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Neutrino mixing
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ν1,ν2 ,ν3 :  mass eigenstates of m = m1,m2 ,m3.
νe,ν µ ,ντ :  flavor eigenstates.
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c23=cosθ23, etc.
3 mixing angles (θ12, θ23, θ13) + 1 complex phase (δ) ←CP violation

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

0

P=1

P(νe→νe)
P(νe→νµ)

L/E
2hc/Δm2

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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Oscillation parameters

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

4

unknown

Unmeasured <2011

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

unknown



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 Hierarchy (Mass Ordering)
 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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Experimental approaches 
and Asian experiments

•Accelerator neutrino:
T2K, T2K-II, T2HK (Japan), T2HKK (+Korea)

•Reactor neutrino: 
RENO (Korea), Daya Bay, JUNO (China) 

•Atmospheric neutrino:
Super-K, SK-Gd, Hyper-K (Japan), INO (India)

•Not covered here: Astro. ν (Solar, SN, ...), KamLAND
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Oscillation maximum:
1.27Δm2(eV2)L(km)/E(GeV)=(2n+1)π/2

7

• 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 maximum at L ~ E/Δm2    (×1.57/1.27)



T2K experiment in Japan
•Tokai (J-PARC) to Kamioka (SK)
Long-BaseLine accelerator ν exp.

8

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
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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].
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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
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Protons On Target (POT)
•14.7×1020 for ν mode (Forward Horn Current)

•7.5×1020 for anti-ν mode (Reverse Horn Current)

•Beam power ~470kW now
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T2K results on δCP

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

•Using reactor θ13 constraint, 
δ=0 or π excluded at 90% C.L.
         νe                  anti-νe

11
sin2 θ23 ¼ 0.528. The νe (ν̄e) contamination in the ν̄e (νe)
sample is 17.4% (0.5%), and the proportion of the sample
expected to correspond to oscillated ν̄e (νe) events is 46.4%
(80.9%) for δCP ¼ −π=2. A more detailed description of
the candidate event selections can be found in previous
publications [14]. The ν̄e signal events are concentrated in
the forward direction with respect to the beam, unlike the
backgrounds (Fig. 3). Therefore, incorporating recon-
structed lepton angle information in the analysis increases
the sensitivity. The reconstructed neutrino energy spectra for
the νe and ν̄e samples is shown in Fig. 4.
The systematic errors concerning the detector behavior

are estimated using atmospheric neutrino and cosmic-ray
muon events. A sample of hybrid data-Monte Carlo events
is also used to evaluate uncertainties regarding π0 rejection.

Correlations between the uncertainties for the four samples
are taken into account in the fits.
The fractional variation of the number of expected events

for the four samples owing to the various sources of
systematic uncertainty are shown in Table II. A more in-
depth description of the sources of systematic uncertainty
in the fit is given in [14], although this reference does not
cover the updates discussed in previous sections.
Oscillation analysis.—The oscillation parameters

sin2 θ23, Δm2
32, sin

2 θ13, and δCP are estimated by perform-
ing a joint maximum-likelihood fit of the four far-detector
samples. The oscillation probabilities are calculated using
the full three-flavor oscillation formulas [39]. Matter effects
are included with an Earth density of ρ ¼ 2.6 g=cm3 [40].
As described previously, the priors for the beam flux and

neutrino interaction cross-section parameters are obtained
from the fit with the near-detector data. The priors [8] for
the solar neutrino oscillation parameters—whose impact is
almost negligible—are sin22θ12¼0.846"0.021, Δm2

21 ¼
ð7.53" 0.18Þ × 10−5 eV2=c4, and in some fits we use
sin2 2θ13 ¼ 0.085" 0.005 [8], called the “reactor meas-
urement.” Flat priors are used for sin2 θ23, Δm2

