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Disclaimers
1) Due to limited time, mainly focus on:  

FJPPL(TYL)-related projects T2K, Hyper-K, SK  
and Korea-related T2HKK 
Not covering natural-source neutrino studies 
(atmospheric ν, solar-ν, supernova-ν) 

     and reactor experiments (e.g. RENO, JUNO) 

2) Quoted slides from recent workshop  
    “Prospects of Neutrino Physics"  
     8-12 April 2019, Kavli IPMU, Japan 
     https://indico.ipmu.jp/indico/event/236/
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Why study neutrinos?
1) 2nd ubiquitous particle in Universe (than photon) 
    → should have played crucial role in early Universe 

2) Very small mass: (but not zero!) 
    m(ν) < ~1eV (me = 0.511 MeV) → Natural to think 
    different mass mechanism than Higgs 

3) Neutral lepton:  Very weak interaction with matter 
   (mean free path of E ~ 1 MeV ν in water: 
    ~ 1015 km = 100 light-years) 
   → experiments would be exciting and fun!
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What to study about ν’s?
1) Oscillation phenomena (mixing matrix - see next) 
  → 3 mixing angles and CP violation phase 
  (main topics covered in this talk) 

2) Neutrino masses: 
  Mass2 differences and ordering: from osc. expt's 
  Absolute mass: 0ν2β, direct β and cosmology 

　　　　　　　　　　　　　　 (not covered) 
3) Other properties:  (not covered) 
   Are there more than 3 ν’s? → Sterile ν search 
   Magnetic moment, EDM, …
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Neutrino mixing

c23=cosθ23, etc.
3 mixing angles (θ12, θ23, θ13) + 1 complex phase (δ) ←CP violation
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Neutrino mixing -
our physics goal
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c23=cosθ23, etc.

3 mixing angles (θ12, θ23, θ13) + 1 complex phase (δ)

PMNS matrix
(Pontecorvo-Maki-
Nakagawa-Sakata)
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Neutrino oscillation

0

P=1

P(νe→νe)
P(νe→νµ)

L/E
2h/(c3Δm2)

sin22θ

IF θ≠0 ANDΔm2≠0, flavor transmutation occurs. 
 P(νi→νj)=sin22θij ×sin2(1.27Δm2L/E) (2 flavor approx.) 
　             Δm2 in (eV2), L/E in (km/GeV or m/MeV)

amplitude

wavelength

•3 mixing angles 
θ12, θ23, θ13 

•2 (independent) mass^2 
differences 
Δm232=m32-m22 
Δm221=m22-m12 
(Δm231=Δm232+Δm221) 

•1 complex phase（CPV) δ
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What we know now

sin2(2θ12)~0.8 

Δm221~8×10-5eV2

ν1

ν2 ν3

sin2(2θ23)~1.0 

|Δm232|~2.5×10-3eV2

sin2(2θ13) ~ 0.1 

Δm231~Δm232

Solar-ν  
Reactor-ν 

Atm-ν 
Acc-ν

Reactor-ν 
Acc-ν

• θ12 ~ 33°, θ23 ~ 45°, but θ13 ~ 9° 

• |Δm232| >> |Δm221| (by factor ~30)  

δCP
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unknown

Unmeasured <2011

mass ordering:  
m3 >> m2 > m1 or 
m2 > m1 >> m3

unknown



Where to place detectors? 
1.27Δm2(eV2)L(km)/E(GeV)=(2n+1)π/2
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• For Δm232(31) ~ 2.5×10-3 eV2 and E ~ 1 GeV, 
→ L ~ O(400km): accelerator long-baseline experiments  
    (T2K, MINOS, NOvA) 

• For Δm232(31) ~ 2.5×10-3 eV2 and E ~ 4 MeV, 
→ L ~ O(1.5km): reactor mid-baseline experiments  
     (Daya Bay, Double Chooz, RENO)  

• For Δm221 ~ 0.8×10-4 eV2 and E ~ 4 MeV, 
→ L ~ O(50km): reactor long-baseline exp’t (JUNO, KL)  

1st osc. maximum at L ~ E/Δm2    (×1.57/1.27)



Fascinating quantum physics!
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ν oscillation is quantum-interference phenomenon 
observable in earth-scale distances 

Normally, quantum effects are observed only in 
atomic scale → Why is the scale so large? 

