
超新星ニュートリノ研究会 1/17

KamLANDを用いた
中性子星連星合体由来の

ニュートリノ探索
Takahiko Hachiya (D2)
RCNS, Tohoku univ.

超新星ニュートリノ研究会
1/8̶1/9, 2018@強羅静雲荘

Search for neutrinos
from BNS merger: GW170817 with KamLAND



超新星ニュートリノ研究会 2/17

My activities

!"

#

#
$

$

!"

𝜈

Miniballoon construction for KamLAND-Zen 800:
neutrinoless double beta decay search.

I’m leading
• Welding
• Leak-repairing
• Reinforcement of welded part 

Now final stage of leak-repairing.

Analysis
• MeV “single event” physics

• 0nbb
• 8B solar
• Positronium*

• Spallation BG reduction

*JPS Conf. Proc. , 010046 (2016)
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Sorry,
this time I cannot show the final results...
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GW170817 and ν observatory follow-up

§ GW170817 (GRB 170817A)
oMulti-messenger detection of Binary Neutron 
Star(BNS) merger.

o Luminosity distance: 40 Mpc
o Radiated energy > 0.025 Msolar~4.5x1052 erg

§ No high energy neutrino (GeV̶EeV) was 
found by ANTARES, IceCube, and PAO.

§MeV neutrino wasn’t observed by IceCube’s
noise rate.
oCorresponds to anti-ν luminosity <~1059 erg(?)

ApJ Lett., 848:L12, 2017

ApJ Lett., 850:L35, 2017

100 PeV, the upper limit on an E 2- power-law spectral fluence
is F E E0.23 GeV GeV cm2 1 2= ´ - - -( ) ( ) .

The IceCube detector is also sensitive to outbursts of MeV
neutrinos via a simultaneous increase in all photomultiplier
signal rates. A neutrino burst signal from a galactic core-
collapse supernova would be detected with high precision
(Abbasi et al. 2011). The detector global dark rate is monitored
continuously, the influence of cosmic-ray muons is removed,
and low-level triggers are formed when deviations from the
nominal rate exceed pre-defined levels. No alert was triggered
during the ±500 s time window around the GW candidate. This
is consistent with our expectations for cosmic events such as
core-collapse supernovae or compact binary mergers that are
significantly farther away than Galactic distances.

2.3. Pierre Auger Observatory

With the surface detector (SD) of the Pierre Auger
Observatory in Malargüe, Argentina (Aab et al. 2015b), air
showers induced by ultra-high-energy (UHE) neutrinos can be

identified for energies above ∼1017 eV in the more numerous
background of UHE cosmic rays (Aab et al. 2015a). The SD
consists of 1660 water-Cherenkov stations spread over an area
of ∼3000 km2 following a triangular arrangement of 1.5 km
grid spacing (Aab et al. 2015b). The signals produced by the
passage of shower particles through the SD detectors are
recorded as time traces in 25 ns intervals.
Cosmic rays interact shortly after entering the atmosphere

and induce extensive air showers. For highly inclined
directions their electromagnetic component gets absorbed due
to the large grammage of atmosphere from the first interaction
point to the ground. As a consequence, the shower front at
ground level is dominated by muons that induce sharp time
traces in the water-Cherenkov stations. On the contrary,
showers induced by downward-going neutrinos at large zenith
angles can start their development deep in the atmosphere
producing traces that spread over longer times. These showers
have a considerable fraction of electrons and photons that
undergo more interactions than muons in the atmosphere,
spreading more in time as they pass through the detector. This
is also the case for Earth-skimming showers, mainly induced
by tau neutrinos (nt) that traverse horizontally below the
Earth’s crust, and interact near the exit point inducing a tau
lepton that escapes the Earth and decays in flight in the
atmosphere above the SD.
Dedicated and efficient selection criteria based on the