32, and δCP.
We use a procedure analogous to [15]: we integrate the

likelihood over the prior probability density function of the
nuisance parameters and we obtain the marginal likelihood
which depends only on the relevant oscillation parameters.We
define−2Δ lnL ¼ −2 ln½LðoÞ=Lmax& as the ratio between the
marginal likelihood at the point o of the relevant oscillation
parameter space and the maximum marginal likelihood.
We have conducted three analyses using different

far-detector event quantities and different statistical
approaches. All of them use the neutrino energy recon-

structed in the CCQE hypothesis (Erec) for the ν
ð−Þ

μ samples.
The first analysis uses Erec and the reconstructed angle
between the lepton and the neutrino beam direction, θlep,

of the ν
ð−Þ

e candidate samples and provides confidence
intervals using a hybrid Bayesian-frequentist approach
[41]. These results are shown in the following figures.
The second analysis is fully Bayesian and uses the lepton

momentum, plep, and θlep for the ν
ð−Þ

e samples to compute
credible intervals using the posterior probability. The third

analysis uses only Erec spectra for the ν
ð−Þ

e samples and a
Markov chain Monte Carlo method [42] to provide
Bayesian credible intervals. This analysis performs a
simultaneous fit of both the near- and far-detector data,
providing a validation of the extrapolation of the flux, cross
section, and detector systematic parameters from the near to
far detector. All three methods are in good agreement.
An indication of the sensitivity to δCP and the mass

ordering can be obtained from Table I. If CP violation is
maximal (δCP ¼ "π=2), the predicted variation of the total
number of events with respect to the CP conservation
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FIG. 3. The reconstructed lepton momentum and angle relative
to the beam at the far detector for the ν̄e sample signal (left) and
background (right) expectation with the data overlaid (blue
points).
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FIG. 4. The reconstructed neutrino energy at the far detector for
the νe (left) and ν̄e (right) candidate samples is shown together
with the expected distribution without oscillation (blue histo-
gram) and the best fit (red histogram).

TABLE II. Systematic uncertainty on the predicted event rate at
the far detector.

Source (%) νμ νe ν̄μ ν̄e

ND280-unconstrained
cross section

0.7 3.0 0.8 3.3

Flux and ND280-constrained
cross section

2.8 2.9 3.3 3.2

Super-Kamiokande detector systematics 3.9 2.4 3.3 3.1
Final or secondary
hadron interactions

1.5 2.5 2.1 2.5

Total 5.0 5.4 5.2 6.2
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place, the muon charge, and the final-state multiplicity.
For data taken in neutrino mode, only interactions with a
negatively charged muon are considered. For data taken in
antineutrino mode, there are separate categories for events
with positively charged (right-sign) and negatively charged
(wrong-sign) muon candidates. The wrong-sign candidates
are included because the larger neutrino cross section leads
to a non-negligible wrong-sign background in antineutrino
mode. In neutrino mode, there are three categories for
reconstructed final states: no pion candidate in the final
state (CC0π), one pion candidate in the final state (CC1π),
and all other CC candidates (CC other). In antineutrino
mode, events are divided into two categories based on the
final states: only the muon track exits the FGD to enter
the TPC (CC 1-track) and at least one other track enters the
TPC (CC N-track).
When fitting, the data are binned according to the

momentum of the muon candidate, pμ, and cos θμ, where
θμ is the angle of the muon direction relative to the central
axis of the detector, roughly 1.7° away from the incident
(anti)neutrino direction. A binned maximum likelihood fit
is performed in which the neutrino flux and interaction
model parameters are allowed to vary. Nuisance parameters
describing the systematic errors in the ND280 detector

model—the largest of which is pion interaction modeling—
are marginalized in the fit.
The fitted pμ and cos θμ distributions for the FGD2

CC0π and CC 1-track categories are shown in Fig. 2.
Acceptable agreement between the postfit model and data
is observed for both kinematic variables, with a p value of
0.086. The best-fit fluxes are increased with respect to the
original flux model by 10%–15% near the flux peak. This
is driven by the prefit deficit in the prediction for the
CC0π and CC other samples. The fitted value for the axial
mass in the CCQE model is 1.12 GeV=c2, compared to
1.24 GeV=c2 in a previous fit where the 2p-2h model and
RPA corrections were not included [14]. The lower axial
mass decreases the interaction rate, driving the increased
flux prediction. The fit to ND280 data reduces the
uncertainty on the event-rate predictions at the far detector
due to uncertainties on the flux and ND280-constrained
interaction model parameters from 10.9% (12.4%) to 2.9%
(3.2%) for the νe (ν̄e) candidate sample.
Far-detector data.—At the far detector, events are