Osc. λ: L~2hE/m2c3 = (2h/mc)(E/mc2)  m=√(Δm2)  

Compton WL λ=h/mc  (2.4 pm for electron) 

ν mass is so small（10-7 times electron）24μm 

Lorentz boost E/mc2~2x1010  L~1000km (E=1GeV)

=50 meV for m32



Outstanding issues in 
neutrino physics

•PMNS matrix: 
All 3 mixing angles θij are measured.  
 Octant of θ23 not yet known (> 45° or < 45°)  
CP violation phase δCP is unknown.  

•Neutrino masses: 
Both mass2 differences Δm232 and Δm221 measured.  
Sign(Δm232) still unknown - Mass Ordering (Mass Hierarchy)  
 m3 >> m2 > m1 (normal) or m2 > m1 >> m3 (inverted) 
Absolute mν not measurable with ν oscillation  
→ 0ν2β (if Majorana)／direct β measurement (KATRIN) and  
    cosmological constraints on Σmν (ν osc.→ Σmν > 0.05 eV)  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T2K experiment in Japan
•Tokai (J-PARC) to Kamioka (SK) 
Long-BaseLine accelerator ν exp.
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TokaiKamioka

Intense ~600 MeV νµ beam for 
neutrino oscillation studies

• High sensitivity search for θ13

• Precision measurement of θ23, Δm223

J-PARC

Super Kamiokande
“far” detector (FD)

295 km

~500 collaborators from
 58 institutions, 12 nations

The XXVth International Symposium on Lepton Photon Interactions at High Energies

see “T2K Experiment”
arXiv:1106.1238 submitted to NIM A

2Thursday, August 25, 2011
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Off-Axis νμ beam
•Narrow-band beam, peak at 
0.6 GeV (Δm232 1st osc. max.) 
•Reduce BG from high-E tail
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Creating an (offaxis) neutrino beam 

K Mahn, Les Rencontres de Physique de la 

Vallée d'Aoste 

30 GeV protons hit a target (carbon) producing secondary mesons (π, K) which 

decay to a terOary νµ beam 

  Collected 1.43 x 1020 POT  (2% of T2K goal)    

T2K uses a novel off‐axis beam technique: 

  Off the primary neutrino beam direcOon, 
neutrino energy spectrum is narrower, 
thanks to pion decay kinemaOcs 

  Peak can be set to ~oscillaOon maximum 

  Reduces backgrounds from higher energy 
neutrino interacOons 

2012/02/27  6 

NUFACT Workshop Mark Hartz, U. of Toronto/York U.

Beamline Magnets

Superconducting Magnets

Normal Conducting Magnets

 Located in the arc section of the beamline

 28 magnets each producing both dipole 
(2.59 T) and quadrapole (18.6 T/m) fields

 Operational current of 4.36 kA, T
max

<5 K

 2 hour recovery from normal quench

 Located in the preparation and final focusing sections of the beamline

 Operate in the 1-10 kG range

Producing νµ beam

Decay Area

14

Oct 2008

Beam
 Absorber!"#$%&'()*"+,-.&'"

!!µ"

!"#$%&'(
)*+,-./0%1($023,

4,0-&5,',6'(-
745!89:

;-1%0-<

=,0%>12,

"#!$%&'()*#'+,)-
'(./,))$*01#)'+,()0.2-)$+3

4,)2501('#303$'+,()

?0-@,'&A'0'1(2B&
'0-@,'&C&D&E(-2&A<A',%

6$5,#.07$33$5

5,60<&F(>*%,

G,0%&5*%+&CH*(2&%(21'(-

8#()08(),+(%

9(),:2+,()

;
<2.

