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Abstract

Abstract

Neutrinos associated with gravitational waves (GW) or gamma-ray bursts (GRB)
are produced in the universe during the coalescence of compact binaries or the collapse
of massive stars and have characteristics of short bursts. So far, theories are unclear about
the physical processes that occur inside such celestial events. Neutrinos travel through
space, interacting so weakly with matter that they act as messengers, carrying the most
primitive information from the interior of celestial point sources to detectors on Earth. In
the era of multi-messengers, combined observations of neutrinos, gravitational waves, and
gamma-ray bursts are crucial to understanding the dynamics of these celestial processes
and the universe’s evolution. This dissertation used about 340 tons of liquid scintillators
in 8 electron anti-neutrino detectors in Daya Bay to search for correlated signals. The
main work and innovations are as follows:

* The energy differential cross-section of the inverse-beta-decay reaction for electron
anti-neutrinos was studied by analyzing the deviation of cross-section calculations
with increasing energy. The recoil neutron’s influence on positron energy mea-
surement was under discussion and yielding a modified formula to take effect into
account. We performed simulation studies to compare the different databases for
the thermalization, capture the above reaction’s cross-section of the delayed neu-
tron, and estimated the effect on detection efficiency.

» We searched for electron anti-neutrino events with a prompt positron and delayed
neutron capture signals associated with the complete gravitational wave events-
GW150914, GW151012, GW151226, GW170104, GW170608, GW170814, and
GW170817-caused by compact binaries’ mergers in the Daya Bay experiment. Ac-
cording to different motivations, we applied multiple search time windows, +10 s,
+500 s, and +1000 s. We found that all were consistent with the background level
and accordingly derived the corresponding upper limit of neutrino fluence. Under
the monochromatic energy spectra’s assumption, the upper limit of neutrino fluence
of 5 MeV - 90 MeV at 90% confidence interval is (1.12 — 2.28) x 10" cm™ to 1.0
x 108 ¢cm™2. Under the assumption of the Fermi-Dirac energy spectrum, the upper
limit of neutrino fluence in (1.8 MeV, 100 MeV) energy region and different time

windows is (4.2 — 5.5) x 10° cm™2.
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Abstract

* We analyzed a total of 2225 events of GRBs occurring from December 2011 to
March 2019. The searching time window of correlated neutrino signal includes
+500 s, +£1000 s, and a dynamic time window determined by different GRBs du-
ration and redshift. The results show that the number of neutrino signals did not
exceed the number of backgrounds. The upper limit of fluence at the Daya Bay
experiment was between 0.08 x 107 cm™2 and 2.03 x 10'” cm at the 90% con-
fidence level for the monochromatic energy spectra hypothesis and (2.08 - 10.8)
x 10”7 ¢cm™? for the Fermi-Dirac energy spectrum assumption. These limits are the

latest upper bound results of GRB associated neutrino fluence in the world.

Key Words: neutrino; neutrino detection; Gravitational-Wave; Gamma-Ray burst; flu-

€nce
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Chapter 1 Introduction

As a branch of physics frontiers, particle physics is of great significance for un-
derstanding the fundamental particles and their interactions. Neutrinos are the particles
widely distributing in the universe. They can be from stars, atmospheric cosmic rays,
supernovae, particle accelerators, and nuclear reactors, etc. Neutrinos rarely interact with
matter. This feature allows them to serve as a unique probe for understanding violent
astrophysical events, such as compact binaries mergers, supernovae bursts, and gamma-
ray bursts. In the Standard Model (SM) picture, neutrinos are left-hand and massless.
This chapter will briefly introduce neutrino physics, from its history, SM, to neutrino
sources. Also presented are the physics of gravitational waves (GWs) and gamma-ray
bursts (GRBs).

1.1 The Standard Model and neutrinos

In 1914, James Chadwick found that the electron pf-decay energy spectrum
(N, Z) - (N-1, Z+1)+e™ +V,) was continuous, which did not conform to the quan-
tum laws that people knew at the time!!. Without the knowledge of ¥, the -decay process
was thought to be a two-body decay: decaying nuclei and electrons. The continuity of
the f-decay energy spectrum contradicted energy and momentum conservation. In 1930,
Wolfgang Pauli proposed the concept of neutrino to explain this phenomenon 21 pauli
put forward the hypothesis that new particle was light in mass and electrically neutral. It
was difficult to detect because of its weak interaction with matter. In 1932, it was named
“neutrino” by physicist Enrico Fermi to distinguish neutrons discovered by Chadwick in
the nucleus.

In 1956, Frederick Reines and Clyde Cowan eventually discovered the reactor neu-

trinos via the inverse-beta-decay (IBD) 3] reaction as below,
Vv,+p—on+e'. (1-1)

In 1957, Bruno Pontecorvo proposed the neutrino oscillation theory, which stated that
neutrinos with different flavors could be converted among themself (4 In 1962, Leon M.

Lederman, Melvin Schwartz, and Jack Steinberger discovered the v, generated by the de-
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cay of [3]. In 1987, Kamiokande!®7!, IMB[®-1 and Baksan!'%!"! neutrino experiments
observed the neutrinos from a supernova, which was a milestone event for astrophysics.
In 2000, the DONUT experiment from Fermilab announced the discovery of vr[lz], the
last neutrino flavor predicted by the Standard Model.

1.1.1 Neutrinos in the Standard Model

In the SM, as shown in Fig. 1.1, there are twelve elementary fermions: three gen-
erations of quarks, (up, down), (charm, strange), and (top, bottom); three generations of
leptons (electron, electron neutrino (v,)), (muon, muon neutrino (v,)), and (tau, tau neu-
trino (v,)), All of which, together with the gauge bosons and Higgs, form the building
block of the material world. The elementary fermions interact with each other through

four force-carriers, namely g boson, y boson, Z boson, and W boson.

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
| Il 1l
mass | ET2.2 MeV/c2 T31.28 GeVic? T173.1 GeVic? 0 £3124.97 GeVie?
charge @ % % % 0 0
on |4 » & v @ |- H
up charm top gluon | higgs
£24.7 MeV/c? 5196 MeV/c? 4.18 GeV/c? 0
-% -% -% 0
» d » (8 » (b @
down strange bottom photon |
[30.511 MeV/c? [31105.66 MeVi/c? 317768 GeV/c? 9119 GeVic?
-1 -1 -1 0
« (& s (W » (T &
electron muon tau Z boson |

<1.0 eV/c? <0.17 MeV/c? <18.2 MeV/c? [E2)80.39 GeV/c?
0 0

@ I & | & TW

electron muon tau
neutrino neutrino neutrino

€

W boson

Figure 1.1 Twelve elementary fermions and four gauge bosons. The purple part represents six
quarks. The green part represents six leptons. The orange part represents four bosons.
The yellow part represents Higgs boson. (From Ref.[!*]).

In the SM, the neutrino has a spin of 1/2, no electric charge, and massless. Neutri-
nos only interact with matter via either the charged-current (CC) when exchanging the
W * bosons or the neutral-current (NC) when the neutrinos exchanging the Z° boson. In
1989, the Large Electron-Positron (LEP) Collider experiments measured the number of
neutrinos involved in the Z° to be 2.9840 +0.0082['*_ Tt is consistent with the predicted

number of three-generation neutrinos in the SM. After a half-century of development, the
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SM has achieved great success. Despite this, observation of neutrino oscillation indicates
that neutrinos have mass—the only real laboratory evidence that the SM does not predict.

Neutrinos can serve as a probe to search for new physics beyond the SM.

1.1.2 Neutrino sources

Figure 1.2 shows the spectra of various neutrinos. The energy ranges from ueV to
EeV, and the deferential flux can be as high as 10%> cm™2s~'sr"'MeV~!. They can be

from either natural or artificial sources.

=107
% L
ST )
= F Cosmological v
5100
"',,,10‘2 i Solar v
~
IE L Supernova burst (1987A)
Y108 1
% . r Reactor anti-v
2100 | Vo
1 Background from old supernovae
10
10 F Terrestrial anti-v
10-12 : Atmosphericv
10 ‘6: v from AGN
10 201
I Cosmogenic
102 [ v
10728 -
.........................
10 107 1 10° 10 10° 107 10" 10%®

peV.  meV eV keV MeV GeV TeV PeV EeV
Neutrino energy

Figure 1.2 Summary of the spectra of dominant natural and artificial neutrino fluxes. The energy
range from ueV to meV is that of cosmological (or “relic”’) neutrinos. The keV-MeV
energy range is dominant from the Sun, supernovae, nuclear reactor, and the Earth
(“Terrestrial” or “geo-" anti-v). A higher energy ranges are populated by neutrinos
from the atmospheric in the Earth, supernova remnants, and Active Galactic Nuclei
(AGN). (From Ref. [},

The Big Bang generated cosmological neutrinos with energy range from ueV to
meV. However, detecting cosmological v’s is challenging due to their low energy and
frustratingly small reaction cross-section.

Solar neutrinos are pure electron neutrinos produced from the fusion processes which
drive the sun. Measurements of solar neutrinos could enhance the understanding of the
neutrino oscillation and solar physics. The fission of heavy nuclei, such as 2°U, 238U,
239py, and >*!' Pu in nuclear power plants, emit 6x 10? electron anti-neutrinos with energy
up to about 10 MeV per second for a typical 3 GWy, reactor core. Terrestrial neutrinos are
from the radioactive decay chains of 232Th, 238U, 235 U, and those of the 40K isotope inside

the Earth['%7] with energy extending to 3.26 MeV. In 1987, supernova 1987A in the
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Large Magellanic Cloud was recorded by three neutrino experiments, which opened an era
of multi-messengers observation in astrophysics. With the discovery of GWs, neutrinos
associated with GWs and GRBs start to draw attention in neutrino experiments.

Much higher energy ranges of neutrinos are dominant from sources, like atmospheric
neutrinos (created in cosmic ray interaction with Earth’s atmosphere), AGN, and cosmo-
genic (ultra-energetic protons interaction with the 2.7 Kelvin cosmic microwave back-

ground)! 18],

1.2 Gravitational-Waves

The most widespread force in the universe is gravity, one of four fundamental forces
in nature. The distribution of mass in the universe has always been a hot topic in cos-
mological research. The number of neutron stars (NSs) accounts for about 1% of the
stellar star in the galaxy. For black holes (BHs), there are many stellar-mass BHs in the
galaxy. Moreover, supermassive BHs (10° Mg - 10° M) always exist in the center
of the galaxy!!'”]. Quasars, X-rays binaries, and supernovae that use relativistic gravity
to convert mass to energy are far more efficient than nuclear reactions. Gravitational
radiation plays a role in understanding the mass distribution of the universe. Naturally,
the most direct and convenient way to know the gravitational radiation is the observa-
tion of GWs. Furthermore, the GW detection opens up a new window for observational
astronomy because of the difference between the information carried by GWs and elec-
tromagnetic counterparts. This new window can complete our view of the universe and
unveil the formation of BHs, the merging of binary systems, and the hidden information
of the center of galaxies where the supermassive BHs live, and so on.

GWs are the ripples of space-time caused by instances of high-energy explosions
in the universe. The first mention of GWs in history was Albert Einstein in the general

theory of relativity in 1916120-211

. Einstein predicted that massive objects like neutron
stars or black holes would produce the distortions of space-time around them when they
are orbiting each other. The more significant the mass, the higher the distortion of space-
time. Imagine a small marble ball revolves around a trampoline with a bowling ball in the
middle. The marble ball and the bowling ball can be two NSs, BHs, or NS and BH. The
two approaching objects release gravitational plane waves. Fig. 1.3 shows that a massive
BH merges with a relatively small BH. The released GWs are ripples in space-time, which

would propagate in all directions away from the source. The cosmic ripples will carry the
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most primitive information inside the origins and spread to the entire universe at the speed

of light.

Figure 1.3  Illustration of the merger of two BHs. The GW ripples outward when the BHs spiral
toward each other. The area near the BHs would appear highly warped. The GW is
difficult to be observed directly. The plot comes from Ref.[?2].

In 1974, Taylor and Hulse discovered a binary pulsar PSR 1913+16 using the Arecibo
Radio Observatory in Puerto Rico, which was the first discovery of a binary system ac-
cording to the general relativity. In 1979, the detection of gravitational radiation effects
was announced?*). To verify the correctness of general relativity, physicists began to ob-
serve PSR 1913+16 for several years and found that the radius of binary orbit decreased
with time. This observation showed that the system has been losing energy, which was
converted into another way to release it. According to the prediction of the general rel-
ativity, GW’s emission will cause the loss of energy. Figure 1.4 shows that Einstein’s
general relativity prediction and the observation from PSR 1913+16 are consistent. In
the 20th century, the observations of GWs were all indirect. The astrophysicists hope to

observe the existence of GWs directly.

1.2.1 Observation

Three types of detector schemes can observe GWs directly. The first one proposed
in 1960 employed a massive cylinder to detect mechanical oscillation induced by a grav-

itational signal. Joe Weber designed and implemented the detector and published the

possible evidence caused by GWs[?]

[26]

. However, other similar experiments later failed

to confirm the result'“™. At the end of the 20th century, there were five experiments in

the International Gravitational Event Collaboration to search for GW signals using this

5
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Figure 1.4 The shift in periastron time varies with the year since 1975 when two stars keep
getting closer. The curve change shows the PSR 1913+16’s orbit decreasing contin-

uously in 30 years. The points represent the measurements. The plot comes from
Ref 124

method 2",

The second scheme is a new approach to observe the GWs. Optical interferometers
are composed of freely suspended reflectors at the ends of long paths that are at right
angles. Shifts of interference fringes will alternately stretch one arm while contracting the
other when the GWs pass. Figure 1.5 shows a schematic diagram of a laser interferometer.
The Laser Interferometer Gravitational-Wave Observatory (LIGO)[?®! is the first one that
observed GW’s direct evidence.

The last scheme is the evolved Laser Interferometer Space Antenna (LISA). LISA
has three independent spacecraft that form an equilateral triangle in space. The interfer-
ometers are at the corners of a triangle separated by some million km long. A passing grav-
itational wave will cause a change in distance between the satellites. As the space-based
detector, LISA has better sensitivity than the ground-based like LIGO and can measure
GW’s amplitude, direction, and polarization.

The LIGO is composed of two interferometers, one with arm length 4 km at Hanford,
Washington, and one at Livingston, Louisiana. On September 14, 2015, at 09:50:45 UTC,
the LIGO detected a coincident GW signal, GW 150914, which came from the binary BH

mergers!>’l. This discovery has a significance of 5.1 o. Figure 1.6 shows the detected
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Figure 1.5 A schematic diagram of a laser interferometer. (From Ref. ).

signal of GW150914. The first direct observation of the GW signal is a milestone event
for astrophysics.

Subsequently, LIGO successively announced other detected GW events. This the-
sis analyzes the GW events published by LIGO before 2019, namely GW15101231],
GW15122612, GW17010413), GW17060834, GW1708141%), GW17081713%].  Ta-
ble 1.1 lists a summary of source parameters for all the GWs. It is noted that most GWs
were generated by the BH mergers, while the NS mergers generated GW170817.

Table 1.1 Summary of GWs observed by the LIGO experiment. The masses of BH or NS are

given in the source frame. MI represents the primary mass of BH or NS, and M2
represents the secondary mass of BH or NS. Dy 5 represents the luminosity distance.

GW type UTC time Ml M2 D160
GW150914  2015.09.14 09:50:45 367 M, 29"IM,, 410*1% Mpc
GWI51012 2015.10.1209:54:43  23*% M 13*IM,, 1100*300 Mpc
GW151226 2015.12.26 03:38:53  14.2*32 M, 7.573M, 440" 150 Mpc
GW170104 2017.01.04 10:11:58  31.2*%¢ M 19.479M, 8807550 Mpc
GW170608 2017.06.08 02:01:16  12*70 M, 7t 0Mg 340* 30 Mpc

20 5.7 2.8 130
GW170814 2017.08.1410:30:43  30.5737 My 253723M, 5407139 Mpc

GW170817 2017.08.17 12:41:04 136 -1.60M, 1.17 - 1.60M, 401’?4 Mpc

1.2.2 Neutrino production

Historically, the first multi-messenger detection of extra-solar occurred with

SN1987A 7! and referred to a broad spectrum of electromagnetic signals and neutrinos
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Figure 1.6 GW150914 signal from a binary BH merges observed at Hanford, Washington (H1,
left column panels) and Livingston, Louisiana (L1, right column panels). The origin
of x-axis is the time detected. The top two panels show that the GW signal was first
detected by L1, and then by H1. The second row shows the GW signal spectrum
predicted by different models. The third row shows the Residuals after subtracting
the filtered numerical relativity waveform from the filtered detector time series. The
bottom row shows that the signal frequency over time. (From Ref. ).

that were detected by Kamiokande [6'7], IMB [8'9], and Baksan!!'%"!] with the neutrino en-
ergy ~ 20 MeV. With the direct observation of GWs, the astrophysicists expect to know
more about the mechanism of GWs in conjunction with other detection methods. Neutri-
nos, as messengers of astrophysical events, have their advantages. Neutrinos could reveal
the information from the hidden region of BH mergers because of their weak interaction
with matter and null interaction with electromagnetic radiation. As neutrinos can travel
almost unchanged from sources to detectors, they represent the invaluable messengers to
bring a snapshot of the source at production.

After the GW150914 event, a weak GRB was found coincidently 0.4 s by the Fermi
Gamma-ray Burst Monitor(*3], although this GRB has a significant uncertainty astro-
physics origin. The detection of GW170817 with a GRB170817A, detected by Fermi-
GBR 1.7s after the coalescence, corroborates the hypothesis of a neutron star merger and

provides the first direct evidence of a link between these merges and short GRB. The ex-
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istence of GRB indicates that the accretion disk is likely to surround the merged object,
which is the source of MeV neutrinos.

The main process of generating neutrinos in the accretion disk is
pte —n+v,. (1-2)

For the BH, the center of an accretion disk with a rapid accretion rate has a high enough
temperature to trap neutrinos!>*1. After neutrinos are trapped, the gravitational binding
energy loss rate is determined by the time which the neutrinos scatter out of the trapped
region. For the low accretion rates, e.g., i = 0.1 Mg/s (Mg: solar mass), neutrinos are
barely trapped. When the neutrinos are not trapped, the rate of energy loss is related to
neutrino production. If the BH mass is 3 M, a roughly 20% energy is released in the
form of neutrinos for i = 1.0 Mg/s and 5% for i = 0.1 Mg/s. Figure 1.7 shows the
neutrino flux spectra of different accretion disk rates. The spectrum of neutrinos is below
100 MeV, which is the interesting energy range at Daya Bay. We expect to find the GW-
related neutrino candidates at Daya Bay and provide a comprehensive understanding of

the universe.

PNS AD—BH, m=1.0 AD—BH, m=0.1
REL 1 1 -
>
[5)
=
‘e 107 — v
(8] —— Ve
o  tl N~ . v,
()
X
< gl
X
3 ;
o‘...\":-..../..\.\‘..m...
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energy (MeV) energy (MeV) energy (MeV)

Figure 1.7 Neutrino spectra for the proton-neutron stars (PNS) and the accretion disk of black
holes (AD-BH) without the oscillation. The m represents the accretion rates. (From
Ref. ).

1.2.3 Related searches and experiments

Recently, many neutrino experiments have started the search for GW-related neutri-

nos.
ANTARES and IceCube[*] had searched for high-energy (above ~100 GeV) neu-
trino signals in a time window of +500 s relative to GW150914. They found that the co-

9
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incident neutrino signals were three and zero for IceCube and ANTARES, respectively.
These results are consistent with the expected atmospheric background levels. Finally,
ANTARES and IceCube announced that no neutrino signal observed from GW150914.

KamLAND ! presented the low-energy search results (below ~111 MeV) neutrino
signals in a time window of +£500 s. They investigated the neutrinos that coincided with
GW150914, GW151012, and GW151226, and found no evidence.

Super-Kamiokande!*?) reported that the search results of neutrino signals coincided
with GW150914, GW151012, and GW 151226 within the neutrino energy from 3.5 MeV
to 100 PeV. The search time window was +500 s around the GW detection time. They
observed four neutrino candidates for GW 150914 but found no candidates for GW151226.
The neutrino candidates relative to GW 150914 indicated that they were consistent with
the expected background events. GW170817 was the first detected NS merger, but Super-
K published the null search result of GW170817-related neutrinos*3].

Borexino[*#! focused on searching the neutrino signals in the lower energy range (>
250 keV), which were coincident with GW150914, GW151226, and GW170104. They
found that the search results were consistent with the expected solar neutrinos and back-

ground events.

1.3 Gamma-Ray bursts

GRBs are the phenomenon of instant brightening of gamma-ray bands from the uni-
verse. The energy is released between 10*® ergs and 10°° ergs if isotropic, lighting up the

entire universe. They are the most energetic explosions in the universe [43]

. Figure 1.8
shows the visual effect of GRB when people see it naked!*®). Satellite Vela first discov-
ered GRB in 1967, and then a total of 16 GRBs were first published by Klebesadel in

1973471 marking the beginning of GRB research.

1.3.1 GRB phenomenology

After several decades of observation with y-ray/X-ray satellites (BeppoSAX,
KONUS/Wind, HETE-2, Swift, Integral, AGILE, and Fermi) and the follow-up carried
out by ground-based optical, IR, mm, and radio, our understanding of GRBs has improved
enormously. At the beginning of GRB research, the astrophysicists concluded that such
high-energy events should occur in the Milky Way. In 1991, the Burst And Transient

(48]

Source Experiment (BATSE) started operation, and data acquisition'*®!. Figure 1.9 shows

10
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Figure 1.8 “naked-eye” GRB generated in artist’s concept. The observation shows two jets in
opposite directions from the center. (white and green beams). (From Ref.[#]).

the spatial locations where the BATSE observed a total of 2704 GRBs. It is observed that
GRBs distribute uniformly in space but have no cluster on the plane where the Milky Way
is located. It is believed that GRBs could be produced in the extra-galactic space, and the
released energy is also underestimated.

