Chinese Physics C  Vol. 45, No. 5 (2021) 055001

Editors’ Suggestion

Search for electron-antineutrinos associated with gravitational-wave events
GW150914, GW151012, GW151226, GW170104, GW170608, GW170814,
and GW170817 at Daya Bay"

F.P.An' A.B.Balantekin® H.R.Band’ M. Bishai' . Blyth5 G.F.Cao’ J.Cao’ I.F. Chang6 Y. Chang7
H.S.Chen’ S.M.Chen® Y.Chen” Y.X.Chen'' I.Cheng’ Z.K.Cheng 1J.J.Cherwinka’® M. C.Chu"
J.P. Cummings13 0. Dalager14 F.S. Deng15 Y. Y. Ding6 M. V.Diwan' T.Dohnal' J. Dove'" M. Dvorak'®
D. A. Dwyer18 J.P.Gallo” M. Gonchar” G.H. Gong8 H. Gong8 W. Q. Gu' J.Y.Guo" L.Guo’
X.H.Guo’  Y.H.Guo” Z.Guo' R.W. Hackenburg4 S.Hans” M.He’ K.M. Heeger3 Y. K. Heng6
A.Higuera” Y.K.Hor” Y.B.Hsiung’ B.Z. Hu' J.R Hu T.H' Z.J Hu'" H. X Huang”
X.T.Huang” Y.B.Huang” P.Huber’' D.E.Jaffe’ K.L.Jen” X.L.Ji" X.P.Ji' R.A.Johnson”
D. Jones L. Kang31 S.H. Kettell'  S.Kohn” M. Kramer'®” T.J. Langford3 J.Lee™ J.H.C.Lee”
R.T.Lei’" R.Leitner'® JI.K.C.Leung” F.Li" IJL Q.JL’ S.L" S.CL" WD.L’ XNL{
X.Q.Li"* Y.F.Li® Z.B.Li" H.Liang” C.J.Lin"® G.L.Lin"® S.Lin"" 1.J Ling" J. M.Link”
L. Littenberg’ B.R. Littlejohn” J.C.Liu° J.L.Liuv® C.Lu® H.Q.Lu® J.S.Lu® K. B.Luk>"
X.B.Ma'' X.Y.Ma" Y. Q. Ma’ C.Marshall® D. A. Martinez Caicedo”’ K. T. McDonald™
R.D. McKeown™ ™ Y. Meng35 J. Napolitano30 D. Naumov”’ E.Naumova’  J.P. Ochoa-Ricoux'*

A. Olshevskiy20 H.-R.Pan’ J. Park” S.Patton® J.C. Peng17 C.S.].Pun” F.Z Q16 M. Qi39 X. Qian4
N. Raperm J.Ren™ C.Morales Reveco'* R.Rosero’ B.Roskovec'* X.C.Ruan™ H. Steiner’™"® J.L.Sun®
T. Tmej16 K. Treskov’  W.-H.Tse” C.E.Tull® B.Viren' V. Vorobel® C.H. Wang7 J. Wang10
M. Wang25 N. Y. Wang21 R. G. Wang6 W. Wanglo’38 W. Wang” X. Wang41 Y. Wang39 Y. F. Wangé
Z.Wang® Z.Wang" Z.M.Wang’ H.Y.Wei' L.H Wei" L.J.Wen’ K.Whisnant” C.G. White'
H.L.H. Wong™"® E.Worcester' D.R.Wu’ F.L.Wu® Q.Wu” W.J.Wu’ D.M.Xia" Z. Q.Xie
Z.7.Xing® ILL.Xu' T.Xu® T.Xue® C.G.Yang’ L.Yang' Y.Z Yang' H.F.Yao' M.Ye" M. Yeh'
B.L.Young” H.Z.Yu" Z Y.Yu* B.B.Yue S.Zeng’ Y.Zeng"” L.Zhan® C.Zhang' F.Y.Zhang”
H. H. Zhang10 J.W. Zhang6 Q. M. Zhang22 X. T. Zhang6 Y. M. Zhang10 Y. X. Zhang40 Y.Y. Zhang35
Z.J.Zhang"  Z.P.Zhang” Z.Y.Zhang’ J. Zhao' L.Zhou’ H.L.Zhuang’ J.H.Zou’

(Daya Bay Collaboration)

'Institute of Modern Physics, East China University of Science and Technology, Shanghai 200237
2University of Wisconsin, Madison, Wisconsin 53706
3Wright Laboratory and Department of Physics, Yale University, New Haven, Connecticut 06520
*Brookhaven National Laboratory, Upton, New York 11973
5Department of Physics, National Taiwan University, Taipei
“Institute of High Energy Physics, Beijing 100049
"National United University, Miao-Li
8Department of Engineering Physics, Tsinghua University, Beijing 100084
°Shenzhen University, Shenzhen 518060
"Sun Yat-Sen (Zhongshan) University, Guangzhou

