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T2K(Tokai-to-Kamioka) experiment

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?
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Long base-line neutrino oscillation experiment
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Phys.Rev.Lett. 107, 041801 (2011)
Phys.Rev.Lett. 112, 061802 (2014)

Discovery of νe appearance in 2013

Search for CP violation in neutrino oscillation
Phys.Rev.Lett. 121, 171802 (2018)

some of T2K results so far : 



T2K collaboration

International collaboration 
(as of 2019 Jan. : ~500 members, 68 institutes, 12 countries)

Recently, CERN neutrino group has joined !



Physics motivation
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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ĠëòO wò1�ĉĜĆþÿěĒĈĊçûïMixing sum rulesóδCPþ�xçûÙ�

Shimizu, Tanimoto, Yamamoto, arXiv:1405.1521�

δCPòh�ó 
NõúðÜÙ�

• CP violation parameter δCP 

• Is θ２3 maximal ?  

• mass ordering 

• 3-flavor structure

[arXiv:1405.1521]

maximal θ23 and a large CP violation  
(|δ|~π/2) may indicate a flavor symmetry?

hint for the origin of 
matter dominate universe 

[Nucl. Phys. B774 (2007) 1 etc.]

large difference to  
quark mixing matrix 
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After νμ→νe  discovery by T2K, and precise θ13 meas. by Reactor experiments
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Oscillation Probabilities

• Long-baseline ⌫µ ! ⌫e appearance probability depends most
strongly on sin2 2✓13 and �CP

• (But also depends on ✓23 and other parameters)
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→precise measurement of  
                                 θ23, Δm2

→explore CP violation

 6

 : small at T2K(L=295km)

P (⌫µ ! ⌫e)
<latexit sha1_base64="FJny7YqqniS/ybGxZl2iOLE0N7A="></latexit><latexit sha1_base64="FJny7YqqniS/ybGxZl2iOLE0N7A="></latexit><latexit sha1_base64="FJny7YqqniS/ybGxZl2iOLE0N7A="></latexit><latexit sha1_base64="FJny7YqqniS/ybGxZl2iOLE0N7A="></latexit>

P (⌫̄µ ! ⌫̄e)
<latexit sha1_base64="5i+MFZc/kndaUDBlBMK3pPfUfUA="></latexit><latexit sha1_base64="5i+MFZc/kndaUDBlBMK3pPfUfUA="></latexit><latexit sha1_base64="5i+MFZc/kndaUDBlBMK3pPfUfUA="></latexit><latexit sha1_base64="5i+MFZc/kndaUDBlBMK3pPfUfUA="></latexit>

C. Results

Both the M1 and M2 analyses find the point estimates
sin2 θ23 ¼ 0.514 and Δm2

32 ¼ 2.51 × 10−3 eV2=c4 when
assuming the normal mass hierarchy and sin2θ23 ¼ 0.511
and Δm2

13 ¼ 2.48 × 10−3 eV2=c4 when assuming the
inverted mass hierarchy. Table XXI summarizes these
results from the M1 and M2 analyses. Likewise, the

confidence intervals produced by M1 and M2 are similar.
Since the M1 and M2 analyses are consistent with each
other, only results from M1 are given below. Figure 27
shows the best-fit values of the oscillation parameters, the
two-dimensional confidence intervals calculated using the
Feldman and Cousins method, assuming normal and
inverted hierarchy, and the sensitivity at the current
exposure. The size of the confidence interval found by
the fit to the data is smaller than the sensitivity. This arises
because the best-fit point is at the physical boundary
corresponding to maximum disappearance probability.
The amount by which the region is smaller is not unusual
in an ensemble of toy MC experiments produced under the
assumption of maximal disappearance. The best-fit spec-
trum from the normal hierarchy fit compared to the
observed spectrum is shown in Fig. 28, showing as well
the ratio of the number of observed events to the predicted
number of events with sin2θ23 ¼ 0. The observed oscil-
lation dip is significant and well fit by simulation. The
calculated one-dimensional Feldman and Cousins confi-
dence intervals are given in Table XXII. Figure 29 shows
the -2Δ lnL distributions for sin2 θ23 and jΔm2j from the
data, along with the 90% C.L. critical values.

