rtrg -dt - (1 — Rtrg . Clt) ~ Rt'r‘g - dt.
And, the total probability of signal loss is

At At
P(0,At) = / dP = / e Rral L Ry odt = 1 — e~ FeraBL, (B.2)
0 0

The signal loss from Timing veto cut with Muon or Trigger information is
calculated by Equation But there is some modification case by case in the
Equation More details are following section.

B.2 Signal Loss from Muon Veto

The signal loss from muon veto is simply calculated by Equation The rate of
each type muon and the results are summarized following table. The uncertainty
of these signal loss is neglect. Because it is calculated from event rate that is
order of million and fractional statistical error is order of 10~4%.
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Muon Far Near
Type Encrgy Rate (Hz) Encrgy Rate (Hz)
set A set B set A set B
A > 1.5 GeV 0.047  0.045 > 1.6 GeV 0.109 0.100
B 1.2 ~1.5GeV  0.082 0.079 | 1.5 ~ 1.6 GeV 0.083 0.074
C 1.0 ~1.2GeV  0.159 0.150 | 1.4 ~ 1.5 GeV 0.092 0.083
1 0.07 ~ 1.0 GeV 12.853 12.856 | 0.07 ~ 1.4 GeV 117.231 117.011
2 20 ~ 70 MeV 0.257  0.260 20 ~ 70 MeV 0.787 0.625
Table B.1: Rate of each type muon at data set A and B
Muon Far ' Near .
Type Veto Time (ms) Ssleinzl Lozzt(j/g) Veto Time (ms) Sslegtnzl Lossset((]é)
A 700 3.243  3.113 700 7.341  6.786
B 500 4.018  3.855 400 3.264  2.907
C 200 3.122  2.959 200 1.830  1.645
1 1 1.277 1.277 1 11.062 11.043
2 1 0.023  0.026 1 0.079  0.062
combined — 11.201 10.782 - 21.642 20.863

Table B.2: Signal loss from muon veto

B.3 Signal Loss from Trigger Timing Veto

Trigger vetos consist of 5 kinds as listed following.

e Any Trigger before 100 ps cut : No any trigger within (-100 us, 0 us) of
prompt signal.

e Prompt-like Trigger before 300 us cut : No prompt-like trigger within (-300
us, 0 us) of prompt signal.

e Buffer Trigger after 200 us cut : Zero buffer trigger within (0 us, 200 ps) of
prompt signal.

e Prompt-like Trigger after 1000 us cut : No prompt-like trigger within (0 us,
1000 us) of prompt signal.
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e Buffer and Veto Trigger after 200 us cut : Zero buffer and veto trigger
within (0 us, 200 us) of prompt signal.

The equations for signal loss of trigger time veto are modified Equation
as described below.

The equation for Signal loss of Any Trigger Before 100 us Cut

100pus —(RAnyTrg—RTotal M -0.0001sec
Loss ypyrrg =1—€ (Ranyrrg=Rrotalsruon) (B.3)

where, Rany1rg is rate (Hz) of any trigger. and Rrotqinruon is rate(Hz) of all muon.
Prompt of IBD candidate is already passed muon veto. There is no muon before
the prompt. Therefore effective event rate is R anyrrg — RTotalMuon-

The equation for Signal loss of Prompt-like Trigger Before 300 us Cut

300,LLS _ —Rp‘l'k -0.0001sec —Rp'l'k -0.0003sec
Losspp, =€ "7 —e (B-4)

where, Rpyike is rate (Hz) of prompt-like trigger. Prompt-like trigger before 300
us cut overlap the any trigger before 100 us cut. So that time range (-100 us, 0
us) is excluded to avoid over calculation.

The equation for Signal loss of Buffer Trigger After 200 us Cut

100ps / i /
t') - e Sousdt
LOSS?ON;« = J () ; (B.5)
ufTrg 100us —# ,
Jo e st
where,
t/ 200
f(t/) = / 6_(RBUfTTg_Rmompt).t'(RBufTrg - Rp?"ompt) dt+/ eiRBUfTTg.t'RBufTrgdta
0 t/
(B.6)

and Rpyfrrg is rate (Hz) of buffer trigger. Rprompt is rate (Hz) of prompt candi-
date signal which is the prompt-like trigger with energy range 0.75 ~ 12 MeV.
The equation of signal loss for buffer trigger cut is weighted average mean of
f(#') with weight is the probability of the time ¢’ which is the moment of get-
ting delayed signal. The effective event rate is difference between the prompt and
delayed and after delayed. There is no prompt candidate between the prompt
and delayed. If there is prompt candidate between the prompt and delayed, the
prompt and delayed could not be IBD candidate pair. So that effective event rate
is RBuf1rg — Rprompt between the prompt and delayed and Rp,, r7,4 after delayed.
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The equation for Signal loss of Prompt-like Trigger After 1000 us Cut

1000pus __  —Rp jike-0.0002sec —Rp.ike-0.001sec
Lossp . =€ ike —e ike (B.7)

where, Rpk. is rate (Hz) of prompt-like trigger. Prompt-like trigger after 1000
us cut overlap the buffer trigger after 200 us cut. So that time range (0 us, 200
us) is excluded to avoid over calculation.

The equation for Signal loss of Buffer and Veto Trigger After 200 us
Cut

100us ’ —,L /
t') - e 3ousdt
Loss?%fm = fo ) F() 7 (B.8)
[0 & s iy
where,
" 200us
f(t/) — / 6_(RBVTT9_RTotal1\/[uon)~t.(RBVTTQ o RTotalMuon) dt—i—/ e*RBVTrg‘t.RBVTngt
0 t/
(B.9)

and Rpyrrg is rate (Hz) of buffer and veto trigger, Rrotainruon is rate(Hz) of all
muon. The equation for signal loss of buffer and veto trigger is also weighted
average mean of f(t') with weight is the probability of the time ¢ which is the
moment of getting delayed signal. The effective event rate is difference between
the prompt and delayed and after delayed. Because delayed signal is muon veto
passed event. So that there is no muon event between prompt and delayed signal.
So that effective event rate is Rpvrrg — RrotaiMuon between the prompt and
delayed and Rpy g after delayed.