Received 27 June 2020; Accepted 14 September 2020; Published online 2 November 2020

* Daya Bay is supported in part by the Ministry of Science and Technology of China, the U.S. Department of Energy, the Chinese Academy of Sciences, the CAS
Center for Excellence in Particle Physics, the National Natural Science Foundation of China, the Guangdong provincial government, the Shenzhen municipal govern-
ment, the China General Nuclear Power Group, Key Laboratory of Particle and Radiation Imaging (Tsinghua University), the Ministry of Education, Key Laboratory of
Particle Physics and Particle Irradiation (Shandong University), the Ministry of Education, Shanghai Laboratory for Particle Physics and Cosmology, the Research
Grants Council of the Hong Kong Special Administrative Region of China, the University Development Fund of the University of Hong Kong, the MOE program for
Research of Excellence at National Taiwan University, National Chiao-Tung University, NSC fund support from Taiwan, the U.S. National Science Foundation, the Al-
fred P. Sloan Foundation, the Ministry of Education, Youth, and Sports of the Czech Republic, the Charles University GAUK (284317), the Joint Institute of Nuclear
Research in Dubna, Russia, the National Commission of Scientific and Technological Research of Chile, and the Tsinghua University Initiative Scientific Research Pro-
gram.

©2021 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese
Academy of Sciences and IOP Publishing Ltd

055001-1



F. P. An, A. B. Balantekin, H. R. Band et al.

Chin. Phys. C 45, 055001 (2021)

"North China Electric Power University, Beijing 102206
"Chinese University of Hong Kong, Hong Kong 999077
"Siena College, Loudonville, New York 12211
14Department of Physics and Astronomy, University of California, Irvine, California 92697
15University of Science and Technology of China, Hefei 230026
"Charles University, Faculty of Mathematics and Physics, Prague
l7Department of Physics, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801
"*Lawrence Berkeley National Laboratory, Berkeley, California 94720
19Department of Physics, Illinois Institute of Technology, Chicago, Illinois 60616
*Joint Institute for Nuclear Research, Dubna, Moscow Region
21Beijing Normal University, Beijing 100875
22Depal‘tment of Nuclear Science and Technology, School of Energy and Power Engineering, Xi’an Jiaotong University, Xi’an 710049
23Department of Physics, University of Houston, Houston, Texas 77204
*China Institute of Atomic Energy, Beijing 102413
25Shandong University, Jinan 250100
26Guangxi University, Nanning 530004
“Center for Neutrino Physics, Virginia Tech, Blacksburg, Virginia 24061
*Institute of Physics, National Chiao-Tung University, Hsinchu
29Department of Physics, University of Cincinnati, Cincinnati, Ohio 45221
30Department of Physics, College of Science and Technology, Temple University, Philadelphia, Pennsylvania 19122
31Dongguan University of Technology, Dongguan 523808
“Department of Physics, University of California, Berkeley, California 94720
33Department of Physics, The University of Hong Kong, Pokfulam, Hong Kong 999077
**School of Physics, Nankai University, Tianjin 300071
35Departmc::nt of Physics and Astronomy, Shanghai Jiao Tong University, Shanghai Laboratory for Particle Physics and Cosmology, Shanghai 200240
3("Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 08544
California Institute of Technology, Pasadena, California 91125
38College of William and Mary, Williamsburg, Virginia 23187
39Nanjing University, Nanjing 210093
“’China General Nuclear Power Group, Shenzhen 518028
4]C011ege of Electronic Science and Engineering, National University of Defense Technology, Changsha 410073
“Towa State University, Ames, lowa 50011
43Chongqing University, Chongqing 401331
"Now at: Department of Chemistry and Chemical Technology, Bronx Community College, Bronx, New York 10453

Abstract: The establishment of a possible connection between neutrino emission and gravitational-wave (GW)
bursts is important to our understanding of the physical processes that occur when black holes or neutron stars
merge. In the Daya Bay experiment, using the data collected from December 2011 to August 2017, a search was per-
formed for electron-antineutrino signals that coincided with detected GW events, including GW150914, GW151012,
GW151226, GW170104, GW170608, GW170814, and GW170817. We used three time windows of +10, 500, and
+1000 s relative to the occurrence of the GW events and a neutrino energy range of 1.8 to 100 MeV to search for
correlated neutrino candidates. The detected electron-antineutrino candidates were consistent with the expected
background rates for all the three time windows. Assuming monochromatic spectra, we found upper limits (90%
confidence level) of the electron-antineutrino fluence of (1.13 — 2.44)X1011 cm ” at 5 MeV to 8.0x10" cm ~ at 100
MeV for the three time windows. Under the assumption of a Fermi-Dirac spectrum, the upper limits were found to be

(5.4-7.0)x 10’ cm” for the three time windows.