In 1997, the BeppoSAX experiment started operation and was dedicated to observing
the GRBs in the extra-galactic space and first found the GRBs’ afterglow effect. After
the prompt gamma-ray signal, the afterglow follows and lasts up to several days. The
discovery of afterglows can provide a higher precision measurement of GRB locations.

After decades of observation, the mechanisms of GRBs are still unclear. GRBs are
roughly divided into two categories according to the duration time of bursts. Figure 1.10
shows the duration time of GRBs observed by BASTE. The definition of Ty, is the time
with the interval between 5% and 95% of the total fluence. There are two peaks, one is at
0.3 s, and the other is at 30 s. The Ty, corresponding to the two-peak separation is about 2
s. When the Ty, > 2 s, The GRB is called the long GRB. Otherwise, it is called the short
GRB.

The bimodal structure of GRB during time Ty, is thought to be caused by different
GRB mechanisms corresponding to center engine models of long GRB and short GRB.
Long GRBs originate from the core collapse of supernovae and have been observed with
Type Ic supernovael®!l. Compact binary mergers, such as NS-NS or NS-BH, generate
short GRBs. For long GRBs and short GRBs, matter accumulates quickly on the stars’
surface and releases as relativistic jets of particles.

Observationally, the prompt emission phase of a GRB provides the temporal pro-

file. The observed time profiles of GRBs have various shapes and duration times. The

11
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2704 BATSE Gamma-Ray Bursts

Fluence, 50-300 keV (ergs cm)

Figure 1.9 Positions of all the GRBs detected by BASTE on the sky. The shade of color repre-
sents the difference in fluence. The horizontal central axis of the picture represents
the Milky Way. The distribution of GRBs is isotropic in the universe*.

observed time profile for the 20% GRBs is smooth. It is a typical Fast Rise Exponential
Decay (FRED), which describes that the rise time is shorter than the decay time. The rest
80% of GRBs have rich substructures from single, double to multiple peaks. Figure 1.11
shows some GRB examples of the time profile observed by BATSE 2.

The photon energy spectrum of GRB is non-thermal. The energy of photons released
by GRBs is mainly in the energy of 50 - 1000 keV, and the peak is around a few hundred

keV. However, there are may GRBs with a high-energy tail that can reach ~18 GeV 3!,

[52]

A semi-empirical BAND function'>“! using a double power-law joined smoothly to fit the

typically GRB spectra.

Foe dn, A(ey/IOO)_“exp( —€,2- a)/ey’peak> €, < €, Break
a ydey -

A{(=a + B)E, ear/1100(2 — )]}~ exp(a — f)(e,/100)7 €, > €

y,Break>

(1-3)

where €, proar = (B— )€, pegr/(2— ). A is the amplitude in the unit of s~lem™keV7!. «

v.pea

is the index of low energy spectra. f is the index of high energy spectra. “peak” energy is

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net
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Figure 1.10 Duration time Ty, distribution of GRBs detected by BATSEP?!,

the maximum energy in the €,dn,/de,. The BAND function is approximated as follows,

dn € e<fe

14 14 d —
€ B
14 €}, 67, > €y,Break'

y,Break (1_ 4)

The breaking energy for most GRBs is the ranges between 100 keV and 400 keV. A
typical break energy €, p,.q ~ 250 keV, and the typical values for a and § are from 0 to
1.5 and 2, respectively. The results show that the energy spectra become soften with time,
which explains the observed phenomenon that short GRB spectra are more rigid than long

GRB spectra. Figure 1.12 shows the fitting of the GRB typical prompt spetrum >4,

1.3.2 Neutrino production

When the GRB occurs and releases the energy up to ~ 107 ergs, whether neutrinos
are the primary form to carry out most of the released energy has been an active research
frontier. The predicted fluence of neutrinos is dependent on the models of the GRB’s
central engine. There are two models accepted by astrophysicists: the ultra-relativistic

[56]

fireballs>] and the cosmic string!>®!. Both models could explain some aspects of the

astronomical phenomena observed in GRB. We will describe two cosmological scenar-

37 in detail below and give the predicted MeV-scale neutrino fluences depending on

ios!
two models, respectively.

1) The relativistic fireball scenarios.
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Figure 1.12 Fitting results of GRB 990123 spectra, and top panel displays the photon flux and
the bottom panel displays the energy flux. (From Ref. ).

A relativistic fireball model can explain the generation of GRBs!*33°1. The observed

60-61]

afterglow of GRBs confirmed the correctness of the fireball modell . As shown in

Fig. 1.13, the internal shells interact with the external shells when the fireball expands.
This process generates y-rays and neutrinos. The y-rays are only released when the opti-
cal depth of the fireball sufficiently reduces. However, neutrinos could escape from the
fireball, which is opaque to photons.

Different physical processes can produce high-energy neutrinos (10'* ~ 10! eV

or higher)!62%3] and MeV-scale neutrinos!®®!. When the external shells interact with the
[67]

medium in the universe, the processes below could generate high energy neutrino

n+at - nutv, >n+e" +v,+7,+v, fraction1/3

p+y— (4" -) (1-5)

p+7° > pyy, fraction 2/3.

MeV-scale neutrino is the energy region of interest in the Daya Bay experiment. We
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Very high-energy
gamma rays
Colliding shells emit gamma rays (> 100 GeV)
(internal shock wave model)
High-energy
gamma rays

X-rays

Visible light

Radio

Black hole
engine
Prompt
emission

Afterglow

Figure 1.13 Cartoon schematic of a GRB generated from the relativistic fireball. When the in-
ternal shells collide with the external shells, y-rays and neutrinos are generated. As
the external shells expand outward, they collide with the medium and then produce
y-rays, Optical, Radio, X-rays, and high-energy neutrinos. Credit: NASA.

estimated the neutrino fluence under the fireball model. The main processes generate the

MeV-scale neutrinos as follows (for [ = e, 7, u),

« Electron-positron annihilation: e* + e~ — v, + ¥, as shown in Fig. 1.14.

ZO

+

e e

Figure 1.14 Feynman diagram for the process e"e* — v,v, (I = e, 7, y).

* Electron captured on protons: e~ + p = n+v,.
* Positron captured on neutrons: et +n — p + V.
* Nucleon-nucleon bremsstrahlung: N + N - N+ N + v, + V,.

Ignoring the fireball model’s complicated details, we can calculate the neutrino flux
under a model assumption: a solar mass of neutrino energy 2 x 10> ergs is released
at a radius R ~ 100 km ball. The y-rays energy is required when the y fluency F =
10™° J- m~2 and the redshift z = 1.

D 2 F
E, =2x10°! < ) < ) 1-6
4 "B\ 2000 Mpc/ \10-9J -m—2 (1-6)

For the examples of neutron star merger, the neutrino energy released is 2x 10°° ergs.
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The neutrino energy in the fireball is E, = 102Ey, as follows,

(1-7)

-

E, ;o ) 1/4< 100 km )3/4

E, =65 MeV(
Y 2% 1053 erg R

where R is the fireball radius. Finally, the neutrino fluence is concluded from
E, /(4xD?),

E, 4000 Mpc \ 2
0, = (D )(65 MoV (A000Mpe? s 18)

2% 1073 erg E, D
where E, . is the total neutrino energy released in the fireball, E, is the average neutrino
energy, D is the distance to the source. In the Super-K experiment, @, is estimated to be
1.4 cm™ from a single GRB assuming an E~2 neutrino spectrum with a typical value of
redshift z = 1 (luminosity distance ~ 5928.2 Mpc)[68].

In a typical kiloton liquid scintillator (C,H,,) detector, there are about 8.6 x 103!

protons. The IBD cross-section at first-order %] is
ompp = 942 x 107*cm? (E /MeV — 1.3)% (1-9)

We convoluted a neutrino energy spectrum E~2 with the average energy <Eve> =
12 MeV, the IBD cross-section, and the target proton numbers, obtaining an estimated

number of neutrinos N from the GRB fire-ball model below,

L; 10k T
N = 1190 x e X Pl M

, 1-10
2x 1073 erg D; 1 kt (1-10)

where D; is the distance, while T, is the target mass. From Eq. (1-10), one can conclude
that if a GRB occurs in the Milky Way Galaxy, the number of neutrinos will be enormous.

2) The cosmic string-type scenarios.

Another scenario is the cosmic string, which successfully explains some aspects of
the GRB, especially for the high-redshift GRBs. The high-redshift GRBs release the high
energy but have short durations. Furthermore, the high-redshift GRBs’ rate is higher than
the predicted by the collapsar model with an ordinary star formation rate. Compared to
the relativistic fireball model, the neutrino fluence predicted by the cosmic string model
is more significant. The neutrino fluence is as follows,

n -1 E -1 Fy B
o.=10(53) () R
Y 10-10 100 MeV 10 erg - cm—2 e (1-11)
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where 7, is the ratio of y-rays energy to the neutrino energy, E, is the neutrino energy
observed, and F, is the photon fluence. The tens MeV neutrino fluence of a typical GRB
is estimated about (107 — 10%) cm™2. We estimated the number of neutrinos N from the

GRB cosmic string model,

L; M T
N = 1.8% 100 x (—¥ )1 x Ve Py M

X , 1-12
10-10 2x 1033 erg D, 1 kt ( )

where D; is the distance, while T}, is the target mass.

1.3.3 Previous experimental searches

Figure 1.15 summarizes the upper limits of v, fluence in the low-energy region by

several major neutrino experiments!’%l.

a E
e ,
2.1011;
é C Si\IO
© 100
8. = KamLAND long GRBs
S F KamLAND short GRBs
8 100
c =
o =
E |
LL 108?
10" t
= SuperKamiokande\
C 1 C R N
2 4 6 8 10 12 14

Electron antineutrino energy [MeV]

Figure 1.15  Upper limits of ¥, from GRBs versus MeV neutrino energy. (From Ref.!")).

Super-Kamiokande!%®! analyzed 1454 GRBs observed by the BATSE experiment
from April 1996 to May 2000. The neutrino energy range of searching was from 7 MeV to
100 TeV. There were no neutrino signal candidates observed with more than the expected
background fluctuations associated with GRBs, yielding upper limits at 90% confidence
level.

SNO["! searched for the neutrino energy below 20 MeV, associated with a total of
190 GRBs taken from Swift satellite. They concluded that there were no correlations
between the neutrino candidates observed in SNO and the GRB sources.

KamLAND "2l analyzed the GRBs, which split into two periods because of the reac-
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tor switch. They searched prompt energy of v, from 7.5 MeV to 100 MeV, associated with
192 GRBs in the first period from August 2002 to September 2011, and from 0.9 MeV to
100 MeV with a total of 39 GRBs in the second period. The neutrino signal candidates
associated with GRBs were consistent with the expected background levels. Finally, they
gave the upper limits of ¥, fluence.

Borexino!”!

MeV and 15 MeV for a total of 2350 GRBs from December 2007 to November 2015.

searched for the neutrinos and anti-neutrino with energy between 1.8

The neutrino signals were consistent with the background levels. They also gave the
upper limits based on the experimental sensitivity.

IceCube!>) and ANTARES"#73] searched for the high-energy (TeV - PeV) neutrino
associated with a total of 1172 GRBs and 336 GRBs, respectively. Both experiments
found no neutrino signals correlated with the GRB sources, giving the corresponding up-

per limits.

1.4 Thesis organization

Chapter 1 gives a brief introduction of the SM, the development history of neutrinos,
and various neutrino sources and their energy distributions. It then introduces GW physics
and the history of observation, listing the LIGO GW events associated with neutrinos
at the Daya Bay experiment. Finally, it discusses GRB’s observed physical properties,
model-dependent neutrino emission mechanisms, and associated neutrinos’ searches in
other neutrino experiments.

Chapter 2 gives a brief introduction to the Daya Bay reactor neutrino experiment.
The physical goals and significance are listed. We also introduce the design schemes of
the experiment, the detector, and the subsystems. We also present the research process of
the Daya Bay experiment and the experimental operation status.

Chapter 3 focuses on the studies of neutrino energy and the method of neutrino flu-
ence calculation.

Chapter 4 introduces the simulation studies. We first study the IBD cross-section in
the simulation generator. And then, we study the neutron simulation in different Geant4
versions. In the end, we introduce the simulation package at Daya Bay and provide the
studies of high-energy neutrino (tens MeV) simulation in the detector.

Chapter 5 introduces the IBD events selection criteria and the detector efficiency

under two energy spectra, namely monochromatic spectra and Fermi-Dirac spectrum.
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Chapter 6 introduces the GW data analysis. We first verify the correctness of the
analysis approach and then construct a likelihood function to calculate the upper limit
of neutrino fluence. We present GW-associated neutrinos’ search results, search time
windows, background estimation, neutrino candidates, and signal significance. Finally,
we give the v, fluence associated with GW events.

Chapter 7 introduces the GRB data analysis. We present the search results of GRB-
related neutrinos, GRB data samples, search time windows, background estimation, neu-
trino candidates. Finally, we give the upper limits of GRB-related neutrino fluence.

Chapter 8 summarizes the analysis of searching for neutrinos from GWs or GRBs

and gives the prospect of this research.
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Chapter 2 The Daya Bay reactor neutrino experiment

The Daya Bay Reactor Neutrino Experiment[’®! is one of the new generation reactor
neutrino experiments. The physical goal is to accurately measure sin22013 (sensitivity can
reach 0.01) at a 90% confidence level after three years of data accumulation. In March
2012, the Daya Bay experimental collaboration first reported that sin22913 was non-zero

at 5.20, and its central value was sin22013 = 0.092 + 0.016 (stat.) + 0.005 (syst.)[m.

2
32°

[78-80] the measurement of anti-

In addition to the leading measurements of sin22013 and Amz,, other physical topics were

also studied, such as the search for light sterile neutrinos

[81-82] "and the IBD yields from the primary fissionable isotopes in the

neutrino spectrum

reactor fuel 83!,
This chapter introduces the Daya Bay reactor neutrino experiment, including the

significance of the measurement of 6,3, the layout of the experiment, the design of the

anti-neutrino detector (AD), the subsystem of the detector, and the data taking.

2.1 Physical significance

Before the Daya Bay experiment, a few parameters correlated to the neutrino oscil-
lation phenomenon still need further measurement, which consists of the signs of Amgz,
sin22913, and 6. In particular, the conjugation and parity violation (CPV) phase 6 could ex-
plain the phenomenon of matter-antimatter asymmetry in the universe. The experimental
physicists plan to build the long-baseline neutrino oscillation experiments utilizing v, and
v, beams generated by the accelerator. They could measure CPV by comparing v, — v,
and v, — V, oscillation probability. The long-baseline neutrino oscillation probability

formula is as follows,

~ ain2 - 2 2 2
Plong—baseline ~ Sin 2013 sin 923 sin“4

+a Sin2913 Sin5cp COS913 Sin2012 Sin2923 Sin3A (2 1)
+ a sin26,5 cosdp cosh; sin26;, cosA sin’A

+a? 0052923 sin%26,, sin’A4,

where a = Am%l/Amgz, A= AmglL/(4Ev). The second term’s negative sign on the right

side of the equation corresponds to the neutrino mode, and the positive sign corresponds to
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the anti-neutrino mode. Equation (2-1) implies that the signs of Amg2 and 6,5 are required
to determine the CPV in the oscillation probability. It is possible to reduce the matter effect
by reducing the length of the baseline, which means to reduce the signs of Amgz’s effect.
In the meantime, the energy of the beam ensures that L/E is unchanged, guaranteeing the
sensitivity to Amg2 in the experiment. However, it is hard to reduce the impact brought
by 65.

The measurement of § is more difficult with the smaller value of sin?26 5. Ifits value
is less than 0.01, the attempt to measure CPV is challenging by the existing experimen-
tal methods. Moreover, the next generation of the accelerator and detector technology is
required. Therefore, the measurement of sin®26,5 at a 90% confidence level could reach
a sensitivity of 0.01, which is of great significance in theoretical and experimental as-
pects. It will determine the development of the next generation of neutrino experiments.
Besides, the neutrino oscillation is the only confirmed evidence beyond the SM. The ac-

curate measurement of the sin2291 3 mixing angle can further identify the existence of new

physics.

2.2 The design and layout

The physics goal of the Daya Bay neutrino experiment is to measure sin2291 3 to an
accuracy of 0.01 or higher, which is better than an order of magnitude compared with the
sensitivity in the CHOOZ neutrino experiment. Considering the individual layout of the
reactor cores and utilizing the unique advantage of Daya Bay, the specific design of the
experiment is as follows:

1. Significant statistics

The Daya Bay locates about 50 kilometers in the east of Shenzhen City and about 55
kilometers in the northeast of Hong Kong. Daya Bay Nuclear Power Plant (NPP)
is about 1 km away from Ling Ao phase I NPP. There are four reactor cores, two
for each NPP, and each reactor core’s thermal power is 2.9 GW. In 2010 and 2011,
two cores of Ling Ao phase II NPP began to run, and thermal powers were 2.9 GW
each. The Daya Bay - Ling Ao phase I - Ling Ao phase II all operate with a total
thermal power of 17.4 GW, making it be the second-largest reactor group in the
world. Compared with competition experiments, such as RENO, the statistics of
the anti-neutrino can be significantly improved.

2. Mountain shield
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There are higher mountains next to reactor cores. These are 300 m to 500 m away
from the reactor cores, and the mountains are as high as 100 m or more; It is about
400 m height at about 2 km (oscillation maximum) from the reactor cores. The
mountain is composed of monolithic granite suitable for tunnel excavation and the
establishment of an underground laboratory. All experimental halls (EH) are under
the mountains. Figure 2.1 shows each hall’s overburden and the mountain’s

experimental elevation profile.

N
ul
o
3
£
]

114'35'

Figure 2.1 Elevation profile of the mountain above the experimental and the depth meter water
equivalent (m.w.e.) of each hall. (From Ref.[4).

The overburden in each hall could reduce the muon flux of cosmic rays, reduc-
ing muon-induced spallation neutrons and short-lived isotopes that can mimic IBD
events. The overburden depth, muon flux, and the average energy for each EH are
summarized in Table 4.2 831,

3. Near-far relative measurement

23
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Table 2.1 Summary of the overburden, muon flux, and average energy for each EH. The muon
flux and average energy are from simulation and the uncertainty of flux is about 10%.
(Table data from Ref. [#3)),

EH Overburden Overburden Muon rate E u

[m] [m.w.e] [Hzm?]  [GeV]
EHI1 93 250 1.27 57
EH2 100 265 0.95 58
EH3 324 860 0.056 137

The reactor-related correlation error is about 2%. The Daya Bay experiment placed
two detectors near the Daya Bay reactors and Ling Ao reactors as the near-site de-
tectors and placed four detectors at the optimal baseline as the far-site detectors.
Suppose we adopt the near-far relative measurement, design the identical detec-
tors, and optimize the baseline. In that case, we will expect cancellations for the
correlation error and most of the non-correlation errors of the reactors and the cor-
relation errors between the detectors. Figure 2.2 shows the layout of detectors in

Daya Bay.

e L3
® |4
EH2-AD1  Ling Ao Il NPP
EH2-AD2 [ [ o Ll
® |2
Ling Ao NPP
EH3-AD3 | EH3-AD1
EH3-AD4 [JJ[] EH3-AD2
EH1-AD1
0 EH1-AD2
® DIl
200m ® D2
Daya Bay NPP

Figure 2.2 Layout of eight detectors and six reactor cores in the Daya Bay reactor neutrino ex-
periment. The black line represents the tunnels that connect each EH. The red points
stand for the reactor cores in each NNP. (From Ref. [8¢)),

4. Optimal baseline selection

The reactor neutrino experiment measures the survival probability of v, at the neu-
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trino energy range of 1.8 MeV to 8 MeV at a distance of several hundred meters
to several kilometers, ignoring the matter effect. The survival probability can be

calculated as follows,

Pyr=1-Pp— P
Am? L Am? L (2-2)

— sin%26), 5 sin’
4FE,

2

~ | —sin?26,, sin
v

Equation (2-2) implies that P;; is dominant when the baseline L ~ 2 km and P,
will be dominant when the baseline L ~ 60 km, which corresponds to the short-
baseline neutrino experiment and long-baseline neutrino experiment, respectively.
Figure 2.3 shows the relationship between the oscillation probability and the base-
line length!®7] indicating that the first oscillation maximum is around 2 km. Table

2.2 summarizes the detailed baselines®® from the center of six reactor cores to

eight detectors.
i =P ]2
—P 13
P_dis
gl )" |
3 _
o
= | ; ;
0.1 1 10 100

Baseline (km)

Figure 2.3 Reactor anti-neutrino disappear probability as a function of distance from the source.
Py, = P, + Py is the total disappearance probability. (From Ref. 7)),

4. Detector design
A three-layer concentric cylindrical structure is adopted to design the neutrino de-

tector. The innermost layer is the target material of gadolinium-doped liquid scin-
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Table 2.2 Detailed baselines from the center of six reactor cores to eight detectors. The distances
are measured by the combination of station electronic theodolite and GPS with the
precision of 18 mm. (Table data from Ref. %),

Unit: m D1 D2 L1 L2 L3 L4
EH1 AD1 362.38 371.76 903.47 817.16 1353.62 1265.32
EH1 AD2 357.94 368.41 903.35 816.90 1354.23 1265.89
EH2 AD1 133248 1358.15 467.57 489.58 557.58 499.21
EH2 AD2 1337.43 1362.88 472.97 495.35 558.71 501.07
EH3 AD1 1919.63 1894.34 1533.18 1533.63 1551.38 1524.94
EH3 AD2 1917.52 1891.98 1534.92 1535.03 1554.77 1528.05
EH3 AD3 1925.26 1899.86 1538.93 1539.47 1556.34 1530.08
EH3 AD4 1923.15 1897.51 1540.67 1540.87 1559.72 1533.18

tillator (GdLS), as a detection medium for neutrinos. The middle layer is the liquid
scintillator (LS), which is used to collect photon energy and improves the neutron
detection efficiency. The outermost layer is a protective layer of mineral oil (MO),
shields the natural radioactive background from the photomultiplier tube (PMT),
and the stainless steel vessel (SSV). The detector’s detection threshold can get down
to the lowest positron deposition energy, leading to about 100% of the positron se-
lection efficiency. In the meantime, the detector’s three-layer structure can clearly
define the target mass and confine the IBD events in the central layer, which avoids
the additional efficiency uncertainty brought by events by-point selection in the
CHOOZ and KamLAND neutrino experiment.
. Identical detector modules

Identical detectors in the near and far sites can cancel the correlation uncertainty of
the detection efficiency. Furthermore, multiple detectors in the same EH can check

each other.

