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Abstract Several neutrino observatories have searched for coincident neutrino signals associated with
gravitational waves induced by the merging of two black holes. No statistically significant neutrino sig-
nal in excess of the background level was observed. These experiments use different neutrino detection

technologies and are sensitive to various neutrino types. A combined analysis was performed on the
KamLAND, Super-Kamiokande and Borexino experimental data with a frequentist statistical approach
to achieve a global picture of the associated neutrino fluence. Both monochromatic and Fermi-Dirac
neutrino spectra were assumed in the calculation. The final results are consistent with null neutrino sig-
nals associated with the process of a binary black hole merger. The derived 90% confidence level upper
limits on the fluence and luminosity of various neutrino types are presented for neutrino energy less than

110 MeV.
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1 INTRODUCTION

After the detections of gravitational waves (GWs) re-
leased from black hole-black hole (BH-BH) merg-
ers in 2015 by the Advanced Laser Interferometer
Gravitational-wave Observatoy (LIGO) (LIGO Scientific
Collaboration et al. 2015), many efforts have been made
to search for coincident signals in astronomical observa-
tions. No significant counterpart was identified except for
a coincident gamma-ray burst which was observed by the
Fermi Gamma-ray Space Telescope (Connaughton et al.
2016) at ~ 0.4 seconds after the GW150914 observa-
tion (Abbott et al. 2016b). In general, there is no the-
ory of neutrino generation associated with BH-BH merg-
ers. However, some physical phenomena, such as gravi-
tational radiation, the synthesis of heavy elements and
short gamma-ray bursts, are closely tied to the emission
of neutrinos from BH accretion disk systems (Caballero
etal. 2016). In the accretion disk system theory, neutrinos
play a crucial role in setting the initial electron fraction of
the outflow matter (Surman et al. 2008). Neutrino anni-
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hilation can increase the prevalence of gamma-ray bursts
(Popham et al. 1999). The appearance of a gamma-ray
burst implies the accretion disk system theory may also
work for BH-BH mergers. The search for GWs, gamma-
ray bursts and neutrinos can open a new window for
multi-messenger research into BH-BH mergers. This will
lead to a more complete understanding of cosmic pro-
cesses through a combination of information from differ-
ent probes, and increase search sensitivity over any single
detection method (Adridn-Martinez et al. 2016).

Two observed GW events in 2015 were both gener-
ated by the coalescence of binary BHs into a single BH.
The first event, GW150914 (Abbott et al. 2016c¢), was
observed on 2015 September 14. Two initial BHs with
mass 36f2 Mg and 29fj M, at a luminosity distance of
410ﬂgg Mpc from the Earth, merged into a final BH with
mass 62fi M, radiating 3f8:g M, away in the form of
GWs. The second one, GW 151226 (Abbott et al. 2016a),
was observed on 2015 December 26. Masses of the two
initial BHs were 14.2752 M, and 7.5753 M, and the
mass of the final BH was 20.87¢-1 M. The source was
located at a distance of 440" 50 Mpc from the Earth.
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2 EXPERIMENTAL SEARCHES

Several neutrino observatories, including Super-
Kamiokande (Super-K), KamLAND, Borexino,
ANTARES, IceCube and Pierre Auger, have tried
to search for neutrino signals associated with the two BH
merger events. Since the neutrino generation mechanism
from the merger of two BHs is still unclear, all of
those experiments conservatively choose a £500 second
coincidence time window centered around the GW
observation time. More details about those experimental
searches are introduced in the following paragraphs.

The KamLAND experiment (Gando et al. 2016)
is located under 2700 meter water equivalent (m.w.e.)
of vertical rock, below Mt. Ikenoyam in Gifu prefec-
ture of Japan. The detector consists of a stainless-steel
sphere and EVOH/nylon outer balloon. The outer bal-
loon encloses a 1 kton liquid scintillator (LS). During
GW150914, a mini-balloon was placed at the center of
the detector to search for neutrinoless double beta decay.
KamLAND focuses on the search for electron antineutri-
nos which are mainly detected through the inverse beta
decay (IBD) reaction: 7, +p — e™ +n. The coincidence
of prompt (e™ — ionization and annihilation) and delayed
(n — capture on hydrogen) signals efficiently suppresses
the backgrounds. The prompt signal has a strong bound
with energy of V., where Epompy ~ E, — 0.8 MeV.
However, there are two major drawbacks. One is the loss
of information about low energy 7. below the IBD in-
teraction threshold, around 1.8 MeV. Another is the ob-
scuration of information about the incoming neutrino’s
direction due to diffusion of the recoil neutrons. During
the periods of GW 150914 and GW 151226, no neutrino
candidates were detected by KamLAND.