Keywords: gravitational waves, electron-antineutrinos, fluence, upper limit
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I. INTRODUCTION

The direct observation of gravitational waves (GWs)
provides an important probe for investigating the dynam-
ical origin of high-energy cosmic transients [1]. In 1987,
neutrino signals were observed in the Super-Kamiokande
[2], IMB [3], and Baksan [4] experiments, 7 hours before
the optical observation of a type II core-collapse super-
nova in the Large Magellanic Cloud. After the first detec-
tion of GWs [5] at the Advanced Laser Interferometer
Gravitational-wave Observatory (LIGO) [6], astronomy

has transitioned into another new and exciting era of ex-
ploration. The detected GW170817 [7] was temporally
correlated with the GRB170817A [8], detected by the
Fermi-GBR 1.7 s after the proposed coalescence of two
neutron stars (NSs), providing the first direct evidence of
a link between NS mergers and gamma-ray bursts
(GRBs). The search for coincident signals and the explor-
ation of the dynamics of astronomical sources through
distinct channels may facilitate the validation of compet-
ing model descriptions, thus expanding our understand-
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ing of the universe [1, 9, 10]. Therefore, studies on joint
detection of GW events that coincide with neutrino sig-
nals have received substantial attention.

The merging of two black holes (BHs), two NSs, or a
BH and an NS with rapidly rotating cores are expected to
become GW sources, with an output that can be experi-
mentally detected [11]. NS-NS or NS-BH mergers with
an accretion disk or BH accretion disks that produce a
gamma-ray burst (GRB) [12, 13] can also drive a relat-
ively large neutrino outflow [14-18]. Neutrinos and GWs
can propagate almost unchanged from their sources to a
detector, acting as invaluable signatures of their hidden
region of production. GWs of interest to this study are lis-
ted in Table 1, along with their observed times and dis-
tances.

ANTARES and IceCube [25] searched for high-en-
ergy neutrino signals (above 100 GeV) within +500 s rel-
ative to the occurrence of GW150914 but did not find any
significant signals. KamLAND [26] searched for low-en-
ergy neutrino signals (below 100 MeV) within +500 s re-
lative to GW150914 and GW151226 but was also unsuc-
cessful in identifying significant signals above the back-
ground. Super-Kamiokande [27] searched for coincident
neutrino events (3.5 MeV - 100 PeV) within +500 s of
GW150914 and GW151226 but observed no significant
candidates beyond the expected background rate.
Borexino [28] searched for correlated neutrino events
with energies exceeding 250 keV for GW150914,
GW151226, and GW170104, obtaining a result consist-
ent with the expected number of solar neutrino and back-
ground events. Thus far, no experiment has observed any
connection between GW events and neutrino signals.

The Daya Bay experiment has been stably operating
since 24 December 2011 and is part of the Supernova
Early Warning System [29], facilitating long-term monit-
oring of astrophysical electron-antineutrino (7,) bursts. In
this paper, we present a detailed off-line study using the
data collected from 24 December 2011 to 30 August 2017
[30], based on the search for neutrino candidates coincid-
ing with GWI150914, GWI151012, GWI151226,
GW170104, GW170608, GW170814, and GW170817.

Table 1.

II. EXPERIMENT AND NEUTRINO DETECTION

The Daya Bay Reactor Neutrino Experiment is de-
signed to measure the electron-antineutrino disappear-
ance with v, emitted by the six Daya Bay reactor cores.
There are two nearby experimental halls (EH1 and EH2);
each has two antineutrino detectors (ADs). Their dis-
tances to the nearby reactors range from 350 to 600 m. A
more distant hall (EH3) has four ADs, and their distances
to the reactors range from 1500 to 2000 m. The layout of
the Daya Bay experiment is shown in Fig. 1. The three
EHs are located underground with 250, 265, and 860
meters water-equivalent overburden, respectively.

Each AD is a 5-m-diameter and 5-m-tall stainless-
steel vessel containing three volumes separated by two
coaxial transparent acrylic vessels. The inner vessel holds
20 t of gadolinium-loaded liquid scintillator (Gd-LS) en-
closed by the outer vessel filled with 22 t of undoped li-
quid scintillator (LS). The outermost volume holds 40 t of
mineral oil and 192 20-cm-diameter photomultiplier
tubes (PMTs). An engineering plot of the AD is shown in
Fig. 2. A more detailed description of the apparatus is
available in [31, 32]. The energy deposition and position
of particles in each AD are reconstructed based on the
amount of light collected by the PMTs. The universal
time (UTC) of each event is recorded with a global posi-
tioning system (GPS) receiver.

The ADs are immersed in large water pools with at
least 2.5 m of water on each side. Each water pool is di-
vided into inner and outer regions (IWS and OWS), and
both are equipped with PMTs. The water is used to shield
the detectors from environmental radiation and to tag
muons based on their Cherenkov radiation.