D. Multinucleon effects study

Recently, experimental [67,113–115] and theoretical
[24,25,116–129] results have suggested that the charged-
current neutrino-nucleus scattering cross section at T2K
energies could contain a significant multinucleon compo-
nent. Such processes are known to be important in
describing electron-nucleus scattering (for a review, see
[130]), but have not yet been included in the model of
neutrino-nucleus interactions in our muon neutrino dis-
appearance analyses. If such multinucleon effects are
important, their omission could introduce a bias in the
oscillation analyses. Since low energy nucleons are not
detected in SK, such events can be selected in the QE
sample and assigned incorrect neutrino energies.
A Monte Carlo study was performed in order to explore

the sensitivity of the analysis to multinucleon effects. The
nominal interaction model includes pion-less delta decay
(PDD), which can be considered to be a multinucleon
effect. As an alternative, we turn off PDD and use a model
by Nieves [24] to simulate multinucleon interactions for
neutrino energies below 1.5 GeV. Pairs of toy Monte Carlo
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FIG. 27 (color online). The 68% (dashed) and 90% (solid) C.L.
intervals for the M1 νμ -disappearance analysis assuming normal
and inverted mass hierarchies. The 90% C.L. sensitivity contour
for the normal hierarchy is overlaid for comparison.
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FIG. 28 (color online). Top: Reconstructed neutrino energy
spectrum for data, best-fit prediction, and unoscillated prediction.
Bottom: Ratio of oscillated to unoscillated events as a function of
neutrino energy for the data and the best-fit spectrum.

TABLE XXII. The 68% and 90% confidence level intervals for
the νμ-disappearance analysis.

MH 68% C.L. 90% C.L.

sin2 θ23 NH [0.458, 0.568] [0.428, 0.598]
sin2 θ23 IH [0.456, 0.566] [0.427, 0.596]
Δm2

32ð10−3 eV2=c4Þ NH [2.41, 2.61] [2.34, 2.68]
Δm2

13ð10−3 eV2=c4Þ IH [2.38, 2.58] [2.31, 2.64]

K. ABE et al. PHYSICAL REVIEW D 91, 072010 (2015)

072010-34

sin22θ

Δm2



T2K neutrino beam

•Accelerator-based ν beam 
• ν energy is narrow with off-axis method 
L = 295km → oscillation peak at 0.6GeV 

• ν / ν can be switched by flipping horn 
polarity

T2K beam : 
  * OA2.5° (Epeak=600MeV)

νμ

0 m 110 m 280 m 295 km

on-axis

Near 

Detector

Far Detector

(Super-K)

proton

Muon 

detectorπp
target/

Horn

Decay volume

π→μν
118 m

off-axis (2.5°)

30GeV 
protons 
from
J-PARC 
MR

- <1% of intrinsic νe at peak energy 
- ~5% of wrong sign component in ν beam mode
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Neutrino flux and its error
• ν flux is calculated based on 
- measurement of proton beam profile  
- π, K yield measurements by CERN NA61/
SHINE experiment

29
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Fig. 28: (Colour online) Comparison of measured p+ spectra with predictions of some selected GEANT4 physics lists.
Distributions are normalized to the mean p+ multiplicity in all production p+C interactions. The vertical error bars on the
data points show the total (stat. and syst.) uncertainty. The horizontal bars indicate the bin size in momentum.

Neutrino$flux$inference

7/14/16

! High$intensity,$almost$pure$muon (anti)$neutrino$beam$from$J)PARC

9PASCOS$2016,$Quy Nhon,$VN

! To$infer$neutrino$flux,$knowledge$
of$hadron$production$at$target$
needed

! Constrained$by$external$data$from$
NA61/SHINE

Flux$uncertainty$~$10%

Neutrino$mode Antineutrino$mode
< 1%(⌫e/⌫e) < 1%(⌫e/⌫e)

T2K$Far$Detector$ T2K$Far$Detector$

T2K$Far$Detector$ T2K$Far$Detector$

(Beam$modes$changed$by$switching$horn$polarity)