/$%3 "
(5
,*
03
+2
+$

*$
+$
'+
(%
3

=3+0<(%)0>?2%-$+

@$2.0A#.!

!"##$%%$"&$&'(")(*+,(&,-*.$&"(/,0#()01$2$*3()".(*+,()$.%*(
%-4,./,0# ,54,.$#,&*6(789

:;<+$/0*0 =9>9?()".(*+,(789(1"220/".0*$"&
@;(A,-*.$&"(/,0# )01$2$*3

70.',*

B.$#0.3(4."*"&(/,0#(2$&,

C".&(A,-*.$&"(#"&$*".(/-$2D$&'

A,0.(D,*,1*".(
=AE8FG?

E,103(H"2-#,

I,0#(D-#4
70.',*(%*0*$"&

!

4

��*"(90#$"J0

•KLGJM(4."*"&(/,0#
011,4*0/2,(2"%%
B<NKLGM6(OP!N@MQ#
RRN8LGM
".D,.(")((@GST

•!"&H,&*$"&02(/,0#(
4U!5�!�5� 4�
��	����
��	��
��'#-0�3++(
T(+".&%
•V))(05$%(/,0#(#,*+"D
VO(0&'2,(8;L(D,'.,,%
.,D-1,(+$'+(,&,.'3(1"#4;

I,0#(#"&$*".%

8;(C$%*".3(")(1"##$%%$"&$&'

@G;(E,2$H,.,D(4."*"&(&-#/,.

B+3%$1%(.-&N(8;TW�@G,3

���	�%�������������-&.3�@G,3C".$X"&*02N(�@##

Y,.*$102N(�8##
:P(YS/-#4("))

:P(YS/-#4("&

I,)".,(*-&$&'

O)*,.(*-&$&'

V7P(Z[SG;L##

V7P(3[SG;@##

*0.',*

*0.',*

W;(I,0#("./$*

0&��
	�����
��������

L;(B"%$*$"&(\(*0.',*

]$&01
@F@5WGG:,Y

• ���������

�%�0�5�F(=*+$%(%-##,.?
• B."*"&(&-#/,.(4,.(/-&1+N(F�@G@8 5�W�@G@T

•:P(1312,N(T;L8(5�8;8T(%,1;

@8;(B"^,.($#4."H,#,&*(420&

3;(C".&("4,.0*$"&

@@;(B"%$*$"&(D.$)*(4."/2,#

@T;(!"&12-%$"&(
• A,-*.$&"(/,0#()01$2$*3(%*0.*,D("4,.0*$"&($&(O4.;(-++3
• !"&)$.#,D(/,0#(#"&$*".(4,.)".#0&1,(
• <,0.1+()".( �5 , %*0.*,D($&(_0&;(8G@G
• �
���
�
������������

�����-&.3�@G,3

• O1+$,H,D(WTJM(%*0/2,("4,.0*$"&
• B20&&$&'(*"($&1.,0%,(/,0#(4"^,.(*"(KLGJM

• E-,(*"(*,#4,.0*-.,(.$%,(")(,5*.01*$"&(J$1J,.%
• `&H,%*$'0*$"&(^$*+(*,%*(/,&1+(5�),,D/01J(*"(&,^(J$1J,.

=$&%*0220*$"&N(*+$%(%-##,.?(

K;(M$D*+(\(*0.',*

-++3
• V4,.0*$"&(%*0.*,D($&(O4.;
• 8G(D03%("4,.0*$"&
• !"&)$.#,D()-&1*$"&02$*3

S I,0#(#"&$*".(4,.)".#0&1,
S I,0#(*-&$&'(="./$*6(%$X,6(2"%%?
S I,0#(%*0/$2$*3(=8GJM6(TG(#$&;?
S C".&()"1-%$&'(,)),1*

• V/%,.H,D(&,-*.$&"(,H,&*(\(AE

8G@G
•  �5 , %,0.1+(%*0.*,D($&(_0&;