The reaction for the detection of v, at Daya Bay is the
inverse beta decay (IBD):

Vo+p—oet+n. @)

The e* rapidly deposits its kinetic energy and annihilates
with an electron into two 0.511-MeV y. The neutron is
thermalized and captured on a Gd or H nucleus (nGd or
nH). The energy deposited by the ¢* and neutron recoil

GW events observed by the LIGO experiment [7, 19-24].

GW events type of merged bodies detection time (UTC) distance Dyjgo (Mpc)
GW150914 black holes 2015.09.14 09:50:45 410+180
GW151012 black holes 2015.10.12 09:54:43 11007300
GW151226 black holes 2015.12.26 03:38:53 440*180
GW170104 black holes 2017.01.04 10:11:58 8807330
GW170608 black holes 2017.06.08 02:01:16 340+ 149
GW170814 black holes 2017.08.14 10:30:43 540*330
GW170817 neutron stars 2017.08.17 12:41:04 40*8

—14
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Fig. 1.  (color online) Layout of the Daya Bay experiment.
Eight antineutrino detectors (ADs) are placed in three experi-
mental halls (EHs). The solid cylinders represent the ADs.
There are three nuclear power plants (NPPs): Daya Bay, Ling
Ao, and Ling Ao Il near EH1 and EH2. Each NPP consists of

two reactor cores, shown as the red dots in the figure.

Fig. 2. (color online) Schematic of the Daya Bay antineut-
rino detector. Three nested structures, starting from the inner-
most one, contain a gadolinium-loaded liquid scintillator, an
un-doped liquid scintillator, and mineral oil. Three automated
calibration units are installed at the top of each detector for
calibration along three vertical axes. The inner surface of the
stainless-steel vessel is equipped with 192 Hamamatsu R5912

PMTs to collect scintillation light.

forms a prompt signal, while the gamma ray(s) from the
deexcitation after neutron capture generates a delayed
signal. The prompt-delayed coincidence greatly sup-
presses the background. A search was performed for
IBDs that are temporally coincident with the GW events
at Daya Bay.

In the analysis, we required each AD to be in stand-
ard physics data acquisition near the time of each GW.
For GW150914, GW151226, and GW151012, the experi-
ment was in regular operation. During GW170104, both
ADs in EH1 were calibrated using radioactive sources

and were excluded from the analysis. AD1 in EH1 was
offline during GW170608, GW170814, and GW170817.

III. NEUTRINO FLUENCE MEASUREMENT
METHOD

We limited our search to v, with energies below 100
MeV, motivated by the 1987A supernova neutrino obser-
vation [2-4] and theoretical models in which the neutrino
energies are mostly below 100 MeV [16, 33]. This en-
ergy range is also within the best detection range of the
Daya Bay detectors.

Theoretically, the arrival sequence of neutrinos and
GWs and the duration of the neutrino burst, depend on
the physical process and modeling. To account for uncer-
tainties, we adopted multiple time windows to search for
neutrino bursts associated with the GW events. First, we
used a narrow time window of +10 s for GWs generated
in a physical process similar to that of core-collapse su-
pernovae [34]. Next, we applied an intermediate time
window of +500 s to cover a greater time difference
between the GW event and the predicted neutrino emis-
sion [35]. Finally, we tested a more conservative time
window of +1000 s [36].

In the analysis, we first measured the electron-anti-
neutrino fluence, ®pp, with a normalized pinched Fermi-
Dirac spectrum [37, 38], for zero chemical potential and a
pinching factor of =0, as applied in the KamLAND ex-
periment [26]. Using the number of electron-antineutrino
candidates N, within the searching window, the electron-
antineutrino fluence is calculated as

N,
N, [o(E)e(E)$(E,)AE,

2)

Dpp =

where N, is the number of target protons, o(E,) is the
IBD cross-section, and e(E,) is the detector efficiency.
The Fermi-Dirac spectrum is

1 E2
T3Fy(n) eE/T-1+1°

¢(Ev) = (3)

where the complete Fermi-Dirac integral function, F,(1),
is given by

00 xn
Fup= | ——dx, 4
(m fo L “4)

and the average v, energy is set to (E,) = 12.7 MeV [39];
T =(E,)/3.15.

To examine the detailed sensitivity of the Daya Bay,
the fluence was also estimated at several discrete ener-
gies ®p(E,) below 100 MeV as
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Ny,

PolEn) = N ey’

)

where N, is the number of neutrino candidates as in Eq.
(2) but limited to only the nearby region of the energy of
interest.

IV. DATA ANALYSIS

A. Energy conversion

In the IBD process, the positron kinetic energy de-
pends on the true neutrino energy, E,, and the scattering
angle. As such, the recoiling neutron from the IBD pro-
cess shares part of the neutrino energy. Most of the neut-
ron kinetic energy will transfer to the proton by scatter-
ing. The kinetic proton produces approximately half of
the scintillation for the same kinetic energy of an elec-
tron, considering the quenching effect. The effects in the
IBD process and the detector response are considered in
the Daya Bay simulation, and smearing of the reconstruc-
ted prompt energy, Ey., is introduced when converted
from E,.

