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H.Murayama

イントロダクション
ニュートリノの質量 → 標準模型を超える物理

非常に小さな質量 :  mν/me < 10-6

‣重たい右巻きニュートリノの存在？　マヨラナ粒子？ 
‣ ~ 1016 GeV(~GUT) scaleまで幅広いエネルギー領域の物理に感度がある

ν振動実験、ステライルν探索、 0νββ探索、ν mass直接測定

様々な方法で新しい物理の探索が必要
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3世代ニュートリノ振動

まだ誤差大きいが
quarkと大きく異なる

The Value of Precision 3 Flavour n Physics

• Remember: Many theoretical options…
• Precise measurements test mass models

e.g. based on flavour symmetries
ßà many models... will we learn something generic?

• Majorana masses ßà best explanation of BAU
ßà related to heavy Majorana CP phases
ßà detection of dCP phase makes this more plausible

BUT: Don‘t forget it is only the light Dirac-like phase
... and BAU without Majorana (phase transitions, ... , D-leptogenesis) 

• Neutrinos are a 0.6% HDM component
ßà cosmological structure formation

• Precision may open the door for more new physics
ßà test of 3 flavour unitarity, overconstraining, ... 

M. Lindner,  MPIK Neutrino Twon  Meeting @ CERN, Oct. 22-24, 2018 12
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CP violation  
parameter :  

δCP

Chapter 1. Introduction

Detection of neutrinos by the charged current interaction projects these new states back onto
the flavor eigenstates:
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Supposing a neutrino is generated as ⌅� (i.e. ⌅�(0) = 1 and ⌅⇥(0) = 0), its surviving probability
in the same flavor eigenstate after traveling a certain distance L is obtained as

P (⌅� ⌃ ⌅�) = |⌅�(t)|2 = 1� sin2 2⇤ · sin2
�
1.27�m2[eV2/c4]

L[km]
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when mi is very small compared to Ei (Ei ⌥ p + m2
i /2p). Here �m2 ⇤ m2

2 � m2
1. Thus the

flavor of neutrinos oscillates as a function of L/E.

1.1.2 Three generation mixing

In the three generation framework (� = e, µ, ⌃), neutrino mixing is described by a 3⇥ 3 unitary
matrix, called the Pontecorvo-Maki-Nakagawa-Sakata [11, 12] (PMNS) matrix. It is defined by
a product of three rotation matrices with ⇤12, ⇤13, ⇤23 and CP phase ⇥.
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where � = e, µ, ⌃ are flavor indices, i = 1, 2, 3 are the indices of mass eigenstates, sij(cij) stands
for sin ⇤ij(cos ⇤ij). The probability of the oscillation is given by the formula,
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i � m2
j , L is the flight distance, and E⌅ is the neutrino energy. The ± sign in the

third term is the CP violation e⇤ect, + for neutrinos and � for anti-neutrinos. Here the matter
e⇤ect is neglected.

Here some practical expressions of Eq. 1.7 are calculated. In the calculation, we take the
oscillation parameters as the values suggested by atmospheric neutrino, solar neutrino and re-
actor neutrino; �m2

32 ⌥ �m2
31 = 1.9 ⇥ 10�3 ⌅ 3.0 ⇥ 10�3 [eV2/c4], �m2

21 = 7.38 ⇥ 10�5 ⌅
7.79 ⇥ 10�5 [eV2/c4], sin2 2⇤23 > 0.90, tan ⇤12 = 0.428 ⌅ 0.497 and sin2 2⇤13 < 0.15. For the
oscillation measurement with E⌅ ⌥ �m2

32 · L, the contribution of �m2
21 term is small because

�m2
32 ⇧ �m2

21. Since ⇤13 is small and ⇤23 is almost equal to ⇧/4, the probability of ⌅µ ⌃ ⌅µ
can be approximately calculated as

P (⌅µ ⌃ ⌅µ) ⌥ 1� sin2 2⇤23 · sin2⇥32
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現状： まだ分かっていないこと：

振動確率 = 距離(L)とエネルギー(Eν)の関数
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Normal
ordering
(NO)

Inverted
ordering
(IO)

質量階層性 
(m2<m3 ? m2>m3?)

Δm2ij = mi2 -mj2



長基線ν振動の現行実験 : 

3

T2K (Tokai to Kamioka)  experiment

� High intensity �� beam from J-PARC MR to Super-Kamiokande @ 
295km

� Discovery of �e appearance � Determine �13
� Last unknown mixing angle
� Open possibility to explore CPV in lepton sector

� Precise meas. of �� disappearance � �23, �m23
2

� Really maximum mixing? Any symmetry? Anytihng unexpected?

132312sin ssse 


	� ��� � prob.  in term odd CP sin�12~0.5, sin�23~0.7, 
sin���<0.2)

νμ
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Horn
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π→μν
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J-PARCで大強度 
νμ(反νμ)ビームを生成

前置検出器で 
数やエネルギー等を測定

スーパーカミオカンデで 
ニュートリノ振動を観測

International collaboration  
~500 members, 69 Institutes 
12 countries
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FIG. 1. Observed ⌫e and ⌫̄e candidate events at SK.
Subfigure a (b) shows the reconstructed neutrino energy spec-
tra for the SK samples containing electron-like events in
neutrino(antineutrino)-mode beam running. The uncertainty
shown around the data points accounts for statistical uncer-
tainty. The uncertainty range is chosen to include all points
for which the measured number of data events is inside the
68% confidence interval of a Poisson distribution centred at
that point. The solid stacked chart shows the predicted num-
ber of events for the CP -conserving point �CP = 0 sepa-
rated according to whether the event was from an oscillated
neutrino or antineutrino or from a background process. The
dashed lines show the total predicted number of events for
the two most extreme CP -violating cases. Subfigure c shows
the predicted number of events for �CP = �⇡

2 and the mea-
sured number of events in the three electron-like samples at
SK. The predicted number of events is broken down into the
same categories as subfigures a and b and the systematic un-
certainty shown is after the near-detector fit. In both a and
b for all predictions, normal ordering is assumed, and sin2 ✓23
and �m2

32 are at their best-fit values. sin2 ✓13, sin
2 ✓12 and

�m2
21 take the values indicated by external world average

measurements [2]. The parameters accounting for systematic
uncertainties take their best-fit values after the near-detector
fit.
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FIG. 2. Particle identification in the SK detector. Dis-
tribution of the particle identification (PID) parameter used
to classify Cherenkov rings as electron-like and muon-like.
Events to the left of the blue line are classified as electron-
like and those to the right as muon-like. The filled histograms
show the expected number of single ring events after neutrino
oscillations, with the first and last bins of the distribution
containing events with discriminator values above and below
the displayed range respectively. The vertical error bars on
the data points are the standard deviation due to statistical
uncertainty. The PID algorithm uses properties of the light
distribution such as the blurriness of the Cherenkov ring to
classify events. The insets show examples of an electron-like
(left) and muon-like (right) Cherenkov ring.