S T8(D03%(D0*0(*0J$&'
S L(D03%(1"&*$&-"-%("4,.0*$"&(01+$,H,D

• I,0#(4"^,.N(8GJM(5�WTJM(=%*0/2,(.-&?
S @GGJM("4,.0*$"&(^0%(*,%*,D

• V/%,.H,D(&,-*.$&"(,H,&*(\(<9

F;(I,0#(%*0/$2$*3

7.0&%4".*
P:<N(G;Ka

7$#$&'
P:<NK;F&%

I-&1+(2,&'*+
�
	�%�3&+��
P:<N(((@;T&%

b(@##(\(*0.',*

� W##(\(*0.',*

C".&(1-..,&*N(8LGJO
<*0/$2$*3N(b@a

`(c !-..,&*(7.0&%)".#,.(=!7?(5(L(((`&*,&%$*3
!(c >2,1*."<*0*$1 :"&$*".(=><:?(5(8@(((B"%$*$"&
B(c <,'#,&*,D(<,1"&D0.3(>#$%%$"&(:"&$*".(

'����(���,3���������

I,0#(]"%%(:"&$*".(=I]:?(5(LG(=&"*(%+"^&?
V4*$102(7.0&%$*$"&(P0D$0*$"&(#"&$*".(=V7P?(((

4.")$2,(\(*0.',*

T;(:"&$*".(4,.)".#0&1,
!7

B."*"&d($&(O11;
@;L5@G@8• ]$&,0.$*3N(b8a

• <+"*(/3(%+"*(%*0/$2$*3N(b@a
• O/%"2-*,(102$/.0*$"&N(b8a

<<>:

C".$X"&*02(4.")$2,(
\($&e,1*$"&

f&1,.*0$&*3
• !,&*,.N(G;8##
• <$X,N(G;8##
<*0/$2$*3N(G;G8##

>#$**0&1, #,0%-.,#,&*(

><:

<<>:

><
:

• !02$/.0*,D(^$*+(<<>:
/,**,.(*+0&(G;@##

• <*0/$2$*3N(G;GW##
=^$*+(D$));(0#4;?

V7P

f&1,.*0$&*3
�%+&/.��$��%+&/.��$�"�%+&/2��$�"�%+&/-��
<*0/$2$*3
5NG;WG##6(�%+&-0��6("�%+&.0��6("�%+&,1��

I]:

<<>:($&
<<>:("-*

I,0#

<<>:()"$2N(@GSL 2"%%
5�.,02(2"%%(b(G;LM

\LGJM

E-,(*"(/01J(%10**,.
)."#(/,0#(^$&D"^

• !02$/.0*,D(^$*+(/,0#(2"%%(")
<<>:()"$2%
• !"&%$%*,&*(^$*+()$2#(/0D',
#,0%-.,#,&*

A"(%$'&$)$10&*(/,0#(2"%%(^Q"(<<>:

:,0&NG;T##6(P:<NG;W##

:,0&NG;F##6(P:<NG;W##

:,0&NW;@##6(P:<NG;T##

:,0&NW;8##6(P:<NG;@##

Af(/,0#(*-&$&'6(%*-D3

I,0#(#"&$*".%(%0*$%)3("-.(.,g-$.,#,&*%

I,0#("./$*($%(*-&,D(^$*+$&(8##()."#(D,%$'&("./$*; I,0#(4"%$*$"&($%(%*0/23(*-&,D(0*(*0.',*(1,&*,.;

I,0#(%$X,(10&(/,(1"&*."22,D(&"*(*"(/.,0J(*+,(*0.',*;

I,0#($%(%*0/2,(,&"-'+;

C".&(1-..,&*($%(%*0/2,(,&"-'+;

primary beamline

beam dump

target and horn
strip line

!"#$%&'(&"&)*+

,%"-'./-0

123

143

153

163 173
183

9/*+ -*+)&*#

123 ,%"-':)+.*:
143 ,";;<%
153 =!>
163 !"#$%&'"+.
;)#(&'?*#+

173 @%A*+.'?*#+
183 !?)#.'?*#+

Figure 6: Side view of the secondary beamline. The length of
the decay volume is ∼96 m.

down to a 16 mW beam loss. In the commissioning run, it
was confirmed that the residual dose and BLM data integrated
during the period have good proportionality. This means that
the residual dose can be monitored by watching the BLM data.

