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Super-K publications in 2018
Atmospheric neutrino oscillation analysis with external constraints in Super-
Kamiokande I-IV,  
Phys. Rev. D 97, 072001 (2018)
Measurement of the tau neutrino cross section in atmospheric neutrino 
oscillations with Super-Kamiokande,  
Phys. Rev. D 98, 052006 (2018)
Search for Boosted Dark Matter Interacting With Electrons in Super-
Kamiokande,  
Phys. Rev. Lett. 120, 221301 (2018)
Dinucleon and nucleon decay to two-body final states with no hadrons in 
Super-Kamiokande
arXiv:1811.12430 (submitted to PRL)

Paper in preparation:
Search for neutrinos from dark matter annihilation in the earth’s core with the 
Super-Kamiokande detector
Atmospheric neutrino oscillation analysis with improved event reconstruction 
in Super-Kamiokande IV
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スーパーカミオカンデ
• 1996年~現在

• 体積 50,000 tonの超純水
チェレンコフ検出器


• 岐阜県神岡鉱山の地下
1kmに設置


• 内水槽検出器 (32kton)

• 11,129本の50cm径 PMT


• 外水槽検出器（18kton）

• 1885本の20cm径 PMT
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50cm径 PMT
(photo by HPK)

Super-K Physics Targets
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広いエネルギーにある様々な物理を
一つの検出器で同時に研究できる
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大気ニュートリノ

地球の大気層



ニュートリノ３世代混合
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cij≡cosθij, sij≡sinθij

順質量階層
(Δm232>0)

逆質量階層
(Δm232<0)

• 現在までに３つの全ての混合角が 
有限の値として測定されている


• θ12 = 33.6 ± 1.0° 

• θ13 = 9.1 ± 0.6° 

• θ23 = 45 ± 6° (最大混合?(θ23=45°?))


• ２つの質量二乗差

• Δm212 ~7.6 x 10-5 eV2

• |Δm232| ~2.4 x 10-3 eV2 (Δm223の正負)


• CP位相 δCP はまだ決定されていない



SKでの大気νを用いたν振動解析
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Fully Contained (FC)

Upward-going Muons (Up-µ) 

Partially Contained (PC)

各サンプルの天頂角分布

• SK 大気νデータを19種類のサンプルに分割する 

• ニュートリノの種類 (νe, νμ)、エネルギー、トポロジーなど


• サンプルごとに各振動パラメータへの感度が異なる 

• ３世代ニュートリノ振動を仮定して同時フィットする

Fully Contained (FC)

Upward-going Muons (Up-m) 

Partially Contained (PC)

• In total 19 analysis samples
(classified by ν flavors, event topologies, energies, …)

• Fit to the data in bins of cosqzenith and momentum
• Dominated by νµ→ντ oscillations
• Interested in sub-dominant contributions

Three-flavor effects, Sterile Neutrinos, LIV, … 

Zenith angle distribution of each sample
Determination of n oscillation parameters & mass hierarchy
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ニュートリノ質量階層性の決定
• 大気ν 観測は質量階層性の測定感度が高い

• 地球コアでの物質効果(共鳴)によって質量階層性
に依存して νe / νe̅ 出現現象確率に差が生じる 
• Normal Hierarchy: νμ→νe 振動が enhance


• Inverted Hierarchy: νμ̅→νe̅ 振動が enhance


• → ~2-10GeV 前後の上むき νe と νe̅ を比較
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Mass hierarchy determination in HK
� Difference of matter effect in Earth could be seen in 

upward-going multi-GeV νe sample in atmospheric 
neutrinos

� Combine Atmospheric ν + Beam ν data to study 
mass hierarchy
� Precise oscillation parameters: from beam ν
� Mass ordering effect: from atmospheric ν

© Johan Swanepoel / Shutterstock.com
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SKでの質量階層性の測定