We form five independent samples of SK events. For both
neutrino- and antineutrino-beam mode there is a sam-
ple of events that contain a single muon-like ring (de-
noted 1µ), and a sample of events that contain only a
single electron-like ring (denoted 1e0de). These single-
lepton samples are dominated by CCQE interactions. In
neutrino-mode there is a sample containing an electron-
like ring as well as the signature of an additional delayed
electron from the decay of a charged pion and subsequent
muon (denoted 1e1de). We do not use this sample in
antineutrino-mode because charged pions from antineu-
trino interactions are mostly absorbed by a nucleus before
they decay. Identifying both muon and electron neutrino
interactions in both the neutrino- and antineutrino-mode
beams allows us to measure the probabilities for four os-
cillation channels: ⌫µ ! ⌫µ and ⌫̄µ ! ⌫̄µ, ⌫µ ! ⌫e and
⌫̄µ ! ⌫̄e.
We define a model of the expected number of neutrino
events as a function of kinematic variables measured in
our detectors with degrees of freedom for each of the os-
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~515kW
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νe出現事象とνe出現事象を比較して 

CP対称性の破れ(δCP)を探索

P(νμ→νe) = sin22θ13 sin2θ23 sin2(Δm231 L/4E) 

+ (CPV term) + (matter term) ...
質量階層性に感度 
295kmでは効果が小さい

δCP → -δCP if νμ→νe

残ったνμ(νμ)のエネルギー分布から
sin22θ23とΔm232を決める
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0.55, 0.45, 0.50 = 23θ 2sin
4/c2 eV-310× = 2.4532

2mΔ
4/c2 eV-310× = -2.4331

2mΔ
π = CPδ

/2π = +CPδ
 = 0CPδ

/2π = -CPδ
Data (stat. errors only)

T2K Run 1-9 preliminary

Data

νe候補数 vs νe候補数

3世代混合モデル
からの予想

ν e
候
補
数

νe候補数7

δCP=0 (IO)

δCP=0 (NO)

T2K: 2019年までの9年間のデータ解析結果
ν-mode :14.9x1020 POT , ν-mode : 16.4x1020 POT
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FIG. 4. Constraints on PMNS oscillation parameters.
Subfigure a shows 2D confidence intervals at the 68.27% con-
fidence level (CL) for �CP vs sin2 ✓13 in the preferred normal
ordering. The intervals labelled T2K only indicate the mea-
surement obtained without using the external constraint on
sin2 ✓13, while the T2K + Reactor intervals do use the exter-
nal constraint. The star shows the best-fit point of the T2K +
Reactors fit in the preferred normal mass ordering. Subfigure
b shows 2D confidence intervals at the 68.27% and 99.73%
confidence level for �CP vs sin2 ✓23 from the T2K + Reactors
fit in the normal ordering, with the colour scale representing
the value of negative two times the logarithm of the likelihood
for each parameter value. Subfigure c shows 1D confidence
intervals on �CP from the T2K + Reactors fit in both the
normal (NO) and inverted (IO) orderings. The vertical line
in the shaded box shows the best-fit value of �CP , the shaded
box itself shows the 68.27% confidence interval, and the error
bar shows the 99.73% confidence interval. It is notable that
there are no values in the inverted ordering inside the 68.27%
interval.
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Coronavirus
The models driving  
the global response  
to the pandemic
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Remnants of 
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in Earth’s mantle

Origin of a species
Revised age for Broken 
Hill skull adds twist to 
human evolution 
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• CP対称性保存 sinδCP=0を2σで棄却 

• δCPが[0,π]の大部分を3σで棄却 

• θ23は最大混合角に近い 

• DataがNO(m2<m3)を示す確率89%

DOI:10.1038/s41586-020-2177-0

2020年4月 
NATUREに掲載

8

T2K: 2019年までの9年間のデータ解析結果 (νμ, νμ事象も合わせて)



NOvA実験

9

Beam Delivery

11/07/2019 G. S. Davies (U. Miss.): NOvA 3-flavor oscillation results 21

8.85x1020 POT neutrino beam
12.33x1020 POT antineutrino beam

78% increase in exposure (2018 → 2019): 
6.91 → 12.33 × 1020 POT

NuMI νμ beam at Fermilab (thank you!): 
>700 kW [758 kW hourly average peak]

POT = Protons-on-target

Neutrino + antineutrino dataset in this paper: 
Phys. Rev. Lett. 123, 151803 

Oscillation results [joint νe + νμ fit]

11/07/2019
[arXiv:1906.04907 for more details]

IH UO
Disfavored 

1.8σ

NH UO
2019 best 

fit
IH LO

Disfavored   
2σ

NH LO
Disfavored 

1.6σ

LO
Disfavored 

1.6σ
IH

Disfavored 
1.9σ

[Feldman-Cousins corrected significances]

Normal Hierarchy preferred by 1.9σ

(       ) (       )

G. S. Davies (U. Miss.): NOvA 3-flavor oscillation results 33

Phys.Rev.Lett. 123, 151803

猛烈な追い上げ積算陽子数

• >700kWのビームパワーで運転(運転時間も長い) 