3.2. Secondary Beamline

Produced pions decay in flight inside a single volume of
∼1500 m3, filled with helium gas (1 atm) to reduce pion ab-
sorption and to suppress tritium and NOx production by the
beam. The helium vessel is connected to the monitor stack via a
titanium-alloy beam window which separates the vacuum in the
primary beamline and the helium gas volume in the secondary
beamline. Protons from the primary beamline are directed to
the target via the beam window.

The secondary beamline consists of three sections: the target
station, decay volume and beam dump (Fig. 6). The target sta-
tion contains: a baffle which is a collimator to protect the mag-
netic horns; an optical transition radiation monitor (OTR) to
monitor the proton beam profile just upstream of the target; the
target to generate secondary pions; and three magnetic horns
excited by a 250 kA (designed for up to 320 kA) current pulse
to focus the pions. The produced pions enter the decay vol-
ume and decay mainly into muons and muon neutrinos. All the
hadrons, as well as muons below ∼5 GeV/c, are stopped by the
beam dump. The neutrinos pass through the beam dump and are
used for physics experiments. Any muons above ∼5 GeV/c that
also pass through the beam dump are monitored to characterize
the neutrino beam.

3.2.1. Target Station
The target station consists of the baffle, OTR, target, and

horns, all located inside a helium vessel. The target station
is separated from the primary beamline by a beam window at
the upstream end, and is connected to the decay volume at the
downstream end.

The helium vessel, which is made of 10 cm thick steel, is
15 m long, 4 m wide and 11 m high. It is evacuated down to
50 Pa before it is filled with helium gas. Water cooling chan-
nels, called plate coils, are welded to the surface of the vessel,
and ∼30◦C water cools the vessel to prevent its thermal defor-
mation. An iron shield with a thickness of ∼2 m and a concrete
shield with a thickness of ∼1 m are installed above the horns
inside the helium vessel. Additionally, ∼4.5 m thick concrete
shields are installed above the helium vessel.

The equipment and shields inside the vessel are removable
by remote control in case of maintenance or replacement of the
horns or target. Beside the helium vessel, there is a maintenance
area where manipulators and a lead-glass window are installed,
as well as a depository for radio-activated equipment.

3.2.2. Beam Window
The beam window, comprising two helium-cooled 0.3 mm

thick titanium-alloy skins, separates the primary proton beam-
line vacuum from the target station. The beam window assem-
bly is sealed both upstream and downstream by inflatable bel-
lows vacuum seals to enable it to be removed and replaced if
necessary.

3.2.3. Baffle
The baffle is located between the beam window and OTR. It

is a 1.7 m long, 0.3 m wide and 0.4 m high graphite block, with
a beam hole of 30 mm in diameter. The primary proton beam
goes through this hole. It is cooled by water cooling pipes.

3.2.4. Optical Transition Radiation Monitor
The OTR has a thin titanium-alloy foil, which is placed at 45◦

to the incident proton beam. As the beam enters and exits the
foil, visible light (transition radiation) is produced in a narrow
cone around the beam. The light produced at the entrance tran-
sition is reflected at 90◦ to the beam and directed away from the
target area. It is transported in a dogleg path through the iron
and concrete shielding by four aluminum 90◦ off-axis parabolic
mirrors to an area with lower radiation levels. It is then col-
lected by a charge injection device camera to produce an image
of the proton beam profile.