Summary of Signal Loss from Trigger Timing Veto

The signal loss from trigger timing veto is calculated equations in previous para-
graph. The rate of each event and the results are summarized following table.
The uncertainty of these signal loss is neglect. Because it is calculated from event
rate that is order of million and fractional statistical error is order of 1074%.
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Far Near

?Verét Rate (Hz) Rate (Hz)
M set A set B set A set B
Any Trigger 145.515 143.672 | 597.283 591.695
Buffer Trigger 77.013  77.407 | 60.602 57.815

Buffer&Veto Trigger | 23.136  23.141 | 208.617 208.255
Prompt-like Trigger | 47.560  50.692 | 30.428  30.410
Prompt Candidate | 39.811  41.336 | 24.534  25.576

Total Muon 13.398  13.391 | 118.302 117.893

Table B.3: Rate of each event type at data set A and B

Far Near
Veto Signal Loss (%) | Signal Loss (%)
set A set B |set A set B
Any Trigger before 100 us 1.312 1.294 | 4.677  4.628
Prompt-like Trigger before 300 us . 1.004 | 0.605  0.605
Buffer Trigger after 200 us 1.424 1.426 1.140 1.082
Prompt-like Trigger after 1000 us — 3.934 — 2.389
Buffer&Veto Trigger after 200 us - 0.426 — 3.767
Combined 2.718 7.862 | 6.334 11.929

Table B.4: Signal loss of trigger timing veto at data set A and B. Represented by
” —” mean that veto cut does not apply.

B.4 Signal Loss from Removal of ??Cf Contamination

Removal cuts of 2°2Cf contamination consist of 3 kinds as listed following.

e Hotspot removal cut : No prompt signal in the region \/(X — 125)2 + (Y - 125)2
< 300 mm and - 1700 mm < Z < -1200 mm.

e AR-Cf before cut : No prompt-like trigger greater then 3 MeV within (-10
sec, 0 sec) and (0, 400 mm) of prompt signal

e AR-Cf after cut : No prompt-like trigger greater then 3 MeV within (0 sec,
10 sec) and (0, 400 mm) of prompt signal
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The signal losses for Removal of 2°2Cf Contamination can not be calculated by
Equation It is not using time information only. So that The signal losses are
estimated by measuring contribution of IBD signal in the cut rejected sample as
described followings.

Signal Loss of Hotspot Removal Cut

The signal loss of hotspot removal cut is estimated from the ratio of rejected
and total IBD candidates at the set A. The Hotspot removal cut rejected of
set A are 118 events. and Total IBD candidates of set A are 26310. So there
ratio (=118/26310 ) is 0.00449. Therefore Signal Loss of Hotspot Removal Cut is
0.449%.

Uncertainty of this Signal Loss is estimated from the contribution of IBD
candidates at the 18 times over sized region rejected sample by spectral fitting.
As shown Figure [B.3] The uncertainty is 0.025%.
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Figure B.3: Estimation of signal loss for Hotspot Removal Cut. The X axis unit
of the plot is MeV. Black is Rejected by region R < 900 mm , -1700 < Z < -700
mm which is 18 times larger than original cut region. Blue is fitting result of
IBD candidate. And red is difference between black and blue. The fitting error is
0.453%. So that the uncertainty of hotspot removal cut is 0.025% (= 0.453/18).

Signal Loss of AR-Cf before and after cut

The signal loss of AR-Cf cut is estimated from the contribution of IBD candidate
at the cut rejected sample derived from spectral fitting. The fitting results is
shown Figure and Figure [6.43
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252Cf

Signal Loss (%)

Removal Far data set B Near data set B
Hotspot Removal | 0.449 4+ 0.025 -
AR-Cf before cut | 1.146 £ 0.098 2.362 + 0.046
AR-Cf after cut | 1.251 &+ 0.079 2.179 + 0.037

Combined 2.821 + 0.126 4.490 £ 0.06

Table B.5: Signal loss of 2°2Cf removal cuts at data set B. Represented by ”—”
mean that cut does not apply.

B.5 Summary of Signal Loss

So far, the signal losses from IBD selection are described. The signal losses could
be divided two kinds: One is common signal losses of two detectors and two data
set. and the other one is uncommon signal losses of two detectors and two data
set. Common signal losses are from time coincidence, energy cut of prompt and
delayed, spatial correlation cut and incoming y-ray and flasher cut. These signal
losses have very small varying in the period of set A and set B, and very small
difference between far and near detector. So that these common signal losses are
assumed same at the far and near detector and time. Uncommon signal losses
are from the other selection criteria. The differences are from the event rate
varying with time and difference between far and near detector environment such
as overburden. The signal losses are summarized in following table. The loss that
described by ’-’ means the cut is not applied that data set. The uncertainty that
displayed -’ is too smaller than other loss uncertainties. So It was ignored.

Criteria Far Near
Loss Uncertainty | Loss Uncertainty
Time Coincidence 8.03 0.01 8.03 0.01
Prompt Energy Cut 0 0.01 0 0.01
Delayed Energy Cut 5.86 0.1 5.86 0.1
Spatial Correlation Cut 0 - 0 -
Gamma and Flasher Cut 0 - 0 -
Combined 13.42 0.09 13.42 0.09
Table B.6: Common Signal Loss (%)
-":lﬂ-_-i I'I- ] I; > |
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o Far Near
Criteria Loss Uncertainty | Loss Uncertainty
Muon Veto Cut 11.20 — 21.64 —
Any Trigger before 100 us 1.312 — 4.677 —
Prompt-like Trigger before 300 us — — 0.605 —
Buffer Trigger after 200 us 1.424 - 1.140 -
Combined 13.62 — 26.61 —
Table B.7: Signal Loss for data set A (%)
o Far Near
Criteria Loss Uncertainty | Loss Uncertainty

Muon Veto Cut 10.78 — 20.86 —
Any Trigger before 100 us 1.29 — 4.63 —
Prompt-like Trigger before 300 us | 1.00 — 0.61 —
Buffer Trigger after 200 us 1.43 — 1.08 —
Prompt-like Trigger after 1000 pus | 3.93 — 2.39 —
Buffer&Veto Trigger after 200 us | 0.43 — 3.77 —
Hotspot removal 0.45 0.03 — —

AR-Cf before cut 1.15 0.10 2.36 0.05

AR-Cf after cut 1.25 0.08 2.18 0.04

Combined 20.12 0.10 33.42 0.04

Table B.8: Signal Loss for data set B (%)
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Appendix C