• これまでに4σ以上でのνe出現の発見 

• 2025年まで実験の予定：CPV探索、質量階層性の測定

L=810km

NO

IO
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• New ν beamline w/ 1.2MW (PIP-II) 
• Far detector siteのconstruction開始 
• 2026年から実験開始予定 (w/ 20kton)

Deep Underground Neutrino Experiment

4

• 1.2MW neutrino beamline from Fermilab (Illinois, USA) to SURF 
(South Dakota, USA)

• Far Detector: Liquid argon time projection chamber (1300km 
downstream)

• Near Detector: composite (574m downstream)

18/12/2019 Nicola McConkey | DUNE

DUNE Collaboration

3

Global collaboration
• 34 countries
• 192 institutions
• 1104 collaborators

18/12/2019 Nicola McConkey | DUNE

The LBNF beam

12

• A new (anti)neutrino beam from Fermilab to SURF
- 1.2 MW proton beam

• 1021 POT/year

• Wide band neutrino beam

18/12/2019 Nicola McConkey | DUNE

Neutrino energy for unoscillated flux at 
FD (neutrino mode)

DUNE Far Detector

16

• Sanford Underground 
Research Facility
- South Dakota

- 1.5km underground

• 4 x 10kt modules
- Membrane cryostat

- Cryostat: 62m x 19m x 18m

- 17kt total LAr per module

- Staged installation

• Groundbreaking July 2017
- Work ongoing!

18/12/2019 Nicola McConkey | DUNE



T2Kから 
T2K-II, Hyper-Kamiokande(HK)へ

11



‣ ニュートリノ振動(+Majorana)で物質優勢
宇宙を作るモデル 

‣ |sinδ|>0.02の場合、δ(Dirac phase)のみ
で物質優勢宇宙を作るモデル 

‣ あるモデルでは、δの符号とレプトジェネ
シスで物質・反物質どちらが残るかに相関
がある（δ<0で物質が残る)

消えた反物質の謎の解明

12

混合行列の非対角成分が大きいため、ニュー
トリノCP対称性の破れの大きさはクォーク
の場合に比べて約3桁大きい可能性がある

CP対称性の破れの大きさ

8 14. Neutrino mixing

Table 14.1: The best-fit values and 3σ allowed ranges of the 3-neutrino
oscillation parameters, derived from a global fit of the current neutrino oscillation
data (from [60]) . For the Dirac phase δ we give the best fit value and the 2σ allowed
ranges; at 3σ no physical values of δ are disfavored. The values (values in brackets)
correspond to m1 < m2 < m3 (m3 < m1 < m2). The definition of ∆m2 used is:
∆m2 = m2

3 − (m2
2 + m2

1)/2. Thus, ∆m2 = ∆m2
31 − ∆m2

21/2 > 0, if m1 < m2 < m3,
and ∆m2 = ∆m2

32 + ∆m2
21/2 < 0 for m3 < m1 < m2.

Parameter best-fit 3σ

∆m2
21 [10−5 eV 2] 7.37 6.93 − 7.97

|∆m2| [10−3 eV 2] 2.50 (2.46) 2.37 − 2.63 (2.33 − 2.60)

sin2 θ12 0.297 0.250 − 0.354

sin2 θ23, ∆m2 > 0 0.437 0.379 − 0.616

sin2 θ23, ∆m2 < 0 0.569 0.383 − 0.637

sin2 θ13, ∆m2 > 0 0.0214 0.0185 − 0.0246

sin2 θ13, ∆m2 < 0 0.0218 0.0186 − 0.0248

δ/π 1.35 (1.32) (0.92 − 1.99)

((0.83 − 1.99))

99.73% CL).

Apart from the hint that the Dirac phase δ ∼= 3π/2, no other experimental information
on the Dirac and Majorana CPV phases in the neutrino mixing matrix is available at
present. Thus, the status of CP symmetry in the lepton sector is essentially unknown.
With θ13

∼= 0.15 ≠ 0, the Dirac phase δ can generate CP violating effects in neutrino
oscillations [48,61,62], i.e., a difference between the probabilities of the νl → νl′ and
ν̄l → ν̄l′ oscillations, l ≠ l′ = e, µ, τ . The magnitude of CP violation in νl → νl′ and
ν̄l → ν̄l′ oscillations, l ≠ l′ = e, µ, τ , is determined by [63] the rephasing invariant JCP ,
associated with the Dirac CPV phase in U :

JCP = Im
(

Uµ3 U∗
e3 Ue2 U∗

µ2

)

. (14.9)

It is analogous to the rephasing invariant associated with the Dirac CPV phase in the
CKM quark mixing matrix [64]. In the “standard” parametrization of the neutrino
mixing matrix (Eq. (14.6)), JCP has the form:

JCP ≡ Im (Uµ3 U∗
e3 Ue2 U∗

µ2) =
1

8
cos θ13 sin 2θ12 sin 2θ23 sin 2θ13 sin δ . (14.10)

Thus, given the fact that sin 2θ12, sin 2θ23 and sin 2θ13 have been determined
experimentally with a relatively good precision, the size of CP violation effects in

October 6, 2016 11:02
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[Nucl. Phys. B774 (2007) 1 etc.]

まず sinδ≠ 0を確定させて、その大きさの測定へ

ニュートリノCP対称性の破れは物質優勢
宇宙の誕生を説明する有力な手がかり
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A.K.Ichikawa
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✴ 3世代混合の検証 : 異なる測定方法の間で「ズレ」がないか検証 
- HKだけで(θ13,δCP)を決める ⇔ 原子炉実験のθ13と比較 
- 高精度なΔm2測定の比較   e.g. HK⇔JUNO(次期原子炉実験)実験 

✴ CPTの検証 : νμ disappearance vs νμ disappearance  (                               ) 

- 非常に軽いν質量 → 高いエネルギースケールでのCPT testが可能 

✴ Flavor symmetry の検証 
- e.g. θ23 最大混合角? → 非常に軽いν質量を説明するモデルへのヒント

⇒新しい物理の探索へ振動パラメーターの精密測定
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3

T2K (Tokai to Kamioka)  experiment

� High intensity �� beam from J-PARC MR to Super-Kamiokande @ 
295km

� Discovery of �e appearance � Determine �13
� Last unknown mixing angle
� Open possibility to explore CPV in lepton sector

� Precise meas. of �� disappearance � �23, �m23
2

� Really maximum mixing? Any symmetry? Anytihng unexpected?