In the analysis, for E, <100 MeV, the relationship
between the mean value of E,. (defined as E,) and E, is
estimated based on simulation results and is described by
the following empirical equation:

E,=AXEZ+BXxE,+C, (6)

where A = —0.0010 MeV~!, B=1.01, and C = -0.73 MeV.
Due to the smearing effect in the energy conversion pro-
cess, various energy windows will be opened to search
for neutrinos with specified discrete energies as de-
scribed in the next section.

The absolute energy scale given in Eq. (6) is calib-
rated using spallation neutrons, radiative sources, and
Michel electrons. At low energies, E, <10 MeV, and in
the Gd-LS region, the absolute energy scale uncertainty is
less than 1% [40]. In the LS region, the absolute energy
scale uncertainty is better than 6% [41]. At the higher en-
ergy range of Michel electrons, 53 MeV, the absolute en-
ergy scale uncertainty is better than 10% for AD.

B. Candidate selection

The IBD candidates are selected according to their
features. Neutron capture on gadolinium emits an approx-
imately 8-MeV vy cascade, and the average neutron cap-
ture time in the Gd-LS region is 28 ps [40]. A 2.2-MeV
gamma ray is emitted after neutron capture on hydrogen,
and the average capture time is 216 us in the LS region
[41, 42].

In the analysis, the standard selection criteria for
IBDs in [40, 41] were adopted with a few minor modific-
ations, as shown in Table 2. AD-triggered events caused
by spontaneous light emission from PMTs (flashers) were
rejected with no loss in efficiency [43]. The coincidence
time of the prompt and delayed signals was required to be
greater than 1 ps and less than 200 and 400 ps for the
nGd and nH samples, respectively. The delayed signal
needed to be higher than 6 MeV for the nGd sample and
exhibit a three-standard-deviation cut near the 2.2 MeV
gamma-ray energy peak for the nH sample. Two more
cuts were applied to suppress the accidental background
in the nH sample. The distance between the prompt and
delayed signal vertices needed to be less than 100 cm,
and a lower bound of 3.5 MeV was required for the re-
constructed prompt energy. Furthermore, the prompt-en-
ergy cut was adjusted according to the different search-
ing regions as follows.

e For the Fermi-Dirac spectrum, the neutrino energy

Table 2. Selection criteria for the nH and nGd neutrino candidate samples. See the text for more details.
nGd nH
basic AD trigger and flasher cut
AD muon >100 MeV
AD muon veto (0, 800) ps
pool muon [IWS, OWS] Nrws pmt > 12 or Nows pmt > 15
pool muon veto (0, 600) ps
shower muon >2.5 GeV
shower muon veto 0,1)s
coincidence time (1,200) us (1, 400) ps
delayed energy (6,12) MeV peak +30g
coincidence distance N/A <100 cm
prompt energy (basic) N/A >3.5 MeV

prompt energy (window)

signal searching region
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range of interest is 1.8 to 100 MeV, which corresponds to
the reconstructed prompt energy of 0.7 to 90 MeV, as
given by Eq. (6). Due to the different ratios of signal to
background, the searching energy range is further di-
vided into two regions, low E (Er. < 10 MeV) and high
E (Erec > 10 MeV).

e For the monochromatic spectra, we selected v, en-
ergies at 5, 7, 10, 20, 30, 50, 70, and 90 MeV to repres-
ent the entire energy range (E, < 100 MeV). For these
specified discrete v, energies, the prompt-energy search
range was E, + A, where A is defined as follows:

A:Sx\/a2xE12,+b2><Ep+c2, @)

Table 3.

where the parameters, a =0.016, b=0.081 MeV'/2, and
¢ =0.026 MeV. We obtained these parameters from the
detector resolution equation [40] to define the signal win-
dow.

The above selection criteria define different energy
regions, neutron capture samples (nH or nGd), and ADs.
In total, there are 32 data sets for the Fermi-Dirac spec-
trum study and 16 data sets for each monochromatic en-
ergy study.

The number of candidates is measured within these
regions of interest. The detailed time and energy informa-
tion is documented in Appendix A. A detailed example
for GW150914 is shown in Table 3.

Candidates and background details for the GW150914 coincidence neutrino search. Listed are the number of candidates in

+500 s near GW150914. The background is calculated using data over +5 days or using the average background rate of all data multi-

plied by 1000 s. The uncertainties are statistical only.