extracted that lie within ½−2; 10" μs relative to the beam
arrival. Fully contained eventswithin the fiducial volume are
selected by requiring that no hit cluster is observed in the
outer detector volume, that the distance from the recon-
structed vertex to the inner detector wall is larger than 2 m,
and that the total observed charge is greater than the
equivalent quantity for a 30-MeV electron. The CCQE
component of our sample is enhanced by selecting events
with a single Cherenkov ring. The νμ=ν̄μ CCQE candidate
samples are then selected by requiring a μ-like ring using a
particle identification likelihood, zero or one decay electron
candidates, and muon momentum greater than 200 MeV=c
to reduce pion background. Post selection, 135 and 66
events remain in the νμ and ν̄μ candidate samples,
respectively, while if jΔm2

32j ¼ 2.509 × 10−3 eV2=c4 and
sin2 θ23 ¼ 0.528 (i.e., maximal disappearance), 135.5 and
64.1 events are expected. The νe=ν̄e CCQE candidate
samples are selected by requiring an e-like ring and zero
decay electron candidates, not π0-like and reconstructed
energy less than 1.25 GeV. The total number of events
remaining in these samples is presented in Table I with
their respective expectation for different values of δCP,
sin2 2θ13 ¼ 0.085, jΔm2

32j ¼ 2.509 × 10−3 eV2=c4, and
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FIG. 2. The FGD2 data, prefit predictions and postfit predic-
tions binned in pμ (left) and cos θμ (right) for the neutrino
mode CC0π (top), antineutrino mode CC 1-track μþ (middle)
and antineutrino mode CC 1-track μ− (bottom) categories. The
overflow bins are integrated out to 10 000 MeV=c for pμ and
−1.0 for cos θμ respectively.

TABLE I. Number of νe and ν̄e events expected for various
values of δCP and both mass orderings compared to the observed
numbers.

Normal δCP ¼ −π=2 δCP ¼ 0 δCP ¼ π=2 δCP ¼ π Observed

νe 28.7 24.2 19.6 24.1 32
ν̄e 6.0 6.9 7.7 6.8 4

Inverted δCP ¼ −π=2 δCP ¼ 0 δCP ¼ π=2 δCP ¼ π Observed
νe 25.4 21.3 17.1 21.3 32
ν̄e 6.5 7.4 8.4 7.4 4
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hypothesis (δCP ¼ 0, π) is about 20%. The different mass
orderings induce a variation of the number of expected
events of about 10%. Matter effects are negligible for the νμ
and ν̄μ candidate samples, while they affect the number of
events in the νe and ν̄e candidate samples by about 6% and
4%, respectively, for maximal CP violation.
A series of fits are performed where one or two

oscillation parameters are determined and the others are
marginalized. Confidence regions are set using the constant
−2Δ lnL method [8]. In the first fit confidence regions in
the sin2 θ23 − jΔm2

32j plane (Fig. 5) were computed using
the reactor measurement of sin2 θ13. The best-fit values
are sin2 θ23 ¼ 0.532 and jΔm2

32j ¼ 2.545 × 10−3 eV2=c4

(sin2 θ23 ¼ 0.534 and jΔm2
32j ¼ 2.510 × 10−3 eV2=c4) for

the normal (inverted) ordering. The goodness of fit for all
three analyses is better than 80%. The result is consistent
with maximal disappearance. The T2K data weakly prefer
the second octant (sin2 θ23 > 0.5) with a posterior proba-
bility of 61%.
Confidence regions in the sin2 θ13 − δCP plane are

computed independently for both mass-ordering hypoth-
eses (Fig. 6) without using the reactor measurement. The
addition of antineutrino samples at Super-K gives the first
sensitivity to δCP from T2K data alone. There is good
agreement between the T2K result and the reactor meas-
urement for sin2 θ13. For both mass-ordering hypotheses,
the best-fit value of δCP is close to −π=2.
Confidence intervals for δCP are obtained using the