132312sin ssse 


	� ��� � prob.  in term odd CP sin�12~0.5, sin�23~0.7, 
sin���<0.2)

ビーム大強度化 
現在0.5MW→1.3MW

+Gd(2020-)

Hyper-Kamiokande
中間検出器

T2K → T2K-II → Hyper-Kamiokande
(Present) (2027~)

T2K Upgrades for T2K and Beyond
• SK refurbishment in preparation for SK-Gd completed last month !

• Gd loading to capture thermal neutrons – tag ⌫̄e
• Tentatively plan to add 0.01% Gd in 2019/2020, load to 0.1% later

• J-PARC neutrino beamline upgrades
• Upgrades to the neutrino beamline necessary to accommodate MW+

power J-PARC proton beam
• + Others to improve T2K data quality

• ND280 upgrades
• Reduce ND systematics to <4%

• Improve acceptance for high-angle and backwards tracks

• Beamline and ND280 upgrades to be completed by 2021

12 / 13

前置検出器(ND280) upgrade
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建設予定地

18

SK

HK

1000m

650m

和佐保

二十五山
円山

ずり処分地

新規アクセス
トンネル坑口

神岡町市街地

国道41号

N池ノ山 n Super-Kから南に約8km

n 二十五山の地下650m
神岡鉱業・栃洞坑内

n 和佐保堆積場にヤードを整備
空洞予定地まで2kmあまりの
アクセストンネルを新規掘削

n トンネルおよび空洞の掘削で
出て来るズリ（57万m3）は、
最終処分地である円山陥没地
までトラックで搬送
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T2K, T2K-IIでどこまでいけるか

Beam request
• Possibly to reach 99% C.L. for CP violation.
• Need statistics in WAGASCI-Baby MIND comparable to 

ND280 to probe the neutrino interaction models in 
coordination with the ND280 measurement.

• To profit from new measurements with SK-Gd and gain 
enough statistics for WAGASCI-Baby MIND, we have 
requested more than 9.2×1020POT (120 days) in JFY 2020.

• Requirement to
conduct the minimal
SK-Gd detector check
and physics
measurement, and
gain minimal statistics
for WAGASCI- Baby
MIND for comparison
with ND280 is
4.0×1020POT (52 days).

26

Sensitivity to CP violation

Now

δ𝐶𝑃 = − Τπ 2
sin2θ23 = 0.5
NO

T2K-I

T2K-II2018 result

Extension of 
observation

3σ(δ=-π/2のとき)の感度でCPVの探索ができる

限られたビームタイム、系統誤差の改善(現在~9% → ~4%)解決すべき問題



ハイパーカミオカンデ実験
• 19万トンの有効体積 
(~８ x SK) 

• 従来の2倍の高感度光セン
サーを４万本 

• J-PARC 1.3MWニュート
リノビームを用いた研究、
陽子崩壊探索など幅広いサ
イエンス 

• 2019年度から予算化→建
設開始 

• 2027年度からの測定開始
を目指す

16 米国DUNE計画と熾烈な競争



ハイパーカミオカンデ実験でのCPV探索

17

Total 

2010

1920

T2K-II

468

134

T2K(now)

90

15

高統計な測定が可能

with 190kton Fiducial volume, 1.3MW x 6cycles/year x 10years
Hyper-K long baseline (10 years) 

A Accelerator based neutrinos 213
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FIG. 135. Top: Reconstructed neutrino energy distribution for several values of �CP . sin2 2✓13 = 0.1 and

normal hierarchy is assumed. Bottom: Di↵erence of the reconstructed neutrino energy distribution from the

case with �CP = 0�. The error bars represent the statistical uncertainties of each bin.

in the top plots of Fig. 135. The e↵ect of �CP is clearly seen using the reconstructed neutrino4059

energy. The bottom plots show the di↵erence of reconstructed energy spectrum from �CP = 0�
4060

for the cases �CP = 90�,�90� and 180�. The error bars correspond to the statistical uncertainty.4061

By using not only the total number of events but also the reconstructed energy distribution, the4062

sensitivity to �CP can be improved and one can discriminate all the values of �CP , including the4063

di↵erence between �CP = 0� and 180� for which CP symmetry is conserved.4064

Figure 136 shows the reconstructed neutrino energy distributions of the ⌫µ sample, for the cases4065

with sin2 ✓23 = 0.5 and without oscillation. Thanks to the narrow energy spectrum tuned to the4066

oscillation maximum with o↵-axis beam, the e↵ect of oscillation is clearly visible.4067

5. Analysis method4068

As described earlier, a binned likelihood analysis based on the reconstructed neutrino energy4069

distribution is performed to extract the oscillation parameters. Both ⌫e appearance and ⌫µ disap-4070

18

~1600 ne events (far detector) ~1200 ne events 
_

~10000 nµ events
Steve Playfer, NuPhys2019, London

Assumes Normal Hierarchy, beam n : n = 1 : 3
_
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�CP sensitivity

@ 10 years, ⌫:⌫̄ = 1:3

Exclusion of sin �CP = 0
I 76% coverage of

parameter space for CPV
discovery @ > 3�

I 58% @ > 5�

�CP precision measurement
I 22� @ �CP = ±90�

I 7� @ �CP = 0� or 180�

Sensitivity enhanced with
atmospheric ⌫ combination

Tom Dealtry (Lancaster University) Hyper-Kamiokande 20th December, 2018 16 / 31

• HK開始(2027年)後、3-4年で5σ
でのCPV探索が可能 

- 高統計化に伴い系統誤差の影響
が大きくなる 

• HKではδCP等の高精度測定も可能 

- 物質優勢宇宙誕生の解明 

- 新しい物理の探索

HK開始時にビーム強度を
~1.3MWに、また系統誤差を
3~4%に改善することが重要

HK Sensitivity to Reject sin �CP = 0

• Would like to add these sin �CP 6= 0 sensitivity plots to the TR

• DUNE sensitivities updated to match Feb 2020 DUNE TDR

• HK sensitivities not updated yet

• OK to make plot with di↵erent beam power assumptions public ?