nGd Low E nGd High E nH Low E nH High £
candidate 4 0 4 0
EH1-ADI1 BKG. (£5 days) 6.96+0.08 0.060+0.008 2.52+0.06 0.080+0.009
BKG. (averaged) 7.65+0.01 0.064+0.001 2.88+0.01 0.092+0.001
candidate 5 0 1 0
EH1-AD2 BKG. (+5 days) 6.95+0.08 0.054+0.007 2.54+0.05 0.072+0.008
BKG. (averaged) 7.65+0.01 0.064+0.001 2.88+0.01 0.092+0.001
candidate 4 0 2 0
EH2-ADI1 BKG. (+5 days) 6.62+0.08 0.037+0.006 2.37+0.05 0.041+0.006
BKG. (averaged) 6.82+0.01 0.043+0.001 2.58+0.01 0.063+0.001
candidate 8 0 1 0
EH2-AD2 BKG. (£5 days) 6.46+0.08 0.027+0.005 2.35+0.05 0.056+0.006
BKG. (averaged) 6.82+0.01 0.043+0.001 2.58+0.01 0.063+0.001
candidate 0 0 0 0
EH3-ADI1 BKG. (5 days) 0.97+0.03 0.004+0.002 0.37+0.02 0.008+0.003
BKG. (Averaged) 0.850+0.001 0.0038+0.0001 0.330+0.001 0.0056+0.0001
candidate 0 0 0 0
EH3-AD2 BKG. (£5 days) 1.00+0.03 0.003+0.002 0.36+0.02 0.007+0.003
BKG. (averaged) 0.850+0.001 0.0038+0.0001 0.330+0.001 0.0056+0.0001
candidate 0 0 0 0
EH3-AD3 BKG. (5 days) 0.97+0.03 0.001+0.001 0.34+0.02 0.004+0.002
BKG. (averaged) 0.850+0.001 0.0038+0.0001 0.330+0.001 0.0056+0.0001
candidate 1 0 0 0
EH3-AD4 BKG. (£5 days) 0.97+0.03 0.007+0.002 0.36+0.02 0.005+0.002
BKG. (averaged) 0.850+0.001 0.0038+0.0001 0.330+0.001 0.0056+0.0001
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C. Background

This section describes the determination of the back-
ground. In all possible cases, we used a real-time estima-
tion, i.e., the result over +5 days near a GW for back-
ground estimation. However, when the background is
very low, we used the average of the entire data set.

The prompt-energy spectra for the entire analyzed
data period after the selection criteria are treated as the
background, and are shown in Fig. 3. In the low-energy
region (<10 MeV), the background is dominated by re-
actor anti-neutrinos because the detector is close to the re-
actors. The variation of these backgrounds with time fol-
lows the trend of the reactor power, which was published
in a previous Daya Bay report [44]. In the high-energy re-
gion (10 to 100 MeV), the background is dominated by
fast neutrons. The fast neutrons are the spallation
products induced by cosmic-ray muons that are not ve-
toed. The proton recoil of a neutron introduces a prompt
signal, whereas the capture of the neutron yields the
delayed signal [40, 41]. The muon flux has some season-
al changes, and the maximal annual change is less than
1% [45]; for the short time span of this study, the vari-
ation of these backgrounds is not significant.

The detailed background determined based on the +5
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Fig. 3.
candidates. The upper (lower) panel shows the spectra for the
nGd (nH) selection.

(color online) Prompt-energy spectra of the neutrino

days data is shown in Table 3 for GW150914. The aver-
age background rates for each AD are calculated using all
the data and are shown in Table 4. The ADs in the same
EH are close to each other. We will compile other results
in the same EH as shown for conciseness. In Table 3, the
calculated background rate using the average rate multi-
plied by 1000 s is also shown for comparison.

Depending on the statistics (Fig. 3, Table 3, and
Table 4), for a low E region in which the background rate
is high and sensitive to reactor power changes, the back-
ground rate is determined using the data for +5 days of a
GW. For the high F region, the background rate is low.
Occasionally, there are zero background events in +5
days for EH3. Considering the stability of the muon flux,
the background prediction is obtained by scaling the aver-
age background rate.

D. Candidates and background comparison

The following is a detailed comparison of the back-
ground and candidates. For example, the numbers of can-
didates for GW150914 in +500 s for the 32 regions are
shown in Table 3. This information can also be obtained
from the figures in appendix A. The number of back-
grounds comes from the result of the +5-day calculation
and the result obtained by scaling the average rates in
Table 4 by 1000 s. The number of candidates is in agree-
ment with the statistical fluctuation of the background
predictions.

A thorough check shows that for all GW candidates
and all searching regions, the number of candidates is in
agreement with the background predictions within their
statistical fluctuation. Given the current situation that a
statistically significant signal is not found, the detailed
background information is not listed.

