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KamLAND

§ Variable physics targets:
o Reactor neutrinos
o Geoneutrinos
o Solar neutrinos
o Supernova neutrinos
o 0ν double beta decay
o etc...

§ Realized by low BG environment &
low BG Liquid Scintillator(LS)

ü238U: ~10-18 g/gLS, 232Th: ~10-17 g/gLS

Kamioka Liquid scintillator Anti-Neutrino Detector      since 20027/14/16, 13:02池ノ山 - Google マップ

Page 1 of 1https://www.google.co.jp/maps/place/池ノ山/@35.7127326,136.72544…2f4376ffeb1:0x140bc5bfbb0ad6af!8m2!3d36.4273255!4d137.3110342
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Zen400からZen800へ - リーク発見 -

2017/2/15 LBGT2017, OBARA (on behalf of KamLAND-Zen collaboration) 6

① balloon install ② dummy-LS filling ③ Xenon dissolve
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KamLAND-Zen 800
Zero neutrino double beta decay search

20 m

Balloon construction finished!!
@Mar. 6th
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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.)
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Table 2. Limits at 90% C.L. on the fluence of neutrinos from GW170817 given a spectral index of �2 and a range of 100
MeV–10 GeV for FC+PC and 1.6 GeV–100 PeV for UPMU data. The error of UPMU limit is made with ±5� range around
zenith angle of NGC4993. Low-energy limits assume a flat spectrum as well as a Fermi-Dirac spectrum with E
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Figure 1. The 90% C.L. limits for GW170817 events on fluence obtained for mono-energetic neutrinos at 4 MeV, 7 MeV, 10
MeV, 14 MeV, 20 MeV, 30 MeV, 50 MeV, 80 MeV and 100 MeV.

Figure 2. The 90% C.L. limit on fluence for neutrinos(left) and antineutrinos(right) in UPMU data set, overlaid with the 90%
C.L. contour for the location of GW170817 according to LIGO and Virgo released data (solid red line).

SK limit, arXiv:1802.04379

GW170817 and ν observatory follow-up

§ GW170817 (GRB 170817A)
oMulti-messenger detection of Binary Neutron Star(BNS) merger.
o Luminosity distance: 40 Mpc
oRadiated energy > 0.025 Msolar~4.5x1052 erg

• ΔM < 0.2̶0.8 Msolar
o tGRB ‒ tGW= 1.7 sec

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

§MeV neutrino wasn’t observed by IceCube’snoise rate and SK.
o anti-ν flux limit on the earth < 6.6x107/cm2(luminosity at source ~<4x1056 erg*)

ApJ Lett., 848:L12, 2017

ApJ Lett., 850:L35, 2017
arXiv:1802.04379

ApJ Lett., 850:L35, 2017
arXiv:1802.04379

*just my calculation 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 40Mpc 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 n n[ ] (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
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BNS merger and thermal ν emission
§ Thermal ν from BNS merger

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

àνe/ anti-νe emission.
ümore anti-νe due to neutron richness.
Ø Energy: O(10) MeV

§ Thermal ν detection
o Motivation

• Information btw merger to jet.
• ν-mass measurement by time diff. from 
GW.

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

o Exposure of 80 Mt*yr is necessary...
• assuming merger rate ~50/yr at ~200 Mpc

Green: anti-νe
Red: νe
Blue: νx

Light

Medium

Heavy

Rise time<10ms.
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-oscillation not included yet
in current simulation models.
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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
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Time window for thermal ν search

3.5. Convergence Test

In Figures 3 and 5, we plot the results for the lower
resolution models DD2-135135-On-M (solid) and DD2-
135135-On-L (dashed) with the thin curves. For 1t 100 ms,
the time evolution of the neutrino luminosity depends weakly
on the grid resolution. The disagreement in the results among
the three different resolution models is 5% , so a convergence
is reasonably achieved during this time. On the other hand, the
convergence becomes poor for the late time. The difference in
the luminosity of electron antineutrinos and heavy-lepton
neutrinos between the highest- and lowest-resolution models is
∼40% at t=400 ms, while the luminosity of electron
neutrinos does not depend on the resolution significantly.