8 / 10

sinδCP=0 棄却の有意度

δCP=-π/2(-90°)
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HK Sensitivity to Reject sin �CP = 0

• Would like to add these sin �CP 6= 0 sensitivity plots to the TR

• DUNE sensitivities updated to match Feb 2020 DUNE TDR

• HK sensitivities not updated yet

• OK to make plot with di↵erent beam power assumptions public ?

8 / 10

δCPの測定精度

系統誤差改善前
系統誤差改善後(3~4%)

解決すべき問題

Improved syst.

2016 syst.



ニュートリノビーム大強度化
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‣ビーム熱に対する冷却能力 

‣高繰り返し化対応 

‣放射化物処理能力 

‣インターロック 

‣高放射線環境下での運転

J-PARC MRの大強度化(~1.3MW)にあわせて 
ニュートリノビームラインもアップグレード

当初の設計(750kW)から 
強化する項目：

Technical Design Report : arXiv:1908.05141

HK予算化と同時に大強度化も一部が予算化 
HK開始時に>1MWにするためには、それまでのビーム運転が必須
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ビームライン大強度化での課題解決にむけてR&D、実装等が進行中

EMT
• A candidate for the new detector is the “EMT” 

which is a “PMT” using an aluminum plate instead 
of a photocathode.

• We tested 2 types of EMTs:
• w/ Sb on dynodes: higher gain
• w/o Sb on dynodes: 

• lower gain, but high radiation resistance expected
• It was tested for the first time at ELPH.

5

14.6 mm

EMT beam test
• EMT beam test was done on Nov. 27-28 at Tohoku 

University ELPH.
• 90MeV electron

beam with
various
intensities.

Kikawa
(Kyoto)

Yasutome
(Kyoto) Ashida

(Kyoto)
Ishitsuka
(TUS)

Matsubara
(KEK) Ichikawa

(Kyoto)

Kobata
(Osaka C.) Honjo

(Osaka C.)
Izumi
(TUS)

7

νμ

0 m110 m280 m295 km

on-axis

Near 
DetectorFar Detector

proton

Muon 
detector π

target/
Horn

Decay volume

π→μν
off-axis (2.5°)

PTEP 2018, no.10, 103H01(2018) 
https://doi.org/10.1093/ptep/pty104

Table 10: Upgrade scenarios for 1.3 MW target

Figure 53: Velocity flow lines in current T2K target geometry operating at 5 bar outlet pressure and
1.3 MW beam power.

3.2.4 Upgrade to 1.3 MW1422

Incremental developments to the target design are planned to enable it to operate at higher1423

beam power, which will require higher helium pressure and result in higher temperature1424

gradients. Tab. 10 shows the target pressure drop and operating temperature under a range1425

of conditions. The top line of the table is the current design for 750 kW. It is shown that1426

with a mass flow rate of 60 g/s the target core temperature is nominally the same (⇠50 �C)1427

as the current design. Therefore oxidation of the graphite should be about the same as the1428

current target if O2 levels in the helium are similar. The table also shows how increasing the1429

system pressure reduces the pressure drop and maximum velocity in the target. Keeping1430

the pressure drop down is an important consideration for the helium compressors physical1431

size and power requirements.1432

If the target outlet pressure is increased from 0.9 bar to 5 bar then it is possible to1433

double the helium coolant mass flow rate without a significant increase in overall pressure1434

drop. This means that in principle the existing target design may be able to dissipate the1435

heat load deposited by a 1.3 MW beam. A velocity vector plot of a CFD simulation of1436

this case is shown in Fig. 53. The objective will be to maximise the material safety factors1437

in order to maximise target lifetime. New components and manufacturing methods will1438

be prototyped and tested before the detailed design of the upgrade is completed and QA1439

procedures developed.1440

The elevated heat load also generates an increase in thermal gradients in the graphite,1441

as shown in Fig. 54 for the casey where the thermal conductivity of the Toyo Tonso IG-431442

graphite is reduced by a factor of 4 in line with radiation damage data for fast neutrons (for1443

IG-110, similar to IG-430).1444
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Trial insertion of next 750 kW target in next 
Horn1 in January 2020

Many thanks to T. Ishida and  
colleagues for very productive 
collaboration – target now in 
storage & filled with helium

From DS to US view :  0.5 mm left * 0.5mm up

T2K実験のビームライン 12

J-PARC加速器 ミューオンモニター Off-axis法

• 3つの加速器
• 陽子を30GeVに加速

• ビーム中心を2.5度ずらす
• ナローバンドなビームを実現

• 2種類の独立な検出器
• 7×7のアレイ

イオンチェンバー Si PINフォトダイオード

μ flux

LINAC

RCS

MR

To SK

n flux

New beam monitors

Test vacuum chamber for 

・A Beam Induced Fluorescence (BIF)  
　monitor is under development 
・Non-destructive & regular measurement  
   for the proton beam profile 
・Installed most parts of prototype monitor 
　for gas injection tests & signal observation 
・Aiming to install a final part in JFY2019 

・Electron Multiplier Tube (EMT) is under 
   development to replace Si & Gas detectors 
・Bunch by bunch monitor for beam  
   direction & intensity monitor with muons 
・Preformed test with prototype in 2017 
・Preparing electron beam test at ELPH   
　(Tohoku) to test linearity & stability PTEP 2018(10) 103H01 (2018)

Prototype monitor

 /3017

ミューオンモニター増強
Si diodeの信号劣化が問題。 
放射線耐性のある検出器の候補として電子増倍管をR&D中

ターゲット冷却能力増強

w/ RAL group

例えば：

ターゲット(+Horn)の形状を最適化して、さらなるflux増加や 
backgroundとなるwrong sign fluxを減らす検討も進めている

ホーン本体の改良＋電源等の増強で、
250kA→320kAに。 
同じビームパワーでニュートリノ 
fluxを10%増加できる。

Horn Upgrade Plan

• 320 kA & 1 Hz operation ⇒ 10% neutrino flux gain 
• 3 power supply configuration

• Need new PS, Transformer, striplines


• Cooling improvement 
• Horn2 stripline cooling : He gas cooling (~750 kW) ⇒ water cooling (1.3 MW)


• New water-cooled striplines have been developed (only for Horn2)

• Additional cooling for upstream part of Horn2 conductors

• Cooling capacity improvement

• H2 removal system for safe operation

3

FSW part 

Horn2 front view 

StriplinesStriplines

電磁ホーン高度化
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νμ

0 m110 m280 m295 km

on-axis

Near 
DetectorFar Detector

proton

Muon 
detector π

target/
Horn

Decay volume

π→μν
off-axis (2.5°)

Target：O 
Acceptance : 4π

Target：C,O 
Acceptance : Forward dir.