Study of Fast Neutron
Background Shape

Spectrum of fast neutron is usually described flat distribution. But we do not
know real spectrum of fast neutron. So that we decide to add uncertainty from
model (= shape uncertainty). The difference between fitting result with fitting
model Oth polynomial and 1st polynomial treat as a shape uncertainty of fast
neutron. To reduce ambiguity of model difference, fast neutron dominant sam-
ple is used. Fast neutron dominant sample is the rejected by prompt-like trigger
after cut without buffer trigger cut, as shown Figure Figure is fitting
result plot of fast neutron dominant sample with IBD, 10 MeV, and fast neutron
components. The models of Fast neutron are first polynomial and zeroth poly-
nomial. In zeroth polynomial case, Fast neutron dominant sample is fitted with
fast neutron component only and fitting range is greater than 22 MeV. And the
other case first polynomial, Fast neutron dominant sample is fitted with all three
component and fitting range is greater than 1 MeV. Figure[C.2|shows the residual
fast neutron component that is from subtracting IBD and 10 MeV component
from the fast neutron dominant sample. They are still shown flat shape within
error range.

The estimated fractional shape uncertainty of fast neutron is 1.25 % for the
far detector and 1.20 % for the near detector.
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Figure C.1: Estimation of fast neutron shape uncertainty. Left side plot is near
detector and right side plot is far detector. Black histogram is fast neutron domi-
nant sample which is the rejected by prompt-like trigger after cut without buffer
trigger cut. Red dotted histogram is IBD candidate component which is due to
signal loss from prompt-like trigger after veto cut. Blue dotted histogram is a
background with around 10 MeV peak which is not yet fully understood. Red
line is Fitting result of fast neutron with first order polynomial model and other
components and fitting range is greater than 1 MeV. Blue line is Fitting result
of fast neutron with zeroth order polynomial model alone and fitting range is
greater than 22 MeV.

120

Near Fast Neutron Component

35 Far Fast Neutron Component

Entries / 1 MeV
Entries / 1 MeV
N
o

L L !
30 35 40 45

Prompt Energy (MeV) Prompt Energy (MeV)

1 L L L L L L ! 0 1 1 !
5 10 15 20 25 30 35 40 45 5 10 15

L L
20 25

Figure C.2: Energy spectra of Fast Neutron from fast neutron dominant sample.
Left side plot is near detector and right side plot is far detector. This histograms
are from subtracting IBD and 10 MeV component from the fast neutron dominant
sample. So that this histogram is similar to first order polynomial fitting result
of fast neutron. But they are still shown flat shape within error range.
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Appendix D

Study of "Li/®*He Background
Shape

9Li/®He are produced by interaction between cosmic muons and carbon in the
detector. ?Li has half life time of 0.178 sec. And ®He has half life time of 0.119
sec. To obtain Li/®*He shapes, Time correlation between IBD candidate and
Muons could be important clue. So that Time distance between IBD candidate
and Muons could be fitted following function.

ft)=A-eX4B-e TS T (D.1)

where, A is amplitude of u-accidental, A is mean time of p-accidental, B and 7
is amplitude and mean time of ?Li/®He component, S and T is amplitude and
mean time of IBD component.

Figure shows the Time since muon distribution of IBD candidate. We
found 3 time components by multiple exponential function fitting (Equation
Black line of Figure is named IBD component which has no correlation with
muons. Blue line of Figure is 9Li/®He component which has order of 100 us
of fitted exponential mean time. And unexpected red line is named p-accidental
component which has fitted exponential mean time of 20 us. To avoid p-accidental
component, ?Li/®*He is obtained from sample that has greater than 60 ms of time
since muon.
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Figure D.1: Time since muon distribution of IBD candidate. Black dot is IBD
candidate. Black line is fitting result of IBD component. Blue line is fitting result
of °Li/®He component. And red line is fitting result of p-accidental component.

The processed of obtaining ?Li/®He shape are listed following.

e Preparing spectra : spectra of IBD component is the IBD candidate which
have greater than 1 sec time since high energy muon (far : > 1.5 GeV, near
: > 1.6 GeV ) . and spectra of IBD + °Li/®He sample with small amount
of p-accidental is time since muon region 60~500 ms for far detector and
60~400 ms for near detector.

e Estimating Contribution of IBD component at IBD + ?Li/®He component
by multiple exponential function fitting.

e Obtaining Li/®He spectrum by subtracting IBD component with amount
that estimated previous step to IBD + °Li/®*He sample.

e Subtraction small amount of p-accidental to ?Li/®He spectrum.

D.1 Obtaining °Li/*He Background Shape

As described before, The Li/®*He background shape of far and near detector are
obtained by using a time coincidence of IBD candidate and high energy muon
which have long track line in the detector. The Li/®He Background Shape is
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from the subtraction IBD component to IBD + °Li/®He sample such as described
following equation.

) _ATi >1sec,i
Niite = Nigp+ritie — B Nigp (D.2)

where, ¢ is energy bin index, NziHe is the number of i*” bin ?Li/®He shape as
shown Figure |R_;4_ N} BD+ LiHe 15 it" bin value of the sample that have either IBD
component and ?Li/®He component with the criteria that time coincidence with
muon (>1.5 GeV) is within (60, 500 ms) for far detector and time coincidence with
muon (>1.6 GeV) is within (60,400 ms) for near detector as shown Figure
Muon energy range and time range are chosen to get the minimum uncertainty of
9Li/®He shape. So that the muon energy range (>1.5 GeV) and time range (60,
500 ms) are chosen for far detector. and muon energy range (>1.6 GeV) and time
range (60, 400 ms) are chosen for near detector. N;g" is it bin value of the
sample which have greater than 1 sec time coincidence with high energy muon
(far : > 1.5 GeV, near : > 1.6 GeV), and S is scale factor for IBD component.
Scale factor g is defined as following equation.

N60~500ms

8= %, for far detector, with muon (>1.5 GeV)

Inb (D.3)

N 60~400ms
f = —LBD , for near detector, with muon (>1.6 GeV)

>1lsec
NIBD

where,
11 ‘
Nhv= [ S-e 7dt (D.4)
to

S and T is fitting results of amplitude and mean time of IBD component defined
as Equation

The uncertainty of ?Li/®He shape (Figure [D.4) is calculated by following
equation.