2.3 Anti-neutrino detector

The Daya Bay reactor neutrino experiment detects v, by the IBD interaction:
V,+p—oet+n (2-3)

Fig. 2.4 shows whole process of the IBD reaction. The et generated by the IBD

interaction carries more than 99% of kinetic energy and then annihilates with e~ to gen-

erate two back to back y’s of 0.511 MeV. Part of the e™’s will deposit their kinetic energy

26



Chapter 2 The Daya Bay reactor neutrino experiment

that converts into other energies during the flight, so the y’s total energy is greater than
2x0.511 MeV. This process lasts only a few nanoseconds, so it is called a prompt signal.
The neutron is captured by Gd (nGd) or H (nH) after a typical time of about 28 ys in the
GdLS region or 216 us in the un-doped LS region and then released into a y cascade with
a total energy of about 8 MeV or a single 2.2 MeV vy, respectively. The signal captured
by a neutron is called a delay signal. The coincident measurement of prompt and delay

signals is effective for eliminating background and determining anti-neutrinos.

Gd-loaded
Liquid Scintillator

Y= 1.022 MeV

Figure 2.4 Diagram of prompt and delayed generation in IBD interaction. (From Ref.[3),

The Daya Bay reactor neutrino experiment has eight identical antineutrino detectors
(ADs)[3881 "and each AD consists of three layers of concentric cylinders, as shown in
Fig. 2.5. There is 20 t of Gd-doped (0.1% by mass) liquid scintillator in an inner acrylic
vessel (IAV) with a diameter and a height of 3 m used to detect v,. The middle layer
contains a 22 t un-doped LS in an outer acrylic vessel (OAV) with a diameter and a height
of 4 m to improve the tagging of y’s that escape from the IAV. The outermost layer is 40
t of MO, packed in an SSV with a diameter and a height of 5 m, and used to shield the
radioactive background from PMTs and SSV. All the LS were mixed in a vessel and then
filled one by one. There are a total of 192 20-cm PMTs (Hamamatsu R5912) installed

around the inner surface of the SSV by 24 columns X 8 rings inside the MO volume.
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Reflectors with highly reflective > 98.5% are placed on the top and bottom of the 4 m
OAV instead of the PMTs installation. The two reflectors’ material is ESR (Enhanced
Specular Reflector, 3M®). This design increases the photocathode coverage by about
12% and reduces the number of PMTs by 50% without significantly lowering the energy

and position resolution[®3.

ACU-B ACU-A ACU-C
overflow tank
— |0 o) o
calibration pipe T~
top reflector T T T JL
PMT cable dry box b JE
i—‘J
PMT cables "W
radial shield
PMTs

3-m acrylic vessel
4-m acrylic vessel

bottom reflector

stainless steel vessel

0T

I 5m 1

Figure 2.5 Schematic for a Daya Bay antineutrino detector. (From Ref.[3¢]),

Three automatic calibration units (ACU) are installed on the top of the detector to
calibrate the detector’s energy response. The three ACUs locate the detector center, the
edge of the GALS (R = 135 cm), and the LS region (R = 177 cm). Each ACU contains
several sets of calibration sources: LED (Light-Emitting Diode), >*! Am —'* C, ®°Co, and

8Ge. Each source can be moved freely in the vertical direction.

2.4 Muon veto system

The background of the Daya Bay reactor neutrino experiment mainly comes from the
cosmic rays muon (x) and the secondary particles produced by the 4. The overburden in
the lab serves as a passive shielding to this background. In the meantime, the surrounding

rocks emit lots of y’s and neutrons. Placing ADs in the water pool can reduce the y flux
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by 10°138] The water can also block most of the fast neutrons from surrounding rocks.
Besides, the ultra-pure water separates the detectors from air to avoid the background
caused by radon in the air.

The muon veto system consists of a water Cherenkov detector and an array of the
RPC detector for each EH. Figure 2.6 illustrates the muon veto system in the near site,
in which the two ADs are in a pool filled with 2000 t of ultra-pure water and separated
by at least 1 m of water. Moreover, the distance between the ADs and the pool surface
is at least 2.5 m. The near-site pool is an octagon with 16 m X 10 m X 10 m ensuring
that no dead angles in the water circulation without sacrificing detection performance.
The far-site pool is an octagon with 16 m X 16 m X 10 m. The ultra-pure water pool is
separated by the White Tyvek® sheets on the stainless steel frame structure, divided into
the inner water shield (IWS) and the outer water shield (OWS). The OWS is 1-m thick.
There are 288 of 20-cm PMTs in EH1, EH2, and 384 of 20-cm PMTs in EH3[®3] installed
on the steel frame structure (PMT coverage rate 0.8%). The IWS and OWS not only
serve as independent water Cherenkov detectors but also mutual detection performance.
After a period of operation, the muon detection efficiency in IWS is 99.98 + 0.01%, and
the muon detection efficiency in OWS is higher than 97% %31, which all exceed the pool
design index of 95%.

The RPC that covers the water pool for each hall consists of 2 m X 2 m X 8 cm
modules, which extend 1 m beyond the pool in all directions. Each RPC module is com-

90911 The four-layer

posed of four layers of RPC made from non-oiled Bakelite sheets!
RPC can reach a greater than 98% detection efficiency through a logical selection of three
out of four. The reconstruction accuracy of the vertices of the muon passing through can
reach 15 cm. The RPC detector and the Cherenkov detector 99.5% + 0.25% of the com-
bined detector efficiency, which reaches the design requirement. The muon veto system
composed of water Cherenkov detector and RPC detector could tag the muon events and

removes the backgrounds induced by the muons.

2.5 Calibration and energy reconstruction

Event reconstruction needs calibrated energy and arrival time information from

PMTs. Below is the description for the calibration of these two measurements. (8321,
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Figure 2.6  Structure of the Daya Bay reactor neutrino experiment in the near-site. It consists
of the central detector, the water Cherenkov detectors, and the RPC detector. (From
Ref. [89),

2.5.1 Time calibration

For each AD, the time accuracy for resolving two triggers was 25 ns. The LEDs
were put in a single AD to calibrate the relative time response of PMTs. A light intensity
function was applied to fit the time delays for LED-to-PMT distances, and then the fitting
time was adopted to correct each channel (PMT). The time calibration was performed for

each AD periodically.

2.5.2 Energy reconstruction

The ADC (Analog to Digital Converter) gain calibration was performed for each
PMT channel and validated by two independent methods. One was to calibrate the de-
tector using the low-intensity LED pulses. The other one was to calibrate the detector
by fitting the single photoelectron peak using a Poisson-Gaussian convolution®® in the
PMT dark noise spectrum.

Each detector’s energy scale is the factor that converts photoelectrons to the energy

(~170 PE/MeV). Two independent calibration sources verified the energy scale calibra-
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tion. One was to scale by the 2.506 MeV gamma-ray peak of %°Co at the detector center.
The gamma source was deployed in the ACU A once a week. The other one was to use
the muon-induced neutrons captured by two Gd isotopes '°’Gd and '>>Gd, which release
y-cascades of 7.94 MeV and 8.54 MeV, respectively.

This position reconstruction used charge-pattern templates derived from a Monte
Carlo simulation!®®]. The average charge distribution in 192 PMTs was determined for
20 x 20 x 24 divisions, corresponding to 9600 voxels in r?, z, and ¢. The reconstruction
should have the smallest y? for each event to ensure the position of the event occurred.
The resolution of 2.2 MeV y was about 12 cm in the r — ¢ plane and 13 cm along the z

axis "],

2.5.3 Energy resolution

The energy resolution of detectors can be described as follows®*,
(o} 2 2
E_ oy 2y —. (2-4)
Erec EreC Erec

where the parameters a = 0.016, b = 0.081 MeV”z, and ¢ = 0.026 MeV reflect the
impact on resolution from detector non-uniformity, photoelectron counting statistic, and
noise, respectively. Figure 2.7 shows the energy resolution as a function of reconstructed
energy for various calibration sources. The photoelectron counting statistics determine the
total resolution. The detector resolutions among eight detectors were consistent within the

uncertainties.

2.6 Data taking
2.6.1 Detector operation

The stable operation of the Daya Bay experiment started in December 2011, as shown
in Fig. 2.8. At the beginning of the operation, the experiment only had six ADs, namely
two ADs in EH1, one AD in EH2, and three ADs in EH3, respectively. The last two ADs
were placed in EH2 and EH3 between July 2012 to October 2012. All ADs were in op-
eration from November 2012 to December 2016. From December 2016 to January 2017,
the target material (Gd-LS) of one detector in EH1 was replaced by the purified LS used
to study the light yields for the next neutrino experiment (JUNO neutrino experiment).

The remaining seven ADs have been running since January 2017.
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Figure 2.7 The open blue makers represent the energy resolution measured by calibration
sources, IBD neutrons, and natural a particles. The blued solid line represents the
limits of resolution given by the statistical uncertainty of photoelectron counting. The
solid orange markers reveal that the resolutions are consistent with the Monte-Carlo
simulation. The dashed orange shows that the predicted from the simulation is bet-
ter than estimated for the calibration sources. The open blue triangles represent the
resolutions for natural « particles. (From Ref.**).

Aug, 2012

EH2

Figure 2.8 Time line of Daya Bay data taking and AD installation.
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2.6.2 Reconstructed data production

Based on the Daya Bay experiment’s analysis requirements, the production of data
was processed several times. In this thesis, we adopted the data production P17B for the
GW analysis and P17B+P19A for the GRB analysis. Below are a brief introduction to all
the data productions.

P12A: The reconstructed data of EH1 from September 2013 to December 2014 for
comparative study with two detectors in EHI1.

P12B: Three sites 65 analysis samples.

P12C: Six ADs analysis samples.

P12D: Reprocessed 2012 MCS sample.

P12E: Final six ADs analysis and calibration samples.

P13A: Eight ADs samples.

P14A: Six and eight ADs samples from 2011.12.24 to 2013.11.30.

P15A: Oscillation analysis for neutrino 2016 conference from 2011.12.24 to
2015.08.09.

P17A: Special calibration samples from 2017.01.01 to 2017.02.16.

P17B: Oscillation analysis for neutrino 2018 conference from 2011.12.24 to
2017.08.31.

P19A: Oscillation analysis for neutrino 2020 conference from 2017.9.1 t0o 2019.3.13.
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Chapter 3 Neutrino energy and fluence

This chapter focuses on the studies of neutrino energy conversion and neutrino flu-
ence calculation. We first introduce the relationship between the neutrino energy E, and
the prompt energy E, of the IBD reaction. Then we present how to derive the neutrino

fluence associated with GWs or GRBs.

3.1 Energy conversion

The relationship is essential between the v, energy and the reconstructed prompt

energy. According to the energy conservation, E,, is derived as follows,
E, +m,= Ek(e+) + my+ + Ei(n) +m,, (3-1)

where m,, is the proton mass, E,(e™) is the positron’s kinetic energy. m,+ is the positron
mass. E,(n) is the neutron’s kinetic energy. m, is the neutron mass. Furthermore, after

assuming the proton in stationary and ignoring neutrino mass, we have
E,=E,+ E;(n)+0.78 MeV. (3-2)

For the Daya Bay oscillation analysis, the neutrino energy E, is about~ 10 MeV.
The neutron kinetic energy is negligible. The relation by E, = Ep + 6 E holds, where
oE = 0.78 MeV. However, as the E,, energy increases, the neutron kinetic energy becomes
significant. In the IBD process, the recoiling neutron will share part of the neutrino energy
and transfer to the proton by scattering.

The scintillation light yield will be quenched for given energy when a nuclear recoil
happened. i.e., when compared with an electron recoil of the same energy, the scintillation
output observed is reduced. This difference’s significant contribution comes from the heat

associated with the atomic cascades due to nuclear recoils®>. A semi-empirical formula

was developed to describe this relation by Birks®l, as follows:
dE
L Sg

e (3-3)
d dE
r o 1+kB4E

where d L/dr is the scintillation yield per unit path length r, S is the scintillation ef-

ficiency, d E/dr is the specific energy loss for charge particle per unit mass thickness,
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BdE/dr is the density of excitation centers along the recoil ionization track, k is the
quenching factor. The kB is treated as a single parameter (Birks factor). Here we used
kB = 0.0125 gMeV~!em™27 in the simulation at Daya Bay.

We studied the performance of the neutron energy quenching effect in the simulation.
We first generated a flat neutrino energy spectrum from 1.8 MeV to 100 MeV in the
GdLS + LS volume. Figure 3.1 shows the actual kinetic energy of positron distribution
in the simulation. The broadening of positron kinetic energy is due to the angle between

positrons and neutrinos.
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Electron antineutrino energy[MeV]

Figure 3.1 Relationship between true kinetic energy of positrons and neutrinos in the simulation.

We also investigated the actual neutron’s kinetic energy in the simulation in addition
to the actual positron’s kinetic energy. Figure 3.2(a) shows the distribution of actual neu-
tron’s kinetic energy. The maximum and average neutron energies are 17 and 10 MeV,
respectively, for neutrino energy at 100 MeV. Figure 3.2(b) shows the quenching energy
loss of neutrons in the simulation. We noted that more than half of recoiled neutron kinetic
energy can be detected in the liquid scintillator and added to the positron energy and form
the prompt energy. In our analysis, we have considered the quenching effect and detector

response in the simulation.
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Figure 3.2 Distributions of true kinetic energy and quenching energy loss of neutrons in the
simulation.

As shown in Fig. 3.3, we simulated several neutrino energy points of E, < 100 MeV
in the detector of Daya Bay. A simple fitting function illustrates the relation between the
neutrino energy and the mean reconstructed prompt energy, E, = A X Ef +BXE, +C,
where A = —0.001 MeV~!, B = 1.01, C = —0.73 MeV. When the neutrino energy
E, =0, the energy calculated is approximate to the mass difference between protons and
neutrons, plus the mass of positrons. In this thesis work, the neutrino energies between

1.8 MeV and 100 MeV corresponds to the prompt energies between 0.7 MeV and 90 MeV.

Neutron kinetic en

-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIII-
[y
o

0 L R

0 ) ) 80
Electron antineutrino energy [MeV]

Figure 3.3 Relation between neutrino energy and prompt energy. The black line represents the
prompt energy. The red line represents the fitting result of the prompt energy. A sim-
ple fitting was adopted. E, = AX E>+BXxE,+C,where A=—-0.001 MeV™!, B =
1.01, C = —0.73 MeV. The blue line represents the average kinetic energy of neu-
trons.
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3.2 Neutrino fluence

The merger of BH-BH or NS-NS should have an accretion disk that may produce
v,, which the majority fall well below 100 MeV (98] " Therefore, our analysis focuses on
the energy of less than 100 MeV. The neutrino fluence F(E,) can be given assuming the

Fermi-Dirac spectrum from the below equation.

NV
(3-4)

F(E) =
(Ev) Ny [ 6(E,)e(E,)App(E,)dE,’

where N, is the total amount of background subtracting v,s’ in a specific energy interval

0% is the number of proton targets in a

in the Daya Bay experiment. Ny = (3.15+0.02)x1
single AD. ¢(E)) 1s the IBD cross-section. And e(E,) is the detector efficiency. App(E,)
is the normalized neutrino energy spectrum. Figure 3.4 shows the normalized Fermi-Dirac
energy spectrum Agp(E,), which is given for zero chemical potential and pinching factor

n=0:

2
doy(E,) = —— = (3-5)
FD\:=v T3 Fz(”l) eEJ/T—n + 1,
where the complete Fermi-Dirac integral function F,(n) is given by
0

The temperature T = (E)/3.15. The average energy (E) is 12.7 MeV®’l. The average

energy of the accretion disk model has a negligible effect on the Fermi-Dirac spectrum.
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Figure 3.4 Fermi-Dirac energy and flux spectra for the electron anti-neutrinos

We also estimated the neutrino fluence F,(E,) at several discrete energies below 100
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MeV as,

Nv
FD(EV) = NTU(EV)g(EV)’ (3'7)

We depict a flow chart of the neutrino generation from GWs or GRBs to the Daya
Bay detectors in Fig. 3.5, including related parameters to calculate the neutrino fluence.

The main background for our analysis is reactor neutrinos and fast neutrons.

(i=e,u71):
At _ v, generated| * NN — NN +v; +v;
stro. v, sources o — L, & Fe~ ST VLT

l v @ (et} pin) - nl)+ va(ve)
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Daya Bay detector eaction L

l * vV, emitted spectrum?

" v/ Monochromatic spectra

_ Related v’ Fermi-Dirac spectrum
v, fluence parameters | * |BD cross-section
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¢ Target protons

Figure 3.5 Schematic flow of the neutrino generation from GWs or GRBs to the Daya Bay de-
tectors. Furthermore, it also provides the neutrino fluence calculation and the main
background sources for our analysis.
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Chapter 4 Simulation studies

This chapter focuses on the simulation studies of the Daya Bay detector. We first
give an introduction to the IBD cross-section in the simulation generator. We then present
our comparison results for neutron simulation with different libraries for thermalization
processes and capture cross-sections. In the end, we report the capture fraction of IBD

neutron simulation in the detector.

4.1 IBD cross-section

An electron anti-neutrino interacts with a nucleon through the charge-current pro-
cess, which can be calculated with a precision relying on the expansion in powers of the

inverse mass of nucleon.

4.1.1 IBD cross-section formulae

In Daya Bay’s oscillation analysis, the reactor neutrino energy is below 10 MeV.
Vogel and Beacom provided the energy-dependent IBD cross-section that used at Daya
Bay!®’l. Figure 4.1 shows the total IBD cross-section and the average scattering angle
(cos @) between the neutrino and positron as a function of neutrino energy, under different
expansions in powers of 1/M (nucleon mass: M), respectively. They also provided the
result from the general form of the cross-section(for reference, one can see Eq.(3.18) in
Ref.[1%) " We can observe that the general form did not consider the IBD threshold,
leading to a slightly lower cross-section. (See the plot for more details).

However, the above function is only accurate for neutrino energy for a few of ten
MeV, which is not applicable for our analysis. Strumia and Vissani studied the quasi-

elastic antineutrino/proton and neutrino/neutron scatterings!'°!l.

They considered the
higher-order terms of 1/M in order to extend neutrino energies up to 200 MeV, which
covers the neutrino energy range of 1.8 - 100 MeV. Therefore, we adopted Strumia and
Vissani’s IBD cross-section in our study.

Since Strumia and Vissani did not provide a simple function except for numerical
calculations at several discrete energy points, we had to calculate the cross-section using

their formula for continuous neutrino energy from 20 MeV to 200 MeV. Table 4.1 lists
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Figure 4.1 Upper panel is the total cross-section for v, + p — e* + n. The bottom panel is
the average (cosf). The solid line is the result at first order in 1/M where M is the
nucleon mass and the short-dashed line is result at zeroth order in 1/M. The long-
dashed line is the result of Eq.(3.18) of Ref.[!%). The dot-dashed line is the result
after considering the contributions of the threshold (E, = 1.806 MeV) effects. (From
Ref. [¢)),

the difference of IBD cross-section and the average cosine of the scattering angle (cos )

between the two calculations. We found that the relative deviation was less than 0.4%,

which was due to numerical calculation precision. We ignored this difference since it is

much precise than our research accuracy.

Table 4.1 Verification of our repeat calculation with Strumia and Vissani’s results of ¢(V,p —
ne™). The unit of cross-section is 10™*! ¢cm?. The “c,” represents the cross-section
from Strumia and Vissani’s results . The “c” represents the cross-section repeated by
this thesis work. The “(cosf ;)" represents the average cosine of the scattering angle
from Strumia and Vissani’s results. The “(cosfy)” represents the average cosine of
the scattering angle repeated from our work.

E, | on  op |"=T8] | (cosfy) (cosdp) |CEEL
212 | 324 324 0 0.015 0.015 0
66.9 | 25.0 25.0 0 0.132 0.131 0.76%
104 | 473 474  021% | 0.228 0.225 1.33%
160 | 81.0 80.2 0.12% | 0.363 0.361 0.55%
200 | 102 101.6 0.39% | 0.447 0.442 1.13%

To see the improvement with the high order correction, we compare the total cross-

section and cos # between Vogel et al., and Strumia et. al in Fig. 4.2. One can see that

the total IBD cross-sections are almost identical at low energies and start to depart as the
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neutrino energy increases. Both of the cos @ distributions are also identical for neutrino

energy at 10 MeV.
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Figure 4.2 Distribution of total cross-section versus neutrino energy below 100 MeV and distri-
bution of cos 8 of neutrino energy 10 MeV.

4.1.2 IBD cross-section in GW and GRB analyses

We calculated the monochromatic spectra and the Fermi-Dirac spectrum using Stru-
mia, and Vissani’s cross-section function. For the monochromatic spectra, we selected
some discrete neutrino energy points, namely 5 MeV, 7 MeV, 10 MeV, 20 MeV, 30
MeV, 50 MeV, 70 MeV, and 90 MeV to represent the whole energy < 100 MeV. The
IBD cross-section is a vital parameter to derive the fluence. Table 4.2 lists the detailed
IBD cross-section for the monochromatic spectra and the average cross-section, 6(E,),
for the Fermi-Dirac spectrum. The average cross-section, 6(E,), is determined by inte-
grating the IBD cross-section from 1.8 to 100 MeV over the neutrino spectrum.

