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超新星背景ニュートリノ（歴史）

•最初に指摘されたのは1960年代 
• 1980年代になって計算がなされた 
• Kamiokande で初めて観測による上限
値がつけられた (1988年) 

• SKでの観測 (2003年, 2012年) 
• Ando and Sato (2004年) の理論予測 
•現在では詳細な理論計算がされている。
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超新星背景ニュートリノ探索
•約10秒間バースト的に発生する超
新星爆発ニュートリノと異なり、
常に漂っているフラックスの小さ
い信号の探索になる。したがって
バックグラウンド事象との識別が
鍵となる。 
•等方的に発生することから、水チェ
レンコフ検出器での太陽ニュート
リノ弾性散乱事象との区別には、
方向情報が使える。 
•液体シンチレータ検出器の場合は、
同時遅延計測手法が太陽ニュート
リノとの区別に使える。

SRN expected spectrum

Constant SN rate (Totani et al., 1996) 
Totani et al., 1997 
Hartmann, Woosley, 1997 
Malaney, 1997 
Kaplinghat et al., 2000  
Ando et al., 2005 
Lunardini, 2006 
Fukugita, Kawasaki, 2003(dashed) 

Atmospheric ν

Reactor ν

Solar ν
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超新星背景ニュートリノ探索
実験 発表年 検出器タイプ 有効体積 測定日数 エネルギー

領域

Kamiokande 1988 水 680 ton 1040 
days

20~50 
MeV

LSD 1992 液体シンチレータ 90 ton 847.3 
days

20~50 
MeV

Super-K 2003 
2012 水 22500 

ton
1496 
2853

18~34 
16~100

SNO 2006 重水 770 ton 306.4 
days

21~35 
MeV

(Borexino) 2011 液体シンチレータ 270 ton 736 
days

1.8~17.8 
MeV

KamLAND 2012 液体シンチレータ 700 ton 2343 
days

8.3~31.8 
MeV
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Kamiokande (1988)

Jan.1987~Jun.1988 Jun.1988~Apr.1990 
(gain x 2)

予測されるバックグラウンド事象 (decay-e from invisible muon)

1.6 事象 1.3 事象
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Kamiokande (1988)
フラックス(単位面積・単位時間あたりの数) の上限値

F⌫ <
np

TNp✏�
780/cm2/sec at 90%C.L. for T=4MeV
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LSD (1992)
同時遅延計測を用いた逆ベータ崩壊事象の探索

All	events�

Followed	by	2.2MeV�

12<E<30MeV で1つの候補事象 
バックグラウンド期待値は 1.6 

フラックスの上限値
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LSD (1992)

フラックスの上限値

Kamiokande

LSD
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SNO (2006)

SRN�

Atm	ν�

hep�

8B�

21<E<35MeVに事象は無し。 
バックグラウンド期待値 

（大気ニュートリノ）は0.18±0.04

フラックスの上限値

the neutrinos in this region vary little (see Table 4). Taking the
median result, a limit on the DSNB !e flux of 70 cm!2 s!1 at the
90% CL for 22:9 MeV < E! < 36:9 MeV is inferred. These lim-
its and the background prediction are in good agreement with
those predicted by Beacom & Strigari (2006) after accounting
for the difference in exposure between their prediction and the
data used in this search.

6. CONCLUSIONS

Data from the first operational phase of SNO, with an exposure
of 0.65 ktons yr, have been used to search for neutrinos from the
hep reaction in the Sun. No evidence for these neutrinos was ob-
served, and an upper limit on the integral total flux of hep neutri-
nos of 2:3 ; 104 cm!2 s!1 has been derived at the 90% CL. This
measurement improves the previous best limit on the hepneutrino
flux, measured with the Super-Kamiokande detector, by a factor
of 6.5 but is not inconsistent with the standard solar model. A
model-independent limit on the integralhep!e flux,with no assump-
tions about neutrino oscillations, is set at 3:1 ; 104 cm!2 s!1. A
search for the !e component of the diffuse supernova neutrino
background has also been made using SNO data. Again, no evi-
dence for these neutrinos was found, and an upper limit at 90%

CL on the !e component of the DSNB flux of 70 cm!2 s!1 for
22:9 MeV < E! < 36:9 MeV is inferred. This is an improve-
ment of 2 orders of magnitude on the previous !e limit (Aglietta
et al. 1992). The exposure of the final SNO data set for these
analyses combined across all phases of the experiment is ex-
pected to be approximately 4 times that of the data used in this
analysis. A future search for hep and DSNB fluxes using these
data will be carried out, which is expected to further improve on
the limits presented in this paper.
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TABLE 4

DSNB Flux Predictions and Limits

Integral Flux
(cm!2 s!1)

Flux 22.9 MeV < E! < 36.9 MeV

(cm!2 s!1)

Model Prediction Upper Limit Prediction Upper Limit

Beacom & Strigari (2006)

T = 4 MeV................................... 21.1 1.1 ; 104 0.19 93

T = 6 MeV................................... 14.1 1.5 ; 103 0.66 72

T = 8 MeV................................... 10.5 6.0 ; 102 1.08 61

Ando & Sato (2003)

NOR-L ......................................... 28.5 1.3 ; 103 1.49 69

NOR-S-INV ................................. 34.9 2.3 ; 103 1.06 70

Note.—This table shows the 90% CL upper limits on the !e component of the DSNB flux and model predictions
for different models from Beacom & Strigari (2006) and Ando & Sato (2003).

SEARCH FOR hep AND DSNB NEUTRINOS WITH SNO 1551No. 2, 2006

νe + d → p + p + e-
荷電カレント反応 (CC) を探索

（νe ではない）
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SNO (2006)

SRN�

Atm	ν�

hep�

8B�

21<E<35MeVに事象は無し。 
バックグラウンド期待値 

（大気ニュートリノ）は0.18±0.04

νe + d → p + p + e-
荷電カレント反応 (CC) を探索

（νe ではない）

νe�

νe�

(Ando	model)�

フラックスの上限値
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SNO (2004)
（あえて）反電子ニュートリノの探索

νe + d → n + n + e+

２つの中性子が付随する荷電粒子の探索すると２つの候補事象

the deuteron photodisintegration threshold, was esti-
mated to be less than 0.05 coincidences. It was calculated
from abundances of 17O and 18O, relative intensities of
gamma rays produced in 17O!n;!"18O and 18O!n;!"19O
reactions, the ratio P17O;18O=PD of the neutron capture
probability on 17O and 18O and deuterium, as well as
the total number of observed neutrons. Instrumental
backgrounds are events produced by electrical pickup or
emission of non-Cherenkov light from detector compo-
nents. Their background contribution is determined to be
<0:027 coincidences (95% C.L.). The number of coinci-
dences of this type is assessed by means of a bifurcated
analysis, which employs sets of orthogonal cuts aimed at
instrumental background rejection. The background from
"-capture reactions on carbon, which can produce a neu-
tron in coincidence with an e# $ e$ pair, was found to be
less than 1:7 % 10$ 3 (90% C.L.) coincidences. It was
estimated on the basis of the total number of neutrons
in the signal region and a MC calculation. Other back-
grounds originate from radioisotope contamination and
can produce coincidences through # $ ! or # $ n decays
but are found to be entirely negligible. They are estimated
on the basis of their respective radioisotope contamina-
tion levels.

Upper limits and uncertainties on individual back-
grounds have been combined under the assumption that
they are independent. The total background amounts to
1:68# 0:93

$ 0:45 coincidences. The uncertainty on the total back-
ground is conservative since uncertainties and intervals of
different confidence levels (C.L.) have been combined
under the assumption that all are at the 68% C.L.

IV. RESULTS

The search for !$e candidates in the experimental data
set employs the same cuts on energy and fiducial volume
as well as the same coincidence extraction algorithms
as were used to derive the Monte Carlo-based coincidence
detection efficiencies. One 3-fold and one 2-fold coinci-
dence were found. Table III summarizes the character-
istics of the two !$e candidate coincidences and their
constituent events. On an event-by-event basis it is
not possible to uniquely identify individual constituent
events as a positron or a neutron. Therefore, the analysis
regroups (e# ; n)- and (n; n)-coincidences into a single
category of 2-fold coincidences. This category has an
order of magnitude higher sensitivity than 3-fold coinci-
dences and is sensitive to !$e’s with energies as low as
4 MeV.