 8

Super-K data. Provided the model samples reproduce
T2K’s results when fit without the atmospheric neutrino
data, the results of a combined analysis can be taken as
reliable.
Neutrino MC samples at Super-K are generated accord-

ing to the Honda 2011 flux calculation [17] and a sample
equivalent to a 500 year exposure of the SK-IV detector, the
run period which contains the T2K beam data, is

reweighted according to the beam flux prediction presented
in [33]. Detailed predictions assuming no oscillations are
available for the νμ, ν̄μ, νe, and ν̄e components of both the
beam and atmospheric fluxes at Super-K. Atmospheric
neutrino interactions are reweighted according to neutrino
flavor, arrival direction, and energy to match the beam
spectrum. Though the T2K beam enters the Super-K tank
from one direction and atmospheric neutrinos enter from all
directions, the uniformity of the detector’s response is such
that this reweighting results in negligible biases in the
model samples. Both T2K analysis samples considered
here are fully contained interactions based on the same
fiducial volume as the atmospheric neutrino sample. The
normalization of the reweighted MC (hereafter beam MC)
is computed based on the total neutrino interaction cross
section on 22.5 kton of water convolved with the beam
flux. Table IV lists the interaction rate for 1.0 × 1021
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FIG. 10. Upward- (cos θ < −0.4) to downward-going (cos θ > 0.4) event ratio as a function of energy. The error bars are statistical.
For the single-ring samples the energy is taken to be the visible energy assuming the light-producing particle was an electron. For the
multi-ring samples the total energy is used after accounting for the particle type (electron or muon) of each reconstructed ring. The cyan
line denotes the best fit from the normal hierarchy hypothesis, and the orange dashed line the best fit from the inverted hierarchy
hypothesis. The error on the prediction is dominated by the uncertainty in the ντ cross section and is not more than 3% (absolute) in any
bin of the figure.
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FIG. 11. Constraints on the matter effect parameter α from the
Super-K atmospheric neutrino data fit assuming
sin2 θ13 ¼ 0.0219" 0.0012. Orange lines denote the inverted
hierarchy result, which has been offset from the normal hierarchy
result, shown in blue, by the difference in their minimum χ2

values. Vacuum corresponds to α ¼ 0, while the standard matter
profile used in the rest of the analyses presented here corresponds
to α ¼ 1.

TABLE IV. Expected interaction rates within the SK 22.5 kton
fiducial volume for the T2K beam fluxes (Φ) and cross section
type (σ) presented in [33]. Rates correspond to the number of
interactions per 1.0 × 1021 protons on target.

Φ σ Int=22.5 kton

νμ νe 1722.3
νμ νμ 1643.3
ν̄μ ν̄μ 53.3
νe νe 29.3
ν̄e ν̄e 4.3

K. ABE et al. PHYS. REV. D 97, 072001 (2018)

072001-14

Upward-going (cosθ<-0.4) と Downward-going (cosθ>0.4) の比

νe νe̅

νe νe̅

Phys. Rev. D 97, 072001 (2018)

Matter
Solar

Interference

sin2q23 = 0.5
sin2q13 = 0.04

12

𝜈𝜇 → 𝜈𝑒

Solar

𝜈𝜇 → 𝜈𝑒

Normal hierarchy

1 10
n energy (GeV)

Observables 𝜈𝑒 CC 𝜈𝑒 CC
Number of rings More Fewer
Transverse momentum Larger Smaller
# of decay electrons More Fewer

Statistically separate 𝜈𝑒 and 𝜈𝑒
Compare appearance probabilities of 𝜈𝑒 and 𝜈𝑒

Dominant interaction ( a few ~ 10 GeV )
→ Deep inelastic scattering

Differential cross-sections are different

n

N
Hadrons

l

Determination of n oscillation parameters & mass hierarchy

Signal efficiency 52.9% 71%
Purity 58.4% 27.5%

• νe-like, νe̅-like サンプル: Event topology 
を使って統計的に νe, νe̅ を分離



θ23

• Normal Hierarchy を支持 
• χ2NH - χ2IH = -4.34 

• Best fit point: θ23>45˚

• ただし90% C.L.で θ23=45˚ 許容
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average,Δχ2¼−0.4 at the Super-K best fit point, this result
is driven by an excess of observed events in its appearance
sample. When atmospheric neutrinos are combined with

T2K, the hierarchy preference strengthens to Δχ2 ¼ −5.27,
with the majority of the expected sensitivity coming from
the atmospheric samples appearing in Fig. 10.
Similar preferences in both samples for δCP near 3π=2

result in a stronger constraint on this parameter when
analyzed together. The right panel of Fig. 16 shows the
constraint for both hierarchy assumptions, with the offset in
the two lines corresponding to the Δχ2 between the two.
Naturally, this preference is consistent with an increased νe
(as opposed to ν̄e) rate in T2K relative to the expectation
from the measured value of θ13. Though the constraint from
the normal hierarchy fit disfavors the region around π=2,
the contour includes the CP-conserving value δCP ¼ π at
nearly 1σ.