E. Detection efficiency
The signal detection efficiency, e, is defined as [40, 41]:

€ = € " €y Eother ®)

with

Table 4. Average background rate (per second per antineutrino detector) for the studied energy spectrum (Low E: E.. <10 MeV,
High E: E.. > 10 MeV). The uncertainties are statistical only.
EH1 EH2 EH3
nGd

Low E (7.65+0.01) x 1073
High E (6.35+0.04) x107°
Low E (28.75+£0.04) x 1074
High E (9.20+0.05) x107°

(8.45+0.01) x107*
(3.83+0.08) x107¢

(6.82+0.01) x 1073
(4.32+£0.04) x 1073
nH
(3.25+0.01) x10™*
(5.65+0.10) x 107®

(25.76+0.03) x 10~
(6.30+£0.05) x1073
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€other = Z(Np,v *€Epy  €Edy €Dy " ET,V)/ Z Np,va (9)
v v

where ¢, is the muon veto efficiency, €, is the multipli-
city cut efficiency for the two-fold event selection, and
€Epyvs €Edy, €Dy, and er, correspond to the prompt en-
ergy, delayed energy, coincident distance (for the nH
sample only), and coincident time efficiency, respect-
ively. The efficiency eyner 1S separately evaluated for
each detector volume v and is summed according to the
number of free protons N,,, in each volume.

The €, accounts for the live time lost due to the ap-
plication of the muon veto time. We averaged ¢, for +5
days near each GW arrival time for the final result. The
average values of ¢, over all GW candidates for nGd and
nH sample selection are shown in Table 5.

The multiplicity cut efficiency e, applies to the two-
fold event selection. The quantity ¢, is a function of the
event rate and has a minor dependence on the muon rate
and coincident time. Further details can be found in the
literature [46]. In this study, we averaged ¢, for £5 days
near each GW arrival time. The difference between the
nGd and nH samples and that between the halls are not
significant. The average values of ¢, over all GW candid-
ates for nGd and nH sample selection are shown in
Table 5.

For eymer, all values are estimated based on simula-
tion results. The efficiencies eymer for the Fermi-Dirac
study are shown in Table 6, and those for the monochro-
matic study are shown in Fig. 4. The prompt and delayed
energy cuts for the Fermi-Dirac and monochromatic spec-
tra lead to the main changes for eyme;. At high energies,

S
(6]

N
o
o LLLLN LN LLRLY LLLEN LLLRY RARLY LLLR) R LA

IS
o

|

/

Efficiency [%]
8 &

N
(6]

-
()]

— Other (nGd) — Sother (I"IH)

-
(S =)

20 40 60 80

Electron-antineutrino energy [MeV]
Fig. 4.
ated based on MC simulation as a function of the v, energy.

(color online) IBD selection efficiency eyme; €stim-

the efficiency decreases because of the higher neutron en-
ergy and neutron inelastic scattering. For low energies of
the nH sample, the efficiency decreases because of the
3.5 MeV prompt-energy cut.

The uncertainty of the energy cut efficiency can be
estimated using the absolute energy scale uncertainty (see
section IV.A) and is less than 4%. The simulation of the
coincident distance and the time between the prompt and
delayed signal is validated using several natural coincid-
ent signals at low energies, as previously reported [46],
and using fast neutrons at high energies. The efficiency
uncertainty is less than 10%. The total uncertainty of the
efficiency is less than 10% and negligible when calculat-
ing the upper limit.

V. UPPER LIMITS ON ELECTRON-ANTINEUT-
RINO FLUENCE

Table 5. Muon veto cut efficiency, ¢,, and multiplicity effi- . Based on the observgtions in the St.udYa th? distribu-
ciency, en. tions of the GW v, candidates are consistent with the ex-
pected background in terms of time and energy. Thus, a
EHI EH2 EH3 ) R .
maximum-likelihood fitting approach was used to calcu-
u 79% 84% 98% late the upper limit according to the combination of can-
nGd . . . .
€n 98% 98% 98% didates and backgrounds in the different searching re-
; €i 71% 81% 98% glons.
) em 8% 9% %8% A. 1IBD cross-section
The IBD cross-section is taken from [47]. The aver-
Table 6. Summary of emer values for IBD searching with age cross-section, &, is determined by integrating the
Fermi-Dirac spectrum for Low £ and High E. IBD cross-section from 1.8 to 100 MeV over the neut-
E, <10 MeV E,>10 MeV rino spectrum. The detailed cross-section for 'Fhe mono-
1Gd 3% 2% chromatic energy and the average cross-section within
. 0 0 . . . .
100 MeV for the Fermi-Dirac spectrum are given in
nH 4.4% 28% Table 7
Table 7. IBD cross-section for the monochromatic spectra and the Fermi-Dirac spectrum.
Cross-section/(x]0_42 sz) 5 MeV 7 MeV 10 MeV 20 MeV 30 MeV 50 MeV 70 MeV 90 MeV
o (Ey) 1.27 2.96 6.76 28.9 63.0 156 268 389
G 14.7
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B. Maximum-likelihood fit

A Poisson probability can be calculated for each
searching region i:

(N; +b;)™ o (Ne+b)
I’L,’! ’

Pi(®) = (10)

where N; is the expected number of neutrino events with-
in the searching region i, estimated for the expected flu-
ence @ (see Eq. (2) or Eq. (5)), efficiency, cross-section,
and number of protons [40, 41]; b; is the expected back-
ground event, which is derived from the expected back-
ground rate, and n; is the number of observed neutrino
candidates. Given that the dominant errors are statistical,
no other errors of the efficiency and background are in-
cluded. The combined likelihood of all data sets is

Ndamseh
[ ] Pi@. (11)
i=1

L(D) =

Using the combined likelihood function, we constructed a
test statistic based on the profile likelihood ratio, which
can be used for a one-sided test to find the upper limit as
in Ref. [48]. We obtained the distribution of the test stat-
istic using Monte-Carlo simulations and finally deduced
the upper limit of ®(E,).