The resolution dependence of the average energy of
neutrinos shows the same trend as that of the luminosity. The
increases of the average energy of electron antineutrinos and
heavy-lepton neutrinos in time become weaker in higher
resolution models, and thus we can only discuss the upper limit

of the average energy of these neutrino species. The possible
reason for this behavior is that the density gradient at the
surface of the MNS, around which neutrinos are most
significantly emitted, becomes steeper at that time, and hence
the diffusion of the neutrino emission is not accurately resolved
with the low resolution. Taking this resolution dependence
into account, we may conclude that 1n

-¯L 10 erg s52 1
e ,

1 ´n
-L 7 10 erg s51 1

x , 1wá ñn̄ 13 MeVeme , and 1wá ñn emx

20 MeV at t=400 ms.
For the ejected mass and its kinetic energy (see Figure 5),

the convergence is better achieved. The difference between the
highest- and lowest-resolution models is ∼3% and ∼2% for the
mass and the kinetic energy of the ejecta, respectively.

4. Discussion

4.1. Can Neutrinos Drive SGRBs?

As mentioned in Section 1, the neutrino pair-annihilation
could be a driving force for launching a relativistic ejecta,
which could be SGRBs. In the results of our fiducial model

Figure 3. Top: luminosity curves for electron neutrinos (red), electron
antineutrinos (blue), and other neutrinos (green), respectively. The thick solid,
thin dashed, and thin dotted curves denote the results for three different
resolution models DD2-135135-On-H (high resolution), DD2-135135-On-M
(medium resolution), and DD2-135135-On-L (low resolution), respectively.
The dot-dashed curves denote the results of model DD2-135135-On-H-53, in
which the average energy of neutrinos is estimated by Equation (41) instead of
Equation (40). Middle: average energies of individual neutrino species. The
line types and colors correspond to the resolutions and the neutrino species in
the same way as in the top panel. Bottom: total heating rates due to neutrino
pair annihilation (solid curves) and the heating efficiencies (dashed curves) for
the models DD2-135135-On-H (red) and DD2-135135-Iso-H (blue). The
definition for the heating rate is found in Equation (49).

Figure 4. Snapshots of the temperature (left) and the neutrino emission cooling
rate (right) for the model DD2-135135-On-H at =t 20 ms (top), 100 ms
(middle), and 300 ms (bottom) in the meridional plane. The white region in the
left panel denotes the region in which the temperature is higher than 10 MeV.
The black curves denote contours of each quantity. For the temperature, the
spacing of the contour is 2.5 MeV. For the cooling rate, the contour is
logarithmically spaced with intervals of 1.0 dex.

9

The Astrophysical Journal, 846:114 (15pp), 2017 September 10 Fujibayashi et al.

Window = 10 s

✓
mheaviest

⌫

70 meV

◆2 ✓
1.0 MeV

Edetectable
⌫

◆2

(40 Mpc case)

Figure from ApJ, 846:114, 2017.
This is likely to be underestimated
(mentioned in arXiv:1710.05922).

• High emission period < 1 sec.
• TOF effect dominant for MeV neutrinos.

This logic is from Borexino’s GW paper (ApJ 850:21, 2017).

4

also used to reduce the 210Po and 210Bi background de-
cays and the 7Be solar neutrino scattering on electrons.
Backgrounds contained in the nylon of IV can not be

removed by any kind of purification and are therefore of
the order of 102 – 103 times higher than within the bulk
of the scintillator. The most dangerous components are
214Bi and 208Tl decays. These nuclides undergo β and
β + γ decay processes with a continuous spectrum over-
lapping with the region used by this analysis. The only
way to overcome this kind of background is to perform a
geometrical cut on events, selecting those within a fidu-
cial volume. The fiducial volume is defined such that
all events within and further than 75 cm away from the
IV are kept which corresponds to 3 standard deviations
of position reconstruction uncertainty at the lowest en-
ergy threshold.2. The corresponding fiducial volume has
a mass of 145 t.
The energy spectra after applying these data selection

cuts for both weeks containing GW events are shown in
Fig. 2. The spectrum is dominated by 14C in the region
below 0.250 MeV of visible energy, electron recoil from
solar 7Be neutrinos in 0.25−1 MeV, by cosmogenic 11C in
1−2 MeV region and by external gamma-quanta of 214Bi
and 208Tl in 2 − 3 MeV region. All these components
can not be significantly reduced by any available data
selection techniques without serious exposure loss. The
final rates of background events are shown in Table I.