TABLE II. Types of coincidence backgrounds and number of expected coincidences in the SNO detector for the data set. Upper
limits and uncertainties on individual backgrounds have been combined under the assumption that they are independent.

!$e background
Type of !$e expected coincidences

Atmospheric 0:07 & 0:01
Reactor 0:019 & 0:002
Diffuse supernovae ' 0:005
Geo-antineutrinos 0.0

Total !$e’s background 0:09 & 0:01

Non- !$e background
Process expected coincidences

Atmospheric $ 1:46 # 0:49
$ 0:45

238U spontaneous fission in detector media <0:79

Accidental coincidences 0:13 # 0:06
$ 0:04

xO!n;!"x# 1O, where x( 17; 18 <0:05

Instrumental contamination (95% C.L.) <0:027
13C!"; ne# e$ "16O (90% C.L.) <1:7 % 10$ 3

Intrinsic:
214Bi:# $ ! decay 7:6 % 10$ 5

210Tl:# $ n decay ) 10$ 8

208Tl:# $ ! decay 8:7 % 10$ 4

! ! Compton e$ # photo-disintegration n <8 % 10$ 4

Total non- !$e background 1:59 # 0:93
$ 0:45

Total background 1:68 # 0:93
$ 0:45
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バックグラウンド期待値は 1.77

A. Differential Limits

This analysis sets model-independent differential lim-
its on the !!e flux in the neutrino energy range from 4–
14.8 MeV. Bin sizes in neutrino energy were chosen to be
1 MeV. Based on the observed 2-fold coincidence, and
under the conservative assumption of zero background,
the Bayesian upper limit [25] on the number of 2-fold
coincidences amounts to 3.89 at the 90% C.L. In each
neutrino energy bin, it is assumed that the candidate 2-
fold event was produced by an !!e of that energy. The
upper limit on the number of candidate events is then
corrected for detector acceptance and cross section to
obtain a limit on the absolute !!e flux at that energy.
As a result, the limit in each energy bin is model-
independent and maximally conservative, but limits in
different energy bins are strongly correlated. Systematic
uncertainties in the theoretical cross sections, energy
resolution differences between data and MC, simulation
failures, as well as systematics related to data reduction
combine to about 2% and have been taken into account.
Only biases between the data and the Monte Carlo are
important to derive a flux limit and therefore the quoted
uncertainty for the detection efficiency cannot be counted
in full. Simulation failures are mostly signal or back-
ground events for which the MC was not able to success-
fully track all Cherenkov photons. Figure 2 displays !!e
flux limits for the energy range from 4–15 MeVat greater
than 90% C.L. Super-Kamiokande’s (SK) flux limits for
monoenergetic !!e’s are shown for comparison [26].
Super-Kamiokande’s limits are based on data events,
after subtraction of spallation background, which fall in
the !1" range of a Gaussian that describes the detector
response to monoenergetic !!e’s. The SNO and SK limits
are slightly different in nature since SNO limits were
calculated for a series of 1 MeV wide bins in neutrino
energy.

B. Integral Limit

Under the assumption that the energy distribution of
solar !!e’s follows a 8B spectrum, and that both observed
candidates are of solar origin, an integral limit on the
solar !!e flux is derived. The 2- and 3-fold coincidences are

joined in order to maximize the sensitivity. Using an
extended Feldman-Cousins method [27,28] to include
the background uncertainty in the form of a two
unequal-sided Gaussian, the 90% C.L. upper limit for
two candidate coincidences and 1:68"0:93

#0:45 background
events has been calculated to be 3.8 coincidences. A MC
calculation was used to convert a given !!e flux into a
number of observed events. The 3.8 coincidences translate
into a !!e flux limit of "< 3:4$ 104 cm#2 s#1 in the
energy range from 4–14.8 MeV. The systematic uncertain-
ties have been treated similarly to the differential analy-
sis. The analysis energy window contains 83.4% of the
SSM-BP00 8B !e flux of 5:05"1:01

#0:81 $ 106 cm#2 s#1 [15].
The above limit implies a 90% C.L. upper bound on the
conversion probability of solar 8B !e’s into !!e’s of 0.81%,
if !!e ’s are assumed to follow a 8B spectrum. This as-
sumption is equivalent to an energy-independent !e ! !e
conversion mechanism.

If the analysis is restricted to the !!e energy range from
4–8 MeV, only the observed 2-fold coincidence represents
a !!e candidate since the 3-fold coincidence could only
have originated from a !!e with an energy in excess of
12.6 MeV. Within the 4–8 MeV energy window the back-
ground is conservatively assumed to be zero coincidences.
Using a Bayesian prescription [25], the 90% C.L. upper
limit on one candidate and zero assumed background
corresponds to 3.89 events. Assuming a fission spectral
shape [12,19] from possible naturally occurring elements,
this defines a limit of "< 2:0$ 106 cm#2 s#1 in the

Neutrino Energy (MeV)

ν–

e F
lu

x 
 (c

m
-2

 s
-1

)

10 3
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10 7

4 6 8 10 12 14

FIG. 2. Limits on the !!e flux from SNO (bars) and SK (stars).
Bars represent 90% C.L. flux limits for 1 MeV wide energy bins
and are based on the assumption that the observed 2-fold
coincidence originates from that particular energy bin. Stars
indicate limits for monoenergetic !!e’s .

TABLE III. Two !!e candidate coincidences are found. Listed
are kinetic recoil lepton energy and radial position for each
constituent event as well as spatial separation and time sepa-
ration relative to the first particle in each coincidence.

!!e candidate Teff (MeV) rfit (cm) #r (cm) #t (ms)

I 1st particle 8.58 283.2 0.0 0.0
2nd particle 5.39 472.4 206.7 16.7
3rd particle 5.15 349.2 178.3 20.3

II 1st particle 6.95 506.4 0.0 0.0
2nd particle 6.09 429.5 81.8 88.9

B. AHARMIM et al. PHYSICAL REVIEW D 70 093014

093014-6

反電子ニュートリノの上限値 
（超新星背景ニュートリノに限らず）
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KamLAND (2012)
同時遅延計測を用いた逆ベータ崩壊事象の探索

主なバックグラウンドは荷電粒子と中性子を発生する事象The Astrophysical Journal, 745:193 (8pp), 2012 February 1 Gando et al.
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Figure 3. Prompt energy distribution of selected νe candidates in 1 MeV
bins together with the best-fit backgrounds (filled areas) and 90% CL upper
limit of solar νe’s (red dashed line), which includes the detector response. The
background histograms are cumulative and the solar νe histogram sits on top of
the background total.

Table 3
Summary of the Estimated Backgrounds with

Prompt Energy between 7.5 MeV and 30.0 MeV

Background Number of Events

Random coincidences 0.22 ± 0.01
Reactor νe 2.2 ± 0.7
9Li 4.0 ± 0.3
Fast neutron 3.2 ± 3.2
Atmospheric ν (CC) 0.9 ± 0.2
Atmospheric ν (NC) 16.4 ± 4.7

Total 26.9 ± 5.7

5. DATA INTERPRETATION

We observe 25 events after the cuts described in Section 3.
Figure 2 illustrates the distribution for the prompt event posi-
tion, the delayed energy, the spatial correlation, and the time
correlation. There are five two-neutron candidates which may
be caused by 12C(n, 2n)11C reaction of fast neutrons. The
estimated number of backgrounds for νe detection summarized
in Table 3 is 26.9 ± 5.7 events in the prompt energy window
7.5 MeV < Ep < 30.0 MeV. Figure 3 shows the event distri-
bution as a function of prompt energy. The data set presented
here contains 16 times more statistics than the first KamLAND
publication on this subject, allowing us to verify the expected
background contribution in the analyzed energy window. The
data are analyzed using an unbinned maximum likelihood fit to
the event spectrum. The estimate for 9Li and reactor νe are rather
robust; on the other hand, reliable data for NC interactions in the
energy range of interest do not exist and the method we used to
calculate this background contribution has large uncertainties.
To avoid possible bias from modeling in the NC background cal-
culation, the normalization of the NC events is a free parameter
in the spectral fits.