VI. RESULTS

A. Fluence

The upper limits (90% C.L.) of the fluence based on
the Fermi-Dirac spectrum assumption for the searching
time window of +500 s are shown in Table 8 for each
GW event. The remaining results are compiled in Table 9
and Fig. 5, which show typical 7, fluences that are estim-
ated using the average number of candidates and back-
ground. For E, > 30 MeV, the upper limits of the mono-
chromatic spectrum fluence are identical for the three
time windows, because the number of candidates and
backgrounds are both close to null. The other variations
are consistent with the expected efficiency changes and
statistical fluctuations. Given that multiple ADs are used
at Daya Bay, the background within a single AD has al-
most no impact on the other ADs; hence, a gain in sensit-

Table 9.
and backgrounds of the GW candidates.

& 107 E T T T T 3
IS E — +10sW 3
= 10" =
3 E —— 500 s W 3
c - .
8 107 —— +1000 s W .
= E E
‘*6 C ]
o 10°F E
= E E
£ E ]
= 10°F E
[] E E
e E 3
% i 1 1 1 1 ]
0 20 40 60 80

Electron-antineutrino energy [MeV]
Fig. 5. (color online) Upper limit (90% C.L.) of the v, flu-
ence for each energy point for the GW-coincident event
search. Three curves are shown for the three time windows (W).

Table 8. Upper limit (90% C.L.) of the v, fluence and lu-
minosity, assuming a Fermi-Dirac spectrum within a search
time window of +500 s.

GW event Opp /(x10'0 cm~2) Low/(x10% erg)
GW150914 0.30 1.23
GW151012 0.79 233
GW151226 0.82 3.86
GW170104 0.97 18.3
GW170608 0.42 1.18
GW170814 0.73 5.18
GW170817 0.85 0.03

ivity is observed [49]. The sensitivity is comparable to
that of the KamLAND experiment [26].

B. Luminosity

The upper limits of the fluence can be converted into
limits of the total energy radiated in the form of v, for the
mergers. Based on the assumption that the Fermi-Dirac
spectrum is in the energy range 1.8 - 100 MeV and the v,
emanating from the source is isotropic, the total luminos-
ity can be expressed as

Law = ®pp X 47D} 10 X (E,), (12)

where (E,) is the average v, energy of the Fermi-Dirac
spectrum (see Section IIT), and Dygo is the central value

Upper limits (90% C.L.) for three search time windows. The results are estimated using the average number of candidates

fluence/(x10'° cm=2)

monochromatic spectra

Fermi-Dirac spectrum

E,/MeV 5 7 10 20
+10's 11.3 4.7 1.6 0.55
+500 s 20.6 10.5 1.9 0.53

+1000 s 24.4 8.1 1.9 0.55

30 50 70 90 (1.8, 100)
0.25 0.10 0.05 0.02 0.70
0.25 0.10 0.05 0.02 0.63
0.25 0.10 0.05 0.02 0.54
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of the distance from the GW source to the Earth, as given
in Table 1. The upper limits of the luminosity, Lgw, for
all of the GW events are listed in Table 8.

VII. CONCLUSION

We searched for possible v, signals with energies of
that coincide with GW150914,

1.8 to 100 MeV
GW151226,

GW151012,

GW170104,

GW170608,

GW170814, and GW170817 by assuming a Fermi-Dirac
spectrum and monochromatic spectra. No candidate
events above the background were identified for any of
the GW events in time windows up to +1000 s. We used
a maximum-likelihood fit to determine the 90% C.L. up-
per limits for the v, fluence, which allowed for a compre-
hensive search across all of the observed GW events.

Fig. 6.

Fig. 7.

Fig. 8.

We acknowledge Yellow River Engineering Consult-
ing Co., Ltd., and the China Railway 15th Bureau Group
Co., Ltd., for building the underground laboratory. We
are grateful for the ongoing cooperation with the China
General Nuclear Power Group and the China Light and

Power Company.

APPENDIX A. CANDIDATE DISTRIBUTION

Information regarding the selected neutrino candid-
ates is shown in Figs. 6, 7, 8, 9, 10, 11, and 12, where a
two-dimensional plot of the measured neutrino energy vs.
relative time with respect to the GW observation time is
presented for each GW event and each experimental hall.
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Observations of +1500 s are shown to reveal both the
candidate (+10, =500, and +1000 s) and background

([-1500, —1000 s] and [1000, 1500 s]) situations.
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