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both detectors. We observe a clear deficit of 8.0% for the
far detector, and of 1.2% for the near detector, concluding a
definitive observation of reactor antineutrino disappear-
ance consistent with neutrino oscillations. The survival
probability due to neutrino oscillation at the best-fit value
is given by the curve.

The observed spectrum of IBD prompt signals in the far
detector is compared to nonoscillation expectations based
on measurements in the near detector in Fig. 4. The spectra
of prompt signals are obtained after subtracting back-
grounds shown in the inset. The disagreement of the spec-
tra provides further evidence of neutrino oscillation.

In summary, RENO has observed reactor antineutrinos
using two identical detectors each with 16 tons of Gd-
loaded liquid scintillator, and a 229 d exposure to six
reactors with total thermal energy 16:5 GWth. In the far
detector, a clear deficit of 8.0% is found by comparing a
total of 17102 observed events with an expectation based
on the near detector measurement assuming no oscillation.
From this deficit, a rate-only analysis obtains sin22!13 ¼
0:113" 0:013ðstatÞ " 0:019ðsystÞ. The neutrino mixing
angle !13 is measured with a significance of 4.9 standard
deviation.

The RENO experiment is supported by the Ministry of
Education, Science and Technology of Korea and the
Korea Neutrino Research Center selected as a Science
Research Center by the National Research Foundation of
Korea (NRF). Some of us have been supported by a fund
from the BK21 of NRF. We gratefully acknowledge the

cooperation of the Yonggwang Nuclear Power Site and the
Korea Hydro & Nuclear Power Co., Ltd. (KHNP). We
thank KISTI’s providing computing and network resources
through GSDC, and all the technical and administrative
people who greatly helped in making this experiment
possible.
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FIG. 4. Observed spectrum of the prompt signals in the far
detector compared with the nonoscillation predictions from the
measurements in the near detector. The backgrounds shown in
the inset are subtracted for the far spectrum. The background
fraction is 5.5% (2.7%) for far (near) detector. Errors are statis-
tical uncertainties only. Bottom: The ratio of the measured
spectrum of far detector to the nonoscillation prediction.
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FIG. 3. The "2 distribution as a function of sin22!13. Bottom:
Ratio of the measured reactor neutrino events relative to the
expected with no oscillation. The curve represents the oscillation
survival probability at the best-fit, as a function of the flux-
weighted baselines.
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both detectors. We observe a clear deficit of 8.0% for the
far detector, and of 1.2% for the near detector, concluding a
definitive observation of reactor antineutrino disappear-
ance consistent with neutrino oscillations. The survival
probability due to neutrino oscillation at the best-fit value
is given by the curve.

The observed spectrum of IBD prompt signals in the far
detector is compared to nonoscillation expectations based
on measurements in the near detector in Fig. 4. The spectra
of prompt signals are obtained after subtracting back-
grounds shown in the inset. The disagreement of the spec-
tra provides further evidence of neutrino oscillation.

In summary, RENO has observed reactor antineutrinos
using two identical detectors each with 16 tons of Gd-
loaded liquid scintillator, and a 229 d exposure to six
reactors with total thermal energy 16:5 GWth. In the far
detector, a clear deficit of 8.0% is found by comparing a
total of 17102 observed events with an expectation based
on the near detector measurement assuming no oscillation.
From this deficit, a rate-only analysis obtains sin22!13 ¼
0:113" 0:013ðstatÞ " 0:019ðsystÞ. The neutrino mixing
angle !13 is measured with a significance of 4.9 standard
deviation.
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FIG. 4. Observed spectrum of the prompt signals in the far
detector compared with the nonoscillation predictions from the
measurements in the near detector. The backgrounds shown in
the inset are subtracted for the far spectrum. The background
fraction is 5.5% (2.7%) for far (near) detector. Errors are statis-
tical uncertainties only. Bottom: The ratio of the measured
spectrum of far detector to the nonoscillation prediction.
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FIG. 3. The "2 distribution as a function of sin22!13. Bottom:
Ratio of the measured reactor neutrino events relative to the
expected with no oscillation. The curve represents the oscillation
survival probability at the best-fit, as a function of the flux-
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where Md are the measured IBD events of the d-th
AD with its backgrounds subtracted, Bd is the corre-
sponding background, Td is the prediction from an-
tineutrino flux, including MC corrections and neu-
trino oscillations, ωd

r is the fraction of IBD contribu-
tion of the r-th reactor to the d-th AD determined
by the baselines and antineutrino fluxes. The un-
correlated reactor uncertainty is σr (0.8%), as shown
in Table 6. The parameter σd (0.2%) is the uncor-
related detection uncertainty, listed in Table 4. The
parameter σB is the quadratic sum of the background
uncertainties listed in Table 5. The corresponding
pull parameters are (αr,εd,ηd). The detector- and
reactor-related correlated uncertainties were not in-
cluded in the analysis. The absolute normalization ε
was determined from the fit to the data.

The survival probability used in the χ2 was

Psur = 1−sin2 2θ13 sin
2(1.267∆m2

31L/E)

− cos4 θ13 sin
2 2θ12 sin

2(1.267∆m2
21L/E) ,

where ∆m2
31 = 2.32×10−3eV2,sin2 2θ12 = 0.861+0.026

−0.022,
and ∆m2

21 =7.59+0.20
−0.21×10−5eV2 [53]. The uncertainty

in ∆m2
31 [14] had negligible effect and thus was not

included in the fit.

Weighted Baseline [km]
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

ex
pe

ct
ed

 / 
N

de
te

ct
ed

N

0.9

0.95

1

1.05

1.1

1.15

EH1 EH2

EH3

13θ22sin
0 0.05 0.1 0.15

2 χ

0
10
20
30
40
50
60
70

σ1
σ3

σ5

Fig. 23. Ratio of measured versus expected

signals in each detector, assuming no oscilla-

tion. The error bar is the uncorrelated un-

certainty of each AD, including statistical,

detector-related, and background-related un-

certainties. The expected signal has been
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lines. The oscillation survival probability at

the best-fit value is given by the smooth curve.

The AD4 and AD6 data points were displaced

by -30 and +30 m for visual clarity. The χ2

value versus sin2 2θ13 is shown in the inset.

The best-fit value is

sin2 2θ13 =0.089±0.010(stat.)±0.005(syst.)

with a χ2/NDF of 3.4/4. All best estimates of pull pa-
rameters are within its one standard deviation based
on the corresponding systematic uncertainties. The
no-oscillation hypothesis is excluded at 7.7 standard
deviations. Fig. 23 shows the number of IBD can-
didates in each detector after correction for relative
efficiency and background, relative to those expected
assuming no oscillation. A ∼1.5% oscillation effect
appears in the near halls, largely due to oscillation of
the antineutrinos from the reactor cores in the far-
ther cluster. The oscillation survival probability at
the best-fit values is given by the smooth curve. The
χ2 value versus sin22θ13 is shown in the inset.

The observed νe spectrum in the far hall was com-
pared to a prediction based on the near hall measure-
ments αMa +βMb in Fig. 24. The distortion of the
spectra is consistent with that expected due to oscilla-
tions at the best-fit θ13 obtained from the rate-based
analysis.
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impurities in the Xe-LS; those from muon-induced spalla-
tion products; and those external to the Xe-LS, mainly
from the IB material. The U and Th contaminations in
the Xe-LS can be investigated by the delayed coincidence
detection of 214Bi-214Po and 212Bi-212Po. Assuming secular
equilibrium, the 238U and 232Th concentrations are esti-
mated to be ð1:3" 0:2Þ $ 10%16 g=g and ð1:8" 0:1Þ $
10%15 g=g, respectively. The 238U level reported in
Ref. [2] was overestimated due to slight contamination of
222Rn in early data, which can be removed. To allow for the
possibility of decay chain nonequilibrium, however, the
Bi-Po measurements are used to constrain only the rates for
the 222Rn-210Pb subchain of the 238U series and the
228Th-208Pb subchain of the 232Th series, while other back-
ground rates in both series as well as a contribution from
85Kr are left unconstrained.

Spallation neutrons are captured mainly on protons
(2.225 MeV) and 12C (4.946 MeV) in organic scintillator
components, and only rarely on 136Xe (4.026 MeV) and
134Xe (6.364 MeV), with fractions of the total captures,
9:5$ 10%4 and 9:4$ 10%5, respectively, for the latter
two. The neutron capture product 137Xe (!%, " ¼
5:5 min , Q ¼ 4:17 MeV) is a potential background,
but its expected rate is negligible in the current 0#!!
search. For carbon spallation products, we expect event
rates of 1:11" 0:28 ðton ' dayÞ%1 and ð2:11" 0:44Þ $
10%2 ðton ' dayÞ%1 from 11C (!þ, " ¼ 29:4 min , Q ¼
1:98 MeV) and 10C (!þ, " ¼ 27:8 s, Q ¼ 3:65 MeV),
respectively. There are no past experimental data for
muon spallation of Xe, but background from short-lived
products of Xe with lifetimes of less than 100 s is con-
strained from the study of muon time-correlated events [2].