IV. ANALYSIS AND RESULTS

The observations of GW150914, GW151226 and
GW170104 events were made on 14 September and 26
December 2015, and 4 January 2017 respectively, at times
when the Borexino detector was taking data. The de-
tection time and visible energy of Borexino events pass-
ing all data selection cuts in ±3000 s windows around
GW150914, GW151226 and GW170104 are shown in
Fig. 3.
A time window of ±500 s around the GW150914,

GW151226 and GW170104 detection times is applied for
further analysis. This time window covers the possible
delay of a neutrino which propagates slower than GW
(for a claimed distance of d ≈ 440 Mpc for GW151226
[2] the delay reaches 440 s for a 0.5 MeV neutrino with
70 meV mass 3 ), as well as possible earlier emission of
neutrinos due to poorly constrained details of black hole
- black hole (BH-BH) merger. Moreover, the choice is

2 Position reconstruction precision increases with energy due to
statistical reasons

3 The P lanck 2015 CMB temperature and polarization power
spectra in combination with the baryon acoustic oscillations data
gives a limit on the sum of neutrino masses

∑
mν ≤ 0.17 eV at

95% C.L. [37]. Together with the measured oscillation mass dif-
ferences [38] it leads to a constraint on the maximum neutrino
mass m1, m2, m3 of 70 meV.

consistent with the time window chosen in [4–7].
Two visible energy ranges are used in this analysis, the

first is from 0.25 MeV to 15 MeV and the second extends
from 0.4 to 15 MeV. The lower threshold of 0.25 MeV
allows us to register neutrinos with energy as low as
0.41 MeV via neutrino-electron elastic scattering.
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si

bl
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 GW150914
 GW151226
 GW170104

-500 s              +500 s

Figure 3: Borexino events between 0.25 MeV and 15 MeV vis-
ible energy occurring within ±3000 s of the GW150914 (black
circles), the GW151226 (red squares) and the GW170104
(blue triangles) detection times. The closest events with en-
ergy 0.267 MeV, 0.485 MeV and 0.700 MeV occurred at 265 s,
291 s and 270 s after the GW150914, the GW151226 and
GW17010, correspondingly. All events are consistent with
the expected solar neutrino and background count rate.

Applying the selection cuts listed above leaves five
candidates within ±500 s search window around the
GW150914, GW151226 and GW170104 detection time
respectively(Fig. 3). The closest events with energy
0.267 MeV, 0.485 MeV and 0.700 MeV occurred at 265 s,
291 s and 270 s after the GW150914, GW151226 and
GW170104, respectively. One should note there are no
extra events below 1 MeV within an extended window
of ±1000 s. A delay of 1000 s corresponds to a 70 meV
neutrino which has traveled 990 Mpc (the distance from
GW170104 is 880 Mpc) with the minimal detectable en-

Edetectable
⌫ =

Eth

2

✓
1 +

r
1 + 2

me

Eth

◆
Calculation for ES:

And also, if BG is high, O(0.1 sec)-burst is worth being searched. 
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KamLAND DATA Quality
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Detector condition
No mini-balloon for KL-Zen.
Full volume available.
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Event selection (IBD)

§ Veto muon & events 2-msec after the muon. 
§ 2-sec veto after showering muon
§ Likelihood selection
§ Prompt Energy (Ep):0.9̶100 MeV (Eν 1.8̶100 MeV).

§ Delayed Energy (Ed):1.8̶2.6 MeV || 4.4̶5.6 MeV

§ Time correlation (dT): < 1000 μs.
§ Space correlation (dR): < 200 cm.

Overall
detection eff.
~98%

ßDifferent from usual analysis*.
*PRD 88 (2013) 033001.
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BG rate for IBD search
Blue: Selections
other than the
parameters
Skyblue:
DC candidates

Event selection
• Run014495̶014546
• 2017/8/1̶2017/8/30
(w/o 8/17): 24.4 livedays

• Rp, Rd < 6.0 m

DC related parameters

Event rate:
120 evts/24day ~ 5.7e-5 evts/sec
• Almost all are accidental BG.
• Negligible in 1000 sec window.

Preliminary
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Event selection (ES)

§Veto muon & events 2-msec after the muon. 
§2-sec veto after showering muon
§Visible Energy: 0.5̶100 MeV

(Eν: 0.67̶100 MeV)
§Veto DC tagged events.

oAnti-neutrino candidates.
oRn daughters.