Table 4.2 IBD cross-section for discrete energy points and the average IBD cross-section, 6(E,),
for the Fermi-Dirac spectrum.

E, (MeV) 5 7 10 20 30 50 70 90
o(E) (x107% cm?) | 1.27 296 6.76 289 63.0 156 268 389
6(E,) (x107* cm?) 14.7

4.2 Study of the neutron databases in Geant4

For high-energy IBD, since neutrons can have significant recoiled kinetic energy,

understanding how a neutron is slow down, thermalized, and eventually captured by a
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nucleus is critical in evaluating the detector efficiency. We wrote a fast simulation code

to estimate the effect of different neutron databases in Geant4.

421 Geant4 simulation for neutrons

Geant4 is a software package that can simulate the passage of particles through mat-

[102] * After several years of development of Geant4, the physics model in the simula-

ter
tion becomes more mature. Currently, the latest Geant4 version upon the end of the thesis
work is Version 10.6, with the neutron database updated from Version 9 series to Version
10 series. Below are the changes described by Ref. %3],
(1) New Neutron data set version from G4NDL.4.2 to G4NDL.4.5.
(i) Enable to use of dynamically-generated materials.
(i11)) G4NeutronHPFinalState: the added capability to disable adjustment of final state

photons in the capture.

4.2.2 The fast simulation framework

We summary the neutron simulation framework in Fig. 4.3 and introduce several
steps to study neutron simulation. First, an example of Geant4 itself named Hadr04 was
used to carry out the simulation. Then, we studied two physical lists of Geant4 versions,
namely Geant4 Version 9.6 and 10.3, separately. We constructed a simplified geometry,
placed neutrons of different energies in the GALS, and studied their properties, including
flight time, flight distance, and neutron capture fraction.

Figure 4.4 shows the cylindrical detector geometry set-up, GALS, LS, and MO layers.
The simulation used a physical list with only the neutronHP package, which has regis-
tered physical processes, such as neutron elastic process (including thermal scattering),
inelastic process, neutron nuclear capture process, and neutron-induced fission process.

Appendix A and B give the physical list in Geant4 Version 9.6 and 10.3, respectively.

4.2.3 Simulation results

We performed a comparison study using different neutron databases in Geant4 to
estimate the detector efficiency impact. In the analysis of this thesis work, the neutron
energy range we were interested in is less than 20 MeV, estimated from the E, < 100
MeV. We scanned some discrete neutron kinetic energies to understand the impact of
Geant4 versions, namely 1 eV, 1 keV, 1 MeV, 5 MeV, and 15 MeV, respectively.

In the simulation, we uniformly put neutrons into the GdLS region and let them
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Figure 4.3 Summary of neutron simulation processes to study the influence brought by different
Geant4 physical lists. “Sim.” means simulation. “frac.” means fraction.

» Oil

5mi4m 3m » GdLS

Figure 4.4 Schematic view of the detector in the simulation. Neutrons generated uniformly in
the GALS region.

isotropic emitted. And then, we studied the neutron’s flight time and flight distance, re-
spectively. Figure 4.5 and 4.6 shows the simulation results of flight time and flight dis-
tance, respectively. As the neutron energy increases, the neutron’s flight time has a slight
difference between the two Geant4 versions. However, there is no apparent difference
between the flight distances. We concluded that we could neglect the effect due to the

two different neutron databases in the Geant4.
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Figure 4.5 Neutron’s flight time until captured in the GdLS. Several discrete neutron kinetic en-
ergies were selected and simulated in the two different Geant4 versions, respectively.
Neutrons are put into the GALS region and isotropic emitted.

44

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net



Chapter 4 Simulation studies

g g
SH000 — Geant4 10.3 5 — Geant4 10.3
G000 i
6000 — Geant4 9.6 4000 — Geant4 9.6
0 3000
4000 =
vl Egn)=1eV o E,(n)=1 keV
2000
1000
™

011102033-10

1 1 ur 1
0 60 0 8@ 0 1 50 60 70 80 9 10
Neutron flight dlstam:e[i:mFu Neutron flight distance[cm]

5200 b
1o — Geant4 10.3 Byun — Geant4 10.3
Wign Lﬁ
by — Geant4 9.6 800 — Geant4 9.6
1200
w1 E(n)=1 MeV . E(n)=5 MeV
0 400
40 20
m
T "W W I TR e .
Neutron flight timefus] Ve ww ﬁgutrg?'lﬂi;:ﬂldi?langlcn':?u

— Geant4 10.3
— Geant4 9.6

E,(n)=15 MeV

T 20303 a0
Neutron flight distancelcm]

Figure 4.6 Neutron’s flight distance until captured in the GdLS. Several discrete neutron kinetic

energies were selected and simulated in the two different Geant4 versions, respec-
tively. Neutrons are put into the GALS region and isotropic emitted.

Besides the flight distance and the flight time, neutron capture fractions were es-
timated. Table 4.3 lists the neutron capture fractions at some specific neutron energies
in the two Geant4 versions. One can see that the difference of neutron capture fraction
between the two versions is also negligible. After considering the neutron flight time,
distance, and capture fraction, we concluded that the different neutron databases in the
Geant4 Version 9 and 10 series did not affect our analysis.

Table 4.3 Neutron capture fractions in the two different Geant4 versions for several specific
neutron energies. The uncertainties are only statistical.

E, (n) 1eV 1KeV 1MeV 5 MeV 15 MeV
Geant4v 9.6 | 100% 100% 100%  98.15+0.06% 57.93+0.22%
Geant4 v 10.3 | 100%  100% 100%  98.18+0.06% 58.42+0.22%
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4.3 Full simulation package for the Daya Bay experiment

The Daya Bay Collaboration developed a full simulation and reconstruction package
— Neutrino at Daya Wan (NuWa), and its main detector simulation based on Geant4 104,
It was validated by the comparisons to datal!%]. A few key improvements were given,
for instance, the Daya Bay customized the gamma spectra captured by Gd based on the
NNDC database. Furthermore, the neutron data file used in Version 9.02 is G4NDL.3.11.

Figure 4.7 shows the simulation processes in NuWa at Daya Bay.

High kinetic energy neutrons
IBD events.

Event Generator| .

h 4 * Geant4v9S.02
Detector Sim. | * Customized the gamma
spectra captured by Gd

A 4

Electronics Sim.

v

Trigger Sim.

v

Readout

Figure 4.7 Block diagram for the simulation processes in NuWa at Daya Bay.
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4.4 The capture fraction of IBD neutrons

The IBD neutron’s energy can vary according to its emitting angle, even for fixed
neutrino energy. The Daya Bay experiment cannot measure this angle. Instead, the ex-
periment can only measure the gamma energy released by neutron capture on a nucleus.
When neutrons from the IBD process, they might encounter an inelastic process, produc-
ing secondary neutrons as a consequence. The carbon in the liquid scintillator can also
absorb the IBD neutron and form a compound nucleus, which then emits an alpha particle

and beryllium. This process is referred to as to (n, a) as shown below,

n+ C — a+ Be. (4-1)

We simulated a 90 MeV neutrino case in the GALS target volume at NuWa. Fig. 4.8
shows the detailed reaction processes. We only recorded the neutron tracks in the simula-
tion because it is the delayed signal for IBD events. It shows that most of the secondary
neutrons generated by the inelastic scattering can still be captured. Only a few percentages

of neutrons happen to the (n, @) process.

IBD events | 100%
I

! 4 4 v
Gd-Cap H-Cap Inelastic-S O-Cap
69.67% 17.23% 12.95% 0.14%
20.82% 77.14% 1.99% 0.01%| lgnored
Single n Double n Triple n Quadruple n
(n, @) process l l
g 98,6504 94.70%
(n, @) process n capture
n capture

Figure 4.8 Detailed simulation processes for a 90 MeV neutrino case at NuWa. The numbers in
the flow chart are the branching ratio of IBD events. “Gd-Cap” represents the physi-
cal process of Gd-captured. “H-Cap” represents the physical process of H-captured.
“O-Cap” represents the physical process by other nuclei captured. “Inelastic-S” rep-
resents the inelastic scattering physical process. We only recorded the neutron tracks
in the simulation because it is the delayed signal for IBD events.

We simulated IBD events at several discrete neutrino energies in the GALS volume
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and calculated the fraction of neutrons captured by different target elements, e.g. H, Gd,

C, etc. The detailed results are given in Table 4.4. The (n, a) physical process is seen to
increase as the neutrino energy increases.

Table 4.4 Neutron captured fractions by different target elements in the GALS volume is calcu-
lated.

E 5MeV 7MeV 9MeV 20MeV 30MeV 50MeV 70MeV 90 MeV
H 15.76% 15.76% 16.09% 16.37% 17.04% 17.94% 19.28% 19.68 %
Gd 84.11% 84.09% 83.78% 83.48% 82.82% 81.90% 7991% 77.34%

CandO | 0.12% 0.12% 0.12%  0.12% 0.12% 0.14% 0.24% 0.34%

(n, a) 0.01% 0.03% 0.02%  0.03% 0.02% 0.02% 0.57% 2.64%

<

4.5 Chapter summary

In this chapter, we focused on discussing the detector simulation. The first study was
IBD cross-section. Previously, Vogel and Beacom’s cross-section was only applicable to
the neutrino energy for a few of ten MeV at Daya Bay, but not our interesting energy
range (below 100 MeV). Therefore, Strumia and Vissani’s cross-section we adopted in

the analysis extended the neutrino energy up to 200 MeV.
We studied the impact brought by different Geant4 neutrino databases in the simula-

tion. We constructed a fast simulation framework and found that the influence caused by

different versions can be ignored in our analysis.
Then, we studied the capture fractions of IBD neutrons by the full simulation package

for the Daya Bay experiment, NuWa. We found that the (n, @) physical process is seen to

increase as the neutrino energy increases.
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Chapter 5 Events selection criteria and efficiency

In this chapter, we first introduce the IBD events selection criteria in this analysis
under two neutrino energy spectra, namely the monochromatic spectra and the Fermi-
Dirac spectrum. Then, we define the detection efficiency for nGd and nH samples. In the
end, we provide the energy-dependence detection efficiency for the entire studied energy

range.

5.1 Events selection criteria

Table 5.1 lists the IBD selection criteria for the nGd and nH analyses. Just for a

reminder, we added a few minor modifications of the standard selection criterial!06-107],

Table 5.1 IBD selection criteria for the nH and nGd analyses. The details in the text.

Class nH nGd
AD trigger Npyt = 45 OR Qg = 65 pee.
20-cm PMT flash Ellipse < 1
AD muon (pap) > 100 MeV
Showering AD muon () > 2.5 GeV
WS muon (pyyg) [IWS/OWS] | Npyr > 12/15 Npyp > 12/12
AD muon veto (0, 800) us
Pool muon veto (0, 600) us
Shower muon veto 0,1Ds
Coincidence time (7,) [1,400] us [1,200] us
Delayed energy (E,) Peak+ 30 [6,12] MeV
Coincidence distance (D,) < 1000 mm N/A
Prompt energy (E,) Signal searching region

AD events caused by spontaneous light emission from any one of 192 20-cm

PMTs were removed by Ellipse = \/ Quadrant® + (¢,,,,/0.45)> < 1, where g,,,, rep-
resents the largest fraction of total charge from one single PMT in an AD event, and
Quadrant = Q3/(Q, + Q) in which Q, represents the total charge in AD azimuthal quad-
rant i and Q) is the quadrant centered around the PMT with g,,,,,. The efficiency for this
criterion was estimated with Monte Carlo simulation[!%] to be > 99.99%.

We rejected the delay-like event following a muon within a veto time of #'*'°. Several
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V¢ are described below in detail.

types of muon veto
(1) Shower AD muon: Some of the muons with high energy (~GeV) in the ADs al-
ways induce significant neutron emission and secondary particles. The high yield
scintillation light exceeds the expectations of minimum-ionizing muons, so-called

muon showers. For the energy of AD muon shower above 2.5 GeV, we give a time

veto
shower

(i1) Pool muon: When the PMTs (at least 12) got fired in either IWS or OWS, these

muons were tagged. It is necessary to set a time cut to remove the neutrons produced

veto window of ¢ =1s.

through muon interaction with water, reaching the target material. A veto time of

tveto
WS

(i11)) AD muon: On average, muon deposits about 0.6 GeV in the AD. The time veto

= 600 us was used to reject most of these neutrons.

veto
AD

Cuts on muons could cause a dead time to the neutrino event detection, which was

window of 7,7 = 800 us was sufficient to reject such a background.
quantified as an effective contribution €, to the v, selection efficiency for each detector.

The efficiency was measured from the data using
£, = (D 1)) /tpaq: (5-1)
i

where ¢ is the individual segments i of the livetime between each vetoed period in a
detector. The total data taking livetime, 75, is the whole time from the first to the last
signal in the DAQ period.

We required the coincident time of the prompt and delayed energy to be higher than
1 pus, and less than 200 us and 400 us for nGd sample and nH sample, respectively. The
delayed energy is more than 6 MeV for nGd sample and around 3o of 2.2 MeV gamma
peak for nH sample. A cutoff of the coincident distance of 1000 mm was applied to the
nH sample. Furthermore, we set the prompt energy cut based on the different searching
energy region below,

* For the Fermi-Dirac spectrum, the IBD events with prompt signal energies < 90
MeV were used to search for the coincident v, signals associated with GWs or
GRBs at Daya Bay. We classified the raw data into low-energy and high-energy due
to the reactor neutrino background’s major energy below 10 MeV. For low-energy
data, the prompt energy range included nH:(3.5,10) MeV and nGd: (0.7,10) MeV.
The 3.5 MeV lower bound in the nH sample was used to remove the significant

accidental background. For high-energy data, the prompt energy range is (10, 90)
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MeV for both nGd and nH.

* For the monochromatic spectra, we chose several neutrino energies, namely 5, 7,
10, 20, 30, 50, 70, 90 MeV to represent the whole energy range of less than 100
MeV. For these discrete neutrino energies, the prompt energy search window was

E, + 4, where A defined as follows:

A=5x\[@ X E} + B X E, + 2, (5-2)

where the parameters, a = 0.016, b = 0.081 MeVl/z, and ¢ = 0.026 MeV, which

simply come from the detector resolution equation to define signal window.

5.2 Definition of detection efficiency

The simulation framework at Daya Bay is based on NuWa introduced in the pre-
vious section. We exploited the nGd and nH IBD events in the detector of 4 m-tank
(GdLS+LS+Acrylic) for both GW and GRB analyses, which slightly differed from the
oscillation analysis at Daya Bay. For the detection efficiency €4, in the whole detector

volume, the definition is as follows:

Edet = €y " Em * Eothers (5-3)

with
Eother — Z(Np,v “E€Ev EDC,U : 8TC,U)/ Z Np,v' (5'4)
v v

g, 1s the muon veto efficiency, and ¢, is the multiplicity cut efficiency, which is de-

termined by the experimental data. The multiplicity cut efficiency ¢, is derived using

the coincidence time and uncorrelated singles rate described in detail in reference!'%8.

Moreover, the efficiency & includes € ,, €1 . €p_,, Which correspond to the en-

other

ergy (prompt and delayed energy), coincident time, and coincident distance (only for

the nH data sample) efficiency, respectively. Since the efficiency e relies on the

other
assumed energy spectra, we will calculate it in the next subsection. The index, v, rep-
resents different target volumes, namely GdLS, LS, Acrylic (Ac). N, is the num-
ber of free protons in each volume. The proton ratio in the three target volumes is
Paars © Prs @ Pac =1 : 1.077 : 0.1273109],

We treated the muon veto efficiency differently for the GW and GRB analyses. For

the GW analysis, the evaluation of muon veto efficiency was for the data during the +5

51



Chapter 5 Events selection criteria and efficiency

days of each GW arrival time. For the GRB analysis, the evaluation was an average for
the data from December 2011 to March 2019. Appendix Table C.1 gives the muon veto
efficiencies for all the GW and GRB events.

We used the same method to estimate the multiplicity cut efficiency ¢,, for the GW
and GRB analyses, respectively, as given in Appendix C.2.

We determined the prompt energy efficiency, the delayed energy efficiency, the
time selection efficiency, and the distance selection efficiency from simulations with the
monochromatic spectra or the Fermi-Dirac spectrum, respectively, introduced in the next

subsection.

5.3 Efficiency for the monochromatic spectra

The detection efficiency of each volume was studied carefully in the simulation of
several specific neutrino energies under the monochromatic spectra.

Figure 5.1(a) shows the trends of the efficiency with two features: For high-energy
neutrino points, more and more neutrons escaped from the GALS volume to the LS vol-
ume. Furthermore, the proportion of neutron capture processes replaced by inelastic scat-
tering (n,a) process increased as the neutrino energy increased. Combining both the fea-
tures resulted in a decrease in efficiency as neutrino energy increases.

Figure 5.1(b) shows the IBD efficiency for the nH signal in the GALS volume. In the
simulation, more and more high energy neutrons spilled out from the GALS volume to the
LS volume and then captured by hydrogen as the neutrino energy increased, leading to a
slow increase in the total efficiency in the GALS volume.

Figure 5.1(c) shows the IBD efficiency for the nGd signal in the LS volume. In
the simulation, the total efficiency in the LS volume increased slowly. More and more
neutrons spilled in the GALS volume from the LS volume and then captured by Gd as the
neutron energy increased, leading to a slow increase in the total efficiency.

Figure 5.1(d) shows the IBD efficiency for the nH signal in the LS volume. The total
efficiency of low-energy neutrino points was lower than other energy points due to the cut
of E, > 3.5 MeV. For the high-energy neutrino points, more and more neutrons escaped
from the LS volume to MO volume. However, the MO was not the material that could be
triggered. Furthermore, the high-energy neutron (n,a) process fraction increased, which
also decreased efficiency.

Figure 5.1(e) shows the IBD efficiency of nGd in the Ac volume. For the low-energy
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neutrino points, most of the events generated in the acrylic did not fire the trigger. The
total efficiency increased slowly.

Figure 5.1(f) shows the IBD efficiency for the nH signal in the Ac volume. For
the low-energy neutrino points, most of the events generated in the acrylic also did not
fire the trigger. The low energy points had a lower efficiency than the nGd efficiency
in acrylic because of E, > 3.5 MeV. The total efficiency was increasing as the neutrino
energy increased.

The efficiency trend in different volumes indicates that neutron’s physical proper-
ties are critical in detectors, especially the high-energy ones. The spill in/out effect of
high-energy neutrons determines the detection efficiency. Figure 5.2 illustrates the actual
capture vertex of a neutron in the simulation. One can see that more and more neutrons
spill out from the original volume as the neutron energy increases, especially in the LS
volume because of its thickness. The thickness for LS volume is only 50 cm from GdLS
volume to MO volume. It means that the high-energy neutrons are more natural to escape

from other volumes from LS volume.
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Figure 5.1 Simulated efficiency of nH and nGd data in the detector simulation.
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Figure 5.3 shows the IBD efficiency as a function of the anti-neutrino energy for the

monochromatic spectra. The changes in the two efficiency curves have been explained in

Fig.5.1.

5.4 Efficiency for the Fermi-Dirac spectrum

In Chapter 5, we have already shown the Fermi-Dirac energy spectrum and the flux

spectrum in the simulation in Fig. 3.4. Table 5.2 gives the IBD selection efficiency results

evaluated by simulation for both nGd and nH samples.
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Figure 5.3 IBD selection efficiency, €,,, from the MC simulation as a function of the electron
anti-neutrino energy.

Table 5.2 Summary of the efficiencies under the assumption of the Fermi-Dirac spectrum. € ..,
is the total IBD selection efficiency evaluated by Monte Carlo for the whole detector
including GALS ,LS and Acrylic.

Data sample nGd sample nH sample
€ other € other
€gaLs S:72% 1.66 %
Low energy | ¢,¢ 0.38 % 4.28 % 6.93 % 4.37 %
€ 4c 2.38% 3.97 %
EgaLs 08.06 % 12.47 %
High Energy | ¢, 211%  32.18% | 44.00% 27.70 %
€ 4c 4.73 % 9.41 %

5.5 Chapter summary

This chapter introduced the IBD events selection criteria for two neutrino energy
spectra and studied the detection efficiency at Daya Bay. The data sample analyzed in the
thesis included the nGd and nH data. When calculating the detection efficiency for differ-
ent data samples, we selected the 4 m tank consisting of GALS, LS, and Ac as our target
volume. The detection efficiency consists of the muon veto efficiency ¢, the multiplic-

ity cut efficiency ¢, and the other efficiency & determined by the simulation. &

other other

includes the energy selection efficiency €, the coincident distance selection efficiency
€ p,» and the coincident time selection efficiency &7, .

When considering the we carefully discussed the efficiency, £, £ , and e,

other»
of GALS, LS, and Ac, respectively, which could help us understand the efficiency of €,
in detail. We used the detection efficiency in calculating the neutrino fluence, as described

in the next two chapters.
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Chapter 6 Measurement of v, associated with GWs

This chapter introduces the measurement of v, associated with GWs. Firstly, we
present our analysis strategy. Then we give a detailed description of the GW data analysis.
In the end, we report how to derive the upper limits for the neutrino fluence and luminosity

from the observed candidates.

6.1 Analysis strategy

Here, we describe the likelihood-based statistical tests based on the profile likelihood
method!''% to search for anti-neutrinos from GWs or GRBs. The focus of this section is

to discuss the analysis method we adopted.

6.1.1 Validation of likelihood function

To verify the method, we constructed a simple likelihood function of the Poisson

distribution, P(s, b).