By looking at events near the IB radius, we found that
the IB, which was fabricated 100 km from the Fukushima-I
reactor, was contaminated by fallout from the Fukushima
nuclear accident in March 2011 [2]. The dominant activ-
ities from this fallout are 134Cs (!þ $’s) and 137Cs
(0.662 MeV $), but they do not generate background in
the energy region 2:2<E< 3:0 MeV relevant to the 136Xe
0#!! decay search (i.e., the 0#!! window). In this
region, the dominant IB contaminant is 214Bi (!þ $’s)
from the U decay chain. The Cs and U are not distributed
uniformly on the IB film. Rather, their activity appears to
increase proportionally with the area of the film welding
lines. This indicates that the dominant IB backgrounds may
have been introduced during the welding process from dust
containing both natural U and Fukushima fallout contam-
inants. The activity of the 214Bi on the IB drives the
spherical fiducial radius in the analysis.

In the combined DS-1 and DS-2 data set, a peak can also
be observed in the IB backgrounds located in the 0#!!
window on top of the 214Bi contribution, similar in energy
to the peak found within the fiducial volume. To explore
this activity we performed two-dimensional fits in R and
energy, assuming that the only contributions on the IB are

from 214Bi and 110mAg. Floating the rates from background
sources uniformly distributed in the Xe-LS, the fit results
for the 214Bi and 110mAg event rates on the IB are
19:0" 1:8 day%1 and 3:3" 0:4 day%1, respectively, for
DS-1, and 15:2" 2:3 day%1 and 2:2" 0:4 day%1 for
DS-2. The 214Bi rates are consistent between DS-1 and
DS-2 given the different fiducial volume selection, while
the 110mAg rates are consistent with the decay time of
this isotope. The rejection efficiencies of the FV cut
R< 1:35 m against 214Bi and 110mAg on the IB are
(96:8" 0:3) and (93:8" 0:7)%, respectively, where the
uncertainties include the uncertainty in the IB position.
The energy spectra of selected candidate events for DS-1

and DS-2 are shown in Fig. 1. The !! decay rates are
estimated from a likelihood fit to the binned energy spec-
trum between 0.5 and 4.8 MeV for each data set. The
background rates described above are floated but con-
strained by their estimated values, as are the detector
energy response model parameters. As discussed in
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both detectors. We observe a clear deficit of 8.0% for the
far detector, and of 1.2% for the near detector, concluding a
definitive observation of reactor antineutrino disappear-
ance consistent with neutrino oscillations. The survival
probability due to neutrino oscillation at the best-fit value
is given by the curve.

The observed spectrum of IBD prompt signals in the far
detector is compared to nonoscillation expectations based
on measurements in the near detector in Fig. 4. The spectra
of prompt signals are obtained after subtracting back-
grounds shown in the inset. The disagreement of the spec-
tra provides further evidence of neutrino oscillation.

In summary, RENO has observed reactor antineutrinos
using two identical detectors each with 16 tons of Gd-
loaded liquid scintillator, and a 229 d exposure to six
reactors with total thermal energy 16:5 GWth. In the far
detector, a clear deficit of 8.0% is found by comparing a
total of 17102 observed events with an expectation based
on the near detector measurement assuming no oscillation.
From this deficit, a rate-only analysis obtains sin22!13 ¼
0:113" 0:013ðstatÞ " 0:019ðsystÞ. The neutrino mixing
angle !13 is measured with a significance of 4.9 standard
deviation.

The RENO experiment is supported by the Ministry of
Education, Science and Technology of Korea and the
Korea Neutrino Research Center selected as a Science
Research Center by the National Research Foundation of
Korea (NRF). Some of us have been supported by a fund
from the BK21 of NRF. We gratefully acknowledge the

cooperation of the Yonggwang Nuclear Power Site and the
Korea Hydro & Nuclear Power Co., Ltd. (KHNP). We
thank KISTI’s providing computing and network resources
through GSDC, and all the technical and administrative
people who greatly helped in making this experiment
possible.

[1] B. Pontecorvo, Sov. Phys. JETP 6, 429 (1957); Sov. Phys.
JETP 26, 984 (1968).

[2] Z. Maki, M. Nakagawa, and S. Sakata, Prog. Theor. Phys.
28, 870 (1962).

[3] M. Apollonio et al. (Chooz Collaboration), Phys. Lett. B
466, 415 (1999); Eur. Phys. J. C 27, 331 (2003).

[4] F. Boehm et al. (Palo Verde Collaboration), Phys. Rev.
Lett. 84, 3764 (2000).

[5] P. Adamson et al. (MINOS Collaboration), Phys. Rev. D
82, 051102 (2010).

[6] S. Yamamoto et al. (K2K Collaboration), Phys. Rev. Lett.
96, 181801 (2006).

[7] R. Wendell et al. (Super-Kamiokande Collaboration),
Phys. Rev. D 81, 092004 (2010).

[8] B. Aharmim et al. (SNO Collaboraiton), Phys. Rev. C 81,
055504 (2010).

[9] A. Gando et al. (KamLAND Collaboration), Phys. Rev. D
83, 052002 (2011).

[10] K. Abe et al.. (T2K Collaboration), Phys. Rev. Lett. 107,
041801 (2011).

[11] P. Adamson et al. (MINOS Collaboration), Phys. Rev.
Lett. 107, 181802 (2011).

[12] Y. Abe et al. (Double Chooz Collaboration), Phys. Rev.
Lett. 108, 131801 (2012).

0015

0

Far DetectorFar Detector
Near DetectorNear Detector

Prompt energy [MeV]Prompt energy [MeV]
0 5 1010

E
nt

ri
es

 / 
0.

25
M

eV
E

nt
ri

es
 / 

0.
25

M
eV

0

1010

2020

3030

4040

Prompt energy [MeV]Prompt energy [MeV]
0 5 1010

E
nt

ri
es

 / 
0.

25
M

eV
E

nt
ri

es
 / 

0.
25

M
eV

0

1010

2020

3030

4040 Fast neutronFast neutron
AccidentalAccidental

HeHe8Li/Li/9

Prompt energy [MeV]Prompt energy [MeV]
0 5 1010

Fa
r /

 N
ea

r
Fa

r /
 N

ea
r

0.80.8

1

1.21.2

E
nt

ri
es

 / 
0.

25
M

eV
E

nt
ri

es
 / 

0.
25

M
eV

500500

10001000

FIG. 4. Observed spectrum of the prompt signals in the far
detector compared with the nonoscillation predictions from the
measurements in the near detector. The backgrounds shown in
the inset are subtracted for the far spectrum. The background
fraction is 5.5% (2.7%) for far (near) detector. Errors are statis-
tical uncertainties only. Bottom: The ratio of the measured
spectrum of far detector to the nonoscillation prediction.
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where Md are the measured IBD events of the d-th
AD with its backgrounds subtracted, Bd is the corre-
sponding background, Td is the prediction from an-
tineutrino flux, including MC corrections and neu-
trino oscillations, ωd

r is the fraction of IBD contribu-
tion of the r-th reactor to the d-th AD determined
by the baselines and antineutrino fluxes. The un-
correlated reactor uncertainty is σr (0.8%), as shown
in Table 6. The parameter σd (0.2%) is the uncor-
related detection uncertainty, listed in Table 4. The
parameter σB is the quadratic sum of the background
uncertainties listed in Table 5. The corresponding
pull parameters are (αr,εd,ηd). The detector- and
reactor-related correlated uncertainties were not in-
cluded in the analysis. The absolute normalization ε
was determined from the fit to the data.

The survival probability used in the χ2 was

Psur = 1−sin2 2θ13 sin
2(1.267∆m2

31L/E)

− cos4 θ13 sin
2 2θ12 sin

2(1.267∆m2
21L/E) ,

where ∆m2
31 = 2.32×10−3eV2,sin2 2θ12 = 0.861+0.026

−0.022,
and ∆m2

21 =7.59+0.20
−0.21×10−5eV2 [53]. The uncertainty

in ∆m2
31 [14] had negligible effect and thus was not

included in the fit.
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Fig. 23. Ratio of measured versus expected

signals in each detector, assuming no oscilla-

tion. The error bar is the uncorrelated un-

certainty of each AD, including statistical,

detector-related, and background-related un-

certainties. The expected signal has been

corrected with the best-fit normalization pa-

rameter. Reactor and survey data were used

to compute the flux-weighted average base-

lines. The oscillation survival probability at

the best-fit value is given by the smooth curve.

The AD4 and AD6 data points were displaced

by -30 and +30 m for visual clarity. The χ2

value versus sin2 2θ13 is shown in the inset.

The best-fit value is

sin2 2θ13 =0.089±0.010(stat.)±0.005(syst.)

with a χ2/NDF of 3.4/4. All best estimates of pull pa-
rameters are within its one standard deviation based
on the corresponding systematic uncertainties. The
no-oscillation hypothesis is excluded at 7.7 standard
deviations. Fig. 23 shows the number of IBD can-
didates in each detector after correction for relative
efficiency and background, relative to those expected
assuming no oscillation. A ∼1.5% oscillation effect
appears in the near halls, largely due to oscillation of
the antineutrinos from the reactor cores in the far-
ther cluster. The oscillation survival probability at
the best-fit values is given by the smooth curve. The
χ2 value versus sin22θ13 is shown in the inset.