2
. 2 . N 2 X
(0NLizre)” = Nippyrime + (55 : ijglspec’z) + (B 4/ ijgllspec’z> (D.5)

The Equation is derived from simple error propagation. and d5 is taken into
account correlated between S and T.

The results of Equation are shown Figure But this shape has still
small amount of p-accidental. So It is needed to subtract u-accidental. Next
section will describe about p-accidental.
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Figure D.2: Spectra of IBD Component (Time since muon > 1 sec). Left side
is near detector and right side is far detector. This component have no time
correlation with high energy muon( far : > 1.5 GeV, near : > 1.6 GeV).
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Figure D.3: Spectra of IBD+?Li/®He sample. Left side is near detector and right
side is far detector. These samples are collected with the criteria that time coin-
cidence with muon (>1.5 GeV) is within (60, 500 ms) for far detector and time
coincidence with muon (>1.6 GeV) is within (60,400 ms) for near detector.
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Figure D.4: °Li/8He shape with small u-accidental.Left side is near detector and
right side is far detector. The ?Li/®*He shape is obtained from Equation using
Figure Figure But This shape still has small amount of u-accidental.
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D.2 Study of u-Accidental

We found unexpected component which have short time coincidence with high
energy muon. That is p-accidental component which have 20 ms mean time in the
time since muon plot as shown Red line of Figure The reason that is named
p-accidental, it have time correlation with muons and similar prompt energy and
AR distribution of accidental. By the way, The >B/!2N also have mean life time
of ~20 ms. So that delayed energy spectrum of p-accidental is similar to 2B /12N
energy spectrum as shown
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Figure D.5: Properties of p-accidental. Upper plots are far detector. and lower
plots are near detector. Left side plots is prompt energy of p-accidental and
accidental background. Middle plots are delayed energy of p-accidental and acci-
dental background. And right side plots are distance between prompt and delayed
(=AR) distribution of p-accidental and accidental background. These plot shows
similarity between p-accidental and accidental.

As mentioned previous section, °Li/®He shape (Figure has small amount
of p-accidental. So that estimation of p-accidental amount at the °Li/®He shape
(Figure is needed. and subtraction p-accidental to °Li/®He shape. The
sample that IBD-+Li/®He(Figure has two accidental components : IBD-
accidental and p-accidental. IBD-accidental is just simple accidental background
which have no time correlation with high energy muons. So that contribution
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of IBD-accidental is same in the IBD component(Figure and sample that
IBD+Li/®He(Figure . Estimation of IBD-accidental is simply AR fitting
method as shown left side plots of Figure [D.6] And estimation of p-accidental is
also AR fitting method with constrained IBD-accidental components as shown

right side plots of Figure

s s 1 s s s L s
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(a) Far IBD-Accidental fitting (b) Far Mu-Accidental fitting
( Mu time Diff. > 1sec) ( Mu time Diff. 60 ~ 500 ms )

” - Mo,
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(c) Near IBD-Accidental fitting (d) Near Mu-Accidental fitting
( Mu time Diff. > 1sec) ( Mu time Diff. 60 ~400 ms )

Figure D.6: Estimation of p-accidental. X axis is distance between prompt and
delayed(=AR), Y axis is the number of IBD candidate. Upper plots are far detec-
tor and lower plots are near detector. Left side plot is estimation of IBD-accidental
which is normal accidental does not have time correlation with muons. Blue is fit-
ting results of IBD-accidental. and purple histogram is IBD candidate which have
greater than 1 sec of time since muon. Right plot is estimation of p-accidental.
Purple histogram is IBD candidate which have (60~500 ms) of time since muon
for far detector and (60~400 ms) of time since muon for near detector. Blue is
constrained fitting result of IBD-accidental. Red is fitting result of p-accidental.
and Orange is sum of two accidentals.

The result of u-accidental is 33.28 + 6.14 for far detector and 33.74 + 8.65 for
near detector. So the p-accidental subtracted ?Li/®He shape shapes are shown
following figure.
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Figure D.7: Spectra of p-accidental subtracted YLi/®He. Left side is near detector
and right side is far detector. Black is °Li/®He shape with small amount of y-
accidental. Red is p-accidental. Blue is p-accidental subtracted ?Li/®He shape.

D.3 Summary of Li/*He Background Shape

so far, the study of °Li/®He Background Shape is described. ?Li/®He shapes are
derived from time correlation between IBD candidates and high energy muons.
Muon energy range and time range are chosen to get the minimum uncertainty
of 9Li/®He shape. The results for the study of “Li/®He Background Shape are

summarized in following table.

Far Near
Prompt Energy 0 ~ 12 MeV 0~ 12 MeV
Muon Energy > 1.5 GeV > 1.6 GeV
Time since muon 60 ~ 500 ms 60 ~ 400 ms
Mean Time of IBD component 22.7 £0.15 10.50 £ 0.02
Mean Time of LiHe component 249.65 £+ 18.9 357.38 £ 53.95
Number of IBD-+7Li/*He 2867 19295
Number of IBD (>1sec) 81954 495257
Bx IBD (>1sec) 1632.85 4+ 10.25  17147.6 + 41.46
p-accidental 33.28 £ 6.14 33.74 £ 8.65
Number of YLi/®*He without p-accidental | 1200.87 + 53.93 2113.67 + 141.40

Table D.1: Summary table of *Li/8He study.
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Appendix E

Study of 2Cf Background
Shape

The backgrounds due to 252Cf are not yet fully understood. But we found various
components of the backgrounds due to 2°2Cf contamination from Cf removal cut
rejected sample. The founded six component of the backgrounds due to 22Cf
contamination are summarized following lists.

e 1 MeV-a Component from any trigger before cut rejected sample.

1 MeV-b Component from AR-Cf before cut rejected sample.

2.2 MeV Hydrogen captured neutron component from any trigger before
cut rejected sample.

7.9 MeV Gadolinium captured neutron component from any trigger before
cut rejected sample.

e 8 MeV Component from hotspot removal cut rejected sample.
e 12 MeV Component from AR-Cf after cut rejected sample.

The shape of backgrounds due to 2*Cf contamination could be reconstructed
by estimating remaining amount of each components in the final sample. For the
study, Data set B and C of far detector are used. Because Data set B and C are
severe contaminated by 2°2Cf.