VI. INTERPRETATION

It is known that the significance of a mass hierarchy
determination does not necessarily follow the expectation
from a comparison of the χ2 minima from each of the
hierarchy hypotheses (cf. Ref. [40]). Indeed, the hierarchies
do not form a nested hypothesis and as a result Wilks’
theorem [41] is not applicable. To address the issue of the
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FIG. 14. Constraints on neutrino oscillation parameters from the Super-K atmospheric neutrino data fit assuming
sin2 θ13 ¼ 0.0219" 0.0012. Orange lines denote the inverted hierarchy result, which has been offset from the normal hierarchy
result, shown in cyan, by the difference in their minimum χ2 values.
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FIG. 15. Constraints on neutrino oscillation contours at the
90% C.L. from analyses assuming the normal mass hierarchy.
The Super-K contour (cyan) is taken from the analysis with
sin2 θ13 assumed to be 0.0219" 0.0012. Contours from the T2K
(violet) [8], NOvA (dashed green) [7], MINOSþ (dashed blue)
[36], and IceCube (red) [39] experiments are also shown.

TABLE V. Summary of parameter estimates for each analysis and hierarchy hypothesis considered. Here NH (IH) refers to the normal
(inverted) hierarchy fit. The terms “free” and “constrained” refer to fits without and with a constraint on sin2 θ13, respectively, as
described in the text. The expected absolute χ2 value for the SK (SKþ T2K) fits is 559.9 (636.2). The p-value for obtaining a smaller χ2

than the data is 0.439 (0.482) in the NH θ13-constrained fits.

Fit Hierarchy χ2 sin2 θ13 sin2 θ23 jΔm 2
32;31j [×10−3 eV2] δCP

SK θ13 Free NH 571.29 0.018þ0.029
−0.013 0.587þ0.036

−0.069 2.50þ0.13
−0.31 4.18þ1.45

−1.66
IH 574.77 0.008þ0.017

−0.007 0.551þ0.044
−0.075 2.20þ0.33

−0.13 3.84þ2.38
−2.12

SK θ13 Constrained NH 571.33 – 0.588þ0.031
−0.064 2.50þ0.13

−0.20 4.18þ1.41
−1.61

IH 575.66 – 0.575þ0.036
−0.073 2.50þ0.08

−0.37 4.18þ1.52
−1.66

SKþ T2K θ13 Constrained NH 639.43 – 0.550þ0.039
−0.057 2.50þ0.05

−0.12 4.88þ0.81
−1.48

IH 644.70 – 0.550þ0.035
−0.051 2.40þ0.13

−0.05 4.54þ1.05
−0.97
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SKのほぼ全データを使った結果

(SK-I~IV, 5326 days, 328kt∙year)

average,Δχ2¼−0.4 at the Super-K best fit point, this result
is driven by an excess of observed events in its appearance
sample. When atmospheric neutrinos are combined with

T2K, the hierarchy preference strengthens to Δχ2 ¼ −5.27,
with the majority of the expected sensitivity coming from
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result in a stronger constraint on this parameter when
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average,Δχ2¼−0.4 at the Super-K best fit point, this result
is driven by an excess of observed events in its appearance
sample. When atmospheric neutrinos are combined with

T2K, the hierarchy preference strengthens to Δχ2 ¼ −5.27,
with the majority of the expected sensitivity coming from
the atmospheric samples appearing in Fig. 10.
Similar preferences in both samples for δCP near 3π=2

result in a stronger constraint on this parameter when
analyzed together. The right panel of Fig. 16 shows the
constraint for both hierarchy assumptions, with the offset in
the two lines corresponding to the Δχ2 between the two.
Naturally, this preference is consistent with an increased νe
(as opposed to ν̄e) rate in T2K relative to the expectation
from the measured value of θ13. Though the constraint from
the normal hierarchy fit disfavors the region around π=2,
the contour includes the CP-conserving value δCP ¼ π at
nearly 1σ.
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|Δm232|

sin2θ23

|Δm232| vs. sin2θ23

average,Δχ2¼−0.4 at the Super-K best fit point, this result
is driven by an excess of observed events in its appearance
sample. When atmospheric neutrinos are combined with

T2K, the hierarchy preference strengthens to Δχ2 ¼ −5.27,
with the majority of the expected sensitivity coming from
the atmospheric samples appearing in Fig. 10.
Similar preferences in both samples for δCP near 3π=2

result in a stronger constraint on this parameter when
analyzed together. The right panel of Fig. 16 shows the
constraint for both hierarchy assumptions, with the offset in
the two lines corresponding to the Δχ2 between the two.
Naturally, this preference is consistent with an increased νe
(as opposed to ν̄e) rate in T2K relative to the expectation
from the measured value of θ13. Though the constraint from
the normal hierarchy fit disfavors the region around π=2,
the contour includes the CP-conserving value δCP ¼ π at
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than the data is 0.439 (0.482) in the NH θ13-constrained fits.