T2K実験の系統誤差

‣ ハドロン生成分布の新しいデータを使って~５％になる 
‣ さらなる低減に向けたハドロン生成分布測定実験を実施

~9% →T2K-II,HKにむけて~4%に改善する

!" !"
����+������"#
(ND280����$) 3.02% 2.86%

ND280����$�	��
������"# 7.80% 4.72%

������"#������"# 3.02% 2.31%
�����
���!�% 2.83% 3.79%
 8.81% 7.03%

Systematic error on Super-K events

νフラックス自体のエラー ~10% 

ニュートリノ原子核反応に起因する 
系統誤差が支配的
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‣ニュートリノ原子核反応の理解

‣νe反応の理解
νe反応断面積の輻射補正が理論計算のみ。実際の測定が必要。

Nuclear effect in neutrino interaction

Neutrino-nucleon 
interaction

Initial state of 
nucleon

Nucleon-nucleon 
interaction

Intra-nuclear hadronic 
interaction

Neutrino interaction with 
nucleon bounded on nucleus
• Target nucleons are actually bounded on nucleus.
• Complication of multi-body

effect and clear binding.

Nuclear effect in neutrino interaction

Neutrino-nucleon 
interaction

Initial state of 
nucleon

Nucleon-nucleon 
interaction

Intra-nuclear 
hadronic interaction

Nucleon-nucleon correlation 
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Neutrino energy reconstruction

• Neutrino energy can 
be reconstructed 
from charged lepton 
kinematics in CCQE.

• But other interactions 
are mis-identified, 
neutrino energy is 
mis-reconstructed.

• Question 5: Why 
neutrino energy 
cannot be perfectly 
reconstructed even in 
the CCQE interaction?

Charged 
lepton 
kinematics

Reconstructed neutrino energy 
subtracted by the true neutrino energy

CCQE
Resonant 𝜋
2p2h

38

Neutrino energy reconstruction

• Neutrino energy can 
be reconstructed 
from charged lepton 
kinematics in CCQE.

• But other interactions 
are mis-identified, 
neutrino energy is 
mis-reconstructed.

• Question 5: Why 
neutrino energy 
cannot be perfectly 
reconstructed even in 
the CCQE interaction?

Charged 
lepton 
kinematics

Reconstructed neutrino energy 
subtracted by the true neutrino energy

CCQE
Resonant 𝜋
2p2h

38

νエネルギーを間違って 
再構成してしまう

「原子核」との反応は複雑。。
解決方法： 

- 様々な測定によるν原子核反応モデルの改良 
- Far det.と同じ水との反応を測定 
- モデルにあまり依存しない方法



ND280 upgrade

50

ND280 upgrade goals  

• quasi-3D imaging.  
• Improved target tracking.  
• Improved proton detection threshold. 
• neutron detection capabilities 

• Improved high angle acceptance: 
• High Angle TPC’s. 

• x 2 in statistics for equal p.o.t. 
• Time of Flight for background reduction.

50
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Features of the upgraded detector 
・Replacing P0D keeping downstream FGDs/TPCs 
・Two TPCs to cover high angle from scintillator target 
・New scintillator detector, SuperFGD, is adopted 
・Total target mass：2.2t → 4.3t 
→ Large target mass & improved detectors in the dipole magnet 

Magnet 
yoke 
& coils 

FGDsTPCs
P0D

ν beam

ECAL
TPCs

ToF detectors 

Upgraded ND280Current ND280
High-Angle TPCs

SuperFGD

7.6 m

ND280 upgrade

 /3023

Expected performances of upgraded ND280
•  Selection of CC-νµ  events: compare ND280 current vs upgraded

•  νµ interactions in FGD / SuperFGD —> muon detected in TPC or ECAL

 10

Current Upgrade

1021 protons on target (POT)
• Upgrade: factor x2 higher statistics

• Sensible statistics for wrong-sign 
background —> very important to 
search for CP violation (not-magnetized 
far detector)

cosθ cosθ

後方方向 大角度方向 前方方向

MC

改善のポイント１：アクセプタンス

ND280
SK

TPCによるνμCC事象検出効率の角度依存性

FGD1 FGD2

FGD1 FGD2 Upgrade

前方方向に強い 大角度方向に強い

TPC1 TPC2 TPC3

̶ 改良後のSuperFGDでの事象 
… 現行のFGD1での事象 
… 現行のFGD2での事象

ν ν

課題：スーパーカミオカンデは全方向にアクセプタンスを持つのに対し、 
　　　前方方向しかアクセプタンスを持たないことが系統誤差の要因

・横型TPCにより大角度方向、SuperFGDにより全方向のアクセプタンス強化 
　→ ν反応モデルをより正確に理解するためのデータを取得可能に
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→ν原子核反応モデルの改善が可能

ND280アップグレード
• 1×1×1cm3の立方体シンチレータを約200万個並べて3方
向からファイバーで読み出す新飛跡検出器(Super-FGD)。

• Super-FGDの下流だけでなく上下にもTPCを配置。
• 全方向への3次元飛跡を再構成できる。
• 𝜈𝑒/𝛾識別能力や低運動量の粒子の検出効率も向上。
• 2021年の加速器アップグレード中にインストール予定。