• Total absolute flux uncertainty is ~10%  
(similar size for anti-nu beam) 
• Near-to-far extrapolation is also calculated

Eur.Phys.J. C76 (2016) no.2, 84

@T2K far detector

π+ yield from 30GeV p+C interaction

w/o Near detector constraint  8



Near Detectors

ν

INGRID @ On-axis

ND280 @ Off-axis

10m

νbeam direction,  
intensity measurement

• FGD 

- scintillator bars 
target (water target 
in FGD2) 

• TPC 

- momentum,  
dE/dx measurement 

0.2T UA1 magnet

3.5m

7m
ν flux、 
ν interaction  
measurement

FGD1

TPC1 TPC2 TPC3

FGD2
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Far detector (Super-K)
•50kton water Cherenkov detector  
• ID: ~11,000  x20inch PMTs 
•Good e-like/μ-like separation  
• 4π acceptance 
•Refurbishment in summer 2018 for Gd loading 
(planned in 2019-2020)

XIV International Workshop on Neutrino Telescopes (2011)A. Rubbia
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Far Detector: SK-IV
�50kt Water Cherenkov detector (Fiducial 22.5kt)

@ underground (2700 m water equivalent)
�20’ ID PMT�11,129: 40% Photo coverage

+ 8’ OD PMT�1885 :
�Dead-time less DAQ system (2008~)
�Good performance for sub-GeV � detection

�1st oscillation maximum : E� ~0.6GeV at SK position.
�Charged current quasi-elastic (CC QE) interaction is 

dominant process.
• Good e / � separation
• Energy reconstruction: �E/E ~10% (�2-body kinematics)

��ICRR, Univ. of Tokyo
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��
neutron proton
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Signal �e

MC

MC
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Super-Kamiokande
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� 32kt ID viewed by 

20-inch PMTs
� ~2m OD viewed 

by 8-inch PMTs
� 22.5kt fid. vol. 

(2m from wall)
� Etotal=~4.5MeV 

energy threshold
� SK-I: April 1996~
� SK-IV is running

Electronics hutLINAC

Control room

Water and air 
purification system

SK

2km3km

1km
(2700mwe)

39.3m

41.4m

Atotsu
entrance

AtotsuMozumi

Ikeno-yama
Kamioka-cho, Gifu
Japan

Inner Detector (ID) PMT:   ~11100 (SK-I,III,IV),  ~5200 (SK-II)
Outer Detector (OD) PMT: 1885

ID

OD

http://www-sk.icrr.u-tokyo.ac.jp/sk/

See J. Wilkesʼ talk
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Signal and Background at Far detector

Signal

νµ (νµ) disappearanceνe (νe) appearance

Major  
backgrounds

• CC nonQE
• wrong sign ν in beam

• intrinsic νe in beam
• NCπ0

• wrong sign ν in beam

• CCQE μ-like• CCQE e-like

• CC1π e-like (*)

(* only for νe app.)

(5 signal categories)
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a single ring μ-like 
or e-like at FD



T2K oscillation analysis method
Et:true ν energy, ε:efficiencyNFD(Erec) =

X

Et

�(Et)Posc(Et)�(Et)✏(Et, Erec)

NND(Erec) =
X

Et

�(Et)�(Et)✏(Et, Erec)

Target N.：C,O
Acceptance : Forward dir.

Target N.：O
Acceptance : 4π

Modeling ν flux and ν-N cross section and constraint 
those models by ND data 

extracting oscillation parameters  
by comparing observation and prediction at FD. 
But, uncertainties from ν flux and ν-N cross section

taking into account  
difference of target 
nucleus and 
acceptance btw ND 
and FD  12



Constraint flux, xsec model 
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Systematic uncertainty for # of FD events

Single ring μ-like Single ring e-like
Error Source FHC RHC FHC RHC FHC CC1π FHC/RHC

SK Detector 2.40 2.01 2.83 3.80 13.15 1.47
Final state, 
Secondary int. 2.21 1.98 3.00 2.31 11.43 1.57