different time profiles of the signals detected in showers
created by hadronic and neutrino primaries, enable the search
for Earth-skimming as well as downward-going neutrino-
induced showers (Aab et al. 2015a). Deeply starting down-
ward-going showers initiated by neutrinos of any flavor can be
efficiently identified for zenith angles of 60°<θ<90° (Aab
et al. 2015a). For the Earth-skimming channel typically only
nt-induced showers with zenith angles 90°<θ<95° can
trigger the SD. This is the most sensitive channel to UHE
neutrinos, mainly due to the larger grammage and higher
density of the target (the Earth) where neutrinos are converted
and where tau leptons can travel tens of kilometers (Aab
et al. 2015a). The angular resolution of the Auger SD for
inclined showers is better than 2°.5, improving significantly as
the number of triggered stations increases (Bonifazi & Pierre
Auger Collaboration 2009).
Auger performed a search for UHE neutrinos with its SD in a

time window of ±500 s centered at the merger time of
GW170817 (Abbott et al. 2017c), as well as in a 14 day period
after it (Murase et al. 2009; Gao et al. 2013; Fang &
Metzger 2017).
The sensitivity to UHE neutrinos in Auger is limited to large

zenith angles, so that at each instant they can be efficiently
detected only from a specific fraction of the sky (Abreu et al.
2012; Aab et al. 2016). Remarkably, the position of the optical
counterpart in NGC 4993 (Abbott et al. 2017c; Coulter
et al. 2017b, 2017a) is visible from Auger in the field of view
of the Earth-skimming channel during the whole ±500 s
window as shown in Figure 1. In this time period, the source of
GW170817 transits from θ∼93°.3 to θ∼90°.4 as seen from
the center of the array. The performance of the Auger SD array
(regularly monitored every minute) is very stable in the ±500 s
window around GW170817, with an average number of active
stations amounting to ∼95.8±0.1% of the 1660 stations of
the SD array.

Figure 2. Upper limits (at 90% confidence level) on the neutrino spectral
fluence from GW170817 during a ±500 s window centered on the GW trigger
time (top panel), and a 14 day window following the GW trigger (bottom
panel). For each experiment, limits are calculated separately for each energy
decade, assuming a spectral fluence F E F E GeVup

2= ´ -( ) [ ] in that decade
only. Also shown are predictions by neutrino emission models. In the upper
plot, models from Kimura et al. (2017) for both extended emission (EE) and
prompt emission are scaled to a distance of 40Mpc and shown for the case of
the on-axis viewing angle ( jobs 1q q ) and selected off-axis angles to indicate
the dependence on this parameter. The shown off-axis angles are measured in
excess of the jet opening half-angle jq . GW data and the redshift of the host
galaxy constrain the viewing angle to 0 , 36obsq Î [ ] (see Section 3). In the
lower plot, models from Fang & Metzger (2017) are scaled to a distance of
40 Mpc. All fluences are shown as the per the flavor sum of neutrino and anti-
neutrino fluence, assuming equal fluence in all flavors, as expected for standard
neutrino oscillation parameters.

4

The Astrophysical Journal Letters, 850:L35 (18pp), 2017 December 1 Albert et al.

ApJ Lett., 850:L35, 2017
A&A 535, A109 (2011)
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BNS merger and thermal ν emission
§ Thermal ν from BNS merger

o T gets to O(10) MeV after merger
Ø e-/e+ pair creation, capture on nuclei

àνe/ anti-νe emission.
ü more anti-νe due to neutron richness.

Øνx from annihillation

Ø Energy: O(10) MeV

§ Thermal ν detection
o Motivation

• Constraint energy via ν emission.
• ν-mass measurement by time diff. from GW.

o ~3x1052 erg anti-νe emission
(Integrated ove 1sec)

o Exposure of 80 Mt*yr is necessary...

Green: anti-νe
Red: νe
Blue: νx

Light

Medium

Heavy

Rise time~ms.
Peak lum. ~1053 erg/s.