9

Super-FGDのシンチレータアップグレード後のND280の概念図

既存のND280

Super-FGD

横型TPC

陽子トラックの検出効率

前置検出器(ND280) upgrade

•大きな反跳角のトラックや 
低運動量粒子の検出効率が向上

1x1x1cm3立方体シンチレーターを200万個並べる
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• e/γ識別能力も向上

28T2K	ND280	upgrade	workshop,	25-26	July	2018

SuperFGD @ CERN T9 HA-TPC @ CERN T9

検出器全体 - 検出器設計、試作機開発とビーム試験 - 

・小型試作機を開発し、ビーム試験で性能を実証 
・検出器主要部の構造/寸法/配置の基本設計が完了 
　→ 確定に向けては、細部にまだ多くの課題

ToF @ CERN T10
e+

γ

e+

e-

Positron, 1 GeV, B = 0.2T
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東北大学電子光理学研究センター(ELPH)

55

使用実験室： GeV gamma 照射室
日時： 2018年11月13日-15日 (12時間×3 = 36時間)
ビーム：
• 陽電子(,-)
• 運動量: ~500 MeV/c
• ビームの広がり: /0 = /2 = 7 mm
• ON/OFF サイクル: 10 s/18 s or 10 s/6 s
• ビームレート: 2.7 kHz

• DAQにより制限されたレート: 〜400 Hz

氏名 所属 職名

岩本康之介 東京大学 研究員

藤田亮 東京大学 修士2年

松下昂平 東京大学 修士1年

松原綱之 KEK 助教

木河達也 京都大学 助教

栗林宗一郎 京都大学 修士1年

粟田口唯人 首都大東京 修士1年

在原拓司 首都大東京 学部4年

参加者一同

→νe反応の測定が改善できる

beam testによる性能評価

現ND280でのνe測定は外からのγ起因の背景事象が問題

‣国内外10カ国+CERNのcollaborator 
(海外からの大きな貢献) 
‣開発から建設のフェーズへ 
‣MR 電源増強後から測定開始して、 
HK開始前までにニュートリノ原子核反応
からの系統誤差を改善する
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SuperFGD <	PID:	./ MC and	< 4d particle	gun

13

77%	efficiency	to	accept	./ CC
39%	to	mis-ID	; particle	gun	sample
(19%	if	2-trk-like	count	as	rejected)	

Work	in	progress

Expected improvement - 2
・Difficulty to reject γ→e+e- BG, especially in low energy (looks like single track)  
・Now developing separation method by calculating maximal dE/dx ratio  
   for upstream & downstream cubes along a track 
　→ The dE/dx ratio becomes low (high) forνe-like (γ-like) event

Expected separation power
Signal: νe event 

e-
νe

BG: γ event

e-

e+

γ
Track imageTrack image

Preliminary e/" Separation Algorithm
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- Requires to have at least 6 (3+3) separate MPPC hits to calculate the dE/dx ratio
- Uses first 12 dE/dx bins (36 MPPC hits) to calculate the average dE/dx values
- Ignores first and last dE/dx bins of the tracks to avoid short track length hits

Work in progress
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Looks promising. Investigating further benefits to measure interaction



Installation and beam data taking
• All the detectors were 

installed in Feb. 2019.
• Data taking from Nov. 2019.
• Beam events were observed 

in all the detectors.
• Electronics noise of Wall 

MRDs→ Identified cause.
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Installed detectors

1.
3m

ν

Event display of beam event

Proton Module

Baby MIND
WAGASCI

Timing distributions (8 bunch structure)

WAGASCI Proton Module

Wall MRD Baby MIND

WAGASCI-Baby MIND detector
• New scintillator-based detectors in the bottom floor of 

near detector hall corresponding to 1.5° off-axis.
• Water and plastic target neutrino detectors.
• Surrounding muon range detectors, one magnetized.
• Originally proposed as an independent experiment, E69.

21

T2K near detector hall

INGRID

ND280

WAGASCI
BabyMIND

Beam 
centerProton Module

WAGASCI

Baby MINDWall MRD

WAGASCI-Baby MIND detector違うoff-axisでの測定、水標的

WAGASCI-Baby MIND detector
• New scintillator-based detectors in the bottom floor of 

near detector hall corresponding to 1.5° off-axis.
• Water and plastic target neutrino detectors.
• Surrounding muon range detectors, one magnetized.
• Originally proposed as an independent experiment, E69.
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T2K near detector hall

INGRID

ND280

WAGASCI
BabyMIND

Beam 
centerProton Module

WAGASCI

Baby MINDWall MRD

WAGASCI-Baby MIND detector
�2.5° off-axis

(ND280)
�1.5° off-axis
�−0.34×�
�−0.82×�

Predicted neutrino flux

• 1.5° off-axisに新しい検出器を設置。2019年ランから
測定開始 

• ND280(2.5°)のデータと組み合わせることで、特定の
ニュートリノエネルギー領域の反応断面積が測定できる 

• シンチレーター(CH) & 水(H2O)が標的

→ν原子核反応モデルの改善が可能

→Far det.と同じ水との反応を測定

# 
of

 ν
 (a

rb
. u

ni
t)

25
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• 新しい水チェレンコフ検出器(~1kton)をビームから1~2kmの距離に建設し、検出器を上
下移動させて1~4度のオフアクス角度で測定

PHYSICS PROGRAM

5

Measure relationship between neutrino energy 
and final state particles (inferred energy)
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Measure the electron (anti)neutrino cross 
section - important for CP violation search in 
appearance modes:

Measure neutron production in neutrino-
nucleus scattering - input to SK-Gd and HK 
physics using neutron tagging

Primary physics objectives:

中間ニュートリノ検出器

• ニュートリノエネルギー毎のニュートリノ原子核
反応断面積を測定

→ν原子核反応モデルの改善

→Far det.と同じ水との反応を4πで測定 
→νe反応の測定

νe/νμ 断面積比を3~4%の精度で測定
‣ HKの前置検出器の１つとして、国内外研
究者の協力でR&D・設計等が進行中

中間距離水チェレンコフ検出器

 5

• 中間距離水チェレンコフ検出器 (IWCD)
(IWCD; Intermediate Water Cherenkov Detector)

目的 • 振動前のニュートリノを観測する前置検出器. 
• ニュートリノ振動解析の系統誤差を低減.