Feldman-Cousins method [47]. The parameter sin2 θ13 is
marginalized using the reactor measurement. The best-fit
value is obtained for the normal ordering and
δCP ¼ −1.791, close to maximal CP violation (Fig. 7).
For inverted ordering the best-fit value of δCP is −1.414.
The hypothesis of CP conservation (δCP ¼ 0, π) is
excluded at 90% C.L. and δCP ¼ 0 is excluded at more
than 2σ. The δCP confidence intervals at 90% C.L. are
(−3.13, −0.39) for normal ordering and (−2.09, −0.74) for
inverted ordering. The Bayesian credible interval at 90%,
marginalizing over the mass ordering, is (−3.13, −0.21).
The normal ordering is weakly favored over the inverted
ordering with a posterior probability of 75%.
Sensitivity studies show that, if the true value of δCP is

−π=2 and the mass ordering is normal, the fraction of
pseudoexperiments where CP conservation (δCP ¼ 0, π) is
excluded with a significance of 90% C.L. is 17.3%, with
the amount of data used in this analysis.
Conclusions.—T2K has performed the first search for

CP violation in neutrino oscillations using νμ → νe appear-
ance and νμ → νμ disappearance channels in neutrino and
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hypothesis (δCP ¼ 0, π) is about 20%. The different mass
orderings induce a variation of the number of expected
events of about 10%. Matter effects are negligible for the νμ
and ν̄μ candidate samples, while they affect the number of
events in the νe and ν̄e candidate samples by about 6% and
4%, respectively, for maximal CP violation.
A series of fits are performed where one or two

oscillation parameters are determined and the others are
marginalized. Confidence regions are set using the constant
−2Δ lnL method [8]. In the first fit confidence regions in
the sin2 θ23 − jΔm2

32j plane (Fig. 5) were computed using
the reactor measurement of sin2 θ13. The best-fit values
are sin2 θ23 ¼ 0.532 and jΔm2

32j ¼ 2.545 × 10−3 eV2=c4

(sin2 θ23 ¼ 0.534 and jΔm2
32j ¼ 2.510 × 10−3 eV2=c4) for

the normal (inverted) ordering. The goodness of fit for all
three analyses is better than 80%. The result is consistent
with maximal disappearance. The T2K data weakly prefer
the second octant (sin2 θ23 > 0.5) with a posterior proba-
bility of 61%.
Confidence regions in the sin2 θ13 − δCP plane are

computed independently for both mass-ordering hypoth-
eses (Fig. 6) without using the reactor measurement. The
addition of antineutrino samples at Super-K gives the first
sensitivity to δCP from T2K data alone. There is good
agreement between the T2K result and the reactor meas-
urement for sin2 θ13. For both mass-ordering hypotheses,
the best-fit value of δCP is close to −π=2.
Confidence intervals for δCP are obtained using the

Feldman-Cousins method [47]. The parameter sin2 θ13 is
marginalized using the reactor measurement. The best-fit
value is obtained for the normal ordering and
δCP ¼ −1.791, close to maximal CP violation (Fig. 7).
For inverted ordering the best-fit value of δCP is −1.414.
The hypothesis of CP conservation (δCP ¼ 0, π) is
excluded at 90% C.L. and δCP ¼ 0 is excluded at more
than 2σ. The δCP confidence intervals at 90% C.L. are
(−3.13, −0.39) for normal ordering and (−2.09, −0.74) for
inverted ordering. The Bayesian credible interval at 90%,
marginalizing over the mass ordering, is (−3.13, −0.21).
The normal ordering is weakly favored over the inverted
ordering with a posterior probability of 75%.
Sensitivity studies show that, if the true value of δCP is

−π=2 and the mass ordering is normal, the fraction of
pseudoexperiments where CP conservation (δCP ¼ 0, π) is
excluded with a significance of 90% C.L. is 17.3%, with
the amount of data used in this analysis.
Conclusions.—T2K has performed the first search for

CP violation in neutrino oscillations using νμ → νe appear-
ance and νμ → νμ disappearance channels in neutrino and
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T 2 K - I I :  P H Y S I C S  P O T E N T I A L

• Assumes ~50% increase in effective statistics/POT 

• increase horn current to design (320 kA): ~+10% 

• SK multi-ring samples and fiducial volume increase: ~+40% 

• reduction of systematic errors 

• ~3 σ sensitivity to CP violation for favourable (and 
currently favoured) parameters 

• Precise measurement of θ23: 

• octant resolution if θ23 at edge of currently allowed values 

• otherwise, measure θ23 to ~1.7° or better
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that the T2K-II data is taken in roughly equal alternating periods of ⌫-mode and ⌫̄-mode932

(with true normal MH and �
CP

= �⇡/2) is given in Fig. 22.933
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FIG. 22: Sensitivity to CP violation as a function of POT with a 50% improvement

in the e↵ective statistics, assuming the true MH is the normal MH and the true value

of �
CP

= �⇡/2. The plot on the left compares di↵erent true values of sin2 ✓23, while

that on the right compares di↵erent assumptions for the T2K-II systematic errors with

sin2 ✓23 = 0.50.