From the unbinned maximum likelihood fit, the allowed
region for the NC background and the conversion probability
from νe to νe is shown in Figure 4, assuming an unoscillated 8B
neutrino flux of 5.94 × 106 cm−2 s−1 (Pena-Garay & Serenelli
2008). For the NC-floated normalization analysis, the upper
limit for neutrino conversion is 5.3 × 10−5 at 90% CL, which
corresponds to a solar νe flux of 93 cm−2 s−1 or an event
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Figure 4. Allowed region, with the best-fit point (3.0 × 10−6, 14.5), for
the unconstrained neutral current (NC) background and the probability of
solar neutrino conversion from the KamLAND data in the energy range of
8.3 MeV < Eνe < 31.8 MeV. The confidence level (CL) is shown for two
degrees of freedom. The gray shaded region indicates the ±1σ prediction from
the NC background calculation.

rate of 1.6 events (kton-year)−1 above the energy threshold
(Eνe

! 8.3 MeV; containing 29.5% of the total 8B neutrino
flux). This limit is a factor 2.5 improvement over the previous
limit in Bellini et al. (2011) due to 24 times more exposure. For
comparison, the rate analysis in the energy range 8.3 MeV <
Eνe

< 15.0 MeV gives a slightly more stringent limit of
1.4 events (kton-year)−1, if we use all the constraints on the
background estimates including the NC background (Table 3).
The fitted NC background assuming zero solar νe events is
14.8+5.8

−5.4 events, which is in good agreement with the calculation
(16.4 ± 4.7 events).

The probability for solar neutrino conversion can be
predicted by the models of spin flavor precession and
Mikheyev–Smirnov–Wolfenstein large mixing angle solution
oscillations in the Sun. If the conversion model for 8B neutri-
nos of Equation (1) without the distortion of the 8B spectrum
is assumed, we obtain the following limit on the product of the
neutrino magnetic moment (µ) and the transverse solar magnetic
field in the region of neutrino production (BT ):

µ

10−12µB

BT (0.05 R⊙)
10 kG

< 5.9 × 102, (3)

using a value of 34◦ for the mixing angle (Gando et al. 2011).
The current best limit on the neutrino magnetic moment is from
the GEMMA spectrometer, µνe

< 3.2 × 10−11 µB at 90% CL
(Beda et al. 2010). Lack of knowledge of the value of BT limits
KamLAND sensitivity to the neutrino magnetic moment.

These data also test other potential νe sources. Assuming
an energy spectrum from the reference model (Ando & Sato
2004), which is consistent with a recent model reducing the
cosmological uncertainties (Horiuchi et al. 2009), we found an
upper limit for the diffuse supernova νe flux of 139 cm−2 s−1 at
90% CL in the analyzed energy range. This limit is weaker than
our solar νe flux limit due to the strong anticorrelation between
the signal and NC background events amplified by the similarity
in their spectral shapes. This flux limit corresponds to about
36 times the model prediction (Ando & Sato 2004), indicating
poor statistical power in constraining the cosmological models
using the current KamLAND data. The upper limit for the
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4.2. Reactor Antineutrinos

The location of the KamLAND detector was selected for
the copious νe flux from 56 Japanese nuclear power plants in
order to study neutrino oscillation (Gando et al. 2011). The
reactor νe flux at KamLAND dominates all other νe sources
for Ep < 7.5 MeV. However, the tail of the reactor neutrino
energy distribution extends to higher energies. The νe flux
comes primarily from the beta decay of neutron-rich fragments
produced in the fission of four isotopes: 235U, 238U, 239Pu,
and 241Pu. For each reactor the appropriate operational records
including thermal power generation, fuel burn-up, shutdowns,
and fuel reload schedule were used to calculate the fission rates.
The resulting νe spectrum was calculated using the model of
Schreckenbach et al. (1985), Hahn et al. (1989), and Vogel
et al. (1981) taking neutrino oscillation into account. The same
methodology was used for previous reactor νe analyses and
showed excellent agreement over a wide energy range between
expected and detected νe events (Gando et al. 2011). The total
number of reactor νe candidates having Ep > 7.5 MeV is
calculated to be 2.2 ± 0.7 events, including a ∼10% event-rate
increase due to energy resolution.

4.3. Radioactive Isotopes

Cosmic-ray muons interacting with carbon nuclei in the
scintillator produce a variety of radioactive isotopes (Abe
et al. 2010). Two of these isotopes, 8He (τ = 171.7 ms and
Q = 10.7 MeV) and 9Li (τ = 257.2 ms and Q = 13.6 MeV),
have decay modes with electrons and neutrons in the final state.
Such decays create DC pairs similar to inverse beta decay and
therefore represent a background in the present study.

The combination of a 2 s veto of the detector after showering
muons and a 2 s 3 m radius cylindrical cut after non-showering
muons significantly reduces the contribution of this background,
but cannot eliminate it completely. The 9Li isotope, which has a
higher end-point value, longer lifetime and a higher production
rate, generates the majority of these background events after
cuts. To determine the contribution from this background we
selected 9Li candidates using the same cuts that were used for
the selection of the νe candidates, but the muon veto was not
applied. The 9Li rate was evaluated from the distribution of
the decay time relative to all previous muons, using a wider
energy window of 0.9 MeV < Ep < 15.0 MeV to reduce
statistical errors. For a 6 m fiducial volume, 2074 ± 49 events
were found after showering muons and 454 ± 31 events in
a 3 m radius cylinder around the muon track after non-
showering muons. Twenty percent of these events occur in the
energy region of interest, 7.5 MeV < Ep < 15.0 MeV. The
2 s cut reduces the 9Li background from showering muons to
less than 0.2 events for Ep > 7.5 MeV. As non-showering
muons occur with a relatively high frequency (0.2 Hz), to avoid
the drastic loss of exposure which would accompany a 2 s full-
detector veto we take advantage of the fact that non-showering
muons can be relatively well tracked in the LS and instead
restrict the 2 s veto to a 3 m radius cylinder around the muon
track. A 2 ms full-volume veto after all tagged muons is also used
to suppress any spallation neutrons. To measure the efficiency
of these cuts, the distribution of neutron captures as a function
of distance from the muon track was examined, and we found
only 5.9% of neutrons survive the 3 m radius cylindrical cut.
The resulting number of 9Li from spallation background with
Ep > 7.5 MeV and surviving the 3 m radius cylindrical cut and

Table 1
Calculated Backgrounds for Atmospheric Neutrino CC Interactions

with Prompt Energy between 7.5 MeV and 30.0 MeV

Reaction Number of Events Number of Untagged Events

νµ + p → µ+ + n 2.1 0.5
νµ+12C→ µ+ + n+11B 0.7 0.2
νµ+12C→ µ−+ n+11N 0.4 0.1
νµ+12C→ µ+ + n+11B+γ 0.4 0.08
νµ+12C→ µ+ + n+7Li+α 0.4 0.08
νµ+12C→ µ+ + 2n+10B 0.02 0.005

Total 4.0 ± 0.9 0.9 ± 0.2

Note. The numbers in the third column include the inefficiencies of the muon
decay.

time cut is 4.0 ± 0.3 events. The dead time introduced by all
these cuts is 9.2%.

4.4. Fast Neutrons

Fast neutrons outside the inner detector may cause back-
grounds in the fiducial volume. A fast neutron can scatter on
protons or carbon nuclei in the LS producing a scintillation
signal followed by a neutron capture signal, mimicking an νe

coincidence. An MC simulation of fast neutrons reveals that
the dominant background contribution is caused by muon-
induced cosmogenic neutrons. A 2 ms veto after OD-tagged
muons mostly eliminates this background, while OD-untagged
muons and the OD inefficiency cause a residual background. The
MC-based study estimates 3.2 ± 3.2 fast neutrons remain in the
data set, where a conservative uncertainty of 100% for the sim-
ulated neutron production rate by muons is assumed (Abe et al.
2010).