The observed νe spectrum in the far hall was com-
pared to a prediction based on the near hall measure-
ments αMa +βMb in Fig. 24. The distortion of the
spectra is consistent with that expected due to oscilla-
tions at the best-fit θ13 obtained from the rate-based
analysis.
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impurities in the Xe-LS; those from muon-induced spalla-
tion products; and those external to the Xe-LS, mainly
from the IB material. The U and Th contaminations in
the Xe-LS can be investigated by the delayed coincidence
detection of 214Bi-214Po and 212Bi-212Po. Assuming secular
equilibrium, the 238U and 232Th concentrations are esti-
mated to be ð1:3" 0:2Þ $ 10%16 g=g and ð1:8" 0:1Þ $
10%15 g=g, respectively. The 238U level reported in
Ref. [2] was overestimated due to slight contamination of
222Rn in early data, which can be removed. To allow for the
possibility of decay chain nonequilibrium, however, the
Bi-Po measurements are used to constrain only the rates for
the 222Rn-210Pb subchain of the 238U series and the
228Th-208Pb subchain of the 232Th series, while other back-
ground rates in both series as well as a contribution from
85Kr are left unconstrained.

Spallation neutrons are captured mainly on protons
(2.225 MeV) and 12C (4.946 MeV) in organic scintillator
components, and only rarely on 136Xe (4.026 MeV) and
134Xe (6.364 MeV), with fractions of the total captures,
9:5$ 10%4 and 9:4$ 10%5, respectively, for the latter
two. The neutron capture product 137Xe (!%, " ¼
5:5 min , Q ¼ 4:17 MeV) is a potential background,
but its expected rate is negligible in the current 0#!!
search. For carbon spallation products, we expect event
rates of 1:11" 0:28 ðton ' dayÞ%1 and ð2:11" 0:44Þ $
10%2 ðton ' dayÞ%1 from 11C (!þ, " ¼ 29:4 min , Q ¼
1:98 MeV) and 10C (!þ, " ¼ 27:8 s, Q ¼ 3:65 MeV),
respectively. There are no past experimental data for
muon spallation of Xe, but background from short-lived
products of Xe with lifetimes of less than 100 s is con-
strained from the study of muon time-correlated events [2].

By looking at events near the IB radius, we found that
the IB, which was fabricated 100 km from the Fukushima-I
reactor, was contaminated by fallout from the Fukushima
nuclear accident in March 2011 [2]. The dominant activ-
ities from this fallout are 134Cs (!þ $’s) and 137Cs
(0.662 MeV $), but they do not generate background in
the energy region 2:2<E< 3:0 MeV relevant to the 136Xe
0#!! decay search (i.e., the 0#!! window). In this
region, the dominant IB contaminant is 214Bi (!þ $’s)
from the U decay chain. The Cs and U are not distributed
uniformly on the IB film. Rather, their activity appears to
increase proportionally with the area of the film welding
lines. This indicates that the dominant IB backgrounds may
have been introduced during the welding process from dust
containing both natural U and Fukushima fallout contam-
inants. The activity of the 214Bi on the IB drives the
spherical fiducial radius in the analysis.

In the combined DS-1 and DS-2 data set, a peak can also
be observed in the IB backgrounds located in the 0#!!
window on top of the 214Bi contribution, similar in energy
to the peak found within the fiducial volume. To explore
this activity we performed two-dimensional fits in R and
energy, assuming that the only contributions on the IB are

from 214Bi and 110mAg. Floating the rates from background
sources uniformly distributed in the Xe-LS, the fit results
for the 214Bi and 110mAg event rates on the IB are
19:0" 1:8 day%1 and 3:3" 0:4 day%1, respectively, for
DS-1, and 15:2" 2:3 day%1 and 2:2" 0:4 day%1 for
DS-2. The 214Bi rates are consistent between DS-1 and
DS-2 given the different fiducial volume selection, while
the 110mAg rates are consistent with the decay time of
this isotope. The rejection efficiencies of the FV cut
R< 1:35 m against 214Bi and 110mAg on the IB are
(96:8" 0:3) and (93:8" 0:7)%, respectively, where the
uncertainties include the uncertainty in the IB position.
The energy spectra of selected candidate events for DS-1

and DS-2 are shown in Fig. 1. The !! decay rates are
estimated from a likelihood fit to the binned energy spec-
trum between 0.5 and 4.8 MeV for each data set. The
background rates described above are floated but con-
strained by their estimated values, as are the detector
energy response model parameters. As discussed in
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both detectors. We observe a clear deficit of 8.0% for the
far detector, and of 1.2% for the near detector, concluding a
definitive observation of reactor antineutrino disappear-
ance consistent with neutrino oscillations. The survival
probability due to neutrino oscillation at the best-fit value
is given by the curve.

The observed spectrum of IBD prompt signals in the far
detector is compared to nonoscillation expectations based
on measurements in the near detector in Fig. 4. The spectra
of prompt signals are obtained after subtracting back-
grounds shown in the inset. The disagreement of the spec-
tra provides further evidence of neutrino oscillation.

In summary, RENO has observed reactor antineutrinos
using two identical detectors each with 16 tons of Gd-
loaded liquid scintillator, and a 229 d exposure to six
reactors with total thermal energy 16:5 GWth. In the far
detector, a clear deficit of 8.0% is found by comparing a
total of 17102 observed events with an expectation based
on the near detector measurement assuming no oscillation.
From this deficit, a rate-only analysis obtains sin22!13 ¼
0:113" 0:013ðstatÞ " 0:019ðsystÞ. The neutrino mixing
angle !13 is measured with a significance of 4.9 standard
deviation.

The RENO experiment is supported by the Ministry of
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from the BK21 of NRF. We gratefully acknowledge the

cooperation of the Yonggwang Nuclear Power Site and the
Korea Hydro & Nuclear Power Co., Ltd. (KHNP). We
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through GSDC, and all the technical and administrative
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possible.
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where Md are the measured IBD events of the d-th
AD with its backgrounds subtracted, Bd is the corre-
sponding background, Td is the prediction from an-
tineutrino flux, including MC corrections and neu-
trino oscillations, ωd

r is the fraction of IBD contribu-
tion of the r-th reactor to the d-th AD determined
by the baselines and antineutrino fluxes. The un-
correlated reactor uncertainty is σr (0.8%), as shown
in Table 6. The parameter σd (0.2%) is the uncor-
related detection uncertainty, listed in Table 4. The
parameter σB is the quadratic sum of the background
uncertainties listed in Table 5. The corresponding
pull parameters are (αr,εd,ηd). The detector- and
reactor-related correlated uncertainties were not in-
cluded in the analysis. The absolute normalization ε
was determined from the fit to the data.

The survival probability used in the χ2 was

Psur = 1−sin2 2θ13 sin
2(1.267∆m2

31L/E)

− cos4 θ13 sin
2 2θ12 sin

2(1.267∆m2
21L/E) ,

where ∆m2
31 = 2.32×10−3eV2,sin2 2θ12 = 0.861+0.026

−0.022,
and ∆m2

21 =7.59+0.20
−0.21×10−5eV2 [53]. The uncertainty

in ∆m2
31 [14] had negligible effect and thus was not

included in the fit.
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Fig. 23. Ratio of measured versus expected

signals in each detector, assuming no oscilla-

tion. The error bar is the uncorrelated un-

certainty of each AD, including statistical,

detector-related, and background-related un-

certainties. The expected signal has been

corrected with the best-fit normalization pa-

rameter. Reactor and survey data were used

to compute the flux-weighted average base-

lines. The oscillation survival probability at

the best-fit value is given by the smooth curve.

The AD4 and AD6 data points were displaced

by -30 and +30 m for visual clarity. The χ2

value versus sin2 2θ13 is shown in the inset.

The best-fit value is

sin2 2θ13 =0.089±0.010(stat.)±0.005(syst.)

with a χ2/NDF of 3.4/4. All best estimates of pull pa-
rameters are within its one standard deviation based
on the corresponding systematic uncertainties. The
no-oscillation hypothesis is excluded at 7.7 standard
deviations. Fig. 23 shows the number of IBD can-
didates in each detector after correction for relative
efficiency and background, relative to those expected
assuming no oscillation. A ∼1.5% oscillation effect
appears in the near halls, largely due to oscillation of
the antineutrinos from the reactor cores in the far-
ther cluster. The oscillation survival probability at
the best-fit values is given by the smooth curve. The
χ2 value versus sin22θ13 is shown in the inset.

The observed νe spectrum in the far hall was com-
pared to a prediction based on the near hall measure-
ments αMa +βMb in Fig. 24. The distortion of the
spectra is consistent with that expected due to oscilla-
tions at the best-fit θ13 obtained from the rate-based
analysis.
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...let’s not forget that:

29

With the same dataset (3.01×1020 POT), T2K gives the only 
direct evidence of νe appearance:

11 νe candidates

Best fit with 1σ uncertaintiesBest fit with 1σ uncertainties

Normal hierarchy

Inverted hierarchy

0.094+0.053
�0.040

0.116+0.063
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impurities in the Xe-LS; those from muon-induced spalla-
tion products; and those external to the Xe-LS, mainly
from the IB material. The U and Th contaminations in
the Xe-LS can be investigated by the delayed coincidence
detection of 214Bi-214Po and 212Bi-212Po. Assuming secular
equilibrium, the 238U and 232Th concentrations are esti-
mated to be ð1:3" 0:2Þ $ 10%16 g=g and ð1:8" 0:1Þ $
10%15 g=g, respectively. The 238U level reported in
Ref. [2] was overestimated due to slight contamination of
222Rn in early data, which can be removed. To allow for the
possibility of decay chain nonequilibrium, however, the
Bi-Po measurements are used to constrain only the rates for
the 222Rn-210Pb subchain of the 238U series and the
228Th-208Pb subchain of the 232Th series, while other back-
ground rates in both series as well as a contribution from
85Kr are left unconstrained.