Flux+Xsec after ND 
constraint 3.27 2.94 3.24 3.10 4.09 2.67

Binding energy(Eb) 2.38 1.72 7.13 3.66 2.95 3.62
σ(νe)/σ(νμ) 0.00 0.00 2.63 1.46 2.61 3.03
NC1γ 0.00 0.00 1.09 2.60 0.33 1.50
NC Other 0.25 0.25 0.15 0.33 0.99 0.18
Osc. 0.03 0.03 2.69 2.49 2.63 0.77
Total 5.12 4.45 9.19 7.57 18.51 6.03

(%)

- Error on FHC/RHC ratio which contributes to CPV study is ~6%
 14

FHC : ν-mode beam, RHC : ν-mode beam



Total	accumulated	POT	for	Physics	all	runs

6/1/18 Beam	group	meeting 10

23	Jan.	2010	– 31	May	2018
POT	total:	 3.16362e+21	(power	max	497.27	kW)

nu-mode	 1.51309e+21	(47.8278%)
nubar-mode 1.65053e+21	(52.1722%)

Total	accumulated	POT	for	Physics	all	runs

6/1/18 Beam	group	meeting 10

23	Jan.	2010	– 31	May	2018
POT	total:	 3.16362e+21	(power	max	497.27	kW)

nu-mode	 1.51309e+21	(47.8278%)
nubar-mode 1.65053e+21	(52.1722%)

Accumulated POT and beam power
(POT=protons on target)

Accumulated 15.1x1020 POT for neutrino mode and  
16.5 x 1020 POT for ant-neutrino mode 

(total POT corresponds to 40% of the T2K approved POT)

recently, 485kW  
stable operation

 15



FD observed event
Latest T2K Dataset (⇠May 2018)

⇠ 1.49⇥ 1021 ⌫ + ⇠ 1.63⇥ 1021 ⌫̄ POT

⌫-
mode

⌫̄-
mode
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1-ring CCQE-e-like
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1-ring CC1⇡-e-like
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MC assumption :
�CP = �⇡/2
Normal Hierarchy
sin2 ✓23 = 0.528
sin2 ✓13 = 0.0212

µ-like exp. µ-like meas. e-like exp. e-like meas.
⌫̄ Previous 92.7 102 11.7 9
⌫̄ Updated 139.5 140 17.1 15
⌫ Updated 272.4 243 74.4(7.0cc1⇡) 75(15cc1⇡) 42 / 60

CCQE μ-like CCQE e-like CC1π e-like

ν 
beam

ν 
beam

ν-mode :14.9x1020 POT , ν-mode : 16.3x1020 POT

243 events

140 events 15 events

75 events 15 events
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νe appearance search
15 of CCQE e-like events observed in ν-mode data

Main backgrounds are 
νμ→νe (wrong sign),  
beam intrinsic νe+νe

T2K : 16.3x1020 POT

 17
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Figure 3.5: Results for the rate+shape analysis with β = 0 (left) and β = 1
(right) in log(upper) and linear(lower) scales.

the number of observed event of data, 15, is between the expectation of1

background and signal+background, obtained p-value is lower than that with2

the sensitivity study and both of the hypotheses are not excluded with 2σ3

for the rate only analysis.4

For the rate+shape analysis, the p-value with β = 0 (β = 1) is larger5

(smaller) than that for the rate only analysis because the p-theta spectrum6

of observed events are similar to that of νµ → νe than other background7

events as shown in Fig. 3.2. The β = 0 hypothesis is excluded by 2σ.8

16

no !̅# appearance
w/ !̅# appearance

Expectation

9.4 events w/o νe appearance
17.2 events w/ νe appearance

No νe appearance hypothesis is excluded by 
2.25σ significance w/ rate+shape information

νe appearance search
15 of CCQE e-like events observed in ν-mode data
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νe vs νe appearance
Comparison of # of νe and νe appearance candidates