4.5. Atmospheric Neutrino Interactions

Charged current (CC) and neutral current (NC) interactions
of atmospheric neutrinos with carbon atoms in the KamLAND
scintillator are the most significant source of background. At-
mospheric neutrino spectra from Honda et al. (2007), calculated
specifically for the KamLAND location, were used to estimate
the contribution from these backgrounds.

The CC reactions by atmospheric νe’s generate an irreducible
background. The contribution from atmospheric νe’s is
estimated to be ∼0.06 events in the energy window 7.5 MeV <
Ep < 30.0 MeV, which is dominated by the reaction on protons,
because the cross-section for carbon nuclei is estimated to be
at least one order of magnitude smaller (Kim & Cheoun 2009).
Atmospheric νµ’s and νµ’s could react with both protons and
carbon nuclei to produce muons and neutrons. The amount of
detectable energy is shifted lower for such reactions because a
large fraction of the neutrino’s initial energy is expended to
produce the muon. On the other hand, such reactions are
followed by muon decay and therefore manifest themselves as
a triple time correlation between the prompt event, muon decay,
and neutron capture. In the event selection, we found one triple
coincidence event accompanied by a muon decay signal in a
decay time interval of 0.5–10 µs. This event was excluded from
the candidates. To calculate the contribution from these
reactions, the cross-sections from Athar et al. (2007) were
employed. The resulting background levels for reactions with
a neutron in the final state are listed in Table 1. We estimate
4.0 ± 0.9 events in total. The tagging efficiencies of the
muon decay coincidence signature are calculated to be 78.6%
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Figure 2. Event distribution after all cuts: (a) prompt event position, (b) delayed energy, (c) spatial correlation, and (d) time correlation. The data are compared to the
expected νe signal generated by the Monte Carlo simulation (lines). Dashed lines indicate the selection criteria for νe candidates.

and (77.5 ± 0.2)% from mean lifetimes in carbon of positive
and negative muons, respectively. The residual background,
including an untagged contribution from (7.1 ± 1.4)% of
negative muons which capture rather than decay, is 0.9 ± 0.2
events. The observed rate of a muon decay signal is ∼0.2
events (kton-year)−1, which is comparable to the backgrounds
from “invisible” muons in Super-Kamiokande in this energy
range (Malek et al. 2003).

The most challenging background to estimate is that from
the NC interactions of all neutrino species with carbon. In these
reactions the neutrino transfers only a fraction of its energy to the
final products. It can eject a neutron from the carbon nucleus,
leaving it in an excited state with multiple decay modes. We
used the following procedure to calculate the contribution from
this background: we integrated the momentum transfer from
a neutrino to a quasi-free neutron over the entire atmospheric
neutrino spectra (Honda et al. 2007) using cross-sections from
Ahrens et al. (1987). We then accounted for the neutron
binding energies for P-shell (18.7 MeV) and S-shell (41.7 MeV)
configurations and the corresponding shell populations. We also
assumed that the neutron was removed from the carbon atom,
leaving it in an excited state. All de-excitation modes reported
in Kamyshkov & Kolbe (2003) were taken into account. For
each final product we converted the particle energy to visible
energy in the detector using an energy scale model that includes
nonlinearities from scintillator quenching. Most of the outgoing
neutrons have a kinetic energy less than 200 MeV, and the
resulting visible energies are concentrated in the lower energy
region, typically less than 100 MeV. The de-excitation of 11C∗

is dominated by 2 MeV gamma-ray emission, which has little
effect on the energy spectral shape. In the analysis energy

Table 2
Calculated Backgrounds for Atmospheric Neutrino NC Interactions

with Prompt Energy between 7.5 MeV and 30.0 MeV

Reaction Number of Events

ν(ν)+12C→ ν(ν) + n+11C+γ 13.2
ν(ν)+12C→ ν(ν) + n+10B+p 1.4
ν(ν)+12C→ ν(ν) + n+6Li+α + p 1.4
ν(ν)+12C→ ν(ν) + n+9Be+2p 0.3
ν(ν)+12C→ ν(ν) + 2n+10C 0.1

Total 16.4 ± 4.7

Note. There is no muon in the final state, so the muon decay tagging is not
useful unlike CC interactions.

window, the position separation of energy depositions between
prompt and delayed signals is ∼60 cm, which is larger than
that for the thermal neutron case (∼40 cm). We calculate the
contribution from this background to be 16.4 events with an
estimated systematic uncertainty of 29% which is driven by
uncertainties in the atmospheric neutrino flux and the cross-
section of NC neutrino interactions; see Table 2.

We also attempted to estimate the NC background using the
NUANCE software tool (version 3), which simulates neutrino
interactions and related processes (Casper 2002). However, we
found the code overestimates this background rate by a factor of
∼2 relative to the above calculation in the energy region under
study, mainly due to an inaccurate cross-section for intra-nuclear
nucleon re-scattering and an unexpected ∼25 MeV positive
offset of outgoing neutron energies. We therefore do not use the
NUANCE-based estimation in this analysis.
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Figure 5. Upper limits at 90% CL on the dark matter annihilation cross
section from KamLAND (solid line) and Super-Kamiokande (dashed line)
(Palomares-Ruiz & Pascoli 2008). The shaded curve shows the natural scale
of the annihilation cross section.

monochromatic νe flux at each energy can be translated to a
limit for the dark matter annihilation cross section (Palomares-
Ruiz & Pascoli 2008). The dark matter annihilation limit varies
weakly over the dark matter mass range due to limited statistics.
We obtain ⟨σAv⟩ < (1–3) ×10−24 cm3s−1 at 90% CL in the mass
range 8.3 MeV < mχ < 31.8 MeV, as shown in Figure 5. This
is the most stringent constraint on the annihilation cross-section
below 15 MeV.

Finally, we also present model-independent upper limits for
νe fluxes, as shown in Figure 6. The limits are given at 90% CL
based on the rate analysis using the Feldman–Cousins approach
(Feldman & Cousins 1998) with 1 MeV energy bins, including
all the constraints on the background estimates in Table 3. The
KamLAND data provide the best limits in the presented energy
range 8.3 MeV < Eνe

< 18.3 MeV, owing to the efficient νe

detection by the DC method and large exposure. Given that data
are background limited, mainly from the atmospheric neutrino
NC interactions, accumulation of additional statistics is unlikely
to improve this limit significantly.

In conclusion, we report the spectrum of high-energy νe

candidates found in the KamLAND data set accumulated over
more than eight years of detector operation. The live time
exposure corresponds to 4.53 kton-year. In the energy range
from 8.3 MeV to 31.8 MeV, no excess of νe events over
the expected background consisting of mostly atmospheric
neutrino NC interactions, cosmogenically induced radioactivity,
and reactor neutrinos were detected. The data allow significantly
improved limits on solar νe conversion probability, and on DSNF
and annihilation cross-section of dark matter below 15 MeV.
The present level of background indicates limitations for future
studies of νe’s in this energy range using KamLAND.

While a better detector location could eliminate 9Li back-
ground and suppress reactor neutrino background, atmospheric
neutrino NC interactions will continue to present significant
challenges for next-generation large LS detectors. In water-
Cherenkov detectors, like Super-Kamiokande, the contribution
from NC backgrounds is expected to be small, because the re-
coil protons by knocked-out neutrons from 16O should be below
the Cherenkov energy threshold. If gadolinium is added, Super-
Kamiokande will overcome the problem of large backgrounds
from solar neutrinos, spallation products, and invisible muon
decays, by the DC technique (Beacom & Vagins 2004), and
gain the ability to detect the diffuse supernova neutrino signals.
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Figure 6. Model-independent upper limits at 90% CL on the νe flux from
KamLAND (blue line), Borexino (Bellini et al. 2011; red line), SNO (Aharmim
et al. 2004; magenta line), and Super-Kamiokande (Gando et al. 2003; green
line). The νe flux limit depends on the event rate limit and the cross section of
νe−p. The shaded curve shows the diffuse supernova νe flux for the reference
model prediction (Ando & Sato 2004). Above the shown energy range, the
Super-Kamiokande data give more stringent upper limit of 1.2 cm−2 s−1 for the
diffuse supernova νe flux, owing to less amount of backgrounds from muon
spallation products (Malek et al. 2003).