Spallation neutrons are captured mainly on protons
(2.225 MeV) and 12C (4.946 MeV) in organic scintillator
components, and only rarely on 136Xe (4.026 MeV) and
134Xe (6.364 MeV), with fractions of the total captures,
9:5$ 10%4 and 9:4$ 10%5, respectively, for the latter
two. The neutron capture product 137Xe (!%, " ¼
5:5 min , Q ¼ 4:17 MeV) is a potential background,
but its expected rate is negligible in the current 0#!!
search. For carbon spallation products, we expect event
rates of 1:11" 0:28 ðton ' dayÞ%1 and ð2:11" 0:44Þ $
10%2 ðton ' dayÞ%1 from 11C (!þ, " ¼ 29:4 min , Q ¼
1:98 MeV) and 10C (!þ, " ¼ 27:8 s, Q ¼ 3:65 MeV),
respectively. There are no past experimental data for
muon spallation of Xe, but background from short-lived
products of Xe with lifetimes of less than 100 s is con-
strained from the study of muon time-correlated events [2].

By looking at events near the IB radius, we found that
the IB, which was fabricated 100 km from the Fukushima-I
reactor, was contaminated by fallout from the Fukushima
nuclear accident in March 2011 [2]. The dominant activ-
ities from this fallout are 134Cs (!þ $’s) and 137Cs
(0.662 MeV $), but they do not generate background in
the energy region 2:2<E< 3:0 MeV relevant to the 136Xe
0#!! decay search (i.e., the 0#!! window). In this
region, the dominant IB contaminant is 214Bi (!þ $’s)
from the U decay chain. The Cs and U are not distributed
uniformly on the IB film. Rather, their activity appears to
increase proportionally with the area of the film welding
lines. This indicates that the dominant IB backgrounds may
have been introduced during the welding process from dust
containing both natural U and Fukushima fallout contam-
inants. The activity of the 214Bi on the IB drives the
spherical fiducial radius in the analysis.

In the combined DS-1 and DS-2 data set, a peak can also
be observed in the IB backgrounds located in the 0#!!
window on top of the 214Bi contribution, similar in energy
to the peak found within the fiducial volume. To explore
this activity we performed two-dimensional fits in R and
energy, assuming that the only contributions on the IB are

from 214Bi and 110mAg. Floating the rates from background
sources uniformly distributed in the Xe-LS, the fit results
for the 214Bi and 110mAg event rates on the IB are
19:0" 1:8 day%1 and 3:3" 0:4 day%1, respectively, for
DS-1, and 15:2" 2:3 day%1 and 2:2" 0:4 day%1 for
DS-2. The 214Bi rates are consistent between DS-1 and
DS-2 given the different fiducial volume selection, while
the 110mAg rates are consistent with the decay time of
this isotope. The rejection efficiencies of the FV cut
R< 1:35 m against 214Bi and 110mAg on the IB are
(96:8" 0:3) and (93:8" 0:7)%, respectively, where the
uncertainties include the uncertainty in the IB position.
The energy spectra of selected candidate events for DS-1

and DS-2 are shown in Fig. 1. The !! decay rates are
estimated from a likelihood fit to the binned energy spec-
trum between 0.5 and 4.8 MeV for each data set. The
background rates described above are floated but con-
strained by their estimated values, as are the detector
energy response model parameters. As discussed in
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FIG. 1 (color). (a) Energy spectrum of selected candidate
events together with the best-fit backgrounds and 2#!! decays,
and the 90% C.L. upper limit for 0#!! decays, for the combined
data from DS-1 and DS-2; the fit range is 0:5<E< 4:8 MeV.
(b) Closeup of (a) for 2:2<E< 3:0 MeV after subtracting
known background contributions.
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both detectors. We observe a clear deficit of 8.0% for the
far detector, and of 1.2% for the near detector, concluding a
definitive observation of reactor antineutrino disappear-
ance consistent with neutrino oscillations. The survival
probability due to neutrino oscillation at the best-fit value
is given by the curve.

The observed spectrum of IBD prompt signals in the far
detector is compared to nonoscillation expectations based
on measurements in the near detector in Fig. 4. The spectra
of prompt signals are obtained after subtracting back-
grounds shown in the inset. The disagreement of the spec-
tra provides further evidence of neutrino oscillation.

In summary, RENO has observed reactor antineutrinos
using two identical detectors each with 16 tons of Gd-
loaded liquid scintillator, and a 229 d exposure to six
reactors with total thermal energy 16:5 GWth. In the far
detector, a clear deficit of 8.0% is found by comparing a
total of 17102 observed events with an expectation based
on the near detector measurement assuming no oscillation.
From this deficit, a rate-only analysis obtains sin22!13 ¼
0:113" 0:013ðstatÞ " 0:019ðsystÞ. The neutrino mixing
angle !13 is measured with a significance of 4.9 standard
deviation.
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FIG. 4. Observed spectrum of the prompt signals in the far
detector compared with the nonoscillation predictions from the
measurements in the near detector. The backgrounds shown in
the inset are subtracted for the far spectrum. The background
fraction is 5.5% (2.7%) for far (near) detector. Errors are statis-
tical uncertainties only. Bottom: The ratio of the measured
spectrum of far detector to the nonoscillation prediction.
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where Md are the measured IBD events of the d-th
AD with its backgrounds subtracted, Bd is the corre-
sponding background, Td is the prediction from an-
tineutrino flux, including MC corrections and neu-
trino oscillations, ωd

r is the fraction of IBD contribu-
tion of the r-th reactor to the d-th AD determined
by the baselines and antineutrino fluxes. The un-
correlated reactor uncertainty is σr (0.8%), as shown
in Table 6. The parameter σd (0.2%) is the uncor-
related detection uncertainty, listed in Table 4. The
parameter σB is the quadratic sum of the background
uncertainties listed in Table 5. The corresponding
pull parameters are (αr,εd,ηd). The detector- and
reactor-related correlated uncertainties were not in-
cluded in the analysis. The absolute normalization ε
was determined from the fit to the data.

The survival probability used in the χ2 was

Psur = 1−sin2 2θ13 sin
2(1.267∆m2

31L/E)

− cos4 θ13 sin
2 2θ12 sin

2(1.267∆m2
21L/E) ,

where ∆m2
31 = 2.32×10−3eV2,sin2 2θ12 = 0.861+0.026

−0.022,
and ∆m2

21 =7.59+0.20
−0.21×10−5eV2 [53]. The uncertainty

in ∆m2
31 [14] had negligible effect and thus was not

included in the fit.
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Fig. 23. Ratio of measured versus expected

signals in each detector, assuming no oscilla-

tion. The error bar is the uncorrelated un-

certainty of each AD, including statistical,

detector-related, and background-related un-

certainties. The expected signal has been

corrected with the best-fit normalization pa-

rameter. Reactor and survey data were used

to compute the flux-weighted average base-

lines. The oscillation survival probability at

the best-fit value is given by the smooth curve.

The AD4 and AD6 data points were displaced

by -30 and +30 m for visual clarity. The χ2

value versus sin2 2θ13 is shown in the inset.

The best-fit value is

sin2 2θ13 =0.089±0.010(stat.)±0.005(syst.)

with a χ2/NDF of 3.4/4. All best estimates of pull pa-
rameters are within its one standard deviation based
on the corresponding systematic uncertainties. The
no-oscillation hypothesis is excluded at 7.7 standard
deviations. Fig. 23 shows the number of IBD can-
didates in each detector after correction for relative
efficiency and background, relative to those expected
assuming no oscillation. A ∼1.5% oscillation effect
appears in the near halls, largely due to oscillation of
the antineutrinos from the reactor cores in the far-
ther cluster. The oscillation survival probability at
the best-fit values is given by the smooth curve. The
χ2 value versus sin22θ13 is shown in the inset.

The observed νe spectrum in the far hall was com-
pared to a prediction based on the near hall measure-
ments αMa +βMb in Fig. 24. The distortion of the
spectra is consistent with that expected due to oscilla-
tions at the best-fit θ13 obtained from the rate-based
analysis.
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Fig. 24. Top: Measured prompt energy spec-

trum of the far hall (sum of three ADs) com-

pared with the no-oscillation prediction based

on the measurements of the two near halls.