Fit Hierarchy χ2 sin2 θ13 sin2 θ23 jΔm 2
32;31j [×10−3 eV2] δCP

SK θ13 Free NH 571.29 0.018þ0.029
−0.013 0.587þ0.036

−0.069 2.50þ0.13
−0.31 4.18þ1.45

−1.66
IH 574.77 0.008þ0.017

−0.007 0.551þ0.044
−0.075 2.20þ0.33

−0.13 3.84þ2.38
−2.12

SK θ13 Constrained NH 571.33 – 0.588þ0.031
−0.064 2.50þ0.13

−0.20 4.18þ1.41
−1.61

IH 575.66 – 0.575þ0.036
−0.073 2.50þ0.08

−0.37 4.18þ1.52
−1.66

SKþ T2K θ13 Constrained NH 639.43 – 0.550þ0.039
−0.057 2.50þ0.05

−0.12 4.88þ0.81
−1.48

IH 644.70 – 0.550þ0.035
−0.051 2.40þ0.13

−0.05 4.54þ1.05
−0.97
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δCPと質量階層性

• SK大気ν δCP~270˚ (最大限のCPの破れ) を示唆 
• 公開されている情報のみを用い、T2K実験による制限を導入

• 例：θ23 に制限（質量階層性決定感度はθ23に依存する）


• Normal Hierarchy & δCP~270˚ の示唆が強まる 
• IH rej. CLs test: SK only 80.6~96.7%→SK+T2K 91.5~94.5%  10

average,Δχ2¼−0.4 at the Super-K best fit point, this result
is driven by an excess of observed events in its appearance
sample. When atmospheric neutrinos are combined with

T2K, the hierarchy preference strengthens to Δχ2 ¼ −5.27,
with the majority of the expected sensitivity coming from
the atmospheric samples appearing in Fig. 10.
Similar preferences in both samples for δCP near 3π=2

result in a stronger constraint on this parameter when
analyzed together. The right panel of Fig. 16 shows the
constraint for both hierarchy assumptions, with the offset in
the two lines corresponding to the Δχ2 between the two.
Naturally, this preference is consistent with an increased νe
(as opposed to ν̄e) rate in T2K relative to the expectation
from the measured value of θ13. Though the constraint from
the normal hierarchy fit disfavors the region around π=2,
the contour includes the CP-conserving value δCP ¼ π at
nearly 1σ.

VI. INTERPRETATION

It is known that the significance of a mass hierarchy
determination does not necessarily follow the expectation
from a comparison of the χ2 minima from each of the
hierarchy hypotheses (cf. Ref. [40]). Indeed, the hierarchies
do not form a nested hypothesis and as a result Wilks’
theorem [41] is not applicable. To address the issue of the
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FIG. 14. Constraints on neutrino oscillation parameters from the Super-K atmospheric neutrino data fit assuming
sin2 θ13 ¼ 0.0219" 0.0012. Orange lines denote the inverted hierarchy result, which has been offset from the normal hierarchy
result, shown in cyan, by the difference in their minimum χ2 values.
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TABLE V. Summary of parameter estimates for each analysis and hierarchy hypothesis considered. Here NH (IH) refers to the normal
(inverted) hierarchy fit. The terms “free” and “constrained” refer to fits without and with a constraint on sin2 θ13, respectively, as
described in the text. The expected absolute χ2 value for the SK (SKþ T2K) fits is 559.9 (636.2). The p-value for obtaining a smaller χ2

than the data is 0.439 (0.482) in the NH θ13-constrained fits.
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99%

hierarchy significance in the present analysis, ensembles of
pseudo data sets generated from the atmospheric neutrino
MC are used to estimate p-values for obtaining a difference
in χ2 between the hierarchy hypotheses more extreme than
that observed in data. This condition is termed “rejecting”
the alternative hierarchy hypothesis for a given hierarchy
assumption in what follows.
For the Super-K analysis, two important issues need to