A possible future LENA experiment (Wurm et al. 2007), which
will have a detector with about 50 kton of LS, also aims to
measure DSNF, reducing NC backgrounds by the 11C tagging
methods (Wurm et al. 2011). For success, the detector design
needs to be optimized to maximize the efficiency of the NC
background rejection.

The KamLAND experiment is supported by the Grant-in-Aid
for Specially Promoted Research under grant no. 16002002 of
the Japanese Ministry of Education, Culture, Sports, Science and
Technology; the World Premier International Research Center
Initiative (WPI Initiative), MEXT, Japan; and under the U.S.
Department of Energy (DOE) grant nos. DE-FG03-00ER41138,
DE-AC02-05CH11231, and DE-FG02-01ER41166, as well as
other DOE grants to individual institutions. The reactor data are
provided by courtesy of the following electric associations in
Japan: Hokkaido, Tohoku, Tokyo, Hokuriku, Chubu, Kansai,
Chugoku, Shikoku, and Kyushu Electric Power Companies,
Japan Atomic Power Company, and Japan Atomic Energy
Agency. The Kamioka Mining and Smelting Company has
provided service for activities in the mine.

APPENDIX

The model-independent upper limits for νe fluxes provided
for each energy may be useful to give an estimate of upper limits
for various νe sources. For example, one can easily test one’s
own model with a certain energy spectrum by an appropriate
data integration. Table 4 lists the 1 MeV binned upper limits
shown in Figure 6. The binned χ2 is defined as

χ2 =
∑

i

ν2
i

(ui/
√

2.71)2
, (A1)

where νi is the model expectation for each energy bin, u i is
the KamLAND upper limit at 90% CL, and

√
2.71 is the

conversion factor of limits from 90% CL to 1σ CL. This
binned χ2 analysis give the upper limit of the solar νe flux
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SK (2003)

39.3m 

41.4m 

50kt water Cherenkov detector 
22.5kt fiducial volume 
 
         20�PMT  photocathode  
          (inner)       coverage  
SK-1  11,146        40% 
SK-2    5,182        19% 
SK-3  11,129        40% 

Placed inside the Kamioka mine 
1000m underground 

1000m 

SK 

Cherenkov light 

charged 
particle 

neutrino 

内水槽の20インチ光電子増倍管 
　　　　数   　　被覆率 

SK-1 (1996-2001)    11,146     40% 
SK-2 (2002-2005)      5,182     19% 
SK-3 (2006-2008)    11,129     40% 
SK-4 (2008-        )  SK-3と同じ。新電子回路を導入。 
SK-Gd (20XX-      ) 水にガドリニウムを溶解

５万トン水チェレンコフ検出器（大容量は大きなアドバンテージ）

νe+p

Total cross section for water 

νe+16O
νe+16O

νe+e

νe+e νx+e

期待されるSRN信号の数 
1.3~6.7 events/year/22.5kton/(10-30MeV)
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SK (2003)
しかし遅延同時計測が使えないのでバックグラウンドが多く残り、
反電子ニュートリノそのものに対する感度はなかなか高くならない

model’s neutrino flux for total energy ! 8–20 MeV. We also set a flux limit for monochromatic !!!e for
E !!!e

! 10–17 MeV.

DOI: 10.1103/PhysRevLett.90.171302 PACS numbers: 26.65.+t, 14.60.Pq, 95.85.Ry, 96.40.Tv

Solar neutrino measurements at Super-Kamiokande [1]
and Sudbury Neutrino Observatory (SNO) [2] have estab-
lished that the solar neutrino problem is explained by the
transformation of electron neutrinos to other active neu-
trinos. The mechanism for this transformation is gener-
ally assumed to be via neutrino flavor oscillations from
!e to some superposition of !" and !#. However, mea-
surements reported thus far do not rule out the possibil-
ity of spin flavor precession (SFP) in which some of the
!e transform to antiparticles ( !!!", !!!#). In the so-called
‘‘hybrid models’’ [3], SFP and oscillation can trans-
form solar neutrinos to !!!e if the neutrino is Majorana,
it has a large magnetic moment, and the Sun has a large
magnetic field. If the neutrino has a magnetic moment,
there are two possibilities: (1) The neutrino is a Dirac
particle; (2) it is a Majorana particle. In the Dirac neu-
trino case, !L

e changes to !R
e by the spin magnetic moment

transition. The !R
e is a sterile neutrino. On the other hand,

in the Majorana neutrino scenario, SFP causes !e ! !!!";#.
Neutrino oscillation then yields !!!";# ! !!!e. Solar !!!e could
also originate from neutrino decay [4]. In this paper, we
present a search for !!!e from the Sun.

The inverse beta decay process, !!!e " p ! n" e", is
predominant for !!!e interactions in Super-Kamiokande
(SK). The cross section for this process is 2 orders of
magnitude greater than that for elastic scattering, and
therefore SK has good sensitivity for the detection of
solar !!!e. The positron energy is related to the neutrino
energy by Ee" # E !!!e

$ 1:3 MeV. The positron angular
distribution relative to the incident !!!e direction is nearly
flat with a small energy dependent slope [5], which is in
contrast to the sharply forward peaked elastic scattering
distribution. The difference between these distributions
can be used to separate solar neutrino events from !!!e
events.

Super-Kamiokande is a 22.5 kton fiducial volume
water Cherenkov detector, located in the Kamioka mine
in Gifu, Japan. The data used for the search were col-
lected in 1496 live days between 31 May 1996 and 15 July
2001. A detailed description of SK can be found elsewhere
[1,6]. Dominant backgrounds to the solar neutrino signal
are 222Rn in the water, external gamma rays, and muon-
induced spallation products. Background reduction is
carried out in the following steps: first reduction, spalla-
tion cut, second reduction, and external $-ray cut. The
first reduction removes events from electronic noise and
other nonphysical sources, and events with poorly recon-
structed vertices. The spallation cut removes events due to
radioisotopes (X) produced by cosmic ray muon interac-
tions with water: "" 16O ! "" X. These radioisotopes
are called ‘‘spallation products.’’ The spallation products

emit beta and gamma rays and have lifetimes ranging
from 0.001 to 14 sec. We cut these events using likelihood
functions based on time, position, and muon pulse height.
The time and position likelihood functions are measures
of the proximity of a candidate event to a muon track,
while the pulse height likelihood function measures the
likelihood that a muon produced a shower. These three
likelihood functions are used together to discriminate
against spallation events [6]. The second reduction re-
moves events with poor vertex fit quality and diffuse
Cherenkov ring patterns, both characteristics of low-
energy background events. The external $-ray cut re-
moves events due to $ rays from the surrounding rock,
photomultipliers (PMTs), etc. Figure. 1 shows the energy
spectrum after each reduction step.

At SK, a positron from inverse beta decay is indistin-
guishable from an electron or a gamma ray because the
delayed 2.2 MeV gamma ray from n" p ! d" $ is
below the detector’s energy threshold. In order to remove
elastic scattering events due to solar neutrinos, we cut
events with cos%sun% 0:5, where %sun is the event direc-
tion with respect to the direction from the Sun. The
region cos%sun< 0:5 would be occupied by solar !!!e
events, in addition to events due to known background
sources which could not be removed by the standard
data reduction. For E & 8 MeV, most background
events are due to radioactivity in the detector materials
(such as 222Rn). Spallation accounts for a small fraction of
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残った事象から太陽ニュートリノや落とし
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Figure 5. Upper limits at 90% CL on the dark matter annihilation cross
section from KamLAND (solid line) and Super-Kamiokande (dashed line)
(Palomares-Ruiz & Pascoli 2008). The shaded curve shows the natural scale
of the annihilation cross section.

monochromatic νe flux at each energy can be translated to a
limit for the dark matter annihilation cross section (Palomares-
Ruiz & Pascoli 2008). The dark matter annihilation limit varies
weakly over the dark matter mass range due to limited statistics.
We obtain ⟨σAv⟩ < (1–3) ×10−24 cm3s−1 at 90% CL in the mass
range 8.3 MeV < mχ < 31.8 MeV, as shown in Figure 5. This
is the most stringent constraint on the annihilation cross-section
below 15 MeV.