Above study assumes that the ⌫-mode and the ⌫̄-mode share the same running time.934

The running time configuration would be optimized to enhance the significance for the CP935

violation resolving. However the CP violation resolving depends on the capability to solve936

other degeneracies such as the mass hierarchy and the ✓23 octant. Thus optimal option937

requires a meticulous consideration over the large space of neutrino oscillation parameters.938

Here the study is to validate that the configuration of ⌫ : ⌫̄ = 50 : 50 running time ratio is939

not worse choice after all. Figure 23 shows the sensitivity to the CP violation plotted as a940

function of POT with seven values of sin2 ✓23 mixed with seven options of the ⌫ : ⌫̄ running941

time ratios (in percentage). In this study, only the statistic uncertainty is considered and942

no e↵ective statistics improvement is applied. It can be observed that the configuration in943

which the ⌫-mode is dominant, gives the worst sensitivity to the CP violation if the true944

value of ✓23 is in the low octant. This is explained by the fact that the ⌫-mode running945

alone has limited power to resolve the ✓23 octant. On other hand, the ⌫̄-mode running has946

higher power to resolve the ✓23 octant. However, this running mode su↵ers a decrease of947

statistics. After all, taking data equally in ⌫-mode and ⌫̄-mode is not the most optimal948

configuration for every true value of sin2 ✓23 but gives high sensitivity to the CP violation949

in overall range of sin2 ✓23.950
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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. 25: Expected 90% C.L. sensitivity to �m2
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 ultimate T2K-II exposure of 20 ⇥ 1021 POT, a 50%

increase in e↵ective statistics is assumed.

As observed, the octant degeneracy of ✓23 mixing angle can be resolved by the proposed968

T2K-II data at some levels if ✓23 is not maximum. More specifically, Fig. 26 shows that969

the octant degeneracy can be solved by more than 3� if the ✓23 is in the high octant,970

sin2 ✓23=0.6. For the lower octant case, sin2 ✓23=0.43, the significance of resolving octant971

degeneracy is also close to 3�. Fig. 26 also shows uncertainty on sin2 ✓23 as function of972

POT. If sin2 ✓23 is maximum, the expected 1� precision of sin2 ✓23 determined by the973

proposed T2K-II is 1.7�. For the case of sin2 ✓23 = 0.43, 0.6 the uncertainty is 0.5�, 0.7�974

respectively. The uncertainty of ✓23 in the case of maximum is much higher than the other975

cases since the survival probability close to sin2 ✓23 ⇠ 0.5 is basically independent of ✓23.976
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tion of unknown mass hierarchy and the right is with known mass hierarchy. Sensitivities

at three di↵erent values of sin2 ✓23 (0.43, 0.5 and 0.6) are shown.

)°(CPδTrue 
200− 100− 0 100 200

=0
CPδ

 to
 e

xc
lu

de
 s

in
2 χ 

∆

0

5

10

15

20

=0.4323θ2True sin
=0.5023θ2True sin
=0.6023θ2True sin

 POT w/ eff. stat. & sys. improvements2120x10
 POT w/ 2016 sys. errs.217.8x10

  90% C.L.

  99% C.L.

 C.L.σ  3

T2K Preliminary

(a) Assuming the MH is unknown.

)°(CPδTrue 
200− 100− 0 100 200

=0
CPδ

 to
 e

xc
lu

de
 s

in
2 χ 

∆

0

5

10

15

20

=0.4323θ2True sin
=0.5023θ2True sin
=0.6023θ2True sin

  90% C.L.

  99% C.L.