Borexino (Agostini et al. 2017) is also an LS exper-
iment located underground at 3400 m.w.e. in Gran Sasso
National Laboratory, Italy. Besides the IBD detection
channel, Borexino is also capable of detecting neutrinos
via electron scattering (ES) thanks to its high purity scin-
tillator with extremely low radioactive backgrounds. In
comparison with the IBD method, ES does not have an
energy threshold and is sensitive to all flavors of active
neutrinos (v, ,(1;; and'v). However, it is still challenging
for an LS detector to determine the incoming neutrino di-
rection by reconstructing the scattered electron with scin-
tillator light. In the two GW periods, no neutrino signal
was found in the IBD channel and one signal candidate
was detected in the ES channel.

The Super-K experiment (Abe et al. 2016) has a large
50 kton water Cherenkov detector located at 2700 m.w.e.
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underground in Kamioka, Japan. After a neutrino inter-
acts inside of the detector, the Cherenkov ring pattern re-
construction can identify the final product of the charged
particles, from which researchers at this facility can in-
fer the neutrino’s direction, flavor and energy. Neutrinos
with energies from 3.5MeV to 79.5MeV are catego-
rized as the “low energy data sample” which are typi-
cally solar neutrinos and supernova relic neutrinos. Data
sets with energies above 100 MeV are typically used to
study atmospheric neutrinos and search for proton decay.
Because of its relatively “high energy” detection thresh-
old, observable signals in the Super-K detector only orig-
inate from charged particles, which are positrons and
electrons from IBD and ES interactions respectively. For
that reason, Super-K is unable to separate these two kinds
of interactions. Four neutrino candidates were observed
by Super-K for GW150914 but no candidate was ob-
served for GW151226.

Researchers working with the IceCube and
ANTARES experiments (Adridn-Martinez et al. 2016)
have also searched for coincident neutrino candidates
in their recorded data. These projects are primarily
sensitive to neutrinos with > GeV energies. During
the GW150914 and GW 151226 periods, three neutrino
candidates were found for each GW event, however
these signals do not satisfy the spatial and temporal
requirements.

3 GLOBAL ANALYSIS

As introduced above, with different detection technolo-
gies, different neutrino experiments are sensitive to dif-
ferent neutrino flavors and energy ranges. Performing
a global analysis on those experimental data can pro-
duce a full picture of the BH merger coincident neutrino
searches. Based on limited available information from
publications, a global analysis was done with the “low
energy”’ data samples from the Super-K, KamLLAND and
Borexino experiments, which are sensitive to neutrino
energy less than 110 MeV.

Before performing a combined analysis, it is essen-
tial to understand each experiment’s data and reproduce
their results. Given the candidates with low reported sta-
tistical signal and background estimation, a maximum
likelihood ratio method based on Poisson statistics is
adopted to estimate the corresponding neutrino signal.

Nobs
M+ Nbg

X2(,u) =2 (,Uz + nbg) — Nobs T+ Nobs * In
()

where p is the number of expected neutrino signals from
the BH-BH merger in the coincidence window, ny,g is
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the estimated background and nps is the number of ob-
served coincidence candidates.