be considered. First, as shown in Fig. 13 the expected
sensitivity to the mass hierarchy is a strong function of the
underlying oscillation parameters and as such, p-value
calculations are expected to depend heavily on the param-
eters assumed in the generation of MC ensembles. Rather
than attempting a Bayesian-like treatment of the p-value
calculation and marginalizing over the effect of each

parameter, a range of p-values has been computed using
the 90% C.L. intervals obtained from the present analysis to
avoid ambiguities surrounding the choice of parameter
priors.
Second, it is also clear from the figure that at the current

level of statistics, Super-K has only modest sensitivity to
reject either hypothesis, making the interpretation of the p-
value susceptible to fluctuations of the background. While
the p-value for rejecting the inverted hierarchy (IH)
hypothesis assuming the normal hierarchy (NH) may be
unlikely, the p-value in the reverse scenario may be equally
unlikely, leading to an overestimation of the significance
when stated in terms of the first p-value only. Following the
lead of the LHC experiments, this issue is treated using the
CLs method [42], where
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FIG. 16. Constraints on neutrino oscillation contours from a combined fit of Super-K atmospheric neutrino data and a model of the
T2K experiment assuming sin2 θ13 ¼ 0.0219" 0.0012. Orange lines denote the inverted hierarchy result, which has been offset from
the normal hierarchy result, shown in cyan, by the difference in their minimum χ2 values.
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2 or Δ𝑚31
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sin2 𝜃23 |Δ𝑚32,31
2 |(eV2) 𝜹𝑪𝑷

Normal 0.550 ±0.057
0.039 2.50−0.12+0.05 × 10−3 4.88 ±1.48

0.81

Inverted 0.550 ±0.051
0.035 2.40−0.05+0.13 × 10−3 4.54 ±0.97

1.05
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SKのほぼ全データを使った結果

(SK-I~IV, 5326 days, 328kt∙year)

Phys. Rev. D 97, 
072001 (2018)

原子炉実験のθ13制限



ντ 出現現象探索
• ντ 出現現象 (νμ→ντ 振動) 探索 

• タウは CC-ντ 相互作用から生成


• CC-ντ 閾値: 3.5GeV


• “Upward-going” 事象として観測される 

• “Downward-going” 事象は背景事象 
コントロールサンプル


• (Primary ντ flux は無視できるほど小さい)


• タウの hadronic decay から生成される
Multi-ring 事象を選択（Neural Network）


• 主な背景事象： 深非弾性散乱事象

Tau Neutrino Events in SK

8

• Tau lepton is not directly 
detectable in Super-K.

• Multiple light-producing particles 
from hadronic tau decay.

ντ !±
ντ

e,μ or 
hadrons.

Tau lepton produced in 
CC-ν" interaction, but tau 
lepton decay in ~10-13 sec.
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Run 999999 Sub 1 Event 192 
16-04-13:06:07:16
Inner: 6838 hits, 23957 pe
Outer: 0 hits, 0 pe
Trigger: 0x03
D_wall: 431.5 cm
Evis:   2.6 GeV
 

Charge(pe)
    >26.7
23.3-26.7
20.2-23.3
17.3-20.2
14.7-17.3
12.2-14.7
10.0-12.2
 8.0-10.0
 6.2- 8.0
 4.7- 6.2
 3.3- 4.7
 2.2- 3.3
 1.3- 2.2
 0.7- 1.3
 0.2- 0.7
    < 0.2

 +1 subevt 

0 500 1000 1500 2000
0

340

680

1020

1360

1700

Times (ns)

Tau Neutrino Events in SK

8

• Tau lepton is not directly 
detectable in Super-K.

• Multiple light-producing particles 
from hadronic tau decay.

ντ !±
ντ

e,μ or 
hadrons.

Tau lepton produced in 
CC-ν" interaction, but tau 
lepton decay in ~10-13 sec.

Super-Kamiokande I
Run 999999 Sub 1 Event 192 
16-04-13:06:07:16
Inner: 6838 hits, 23957 pe
Outer: 0 hits, 0 pe
Trigger: 0x03
D_wall: 431.5 cm
Evis:   2.6 GeV
 

Charge(pe)
    >26.7
23.3-26.7
20.2-23.3
17.3-20.2
14.7-17.3
12.2-14.7
10.0-12.2
 8.0-10.0
 6.2- 8.0
 4.7- 6.2
 3.3- 4.7
 2.2- 3.3
 1.3- 2.2
 0.7- 1.3
 0.2- 0.7
    < 0.2

 +1 subevt 

0 500 1000 1500 2000
0

340

680

1020

1360

1700

Times (ns)

Threshold

~3.5GeV

Hadrons

Search for t-like events
Use difference of event topologies 

between the decay products of t
and neutrino DIS interactions.