Obs.
Expectation

δ=-π/2 δ=π δ=π/2 δ=0
90 81.4 68.6 55.5 68.3
15 17.1 19.3 21.7 19.4

νµ→νe
candidates

CPCCPV CPC CPV

νµ→νecandidates

Neutrino mode 1Re candidates
30 40 50 60 70 80 90 100 110
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nt

in
eu

tri
no

 m
od

e 
1R

e 
ca

nd
id

at
es

8

10
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14

16

18
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22

24

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

oscillation parameters are 
extracted using all event 
samples (not only νe samples 
but also νμ samples)
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sin2θ23<0.5 sin2θ23>0.5 Sum

Normal 0.184 0.705 0.889
Inverted 0.021 0.090 0.111
Sum 0.205 0.795 1

posterior probability

νμ disappearance 
•Contours for νμ 
disappearance 
parameters sin2θ23, 
Δm232 (w/ reactor 
constraint on sin2θ13) 

•Consistent with maximal 
mixing 

•Data prefers normal 
mass ordering

 20
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δCP vs sin2θ13
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T2K Run 1-9 Preliminary

•Contours for δCP and 
sin2(θ13) w/ all the data 
samples 

•Top plot shows only T2K 
allowed region

•Bottom plot shows with 
reactor constraints on 
sin2(θ13) (PDG2018)
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Constraints on δCP
ν-mode :14.9x1020 POT , ν-mode : 16.3x1020 POT

T2K Search for �CP – Bayesian Analysis

Both Hierarchies
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T2K Run 1-9d preliminary

• T2K excludes CP conservation at 2�,
but not 3�

• Most probable value, marginalized
over hierarchy, is �CP = �1.74

Normal Hierarchy
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Inverted Hierarchy
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49 / 60

Bayesian 
analysis

CPδ
3− 2− 1− 0 1 2 3

ln
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)
Δ

-2

0

5

10

15

20

25

30

35

Normal
Inverted

T2K Run 1-9 Preliminary

CPC
CPC

CPC

2σ C.L. interval Normal hierarchy [-2.966, -0.628] rad. 
Inverted hierarchy [-1.799, -1.979] rad.

CP conserving values (δ=0, ±π) are excluded with 2σ level
Need more data for confirmation of CPV  22



Prospects of analysis improvement

• Systematic error improvements  

- Flux error will be reduced to ~6% by using replica target 
data of NA61/SHINE hadron production measurement 

- Neutrino interaction modeling will be upgraded based 
on latest experimental results 

• T2K+NOvA, T2K+SK joint analysis are under discussion 
between collaborators 

- Aim to do T2K+NOvA analysis around 2021



We plan to accumulate more data up to 2x1022 POT by 2027  
(J-PARC E65 [T2K-II])

T2K-II

Beam power upgrade 
to 1.3MW  

Near detector upgrade 
to reduce the total 
systematic error down 
to ~4%

Target MR beam power and accumulated POT 
as a function of Japanese Fiscal Year (2)

• Red solid line : target MR beam power 
• Blue solid line : target accumulated POT

J-PARC PAC stage-1 status
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Beam power upgrade plan

•Upgrade of MR main power 
supply, RF and collimators 

•Upgrade of neutrino beamline

Beam power improvement plan
Increase the MR beam power up to 1.3MW 
• Power ∝ 30GeV x # of protons x 1/Trep. 

• Upgrade MR for both shortening the  
repetition time (Trep.) and increasing  
the number of protons per pulse 

Improve the neutrino beam-line  
• Modest improvement to realize 1.3MW operation 

Increase the effective statistics (x1.5)  

• Horn current increase (250kA → 320kA) and data analysis 
improvement 

Achieved Target
Beam 
power 
[MW]

0.425 1.3

# of 
protons 
per pulse

2.2 x 
1014

3.2 x 
1014

Rep. 
Time 
[sec]

2.48 1.16

12

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

52

Proton beam monitor upgrade
• New beam monitors which are more robust and cause less beam 
loss are under development 

• Ti-wire secondary emmission monitor (SEM) 
• 10 times less material in the beam compared  
to the foils-based SEM which presently used  
in the beam-line  → 10x less beam loss 

• Beam induced florescence monitor 
• Measure proton beam profile by fluorescence 
light induced by proton beam interactions  
with gas in the beam-line 