Y. Sekiguchi et al., PRL 107, 051102 (2011)

K. Kyutoku, K. Kashiyama, arXiv:1710.05922
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ν detection methods

Invers Beta Decay (IBD)
§ anti-νe only
§ Eν reconstruction
§ Reaction threshold 1.8 MeV
§ Cross section higher than ES

Electron Scattering (ES)
§ Sensitive to all ν(especially νe)
§ Eν cannot be reconstructed.
§ No threshold
§ Directional info. (not in Liquid Scint.)

𝜈"#

𝑛𝑝

𝑒'

BG rejection by
Delayed Coincidence(DC)

Delayed
n capture (γ2.2 MeV)
~200μs

Prompt
Evisible~Eν- 0.78 MeV 𝜈

𝑒(

𝜈

𝑒(
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Ref.: Limits on ν from BBH merger

5

ergy of 0.41 MeV.
According to Borexino data from weekly runs con-

taining the GW events, the total number of neutrino
and background events expected in three 1000-second
time windows is (6.5±0.1) (103 s 145 t)

−1
and (5.1±0.1)

(103 s 145 t)
−1

for energy intervals (0.25− 15) MeV and
(0.4− 15) MeV, respectively (Table I).

GW event Threshold, Count rate, Detected

MeV ev/1000 s

GW150914 0.25/0.4 2.07±0.06/1.68±0.06 2/0

GW151226 0.25/0.4 2.15±0.06/1.72±0.06 1/1

GW170104 0.25/0.4 2.28±0.07/1.72±0.06 2/1

Table I: Average Borexino count rate in 7 day runs contain-
ing the GW events in terms of events per 1000 s interval for
0.25 MeV and 0.4 MeV thresholds. The number of registered
events inside ±500 s interval is shown in the rightmost col-
umn.

The upper limits on the fluence without oscillation for
monoenergetic (anti-)neutrinos with energy Eν are cal-
culated as follows:

Φ =
N90(Eν , nobs, nbkg)

ϵNeσ(Eth, Eν)
(1)

where N90(Eν , nobs, nbkg) is the 90 % C.L. upper limit
on the number of GW-correlated events in (Eth, Eν)
range per single GW event, ϵ is the recoil electron de-
tection efficiency, Ne = 4.79×1031 is the number of elec-
trons in the Borexino fiducial volume, σ(Eth, Eν) is the
total neutrino-electron cross-section integrated over the
(Eth, Eν) interval. The recoil electron detection efficiency
equals 1 with precision of fiducial volume definition of 4%.
The upper limit N90(Eν , nobs, nbkg) is calculated for the
total number of observed events nobs and for the known
mean background nbkg in accordance with the procedure
[39]. The total cross-section σ(Eth, Eν) is obtained by in-
tegrating the (ν, e)-scattering cross-section dσ(Eν)/dEe

[40] over recoil electron energies Ee between the electron
threshold energy Eth and the neutrino energy Eν :

σ(Eth, Eν) =

∫
dσ(Eν , Ee)

dEe
dEe (2)

The limits obtained for various neutrino energies are sum-
marized in Table II. The obtained constraints are shown
in Fig. 4 along with the results from SuperKamiokande
[7]. Borexino has set the best limits in the neutrino en-
ergy interval (0.5 – 5) MeV.

Since electron antineutrinos with energies greater than
1.8 MeV can interact with protons via IBD, we calculate
their fluence upper limits for monoenergetic antineutri-
nos using relation (1) but replacing Ne with number of
protons Np. The analysis is similar to a geo-neutrino

search by Borexino based on (5.5±0.3)×1031 protons ×
yr exposure. Only 77 antineutrino candidates were regis-
tered within 1842 live-time days of data taking [41]. IBD
interactions were detected by coincidence of a positron
and then a delayed neutron with detection efficiency of
84.2 ± 1.5 %. No IBD interactions were observed in
±500 s time windows around GW150914, GW151226 and
GW170104 where the expected background is close to
zero, so the 90% C.L. upper limits on the number of GW
correlated events N90(Eν , nobs, nbkg) is 2.44 [39]. The
IBD cross-section for antineutrinos was calculated ac-
cording to [42]. The results are shown on Fig. 4, line
5 and in table II, column 6.
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Figure 4: Borexino 90% C.L. fluence upper limits obtained
through neutrino-electron elastic scattering for νe (line 1), ν̄e
(line 2), νµ,τ (line 3), ν̄µ,τ (line 4) and through inverse beta-
decay for ν̄e (line 5). Given are also the limits obtained by
SuperKamiokande (line 6, 7, 8) and KamLAND (line 9).