P(s,b) =

n
(s +'b) e_(s+b), (6-1)

where s is the number of signal events that we interested, b is the number of expected
background events, n is the number of observed events. To test a hypothesized value of

s, we consider the profile likelihood ratio,
AMs) = —= (6-2)

where § is the maximum likelihood (ML) estimator. Then, we constructed a test statistic

t

N

22y >0
t, = =2In(As)) = P@) (6-3)

~21n( ﬁgg;) §<0,

In this work, the value of a physical signal should not be negative. When the MC estimator
of signal § is negative, we set the value of signal § to be zero rather than negative.

We calculated the observed ¢ as shown in Fig. 6.1. Two simple examples were

s,0bs>

used to validate the analysis method. We scanned the hypothesized value from 0 to 6 and
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fitted the data to get the best values. The result shows that the likelihood-based analysis

method can work properly.
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Figure 6.1 Two simple examples validate the likelihood-based function used in the thesis.

We defined a test for a hypothesized value of s by using the statistic 7, directly to
measure the discrepancy between data and hypothesis. The higher values of ¢, corre-
sponded to the more significant disagreement. To quantify the level of disagreement, we

computed the p-value,

o]

b= | sl ar, (6-4)
t,,0bs
where 7, ¢ is the statistic observed, while f(#;|s) denotes the pdf of z; under the assump-

tion of the signal s. Figure 6.2 illustrates the sketch map. A more detailed description is
as follows. Firstly, we got a maximum likelihood estimated from the data. Secondly, we
calculated the p-value using the pdf f(z,|s). Thirdly, we scanned different s values and
got a series of 7 ;. In the meantime, the pdf f'(z|s) was also changing with the s value.
Finally, we got an s value that could lead to the p, = 10% in the pdf f(,]s).

Besides the simple verification discussed above, our results are comparable with

those used Feldman method[m], as seen in Table 6.1. Both are consistent.
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(b) The standard normal distribution @(x) =
1/ \/ﬁ)exp(—xzﬂ) showing the rela-
tion between the significance Z and the
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(a) Illustration of the relation between the p-
value obtained from an observed value
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Figure 6.2 Illustration of the relation between the p-value and the observed ¢, and also with the
significance Z.

Table 6.1 The 90% C.L. and 95% C.L. intervals for the Poisson signal mean s (for total observed
events n, and known mean background b ranging from 0 to 7). Our results s are
indicated by the “P-L”, and Feldman’s result!"'!! s are by the “F-C”, respectively.

(n,b) Method (0,0) (1,1) (22) (33) (44) (55 (6,6) (7,7)
PL 24 33 39 44 46 50 55 55
F-C 24 34 39 44 46 50 55 55
PL 31 41 47 52 57 62 67 68
F-C 31 41 47 53 58 63 68 68

90% C.L.

95% C.L.

6.1.2 Maximum likelihood fitting

In the analysis, Figure 6.3 shows the data flow structure we used to calculate the neu-
trino fluence. The IBD data consists of the nGd and nH samples, each of which includes
the data from eight ADs at Daya Bay. There are a total of sixteen data sources for the
monochromatic spectra. What is more, for the Fermi-Dirac spectra, the sample is divided
into two parts: low-energy (E, < 10 MeV) and high-energy (E, > 10 MeV). There are a
total of thirty-two data sources for the Fermi-Dirac spectrum. We combined multiple data
sources to calculate the neutrino fluence, mainly based on the following considerations.

* Improve the statistics by combining both the nH and nGd samples.
* Feature of multiple ADs located in the separated locations at Daya Bay.

* Suppress the effect brought by rector neutrinos using £, > 10 MeV.
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Figure 6.3  Data sources and structure in the analysis. “LE” represents low energy region(E, <
10 MeV). “HE” represents high energy region.

Fig. 6.4 shows the summary flow chart to calculate the upper limits of v, flunece in

the analysis.

Ve fluence
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Poisson distribution Constrain FCN.

| |
l

A likelihood FCN.

)L Mono. Spectra, 16 data sources
* F-Dspectrum, 32 data sources

v, Fluence U.L.

Figure 6.4 Flow chart of the v, fluence calculation. “IBD. Cand.” represents observed IBD

candidates. “Exp. BKG.” represents expected background events. “FCN” represents
function. “U.L,” represents upper limit.

Equation (3-4) and (3-7) were used to calculate the neutrino fluence under two energy

spectra. We created a Poisson distribution using the fluence F(E,) for each data source.

N, + by
P(F(EV)) = —( Vn ' I) e_(Nv"‘b;), (6-5)
[‘
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where N, is the number of v,s’ within the specific energy interval, b; is the number of
predicted background events, b; is the number of actual background events, and n; is the
number of observed IBD candidates.
To constrain the nuisance parameters, we introduced C (bf),
bi-b)°

Lo (6-6)

C(b}) =
2”0','2
where o; is the statistical error for the predicted background. The likelihood function is the

product of Poisson distribution and Gaussian constraint distribution for all data sources.

N
L(F(E).b) =[] P (F(E,))x C®), (6-7)

i=1
where N is 16 for the monochromatic spectra and 32 for the Fermi-Dirac spectrum. If

the maximum likelihood estimator, F (E,) <0, weset F(E,) = 0. We then constructed a

test statistic:

L(F(Ev),@,-(F(EV)))

2 S FE) >0
'F(E,) = L(FELbFEY) (6-8)
~21n i F(E,) <0,
L(O,b,-(O))

where ?),-(F (E))), l§i(0)) refer to the conditional maximum-likelihood estimators of b; [110],

As was done with the statistic #z(E, ), we quantified the level of disagreement between

the data and the hypothesized value of F(E,) with the p-value.

[S0]

PFE,) = J f (tF(EV)lF(EV)> dtp,), (6-9)

TF(E,)0bs

where tpg ) ops 1S the value of the statistic, fp ), observed from the data, and
f (t FENF (Ev)> denotes the pdf of 7(g ) under the assumption of the signal strength,

F(E)). Finally, we obtained the fluence of anti-neutrinos.
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6.2 Data analysis

Firstly, we checked the Daya Bay experiment shift records during the GW events
burst time and expected to exclude the possibilities of non-physical events. For the
GW150914, GW151012, and GW 151226, the experiment was in regular operation. For
the GW170104 event, EH1 was under the calibration process, and the signal rate was un-
stable, so we had to remove it from our analysis. During GW170608, GW170814, and
GW170817, other experiments were using AD1 in the EH1. Until now, only the rest 7
ADs are in the right working conditions. From September 2015 to August 2017, there are
a total of seven GWs analyzed in the thesis. Fig. 6.5 shows the IBD candidates observed
for each GW within 1000 s. The GW events time distribution in our analysis can be

seen in the plot.
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c B u
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C |cw151012 GW170608 GW170817%

20 [Bw1s0914 GW170104 ~ GW170814 3

[ 1 1 1 N
2015-12-31 2016-12-31 2017-12-31

Date

Figure 6.5 Distribution of IBD candidates of each GW within +1000 s.

6.2.1 Search time windows

The emitting sequence of neutrinos and GWs is not clear, and the duration of the
neutrino burst is also uncertain because of the absence of neutrino emission information.
We decided to exploit the multiple time windows to search for neutrino signals associated
with GWs. We adopted three different search time windows, namely +10 s, +500 s, and
+1000 s according to different physical motivations. We described how to determine the
search time window in detail below.

* +10 s The observation of supernova neutrino SN1987A is a well-known astrophys-
ical event. It is the only time to measure the neutrinos up to now. Core-collapse

supernovae would emit a tremendous number of neutrinos on a time scale of 10
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seconds. Although we are not clear about the physical mechanism of BH mergers,
we suspected that they might have the same physical process. We adopted a time
window of +10 s to search for the neutrino candidates.

* 4+500 s The neutrino signals were assumed to be within +500 s around the GW de-

[112] hetween GW events emis-

tection time, which comes from the time difference
sion and neutrino emission predicted. Figure 6.6 shows a summary emission pro-
cess for the time window +500 s. Before the GRB broke out or a precursor hap-
pened, there is a 100 s time window to activate the central engine. After the activity
of the central engine, there is a 250 s precursor emission time window. Moreover,
the duration time of most GRBs is about 150 s. Both neutrinos and GWs emission

are possible within the whole time window +500 s.

K

s0f

orecurs! | GRB

P (0 2508 | 1GRP 450
‘ | gamma ‘ ‘
f////////////// A GW LIS S SIS LIS S /////////////////////J
: . SRR AR AR A A A
i(a)  100s (b) (a) 100s (b) (d)gamma > 100 MeV:
) (e) 500s

Figure 6.6 Summary of the coincidence time of the neutrinos and the GW emission. (a) There
is a 100 s time window to activate the central engine before breaking out. (b) The
relativistic jet breaks out from the envelope. (¢) The duration time has 250 s precursor
before the GRB breaks out. (d) The main GRB burst time window is ~150 s. (e) The
whole time is +500 s when both neutrinos and GWs emission may happen. (From
Ref. [112)),

* +1000 s We chose an even large window of 1000 s to account for most long GRB
events that lasted less than 1000 s. The duration time Ty, of GRBs detected by
BATSE is shown in Fig. 1.10. GRBs may accompany the generation of neutrinos
at any time. This window can avoid missing important information because of the
unknown of BH-BH.
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6.2.2 Data sample

The raw data came from P17B data reconstructed with the AD-simple method in
the background analysis. Figure 6.7 draws a detailed IBD candidate selection flow chart,
while Table 5.1 summarizes selection criteria. We have described the evaluation of the

detection efficiency adopting the selection criteria in the previous chapter.

Muon veto

A 4

IBD candidates

Prompt signal Delayed signal

A 4

E, selection E, selection

!

T, selection

lnH data

D, selection

|

Observed IBD events

nGd data

Figure 6.7 Observed IBD events survived from the IBD selection criteria at Daya Bay.

The data samples in all three halls were processed together. Figure 6.8 shows the dis-
tribution of prompt energy and delayed energy for both the nGd and nH samples, while
Figure 6.9 shows the coincidence time between the prompt and delayed signals. For the
nGd and nH sample, the coincident time windows T, is [1, 200] s and [1,400] us, respec-
tively. Figure 6.10 shows the distance D, from the prompt and delayed signal vertexes.
We only applied the coincidence distance cut for the nH sample because of more acciden-
tal backgrounds involved. We concluded that our analysis’s selection criteria could reject

most of the background and select the IBD candidates from these plots.
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Figure 6.8 Energy distribution of the prompt energy versus the delayed energy from the P17B

data sample.
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Figure 6.9 Distribution of the coincident time for the nGd and the nH.
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Figure 6.10 Distribution of the coincident distance between the prompt signal vertex and the
delayed signal vertex for the nH from P17B data sample.
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6.2.3 Background estimation

Because the GWs are the instantaneous events, we adopted a statistical background
of the GW arrival time +5 days to estimate the background events. We first checked the
stability of the IBD event rate within +5 days of each GW event. The data samples were
divided into four parts to cover all the data we used, namely nGd low-energy (0.7 MeV <
E, <10 MeV), nH low-energy (3.5 MeV < E, < 10 MeV), nGd high-energy (10 MeV <
E, <90 MeV), and nH high-energy (10 MeV < E, <90 MeV).

We listed the IBD event rates of GW 150914, GW151012, GW151226, GW170104,
GW170608, GW170814, and GW170817 in Fig. 6.11, 6.12, 6.13, 6.14, 6.15, 6.16, and
6.17, respectively. It can be seen that the IBD event rate is higher at EH1 and EH2 be-
cause of the closer distance to the reactors. For the GW170104, EH1 was not working
normally and removed from the rate stability check. For the GW170608, GW 170814, and
GW170817, the rate in EH1 is lower than EH2 due to only one AD working. Furthermore,
for the GW170814, there is a blank in the rate because of the detector switch. All IBD
event rates associated with the GW events were stable and had no protrusions within a +5
days time window, which met our GW analysis requirement. For the GW170104 event,
the time window was not +5 days, but (-1, +5) days, because some data was missing at

Daya Bay.
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Figure 6.11 Distribution of the IBD event rates for the low-energy and high-energy events within
+5 days of the GW 150914 arrival time. The errors are statistical only.
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Figure 6.12 Distribution of the IBD event rates for the low-energy and high-energy events within
+5 days of the GW151012 arrival time. The errors are statistical only.
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Figure 6.13 Distribution of the IBD event rates for the low-energy and high-energy events within
+5 days of the GW151226 arrival time. The errors are statistical only.
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Figure 6.14 Distribution of the IBD event rates for the low-energy and high-energy events within

(-1, +5) days of the GW170104 arrival time. Detectors were turned off for a few
days, which lead to the absence of some data. Furthermore, EH1 was not working
normally and removed from the rate stability check. The errors are statistical only.
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Figure 6.15

Distribution of the IBD event rates for the low-energy and high-energy events within
+5 days of the GW 170608 arrival time. The rate in EH1 is lower than EH2 due to

only one AD working. The errors are statistical only.
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Figure 6.16 Distribution of the IBD event rates for the low-energy and high-energy events within
+5 days of the GW170814 arrival time. The rate in EH1 is lower than EH2 due to
only one AD working. There is a blank in the rate because of the detector switch.
The errors are statistical only.
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Figure 6.17 Distribution of the IBD event rates for the low-energy and high-energy events within
+5 days of the GW170817 arrival time. The rate in EH1 is lower than EH2 due to
only one AD working. The errors are statistical only.
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In calculating the background rate, we removed the maximum signal search time of
1000 s within the +5 days. The expected number of background events in the specified

time window was:

where T, is the search time window, namely +10 s, +500 s, and +1000 s. R, is the back-
ground event rate around the GW burst time, and b; is the expected background numbers.

For a specified v, energy of 5, 7, 10, 20, 30, 50, 70, 90 MeV, the search energy
range was set to E, + 54 under the monochromatic spectra. For the low-energy energy
points, namely 5, 7, 10 MeV, the background rate of R; was determined using the data
collected around the GW arrival time within +5 days. For the high-energy points, namely
20 MeV, 30 MeV, 50 MeV, 70 MeV, and 90 MeV, the background rate was determined by
integrating the energy range E, + 54 using the prompt spectrum, as shown in Fig. 6.18,

because of very few high-energy events existed within +5 days of GW related time.
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Figure 6.18 Prompt energy spectra of IBD candidates using the P17B data. The statistical un-
certainty is considered.

For the Fermi-Dirac spectrum, the background rate of R; was determined using the
data correlated with GW events within +5 days. The expected background events were

calculated for the low-energy, high-energy of the nGd and nH samples, respectively.
6.2.4 IBD candidates
We selected IBD candidates for monochromatic and the F-D spectra, respectively.

72



Chapter 6 Measurement of ¥, associated with GWs

6.2.4.1 IBD candidates under monochromatic spectra

In this section, we give the search results assuming the monochromatic spectra. Fig-
ure 6.19 presents the search results of IBD candidates and the expected background events
in all EHs. The black markers represent the number of IBD candidates observed at discrete
neutrino energy under different time windows, while red markers represent the expected
background levels. It is seen that the IBD candidates are consistent with the expected
background events. The detailed results of 5, 7, and 10 MeV neutrinos within +500 s
time window were listed in Appendix Table D.1, D.2, and D.3, respectively. For the
high-energy points, namely 20 MeV, 30 MeV, 50 MeV, 70 MeV, and 90 MeV, no IBD
candidates were observed, and the background is listed in Table D.4. We also give IBD
candidates of +10 s and +£1000 s time windows in Appendix Table D.5. The expected
background events of +10 s and +1000 s time windows were obtained by multiplying the

factors of 0.02 and 2 to the averaged ones of 500 s, respectively.
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Figure 6.19 Energy distribution of IBD candidates and expected background events of all GW
events assuming the monochromatic spectra

73



Chapter 6 Measurement of v, associated with GWs

6.2.4.2 IBD candidates under the Fermi-Dirac spectrum

In the low-energy range (E, < 10 MeV), the main background is the reactor neutrinos.
In the high-energy (E, > 10 MeV), the background is dominated by fast neutrons. We
gave the average background rate over the ADs in each hall in Table 6.2. The detection
time and IBD candidates met all data selection criteria of all GW events are shown in
Fig. 6.20, 6.21, 6.22, 6.23, 6.24, 6.25, and 6.26.

Table 6.2 Average background rate (per second per antineutrino detector) for the studied energy
spectrum (Low E: E, < 10 MeV, High E: E, > 10 MeV).

EHI EH2 EH3
nGd
LowE (7.65+0.01) x10™®  (6.82+0.01) x 107> (8.45+0.01) x 107*
HighE (6.35+0.04) X107  (432+0.04) x 107 (3.83+0.01) x107°
nH
LowE (28.75+0.04) x 107* (25.76 +0.03) x 10~* (3.25+0.01) x 10~
HighE (9.20+0.01) x 107  (6.30+0.01) x 107>  (5.65+0.01) x107°
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Figure 6.20 Neutrino energy and relative time distribution of IBD candidates for GW150914.
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Figure 6.21 Neutrino energy and relative time distribution of IBD candidates for GW151012.

The detailed results of +500 s can be seen in Appendix Table D.6, Table D.7, D.8,

74



Chapter 6 Measurement of v, associated with GWs

> GW151226 > GW151226 %' GW151226
E. EH1 nH E. EH2 nH E EH3 nH
uf uf uf
10 £ + 10§ E 10 £ E
[N ¢, " S 3. M N ¢ . F . ¢ J
5f . A N o 5[t ¢ ¢ 0 51 M ]
> ‘ ‘ s ‘ ‘ > ‘ ‘
[} F [} F [
s EH1 nGd s EH2 nGd s EH3 nGd
wior , , ., 5 uwwr ur10f , E
Fo e vty ot e tihee iu""" o“ L 4, KRR £ et .
[ IR S gttt - .o
1="1000 0 1000 1™ 1000 0 1000 1™ 1000 0 1000
Time [s] Time [s] Time [s]

Figure 6.22 Neutrino energy and relative time distribution of IBD candidates for GW151226.
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Figure 6.23 Neutrino energy and relative time distribution of IBD candidates for GW170104.
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Figure 6.24 Neutrino energy and relative time distribution of IBD candidates for GW170608.

75



Chapter 6 Measurement of v, associated with GWs

% GW170814 % GW170814 % GW170814
= EH1 nH =3 EH2 nH =3 EH3 nH
ui ui ui
10 F . R E 10 F E 10 F E
5 b T 5Pt e, 0 5F R
S ‘ > ‘ >
[} F [} F [} F
s EH1 nGd s EH2 nGd s EH3 nGd
uf10¢ oL, uhop . { w10} )
£ e 3 ¢ . r oo ‘ * e 1 £
: ’.‘o ot ¢ A '0.. “.: o: " X :“”0} EoL LN , .
L . Le 4 L 3
1 ‘ ‘ ‘ 1 ‘ ‘ ‘ 1 ‘ ‘ ‘
-1000 0 1000 -1000 0 1000 -1000 0 1000
Time [s] Time [s] Time [s]

Figure 6.25 Neutrino energy and relative time distribution of IBD candidates for GW170814.
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Figure 6.26 Neutrino energy and relative time distribution of IBD candidates for GW170817.

D.9, D.10, D.11, and D.12., each of which includes the observed IBD candidates and
the expected background events for different data sources. The +10 s and £1000 s time
windows were also adopted to search for IBD candidates. Appendix Table D.13 shows
the IBD candidates of all GW events under two searching time windows in detail. The
expected background events can be given by scaling the background events for the +£500 s
time window, which is the same as the background calculation under the monochromatic
spectra. The background numbers for the +10 s and +1000 s time windows were from
a multiplication of the factors of 0.02 and 2 using the averaged background numbers for

the +500 s time.

6.2.5 Signal significance

This section focuses on the significance of the obtained GW signals. We first summa-
rized all the GW events, as shown in Fig. 6.27. A time window +1500 s, which contains
all three searching time windows, was selected to show all the neutrinos associated with
all GW events. The origin of the x-axis represents the time when the GW's were detected.

When the GWs occurred, the signals had not been observed, which exceeded the back-
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ground events.
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Figure 6.27 Summary of all the GW events within the time window +1500 s. The origin of the
x-axis represents the time when the GWs were detected.

Also, we constructed a simple statistic to reflect the level of agreement between the
observed and expected. There is no doubt that the most commonly used goodness-of-fit

test is Pearson’s y2,

N
Z(nt_b) (6-11)

i=1

Where “N” is the number of combined data samples, as the same as the previous defined
in equation 6-7, “b;” is the expected background events, “n;” is the number of candidates.
For the low-energy data sample, the statistics will follow a y? distribution. The hypothesis
is that no neutrino signal comes from GW events. A larger y° corresponds to a more
significant discrepancy between the data and the hypothesis. The P-value or significance

level is therefore given by integrating the 22 distribution from the observed y? to infinity,

P= J f(z;ng)dz. (6-12)

)(2

Where n, is the degree of freedom. The larger )(2, the smaller p-value. In other words, the
smaller p-value means the more significant signal. However, for low statistical data, one
can not regard this as an observation of a x? distribution variable to compute the p-value.
The corrected p-values could be obtained by determining the distribution of the statistic

with a Monte Carlo program. It was done by generating the Poisson values n; for each
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bin based on the mean values ;. And then, we computed and recorded the 2 values.

In the thesis, we selected 5 MeV and 7 MeV data within the search time window
of +£500 s to calculate the p-values. As can be seen in Table 6.3 and Table 6.4. The p-
values for both E, =5 MeV and E, = 7 MeV indicated that the GW associated neutrino
candidates are consistent with the background numbers. Therefore, the 90% C.L. upper
limits of anti-neutrino fluence were considered and given.

Table 6.3 The p-values of signal significance for the E, = 5 MeV energy points assuming the
monochromatic spectra. The “nH+nGd” represents the combined of nH and nGd data.

GW GW GW GW GW GW GW

150914 151012 151226 170104 170608 170814 170817
nGd 0.97 0.39 0.53 0.76 0.51 0.76 0.88
nH 0.74 0.98 0.47 0.62 0.91 0.21 0.69
nH+nGd  0.96 0.84 0.54 0.80 0.83 0.47 0.90

p-value

Table 6.4 The p-values of signal significance for the E, = 7 MeV energy points assuming the
monochromatic spectra. The “nH+nGd” represents the combined of nH and nGd data.