Finally, we also present model-independent upper limits for
νe fluxes, as shown in Figure 6. The limits are given at 90% CL
based on the rate analysis using the Feldman–Cousins approach
(Feldman & Cousins 1998) with 1 MeV energy bins, including
all the constraints on the background estimates in Table 3. The
KamLAND data provide the best limits in the presented energy
range 8.3 MeV < Eνe

< 18.3 MeV, owing to the efficient νe

detection by the DC method and large exposure. Given that data
are background limited, mainly from the atmospheric neutrino
NC interactions, accumulation of additional statistics is unlikely
to improve this limit significantly.

In conclusion, we report the spectrum of high-energy νe

candidates found in the KamLAND data set accumulated over
more than eight years of detector operation. The live time
exposure corresponds to 4.53 kton-year. In the energy range
from 8.3 MeV to 31.8 MeV, no excess of νe events over
the expected background consisting of mostly atmospheric
neutrino NC interactions, cosmogenically induced radioactivity,
and reactor neutrinos were detected. The data allow significantly
improved limits on solar νe conversion probability, and on DSNF
and annihilation cross-section of dark matter below 15 MeV.
The present level of background indicates limitations for future
studies of νe’s in this energy range using KamLAND.

While a better detector location could eliminate 9Li back-
ground and suppress reactor neutrino background, atmospheric
neutrino NC interactions will continue to present significant
challenges for next-generation large LS detectors. In water-
Cherenkov detectors, like Super-Kamiokande, the contribution
from NC backgrounds is expected to be small, because the re-
coil protons by knocked-out neutrons from 16O should be below
the Cherenkov energy threshold. If gadolinium is added, Super-
Kamiokande will overcome the problem of large backgrounds
from solar neutrinos, spallation products, and invisible muon
decays, by the DC technique (Beacom & Vagins 2004), and
gain the ability to detect the diffuse supernova neutrino signals.
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Figure 6. Model-independent upper limits at 90% CL on the νe flux from
KamLAND (blue line), Borexino (Bellini et al. 2011; red line), SNO (Aharmim
et al. 2004; magenta line), and Super-Kamiokande (Gando et al. 2003; green
line). The νe flux limit depends on the event rate limit and the cross section of
νe−p. The shaded curve shows the diffuse supernova νe flux for the reference
model prediction (Ando & Sato 2004). Above the shown energy range, the
Super-Kamiokande data give more stringent upper limit of 1.2 cm−2 s−1 for the
diffuse supernova νe flux, owing to less amount of backgrounds from muon
spallation products (Malek et al. 2003).

A possible future LENA experiment (Wurm et al. 2007), which
will have a detector with about 50 kton of LS, also aims to
measure DSNF, reducing NC backgrounds by the 11C tagging
methods (Wurm et al. 2011). For success, the detector design
needs to be optimized to maximize the efficiency of the NC
background rejection.
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Department of Energy (DOE) grant nos. DE-FG03-00ER41138,
DE-AC02-05CH11231, and DE-FG02-01ER41166, as well as
other DOE grants to individual institutions. The reactor data are
provided by courtesy of the following electric associations in
Japan: Hokkaido, Tohoku, Tokyo, Hokuriku, Chubu, Kansai,
Chugoku, Shikoku, and Kyushu Electric Power Companies,
Japan Atomic Power Company, and Japan Atomic Energy
Agency. The Kamioka Mining and Smelting Company has
provided service for activities in the mine.

APPENDIX

The model-independent upper limits for νe fluxes provided
for each energy may be useful to give an estimate of upper limits
for various νe sources. For example, one can easily test one’s
own model with a certain energy spectrum by an appropriate
data integration. Table 4 lists the 1 MeV binned upper limits
shown in Figure 6. The binned χ2 is defined as

χ2 =
∑

i

ν2
i

(ui/
√

2.71)2
, (A1)

where νi is the model expectation for each energy bin, u i is
the KamLAND upper limit at 90% CL, and

√
2.71 is the

conversion factor of limits from 90% CL to 1σ CL. This
binned χ2 analysis give the upper limit of the solar νe flux

7
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SK (2003)
超新星背景ニュートリノ探索ではバックグラウンドがほとんど
ないところまでエネルギー閾値をあげ(18MeV)、さらにエネル
ギースペクトル情報を使うことで探索感度を向上させる
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超新星背景ニュートリノ探索ではバックグラウンドがほとんど
ないところまでエネルギー閾値をあげ(18MeV)、さらにエネル
ギースペクトル情報を使うことで探索感度を向上させる
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SK (2012)
バックグラウンドについて、もう少し。。
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νe!

e+!

p!
n! γ#p!

この信号のエネルギー

SK collaboration, Phys. Rev. D 85, 052007 (2012) 
SKでのSRN探索の現状（SK-I, II, IIIの結果） 
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超新星背景ニュートリノのフラックス上限値

It is notable that this result is less stringent than the 2003
result of 1:2 !! cm!2 s!1 positron energy >18 MeV. There
are multiple reasons for this.

First, a 0th order approximation of the inverse beta cross
section was then used. Now, the full cross section from [25]
is used. This raises the limit by about 8%. If events with
postactivity are also removed, the old-style analysis limit
becomes 1:35 cm!2 s!1. Furthermore, the binned "2

method used assumed Gaussian statistics, while
Poissonian statistics are more appropriate considering the
low statistics. This alone would change the limit from 1.2
to 1:7 cm!2 s!1. When all these corrections are combined,
the original analysis result of 1:2 !! cm!2 s!1 instead be-
comes 1:9 !! cm!2 s!1.

With our improved analysis, if we neglect atmospheric !
background systematics (which were not fully included in
the 2003 study), the SK-I only LMA result is
1:6 !! cm!2 s!1 (> 18 MeV positron energy), which is
more stringent than the published analysis with these cor-
rections. However, the SK-II and SK-III data show a hint of
a signal, which causes the limit to become less stringent
when all the data are combined, for the final LMA result
(with all systematics) of 2:0 !! cm!2 s!1 > 18 MeV posi-
tron energy, or 2:9 !! cm!2 s!1 > 16 MeV positron energy.

B. Typical SN ! emission limit

Most of the elements involved in a comprehensive pre-
diction of the SRN flux are now fairly well-known [32]
(e.g., initial mass functions, cosmic star formation history,
Hubble expansion, etc.), and thus we can parametrize
typical supernova neutrino emission using two effective
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FIG. 17 (color). True positron spectra in SK for each neutrino
temperature, from 3 to 8 MeV in 0.5 MeV steps (SN !!e

luminosity of 5" 1052 ergs assumed).
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FIG. 18 (color online). Results plotted as an exclusion contour
in SN neutrino luminosity vs neutrino temperature parameter
space. The Irvine-Michigan-Brookhaven (IMB) and
Kamiokande allowed areas for 1987A data are shown (originally
from [35]) along with our new 90% C.L. result. The dashed line
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exclusion contour. Results are in the form of Fig. 6 from [32].
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TABLE V. 90% C.L. flux limit ( !! cm!2 s!1), E! > 17:3 MeV.