Spectra were background subtracted. Uncer-

tainties are statistical only. Bottom: The ra-

tio of measured and predicted no-oscillation

spectra. The solid curve is the expected ra-

tio with oscillations, calculated as a function

of neutrino energy assuming sin2 2θ13 = 0.089

obtained from the rate-based analysis. The

dashed line is the no-oscillation prediction.
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With the same dataset (3.01×1020 POT), T2K gives the only 
direct evidence of νe appearance:

11 νe candidates

Best fit with 1σ uncertaintiesBest fit with 1σ uncertainties

Normal hierarchy

Inverted hierarchy

0.094+0.053
�0.040

0.116+0.063
�0.049

Determination of νμ oscillation parameters
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All the results together in the same plot:
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Determination of νμ oscillation parameters

Best fit results: sin2 2✓23 = 1.00 �m2
32 = 2.45⇥ 10�3eV2

Feldman-Cousins confidence regions:

Goodness-of-fit test on 1000 toy MC
p-value = 0.85

90% CL
68% CL

✳ best fit point

best fitted spectrum

non oscill. spectrum

● Run 1-3 data

best fitted spectrum
● Run 1-3 data

Maximum Likelihood fit
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RENO

Daya Bay

Super-Kamiokande

T2K

Normal data taking has been started on September 24th, 2011.
only two years from the first budgets in FY2009

6

KamLAND(-Zen)

impurities in the Xe-LS; those from muon-induced spalla-
tion products; and those external to the Xe-LS, mainly
from the IB material. The U and Th contaminations in
the Xe-LS can be investigated by the delayed coincidence
detection of 214Bi-214Po and 212Bi-212Po. Assuming secular
equilibrium, the 238U and 232Th concentrations are esti-
mated to be ð1:3" 0:2Þ $ 10%16 g=g and ð1:8" 0:1Þ $
10%15 g=g, respectively. The 238U level reported in
Ref. [2] was overestimated due to slight contamination of
222Rn in early data, which can be removed. To allow for the
possibility of decay chain nonequilibrium, however, the
Bi-Po measurements are used to constrain only the rates for
the 222Rn-210Pb subchain of the 238U series and the
228Th-208Pb subchain of the 232Th series, while other back-
ground rates in both series as well as a contribution from
85Kr are left unconstrained.

Spallation neutrons are captured mainly on protons
(2.225 MeV) and 12C (4.946 MeV) in organic scintillator
components, and only rarely on 136Xe (4.026 MeV) and
134Xe (6.364 MeV), with fractions of the total captures,
9:5$ 10%4 and 9:4$ 10%5, respectively, for the latter
two. The neutron capture product 137Xe (!%, " ¼
5:5 min , Q ¼ 4:17 MeV) is a potential background,
but its expected rate is negligible in the current 0#!!
search. For carbon spallation products, we expect event
rates of 1:11" 0:28 ðton ' dayÞ%1 and ð2:11" 0:44Þ $
10%2 ðton ' dayÞ%1 from 11C (!þ, " ¼ 29:4 min , Q ¼
1:98 MeV) and 10C (!þ, " ¼ 27:8 s, Q ¼ 3:65 MeV),
respectively. There are no past experimental data for
muon spallation of Xe, but background from short-lived
products of Xe with lifetimes of less than 100 s is con-
strained from the study of muon time-correlated events [2].

By looking at events near the IB radius, we found that
the IB, which was fabricated 100 km from the Fukushima-I
reactor, was contaminated by fallout from the Fukushima
nuclear accident in March 2011 [2]. The dominant activ-
ities from this fallout are 134Cs (!þ $’s) and 137Cs
(0.662 MeV $), but they do not generate background in
the energy region 2:2<E< 3:0 MeV relevant to the 136Xe
0#!! decay search (i.e., the 0#!! window). In this
region, the dominant IB contaminant is 214Bi (!þ $’s)
from the U decay chain. The Cs and U are not distributed
uniformly on the IB film. Rather, their activity appears to
increase proportionally with the area of the film welding
lines. This indicates that the dominant IB backgrounds may
have been introduced during the welding process from dust
containing both natural U and Fukushima fallout contam-
inants. The activity of the 214Bi on the IB drives the
spherical fiducial radius in the analysis.

In the combined DS-1 and DS-2 data set, a peak can also
be observed in the IB backgrounds located in the 0#!!
window on top of the 214Bi contribution, similar in energy
to the peak found within the fiducial volume. To explore
this activity we performed two-dimensional fits in R and
energy, assuming that the only contributions on the IB are

from 214Bi and 110mAg. Floating the rates from background
sources uniformly distributed in the Xe-LS, the fit results
for the 214Bi and 110mAg event rates on the IB are
19:0" 1:8 day%1 and 3:3" 0:4 day%1, respectively, for
DS-1, and 15:2" 2:3 day%1 and 2:2" 0:4 day%1 for
DS-2. The 214Bi rates are consistent between DS-1 and
DS-2 given the different fiducial volume selection, while
the 110mAg rates are consistent with the decay time of
this isotope. The rejection efficiencies of the FV cut
R< 1:35 m against 214Bi and 110mAg on the IB are
(96:8" 0:3) and (93:8" 0:7)%, respectively, where the
uncertainties include the uncertainty in the IB position.
The energy spectra of selected candidate events for DS-1

and DS-2 are shown in Fig. 1. The !! decay rates are
estimated from a likelihood fit to the binned energy spec-
trum between 0.5 and 4.8 MeV for each data set. The
background rates described above are floated but con-
strained by their estimated values, as are the detector
energy response model parameters. As discussed in
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FIG. 1 (color). (a) Energy spectrum of selected candidate
events together with the best-fit backgrounds and 2#!! decays,
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data from DS-1 and DS-2; the fit range is 0:5<E< 4:8 MeV.
(b) Closeup of (a) for 2:2<E< 3:0 MeV after subtracting
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both detectors. We observe a clear deficit of 8.0% for the
far detector, and of 1.2% for the near detector, concluding a
definitive observation of reactor antineutrino disappear-
ance consistent with neutrino oscillations. The survival
probability due to neutrino oscillation at the best-fit value
is given by the curve.

The observed spectrum of IBD prompt signals in the far
detector is compared to nonoscillation expectations based
on measurements in the near detector in Fig. 4. The spectra
of prompt signals are obtained after subtracting back-
grounds shown in the inset. The disagreement of the spec-
tra provides further evidence of neutrino oscillation.

In summary, RENO has observed reactor antineutrinos
using two identical detectors each with 16 tons of Gd-
loaded liquid scintillator, and a 229 d exposure to six
reactors with total thermal energy 16:5 GWth. In the far
detector, a clear deficit of 8.0% is found by comparing a
total of 17102 observed events with an expectation based
on the near detector measurement assuming no oscillation.
From this deficit, a rate-only analysis obtains sin22!13 ¼
0:113" 0:013ðstatÞ " 0:019ðsystÞ. The neutrino mixing
angle !13 is measured with a significance of 4.9 standard
deviation.

The RENO experiment is supported by the Ministry of
Education, Science and Technology of Korea and the
Korea Neutrino Research Center selected as a Science
Research Center by the National Research Foundation of
Korea (NRF). Some of us have been supported by a fund
from the BK21 of NRF. We gratefully acknowledge the

cooperation of the Yonggwang Nuclear Power Site and the
Korea Hydro & Nuclear Power Co., Ltd. (KHNP). We
thank KISTI’s providing computing and network resources
through GSDC, and all the technical and administrative
people who greatly helped in making this experiment
possible.
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FIG. 4. Observed spectrum of the prompt signals in the far
detector compared with the nonoscillation predictions from the
measurements in the near detector. The backgrounds shown in
the inset are subtracted for the far spectrum. The background
fraction is 5.5% (2.7%) for far (near) detector. Errors are statis-
tical uncertainties only. Bottom: The ratio of the measured
spectrum of far detector to the nonoscillation prediction.
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FIG. 3. The "2 distribution as a function of sin22!13. Bottom:
Ratio of the measured reactor neutrino events relative to the
expected with no oscillation. The curve represents the oscillation
survival probability at the best-fit, as a function of the flux-
weighted baselines.
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where Md are the measured IBD events of the d-th
AD with its backgrounds subtracted, Bd is the corre-
sponding background, Td is the prediction from an-
tineutrino flux, including MC corrections and neu-
trino oscillations, ωd

r is the fraction of IBD contribu-
tion of the r-th reactor to the d-th AD determined
by the baselines and antineutrino fluxes. The un-
correlated reactor uncertainty is σr (0.8%), as shown
in Table 6. The parameter σd (0.2%) is the uncor-
related detection uncertainty, listed in Table 4. The
parameter σB is the quadratic sum of the background
uncertainties listed in Table 5. The corresponding
pull parameters are (αr,εd,ηd). The detector- and
reactor-related correlated uncertainties were not in-
cluded in the analysis. The absolute normalization ε
was determined from the fit to the data.

The survival probability used in the χ2 was

Psur = 1−sin2 2θ13 sin
2(1.267∆m2

31L/E)

− cos4 θ13 sin
2 2θ12 sin

2(1.267∆m2
21L/E) ,

where ∆m2
31 = 2.32×10−3eV2,sin2 2θ12 = 0.861+0.026

−0.022,
and ∆m2

21 =7.59+0.20
−0.21×10−5eV2 [53]. The uncertainty

in ∆m2
31 [14] had negligible effect and thus was not

included in the fit.
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Fig. 23. Ratio of measured versus expected

signals in each detector, assuming no oscilla-

tion. The error bar is the uncorrelated un-

certainty of each AD, including statistical,

detector-related, and background-related un-

certainties. The expected signal has been

corrected with the best-fit normalization pa-

rameter. Reactor and survey data were used

to compute the flux-weighted average base-

lines. The oscillation survival probability at

the best-fit value is given by the smooth curve.

The AD4 and AD6 data points were displaced

by -30 and +30 m for visual clarity. The χ2

value versus sin2 2θ13 is shown in the inset.

The best-fit value is

sin2 2θ13 =0.089±0.010(stat.)±0.005(syst.)

with a χ2/NDF of 3.4/4. All best estimates of pull pa-
rameters are within its one standard deviation based
on the corresponding systematic uncertainties. The
no-oscillation hypothesis is excluded at 7.7 standard
deviations. Fig. 23 shows the number of IBD can-
didates in each detector after correction for relative
efficiency and background, relative to those expected
assuming no oscillation. A ∼1.5% oscillation effect
appears in the near halls, largely due to oscillation of
the antineutrinos from the reactor cores in the far-
ther cluster. The oscillation survival probability at
the best-fit values is given by the smooth curve. The
χ2 value versus sin22θ13 is shown in the inset.