Since all of those experiments did not observe any
statistically significant neutrino signals, the estimated
neutrino signals are consistent with zero. More impor-
tantly, as reported by those experiments, we also calcu-
late Nyg, which is the upper limit on the neutrino sig-
nal at the 90% confidence level (C.L.). Because of low
event statistics, the traditional confidence interval setting
method based on Wilks’ theorem (Wilks 1938) is inaccu-
rate. The Feldman-Cousins method (Feldman & Cousins
1998), based on a toy Monte Carlo simulation, is cho-
sen to estimate the upper limit on the detected neutrino
signal. Specifically, for each value of p, 90% of the toy
Monte Carlo events have smaller x2(u) — x%(ibest ) val-
ues than AxZ, (1), where pipest is the best-fit value. The
value of Ax?3,,, (1) was also calculated for each p using
the actual number of observed candidates in the experi-
mental data. Ngg equals the maximal values of p when
AXGara (1) < AxGo ().

As shown in Table 1, our reproduced neutrino signal
upper limits are consistent with the reported experimen-
tal results.

The upper limit on the signal Ngg can be converted
into the upper limit on neutrino fluence, Fyr,, which is
the neutrino flux at the Earth. The calculation formula is
given by

_ Nogo
NTf¢(Ev)U(Ev)E(Eu)dEu ’

Fyr (2)
where Nr stands for the total number of target nuclei,
which are protons that participate in IBD interactions
and electrons in ES. ¢(E,) is the normalized neutrino
energy spectrum, €(E, ) is the total detection efficiency,
including the time window selection efficiency, detection
efficiency, etc. o(E,) is the neutrino interaction cross
section. The IBD cross section is taken from Strumia &
Vissani (2003); while the ES differential cross section is
shown in Equation (3) (Giunti & Chung 2007).

do(E,,T.) 2Gim?

dTy, s
To\2 mele
x [9% + 95 (1 - E_) 9192 |
(3)

where Gy is the Fermi constant, m. is the electron
mass and 7. is the kinetic energy of the recoil elec-
tron. F, stands for neutrino energy. gi, go are the cou-
pling constants: gil/“) = g§17°) = % + sin” Ay and
géyc) = g§l7°) = sin? Gy for electron type neutri-

nos (anti-neutrinos), where fy is the Weinberg angle;
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gil/“"") = gép“’T) = —% =+ sin29W and gél/“”—) =
5”’”) = sin? Ay for muon or tau type neutrinos (an-

tineutrinos).

For a global analysis, the expected number of neu-
trino signals at various experiments are different due to
differing target mass, interaction cross section and de-
tection efficiencies. Instead, we can directly introduce
neutrino fluence, F, in the total y2(F) as shown in
Equation (4)

exps
XP(F) = xi(F)
K2

exps

=2 Z |:(F . NT *Oeff i + nbg,i) — Nobs,i (4)

Nobs,i
g I

n
F - Ny - oef,i + Nbg,i

where o ; is the effective cross section embedded in
the detector efficiency of the i-th experiment, which is
defined as

oot = / S(B)o(Ee(E)dEy . (5)

Hence the upper limits for neutrino fluence Fy;;, can also
be computed using the Feldman-Cousins method, simi-
lar to calculation of the upper limit for the neutrino signal
Ny, as described previously. The systematic correlations
among those measurements are negligible except for the
theoretical model of neutrino production from BH-BH
mergers, which are independent of experimental mea-
surement.

Since the neutrino energy spectrum ¢(F,) is un-
clear, the upper limits for neutrino fluence were calcu-
lated using two hypotheses: monochromatic and Fermi-
Dirac distributions.

3.1 Monochromatic Energy Spectrum

The simplest hypothesis for the neutrino energy spectrum
assumes all neutrinos have the same energy and follow a
d(F,) distribution. This assumption provides the most
conservative (or the largest) upper limits on neutrino flu-
ence at a given neutrino energy I, .

Two global analyses were done. One only in-
cluded the two largest LS experiments (KamLAND and
Borexino), because LS detectors have high sensitivities
to low energy 7, detection. The other included all three
experiments. The 90% C.L. upper limits on 7, neutrino
fluence with respect to neutrino energy for GW150914
and GW151226 BH-BH mergers are shown in Figure 1.
The combined upper limits on 7, fluence are from 1.0 x
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Table 1 Experimental results from KamLAND, Borexino and Super-K neutrino observatories on GW 150914 (GW151226), includ-
ing the detection method, neutrino energy ranges, signal candidates, background estimations, and both the published and reproduced

90% C.L. upper limits on signal Ngg.