GW GW GW GW GW GW GW

150914 151012 151226 170104 170608 170814 170817
nGd 0.14 0.81 0.64 0.37 0.01 0.02 0.21
nH 0.78 0.17 0.19 0.37 0.76 0.36 0.67
nH+nGd  0.34 0.37 0.56 0.60 0.14 0.28 0.38

p-value

6.3 Results of v, searches

This section introduces the upper limits of neutrino fluence associated with GWs. We
first present the upper limits within different time windows, assuming the monochromatic
spectra. And then, we give the upper limits, assuming the Fermi-Dirac spectrum. In
the end, we discuss the neutrino luminosity and compare our results with other neutrino

experiments.

6.3.1 Limits on v, fluence

For the low-energy points, the search results were consistent with the background
numbers assuming the monochromatic spectra. For the high-energy points, we did not

observe any GW neutrino events. We averaged all the IBD candidates and the background
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numbers associated with GW events in three time windows. Upper limits of fluence at
90% C.L. for three time windows are shown in Table 6.5 and Fig. 6.28. For E, > 30 MeV,
the upper limit difference is far less than our scanning accuracy. Although three time
windows will result in different numbers of background for E, > 30 MeV, the upper limit
difference is far less than the accuracy of our scanning. To facilitate the quick calculation
and verification of our fluence results, we summarized all relevant parameters in Appendix
Table E.1 and Appendix Table E.2 within the time window +500 s.

Table 6.5 Upper limits of fluence at 90% C.L. for three search time windows. The numbers of
IBD candidates associated with the GW events and the background were averaged at

Daya Bay.
Iy(,) (x10' cm™2) Monochromatic Spectra
E, (MeV) 5 7 10 20 30 50 70 90
+10s 1.2 35 13 025 0.16 0.05 0.02 0.01
+500 s 204 106 1.7 035 0.16 0.05 0.02 0.01
+1000 s 228 83 1.6 035 0.16 0.05 0.02 0.01
& 102 E T —T - - T T T T ?
£ F +10s W 3
Ig 10" E 500 s W E
c - .
S0 E +1000 s W =
5 F 3
g WF 3
E F E
5 UF E
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Figure 6.28 90% C.L. upper limit of the fluence of v, from GW. The “W” in the plot means the
time window.

For the Fermi-Dirac spectrum, within three time windows, +10 s, +500 s and
+1000 s, the IBD candidates and the background numbers of all GW events were av-
eraged to calculate the upper limits of fluences, as shown in Table 6.6. We summarized
all the related-parameters within the +500 s time window in Appendix Table E.3.

Table 6.7 lists the detailed results of the +500 s search time window for the Fermi-
Dirac spectrum. In the table of each GW event, the “nGd + nH” in the column of the

low-energy (high-energy) represents the combination of nGd and nH data, which comes
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Table 6.6 The 90% C.L. upper limits of neutrinos calculated by the averaged signal candidates
and averaged background numbers of all GW events within three time windows as-
suming the Fermi-Dirac spectrum.

Time Window +10s +500 s +1000 s
F(v,) 0.55x 100 ecm™ 045x10"°cm™ 0.42x 10" cm™

from eight ADs. The “Low + High” in the nGd (nH) row represents the combination of
low-energy and high-energy data. We concluded that as more data sources are combined,

the upper limit is lower.

6.3.2 Limits on v, luminosity

The upper limit on the total luminosity of electron anti-neutrinos is given by

Loy = F; x4nD} ;0% < Eyy >, (6-13)

where F; is the neutrino fluence, Dy go is the distance from the source to the Earth,
and E,, is the average neutrino energy, which corresponds to the specific energy for
monochromatic spectra and 12.7 MeV for the Fermi-Dirac spectrum, respectively. In cal-
culating the luminosity, we assumed that the v,s’ are isotropic emissions, and all neutrino
flavors emitted from sources have an equal contribution. In our thesis, we calculated the
luminosity results of +500 s search time window assuming the Fermi-Dirac energy spec-
trum because of the convenient comparison with other neutrino experiments. Table 6.8
gives a detailed comparison with other experiments.

The different average energy of neutrinos used in various experiments leads to a little
difference in upper limits. The average energy of neutrinos used in the KamLAND exper-
iment was the same as ours at Daya Bay. The luminosity of the Borexino experiment was
calculated, assuming < E, >= 15.8 MeV. In the experiment of Super-K, for GW150914
and GW 151226 analysis, the Fermi-Dirac spectrum was replaced by a flat spectrum. The
average energy of neutrinos was 40 MeV. For Super-K’s GW 170817 analysis, the neu-
trino energy ranges from 3.5 MeV to 100 MeV, assuming the Fermi-Dirac spectrum, and
the average energy was set to be 20 MeV. As indicated in Table 6.8, the sensitivity mainly
depends on the target mass. Then, although the Daya Bay experiment’s target mass was
only one-third of KamlAND’s target mass, our upper limits were still comparable with
KamLAND?’s ones: ~ 0.4 x 10'° cm™. This is because the Daya Bay experiment has

multiple ADs, which can reduce the background induced by one single AD and improve
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Table 6.7 Upper limits of ¥, on 90% C.L. at Daya Bay associates with GW events based on the
Fermi-Dirac spectrum within the search time window of £500 s (low-energy: E, < 10
MeV, high-energy: E, > 10 MeV). For each GW event, the values in the table are
explained as follows. The “nGd + nH combine” in the column of the low-energy
or high-energy represents the combination of nGd and nH data, which comes from
eight ADs. The “Low + High combine” in the row of the nGd sample or nH sample
represents the combination of low-energy and high-energy data. The final result in
the last column and the last row for every GW event is calculated by the combination
of low-energy nGd, low-energy nH, high-energy nGd, and high-energy nH.

GW Events | Fluence(cm™2) x10'° Low Energy High Energy | Low + High combine
nGd Sample 9.75 1.80 0.50
GW150914 nH Sample 8.80 2.07 0.74
nGd-+nH combine 4.05 0.90 0.24
nGd Sample 82.5 1.70 1.80
GW151012 nH Sample 24.2 2.30 1.45
nGd-+nH combine 34.5 0.99 0.71
nGd Sample 55.0 1.80 1.60
GW151226 nH Sample 40.2 2.10 1.84
nGd+nH combine 325 0.90 0.69
nGd Sample 75.0 230" 2.18
GW170104 nH Sample 245 2.60 " 1.93
nGd+nH combine 25.30 1.20 0.81
nGd Sample 334 2.10 ** 1.18
GW170608 nH Sample 9.8 230 % 0.89
nGd+nH combine 7.10 0.99 0.32
nGd Sample 58.7 1.99 ** 1.71
GW170814 nH Sample 25.2 235* 1.56
nGd+nH combine 22.8 1.00 0.56
nGd Sample 40.5 2.00** 1.47
GW170817 nH Sample 43.5 2.40™ 2.07
nGd-+nH combine 28.7 1.00 0.65

*: For GW 170104 event, the upper limit calculated by nH or nGd high energy data is higher than other GW events
because of the GW170104 just has EH2 and EH3 data sample.

**: For GW170608, GW170814, GW170817 events, the upper limits calculated by nH or nGd high energy data are

higher than the GW150914, GW151012, and GW151226. For GW170608, GW170814, and GW170817, EH1 just

has one AD data sample.
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[113

the experiment’s sensitivity significantly. It had been verified in Reference!'!3. The raw

data was divided into low-energy and high-energy samples to exclude lots of reactor neu-

trino background. It also improves our sensitivity.

Table 6.8 Upper limits of luminosity (Unit: 10%° erg) on 90% C.L. associated with the GW
events based on the Fermi-Dirac spectrum in the same time window +500 s. We

summarized four experiment results. “—” represents that there are no experiments to
calculate the neutrino fluence or luminosity.

Exp. Daya Bay KamLAND Borexino Super-K
E, (1.8,100) MeV  (1.8,111) MeV  (3.5,75) MeV  (3.5,75) MeV
GW150914 (410715 Mpc) 1.18 1.26 2.03 0.05
GW151012 (1100300 Mpc) 24.2 90.6 - —
GW151226 (4407 |50 Mpc) 4.19 1.71 2.35 0.03
GW170104 (8807350 Mpc) 17.9 - 9.38 -
GW170608 (340" 130 Mpc) 1.07 - - -
GW170814 (54073 Mpc) 4.83 - - -
GW170817 (40*%, Mpc) 0.03 — — 4x1074

6.4 Chapter summary

In this chapter, to derive the upper limits of neutrino fluence associated with the
GW events, we first verified the analysis method, which is consistent with the results
published by Feldman results. Then we constructed a maximum likelihood method that
can combine multiple data samples, namely nGd and nH samples, to calculate the upper
limits of neutrino fluence at Daya Bay.

Three search time windows, namely +10 s, +500 s and +1000 s, were adopted due
to different physical motivations, which allow us to avoid the uncertainty caused by the
absence of neutrino emission from GW sources. The P17B data sample was checked to
ensure the correctness of the IBD events selection in the thesis.

Subsequently, the background event rates were given around +5 days of each GW
event under two neutrino energy spectra. Then we got the expected background event
numbers and neutrino signal candidates. We constructed a simple Pearson’s y? to test the
signal significance of the GW events. The results showed that there is no excess between
the neutrino signal candidates and the expected background. The upper limits of neutrino
fluence were given at a 90% confidence level.

We obtained the upper limits of neutrino fluence within three search time windows
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under two energy spectra. The luminosity of GWs was also given and compared with
other neutrino experiments within the search time window, +500 s. Although the target
mass of Daya Bay is a sub-kilo-ton scale, we found that the upper limits were comparable

with the kilo-ton scale neutrino experiments.
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Chapter 7 Measurement of v, associated with GRBs

This chapter details the analysis of GRB. We first present the GRB data set and
their basic features observed during the operation of the Daya Bay experiment. Then we
introduce search time windows of the GRBs and report search results of related-GRB IBD
candidates under different assumptions of neutrino energy spectra. In the end, we give the

upper limits on the v, fluence.

7.1 Data analysis
7.1.1 GRBs data set

The detailed information of GRBs is from a system, namely GRBWeb[!'*l. The
system automatically receives and stores the GRBs from the GRB Coordinates of Net-
work (GCN)H3] which provides the GRBs’ locations, the other transients information
detected by the satellite experiments, and the reports of follow-up observations made by
the ground-based and space-based instruments. The GRBWeb can provide per GRB burst
information collected by the main GRB experiments. When a GRB is generated and de-
tected by multiple satellites simultaneously, the definition of burst duration is from the

[116] " The satellite can determine each burst angular

most inclusive start and stop times
position and the small associated error. The parameters adopted to calculate the gamma-
ray fluence are taken from Ferrni[“”lg], Konus-Wind[“g], Suzaku[uo], Swift/BAT[!21]
and INTEGRAL!!22],

During the operation time of the Daya Bay experiment, the reconstructed data of
P17B and P19A are selected, which correspond to the time from December 2011 to March
2019. Table 7.1 provides the necessary information about the GRBs used in our study. For
the GRB events observed, some recorded the burst duration time, Tg,, and some recorded

the redshift, z.
Table 7.1 Data summary for GRBs from December 2011 to March 2019. Numbers of GRBs with

Ty, were recorded in the GRBWeb. Numbers of GRBs with redshift z were recorded
in the GRBWeb.

| AIIGRBs GRBs with T, GRBs with z
Numbers \ 2225 1686 212
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There are 1686 GRBs with the burst duration time Ty, including 930 long and 756
short ones. Figure 7.1 shows the distribution. The occurrence of the GRBs is uniform
throughout the whole time axis, and there is no significant difference between the numbers

of long and short GRBs.

.
S 10° o Long GRBs (930)
—

N Short GRBs (756)
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Figure 7.1 Distribution of 1686 GRBs with Ty, from December 2011 to March 2019.
The redshift z is also an essential parameter for the GRB analysis, which is vital to

determine the search time windows. Figure 7.2 shows the recorded redshifts and time for

the 212 GRBs.
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(a) Distribution of the 212 GRBs with red- (b) Distribution of redshift z versus the date-
shift z. time.

Figure 7.2 Redshift information of the 212 GRBs recorded. (a) shows the distribution of the 212
GRBs and (b) show the distribution of redshift versus the date-time.

The GRB redshift distribution indicates a peak at z ~ 1, and the average redshift is z
= 1.9. Figure 7.3 shows the number of GRBs observed through the Daya Bay operation
time, while Table 7.2 lists the detailed information of all detectors DAQ time and live-

time.
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Figure 7.3 The number of GRBs observed in different Daya Bay operation time.

Table 7.2 Running time of all detectors used in the GRB analysis during the Daya Bay opera-
tion time. T is the full-time of the detector operation. T} is the live-time which has
removed the detector dead time and the muon veto time, etc.

Days | Data  ADI AD2 AD3 AD4 ADS AD6 AD7 ADS

nGd 1544.41 221830 222428 2037.10 2225.48 222548 222548 2225.48
nH 1544.41 221830 222428 2037.10 222548 222548 222548 2225.48
nGd 123449 176421 1860.69 1701.88 2186.31 2186.23 2185.85 2001.97
nH 118620 1695.43 1805.77 1651.68 2179.81 2179.72 217935 1996.05

T;

T

7.1.2 Search time windows

After obtaining all the GRBs data during the Daya Bay operation, we searched for
the GRB-related IBD candidates. This section introduces three search time windows:
two fixed time windows, namely +500 s and +1000 s, and a dynamic time window to
search for the IBD candidates. We did not use the +10 s search time window adopted in
the GW analysis because the GRB central region is opaque to gammas and transparent
for neutrinos, leading to a more significant time difference between neutrino and gamma

production.

7.1.2.1 Fixed time windows

* +500 s For the GRBs analysis, a search time window of +500 s is selected, which
is determined by the time scale models and the neutrino flight time induced by the
neutrino mass effect.

There are three models, including the core-collapse supernovae! 231241 the neutron

[125] "and the cosmic string model°], which can generate the GRBs. All

star merger
three models show that the time between neutrino emission and gamma emission is
less than 10 s.

If we assume that the neutrinos and gammas can emit at the same time, we can
express the delayed time of two signals as,

1 m
E(E_V)2 X Tgamma’ (7'1)

v
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where Ty, m, 1s the flight time of gammas. The sum of neutrino masses is limited

to < 0.23 eV by considering the cosmic microwave background (CMB), baryon

acoustic oscillations, and CMB lensing[126]

. Moreover, the maximum mass is less
than 0.087 eV from the neutrino oscillation experiments!?”1281 A simple estima-
tion of neutrino flight time is ~ 24 s for an 8 MeV neutrino from z = 8.2. Thus, a
conservative time window of +500 s was chosen!'?°],

* +1000 s We also selected another fixed search time window of £1000 s. The reason
for choosing this time window is the same as the GW analysis. The longest GRB
burst time is less than 1000 s, as shown in Fig. 1.10. Neutrino emission may occur
at any time within this time window. Thus, we considered the most conservative

time window of +1000 s.

7.1.2.2 Dynamic time window

In the previous analysis, the duration time of GRBs is between 0.01 s and 1000 s.
When neutrino emission occurs at any time during the GRBs, choosing a dynamic time
window related to the GRB duration rather than a fixed time window can significantly
reduce the background. The coincident search time window, T, which is determined

by several terms, can be defined as follows[”%,

_tp+TGRB <TDC<TGRB+AIGRB+tp+tf(Z)’ (7-2)

where 7, = 150 s is the model-dependent time difference between neutrinos production
and gamma production, Tggp is the time detected by the detector on the earth, A7;xp
is the GRB duration. 7,(z) is the relativistic flight-time delay because of the non-zero

neutrino mass,

m

<IN

N =

((2) = 2 —2 J dz (7-3)
0

E2 ) (1422 H 2, +(+2 P82,

e

where cosmological observations, such as Wilkinson Microwave Anisotropy Probe
(WMAP) and Sloan Digital Sky Survey (SDSS), give the absolute neutrino mass m; =
0.6 eVI13% The ADCM cosmological model parameters are: Hubble constant H. , = 09.6
km/s/Mpc, the dimensionless matter densities £2,, = 0.286, and the dark energy densities
Q, = 0.714131 The average neutrino energy < E, >= 12.7 MeV, which have men-
tioned in Section 5. Fig. 7.4 shows all the GRBs recorded with the redshift, distribution of
flight-time delay 7 /(z). The average redshift is z = 1.9, corresponding to the flight-time
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delay 7 ,(z) =232.7 s.
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Figure 7.4 Relative flight-time delay distribution of the 212 GRBs recorded with the redshift.

In the analysis, we only used the GRBs recorded with the duration of burst time Ty,.
In such recorded 1686 GRBs, 99 GRBs have burst duration time Ty, and redshift z. For
the GRBs without redshift recorded, we adopted the average redshift instead.

7.1.3 Selected GRBs

This section introduces the signal window and the background window. Further-
more, we present how to define the overlap of different signal windows in the time axis.

As shown in Fig. 7.5, the search time window “Begin” corresponds to the different
search time windows, -500 s, -1000 s, and -TDyna, respectively. The “End” represents
the search time window, +500 s, +1000 s, and tThynas respectively. The “GRB trigger”
represents the GRB burst time.

GRB trigger
Begin End

Background Search|window Background

Figure 7.5 Signal time window is surrounded by the background time window. The GRB trigger
is the trigger time fired by the detector on the earth.

We can observe GRB almost every day. However, there is a situation that several
GRBs occur on the same day. Figure 7.6 demonstrates a time overlap between two GRBs.
For two GRBs with overlapping search time windows, we only kept one of them. Table 7.3
lists the number of remaining GRBs after removing those with overlapping search time.

Except for the overlapped GRBs, there are still many GRBs at Daya Bay not recorded

88



Chapter 7 Measurement of ¥, associated with GRBs

Previous GRB

Begin erfd
R B
Begin !  End
Latter GRB

Figure 7.6 Definition of overlapping time between two GRBs.

in the data files due to various reasons. Table 7.3 lists the final number of GRBs used in

the analysis.

Table 7.3 The number of GRBs under three time windows. “Initial” represents the initial num-
ber of GRBs. “Removed overlap” represents the remaining GRBs after removing
the overlap search time window. “Observed by DYB” represents the final number
of GRBs used in the analysis at Daya Bay. “+Tp,,,” represents the dynamic time
window.

GRBs | Initial Removed Overlap Observed by DYB

+500s | 2225 2203 1720
+1000s | 2225 2188 1734
+Thyne s | 1686 1682 1329

7.1.4 Background estimation

This section introduces the background estimation for the GRB analysis under two
energy assumptions. Because the GRBs occur almost uniformly along the time axis during
the Daya Bay operation, we did not adopt the GW analysis approach, which is correlated
with each GW +5 days to calculate the background numbers. The event rate per month,
as shown in Fig. 7.7 during the whole operation time, is relatively stable, only with little
fluctuation.

The total background events Nyi divided by the total live-time 77, which has sub-
tracted the search time windows, to obtain the background event rate. The average back-
ground rate is expressed as follows,

_— Ngpkg
B —_— .
T

(7-4)
Table 7.4 lists the average background event rates under the Fermi-Dirac spectrum
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sample in the three experimental halls. sample in the three experimental halls.

Figure 7.7 Event rate for the data sample in the three experimental halls. In different experi-
ment periods, Daya Bay has different numbers of ADs, which result in the event rate
fluctuation of each experimental hall.

assumption, while Table F.1 in Appendix gives those for the monochromatic spectra, re-
spectively. The live-time used in the calculation removed the search time +1000 s of all
GRBs, which is the most extended search time window of three search time windows. All
dynamic time windows of the analyzed GRBs at Daya Bay are less than 1000 s. Then we

calculated the expected background numbers when these GRBs occurred.

Table 7.4 Average background event rates during the Daya Bay live-time assuming the Fermi-
Dirac spectrum. The live-time has removed the search time for all GRBs-related
+1000s, which is the most extended of the three time windows. (Low-energy:E, < 10
MeV, High-energy: E, > 10 MeV)

Low energy (Rate: per second) High energy (Rate: per second)

nGd (x10™%)  nH(x107%)  nGd (x107°)  nH (x107°)

I AD1  6.20 +0.01 2.28 +0.01 6.46 + 0.07 8.19 +0.07
AD2  6.22+0.01 2.24 +0.01 6.44 + 0.06 8.17 £ 0.07

EHo AD1  5.72+0.01 2.10 +0.01 4.04 +0.05 5.58 +0.06
AD2  5.64 +0.01 2.06 +0.01 3.98 +0.07 5.51 £ 0.06

13 ADI  0.84 +0.01 0.33 +0.01 0.43 +0.02 0.63 + 0.02
AD2  0.84 +0.01 0.32 + 0.01 0.43 +0.02 0.60 + 0.02

AD3  0.84 +0.01 0.32 +0.01 0.43 +0.02 0.61 +0.02

AD4  0.84 +0.01 0.32 + 0.01 0.47 +0.02 0.61 +0.02

In the end, the expected background events, Nz, can be calculated as follows,

NB=rBXTwXOGRB’ (7'5)
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where rp is the averaged background rate, T, is the search time window, Oggp 1s the
number of observed GRBs at Daya Bay in Table 7.3. We adopted an average time window

of 536 s to calculate the expected background events for the dynamic time window.

7.1.5 IBD candidates

After the expected background numbers estimation, the search for neutrino events is
given in this section under two neutrino energy spectra assumed. For the monochromatic
spectra, Figure 7.8 shows the distribution of IBD candidates under three time windows.
The detailed results of +500 s, £1000 s, and Tp,y,, are listed in Appendix Table F.2, F.3
and F.4, respectively.