The observed νe spectrum in the far hall was com-
pared to a prediction based on the near hall measure-
ments αMa +βMb in Fig. 24. The distortion of the
spectra is consistent with that expected due to oscilla-
tions at the best-fit θ13 obtained from the rate-based
analysis.
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Fig. 24. Top: Measured prompt energy spec-

trum of the far hall (sum of three ADs) com-

pared with the no-oscillation prediction based

on the measurements of the two near halls.

Spectra were background subtracted. Uncer-

tainties are statistical only. Bottom: The ra-

tio of measured and predicted no-oscillation

spectra. The solid curve is the expected ra-

tio with oscillations, calculated as a function

of neutrino energy assuming sin2 2θ13 = 0.089

obtained from the rate-based analysis. The

dashed line is the no-oscillation prediction.
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With the same dataset (3.01×1020 POT), T2K gives the only 
direct evidence of νe appearance:

11 νe candidates

Best fit with 1σ uncertaintiesBest fit with 1σ uncertainties

Normal hierarchy

Inverted hierarchy

0.094+0.053
�0.040

0.116+0.063
�0.049

Determination of νμ oscillation parameters
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All the results together in the same plot:
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Determination of νμ oscillation parameters

Best fit results: sin2 2✓23 = 1.00 �m2
32 = 2.45⇥ 10�3eV2

Feldman-Cousins confidence regions:

Goodness-of-fit test on 1000 toy MC
p-value = 0.85

90% CL
68% CL

✳ best fit point

best fitted spectrum

non oscill. spectrum

● Run 1-3 data

best fitted spectrum
● Run 1-3 data

Maximum Likelihood fit

Even more exciting 
prospects in future!!
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India-based Neutrino Observatory (INO)

¨ An underground laboratory with ~1.2 km all-round rock cover 
accessed through a 1.9 km long tunnel. A large and several smaller 
caverns to facilitate many experimental programmes

¨ Frontline neutrino issues e.g., mass parameters and 
other properties, will be explored in a manner 
complementary to ongoing efforts worldwide.

¨ The detector will be a magnetised iron calorimeter 
(ICAL) with magnetised iron plates interleaved with 
RPC detectors. Total weight will be 50 kton.

¨ ICAL detector, with its charge identification ability, will be able to 
address questions about the neutrino mixing parameter space 
specially the issue of neutrino mass hierarchy.

¨ Will support several experiments in Physics, Biology, Geology etc. 
when operational. Neutrino-less Double Beta Decay and Dark 
Matter Search experiments foreseen in the immediate future.

¨ Welcome international participation.

ICAL  Detector
( conceptual)

INO Underground Lab
(conceptual)

file://localhost/INO/presentation/DAE-DST-Detector.pptx
file://localhost/INO/presentation/DAE-DST-Detector.pptx
file://localhost/INO/presentation/DAE-DST-Detector.pptx
file://localhost/INO/presentation/DAE-DST-Detector.pptx
file://localhost/INO/presentation/DAE-DST-Detector.pptx
file://localhost/INO/presentation/DAE-DST-Detector.pptx
file://localhost/INO/presentation/DAE-DST-Detector.pptx
file://localhost/INO/presentation/DAE-DST-Detector.pptx
file://localhost/INO/presentation/DAE-DST-Detector.pptx
file://localhost/INO/presentation/DAE-DST-Detector.pptx
file://localhost/INO/presentation/DAE-DST-Detector.pptx
file://localhost/INO/presentation/DAE-DST-Detector.pptx
file://localhost/INO/presentation/DAE-DST-Detector.pptx


Current status
v Full size RPCs (2m X 2m) are now being fabricated not only in the 

lab but also by the Industry. Ready for large scale production. 
Construction of an Engineering module will start soon.

v Development & fabrication of various electronic modules  for the INO-
ICAL detector are advancing well.

v Two prototype detectors- one at TIFR and the 2nd one at VECC are 
running. 

v Detailed Project Reports (DPR) for site infrastructure as well as for 
the magnet structure  are ready.

v Obtained forest as well as environmental clearances for the INO 
project.  Civil construction will start soon.

v  TN govt. has handed over  66 acres of land to DAE  for the 
construction of INO facilities at site. Additional 33 acres of land 
acquired at Madurai for the INO centre. 

v INO graduate training program with strong emphasis on hands on 
training for detector development  is running for the last three years.

v INO-ICAL will have an important role specially due to the large value 
of θ13 announced recently.

Prototype ICAL at VECC

2mX2m RPC Test Stand at TIFR
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China Information from Jun Cao



             

  Daya Bay-II Experiment

Daya Bay Daya Bay II u 20 kton LS detector
u 3%/√E̅  resolution
u Rich physics 

ðMass hierarchy
ðPrecision measurement of 4 

oscillation parameters to <1%
ðSupernovae neutrino
ðGeoneutrino
ðSterile neutrino
ðAtmospheric neutrinos
ðExotic searches 

Talk by Y.F. Wang at ICFA seminar 2008...NuFact 2012;  by J. Cao at Nutel 2009...NPB 2012 (ShenZhen); 
Paper by L. Zhan, Y.F. Wang, J. Cao, L.J. Wen,  PRD78:111103,2008;  PRD79:073007,2009

DYB-II has been approved in China in Feb. 2013 
Equivalent to CD1 of US DOE



             

  The reactors and possible sites
 Daya Bay Huizhou Lufeng Yangjiang Taishan

Status Operational Planned Planned Under construction Under construction

Power 17.4 GW 17.4 GW 17.4 GW 17.4 GW 18.4 GW

Daya Bay
Huizhou Lufeng

Yangjiang

Taishan

Hong Kong

Kaipin, Jiangmeng, 
Guang Dong

Site survey and civil design
Scheduled data taking ~2020



             

  Projected Sensitivity

If  Δm2
32  at 1% precision，mass 

hierarchy could be determined to ~5σ  
in 6 years. (core distribution and 
energy non-linearity may degrade it a 
little.

Taking into account Δm2
32 from T2K	
  

and	
  Nova	
  in	
  the	
  future：

Contribution from 
absolute Δm2

32	
  
measurement

Current DYB II

 Δm2
12 3% 0.6%

 Δm2
23 5% 0.6%

sin2θ12 6% 0.7%

sin2θ23 20% N/A

sin2θ13 14%è 4% ~ 15%

Will be more precise than CKM 
matrix elements !

Probing the unitarity of UPMNS to 
~1% level
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Korea
Information from Soo-Bong Kim



20 m

25 m

20 m

25 m LAB -LS (5 kton)
6000 10” PMTs

Water500 10” OD PMTs

RENO-50 (2018~  )
§ Large θ12  neutrino oscillation effects at 50 km + 5kton liquid scintillator detector
§ RENO can be used as near detectors. → Precise (~0.3%) reactor neutrino fluxes
§ Dedicated to YG → negligible contribution from other nuclear power plants.

§ Possible sites : 
 - Mt. Byungpoong (822 m, 43.9 km)
 - Mt. Choowol (729 m, 51.9 km)

Yonggwang
Mt. Choowol

Mt. Byungpoong

International WS on RENO-50 in June
http://home.kias.re.kr/MKG/h/reno50/

http://home.kias.re.kr/MKG/h/reno50/
http://home.kias.re.kr/MKG/h/reno50/


Physics with RENO-50

§ Determination of mass hierarchy (sign of Δm2
31 or Δm2

32)
   - Challenging : good (2~3%) energy resolution & large (> 30 kton) detector
   - Add a 1000 ton detector at ~10 km (L :  300 m + 1.4 km + 10 km + 50 km)

§ Neutrino burst from a galactic supernova :  ~1500 events  @8 kpc

§ Precise measurement of θ12 and Δm2
21 

   

in a year 
(← 5.4%) 

in 2~3 years 
(← 2.6%) 

§ Geo-neutrinos : ~ 300 geo-neutrinos for 5 years

§ Solar neutrinos : with ultra low radioacitivity like Borexino

§ Reactor physics :  non-proliferation  

§ Detection of J-PARC beam (4MW) :  ~100 events/year  

§ Search for neutrinoless double beta decay



RENO-50  vs. KamLAND
Oscillation 
Reduction

Reactor 
Neutrino Flux

Detector 
Size

Syst. Error on 
ν Flux

Error on
sin2θ12

RENO-50
(50 km)

80% 13×6×φ0
[6 reactors]

5 kton ~ 0.3% ~1%

KamLAND
(180 km)

40% 53×φ0
[53 reactors]

1 kton 3% 5.4%

Figure of Merit ×2 ×1.5 ×5 ×10
 (50 km / 180 km)2 ≈ 13

MC Simulation for RENO-50

50 km

Energy Resolution

NH/IH mass 
hierarchy
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Japan
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41