Experiment Channel Energy (MeV) v Candidates Backgrounds Nogo (Published) Noo (Reproduced)
KamLAND IBD 1.8-110 0(0) 0.18 (0.02) 2.26 (2.41) 2.25(2.41)
. IBD 1.8-75 0(0) ~0 (~0) 2.44 (2.44) 2.43 (2.43)
Borexino
ES 0.4-15 0(l) 1.68 (1.72) N/A 1.3(2.8)
Super-K IBD/ES 3.5-79.5 4 (0) 2.90 (2.90) 5.41 (2.30) 5.92 (1.0)

Notes: Super-K used Bayesian statistical methods to calculate the upper limits on neutrino signals (Abe et al. 2016). We recalculate

their results with the frequentist Feldmen-Cousins approach. Borexino does not report the Ngg result on the EC channel.

102em=2 to 1.6 x 107cm™2 (from 1.0 x 102 cm—2
to 2.9 x 105cm~2) for GW150914 (GW151226) at the
energy range (1.8MeV < E, < 79.5 MeV). Since
the IBD cross section is proportional to E2, the corre-
sponding neutrino fluence is inversely proportional to
E2 according to Equation (2). For extremely low en-
ergy neutrinos (£, < 1.8MeV), the resulting sensitiv-
ity only comes from the Borexino experiment through
the ES interaction channel; for low energy neutrinos
(1.8MeV < E, < 5MeV), LS experiments, especially
KamLAND, contribute mainly to the sensitivity due to
a larger IBD cross section; while for neutrino energy
(5.0MeV < E, < 79.5MeV), Super-K dominates the
sensitivity due to its huge target mass.

The fluence of other types of neutrinos, v, and v,
(v, and v7), can only be deduced from the ES channel.
As shown in Figure 2, the combined 90% C.L. upper lim-
its for ve, v, fluence are from 1.7 x 103 cm=2 to 1.6 x
10°cm~2 and from 7.7 x 10'3 to 1.0 x 10'%cm~2 re-
spectively for GW 150914 at the energy range of 1.0 MeV
< B, < 79.5MeV. For GW151226, the obtained up-
per limits are from 3.6 x 103 cm=2 to 2.8 x 10% cm—2
and from 1.6 x 10 cm~2 to 1.7 x 10 cm—2 for v, and
v, respectively. According to Equation (3), the ratio of
ov. /oy, =~ 2.5, so the upper limits on v, and 7, fluence
from Borexino are similar. However, o, . is about two
orders of magnitude lower than o, 5, , therefore the re-
sulting upper limit on v, would be two orders of magni-
tude higher than 7,’s in the Super-K experiment.

3.2 Fermi-Dirac Energy Spectrum

During a binary BH merging process, the neutrino re-
leased may obey the Fermi-Dirac energy distribution
with zero chemical potential n = 0

E2

¢Formi7Dirac(Eu) = Norm - m 5 (6)

where ‘Norm’ stands for a normalization factor and 7'
is the effective neutrino temperature, which is set to be
5MeV as the nominal value.

The 90% C.L. upper limits on integrated v., v, and
v, fluence and luminosity obtained from KamLAND,
Borexino and Super-K experiments, and their combined
results, are shown in Tables 2 and 3, where the luminos-
ity L is the total released energy taken by neutrinos dur-
ing a BH-BH merging process. It can be calculated using
the L =F -4 -7 Dgw - (E) equation, where Dy, is
the distance from the GW source to the Earth and <E > is
the average neutrino energy which equals 3.15-7". Since
the uncertainties of the measured distances for those GW
events are quite large, luminosity is written as a function
of the true distance to the source

D 2
L = Lo(05—) 7
GW150914 o\ Z10Mpe erg )
and
L —L ( Dy )2 e (8)
Gwisizzs = Lo{ oo rg .