• Continuously and non-destructive monitor  
proton beam profile 

J-PARC Profile Monitor Upgrade R&D
• Towards higher beam power, need:

• Monitors that are more robust
• Cause less beam loss

• Segmented Secondary Emission Monitor
(SSEM) used to monitor beam profile during
beam-tuning (destructive monitor)

• 3 5-µm-thick Ti foils
! Each monitor causes 0.005% beam loss

• Now working on 2 new beam profile
monitors:

1 More robust SEM using wires rather than
foils ! ⇠10x less material in the beam =
⇠10x less beam loss

2 Beam Induced Florescence Monitor
• Measure proton beam profile by beam

interactions with gas injected into the

beamline

• Non-destructive, continuous monitoring

New Ti Wire SEM:

Beam Induced
Fluorescence Monitor

Schematic:

(NIMA 492 (2002) 74-90)

22 / 31
23

R&D w/ international and 
domestic cooperation

New beam  
monitors

Upgrade for 
1Hz rep.

Reinforcing cooling 
capability (target, horn etc.)
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Near Detector upgrade

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

Replacing part of ND280 with new detectors to enhance capability

• TDR submitted to PAC and reviewed 
(J-PARC & CERN)

• Strong collaboration of experts from 
Europe (incl. CERN), Japan and USA

• will be approved as CERN NP06 

Aiming installation in 2021  26



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)

Near Detector upgrade

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

 /115

• Large angle acceptance 
will be improved  

• High granularity can 
improve vertex 
reconstruction efficiency

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

#oÃÆÈ»ÆÏ
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表面実装MPPC基板(5x5Ch)
表面実装MPPC

(13360-1325PE)

プラスチックレイヤー

波長変換ファイバー
+

ファイバーコネクタ

Test beams for prototypes of 
SuperFGD, TPC, TOF are conducted

Forward dir. acceptance Larger angle 
acceptance
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T2K-II Physics Prospects

>3σ CPV sensitivity

46

B. Precision Measurement of �m
2
32 and sin2

✓23

The expected 90% C.L. contour for �m
2
32 vs sin2

✓23 for the full T2K-II exposure is

shown in Fig. 28.
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(a) Assuming true sin2
✓23 = 0.43.
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(b) Assuming true sin2
✓23 = 0.60.
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(c) Assuming true sin2
✓23 = 0.50.

FIG. 28: Expected 90% C.L. sensitivity to �m
2
32 and sin2

✓23 with the 2016 systematic

error. The POT exposure accumulated by 2014 corresponds to 6.9 ⇥ 1020 POT ⌫- +

4.0 ⇥ 1020 POT ⌫̄-mode. For the T2K-II exposure of 20 ⇥ 1021 POT, a 50% increase in

e↵ective statistics is assumed.

The plots indicate that for ✓23 values at the edge of the current 90% CL regions, T2K-

II data can resolve the ✓23 octant degeneracy. Specifically, Fig. 29 shows that the octant

degeneracy can be resolved at more than 3� if ✓23 is in the upper octant with sin2
✓23=0.60.

For the lower octant case, sin2
✓23=0.43, the significance of resolving the octant degeneracy

is also close to 3�. Fig. 29 shows the uncertainty on sin2
✓23 as a function of POT. If sin2

✓23

is maximal, the expected 1� precision of sin2
✓23 is 1.7�. For the case of sin2

✓23 = 0.43

and 0.60 the uncertainty is 0.5� and 0.7� respectively. The uncertainty in the case of

~1% precision of Δm2, 
0.5°-1.7° precision of θ２3 

(depends on true value)

Sensitivity to exclude sinδCP=0 Sensitivity of sin2θ23, Δm232
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Summary
•Recently, stable operation with 485kW beam power 
•T2K collected 3.16 x 1021 POT up to now and it 
indicates a large CPV in neutrino oscillation 

•We plan to upgrade beam power and near detector 
and collect more data up to 20 x 1021 POT [T2K-II] 

•We aim to detect neutrino CPV with 3σ sensitivity 
at T2K-II 
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