Feature

測定だけでなく各種の原子核でも測定することが重要
です。崩壊の寿命を決める原子核行列要素の不定性の
低減にとどまらず、背景となる物理を探る上でも有効
と考えられています。また、NaI（ヨウ化ナトリウム
結晶シンチレーター）を沈めて暗黒物質探索のよう
なことも可能になると期待しています。この計画は
KamLAND2-Zenと呼んでいます。KamLAND2-Zenで
は、1000 kgの同位体濃縮キセノンを用いて約1.8気
圧の圧力 （深さが10mある） で溶かすことで、濃度を
高めて体積に比例するバックグラウンドを低減するこ
とを考えていて、逆階層構造を探索する20 meV程度
の感度が見込まれます。
並行してさらに挑戦的な開発も行っていて、ミニ

バルーンのフィルムがシンチレーション光を発するよ
うにし、Bi-Poの識別効率を大幅に上げる開発や、イ
メージング技術を用いたマルチバーテックス（多反応
点）の識別による10Cや J 線由来のバックグラウンド
の大幅な低減を図る開発も行っています。これらを
組み合わせれば標準階層構造に切り込むことも夢では
ありません。これらの改良案のうち、高圧で溶かすこ
とでキセノンの濃度を高める工夫はコスト対効果が
高いため、KamLAND2-Zenに移行する前の中間段階

として800 kgのキセノンを溶かしたフェーズを考えて
いて、現在手持ちの450 kgからさらに調達を進めて
います。このフェーズでは、逆階層構造の半ば程度
30~40 meVの感度を達成できると見積もっています。

大きく発展したニュートリノ研究は非常に特殊な
観測空間を生み出しました。地下深くの巨大な空間で
きわめて純度の高い物質を用いることで構築された極
低放射能環境は、希な現象の探索で新たな領域を開拓
しています。これまで10 kg程度にとどまっていた二重 

E�崩壊研究の物質量が既に300 kgを越えるまでになり
ました。既存の装置を有効活用することで高いコスト
パフォーマンスと拡張性を有しており、短い準備期間
での立ち上げが可能です。より詳細な物理現象の研究
には多種の原子核での測定や角分布の測定などが必要
ですが、高度な装置ほど高額になることは避けられず
しかも往々にして単機能になってしまいます。汎用性・
拡張性の高い装置で先鞭をつけ、目標を定めた後によ
り高度な装置で詳細な研究を行うといったスタイルが
継続的な研究発展には必要ではないでしょうか。

࿑㧠�

おわりに

図5　 KamLAND2-Zen （左） とウィンストンコーン型反射板
を取り付けた光電子増倍管 （右） の概略図。GADZOOKS!

KamLAND2(-Zen)

+ Continued running of Super-K, T2K(incl. anti-ν run), ..

CANDLES
CAlcium fluoride for studies of Neutrino and Dark matrters

by Low Energy Spectrometer

CaFCaF22(Pure)(Pure)22( )( )
200kg, 300kg, 2t, ..

enrichment
Liquid Scintillator

(Veto Counter)

48Ca (Qββ=4.27MeV)
Liquid Scintillator
Wave Length ShifterWave Length Shifter
4 π Active Shield
Passive shieldPassive shield

PhotomultiplierPhotomultiplier
energy resolution

CaF2(Pure)

Buffer Oil

34Large PMT

Future projects in Japan

CANDLES III䠄UG䠅CANDLES III䠄UG䠅

CANDLES III䠄UG䠅 (CaF2 crystals)

62 PMT’s
96 CaF2(305 kg) crystals: 

Almost completed

CANDLES LAr-TPC R&D



Hyper-Kamiokande
Total Volume       0.99 Megaton
Inner Volume      0.74 Mton
Fiducial Volume   0.56 Mton (0.056 Mton × 10 compartments)                                        
Outer Volume     0.2 Megaton
Photo-sensors    99,000 20”Φ PMTs for Inner Det.
                         (20% photo-coverage)
                         25,000 8”Φ PMTs for Outer Det.

×25 of Super-K
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Letter of Intent:

The Hyper-Kamiokande Experiment

— Detector Design and Physics Potential —

K. Abe,12, 14 T. Abe,10 H. Aihara,10, 14 Y. Fukuda,5 Y. Hayato,12, 14 K. Huang,4

A. K. Ichikawa,4 M. Ikeda,4 K. Inoue,8, 14 H. Ishino,7 Y. Itow,6 T. Kajita,13, 14 J. Kameda,12, 14

Y. Kishimoto,12, 14 M. Koga,8, 14 Y. Koshio,12, 14 K. P. Lee,13 A. Minamino,4 M. Miura,12, 14

S. Moriyama,12, 14 M. Nakahata,12, 14 K. Nakamura,2, 14 T. Nakaya,4, 14 S. Nakayama,12, 14
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H. K. M. Tanaka,11 S. Tasaka,1 T. Tomura,12 M. R. Vagins,14 J. Wang,10 and M. Yokoyama10, 14
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3Kobe University, Department of Physics, Kobe, Hyogo 657-8501, Japan

4Kyoto University, Department of Physics, Kyoto, Kyoto 606-8502, Japan

5Miyagi University of Education, Department of Physics, Sendai, Miyagi 980-0845, Japan

6Nagoya University, Solar Terrestrial Environment Laboratory, Nagoya, Aichi 464-8602, Japan

7Okayama University, Department of Physics, Okayama, Okayama 700-8530, Japan

8Tohoku University, Research Center for Neutrino Science, Sendai 980-8578, Japan

9Tokai University, Department of Physics, Hiratsuka, Kanagawa 259-1292, Japan

10University of Tokyo, Department of Physics, Bunkyo, Tokyo 113-0033, Japan

11University of Tokyo, Earthquake Research Institute, Bunkyo, Tokyo 113-0032, Japan

12University of Tokyo, Institute for Cosmic Ray Research,

Kamioka Observatory, Kamioka, Gifu 506-1205, Japan

13University of Tokyo, Institute for Cosmic Ray Research,

Research Center for Cosmic Neutrinos, Kashiwa, Chiba 277-8582, Japan

14University of Tokyo, Institute for the Physics and Math-
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higher intensity ν by 
upgraded J-PARC

Hyper-K

SunSupernova

x25 Larger ν Target
& Proton Decay Source

Proton 
Decays

νν ν

ν

x2 (year 
or power)

x50 of T2K
for !CP

18

Multi-purpose detector
Hyper-Kamiokande



sin22θ13=0.1,δ=0, normal MH

Signal
(νμ→νe CC)

Wrong sign 
appearance νμ/νμ CC beam νe/νe 

contamination NC

ν (2.25MW·107s) 3,560 46 35 880 649

ν (5.25MW·107s) 1,959 380 23 878 678

100

200

300

400

500

100

200

300

0 00 1 2 0 1 2
ES

rec (GeV) ES
rec (GeV)

S mode S mode
Total

BG all

BG from�SR

Total

BG from�SR

BG from�SR+ SR

BG from Se��SR�SR

BG Se�Se�SR�SR

SR�q�Se + BG

J-PARC to Hyper-K LBL experiment:
νe candidate reconstructed energy distributions

2.25MW·107s
= 0.75MW×3yrs
(1.5MW×1.5yrs)

5.25MW·107s
= 0.75MW×7yrs
(1.5MW×3.5yrs)

2000-4000 signal events for each of ν and ν
19

7.5MW・years

acc. ν



Expected sensitivity to CP asymmetry 
7.5MW・years 5% systematics on signal, νμ BG, νe BG, ν/ν

sin22θ23=1

20

0

1

I�@
UB

0 0.05 0.1 0.15
sin22V13

-1

2X
1X

3X

7.5MWyear
Hyper-K

δ C
P

sin22θ13

Reactor 1σ

Good sensitivity for currently allowed values

*Mass hierarchy 
determination with 

Hyper-K atm. ν: 
>3σ in 5-10 years

acc. ν

Normal mass hierarchy (known*)



Expected uncertainty of δ (1σ)
5% systematics on signal, νμ BG, νe BG, ν/ν
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I=90o

I=0o

0 1 2 3 4 5 6 7 8 9 10

sin2�ѡ13=0.1

Integrated beam power (MW∙year)

Normal hierarchy

10

sin22θ13=0.1

107s

7.5 MW·107s

Normal Hierarchy

21
<20° (δ=90°), <10° (δ=0°)

acc. ν



Mass hierarchy determination with 
atmospheric neutrinos

22

2012.8.22 Roger Wendell  9 

Expected Effects : electron-like samples 

Equivalent MC Effect of the 23 octant can be larger than that from  cp 
on electron appearance   

Effect of the latter is smaller than the expected statistical 
uncertainty in each bin 

Multi-GeV e-like events

10 years

normal hierarchy case

MSW effect in Earth’s core
→ resonance effect on either 

ν or anti-ν

NH, previous 13 is fixed : sin2213 = 0.098 

3  

2  

Hierarchy sensitivity, 10 years of Atmospheric  data 

 Thickness of the band corresponds to uncertainty induced from cp  
Weakest sensitivity overall in the tail of the first octant 
 Hierarchy sensitivity is improved slightly after update 

 True for both hierarchies  
 

NH, Update 

3  

2  

Δχ
2

sin2θ23

Normal hierarchy

Hyper-K 10 years

3σ determination with <10 year observation
(better sensitivity depending on the value of  θ23)

sin22θ13=0.1

atm ν



2012.8.22 Roger Wendell  17 

NH, unknown IH, Unknown 13 is fixed : sin2213 = 0.10 

 Thickness of the band corresponds to the uncertainty from cp  

 Best value of cp = 40 degrees 
Worst value of cp = 140 (260) degrees, for 1st (2nd ) octant 