(1 35000
g F o £500s(nGd) o *500s(nH)
T 30000 F-0
S F A +1000s(nGd) 4 + 1000 s(nH)
€ 25000 -0
5 g 0 *Tpyna (NGd) o £ Tpy, (NH)
[ 20000 F-
o E
15000 F-0
F ¢
10000 F- O
5000 z—ﬁg
) = P
0 26 40 60 80

Electron-antineutrino energy [MeV]

Figure 7.8 Distribution of total IBD candidates of all GRBs assuming the monochromatic spec-
tra.

Table 7.5 lists the search results of GRB-correlated IBD candidates under three time
windows for the Fermi-Dirac spectrum. The distributions of GRB-correlated IBD candi-
dates within +500 s and +1000 s search time window are shown in Fig. 7.9, Fig. 7.10,
and Fig. 7.11. We fitted the IBD candidates with a Poisson distribution. The fitting val-
ues in Table 7.6 and 7.7 show that the results of IBD candidates are consistent with the
background level in Table 7.4. The signals did not significantly exceed the background
level from the two fixed time windows’ fitting results. Finally, the upper limits of GRB-

correlated neutrino fluence are derived.
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Table 7.5 The total IBD candidates correlated with GRBs are shown within three search time
windows assuming the Fermi-Dirac spectrum (LE: E, < 10MeV, HE: E, > 10 MeV).

EH1 EH2 EH3
Time window E, Data AD1 AD2 AD1 AD2 ADl1 AD2 AD3 AD4
nGd 6986 10282 9616 8686 1408 1396 1359 1281

LE
nH 2442 3839 3501 3182 608 541 548 486
+500 s
HE nGd 66 109 84 72 9 7 11 7
nH 72 130 80 80 6 11 12 6
L nGd 14008 20543 19003 17552 2778 2773 2752 2579
nH 4901 7522 6960 6375 1123 1073 1063 924
+1000 s
HE nGd 141 206 160 131 17 11 25 11
nH 164 249 169 158 19 19 17 14
L nGd 3223 4679 4402 3931 680 652 639 582
T nH 1007 1670 1615 1421 242 230 225 217
= Dyma HE nGd 28 48 22 29 4 3 4 3
nH 36 62 42 41 6 8 5 2
8B T ; o 00g——— RS
v ggg ~nGALE =nHLE 3 o 800 ~nG4LE ~nHLE 3
0200k ~nGAHE —~nHHE 3 O 700 ~nGAHE ~nHHE 3
0 600 3 o 600 3
o 500 EH1-AD1 E o 500 EH1-AD1 7
< E| = E Z 400 = =
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Figure 7.9 Distributions of the number of GRBs correlated IBD candidates within the +500 s
and +1000 s time window in EH1. The distribution of IBD candidates is fitted with
a Poisson distribution.
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Figure 7.10 Distributions of the number of GRBs correlated IBD candidates within the +500 s
and +1000 s time window in EH2. The distribution of IBD candidates is fitted with
a Poisson distribution.

Table 7.6  Fitting values of the distribution of GRB-correlated IBD candidates using a Poisson
distribution under a time window of £500 s. (Low-energy:E, < 10 MeV, High-
energy:E, > 10 MeV)

Low energy High energy
Ty, = £500 s nGd nH nGd nH
EHI AD1  623+0.09 191+0.09 0.055+0.006 0.078+0.007
AD2  6.51+0.08 226+0.05 0.073+0.007 0.084 +0.007
EHD AD1 6.06+0.06 2.04+0.05 0.057+0.006 0.054+0.006
AD2  592+0.07 1.82+0.05 0.048+0.005 0.054 +0.006
EH3 ADl  0.86+0.03 0.39+0.02 0.006+0.002 0.004 +0.002
AD2  0.84+0.04 0.36+0.02 0.005=+0.002 0.008 +0.002
AD3  0.82+0.04 0.36+0.02 0.008+0.002 0.008 +0.002
AD4 0.82+0.04 0.36+0.02 0.008+0.002 0.008 +0.002
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Distributions of the number of GRBs correlated IBD candidates within the +500 s
and +1000 s time window in EH3. The distribution of IBD candidates is fitted with
a Poisson distribution.

Figure 7.11

Table 7.7 Fitting values of the distribution of GRB-correlated IBD candidates using a Poisson
distribution under a time window of +1000 s. (Low-energy:E, < 10 MeV, High-
energy:E, > 10 MeV)

Low energy High energy
Ty, = +1000 s nGd nH nGd nH
EHI AD1 1258 +0.15 4.88+0.08 0.12+0.01 0.15+£0.01
AD2 1294 +0.12 477+0.06 0.14+0.01 0.17 £ 0.01
EHD AD1  11.65+0.10 437+0.06 0.10+0.01 0.10£0.01
AD2  11.71+0.11 431+0.06 0.09 +0.01 0.11+£0.01
BH3 AD1 1.62+0.04 0.70+0.02 0.012+0.003 0.013 +0.003
AD2 1.57+0.04 0.75+0.02 0.013+0.003 0.013 +0.003
AD3 1.59+0.04 0.66+0.02 0.017+0.003 0.012 +0.003
AD4 1.45+0.05 0.58+0.02 0.008 +0.003 0.010 + 0.003
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7.2 Results of v, searches

This section focuses on the upper limits of the GRB neutrino fluence under two en-
ergy spectra assumed. The upper limits were calculated using the method, which is the
same as the GW analysis. After obtaining the total neutrino fluence of all GRBs, the

average fluence per GRB, 7, is as follows,

Ftotal (7-6)

Fv = N
OGRB

e

where F,;,

GRBs at Daya Bay. The numbers of observed GRBs are 1720, 1734, and 1329 respec-

tively, for three different time windows. The neutrino fluence £y listed in Table 7.8 are

; 1s the total neutrino fluence of all GRBs, and O g is the number of observed

the upper limits per GRB at Daya Bay. Figure 7.12 also shows the upper limits with the
assumed monochromatic spectra.
Table 7.8 Upper limits of fluence at 90% C.L. for three search time windows assuming the

monochromatic spectra and the Fermi-Dirac spectrum. The number of ¥, candidates
associated with the GRB events are averaged. The background events are also aver-

aged.

L, (x10” cm™) Monochromatic Spectra Fermi-Dirac
E, (MeV) 5 7 10 20 30 50 70 90 (1.8, 100)
+500 s 110.5 29.1 10.8 1.22 0.70 0.25 0.18 0.10 4.30
+1000 s 50.7 20.8 351 081 048 027 0.14 0.08 2.08
T hyna S 2031 308.5 100 2.03 0.83 0.37 0.15 0.13 10.8
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Figure 7.12  Fluence upper limits on v, from GRBs as a function of neutrino energy within three
search time windows.
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7.3 Chapter summary

In this chapter, we have studied the GRB analysis process. There are a total of 2225
GRBs during the operation of the Daya Bay experiment from December 2011 to March
2019. It includes 212 GRBs recorded with redshift and 1686 GRBs recorded with a burst
duration. Three time windows were selected, namely +500 s, +£1000 s, and a dynamic
window determined by the GRB redshift and burst duration. Here, we removed the GRBs
that coincided in a search time window. Finally, we observed that the numbers of GRBs
recorded and analyzed at Daya Bay for three search time windows were 1720, 1734, and
1329.

The background event rates were averaged from December 2011 to March 2019
scaled to the expected background during GRBs occurrence. We also searched for the IBD
candidates within the GRB-related time windows. A Poisson distribution was adopted to
fit the GRB-related IBD candidates in an AD at Daya Bay. The fitting results showed that
the IBD candidates were consistent with the expected background events. We obtained
the upper limits at a 90% confidence level under three search time windows and two en-
ergy spectrum hypotheses. We found that the upper limits at Daya Bay were comparable

with the other published neutrino experiments’ results.
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Chapter 8 Conclusion

The astrophysical point sources are the distant objects that produce copious neutri-
nos, which are always accompanied by violent astronomical phenomena, such as GWs and
GRBs. The joint observation of astrophysical phenomena will provide the key to know
about the mechanism of such phenomena and the universe. In this thesis, we searched for
the v, signal candidates associated with GWs and GRBs in the Daya Bay.

For the GWs analysis or the GRBs analysis, the search for v, energy is from 1.8
MeV to 100 MeV. When the neutrino energy exceeds tens of MeV, the kinetic of neutron
generated by IBD reaction can not be ignored, which could not be described by the simple
formula, E, = E,—0.78 MeV. We simulated several discrete neutrino energies in the Daya
Bay detector and got a more suitable relationship between the neutrino energy and mean
reconstructed prompt energy, E, = A X Ef +BXxE,+C,with A =—-0.001 MeV~!, B =
1.01, C = —0.73 MeV. Then, we constructed the calculation of the neutrino fluence
under two energy spectra, namely monochromatic spectra and the Fermi-Dirac spectrum.

When we studied neutrino (tens MeV) at Daya Bay, the first problem encountered
was the IBD reaction cross-section. The Daya Bay neutrino experiment is dedicated to
investigating the reactor neutrinos, which is mostly below 12 MeV. The Vogel and Bea-
com’s IBD cross-section adopted at Daya Bay is appropriate for tens MeV in the detector
simulation. To solve the problem, we adopted the IBD cross-section formula described by
A. Strumia et al. The IBD cross-section formula extends the applicable neutrino energy
up to ~ 200 MeV, which can cover the energy region in our study.

The physical properties of neutrons, in particular, the flight distance and flight time
before captured by Gd or H, were essential in the study of the detection efficiency. The
simulation package NuWa used in the Daya Bay is based on Geant Version 9.02. The
Geant4 neutron simulation has updated many generations until now (the latest is Geant
Version 10.06), especially in the neutron capture and moderation processes. We compared
the difference caused by the neutron data files adopted in Geant4 in Version 9.6 and Ver-
sion 10.3, and we found that the difference is insignificant due to the improvement of the
neutron simulation in Geant4.

When we simulate the high-energy neutrinos, we found that the physical process

of inelastic scattering (n, «) is increasing with the neutron kinetic energy increases.

97



Chapter 8 Conclusion

When the neutrino energy E, = 90 MeV, the contribution is about 2%. In the end,
we discussed the detector efficiency under different energy spectra hypotheses using
GdLS+LS+Acrylic as the target volume at Daya Bay.

The GW event observed by the LIGO experiment on September 14, 2015, confirmed
the correctness of the general relativity. As messengers, neutrinos interact weakly with
the matter and bring out the most primitive information from the sources. The astro-
physicists expect to use neutrinos to know more about the mechanism of GWs generated
by BH mergers or NS mergers. The complete GW events by now have been analyzed,
namely, GW150914. GW151012, GW151226, GW170104, GW170608, GW170814,
and GW170817. Two energy spectra were assumed due to the absence of the emitted
neutrino energy spectrum information, namely the monochromatic spectra and the Fermi-
Dirac spectrum. A total of three time windows, +10's, +500 s, and +1000 s respectively,
were adopted to search for the v, associated with GW events. However, the signal can-
didates were consistent with the expected background levels. The correlation between
neutrinos and the GWs was not found.

Finally, the neutrino fluence with a 90% confidence level was given. According to
the characteristics of Daya Bay’s unique spatial separation of multiple ADs, an approach
of combining multiple ADs data was adopted to calculate the upper limits. When as-
suming the monochromatic spectra, the upper limits of v, were given within three time
windows, namely (1.12 — 2.28) x10'! cm™ at 5 MeV to 1.0 x10® cm™ at 100 MeV.
For a Fermi-Dirac spectrum, the upper limit of v, at (1.8 MeV, 100 MeV) was (4.2 — 5.5)
x10° cm~? within three time windows. The upper limits of v, luminosity were given and
compared with the results published by other neutrino experiments assuming the Fermi-
Dirac spectrum. We compared the upper limits of several major neutrino experiments at
the order of tens MeV neutrinos. The neutrino fluence given by the Super-K (50-kiloton
heavy water) was lower than other neutrino experiments due to its large target mass. Com-
pared with the kiloton-scale KamLAND (5.98 x 103!) and Borexino (4.79x 10°") neutrino
experiments, the target mass of Daya Bay (2.52 x 103!) is only one-third of them. How-
ever, the upper limits of neutrino fluence from the three experiments were comparable.
This result depends on two reasons. One is the distribution of multiple ADs at Daya Bay.
Although one single AD target mass is small, eight ADs were combined to reduce the
impact from a single AD and improve the experimental sensitivity. Another reason is

that we split the raw data into two parts, low-energy and high-energy, respectively. The
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10 MeV selection criterion suppressed a large amount of neutrino background from the
reactor. The upper limits of MeV-scale neutrino fluence associated with GWs observed
at the Daya Bay experiment are not significant, consistent with the understanding of the
BH-BH and NS-BS mergers physics. We hope that the upper limit of neutrino fluence at
Daya Bay could constrain the theoretical neutrino models by combining other neutrino
experiments’ results.

GRBs are an active area of research since the discovery in 1968. GRBs are the most
violent astronomical phenomenon in the universe, releasing energy up to ~ 102 erg.
Searching for neutrinos generated by GRBs could provide more clear physical pictures of
the inside source. Furthermore, the absolute mass of neutrino could be derived from the
time difference of arriving in the detector between the y-rays and neutrinos. We searched
for a total of 2225 GRB events from December 2011 to March 2019. Besides the search
time windows of +500 s and +1000 s mentioned by the previous GW analysis, a dynamic
time window was proposed and determined by the duration Ty, and the redshift Z of each
GRB.
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Figure 8.1  Fluence upper limits on v, (E; < 20 MeV) from a GRB as a function of neutrino
energy. The neutrino fluence of several neutrino experiments is compared with each
other. Borexino Primary and FADC represent two semi-independent DAQ systems
in the Borexino neutrino experiment. KamLAND long and short represents the long
GRBs and short GRBs, respectively. The neutrino fluence of Daya Bay is the result
of a £1000 s search time window.

The search results showed that the neutrino signal candidates did not significantly

exceed the average background levels. Finally, the upper limits were given at a 90% con-
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fidence level. The upper limits of the v, fluence were from 2.03 x 10'° cm™2 to 0.08
x 107 em™? with the assumption of the monochromatic spectra, while the upper limits
were (2.08 — 10.8)x 107 cm™2 with the assumption of a Fermi-Dirac spectrum. The neu-
trino fluence has been estimated under the models, namely the GRB fireball model and
the cosmic string model. From the values of the neutrino fluence under two different en-
ergy spectra assumptions, our results are more inclined to the GRB fireball model, which
is generally accepted internationally. As shown in Fig. 8.1, we listed the upper limits of
neutrino fluence given by several neutrino experiments, such as Super-K, SNO, Borexino,
KamLAND, under the monochromatic spectra. It is observed that the neutrino fluence of
Daya Bay is comparable with other neutrino experiments. Furthermore, we give the latest
upper limits of MeV-scale neutrino fluence in the world.

The Daya Bay experiment is scheduled to operate until the end of 2020. With the
accumulation of experimental data at Daya Bay and the GW events published by LIGO,
the physicists may observe such events as SN1987A, if lucky. Also, large-scale neutrino

experiments are building in the world, such as JUNO!!3?]

, Jinping underground neutrino
experiment!33], and Hyper-K[3#, etc. Those will provide an excellent opportunity to
find neutrinos from the universe. The joint observation of GWs, GRBs, and neutrinos

will open a new world of multi-messenger astrophysics.
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Appendix A Geant4 9.6 physical list

#include
#include
#include
#include

#include

Appendix A Geant4 9.6 physical list

”NeutronHPphysics . hh”
”NeutronHPMessenger . hh”
”G4ParticleDefinition.hh”
”G4ProcessManager . hh”
”G4ProcessTable . hh”

// Processes

#include

”G4HadronElasticProcess . hh”

//#include "G4ParticleHPElasticData.hh”

#include ”“G4NeutronHPElasticData.hh”
//#include “G4ParticleHPThermalScatteringData.hh”
#include "G4NeutronHPThermalScatteringData.hh”

//#include ~"G4ParticleHPElastic.hh”

#include

”G4NeutronHPElastic . hh”

//#include "G4ParticleHPThermalScattering.hh”

#include

#include

”G4NeutronHPThermalScattering . hh”

”G4NeutronlnelasticProcess . hh”

//#include "G4ParticleHPInelasticData.hh”

#include

#include

”G4NeutronHPInelasticData . hh”
”G4NeutronHPInelasticData . hh”

//#include "G4ParticleHPInelastic.hh”

#include

#include

”G4NeutronHPInelastic . hh”
”G4HadronCaptureProcess . hh”

//#include “"G4ParticleHPCaptureData.hh”

#include

”G4NeutronHPCaptureData . hh”

//#include “G4ParticleHPCapture.hh”

#include

#include

”G4NeutronHPCapture . hh”

”G4HadronFissionProcess.hh”

//#include “G4ParticleHPFissionData.hh”

#include

”G4NeutronHPFissionData . hh”
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//#include ~“G4ParticleHPFission.hh”
#include ”G4NeutronHPFission.hh”
#include ”G4SystemOfUnits.hh”

NeutronHPphysics :: NeutronHPphysics (const G4String& name)
G4VPhysicsConstructor (name), fThermal(true), fNeutronMessenger (0)

fNeutronMessenger = new NeutronHPMessenger(this );

NeutronHPphysics ::~NeutronHPphysics ()
{

delete fNeutronMessenger ;

void NeutronHPphysics:: ConstructProcess ()
{
G4ParticleDefinition* neutron = G4Neutron:: Neutron ();

G4ProcessManager* pManager = neutron —>GetProcessManager ();

// delete all neutron processes if already registered

//

G4ProcessTablex processTable = G4ProcessTable:: GetProcessTable ();
G4VProcess* process = 0;

process = processTable —>FindProcess(”hadElastic”, neutron);

if (process) pManager—>RemoveProcess(process);

//

process = processTable —>FindProcess(”neutronlnelastic”, neutron);
if (process) pManager—>RemoveProcess(process);

//

process = processTable —>FindProcess(”nCapture”, neutron);

if (process) pManager—>RemoveProcess(process);

//
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process = processTable —>FindProcess(”nFission”, neutron);

if (process) pManager—>RemoveProcess(process);

// (re) create process: elastic
//
G4HadronElasticProcess* processl = new G4HadronElasticProcess ();
pManager—>AddDiscreteProcess (processl );
//
// modella
// G4ParticleHPElastic* modella = new G4ParticleHPElastic (),
G4NeutronHPElastickx modella = new G4NeutronHPElastic ();
processl —>RegisterMe (modella);
processl —>AddDataSet(new G4NeutronHPElasticData ());
//
// modellb
if (fThermal) {
modella—>SetMinEnergy(4*eV);
G4NeutronHPThermalScattering* modellb =
new G4NeutronHPThermalScattering ();
processl —>RegisterMe (modellb);
processl —>AddDataSet(new G4NeutronHPThermalScatteringData ());

// (re) create process: inelastic
//
G4NeutronlnelasticProcess* process2 =
new G4NeutronlnelasticProcess ();
pManager—>AddDiscreteProcess (process2);
//
// cross section data set
G4NeutronHPInelasticData* dataSet2 = new G4NeutronHPInelasticData ();
process2 —>AddDataSet(dataSet2);
//
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// models
G4NeutronHPInelasticx model2 = new G4NeutronHPInelastic ();

process2 —>RegisterMe (model2);

// (re) create process: nCapture

//

G4HadronCaptureProcess* process3 = new G4HadronCaptureProcess ();
pManager—>AddDiscreteProcess (process3);

//

// cross section data set

G4NeutronHPCaptureData* dataSet3 = new G4NeutronHPCaptureData ();
process3 —>AddDataSet(dataSet3);

//

// models

G4NeutronHPCapture* model3 = new G4NeutronHPCapture ();

process3 —>RegisterMe (model3);

// (re) create process: nFission

//

G4HadronFissionProcess* process4 = new G4HadronFissionProcess ();
pManager—>AddDiscreteProcess (process4);

//

// cross section data set

G4NeutronHPFissionDatax dataSet4 = new G4NeutronHPFissionData ();
process4 —>AddDataSet(dataSet4 );

//

// models

G4NeutronHPFission* model4 = new G4NeutronHPFission ();

process4 —>RegisterMe (model4);
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#include
#include
#include
#include

#include

Appendix B Geant4 10.3 physical list

”NeutronHPphysics . hh”
”NeutronHPMessenger . hh”
”G4ParticleDefinition.hh”
”G4ProcessManager . hh”
”G4ProcessTable . hh”

// Processes

#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include

#include

NeutronHPphysics :: NeutronHPphysics (const G4String& name)

G4VPhysicsConstructor (name), fThermal(true),

”G4HadronElasticProcess.hh”
”G4ParticleHPElasticData.hh”
”G4ParticleHPThermalScatteringData
”G4ParticleHPElastic .hh”
”G4ParticleHPThermalScattering . hh”
”G4NeutronlnelasticProcess.hh”
”G4ParticleHPInelasticData .hh”
”G4ParticleHPInelastic .hh”
”G4HadronCaptureProcess . hh”
”G4ParticleHPCaptureData . hh”
”G4ParticleHPCapture . hh”
”G4HadronFissionProcess .hh”
”G4ParticleHPFissionData.hh”
”G4ParticleHPFission .hh”
”G4SystemOfUnits . hh”

fNeutronMessenger (0)

fNeutronMessenger =
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NeutronHPphysics::~NeutronHPphysics ()

{

delete fNeutronMessenger;

void NeutronHPphysics:: ConstructProcess ()

{

G4ParticleDefinition* neutron = G4Neutron:: Neutron ();
G4ProcessManager* pManager = neutron —>GetProcessManager ();
// delete all neutron processes if already registered
G4ProcessTablex processTable = G4ProcessTable :: GetProcessTable ();
G4VProcess* process = 0;
process = processTable —>FindProcess(”hadElastic”, neutron);
if (process) pManager—>RemoveProcess(process);
process = processTable —>FindProcess(”neutronlnelastic”, neutron);
if (process) pManager—>RemoveProcess(process);
process = processTable —>FindProcess(”nCapture”, neutron);
if (process) pManager—>RemoveProcess(process);
process = processTable —>FindProcess(”nFission”, neutron);
if (process) pManager—>RemoveProcess(process);
// (re) create process: elastic
G4HadronElasticProcess* processl = new G4HadronElasticProcess ();
pManager—>AddDiscreteProcess (processl );
// modella
G4ParticleHPElasticx modella = new G4ParticleHPElastic ();
processl —>RegisterMe (modella);
processl —>AddDataSet(new G4ParticleHPElasticData ());
// modellb
if (fThermal) {

modella—>SetMinEnergy(4*eV);

G4ParticleHPThermalScattering* modellb =
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new G4ParticleHPThermalScattering ();
processl —>RegisterMe (modellb);
processl —>AddDataSet(new G4ParticleHPThermalScatteringData ());

// (re) create process: inelastic
G4NeutronlnelasticProcess* process2 =

new G4NeutronlnelasticProcess ();
pManager—>AddDiscreteProcess (process2);
// cross section data set
G4ParticleHPInelasticData%x dataSet2 =

new G4ParticleHPInelasticData ();
process2 —>AddDataSet(dataSet2);
// models
G4ParticleHPInelastic* model2 = new G4ParticleHPInelastic ();
process2 —>RegisterMe (model2);
// (re) create process: nCapture
G4HadronCaptureProcess* process3 = new G4HadronCaptureProcess ();
pManager—>AddDiscreteProcess (process3);
// cross section data set
G4ParticleHPCaptureData* dataSet3 = new G4ParticleHPCaptureData ();
process3 —>AddDataSet(dataSet3 );
// models
G4ParticleHPCapture*x model3 = new G4ParticleHPCapture ();
process3 —>RegisterMe (model3);
// (re) create process: nFission
G4HadronFissionProcess* process4 = new G4HadronFissionProcess ();
pManager—>AddDiscreteProcess (process4);
G4ParticleHPFissionData% dataSet4 = new G4ParticleHPFissionData ();
process4 —>AddDataSet(dataSet4);
G4ParticleHPFission* model4 = new G4ParticleHPFission ();
process4 —>RegisterMe (model4);}
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Appendix C Muon veto efficiency and multiplicity cut
efficiency
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Appendix D IBD candidates for all GWs

Table D.5 IBD candidates in +£10 s and #1000 s search time windows are shown assuming the
monochromatic spectra.