E.1 Six Components of ??Cf Background

As mentioned previous, backgrounds due to 2°2Cf contamination consist of 6
components. Figureshows six 2°2Cf background components. 3 components (1
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MeV-a, 2.2 MeV, 7.9 MeV ) are found from any trigger before cut rejected sample.
2.2 MeV and 7.9 MeV components are well known Hydrogen or Gadolinium
captured neutron event, and 1 MeV-a component has unknown origin. And the
other 3 components (1 MeV-b, 8 MeV, 12 MeV) are found from Cf removal cuts.
1 MeV-b component is rejected from AR-Cf before cut. and 12 MeV component
is rejected from AR-Cf after cut. lastly the 8 MeV component is rejected from
hotspot removal cut.
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Figure E.1: Spectra of Six 2°2Cf background components.
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E.2 Estimation of Remaining ??Cf Components

As mentioned previous section, To reconstruct shape of 22Cf backgrounds,The
remaining 252Cf components in the final sample of data set A and B are esti-
mated. And than Sum of these component with estimated remaining value is the
reconstructed shape of 252Cf backgrounds. Following sections will mention about
how estimate remaining of each components.

E.2.1 The Components from Any Trigger Before Cut Rejected

The components from any trigger before cut rejected are 1 MeV-a, 2.2 MeV
and 7.9 MeV component. The remaining in the final cut passed IBD candidate
sample of the data set B and C are estimated from saturation function fitting of
rejected each three components with varying cut time windows. Figure shows
estimation of rejected each three components (upper left side plot) and estimation
of remaining components in the final cut passed sample. Upper left side plot of
Figure is estimation of rejected three components by spectral fitting with 3
components and IBD component to any trigger before cut rejected samples. This
fittings are executed with various cut time window of any trigger before cut. And
a saturated rejected value is remaining component in the final cut passed sample.
Each rejected component have saturation value as shown Figure The fitting
results of saturation value for 1 MeV-a component is 19.24 4+ 16.88. Error of 1
MeV-a component is taken into account shape error and fitting error of saturation
point. The fitting results of saturation value for 2.2 MeV component is 162.97 +
52.14. Error of 2.2 MeV component is calculated with saturation fitting error only.
shape error is neglect. Because it is too small. The fitting results of saturation
value for 7.9 MeV component is 14.60 + 9.72. Error of 7.9 MeV component is
also calculated with saturation fitting error only. It has same reason.
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Figure E.2: Estimation of remaining components from any trigger before cut
rejected. Upper left side plot is estimation of 3 components at the any trigger
rejected sample. Black Histogram is subtraction of rejected and signal loss times
IBD candidates. Orange is fitting result of 1 MeV-a component. Blue is fitting
result of 2.2 MeV component. Red is fitting result of 7.9 MeV component. Up-
per right side plot is estimation of remaining 1 MeV-a components by fit with
saturation model. Lower left side plot is estimation of remaining 2.2 MeV com-
ponents. And lower right side plot is estimation of 7.9 MeV components. X axis
of these three plots is any trigger cut time windows. Y axis of these three plots
is rejected each component estimated from rejected fitting results such as upper
left side plot. The saturated values of each components are the remaining of the
final sample.

E.2.2 1 MeV-b Component

Unfortunately, remaining 1 MeV-b component could not be estimated. So that
the 1 MeV-b component is estimated indirect way using subtraction expected IBD
and known backgrounds to iBD candidate of data set B and C (= expected 2°2
Cf shape). The six components are fitted together into the expected 2°2cf shape.
And then the remaining 1 MeV-b component is obtained. But this method has
problems. One is largest error from statistical error of the IBD candidate. And
using expected shape what this analysis want observed is disturb observation of
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IBD candidates. To minimize these problems, only 1 MeV-b component is chosen
from this method. Figure shows the fitting results of estimating 1 MeV-b
component with expected cf shape. The remaining 1 MeV-b component in the
final sample is 215.47 4+ 106.14.

300

—— IBD - Expected IBD
B — Fitting Result

200[— —— Cf: 1 MeV-b Comp.
i Cf: 2.2 MeV Comp.

Entries / 0.5 MeV

100[—

’ |
| L | | | L
0 1 2 4 5 6 7

Prompt Energy (MeV)

Figure E.3: Estimation of remaining 1 MeV-b component. Black histogram is sub-
traction of Expected IBD and known background to IBD candidate that means
expected cf shape at the data set B and C (=expected cf shape). Blue is spectral
fitting result of 1 MeV-b component. and Orange is fitting results of 2.2 MeV
component. And red is fitting result of all component.

E.2.3 8 MeV Component

Remaining 8 MeV component could be estimated from tails of hotspot events at
the outside of cut region as shown Figure [E4] Left side plot of Figure [E.4]is Z
distribution of IBD candidate in the horizontal cut region. This distribution is fit
with flat function and gaussian function. The gaussian tail in the outside of cut
region is the remaining 8 MeV component. Right side plot of Figure is R?
distribution of IBD candidate in the vertical cut region. This distribution is fit
with flat function and exponential function. The exponential tail in the outside
of cut region is the remaining 8 MeV component, too. The results of remaining 8
MeV component is 12.37 + 13.07 from right side of Figure [E.-4] and 7.10 + 13.36
from left side of Figure [E.4] So the total remaining 8 MeV component is 19.47 +
18.69.
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Figure E.4: Estimation of remaining 8 MeV component. Left side is Z distribution
of IBD candidate in the horizontal cut region. Red Box is cut region. Blue line
is fitting result of normal events. Red line is fitting results of hotspot events. the
tails are in the outside of cut region. It could be remaining 8 MeV component.
And Right side plot is R? distribution of IBD candidate in the vertical cut region.
The tails are also in the outside of cut region. So that these tails could be also
remaining 8 MeV component.The remaining 8 MeV component is tail of hotspot
events from fitting results.