23 Octant sensitivity , 10 year Exposure 

3  

2  

3  

2  

2012.8.22 Roger Wendell  19 

Fraction of cp excluded at 3 for a fixed value of cp  

NH IH 

 For this particular input, the constraint atmospheric neutrinos can place on 
dcp  is about 50% of  

sin23 = 0.6 

 0.4 

sin23 = 0.6 

 0.4 

10 years 10 years

θ23 octant
sensitivity
 (band depends on δ)

 Fraction of 
δCP excluded

(3 σ)

23
Complementary measurements to accelerator ν

atm νatm ν: θ23 octant and CPV



Search for nucleon decays

~10 times sensitivity 
than current Super-K 

limits
•p→e+π0:
•1.3×1035yrs (90%CL)
•5.7×1034yrs (3σ)

•p→νK+:
•2.5×1034yrs (90%CL)
•1.0×1034yrs (3σ)

(10 years)

24

p decay



Neutrino astrophysics

•Supernova burst neutrino

• ~250k events (Garactic center) / 
~25 events (Andromeda)

• Reveal the detailed mechanism of supernova explosions
with very large statistics sample

• Supernova relic neutrino

• Study the history of heavy element synthesis in the universe

• Precision measurements of solar neutrino

• Indirect WIMP Search

25

astro ν



International Hyper-K meetings
First meeting: Aug. 23-24, 2012

Second meeting: Jan. 14-15, 2013

~100 participants for 
each of two meetings
(~half from abroad)

International working 
group was formed

26
http://indico.ipmu.jp/indico/conferenceTimeTable.py?confId=10

http://indico.ipmu.jp/indico/conferenceTimeTable.py?confId=7

Next meeting: Jun. 21-22

Current members from
Japan, Canada, Spain, 

Switzerland, Russia, UK, 
and US

Hyper-K is completely 
open to the international 

community

http://indico.ipmu.jp/indico/conferenceTimeTable.py?confId=10
http://indico.ipmu.jp/indico/conferenceTimeTable.py?confId=10
http://indico.ipmu.jp/indico/conferenceTimeTable.py?confId=10
http://indico.ipmu.jp/indico/conferenceTimeTable.py?confId=10
http://indico.ipmu.jp/indico/conferenceTimeTable.py?confId=10


Detector design

27

Cavern excavation

• geological survey, in-situ 
rock stress tests

• scheduling & costing 
ongoing
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Cavern excavation

• geological survey, in-situ 
rock stress tests

• scheduling & costing 
ongoing
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Cavern excavation

• geological survey, in-situ 
rock stress tests

• scheduling & costing 
ongoing
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• Cavity design based on the in situ measurement of 
rock quality and stress

• Feasible design established

• Optimization of cavity shape, segmentation walls, 
sensor support etc. ongoing



R&D of photo sensor
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!  !HPD!=!Hybrid!of!0Ɵĸ!(0→e)!and!Ɵ|ë:d!(e→Ɵÿ)!
"  Ɵ|ë:ǘavalanche!diode!ǩĚƿǐHAPD!(Hybrid!Avalanche!Photo7Detector)ǩ

Hyper7K0ǾȥǸǙ�)řǖǋǔƏĝȧëŦƮ!

ȯ� ȯ�ȯ�

Metal dynode�

~2kV ~8kV 

Avalanche Diode (AD) = APD without photocathode�

x ~ 5 � × ~400 

~260V 

Total!gain!~4x104!!!×!ǪȥȒǶǫȥ�
× ~100 
ǪȌȟȥǺǭǶǫȥ�»ǑżǟǶǫȥ�

        ΔV 
 ~ -260V 

»ǑżǟǶǫȥ�

Amp�

ǪȥȒǶǫȥ�

0ƟơȧǱȟǼǚ
ŌZǌĽÞȩQEǡZǌȪ�

HPDǘǚ8kVǙƬƟiǄ®Ŝ!
!!!!!!!Ɵ|ǩADǙ�ǊǗƥnǘƝǠǦ!(5720mm)!!
!!!!!!!»ǑżǟǶǫȥǕ3�ǙǶǫȥǩ�ǈǦ�

8ǫȥȁ!HPD!Ǚ6l*ǩŤź�

PMT!(20”)� HPD!(8”)�
HV� ~2kV� ~8kV�
Gain� ~107� ~104!~!105�
C.E.� ~70%� ~97%*�

× 300-500 
(����) 

*)ǺșȝȢȨǺȞȥ�

8-inch HPD prototype

• Hybrid Photodetecotr (HPD)

• Photo cathode + avalanche diode

• Goal: higher performance, 
less expensive than PMT

• 8-in prototype test in water
(200-ton water tank @ Kamioka)

• 20-in prototype available soon

• 20-in PMT with improved dynode

• Higher QE  20” photocathode 
under development

• Finish R&D and be ready for mass 
production in a few years



Other R&D topics

• Water system

• Readout electronics

• Calibration system

• Software development

• Physics potential

• Design of near detector(s)

• ...

• Progress within international 
working group
(Japan, Canada, Spain, 
Switzerland, Russia, UK, US)
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In!Hyper3K!
!  !5!GB/s!before!soqware!trigger!
!  !Record!<!100!MB/sec!�
17/May/2012� Hyper3K!photo3sensor!and!DAQ!(Nishimura)� ���

D DAQ system 31

ADC+TDC Front End PC

~500 PMTs/FEPC 

~20 FEPCs
( / compartment )

GPS

TRG Front End PC

Front End PC

network switch
event builder

with Software trig.

10 ev bld
/compartment

switch

To offline system
( outside of the mine )

~25 MB/s/FEPC

Total  ~ 0.5 GB/s
( / compartment )

Organizer

~10MB/sec
( / compartment )

Data flow manager
ADC+TDC Front End PC

~500 PMTs/FEPC 

~20 FEPCs
( / compartment )

GPS

TRG Front End PC

Front End PC

network switch
event builder

with Software trig.

10 ev bld
/compartment

switch

To offline system
( outside of the mine )

~25 MB/s/FEPC

Total  ~ 0.5 GB/s
( / compartment )

Organizer

~10MB/sec
( / compartment )

Data flow manager

FIG. 15. Schematic diagram of the data acquisition system.

the order of timing and send it out to the merger computers. The merger computers each collect all

the hit information from a compartment and apply a software trigger to remove noise hits. Then,

the organizer computer collects the event from the mergers, eliminates overlapping events, and

send them to the o⇥ine computer system. This system reads out all the digitized hit information

from the PMTs and selects the events with software. This system has been working without any

problem in Super-K for more than 2 years. Therefore, it is safe to say that there are no serious

technical di�culties in preparing the DAQ system for this new detector with the currently available

and well established tools at hand. The expected data rate from the entire Hyper-K detector is

about 5 GB/s before applying the software trigger. After the first level software trigger, it will

be reduced by 1/50 and another factor of five reduction could be achieved with Super-K-style

intelligent vertex fitters applied in the o⇥ine computer system. In the end, the data rate written

to disk is expected to be less than 100 MB/sec in total.

1. R&D items for the DAQ system

A possible di�culty which could arise would involve physically running over 100,000 cables from

the PMTs – arranged as they must be throughout the immense tank – into the DAQ system. The

In!Super3K� Immersed!in!water?�

From!11,000!
to!99,000�

Most!parts!are!similar!to!Super3K�

///Water/System�

Compressor� Dryer�
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Target Schedule

• Data taking and science program duration: >15 years
30

JFY2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

-4 -3 -2 -1 1 2 3 4 5 6 7 8 9

access tunnels, waste rock tunnels

cavity excavation

concrete, liner

PMT support, PMT installation

water filling

Operation

PMT production
preparation for glass valve, PMT production

photo-sensor R&D

Construction start

assuming budget being approved from JPY2016



Hyper-K in Japanese future strategy discussions

• Recommendation by HEP future projects committee 
(Feb.2012)

• Two large-scale projects recommended

• ILC

• Large neutrino/nucleon decay detector (Hyper-K/LAr)

• Final draft of KEK roadmap (Jan. 2013) includes Hyper-K

• Cosmic ray physics community endorses Hyper-K 
as a next large-scale project

• ICRR future plan under discussion
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http://www.jahep.org/office/doc/201202_hecsubc_report.pdf

http://kds.kek.jp/getFile.py/access?sessionId=1&resId=0&materialId=0&confId=11728

http://www.jahep.org/office/doc/201202_hecsubc_report.pdf
http://www.jahep.org/office/doc/201202_hecsubc_report.pdf
http://kds.kek.jp/getFile.py/access?sessionId=1&resId=0&materialId=0&confId=11728
http://kds.kek.jp/getFile.py/access?sessionId=1&resId=0&materialId=0&confId=11728


Planning process in Japan

• In 2013-14, Science Council of Japan is going to 
update the Master Plan for large scale projects 
(for all fields of science).

• Large neutrino/nucleon decay detector (Hyper-K/LAr) 
was listed on the previous versions of the Master 
Plan (2010/2011).

• We are going to (re-)submit proposal this month 
with Hyper-K as the project.

• 25-30 projects will be selected as priority.

• The Master Plan is expected to be an important input 
to the Japanese government.
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Summary
•Exciting results in past one year 
from Asia

•Even more exciting prospects 
with future plans in each country

•INO, Daya Bay II, RENO

•Hyper-Kamiokande and many 
projects in Japan
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NNN13 workshop
Nov.11-13, 2013