 C.L.σ  3

 POT w/ eff. stat. & sys. improvements2120x10
 POT w/ 2016 sys. errs.217.8x10

T2K Preliminary

(b) Assuming the MH is known – measured by

an outside experiment.
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CP
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systematic uncertainties to 2/3 of their current size, and assuming that the true MH is the
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The expected evolution of the sensitivity to CP violation as a function of POT assuming931
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P4.022 M. Friend

P3.025 B. Quilain

T2K→T2K-II→T2HK
• T2K was proposed with 7.8E20 POT
‒ So far accumulated 1.5E20

• T2K-II (till ~2026) to collect 20E20
‒ MR Power Supply upgrade (>750kW)
‒  ~3σ evidence if δ~ -90deg

• T2HK (from ~2026) with 1.3MW beam
‒ Hyper-K as the Far Detector
‒ Definite observation of CP violation

12

Figure 1: Anticipated MR beam power and POT accumulation vs. calendar year.

in this document, including further improvements to the MR beam power, neutrino beam
line upgrades, and analysis developments to improve statistical and systematic uncertain-
ties. We then discuss the physics potential resulting from these combined developments.

2 Data accumulation Plan and Improvement of e↵ective
Statistics

Projected MR beam power and POT accumulation The MR beam power has
steadily increased since the start of the operation. In June 2015February2016, 360390 kW
beam with 1.682.0⇥1014 protons-per-pulse (ppp) every 2.48 seconds was successfully pro-
vided to the neutrino beamline. Discussions with the J-PARC Accelerator Group have
resulted in a plan to achieve the design intensity of 750 kW by reducing the repetition
cycle to 1.3 seconds. This requires an upgrade to the power supplies for the MR main
magnets, RF cavities, and some injection and extraction devices by January 2019. Stud-
ies to increase the ppp are also in progress, with 2.73 ⇥ 1014 ppp equivalent beam with
acceptable beam loss already demonstrated in a test operation with two bunches.

Based on these developments, MR beam power prospects were updated and presented
in the accelerator report at the last PAC in July 2015[12] and anticipated beam power
of 1.3 MW with 3.2⇥1014 ppp and a repetition cycle of 1.16 seconds arewere presented
at international workshops[13, 14]. A possible data accumulation scenario is shown in
Fig. 1, where 5 months of neutrino beam operation each year and realistic running time
e�ciency are assumed. We expect to accumulate 20⇥1021 POT by JFY2026 with 5 months
operation each year and by JFY2025 with 6 months operation each year as requested by
T2K.

Beamline upgrade The beam intensity in the current neutrino beam facility is limited
to 3.3 ⇥ 1014 ppp by the thermal shock induced by the beam on the target and beam
window. The MR power upgrade plan allows 1.3 MW beam operation without increasing
the ppp. However, the beamline cooling capacity for components like the target and
helium vessel is su�cient for up to 750 kW; these would need to be upgraded to accept
1.3 MW beam operation.

The T2K horns were originally designed to be operated at 320 kA current, but so far

2

H.A. Tanaka, Neutrino 2016

T2K-II Physics Potential



Hyper-Kamiokande
• 260kton tank (D74m×H60m)
• 190kton fiducial mass (~×10 of Super-K)

• 40,000 PMTs
with 2x eff.

• >5σ discovery
in wide δCP 
range

13

8 他実験との関係、計画の緊急性
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図 105: ハイパーカミオカンデの 10年間の観測による「CP対称性の破れ」の発見能力を、
CP位相の関数として、現行実験および競合実験のものとあわせて示す [1, 2, 3]。ニュート
リノの質量階層性として正常階層を仮定している。
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図 106: ハイパーカミオカンデの「CP対称性の破れ」の発見能力を、横軸を西暦として、現
行実験および競合実験のものとあわせて示す [1, 2, 3]。ハイパーカミオカンデの実験開始を
2026年と仮定している。ニュートリノの質量階層性として正常階層を仮定している。
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186 kton fiducial mass : ~10×SK

new 50cm photosensors
×2 higher photon sensitivity than SK
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T2HKK (Tokai 2 HK & Korea)
• Idea to build a 2nd tank in Korea
(“lower” Off-Axis beam reaches 
Earth surface in Korea)
• L~1100km  → large matter effect
 → Mass Hierarchy sensitivity
• > 5σ for any δCP value
•Also δCP precision improves

14

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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FIG. 19: The fraction of �cp values (averaging over the true mass ordering) for which the wrong

hierarchy can be rejected with a given significance or greater.