E.2.4 12 MeV Component

Remaining 12 MeV component could be estimated from spectral fitting with fast
neutron and 12 MeV component to final cut passed iBD candidate sample as
shown Figure The fitting result of remaining 12 MeV component is 172.76
+ 9.78.
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Figure E.5: Estimation of remaining 12 MeV component. Black histogram is
final cut passed IBD candidate of data set B and C. Gray line is fast neutron.
Blue is fitting result of 12 MeV component. Red line is fast neutron + 12 MeV
component.
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E.3 summary

So far, the six components of Backgrounds from 252Cf are described. Each remain-
ing at the final samples are estimated with over calculated error and summarized
following Table And the total sum of six remaining components is shape of
backgrounds from ?*2Cf as shown Figure

Component Remaining (0.75~8 MeV)

1 MeV-a 19.08 4+ 16.88
1 MeV-b 215.37 + 106.14
2.2 MeV 162.97 + 52.14
7.9 MeV 14.60 4+ 9.72
8 MeV 21.06 4+ 18.81
12 MeV 172.76 + 9.78
Combined 605.63 + 121.84

Table E.1: Summary table of remaining 22Cf components
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Figure E.6: The shape of backgrounds from 252Cf. This plot is sum of six remain-
ing components.
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Appendix F

Estimation of Baseline between
Reactors and Detectors

The baseline between reactors and detectors is relative distance from center of the
each reactor core and to the center of detectors. The center of detector is center
of target as shown Figure And the center of reactor is center of reactor fuel
as shown Figure So the baseline between reactors and detectors is defined as
relative distance from the center of reactor fuel to the center of detector target.
Absolute values of baseline and X, Y, Z position of detector and reactor are not
shown this thesis. Because the coordinates of reactor is national secret. So that
in this thesis, only the uncertainties of baseline and X, Y, Z position are shown.

Figure F.1: Center of the detector. side is center of detector. It is defined as a
center of target.
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Figure F.2: Center of reactor. Left side is plot of reactor center. It is defined as
a center of reactor fuel. Right side is schematic of fuel rod. The z of center point
is defined red point in the plot that is center of acube lengun.

Baseline is a parameter of expected flux as shown Equation So that un-
certainty of baseline is also source of systematic error of 013 and |Amge . To cal-
culation the systematic uncertainties due to the position uncertainties of reactor
and detector, Monte-Carlo simulation is used. Assuming that gaussian probabil-
ity distribution, vary the position of each reactor by x; — x; + G(0, Az;) and
calculate the flux.

—_ T T T T T T 1
Z‘: 0005 |- AN/N)=[(2.452:0.002)Ax+(0.002+0.001)]x10°° ]
g: § ]
< N ]
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. 1
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Figure F.3: Uncertainty of far to near ratio due to baseline uncertainty estimated

by Monte-Carlo simulation

The results of Monte-Carlo simulation is shown Figure It shows to keep
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the far to near ratio uncertainty below 0.1%, the position uncertainty in each
axis needs to be below 40 ¢cm (assuming much smaller position uncertainty for
detectors). The uncertainty 0.1% of far to near ratio is negligible compared the
uncertainty 0.5% from reactor thermal power and the uncertainty 0.7% from
fission fraction. So the systematic error of baseline is needed to have below 40
cm.

The position of the reactors and detectors are measured by difference company
and difference time. So they need connection work between measurements. The X
and Y position of detector center is measured by open traverse method. Firstly,
Sam-Kyung E&C surveyed from the reference point of the plant to CP3 or CP6
which are points in front of detector tunnel) And next, Asis E&C surveyed from
the CP3 or CP6 to detector center as shown Figure [F.4] The uncertainties of
open traverse survey can not be estimated. But uncertainties of closed traverse
survey could be estimated. The maximum uncertainty of closed traverse survey is
8 times of surveying machine uncertainty. So we assumed uncertainties of X and
y position of detector center is 8 times of measurement uncertainties of surveying
machine (Leica TPS800).

Center of the near detector

Reactors CcP3
o
Q

Reference point of the Plant

Q
Q

—> Sam-Kyung E&C

Center of the far detector > Asia E&C

Figure F.4: Conceptual plot of survey for X and Y position of detector center.
Red arrow is survey by the Sam-Kyung E&C from the reference point of the plant
to CP3 or CP6 which are points in front of detector tunnel before the detector
construction. Blue arrow is survey by the Asia E&C from the CP3 or CP6 to
center of the far detector after completion of tunnel construction. The X and Y
position of detector center are from combined these two results.
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Surveying of Z position is also measured independent of the plant. So It need
to connection between reference points of reactors and detecter. This work is
measured by Soobong construction from the reference point of the plant(BM
NO1) to reference point of the far detector as shown Figure We decided that
uncertainty of Z position is upper limit of acceptable levels from the building law.

: WRGIEEREe point of
the far dZElale]g

Figure F.5: Satellite map of survey route for Z position of detector center. Red
line is survey route by the Soobong construction from level reference point (BM
NO1) of the plant to reference point of the detector.

The coordinates of reactors are determined by GPS to a precision of within 3
cm and provided by KHNP. So that all uncertainties of positioning information
are summarized in Table [F.1] It shows the uncertainties of positioning is below 20
cm. And the uncertainties of baseline is also below 40 cm. So that the systematic
error due to baseline is neglect in this analysis.

Reactor Far detector Near detector

ox 3.0 7.8 11.9
oy 3.0 6.4 9.4
0z 3.0 2.0 1.1
or 5.2 10.3 15.2

Table F.1: Uncertainty of center points

S e ki

212 -



Appendix G

Optimization of MC Parameter

G.1 Motivation

When we obtain pe-to-MeV conversion function, we use center-to-uniform correc-
tion factor , that is, the ratio of number of photo electrons observed by uniform
source and center source. And we have noticed that this ratio is different between
data and MC. In case of MC, the uniform-to-center ratio (uniform/center) is less
than ‘1’ while the uniform-to-center ratio derived from data is greater than ‘1’ as
shown in Figure The values in horizontal axis in Figure are the distance
from the target surface. ‘0’ is defined as target surface and bigger minus value is
more distant from target surface toward center. We have checked many MC pa-
rameters and found that the attenuation length can affect the uniform-to-center
ratio. Figure shows that p.e. of %°Co source MC decrease with attenuation
length decreasing. The horizontal axis values indicate the level of attenuation
length decreasing relative to the previous MC, which is used for analysing previ-
ous results data sample (220 day data). We can see the level of p.e. decreasing
is not same between center source and uniform source. When attenuation length
is large, uniform-to-center is less than 1. However, when attenuation length de-
crease, uniform-to-center becomes larger than 1. That means the attenuation
length set in our MC is not correctly tuned for data. So we try to tune attenua-
tion length of MC by comparing uniform-to-center with that of data.
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Figure G.1: Photo electron vs. volume cuts of n-H event. Left hand side plot is
for 2.223 MeV gamma MC and right side plot is for n-H data
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Figure G.2: Photo electron vs. Gd-LS attenuation length for 50Co MC at center
and uniform