§Veto badly reconstructed events. Overall
detection eff.
~99%
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Integrated BG rate

Event selection
• 2017/8/1̶2017/8/30
(w/o 8/17): 24.4 livedays Window = 10 s

✓
mheaviest

⌫

70 meV

◆2 ✓
1.0 MeV

Edetectable
⌫
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BG free with 3.5 MeV 
threshold if
1000 sec window

Modifying window and 
volume,
BG free with 1.0 MeV 
threshold. 
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Fiducial volume decision (ES)
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Fixed 1000 sec window

Figure of merits relative to 600-cm-radius analysis:

R< 5
00 c

m

R< 45
0 cm

R< 60
0 cm

R< 600 cm

PreliminaryPreliminary

FOM =
(R/600cm)3

1.64
2 +

p
B(R,Eth)

1.64sigma=90% C.L.
arXiv:physics/0308063
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Unblind
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IBD search

No events in +/- 500 sec window.
Consistent with expectation: 5.7e-2.

Preliminary



19/27

ES search R<600cm, higher energy
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No events above 3.5 MeV in +/- 500 sec window.
Consistent with expectation: 0.7.

Preliminary
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ES search R<500 cm, lower energy

• Eth 1-MeV analysis
• BG rate: 0.025/sec
• 10-sec expected: 0.25 evt.
• Nobs: 1 evt.
• Probability(Nobs>0): 22%

• Eth 0.5-MeV analysis
• BG rate: 0.045/sec
• 20-sec expected: 0.89 evt.
• Observed: 1 evt.
• Probability(Nobs>0): 59%

BG consistent

Preliminary

0 < �t [sec] < 10
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Evis

◆2

+ 1
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About the event

Evis = 1.4 MeV
x               = -137 cm
y               = -81 cm
z               = 7 cm
r               = 159 cm

Occurred at
Thu Aug 17 12:41:05.449 2017 UTC

1.02 sec after GW
(0.72 sec before GRB).

Relatively inside vertex.

Preliminary
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1.4 MeV: 11C dominant
7Be SOLAR NEUTRINO MEASUREMENT WITH KamLAND PHYSICAL REVIEW C 92, 055808 (2015)

TABLE III. Summary of signal and background in the FV. The
best-fit signal and background rates in the whole energy range (w/o
E cut) and the 7Be solar neutrino energy range (0.5 MeV < E <

0.8 MeV) are shown.

Isotope Event rate w/o E cut Event rate in 0.5–0.8 MeV

All ranks Rank 1 All ranks Rank 1
(kt d)−1 (kt d)−1

Solar neutrinos
7Be ν 582 ± 94 117 ± 19
Other ν 1443 14.9

Radioactive impurities in the LS
210Bi 23974 ± 883 3955 ± 238 4557 ± 168 578 ± 35
85Kr 858 ± 59 453 ± 102 57 ± 4 30 ± 7
39Ar 3 ± 3 2 ± 3 0.04 ± 0.04 0.02 ± 0.04
40K 181 ± 29 3 ± 38 48 ± 8 1 ± 10

Spallation products
7Be 167 ± 173 2 ± 2
11C 973 ± 10 3.55 ± 0.04
Other 173 8.0

Others
External γ — — 2.4 ± 0.4 2 ± 1
Pileup — — 10 ± 1 8 ± 2

VII. RESULT

The 7Be solar neutrino rate is estimated by a likelihood
fit to the binned energy spectra of candidate events with
visible energy between 0.5 and 1.4 MeV. The background
contributions from 210Bi, 85Kr, 40K, and 7Be EC are free pa-
rameters and their normalizations are left unconstrained in the
fit. The contributions from the 222Rn- 210Pb and 228Th- 208Pb
chains and 11C are allowed to vary, but their normalizations
are constrained by independent KamLAND measurements, as
outlined in Sec. V. Distributions with different background
rank are fitted simultaneously. The background rates, derived
from the fit normalizations, are summarized in Table III. The
backgrounds from external γ rays, and pileup events are
constrained by the MC study. The model parameters of the
detector response are also constrained, as discussed in Sec. VI.