Actual event selection
performed by neural network 

Total efficiency ~ 76%
Negligible primary nt flux

~ nt must be oscillation-induced
Expected to be observed only in upward-going

Downward going events are good “background” sample.

Search for nt appearance at Super-K 

9

!11

3 flavor P(νμ→ντ)

Pays. Rev. D98, 
052006 (2018)



SKでのντ出現現象探索
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0.94 ± 0.20 × 10−38cm2

Average cross-section
between 3.5 and 70 GeV

Dashed : Simulation ( Flux avg. )
Horizontal line : 90% of energy range

Fitted Excess
Atm n BKG MC

SK-I+II+III+IV 
5326 days 

arXiv: 1711.09436v1[hep-ex]

# of tau events
338.1 ± 72.7 (stat.+ sys.) events

Reject no-tau-appearance @ 4.6s.
( Exp. significance is 3.3s )

Search for nt appearance at Super-K 
Zenith angle distribution Extracted CC nt cross-section

using atmospheric nt sample

Quite consistent of simple model (1.5s)
10

天頂角分布

タウ信号：上向き背景事象からの data 
excess 

タウ事象数：338.1± 72.7 (stat.+syst.)

ντ 出現現象がない仮説を 4.6σ で棄却

観測したタウ事象から CC-ντ 
散乱断面積を抽出

散乱断面積（3.5~70GeV で平均）

= (0.94 ± 0.20) × 10-38 cm2


理論で予測される断面積と1.5σ 
程度で一致

Pays. Rev. D98, 
052006 (2018)

To calculate the flux-averaged theoretical cross section,
the differential CC ντ cross section as a function of neutrino
energy is weighted with the energy spectrum of atmos-
pheric tau neutrinos from neutrino oscillations. Because CC
ντ interactions are not distinguishable from CC ν̄τ inter-
actions in Super-K, the theoretical cross section is a flux
average of ντ and ν̄τ cross sections. The flux-averaged
theoretical cross section, hσtheoryi, is calculated as

hσtheoryi ¼
P

ντ;ν̄τ

R dΦðEνÞ
dEν

σðEνÞdEν
P

ντ;ν̄τ

R dΦðEνÞ
dEν

dEν

; ð8Þ

where dΦðEνÞ
dEν

is the differential flux of tau neutrinos as a
function of neutrino energy as shown in Fig. 2, and σðEνÞ
is the differential charged-current tau neutrino cross
sections used in NEUT code as seen in Fig. 3. The range
of the integral is determined to be between 3.5 and
70 GeV from the tau neutrino energies in the simulation.
As shown in Fig. 15, the neutrinos have energies more
than 3.5 GeV in the CC ντ interactions because of the
energy threshold, and the expectation of CC ντ inter-
actions with more than 70 GeV is less than one in the
entire run period.
The flux-averaged theoretical charged-current tau neu-

trino cross section is calculated to be 0.64 × 10−38 cm2

between 3.5 and 70 GeV, and thus the measured flux-
averaged charged current tau neutrino cross section:

ð0.94$ 0.20Þ× 10−38 cm2 ð9Þ

The measured cross section is shown together with the
theoretical cross sections and the MC simulations in
Fig. 15. The measured and theoretical cross section values
are consistent at the 1.5σ level.
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FIG. 14. Fit results, assuming the normal hierarchy, showing binned projections in the NN output and zenith angle distribution for tau-
like (NN > 0.5), upward-going [cosΘ < −0.2], non-tau-like (NN < 0.5) and downward-going [cosΘ > 0.2] events for both the two-
dimensional PDFs and data. The PDFs and data sets have been combined from SK-I through SK-IV. The fitted tau signal is
shown in gray.
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FIG. 15. Measured flux-averaged charged-current tau neutrino
cross section (black), together with theoretical differential cross
sections (ντ in red and ν̄τ in blue), flux-averaged theoretical cross
section (dashed gray) and tau events after selection in MC
simulations (gray histogram). The horizontal bar of the meas-
urement point shows the 90% range of tau neutrino energies in
the simulation.
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the differential CC ντ cross section as a function of neutrino
energy is weighted with the energy spectrum of atmos-
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is the differential charged-current tau neutrino cross
sections used in NEUT code as seen in Fig. 3. The range
of the integral is determined to be between 3.5 and
70 GeV from the tau neutrino energies in the simulation.
As shown in Fig. 15, the neutrinos have energies more
than 3.5 GeV in the CC ντ interactions because of the
energy threshold, and the expectation of CC ντ inter-
actions with more than 70 GeV is less than one in the
entire run period.
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averaged charged current tau neutrino cross section:
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are consistent at the 1.5σ level.
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FIG. 15. Measured flux-averaged charged-current tau neutrino
cross section (black), together with theoretical differential cross
sections (ντ in red and ν̄τ in blue), flux-averaged theoretical cross
section (dashed gray) and tau events after selection in MC
simulations (gray histogram). The horizontal bar of the meas-
urement point shows the 90% range of tau neutrino energies in
the simulation.

MEASUREMENT OF THE TAU NEUTRINO CROSS SECTION … PHYS. REV. D 98, 052006 (2018)

052006-13

0.94 ± 0.20 × 10−38cm2

Average cross-section
between 3.5 and 70 GeV

8

nt cross section measurement

Flux averaged theoretical cross-section
0.64 × 10−38cm2

consistent in 1.5σ
also consistent with DONUT result

Horizontal line : 90% of energy range

extracted CC nt cross-section

0.94 ± 0.20 × 10−38cm2

Average cross-section
between 3.5 and 70 GeV

8

nt cross section measurement

Flux averaged theoretical cross-section
0.64 × 10−38cm2

consistent in 1.5σ
also consistent with DONUT result

Horizontal line : 90% of energy range

extracted CC nt cross-section



Proton Decays

核子崩壊探索
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2核子崩壊・1核子崩壊探索
• Dinucleon and nucleon decay into two-body final state without 

any hadrons: 
   pp→e+e+, μ+μ+, e+μ+, nn→e±e∓, μ±μ∓, γγ…, and p→e+γ, p→μ+γ

• 2核子崩壊：8探索モード，1核子崩壊： 2探索モード


• バリオン数・レプトン数が保存しない様々な崩壊モード

• ex. Δ(B-L)=2


• 実験的に背景事象が少なく、信号が非常にクリーン

• p→e+ / μ+ π0 探索と同様の探索手法（事象選択など）を  
使うことができる

• Dinucleon and nucleon decay into two-body final state without Dinucleon and Nucleon Decay into 

Two-Body Final States with No Hadrons

Tech Note Supplement

July 19, 2018

Sara Sussman, Boston University

Dinucleon and Nucleon Decay into 
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2核子崩壊・1核子崩壊探索

• 信号事象の証拠は見つかっていない

• 過去の実験の探索から1~2桁以上高い核子寿命への制限
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• Dinucleon and nucleon decay into two-body final state without any hadrons: ex. 

4

FIG. 2. (color online) Invariant mass vs. total momentum for several dinucleon and nucleon decay modes after cut (A4). The

left panels show signal MC, where green corresponds to SK-IV nucleon decay MC and blue corresponds to SK-IV dinucleon

decay MC for the labeled modes. The signal MC distributions for all SK periods look similar; only 10,000 signal MC events

are plotted for each mode in order to more clearly show the shape of the distribution. The middle panels show atmospheric

⌫ MC corresponding to 2000 years of SK exposure, and the right panels show SK-I through SK-IV data. The marker size is

enlarged for data in the signal boxes.

(A6) The reconstructed total momentum, Ptot, should
be 0  Ptot  550 MeV/c for the dinucleon decay
modes; for the nucleon decay modes, it should be
100  Ptot  250 MeV/c for the event to be in the
“High Ptot” signal box and 0  Ptot  100 MeV/c
for the event to be in the “Low Ptot” signal box,

(A7) [SK-IV nucleon decay searches only] There must be
zero tagged neutrons.