G.2 Tuning MC parameters

Our motivation to tune MC parameters began from necessity to tune Gd-LS at-
tenuation length. However, if we change Gd-LS attenuation length, p.e. is changed
and then we also need to change Gd-LS light yield to compensate the p.e. change
from attenuation length tuning. In case of light yield, we tried to tune it by com-
paring p.e. of Co source between data and MC. So we have to satisfy the following
requirement during our MC parameter tuning.

e uniform-to-center should be consistent between n-Gd data and n-Gd MC
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e p.e. of target Co source should be consistent between data and MC at 0
day

e p.e. of gamma catcher Co source should be consistent between data and
MC at 0 day

We proceed MC tuning in the following order.

e Step 0. Gd-LS attenuation length tune
Gd-LS attenuation length is tuned by comparing uniform-to-center of n-Gd
data and n-Gd MC.

e Step 1. Gd-LS light yield tune
Gd-LS light yield is tuned by comparing p.e. of Co source between data and
MC at 0 day. However, if we adjust Gd-LS light yield here, the uniform-
to-center between data and MC, which was tuned at 0 step, becomes dis-
crepant. So this discrepancy in uniform-to-center is tuned again in the next
step.

e Step 2. LS light yield tune

LS light yield not only affect the events in gamma catcher but also events
in target because some of gamma produced in target spill out to gamma
catcher region. So here, we tried to match uniform-to- center of n-Gd data
and n-Gd MC by tuning LS light yield and at the same time we tried to
match p.e of Co source data and MC in gamma catcher. If we cannot satisfy
all the requirements of MC parameter tuning mentioned above upto this
step, we go to next step to tune LS attenuation length.

e Step 3. LS attenuation length tune
If there is still some discrepancy between data and MC until step2, we try
to match it by tuning LS attenuation length.

G.2.1 Gd-LS attenuation length tune

Gd-LS attenuation length is tuned by comparing uniform-to-center of n-Gd data
and n-Gd MC. Uniform-to-center is obtained by looking at p.e. as a function of
cylindrical volume cut as shown in Figure[G.3] The graph in Figure[G.3]is for n-Gd
MC, which Gd-LS attenuation length is decreased by 45%. relative to the default
value in our MC. The values in horizontal axis are the distance from the target
surface. ‘0’ is defined as target surface and bigger minus value is more distant
from target surface toward center. As for the p.e. of uniform n-Gd event, we can
take the p.e value at ‘0’. To obtain p.e of center n-Gd events, we have to select
events in small volume around center. However, we cannot do that because of
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limited statistics. Instead we predict p.e. for any volume cut by fitting the graph
in Figure In MC, we can generate n-Gd events whose vertex is at target
center and compare what volume cut corresponds to the p.e. of center events.
According to the result using the MC shown in Figure the p.e. at -1000
mm volume cut gives similar p.e. from center events. In general, however, this is
not true because MC with other parameters may give different result. Anyway,
for consistency between data and MC, we need to apply the same method of
measuring uniform-to-center. Here, we apply -1000 mm volume cut to both data
and MC to obtain p.e. from center events. However, we can choose any other
volume cut criteria for center instead of -1000 mm as long as we keep consistency
between data and MC. Figure shows the graph like that of Figure but
for 500 days near and far data. As mentioned, we take p.e value at -1000 mm
volume cut as center events and 0 mm cut as uniform events. The uniform-to-
center ratios we obtained this way are 1.00785 +/- 0.00028 for near data and
1.00602 + 0.00091 for far data. As uniform-to-center is obtained for data, we try
to tune Gd-LS attenuation length of MC by looking uniform-to-center of MC for
various Gd-LS attenuation length. Figure 6 shows center-to-uniform vs. Gd-LS
attenuation length of MC and the allowed band from data is indicated for far (left)
and near (right). The horizontal axis values are the relative Gd-LS attenuation
length (%) to the default value set in our MC. By looking at this graph, we tuned
Gd-LS attenuation length as -43.7% for far MC and -44.5% for near MC.
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Figure G.3: Photo electron vs. cylindrical volume cut for IBD n-Gd MC, which
attenuation length is decreased by 45% relative to the default value in our MC
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Figure G.4: Photo electron vs. cylindrical volume cut for 500 days far (left) and
near (right) IBD n-Gd data, respectively.
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Figure G.5: Photo electron vs. cylindrical volume cut for 500 days far (left) and
near (right) IBD n-Gd data, respectively.

G.2.2 Gd-LS light yield tune

In previous section, we decreased Gd-LS attenuation length from default value.
Then it changes not only uniform-to-center but also decreases number of photo
electrons. In default MC, we had tuned light yield so that number of photo
electrons of Cs MC and far Cs source data agree. However, now the p.e. of source
MC and data do not agree since we changed Gd-LS attenuation length. So we try
to tune Gd-LS light yield by looking at p.e. of Co source. The p.e. of Co source
data taken at 8.November.2011 is 589.144 + 0.102 for far detector. And we found
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that if we increase Gd-LS light yield by 9% relative to the default value, the p.e
of far Co MC becomes 588.824 4+ 0.115 and this agree with data. For near MC
Gd-LS light yield tune, we also had a look at p.e of Co source as a function of
Gd LS light yield. Figure shows p.e. of near Co source MC vs. Gd-LS light
yield. The black dot is near Co source data. By comparing with that of data, we
have tuned near Gd-LS light yield as +8.5% increase relative to default value.
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Figure G.6: Photo electron of near Co source MC vs Gd-LS light yield. The black
dot is near Co data and black horizontal dot is the uncertainty of data