Figure 5 shows the result of this procedure: the best-fit
spectrum for the rank 1 data set which is lowest in background
and, therefore, most sensitive to the solar neutrino signal. The
inset shows the background-subtracted energy distribution,
which exhibits the shape of the best-fit 7Be neutrino signal
extracted from the analysis. The backscattering edge is visible
and located at the correct energy. The χ2/n.d.f. comparing the
binned data and the best-fit model is found to be 635.3/589
using data of all ranks. The χ2/n.d.f. of the lowest background
rank 1 data is 80.1/90. As can be seen from the data in
Table III the signal-to-background ratio is estimated to be
1:5.5 for rank 1 data (0.5 < E < 0.8 MeV). This relatively
low signal-to-background ratio naturally invites the question
of whether a statistically significant 7Be solar neutrino signal
is really present in the data. The fit to the data was also
performed assuming the absence of a solar neutrino signal,
but minimizing all other background components within their
constraints as before. The observed increase in the fit χ2 leads
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FIG. 5. (Color online) Energy spectrum of selected 7Be solar
neutrino candidates for the rank 1 data set together with the best-fit
curves from the simultaneous fit to all rank’s spectra. The fit range
is 0.5 MeV < E < 1.4 MeV. The background-subtracted spectrum
is shown in the inset, where a Compton-like shoulder characteristic
for the 7Be solar neutrino contribution is evident. The error bars are
statistical only and do not include correlated systematic uncertainties
in the background rate estimates.

us to reject the no-solar signal hypothesis at 8.2σ CL. To
understand whether the solar recoil signal, preferred by the
data and shown in the inset of Fig. 5, is a unique solution or
whether other continuous distributions yield equally good fits,
the neutrino energy (assuming a monoenergetic source) and
interaction rates were floated and the fit χ2 profile determined
under their variation. The result of this procedure is shown
in Fig. 6. The KamLAND data clearly prefer the presence
of an edge at an energy that coincides with that expected for
solar 7Be neutrino-induced electron recoils. Assuming that the
edge is indeed solar neutrino induced, we determine the solar
neutrino energy to be Eν = 862 ± 16 keV. This is the first
direct spectroscopic determination of the solar 7Be neutrino
energy.

The fit to the KamLAND data gives a solar neutrino
interaction rate of RKL = 582 ± 94 (kt d)−1. The quoted
error corresponds to the quadratic sum of the statistical and
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FIG. 6. (Color online) %χ 2 profile from the fit to the energy
of monoenergetic neutrinos discussed in the text. The vertical line
indicates the neutrino energy predicted from the 7Be electron-capture
reaction at 862 keV.
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11C 
β+ decay

(τ = 29.4 min, Q = 1.98MeV)
Produced by muon spallation.

Rank 1, R< 450 cmPhysRevC.92.055808

7Be SOLAR NEUTRINO MEASUREMENT WITH KamLAND PHYSICAL REVIEW C 92, 055808 (2015)
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FIG. 4. (Color online) Energy spectra of candidate events for
each data-set rank, exhibiting different 210Bi rates. All data sets are
used for the simultaneous fit of the 7Be solar neutrino spectrum, with
a common rate normalization. The location of the major background
sources are labeled and the theoretical electron recoil spectrum of
862-keV 7Be solar neutrinos, whose rate is based on the standard
solar model by Serenelli et al. [15], is shown for comparison.

background contributor, is found to be spatially nonuniform;
in addition, its decay rate in the FV fluctuates in time.
This is attributed to 210Bi supplied from the balloon surface
by irregular LS convection currents, followed by its decay
with T1/2 = 5.01 days. This interpretation is supported by the
observation that around the balloon surface, the spectrum is
dominated by electrons from 210Bi decays, and α particles
from 210Po decays, consistent with the hypothesis that the
balloon film is contaminated with ∼200 Bq of 210Pb, a
222Rn daughter introduced during detector construction. The
scintillator subvolume ranking technique, described before,
was devised to cope with this variability in an unbiased
way. Depending on the rank, the specific 210Bi activity
varies between 35.7 and 681.1 µBq/m3 within the FV. 210Bi
undergoes a first forbidden β decay. The parametrization of
the resulting beta spectrum will be discussed in the analysis
section.