EHI1 EH2 EH1
GW T, [s] E, [MeV] AD1 AD2 ADl1 AD2 AD1 AD2 AD3 AD4

(el
(e}
S
(e}
(e}
(e}
(e}

5 (nGd)
5 (nH)
7 (nGd)
7 (nH)
10 (nGd)
10 (nH)

GW150914
5 (nGd)

5 (nH)
7 (nGd)
7 (nH)
10 (nGd)
10 (nH)

+1000

5 MeV (nGd)
5 MeV (nH)
7 MeV (nGd)
7 MeV (nH)

10 MeV (nGd)

10 MeV (nH)
GW151012

5 MeV (nGd)
5 MeV (nH)
7 MeV (nGd)
7 MeV (nH)
10 MeV (nGd)
10 MeV (nH)

+1000

5 MeV (nGd)
5 MeV (nH)
7 MeV (nGd)
7 MeV (nH)

10 MeV (nGd)

10 MeV (nH)
GW151226

RO O O O O OO0 O W H A RO OO O O OO0 O W W A Mo O O O O O
O O O O O OO O WD W N O O O O OO0 O O NN DD uwo o o o o
AP O O O O O OO0 O O = N ~R,IO O O O O Ol o0 = O B oo O O O O
DA © O O O OO © = D L Ap|O O O O O O O = N W plOo O O O O
SO O O O O OO © O O = OO0 © O OO O oo oo oo o o o o
—, O O O O O OO O OO O O NN O OO0 O o000 o0 o900 o o o oo
—, O O O O O OO O O O O OO0 O 0 OO O o000 o0 o900 o o o oo
SO © O O O OO © © O O oo 0o o0 o900 o0 Q00 o o o ©

5 MeV (nGd)
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continued D.5 IBD selected candidates assuming monochromatic spectra.

GW T,

E

v

EH1

ADI1

AD2 ADI1

EH2

AD2 ADI1

EH1

AD2 AD3 AD4

5 MeV (nH)
7 MeV( nGd)
7 MeV (nH)
10 MeV (nGd)
10 MeV (nH)

3
2
3
0
0

4

S O O

(V)]

—

—

()

\S]

=

GW170104

+1000

5 MeV (nGd)
5 MeV (nH)
7 MeV (nGd)
7 MeV (nH)
10 MeV (nGd)
10 MeV (nH)

5 MeV (nGd)
5 MeV (nH)
7 MeV (nGd)
7 MeV (nH)
10 MeV (nGd)
10 MeV (nH)

GW170608

+1000

5 MeV (nGd)
5 MeV (nH)
7 MeV (nGd)
7 MeV (nH)
10 MeV (nGd)
10 MeV (nH)

5 MeV (nGd)
5 MeV (nH)
7 MeV (nGd)
7 MeV (nH)
10 MeV (nGd)
10 MeV (nH)

GW170814

5 MeV (nGd)
5 MeV (nH)
7 MeV (nGd)
7 MeV (nH)
10 MeV (nGd)
10 MeV (nH)

5 MeV (nGd)
5 MeV (nH)

AN QN O O OO OO0 O 0O W B RO O O O O O
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continued D.5 IBD selected candidates assuming monochromatic spectra.

EH1 EH2 EH1
GW T, E, ADI AD2 ADI AD2 ADI AD2 AD3 AD4

7MeV (nGd) - 2 1 2 0 0 0 1

7MeV (nH) 4 0 0 1 0 0 0

10 MeV (nGd) - 0 0 0 0 0 0 0

10 MeV (nH) - 0 0 0 0 0 0 0

5MeV (nGd) 0 0 0 0 0 0 0

5MeV (nH) - 0 0 0 0 0 0 0

7MeV (nGd) - 0 0 0 0 0 0 0

- 7MeV (nH) - 0 0 0 0 0 0 0

10 MeV (nGd) - 0 0 0 0 0 0 0

10 MeV (nH) - 0 0 0 0 0 0 0

GW170817

5MeV (nGd) 6 6 7 1 0 0 1

5MeV (nH) - 3 5 6 2 0 1 1

7MeV (nGd) - 5 3 0 0 0 0 0

+1000

7MeV nH) - 2 2 1 1 0 0 0

10 MeV (nGd) 0 0 0 0 0 0 0

10 MeV (nH) - 0 0 0 0 0 0 0

Table D.13 IBD candidates in +10 s and #1000 s search time windows are listed assuming the
Fermi-Dirac spectrum. “LE” represents the low-energy region E, < 10 MeV, and
“HE” represents the high-energy region E, > 10 MeV.

EH1 EH2 EH3
GW T,[s] E,[MeV] ADI AD2 ADI AD2 ADI AD2 AD3 AD4
LE(nGd) 0 0 0 0

(e}
(e}
(e}
S

Lo LE@H 0 0 0 0 0 0 0 0
. HE nGd) 0 0 0 0 0 0 0 0
HE@mH) 0 0 0 0 0 0 0 0

GW150914
LEmGd) 14 12 12 12 1 0 1 2
LE@mH) 7 2 5 3 0 0 0 1

+1000

HE nGd) 0 0 0 0 0 0 0 0
HE@mH) 0 0 0 0 0 0 0 0
LE (nGd) 0 0 0 0 0 0 0 0
o LE@H) 0 0 0 0 0 0 0 0

+
. HE (nGd) 0 0 0 0 0 0 0 0
HE(@mH) 0 0 0 0 0 0 0 0

GW151012
LEmGd) 11 18 12 11 1 4 2 1
LE@mH) 7 4 2 6 1 0 1 0

1000
paviviv
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continued D.13  IBD selected candidates assuming the Fermi-Dirac spectrum.

EH1 EH2 EH3
GW T, E, AD1 AD2 AD1 AD2 ADI AD2 AD3 AD4
HE (nGd) 0 0 0 0 0 0 0 0
HE (nH) 0 0 0 0 0 0 0 0
LE (nGd) 0 0 0 0 0 0 0 0
10 LE (nH) 0 0 0 0 0 0 0 0
+
o HE (nGd) 0 0 0 0 0 0 0 0
HE (nH) 0 0 0 0 0 0 0 0
GW151226
LE (nGd) 15 17 14 17 2 1 4 1
LE (nH) 6 3 7 1 1 0 1 1
+1000
HE (nGd) 0 0 0 0 0 0 0 0
HE (nH) 0 0 0 0 0 0 0 0
LE (nGd) - - 0 0 0 0 0 0
LE (nH) — — 0 0 0 0 0 0
+10
HE (nGd) — — 0 0 0 0 0 0
HE (nH) — - 0 0 0 0 0 0
GW170104
LE (nGd) — — 14 18 3 0 3 2
LE (nH) — — 4 5 1 0 0 1
+1000
HE (nGd) — — 0 0 0 0 0 0
HE (nH) — - 0 0 0 0 0 0
LE (nGd) - 0 0 0 0 0 0 0
LE (nH) - 0 0 0 0 0 0 0
+10
HE (nGd) - 0 0 0 0 0 0 0
HE (nH) — 0 0 0 0 0 0 0
GW170608
LE (nGd) — 15 20 12 1 1 2 0
LE (nH) - 4 3 3 0 0 0 0
+1000
HE (nGd) - 0 0 0 0 0 0 0
HE (nH) — 0 0 0 0 0 0 0
LE (nGd) - 0 1 0 0 0 0 0
LE (nH) - 1 0 0 0 0 0 0
+10
HE (nGd) - 0 0 0 0 0 0 0
HE (nH) — 0 0 0 0 0 0 0
GW170814
LE (nGd) - 14 12 13 0 4 1 1
LE (nH) - 10 2 4 1 1 0 1
+1000
HE (nGd) - 0 0 0 0 0 0 0
HE(nH) — 0 0 0 0 0 0 0
LE (nGd) - 0 0 0 0 0 0 0
LE (nH) — 0 0 0 0 0 0 0
+10
HE (nGd) — 0 0 0 0 0 0 0
GW170817
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continued D.13  IBD selected candidates assuming the Fermi-Dirac spectrum.

EHI EH2 EH3
GW T, E, ADl AD2 ADI AD2 ADI AD2 AD3 AD4
HE nH) - 0 0 0 0 0 0 0
LEmGd) - 17 15 12 2 2 0 2
LE mH) - 4 2 0 1 1
+1000
HE (nGd) - 0 0 0 0 0
HE nH) - 0 0 0 0 0
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Appendix D IBD candidates for all GWs

Table D.6 IBD candidates in different data sources and the expected background numbers asso-
ciated with GW150914 within time window +500 s. The “SIG” represents the IBD

candidates. The “BKG” represents the expect background numbers.

Low energy data High energy data
Det. nGd nH nGd nH
SIG. BKG. SIG. BKG. SIG. BKG. SIG. BKG.

AD1 4 696+008 4 252+006| 0 0.060 + 0.008 0 0.080 + 0.009
AD2 5 695+008 1 254+005| O 0.054 + 0.007 0 0.072 + 0.008
AD3 4 662+008 2 237+005| O 0.037 +0.006 0 0.041 +0.006
AD4 8 646+008 1 235+005| O 0.027 + 0.005 0 0.056 + 0.008
ADS 0 097+003 0 037+002| O 0.004 +0.002 0 0.008 £+ 0.003
AD6 0 1.00x003 0 036x+002]| 0 0.003 + 0.002 0 0.007 + 0.003
AD7 0 097+003 0 034+002| O 0.001 +£0.001 0 0.004 +0.002
AD8 1 097003 0 036x+002]| 0 0.007 + 0.002 0 0.005 + 0.002

Table D.7 IBD candidates in different classes and the expected background numbers associated
with GW 151012 within time window +500 s. The “SIG” represents the IBD candi-

dates. The “BKG” represents the expect background numbers.

Low energy data High energy data
Class nGd nH nGd nH
SIG. BKG. SIG. BKG. SIG. BKG. SIG. BKG.

ADI 6 646+007 3 229+004| O 0.047 + 0.006 0 0.079 + 0.008
AD2 7 654+007 1 229+004| 0 0.056 + 0.007 0 0.074 + 0.008
AD3 5 4.63+006 1 1.76 £0.04 | 0 0.025 + 0.005 0 0.057 + 0.007
AD4 6 460+006 3 1.75+£0.04 | O 0.042 + 0.006 0 0.057 £ 0.007
AD5 1 0.79+0.03 1 034+002] 0 0.005 + 0.002 0 0.008 + 0.003
AD6 3 076+003 0 031+002| O 0.006 + 0.002 0 0.003 £ 0.002
AD7 1 076+003 0 030+002| O 0.009 + 0.003 0 0.005 + 0.002
AD8 1 081+003 0 031+002| 0 0.005 + 0.002 0 0.002 +0.001
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Table D.8 IBD candidates in different classes and the expected background numbers associated
with GW 151226 within time window +500 s. The “SIG” represents the IBD candi-

dates. The “BKG” represents the expect background numbers.

Low energy data High energy data
Class nGd nH nGd nH
SIG. BKG. SIG. BKG. SIG. BKG. SIG. BKG.

ADl 6 6.64+008 4 245+005| O 0.044 + 0.007 0 0.080 + 0.009
AD2 4 709009 2 257+005| O 0.038 +0.007 0 0.053 + 0.008
AD3 4 656+008 4 235+005| O 0.034 +0.006 0 0.043 £ 0.007
AD4 9 642+008 1 244+005| O 0.038 + 0.006 0 0.051 + 0.008
ADS 1 092+003 1 039+002| O 0.006 + 0.003 0 0.002 £ 0.001
AD6 0 096+003 0 038+002]| 0 0.001 +0.001 0 0.006 + 0.003
AD7 3 088+003 0 035+002| O 0.003 +£0.001 0 0.007 £ 0.003
AD8 1 098+003 1 040x002]| O 0.004 + 0.002 0 0.005 + 0.002

Table D.9 IBD candidates in different classes and the expected background numbers associated
with GW 170104 within time window +500 s. The “SIG” represents the IBD candi-

dates. The “BKG” represents the expect background numbers.

Low energy data High energy data
Class nGd nH nGd nH
SIG. BKG. SIG. BKG. SIG. BKG. SIG. BKG.

AD1 - - — - - - - -

AD2 - - — - - - - -

AD3 7 648+007 1 237+006| O 0.040 + 0.007 0 0.048 + 0.008
AD4 13 6.11+009 3 223+006| 0 0.033 + 0.007 0 0.057 £ 0.009
ADS 2 099+004 1 031+002| O 0.001 + 0.001 0 0.003 + 0.002
AD6 0 099+004 0 033+002| 0 0.003 + 0.001 0 0.001 +£0.001
AD7 1 091+004 0 030+002| O 0.006 + 0.003 0 0.004 + 0.003
ADS8 1 092+004 0 034+£002| O 0.006 + 0.003 0 0.004 +0.003
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Table D.10 IBD candidates in different classes and the expected background numbers associ-
ated with GW170608 within time window +500 s. The “SIG” represents the IBD

candidates. The “BKG” represents the expect background numbers.

Low energy data High energy data
Class nGd nH nGd nH
SIG. BKG. SIG. BKG. SIG. BKG. SIG. BKG.
AD1 - — — - - - - -
AD2 9 7.17+0.11 2 238+006| O 0.063 +0.010 0 0.075 +£0.011
AD3 11 655+0.11 2 225+006| O 0.056 + 0.010 0 0.080 + 0.012
AD4 6 642+0.10 2 238+006| O 0.065 £ 0.011 0 0.072 £ 0.011
AD5S 0 095+004 O 039+003| O 0.003 + 0.002 0 0.003 + 0.002
AD6 1 096+004 0 035+002]| 0 0.007 + 0.003 0 0.002 + 0.002
AD7 1  092+004 0 040+003| O 0.002 + 0.002 0 0.002 + 0.002
AD8 0 093+£004 0 035+002]| 0 0.010 + 0.004 0 0.007 + 0.003
Table D.11 IBD candidates in different classes and the expected background numbers associ-
ated with GW 170814 within time window +500 s. The “SIG” represents the IBD
candidates. The “BKG” represents the expect background numbers.
Low energy data High energy data
Class nGd nH nGd nH
SIG. BKG. SIG. BKG. SIG. BKG. SIG. BKG.
ADl - - - - - - - -
AD2 9 694+008 6 251+005| O 0.081 + 0.009 0 0.088 + 0.009
AD3 9 636+008 0 236+005| 0 0.042 + 0.006 0 0.047 + 0.007
AD4 6 629+008 2 235+£005| O 0.039 + 0.006 0 0.052 + 0.007
AD5 0 094+003 1 039+002]| 0 0.006 + 0.002 0 0.006 + 0.002
AD6 2 097+003 0 036+002| 0 0.002 +0.001 0 0.009 + 0.003
AD7 1 095+£003 0 034+002]| 0 0.005 + 0.002 0 0.013 + 0.004
AD8 1 1.00+003 0 036+002| 0 0.002 +0.001 0 0.006 + 0.002
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Table D.12 IBD candidates in different classes and the expected background numbers associ-
ated with GW170817 within time window +500 s. The “SIG” represents the IBD

candidates. The “BKG” represents the expect background numbers.

Low energy data High energy data
Class nGd nH nGd nH
SIG. BKG. SIG. BKG. SIG. BKG. SIG. BKG.

AD1 - - - - - - - -

AD2 8 7.02+009 3 245+005| O 0.079 = 0.010 0 0.095 £0.011
AD3 9 631008 2 228+005| O 0.043 + 0.007 0 0.051 £ 0.007
AD4 6 632+008 3 229+005| O 0.043 £ 0.007 0 0.050 + 0.007
AD5 0 092+003 1 038+002| 0 0.007 £ 0.003 0 0.007 + 0.003
AD6 1 098+003 0 038+002| O 0.004 £ 0.002 0 0.008 £ 0.003
AD7 0 094003 1 035+002| 0 0.003 + 0.002 0 0.011 +£0.003
AD8 2 098+003 0 035+002]| 0 0.003 £ 0.002 0 0.002 £ 0.001
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Appendix E  Summary parameters to calculate neutrino
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Appendix F  IBD candidates for all GRBs

Table F.2 Total IBD candidates of +500 s assuming the monochromatic spectra. For the speci-
fied neutrino energy, the data samples include the nGd data and nH data.

EH1 EH2 EH3
T, E, Data AD1 AD2 ADl1 AD2 ADl1 AD2 AD3 AD4
5 MeV nGd 2523 3753 3623 3208 513 525 476 481
e

nH 2072 3174 2947 2600 502 454 469 435

nGd 871 1362 1191 1132 180 176 177 166
7 MeV

nH 655 1092 946 920 175 151 150 116

nGd 22 33 21 16 2 2 3 5
10 MeV

nH 18 33 31 16 5 3 4 4

nGd 5 6 5 2 1 1 0
20 MeV

nH 6 15 4 0 1 1 0

+500 s

nGd 3 15 4 0 2 3 1
30 MeV

nH 10 6 5 10 1 0 0 1

nGd 7 11 8 10 0 1 3 1
50 MeV

nH 3 10 15 9 1 0 1 0

nGd 10 18 16 7 2 0 1 0
70 MeV

nH 7 19 9 7 1 2 1 1

nGd 5 10 13 6 0 0 0 0
90 MeV

nH 9 9 6 11 1 0 1 2

Table F.3  Total IBD candidates in a +1000 s time window with the monochromatic spectra. For
the specified neutrino energy, the data samples include the nGd data and nH data.

EH1 EH2 EH3
T, E, Data AD1 AD2 ADl1 AD2 ADl1 AD2 AD3 AD4
5 MeV nGd 5072 7515 7153 6467 994 1019 984 967
e
nH 4093 6232 5794 5215 960 891 900 806
7 MeV nGd 1765 2687 2380 2252 356 346 357 302
e
nH 1374 2118 1925 1853 319 307 306 242
nGd 41 59 44 36 5 3 3 5
10 MeV
nH 43 56 57 33 8 6 6 6
nGd 7 11 12 12 3 1 1 1
20 MeV
nH 12 26 13 11 0 1 1 0
+1000 s
nGd 9 26 7 14 0 2 5 1
30 MeV
nH 15 18 14 20 1 0 1 1
nGd 15 20 18 16 0 1 4 2
50 MeV
nH 21 23 24 16 3 0 2 1
nGd 14 24 21 11 2 0 3 0
70 MeV
nH 18 27 16 16 2 5 3 1
nGd 22 18 18 16 1 0 3 2
90 MeV
nH 16 21 15 18 3 0 1 2
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Appendix F  IBD candidates for all GRBs

Table F.4 Total IBD candidates of the dynamic time window assuming the monochromatic spec-
tra. For the specified neutrino energy, the data samples include the nGd data and nH

data.
EHI EH2 EH3
T, E, Data ADI AD2 ADI AD2 ADI AD2 AD3 AD4
sy "G4 11801760 1629 1447 235 247 247 219
c
nH 862 1359 1320 1197 196 209 206 190
nGd 375 599 584 476 106 88 77 68
7 MeV
nH 271 484 462 388 76 56 59 65
nGd 6 2 10 9 1 0 2 0
10 MeV
nH 11 9 15 10 3 4 0 2
nGd 1 7 2 2 0 1 0 1
20 MeV
o nH 4 7 9 2 1 1 0 0
+ S
Dyna nGd 3 5 2 3 0 1 2 0
30 MeV
nH o 2 4 5 4 0 1 0 0
nGd 2 3 2 5 0 1 2 0
50 MeV
nH 4 9 3 5 0 1 1 0
nGd 1 7 1 2 1 0 1 0
70 MeV
nH o1 5 | 4 1 1 0 0
nGd 4 8 3 5 0 0 1 1
90 MeV
nH 3 5 1 4 0 1 2 0
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