Figure 2 shows the distributions of signal MC events
(left panels), atmospheric neutrino background (middle),
and data (right) as a function of Ptot versusMtot after cut
(A4). The signal selection e�ciencies and background
rates are summarized in Table I for each of the decay
modes and each of the SK running periods. The sig-
nal e�ciency for the two nucleon decay modes is ⇠ 50%
for the “High Ptot”signal box and ⇠ 28% for the “Low
Ptot” signal box for each SK period. It is worth noting
that these signal e�ciencies are significantly higher than
those of the similar event signature in the p ! `+⇡0

decay mode searches. These di↵erences are due to the
fact that the ⇡0 undergoes nuclear e↵ects before exiting
the nucleus while the � does not. For the eight dinu-
cleon decay modes, the signal e�ciency is ⇠80% for each

SK period. Due to the high total mass required in (A5),
the modes are virtually background-free (as shown in the
middle panels of Fig. 2).

Background estimates are done in one of the two fol-
lowing ways, depending on the number of background
events that fall in the signal box: (1) for signal regions
that contain more than 10 events from 2000 years of at-
mospheric ⌫ MC, the background is estimated by the
traditional method of counting the number of events that
fall inside the signal region; or, (2) for signal regions that
are nearly background-free, an extrapolation method is
used to estimate the expected background using the dis-
tribution of events nearby (but outside) the signal region.
The background extrapolation is done by measuring the
distance from the center of the signal box to the loca-
tion of each nearby event in mass-momentum parameter
space, and then fitting an exponential to the distribu-
tion of distances. Integration of the exponential function
up to the radius which approximates the signal box (250
units in mass-momentum parameter space) gives the es-
timated background inside the signal region. A similar
estimation method was done in Ref. [21]. Background
rate for p ! e+� “Low Ptot” is estimated by extrapo-

7

Decay mode

Lifetime limit

per oxygen nucleus per nucleon

(⇥10
33

years) (⇥10
34

years)

pp ! e+e+ 4.2 —

nn ! e+e� 4.2 —

nn ! �� 4.1 —

pp ! e+µ+
4.4 —

nn ! e+µ�
4.4 —

nn ! e�µ+
4.4 —

pp ! µ+µ+
4.4 —

nn ! µ+µ�
4.4 —

p ! e+� — 4.1

p ! µ+� — 2.1

TABLE III. Summary of the partial lifetime limits for each

of the ten dinucleon and nucleon decay modes, including sys-

tematic uncertainties, at 90% CL.

FIG. 4. (color online) The partial lifetime limits set by Super-

Kamiokande for these ten modes, compared with previous

limits set by the Fréjus and IMB detectors [24, 25]. Note

that Fréjus set dinucleon decay lifetime limits per iron nucleus

rather than per oxygen nucleus.

Kamioka Mining and Smelting Company. The Super-
Kamiokande experiment has been built and operated
from funding by the Japanese Ministry of Education,
Culture, Sports, Science and Technology, the U.S. De-
partment of Energy, and the U.S. National Science Foun-
dation.
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信号MC 背景 (大気ν) MC データ
核子寿命の制限

arXiv:1811.12430 (submitted to PRL)

2核子崩壊の8探索モードおよび p→e+γ で候補事象なし

p→μ+γ モードでは2候補事象。ただしBkg expectation: ~0.7



まとめ
• SK大気νは Normal Hierarchy を 80.6~96.7% で示唆 

• T2Kの制限を加えて 91.5~94.5% に強まる


• CP対称性が最大限に破れている(δCP~270˚)可能性を示唆


• ντ 出現現象がない仮説を4.6σ で排除 

• CC-ντ 散乱断面積: (0.94 ± 0.20) × 10-38cm


• 2核子・1核子崩壊探索 → 核子崩壊の証拠は見つかっていない 

• 過去実験の制限より1~2桁上回る強い核子寿命の制限

Phys. Rev. D 97, 072001 (2018)

Phys. Rev. D 98, 052006 (2018)
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Future prospect
• SKでの大気ν・核子崩壊探索の感度向上に向けた取り組み


• 有効質量の拡大


• ex. 22.5kton → ~27kton (+20%統計量, SK全期間)


• 事象再構成アルゴリズムの改良


• Vertex, momentum, PID 


• 核子崩壊 p→νK̅+: 脱励起 γ (6.3MeV) 検出効率の改良


• 中性子水素捕獲信号(SK-IV, 効率~20%)を用いた ν/ν ̅分離


• SK-Gd


• 中性子捕獲信号効率の飛躍的向上 (≥80%) 
→ ν/ν ̅の分離効率の向上


• 核子崩壊探索の背景事象をさらに半減 → 発見感度向上

大気ν解析 
(SK-IV)


paper in 
preparation