The concentration of 40K is measured to be (7.3 ± 1.2) ×
10−17 g/g from the energy spectrum fit. Owing to the
fluid circulation during LS purification, 238U, 232Th, and
40K may have nonuniform spatial distributions. The long-
lived radioactive noble gas, 85Kr, was the major source of
low-energy background prior to scintillator purification. The
present background model includes this component to deal
with any leftover activity. 39Ar is included as a potential
source in the background model, its abundance constrained
by the ratio of 85Kr and 39Ar found in the atmosphere. From
the spectral fit we find that its contribution to the background is
negligible. This is consistent with the prepurification spectral
analysis results. For volume ranks 1 through 6 the 85Kr
specific activity varies between 4.1 and 19.2 µBq/m3. For

the highest background partitions—those with rank 7—the
fit only yields an upper limit for the activity. After LS
purification, we collected samples from a location within the
FV at z = +1.5 m. These samples were analyzed for their Kr
content using a helium purge, a cold trap to retain the Kr, and
a residual gas analyzer to measure its partial pressure. Based
on these measurements, the 85Kr decay rate was estimated at
8.3 ± 4.2 µBq/m3, assuming a recent isotopic ratio of 85Kr in
air [19]. As a third cross check for the 85Kr content of the LS,
a 85Kr-85mRb delayed coincidence analysis was performed,
utilizing the β decay into the metastable, 514-keV excited state
of 85Rb. This analysis yielded 17.3 ± 5.9 µBq/m3, averaged
over the entire FV. 85Kr undergoes a unique first forbidden
β decay. The β spectrum contained in the background model
was calculated using a relativistic Fermi function plus a shape
correction accounting for the forbiddenness following the
procedure outlined in Ref. [20]. This spectral parametrization
was found to fit well the high-statistics β spectrum collected
before LS purification.

B. Spallation products

The 2700 mwe of rock overburden of the Kamioka
Underground Laboratory suppresses the rate of cosmic ray
muons traversing the KamLAND LS to 0.198 ± 0.014 s−1

[21]. The surviving muons can produce unstable light nuclei
by spallation of carbon, whose decays result in background.
The dominant cosmogenic background between 1 and 2 MeV
is due to decays of 11C (β+, τ = 29.4 min, Q = 1.98 MeV).
Owing to its relatively long half-life, these decays cannot be
tagged without incurring large dead time. Its decay rate has
earlier been estimated to be 1106 ± 178 (kt d)−1 [21]. The
background contribution of 11C is constrained by this value.

Another spallation source of interest is 7Be [EC decay,
τ = 76.8 days, Q = 0.862 MeV]. While its production rate by
muon spallation in the LS is estimated to be small [21,22], there
is the possibility of a higher-than-steady-state production yield
owing to the introduction of fresh, surface-exposed LS during
the scintillator purification. Therefore, to be conservative, the
rate of 7Be decays is unconstrained.

C. Radioactivity in the surrounding material

The background from external γ rays is mainly caused
by 40K, 232Th, and 238U contained in the surrounding rock,
stainless steel, PMT glass, balloon film, and Kevlar suspension
ropes. The energy distributions resulting from these radiation
sources were modeled by means of a Monte Carlo simulation.
The simulation was tuned with source calibration data to
reproduce the vertex distribution as well. The γ -ray attenuation
in the radial direction in the simulation is consistent with that
in the real data. External backgrounds dominate the energy
distribution for radial positions larger than 4.5 m. These
data were used to fit the relative background contributions.
The Monte Carlo simulation was then used to extrapolate
the background for R < 4.5 m. Based on this fit, it was
concluded that external γ rays do not significantly impact
the FV background below 1 MeV.
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TABLE I. Listing of the ranks defined according to the estimated
210Bi rate in (0.5 MeV < E < 0.8 MeV) and the total exposure for
each rank.

Rank 210Bi rate Exposure
10−6 (m3 s)−1 (kt d)

1 <5 26.52
2 5–10 34.42
3 10–15 27.06
4 15–20 17.81
5 20–25 11.35
6 25–30 7.63
7 >30 40.63

Total 165.43

is divided into equal-volume partitions having dimen-
sions dρ2 = 2.0 m2 and dz = 0.2 m.