The OTR has an eight-position carousel holding four titan-
ium-alloy foils, an aluminum foil, a fluorescent ceramic foil of
100 µm thickness, a calibration foil and an empty slot (Fig. 7).
A stepping motor is used to rotate the carousel from one foil
to the next. The aluminum (higher reflectivity than titanium)
and ceramic (which produces fluorescent light with higher in-
tensity than OTR light) foils are used for low and very low in-
tensity beam, respectively. The calibration foil has precisely
machined fiducial holes, of which an image can be taken us-
ing back-lighting from lasers and filament lights. It is used for
monitoring the alignment of the OTR system. The empty slot
allows back-lighting of the mirror system to study its transport
efficiency.

3.2.5. Target
The target core is a 1.9 interaction length (91.4 cm long),

2.6 cm diameter and 1.8 g/cm3 graphite rod. If a material sig-
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3.3. Muon Monitor

The neutrino beam intensity and direction can be monitored
on a bunch-by-bunch basis by measuring the distribution pro-
file of muons, because muons are mainly produced along with
neutrinos from the pion two-body decay. The neutrino beam
direction is determined to be the direction from the target to
the center of the muon profile. The muon monitor [18, 19] is
located just behind the beam dump. The muon monitor is de-
signed to measure the neutrino beam direction with a precision
better than 0.25 mrad, which corresponds to a 3 cm precision
of the muon profile center. It is also required to monitor the
stability of the neutrino beam intensity with a precision better
than 3%.

A detector made of nuclear emulsion was installed just down-
stream of the muon monitor to measure the absolute flux and
momentum distribution of muons.

3.3.1. Characteristics of the Muon Flux
Based on the beamline simulation package, described in Sec-

tion 3.5, the intensity of the muon flux at the muon monitor, for
3.3 × 1014 protons/spill and 320 kA horn current, is estimated
to be 1 × 107 charged particles/cm2/bunch with a Gaussian-like
profile around the beam center and approximately 1 m in width.
The flux is composed of around 87% muons, with delta-rays
making up the remainder.

3.3.2. Muon Monitor Detectors
The muon monitor consists of two types of detector arrays:

ionization chambers at 117.5 m from the target and silicon PIN
photodiodes at 118.7 m (Fig. 8). Each array holds 49 sensors
at 25 cm × 25 cm intervals and covers a 150 × 150 cm2 area.
The collected charge on each sensor is read out by a 65 MHz
FADC. The 2D muon profile is reconstructed in each array from
the distribution of the observed charge.

The arrays are fixed on a support enclosure for thermal insu-
lation. The temperature inside the enclosure is kept at around
34◦C (within ±0.7◦C variation) with a sheathed heater, as the
signal gain in the ionization chamber is dependent on the gas
temperature.

An absorbed dose at the muon monitor is estimated to be
about 100 kGy for a 100-day operation at 750 kW. Therefore,
every component in the muon pit is made of radiation-tolerant
and low-activation material such as polyimide, ceramic, or alu-
minum.

3.3.3. Ionization Chamber
There are seven ionization chambers, each of which contains

seven sensors in a 150×50×1956 mm3 aluminum gas tube. The
75 × 75 × 3 mm3 active volume of each sensor is made by two
parallel plate electrodes on alumina-ceramic plates. Between
the electrodes, 200 V is applied.

Two kinds of gas are used for the ionization chambers ac-
cording to the beam intensity: Ar with 2% N2 for low intensity,
and He with 1% N2 for high intensity. The gas is fed in at ap-
proximately 100 cm3/min. The gas temperature, pressure and
oxygen contamination are kept at around 34◦C with a 1.5◦C

Figure 8: Photograph of the muon monitor inside the support
enclosure. The silicon PIN photodiode array is on the right side
and the ionization chamber array is on the left side. The muon
beam enters from the left side.

gradient and ±0.2◦C variation, at 130 ± 0.2 kPa (absolute), and
below 2 ppm, respectively.

3.3.4. Silicon PIN Photodiode
Each silicon PIN photodiode (Hamamatsu® S3590-08) has

an active area of 10 × 10 mm2 and a depletion layer thickness
of 300 µm. To fully deplete the silicon layer, 80 V is applied.