Model SK-I SK-II SK-III All Predicted

Gas infall (97) <2:1 <7:5 <7:8 <2:8 0.3
Chemical (97) <2:2 <7:2 <7:8 <2:8 0.6
Heavy metal (00) <2:2 <7:4 <7:8 <2:8 <1:8
LMA (03) <2:5 <7:7 <8:0 <2:9 1.7
Failed SN (09) <2:4 <8:0 <8:4 <3:0 0.7
6 MeV (09) <2:7 <7:4 <8:7 <3:1 1.5
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background systematics (which were not fully included in
the 2003 study), the SK-I only LMA result is
1:6 !! cm!2 s!1 (> 18 MeV positron energy), which is
more stringent than the published analysis with these cor-
rections. However, the SK-II and SK-III data show a hint of
a signal, which causes the limit to become less stringent
when all the data are combined, for the final LMA result
(with all systematics) of 2:0 !! cm!2 s!1 > 18 MeV posi-
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Most of the elements involved in a comprehensive pre-
diction of the SRN flux are now fairly well-known [32]
(e.g., initial mass functions, cosmic star formation history,
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and the 6 and 4 MeV cases are from [13]. For the 4 and 6 MeV
cases a total uncertainty is provided and shown, and the HMA
model gives a range which is shown. Other models have no given
range or uncertainty and are represented by a star.
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SK (2015)
しかし遅延同時計測が使えないのでバックグラウンドが多く残り、
反電子ニュートリノそのものに対する感度はなかなか高くならない

SK-4 からは電子回路の改良により
検出効率は高くないが (~20%)    

同時遅延計測もできるようになった

νe!

e+!

p!
n! γ#p!

2.2MeV

~200 usec.

each cut. The efficiency of the delayed event is corrected with a fac-
tor of !92% due to the 533 ls time window. It is observed that
most delayed events cannot fire sufficient PMTs to meet the mini-
mum requirement on N10. Basing the TOF correction on the SRN
candidate vertex (rather than the true vertex of the delayed event)
changes the efficiency of finding delayed events by at most 2.5%
relatively. Uniformity of both the MC signal efficiency and the
background probability were studied using 110 positions within
the detector. These spatial variations of MC signal efficiency and
background probability were found to be 5.9% and 16.8%, respec-
tively. These variations were then assigned to the systematic
uncertainties. Therefore, the efficiency and the background proba-
bility for the delayed events are ð17:74 # 0:04stat: # 1:05sys:Þ% and
ð1:06 # 0:01stat: # 0:18sys:Þ%, respectively. Combining the primary
event efficiency and delayed event efficiency, the IBD detection
efficiency ð!Þ is obtained to be ð13:0 # 0:8Þ%.

4. Test with Am/Be source data

To verify the detection efficiency for the 2.2 MeV c’s given in
Table 2, a test was carried out using an Am/Be source embedded
in a bismuth germanate (BGO) scintillator during SK-IV. The exper-
imental setup and other details can be found elsewhere [19]. The
experimental apparatus was deployed at certain positions in the
SK tank, during which the forced trigger gate for catching the
2.2 MeV c’s was temporarily enlarged to 800 ls in order to obtain
a more complete neutron lifetime spectrum. To get the time distri-
bution of the source-related background and accidental back-
ground, 10 Hz of 800 ls random trigger data was also taken.
Fig. 2 shows the distribution of time differences (DT) between
the delayed events and the prompt events, which is fitted with
an exponential plus a constant with the signal fraction as a free
parameter, to give the neutron lifetime in water. In order to verify
the neutron lifetime time and examine possible position depen-
dence of detection efficiency, the source was deployed at three dif-
ferent locations: at the center of the tank, close to the wall, and
close to the top. All of the resulting lifetime measurements were
consistent within one standard deviation. The average neutron life-
time in water was found to be ð203:7 # 2:8Þ ls. The efficiencies
measured at the three locations are in agreement within 10%,
which also agrees with the estimation of Monte Carlo simulation.
The average efficiency of ð19:0 # 0:2Þ% in this enlarged 800 ls

window is in good agreement with the value of ð19:2 # 0:1Þ% esti-
mated from MC simulation.

5. Analysis and results

Returning to the low energy SRN search using 960 live days of
SK-IV data, after passing the selection criteria for both the prompt
events and the delayed events the relevant distributions for the
remaining events with at least one neutron candidate are shown
in Fig. 3. There are 13 IBD candidates observed consistent with
accidental background events evaluated to be 10 # 1:7. Two out
of these 13 primary events with electron energies around
12 MeV are observed to have two neutron candidates, which indi-
cates they are likely to be from spallation backgrounds with high
neutron multiplicity.

A number of studies have been performed to provide insight
into the origin of possible background in this energy domain, espe-
cially those arising from atmospheric !ml=ml CC interaction, p # pro-
duction and NC interactions with water. This is achieved by
changing the cut on the Cherenkov angle hC of the primary event,
in which an electron/positron is defined with 38% < hC < 50%. The
l# and p # events are defined with hC < 38%, while the NC events
are defined with hC > 50%. There are 144 primary l# and p # candi-
date events with 22 delayed candidates and 489 NC candidate
events with 47 delayed candidates. A clear neutron lifetime curve
is observed in both delayed candidate samples, showing that the
primary events are indeed accompanied by neutrons. The flat tim-
ing offset distribution for the delayed candidates in Fig. 3 does not
show significant leakage from these two types of physical back-
grounds. The number of atmospheric !me events is estimated to be
0.1, while the number of the !ml events is about 1.0. The later is
due to the !ml charged-current interaction, which produces a
delayed neutron and a positron from an invisible lþ Michel decay.
In absence of a significant signal the Rolke method [20] is used to
convert the number of observed and expected background events
nobs ¼ 13 and nbkg ¼ 10:0 # 1:7 to a 90% C.L upper limit of 80.1
events in total or 30.5 events/22.5 (kton(year), taking into account
the IBD detection efficiency !. Table 3 lists the expected number of
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Fig. 2. Distribution of DT for the Am/Be data (points). The curve is for the fitting
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同時遅延計測を使った反電子ニュートリノフラックスの上限値

each cut. The efficiency of the delayed event is corrected with a fac-
tor of !92% due to the 533 ls time window. It is observed that
most delayed events cannot fire sufficient PMTs to meet the mini-
mum requirement on N10. Basing the TOF correction on the SRN
candidate vertex (rather than the true vertex of the delayed event)
changes the efficiency of finding delayed events by at most 2.5%
relatively. Uniformity of both the MC signal efficiency and the
background probability were studied using 110 positions within
the detector. These spatial variations of MC signal efficiency and
background probability were found to be 5.9% and 16.8%, respec-
tively. These variations were then assigned to the systematic
uncertainties. Therefore, the efficiency and the background proba-
bility for the delayed events are ð17:74 # 0:04stat: # 1:05sys:Þ% and
ð1:06 # 0:01stat: # 0:18sys:Þ%, respectively. Combining the primary
event efficiency and delayed event efficiency, the IBD detection
efficiency ð!Þ is obtained to be ð13:0 # 0:8Þ%.

4. Test with Am/Be source data

To verify the detection efficiency for the 2.2 MeV c’s given in
Table 2, a test was carried out using an Am/Be source embedded
in a bismuth germanate (BGO) scintillator during SK-IV. The exper-
imental setup and other details can be found elsewhere [19]. The
experimental apparatus was deployed at certain positions in the
SK tank, during which the forced trigger gate for catching the
2.2 MeV c’s was temporarily enlarged to 800 ls in order to obtain
a more complete neutron lifetime spectrum. To get the time distri-
bution of the source-related background and accidental back-
ground, 10 Hz of 800 ls random trigger data was also taken.
Fig. 2 shows the distribution of time differences (DT) between
the delayed events and the prompt events, which is fitted with
an exponential plus a constant with the signal fraction as a free
parameter, to give the neutron lifetime in water. In order to verify
the neutron lifetime time and examine possible position depen-
dence of detection efficiency, the source was deployed at three dif-
ferent locations: at the center of the tank, close to the wall, and
close to the top. All of the resulting lifetime measurements were
consistent within one standard deviation. The average neutron life-
time in water was found to be ð203:7 # 2:8Þ ls. The efficiencies
measured at the three locations are in agreement within 10%,
which also agrees with the estimation of Monte Carlo simulation.
The average efficiency of ð19:0 # 0:2Þ% in this enlarged 800 ls

window is in good agreement with the value of ð19:2 # 0:1Þ% esti-
mated from MC simulation.