(2) For events with an energy of 0.5–0.8 MeV (mainly
210Bi) an effective event rate is calculated for each
partition. Each partition is assigned a rank based on
the average rate of its spatial and temporal neighbors.
An average rate is calculated for up to eight partitions
bordering the cell to be ranked (a partition near the FV
boundary has fewer neighbors). The time dimension is
included in this by adding the rate of the ranked cell, as
determined in the previous and following data-taking
runs (usually 1 day long), to the average rate of its
neighbors.

(3) The effective event rate is then used to classify each
partition into one of seven different ranks, which
are defined in Table I. As an example, the rank
classification for one data-taking run (∼24 h long) is
shown in Fig. 3. We find that the rank assignment of
each volume generally varies slowly with time except
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FIG. 3. (Color online) Rank classification of partitions in the FV
during a short data-taking interval.

after periods of thermal instability when convection
occurred in the LS.

The procedure just outlined allows identification of low-
210Bi regions within the detector without complex and arbi-
trary FV cuts. However, each partition will have some volume
bias owing to vertex resolution and position-dependent vertex
reconstruction. This bias is corrected in the spectral fit using the
fact that the following event rates, produced from cosmogenic
or astrophysical sources, must be distributed uniformly in
the LS: 11C, 10C, 7Be, and 7Be solar neutrinos. Using the
prescribed rank classification, a simultaneous spectral fit is
performed over the data from every rank to obtain one common
7Be solar neutrino rate.

V. BACKGROUND ESTIMATION

Accurate modeling of the energy distributions of back-
ground sources inside and outside the detector is necessary
to determine the 7Be solar neutrino flux with KamLAND.
These energy distributions are based on a phenomenological
detector response function. They derive their validity from the
fact that they describe the data well (a) before purification when
radioimpurity concentrations were high and (b) in areas of high
rate after purification. For some subdominant components,
that cannot be verified in this way, Monte Carlo-generated
spectra are used instead. The contributions of the various
background components are summed with freely varying
normalizations, although some normalizations are constrained
by other independent KamLAND data. A fit to the candidate
event spectrum then determines the partial contributions.

This section describes how the background model is
constructed and what is known about its constituents. Back-
ground sources are classified into three categories: radioactive
impurities in the LS, spallation products, and radioactivity in
the surrounding materials.

A. Radioactive impurities in the liquid scintillator

The abundance of 232Th and 238U and their daughters
in the LS is constrained by KamLAND data. The decay
rates of the 222Rn- 210Pb subchain of the 238U series and the
228Th- 208Pb subchain of the 232Th series can be measured,
almost background free, using 214Bi- 214Po and 212Bi- 212Po
β-α delayed coincidences, with 94.8% and 31.9% selection
efficiencies, respectively. The inferred 238U and 232Th con-
centrations assuming secular equilibrium are (5.0 ± 0.2) ×
10−18 g/g (93 ± 4 nBq/m3) and (1.3 ± 0.1) × 10−17 g/g
(59 ± 4 nBq/m3), respectively. Some radioactive decay chains
are found to be out of secular equilibrium. A fit to the
prominent 210Po α peak, quenched to about 0.3 MeV visible
energy in Fig. 4, yields spatially varying activities ranging from
2.4 to 4.8 mBq/m3, depending on the rank of the analyzed
volume. However, as discussed in the following section, this
background component is not considered in the fit because it
falls below the analysis threshold. The higher-mass members
of the decay chains above 228Th and 222Rn are determined by
a spectral fit and are found to be unimportant.

Below 1 MeV, the background is dominated by daughters
of 210Pb, namely 210Bi and 210Po. 210Bi, the most important

055808-4
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ES search R < 450 cm, lower energy
+/- 500 sec
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• BG rate: 0.0056/sec
• 1000-sec expected: 5.6 evt.
• Nobs: 9 evt.

• Eth 0.5-MeV analysis
• BG rate: 0.018/sec
• 1000-sec expected: 19 evt.
• Observed: 21 evt.

BG consistent

Preliminary
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Fluence Upper Limit
monochromatic energy was assumed.
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Summary

§MeV-neutrinos from BNS merger: GW170817 was searched 
with KamLAND.

§ Time window for the search was modified for thermal ν.

§ No IBD was found within +/- 500 sec from tGW. 

§ 1 ES candidate was found after 1 sec from GW.
o BG consistent with (500-cm-radius, 10-s-window, 1-MeV-Eth) analysis.

§ KamLAND’s sensitivity is <1/106 of expected ν fluence.