The intrinsic resolution of the muon monitor is less than
0.1% for the intensity and less than 0.3 cm for the profile center.

3.3.5. Emulsion Tracker
The emulsion trackers are composed of two types of mod-

ules. The module for the flux measurement consists of eight
consecutive emulsion films [20]. It measures the muon flux
with a systematic uncertainty of 2%. The other module for the
momentum measurement is made of 25 emulsion films inter-
leaved by 1 mm lead plates, which can measure the momentum
of each particle by multiple Coulomb scattering with a preci-
sion of 28% at a muon energy of 2 GeV/c [21, 22]. These films
are analyzed by scanning microscopes [23, 24].

3.4. Beamline Online System
For the stable and safe operation of the beamline, the online

system collects information on the beamline equipment and the
beam measured by the beam monitors, and feeds it back to the
operators. It also provides Super-Kamiokande with the spill
information for event synchronization by means of GPS, which
is described in detail in Section 3.6.2.

3.4.1. DAQ System
The signals from each beam monitor are brought to one of

five front-end stations in different buildings beside the beam-
line. The SSEM, BLM, and horn current signals are digitized
by a 65 MHz FADC in the COPPER system [25]. The CT and
ESM signals are digitized by a 160 MHz VME FADC [26].

9

horn/target assembly

horn

He decay volume

Muon monitors

Beam dump

• 30 GeV protons extracted from J-PARC Main Ring onto carbon target

• secondary π+ focussed by three electromagnetic horns

• meson decays produce neutrinos

• Also: νe from µ decay, high energy νµ /νe  from K decay

⇥+ � µ+ + �µ

5Thursday, August 25, 2011

OA2.5!˚�

Horns

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.

 Energy (GeV)ν Reconstructed 
0 2 4

 E
ve

nt
s/

0.
10

 G
eV

0

20

40

60

> 5

Data

MC Unoscillated Spectrum

MC Best Fit Spectrum

NC MC Prediction

 Energy (GeV)νReconstructed
0 2 4O

sc
. t

o 
un

os
c 

E
ve

nt
s/

0.
1 

G
eV

2−10

1−10

1

10

> 5

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)
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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%)

Protons On Target (POT)
•15.1×1020 for ν mode (Forward Horn Current) 

•16.5×1020 for anti-ν mode (Reverse Horn Current) 

•Beam power ~485kW now

!13



Super-Kamiokande (since 1996)
• 50kt Water Cherenkov Detector 

• Under 1km rock (2700m.w.e.) 

• 11129 20-inch PMTs (+outer veto det.) 

• e/μ separation with Cherenkov ring 

• GPS timing for T2K beam coincidence: no 
accidental b.g. 
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39.3m

41
.4

m

(Not only as) Far detector of T2K 

•Atmospheric-ν 

•Solar-ν 

•Supernova-ν 

•Nucleon decay!
← Refurbishment work in 2018 finished (for future SK-Gd),
     running since Jan. 2019 as SK-V phase



Observed events at SK
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Latest T2K Dataset (⇠May 2018)
⇠ 1.49⇥ 1021 ⌫ + ⇠ 1.63⇥ 1021 ⌫̄ POT
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1-ring CCQE-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

K. Sakashita



νμ disappearance
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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

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

•Consistent with maximal 
mixing 

•Data prefers normal 
mass ordering
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T2K results on δCP

•Compare νμ→νe appearance between ν and anti-ν 

•Using reactor θ13, CP conservation excluded at 2σ
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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→νecandidates

CPCCPV CPC CPV

νµ→νecandidates

CPδ
3− 2− 1− 0 1 2 3

ln
(L

)
Δ

-2

0

5

10

15

20

25

30

35

Normal
Inverted

T2K Run 1-9 Preliminary

)13θ(2sin
15 20 25 30 35

3−10×

 (R
ad

ia
ns

)
C

P
δ

3−

2−

1−

0

1

2

3 Normal - 68CL
Normal - 90CL
Inverted - 68CL
Inverted - 90CL

Best fit
PDG 2018

T2K Run 1-9 Preliminary

K. Sakashita



T2K-II proposal
•T2K was proposed with 7.8E21 POT → So far accumulated 3E21 

•T2K-II (~2027) to collect 20E21 → MR power upgrade to 1.3 MW 

•Aim: 3σ evidence of CPV

!18

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



T2K-II physics prospects
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K. Sakashita