5. Analysis and results

Returning to the low energy SRN search using 960 live days of
SK-IV data, after passing the selection criteria for both the prompt
events and the delayed events the relevant distributions for the
remaining events with at least one neutron candidate are shown
in Fig. 3. There are 13 IBD candidates observed consistent with
accidental background events evaluated to be 10 # 1:7. Two out
of these 13 primary events with electron energies around
12 MeV are observed to have two neutron candidates, which indi-
cates they are likely to be from spallation backgrounds with high
neutron multiplicity.

A number of studies have been performed to provide insight
into the origin of possible background in this energy domain, espe-
cially those arising from atmospheric !ml=ml CC interaction, p # pro-
duction and NC interactions with water. This is achieved by
changing the cut on the Cherenkov angle hC of the primary event,
in which an electron/positron is defined with 38% < hC < 50%. The
l# and p # events are defined with hC < 38%, while the NC events
are defined with hC > 50%. There are 144 primary l# and p # candi-
date events with 22 delayed candidates and 489 NC candidate
events with 47 delayed candidates. A clear neutron lifetime curve
is observed in both delayed candidate samples, showing that the
primary events are indeed accompanied by neutrons. The flat tim-
ing offset distribution for the delayed candidates in Fig. 3 does not
show significant leakage from these two types of physical back-
grounds. The number of atmospheric !me events is estimated to be
0.1, while the number of the !ml events is about 1.0. The later is
due to the !ml charged-current interaction, which produces a
delayed neutron and a positron from an invisible lþ Michel decay.
In absence of a significant signal the Rolke method [20] is used to
convert the number of observed and expected background events
nobs ¼ 13 and nbkg ¼ 10:0 # 1:7 to a 90% C.L upper limit of 80.1
events in total or 30.5 events/22.5 (kton(year), taking into account
the IBD detection efficiency !. Table 3 lists the expected number of
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Fig. 2. Distribution of DT for the Am/Be data (points). The curve is for the fitting
results. The shaded histogram indicates the expected background. Errors are
statistical only.
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Fig. 3. Positron energy spectrum of the IBD candidates (points). The histogram
represents the expected accidental background. The plot embedded in the upper
right shows the timing offset for the delayed candidates. Shown at the bottom of
the figure is a plot of the IBD detection efficiency for each energy bin; the jumps at
18 MeV and 24 MeV are due to energy-dependent spallation cuts. Errors are
statistical only.
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SRN events in 22.5 kton!year for different models. The upper limit
on the SRN flux F90 can be derived from N090 using the following
simple relation:

F90 ¼
N090

NP
# FM ð1Þ

where FM (cm& 2 s& 1) is the total flux for a certain model and NP is
the predicted annual event rate in the energy range which can be
found in Table 3. This table also contains upper limits ðF90Þ at 90%
C.L. for different models and the predicted annual event rate ðTPÞ
after efficiency correction.

Model-independent !me differential flux upper limits with one
MeV energy bins are also calculated. The 90% C.L upper limits are
calculated by

/90 ¼
N90

T ! Np ! !r
ð2Þ

where N90 is the upper limit at 90% C.L. in each energy bin, T is live-
time in seconds, Np is the number of free protons, !r is the average
cross section for IBD at the center of each energy bin, and ! is the
IBD detection efficiency for each energy bin. Fig. 4 shows the upper
limits for !me in the energy range of 13.3' 31.3 MeV. Limits from
KamLAND [13] based on 2343 live-days are also shown for
comparison.

The previous SK search for SRN IBD positrons in [15] placed an
integral 90% C.L. limit on the SRN flux above 17.3 MeV neutrino
energy of 2.9 cm& 2s& 1 (LMA model [7]). In that search, SRN signal
and atmospheric neutrino backgrounds were fitted to the energy
spectra of the data for three different samples differentiated by
the reconstructed Cherenkov angle with an extended unbinned
maximum likelihood method. The SRN signal populates the single
electron-like sample ð38( < hC < 50(Þ below 30 MeV (signal
region). Various types of atmospheric neutrino background domi-
nate the background region above 30 MeV as well as the other
two (background) samples. To compare with the SK-IV differential
limits in this paper, the previous SK background spectra as well as
the SRN candidate positron spectra above 30 MeV (total energy)
were fit to only atmospheric neutrino background contributions.
The resulting background fit was extrapolated in the signal region
between 16 and 29.5 MeV (total positron energy) taking into
account statistical and systematic uncertainties. The data was
divided into nine bins of 1.5 MeV. Fig. 4 shows the 90% C.L. upper
flux limits derived for each bin based on the background expecta-
tions with Gaussian uncertainties and the IBD cross section evalu-
ated at the bin center. Below 17.3 MeV spallation background
increases exponentially, so SRN detection in that energy range is
very difficult without neutron tagging. As the SRN flux per MeV
rises with decreasing energy, the region below 17.3 MeV is the
most sensitive.

Since this study covers the high end of the solar neutrino spec-
trum, a solar !me upper limit at 90% C.L. of the annual event rate is
also calculated, giving an estimate of 21.2 events/22.5 kton!year.
This corresponds to 4:2 # 10& 4 # FSSM , where FSSM is the solar me flux
predicted by the Standard Solar Model [21]. This limit is 20 times
more stringent than the previous SK result [22] due to the powerful
background reduction provided by neutron tagging. However, note
that the limit is an order less stringent than the KamLAND result
[13] because of the higher neutrino energy threshold.

6. Summary and outlook

In summary, a search for SRN !me at SK-IV is first conducted via
IBDs by tagging neutron capture on hydrogen. The neutron tagging
efficiency is determined to be ð17:74 ) 0:04stat: ) 1:05sys:Þ%, while
the corresponding accidental background probability is
ð1:06 ) 0:01stat: ) 0:18sys:Þ%. No appreciable IBD signal in the distri-
bution of neutron lifetime is found using 960 days of data. The
number of observed IBD candidates are consistent with the
expected accidental background. A model-independent differential
flux upper limit at SK is first derived from the previous 17.3 MeV
threshold down to 13.3 MeV of the electron anti-neutrino energy.

With more data collected and after further efforts in suppress-
ing spallation background, it is expected that the neutrino energy
threshold can be lowered down to 10 MeV and the better SRN flux
limit can eventually be obtained with neutron capture on hydrogen
at SK-IV. In addition, intense R&D is currently underway towards a
gadolinium-enhanced SK. The higher signal detection efficiency
and greater background rejection provided by neutron capture on
gadolinium, as well as the lowered energy threshold it makes pos-
sible, are expected – in the not-too-distant future – to greatly
improve SK0s sensitivity and ultimately provide the world’s first
observation of the SRN signal.
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Table 3
Total flux for each SRN model ðFMÞ, predicted number of SRN events in 22.5 kton!year
with a neutrino energy range of 13.3' 31.3 MeV (NP), predicted number of SRN events
in 22.5 kton!year with a neutrino energy range of 13.3' 31.3 MeV ðTPÞ after IBD
efficiency correction and flux upper limit at 90% C.L. ðF90Þ (cm& 2 s& 1).

SRN model FM NP TP F90

Constant SN [1] 52.3 10.8 1.4 147.5
HBD 6 MeV [10] 21.8 4.4 0.6 150.9
Chemical evolution [4] 8.5 1.5 0.2 172.6
Heavy metal [5,6] 31.3 4.7 0.6 201.8
LMA [7] 28.8 4.2 0.5 208.8
Failed SN [9] 12.0 1.7 0.2 214.9
Cosmic gas [3] 5.3 0.7 0.1 230.6
Star formation rate [8] 18.7 1.8 0.2 316.3
Population synthesis [2] 42.1 1.3 0.2 986.1
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Fig. 4. Model-independent 90% C.L. differential upper limits on SRN !me for SK-IV
(solid circle). For comparison, both KamLAND result (open square) [13] and
previous SK result (solid triangle) are also shown.
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まとめ

超新星背景ニュートリノの発見には至っていないが
理論予測値には近づいている