G.2.3 LS light yield tune

In previous section, we have tuned Gd-LS light yield. However, due to the change
of Gd-LS light yield, the uniform-to-center of MC is affected. So we need to match
uniform-to-center of MC to that of data again. In this step, we try to match it
by tuning LS light yield. At the same time, we try to match p.e. of Co source
MC generated at gamma catcher to the p.e. of Co data taken at gamma catcher
region. Figure shows that uniform-to-center vs. LS light yield (left) and p.e.
of gamma catcher Co source vs. LS light yield (right) for far MC. The black
dot and horizontal black dotted line are data and its uncertainty for far. In this
graph, we found that 4% increase of LS light yield from the default value can
match uniform-to-center of data and at the same time p.e. of gamma catcher Co
source data for far. Likewise, we tried to tune near LS light yield. Figure is
similar plot to but for near MC and we found that if we increase near LS light
yield by 7% compared to default value, we can match uniform-to-center and p.e
of gamma catcher Co data at that same time.
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Figure G.7: (FAR MC) Uniform-to-center vs. LS light yield (left). Photo elec-
tron of gamma catcher Co source vs. LS light yield (right). The black dot and
horizontal dotted line are data and its uncertainty

B

oo of catcher Co

Figure G.8: (NEAR MC) Uniform-to-center vs. LS light yield (left). Photo elec-
tron of gamma catcher Co source vs. LS light yield (right). The black dot and
horizontal dotted line are data and its uncertainty

G.2.4 LS attenuation length tune

Until previous sections we could successfully satisfy all the requirement of MC
tune mentioned in the beginning of section [G.2] So we do not have to change LS
attenuation length.
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G.2.5 Summary for tuned MC parameters

We have found that our attenuation length in MC was not tuned correctly. So
we have tuned it by comparing uniform-to-center with that of data using n-Gd
events. And light yield is also tuned to compensate the p.e change by tuning
Gd-LS attenuation length. Finally, we have tuned the MC parameters for 500
days of data for near and far, respectively. Table summarize the tuned MC
parameters

Near MC Far MC
Default Light Yield 9075 9285
) ) Gd-LS LY: +8.5% Gd-LSLY: +9%
Tuned Light Yield LS LY : +7% LS LY : +4%
Gd-Ls attenuation Length -44.50% -43.70%

Table G.1: Summary of tuned MC parameters for 500 days data
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Appendix H

Measurement of Birks
Constant

The Birks constant of the RENO is measured via light output of the LS due to
the recoiled electron which is Compton scattered with ~-ray from 37Cs source.
Figure shows a schematic of the experimental setup.

Compton scattering

LS

source
Ge-detector

Scintillation response
photon

Figure H.1: Experimental setup for Birks constant.

The 7-ray emitting from the '37Cs can be scattered with electron, transmit
energy to electron, and then be measured its energy. The energy of the recoiled
electron can be calculated following equation.

E.=E, — E, = 662KeV — Eoe—det. (H.1)

measured’

where, E, is the energy of the recoiled electron, E, is the energy of the -ray before
scattered, well known energy of 662 KeV. £, and Ege_det' is the energy of the

easured
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~-ray after scattered, measured by Ge-detector. The Ge-detector was calibrated
by ~v-ray of 551 KeV from the 2?Na and 7-ray of 662 KeV from the 37Cs, as

shown in Fig. [H:2]
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Figure H.2: Calibration of the Ge-detector. The detector is calibrated by using
two energy peak from v-ray of 551 KeV from the 2?Na source and y-ray of 662
KeV from the 37Cs source.

The recoiled electron can move in the LS or GALS and forced the LS or GdLS
to emit scintillating light. The scintillating light is collected by PMTs. Therefore,
Light yield of LS or GALS is measured by the PMT. The relation between the
light yield of LS or GdLs and electron energy are shown in Fig. The region
enclosed two red lines of the left plot of the Fig. shows selected data. The
data are divided each 2.5 KeV-energy of the electron, as shown in the right plot
of Fig. From the each sliced data, the PMT count histogram are made.
Gaussian fitting result from the histogram, shown in Fig. [.4] means the light
yield of the LS or GALS at the sliced electron energy bin. From the this results,
the relation between the light yield and the recoiled electron energy are obtained,

as shown in Fig.
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Figure H.3: PMT ADC count vs energy of the recoiled electron. The region en-
closed two red lines of the left plot shows the selection region. The region inside
of blue circle of the left plot shows a dim hill which is the inefficiently measured
energy of the y-ray due to compton scattering of the ~-ray in the ge-detector.
The regions between the red lines of the right plot shows split data with same
energy distance of 2.5 KeV.
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Figure H.4: Fitting results of pMT ADC(light yield) for each bin. The fitting
function is Gaussian. From the this results, the light yield of LS or GALS at the
energy bin are obtained.
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Figure H.5: Light yield vs the energy of the recoiled electron. The dotted line is
guide line. The deviation between dotted line and data point means non linearity
of the LS light yield.

So far, all data for measuring Birks constant kp are ready. The fitting function
to get kp is described as following,

1
L=a-| ———=dFE + b, H.2
/1—1—]{33(?5 ( )

where, a, kg and b are free parameters. The parameter a means the relative
scintillation efficiency. and the parameter b means the offset of the data. The
fl—f term means a stoping power of the LS or GdLS, is calculated from Berger &
Seltzer Equation [73] and shown in Fig. [H.6] The measurement result of the birks
constant kp is shown in Fig. refgkb and Table
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Figure H.6: Stoping power of electron in the LS. This plot is calculated from
Berger & Seltzer Equation [73].

1 //__————“'——_— 1 :_
E C = C
3 r -LS 3 N +/ _
S 08 [ S 08 |f GdLS
s e [
e [ e -
S o6 [ S 06|
k-] L 1\ ° C
-i 04 [ .a_; 0.4
- r - L
B gl B oa2f
| 0.2 5 0.2 -
0 1 1 1 1 1 1 1 1 o L 1 1 1 1 1 1 1 1
0 0.02 0.04 0.06 008 0.1 0.12 0.14 0.16 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Energy [MeV] Energy [MeV]

Figure H.7: Fraction of measured light yield and energy as a function of energy
in LS and GdLS. The left plot shows the LS. And the right plot shows the GdLS.
The black line shows the fitting result [32].

kg (cm/MeV)
LS 0.0117£0.0003
GdLS 0.0124+£0.0004

Table H.1: Measured birks constant of LS and GdLS
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Observation of Energy and Baseline
Dependent Reactor Neutrino
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