As shown in Figure 3, 90% C.L. upper limits on the
combined v,, 7, and v, neutrino fluence obtained from
the Fermi-Dirac energy distribution are shown with re-
spect to the effective neutrino temperature 7'. As 7" in-
creases, the averaged neutrino energy will also increase,
which results in a larger neutrino interaction cross sec-
tion. As a result, the derived neutrino fluence will de-
crease with respect to 7" as shown in Equation (2).

4 DISCUSSION

In this analysis, each GW event is calculated separately.
If the mechanism of neutrino generation from a BH-BH
merger process is the same, these GW events can be an-
alyzed together with some assumptions on their origin.
The neutrino fluence may be proportional to the mass of
two merger BHs or the mass of a remnant relic, and its
velocity of rotation. It is not clear whether the release of
neutrinos occurs at the merger phase or cooling phase.
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Fig.1 The 90% C.L. upper limits on 7. fluence from GW150914 and GW151226 BH-BH mergers with respect to the monochro-
matic neutrino energy F,. The dot-dashed line represents the combined analysis result for KamLLAND and Borexino while the
solid line represents the global analysis result based on all three experiments.
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Table 2 The 90% C.L. upper limits on ve, 7e and v, fluence from Borexino, KamLAND and Super-K experiments, and the

combined results for GW 150914 (GW151226).

) 90% C.L. Fyp, (cm™—2)
Experiment —
Ve Ve Vg
KamLAND - 2.0 x 109 (2.4 x 109) -
Borexino 3.4 x 101 (7.4 x 1011) 2.7 x 109 (2.7 x 109) 1.9 x 1012 (4.1 x 10'2)
Super-K 1.2 x 1010 (2.0 x 109) 2.6 x 108 (4.0 x 107) 7.2 x 1010 (1.2 x 1010)
Combined 1.2 x 1010 (2.0 x 109) 2.2 x 108 (3.7 x 107) 7.1 x 1010 (1.2 x 1019)

Table 3 The 90% C.L. upper limits on v, 7e and v, neutrino luminosity from Borexino, KamLAND and Super-K experiments,
and the combined results for GW 150914 (GW151226) without oscillation.

) 90% C.L. Loyt (erg)
Experiment —

Ve Ve Vg
KamLAND - 1.0 x 1080 (1.4 x 1099) -
Borexino 1.7 x 1062 (4.3 x 1062) 1.4 x 10%0 (1.6 x 1099) 9.6 x 1062 (2.4 x 1093)
Super-K 6.1 x 1099 (1.2 x 1099) 1.3 x 10%9 (2.4 x 10°%) 3.6 x 1051 (6.9 x 1069)
Combined 6.1 x 1099 (1.2 x 1069) 1.2 x 1059 (2.2 x 10°8) 3.6 x 1061 (6.9 x 1069)

That will also affect the arrival time of the neutrino sig-
nals relative to the corresponding GW signal. In addi-
tion, at this stage the uncertainties associated with the
BH masses and distances from the Earth are quite large.
More precise measurements with more statistical analy-
sis in the future will be very helpful for further study on
this topic. It will help us to understand the physics be-
hind BH-BH mergers, as well as the underlying neutrino
physics.

5 CONCLUSIONS

A global analysis was performed on experimental data
from the KamLAND, Super-K and Borexino experi-
ments to search for neutrinos associated with GW150914
and GW151226 events with a frequentist statistical ap-
proach. The final results are consistent with null neutrino
signals associated with the process of a binary BH merg-
ers. For GW150914, the obtained 90% C.L. upper lim-
its on e, v and v, fluence are from 2.1 x 103 cm~=2 to
1.6 x107cm 2, from 1.7 x 103 ecm =2 to 1.6 x 109 cm 2
and from 7.7 x 102 cm™2 to 1.0 x 10'°cm~2 in the
energy range of 1.0MeV < E, < 79.5MeV, assum-
ing a monochromatic energy spectrum; while assuming
a Fermi-Dirac energy spectrum with an effective temper-
ature of 5 MeV, the combined 90% C.L. upper limits on
Ve, Ve and v, fluence are 1.2x101%cm=2,2.2x 108 cm 2
and 7.1 x 10'° cm~2 respectively. Similar results are also
obtained for GW 151226 with slightly better upper limits.
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