If the neutrino spectrum φ(Eν) is not a monochromatic
line, the total cross section for the electron recoil energy
interval (E1, E2) required for (1) is calculated as:

σ(E1, E2) =

∫ ∫
dσ(Eν , Ee)

dEe
φ(Eν)dEedEν (3)

ApJ 850:21, 2017

SK

KL

Bx

(Bx: Borexino)

• SK good at expected 
thermal ν region.

• KamLAND good  below 
5 MeV.

Mono-energetic ν assumed

gamma 
HEN 
GW 

250s 

100s 

150s 

gamma > 100 MeV 100s 
500s 

central engine active central engine active 

(a) (a) (b) (b) (d) 
(e) 

(c) 

Figure 1: Summary of upper bound of GRB emission process durations taken into account
in the total GW+HEN coincidence time window. (a) active central engine before the
relativistic jet has broken out of the stellar envelope; (b) active central engine with the
relativistic jet broken out of the envelope; (c) delay between the onset of the precursor
and the main burst; (d) duration corresponding to 90% of GeV photon emission; (e) time
span of central engine activity. Overall, the considered processes allow for a maximum
of 500s between the observation of a HEN and a GW transient, setting the coincidence
time window to [�500s, 500s]. The time window for GW or HEN signals from the onset
of the GRB is tGW � tGRB ⇡ tHEN � tGRB 2 [�350s,+150s]. Note that we show a period
between the end of the precursor emission and the start of the main GRB with no GW or
HEN emission. While we cannot exclude the possibility of GW or HEN emission in this
period, such emission would have no e↵ect on our estimated time window. The top of the
figure shows a schematic drawing of a plausible emission scenario.

6

B. Baret et al., Astropart. Phys. 35, 1 (2011)

+/- 500 sec window searched

Window = 10 s

✓
mheaviest

⌫

70 meV

◆2 ✓
1.0 MeV

Edetectable
⌫

◆2

Too much for thermal ν?
• Peak emission dt<1sec
• TOF not so long.

(40 Mpc)
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# expected @KamLAND
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#IBD expected (<E>~10 MeV)
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DATA
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Live time in the window
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• muon-spallation veto
• detector’s deadtime

~90% active

Preliminary

No mini-balloon for KL-Zen.
Full volume available.
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BG rate for IBD search
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Event selection
• 2017/8/1̶2017/8/30

(w/o 8/17): 24 livedays
• muon veto
• likelihood cut

DC related parameters

Event rate:
88 evts/24day ~ 4.2e-5 evts/sec
• Almost all are accidental BG.
• Negligible in 1000 sec window.

Preliminary
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BG rate for ES search
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Summary

§ Search for MeV-neutrinos from BNS merger: GW170817 with KamLAND is 
ongoing.

§ The detector was active at the merger without miniballoon.

§ #Inverse Beta Decay expected: ~10-6

o Sensitivity on anti-νe luminosity~1057 erg

§ #Electron Scattering(νe) expected: ~10-7

o Sensitivity on νe luminosity~1059 erg

§ KamLAND good at <E>~O(1) MeV region.

§ Stay tuned for checking events in the coincidence window!!
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Backup
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MeV-ν detection by IceCube’s noise rate

§Supernova (10kpc, 3e53 erg) yields 1.3e5 hits 
(integrated 0.8 sec, anti-νe).

§Noise rate ~ (7E5 +/- 1E3)/0.5sec ~ (1.4E6 +/- 2E3)/sec
§ Limit rate~4E4
§ Limit luminosity on GW170817 ~1.5E59 erg

Ref. A&A 535, A109 (2011)
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