特徴 • 高さ8m, 直径10m の円筒型水チェレンコフ検出器. 
約500本の multi-PMT を設置. 
• 今回のシミュレーションでは, 以前の設計である 
高さ10m, 直径8mの検出器を仮定している. 

• 検出器自体が上下に移動可能. 
• Off-Axis 角度を1~ 4°まで変えてエネルギー  
スペクトルを測定可能 
→ 単一エネルギー分布を再現可能.

•multi-PMT (mPMT)
• IWCDの内水槽に取り付けられる予定の光センサー. 
• ハイパーカミオカンデでの使用も検討されている. 
• 透明なモジュールに 3inch PMT を19本配置. 
→ 壁際事象の再構成精度を飛躍的に向上.
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高いevent rateの中で検出器を動作させる必要がある
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2020 2021 2022 2023 2024 2025 2026 2027 2028

J-PARC加速器

ビームライン

前置検出器

T2K,T2K-II

中間検出器

HK

T2K,T2K-IIからHKへ：スケジュール

電源増強 RF増強、陽子数増加で1.3MWへ

高繰り返し化対応等 ターゲット冷却能力対応等で1.3MWに対応

N280 upgrade

準備工事 トンネル 
掘削

空洞掘削
水槽 
建設 PMT据付 CPV >5σでの探索 

δCPなどの精密測定

SK-Gd準備

中間検出器施設設計・工事、装置開発・製作 設置

NOvA実験：データ収集 DUNE実験：データ収集

この期間の「建設・アップグレードと運転の両立」が 
激しい国際競争の中でHKでタイムリーに結果を出すために重要

CPV ~3σ探索、ND280 upgradeやSK-Gdでの
ν原子核反応測定 →系統誤差改善



Second Detector in Korea arXiv:1611.06118v3
PTEP (2018) 6,063C01

Baseline 1100km
At 2nd maximum (750 MeV)
At 1st maximum (2 GeV)

A number of sites are being 
considered with off-axis 
beam of 1 to 2 degrees. 

Aim is to build this after 
Kamioka far detector is running. 

 (GeV)νE
0.5 1 1.5 2 2.5 3

) eν
→

µν
)-P

(
eν

→
µν

P(

-0.02

0

0.02

0.04

0.06

0.08

L=300 km
L=900 km
L=1100 km

=0.08513θ22sin
=0.523θ2sin

2 eV-310×=2.532
2mΔ

/2π=3δ
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baseline for candidate sites in Korea.
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First far detector (Kamioka)

Second far detector (Korea)

CP violation at 2nd max is x3
Compensates for 1/R2

Same dCP statistical accuracy
Systematics smaller
More sensitivity to matter effects
and non-SM physics 

20Steve Playfer, NuPhys2019, London
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- Outline of acceleration :"
•  1.2 GeV in 1st straight."
•  3.3 GeV in 2nd straight."
•  +2.9 GeV in 3rd and 4th straight. 

3.3 + 2.9 x 2 = 9.0 GeV"
+"
- Peak current : 100 mA (pulse)+"
- Beam duty : 1 %"
+"
- Beam power :  
9000 MeV x 0.1 A x 1 % = 9 MW!
+"
- βg of SC cavities :"

•  2nd straight " ": βg = 0.93!
•  3rd and 4th straight": βg = 1.0!

+"
- Normalized RMS emittance"

•  Transverse ": 0.30 π4mm4mrad"
•  Longitudinal ": 0.37 π4MeV4deg"

+"

To Kamioka�
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RF cavity
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The 2nd straight section:"
- Doublet lattice with SC quadrupole magnets."
- 4 SC cavities (βg = 0.93) are in each cryomodule."
- 27 cryomodules are placed in the section. 

"7.1 x 27 = 192 m �

The 3rd and 4th straight section:"
- Singlet lattice with a SC quadrupole magnet."
- 8 SC cavities (βg = 1.0) are in each cryomodule."
 -16 cryomodules are placed in each straight section. 

"12.0 m x 16 = 192 m�

Entrance�

Exit�

Gaussian-distribu0on,-100-k-par0cles�

RMS-x-3�

3rd$Entrance�

4th$Exit�

Beam profile at the 2nd straight section �

Beam profile at the3rd and 4th straight section �

R&Ds are necessary :  Higher gradient SC cavities, High power target, Horn…�

Introduction
• 液体アルゴンTPCの特徴：3次元リアルタイムイメージング検出器(a few mm
の位置分解能)、エネルギー損失測定や粒子識別の能力が高い、液体アルゴンは
安価(大型化がしやすい) 

• 高エネルギーニュートリノのエネルギーが測定できる → 振動パターンを広く
みることができる 

• 大型化できれば将来の長基線ニュートリノ振動などの測定器として活用できる

大型化にむけた検出器開発 
J-PARCでの活用(の検討) 
DUNE 10kton検出器への技術応用
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https://kds.kek.jp/indico/category/1166/~5年前の検討ワークショップ

Beyond δCP
3世代混合パラメーターのover-constrainな測定,  
non-unitarity, non-standard-interaction 等

2nd det. @Korea

＠1900kmで振動パターンを見る検討

Proton Linac@KEKB tunnel案

✴2nd peakを測定 
✴いくつかの候補地を
検討中 

✴HK実験開始後の建設
開始を目指している

ILC type cavity利用して、9GeVまで加速
✴ビームを発散せず回せることを
simulationで確認 

✴~9MW ⇒高統計な測定が可能

✴High power target, Horn等 
R&Dが必要

→高統計、振動パターン測定、違う振動モード?
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まとめ
• 長基線ニュートリノ振動実験では、ニュートリノCP対称性の
破れや振動パラメーターの精密測定などが課題 

• T2K,T2K-IIでCPの破れを~3σ感度で探索、HKでは高統計、
高精度な測定から物質優勢宇宙の解明、新物理探索を行う 

• CP破れへの感度は、まだ統計リミットだが、高統計に伴い
系統誤差の改善も課題になる 

• 系統誤差の改善にむけて様々なアプローチを実施、計画中
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