>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



ND280 upgrade
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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

K. Sakashita



HK Sensitivity to the sin �CP 6= 0

• Sensitivity to exclude sin �CP 6= 0 for di↵erent true values of �CP vs
year compared to other experiments

• Assuming known MH

21 / 27

Hyper-Kamiokande
•260 kton tank (D74m×H60m) 

•190 kton fiducial mass (~×10 of Super-K) 

•40,000 PMTs 
with 2x eff. 

•>5σ discovery  
in wide δCP  
range

!21

186 kton fiducial mass : ~10×SK

new 50cm photosensors
×2 higher photon sensitivity than SK
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NuPRISM @~1km as HK IWCD
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Intermediate Water Cherenkov Detector
O↵-Axis Angle Range

14 / 27

M. Friend



T2HKK (Tokai to HK & Korea)
•Idea for a 2nd tank in Korea: “Korean Neutrino Observatory”  
(“lower” Off-Axis beam reaches Earth surface in Korea) 
•L~1100km  → large matter effect → measure Mass Ordering 
(same beam energy is around the 2nd osc. max at this L)  
•> 5σ M.O. determination for any δCP value 
•Also better δCP precision, sensitivity to exotic interactions 
•Non-beam physics benefits from x2 volume (less cosmics than HK)

!23

PLB 637(2006)266 
PRD 76(2007)093002

FIG. 1: Contour map of the J-PARC o↵-axis beam to Korea [8, 9].

water-based liquid scintillators raise the possibility of a program based on reactor neutrinos

at a later stage.

There were earlier e↵orts on a large water Cherenkov detector in Korea using a J-PARC-

based neutrino beam [3, 4]. Originally an idea for a two baseline experiment with a 2nd

detector in Korea has been discussed by several authors pointing out possible improvements

for measurements on CP violation and mass hierarchy [5–9]. Three international workshops

were held in Korea and Japan in 2005, 2006 and 2007 [10]. The mixing angle of ✓13 was not

known yet, and therefore the detector size and mass could not be determined at the time.

Now more realistic studies and a detector design are possible due to the precisely measured

✓13 [11–18].

Overall the T2HKK configuration with two baselines o↵ers the possibility to significantly

augment the study of neutrino oscillations relative to the single baseline T2HK configuration.

The resolution of parameter degeneracies with the measurement at two baselines also may

allow for more precise measurements of the oscillation parameters and sensitivity to non-

standard physics. In the following sections more details on the T2HKK detector, sensitivity

studies, and additional benefits are discussed followed by a summary and conclusion.
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Mass Ordering Sensitivities (Beam n)

JD+KD	1.5o:			6	~	8	s for	all	dCP
JD	x2										:			1	~	4.5		s for	all	dCP

(< 3 s for	most	cases)

JD+KD	1.5o:			5.5	~	7	s for	all	dCP
JD	x2										:			1	~	5		s for	all	dCP

(< 3 s for	most	cases)
19
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S.H.	Seo@Prospects	of	nu	Physics,																		
190409	IPMU
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Mt. Bisul Site
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Summary
•Study of neutrino is an important step towards 
understanding the Universe, complementary to high-
energy collider searches and flavor factories. 

•ν oscillation is Earth-scale quantum phenomenon. 

•Exciting findings in the past and now, next target being 
CP violation phase, mass ordering and θ23 octant. 

•Good chance for T2K-II to establish CPV evidence at 3σ. 

•Hyper-K proposed to observe CPV at >5σ and many 
other interesting physics. 

•2nd detector in Korea (T2HKK) will greatly strengthen 
the physics cases, especially in MO determination.
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