TABLE VI: The fraction of true �cp values for which CP violation can be discovered at 3� or 5�.

True NH, Known True IH, Known True NH, Unknown True IH, Unknown

3� 5� 3� 5� 3� 5� 3� 5�

JD⇥2 0.74 0.55 0.74 0.55 0.52 0.27 0.50 0.28

JD+KD at 2.5� 0.76 0.58 0.76 0.59 0.76 0.48 0.72 0.30

JD+KD at 2.0� 0.78 0.61 0.78 0.61 0.77 0.55 0.79 0.51

JD+KD at 1.5� 0.77 0.59 0.77 0.59 0.77 0.59 0.77 0.59

for the configuration with 2 detectors in Japan is 3� better than what is presented in the

Hyper-K design report. Further studies are necessary to determine if this di↵erence arises

due to di↵erences in the systematic error model. However, it is likely that any additional

systematic errors will more strongly impact the measurement with 2 detectors in Japan since

44
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Reactor-ν experiments

15

• At middle distances (L=1~2km) Δｍ231 osc. dominant 
→θ13 measurements (Daya Bay, RENO, Double Chooz)
• At long distances  (L>50km) large Δｍ221 osc.
→JUNO at 1st osc. maximum (M.H.) and KamLAND@180km 
• Only disappearance experiments (Eν<<mμ)

(x30)(1-3) (1-2)
KamLAND
L~180km
(Δｍ221 ,θ12)

JUNO
L=53km
Mass 

Hierarchy

Daya Bay
RENO
D. Chooz
L=1~2km
θ13



Reactor θ13 experiments

•Near+Far detectors to 
cancel flux uncertainty

•Gd-doped Liquid Scint.
                  Inverse β decay

    n+Gd → delayed coincidence
16
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Reactor θ13 results
•All experiments measure θ13 with >5σ
• ‘bump’ seen in ν spectrum

17

38

1. Rate-only Analysis

A rate-only statistical analysis was obtained by simplifying
the �2 expression to consider only the rates observed in the
eight detectors. In this case, an external estimate of

��
�m2

32

��
was required as input. The existing value from accelerator
muon neutrino disappearance, (2.43±0.07)⇥10

�3 eV2, was
used as input [14]. The rate-only measurement found

sin

2
2✓13 = 0.0850± 0.0030(stat.)± 0.0028(syst.),

�2

NDF

=

5.07

8� 2

= 0.85,
(55)

consistent with the simple analytic estimate given in Eq. 47.
Figure 37 illustrates the ratio of the observed ⌫

e

signal over
the no-oscillation prediction versus the effective baseline for
all eight detectors. For this figure, the effective baseline Le↵

between a given detector and the six reactors was defined as
the smallest positive solution of

Z
sin

2
(�m2

eeLeff/E⌫

)

dN0

dE
⌫

dE
⌫

=

reactorsX

j

Z
sin

2
(�m2

eeLj

/E
⌫

)

dN j

0

dE
⌫

dE
⌫

, (56)

where dN j

0/dE⌫

is the expected signal in a given detector due
to reactor j assuming no neutrino oscillations, dN0/dE⌫

=P
j

dN j

0/dE⌫

, and L
j

is the distance between the detector
and the reactor. The deficit in the rate observed in the far
detectors relative to that of the near detectors was consistent
with ⌫

e

disappearance due to oscillation. The absolute
normalization of the reactor ⌫

e

flux was determined from the
data, ensuring a ratio of one at a baseline of zero.

2. Spectral Analysis

Figure 38 shows the reconstructed positron energy spectra
for each experimental hall. Each spectrum is compared to the
prediction assuming no oscillation, as well as for the three-
flavor neutrino oscillation model in best agreement with the
observation. The distortion of the energy spectrum at the far
hall relative to near halls was consistent with oscillation, and
allowed measurement of

��
�m2

ee

��. Detailed spectral data are
provided as Supplemental Material [39].

The parameters of the three-flavor model in best agreement
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FIG. 37. Ratio of the detected ⌫e signal to that expected assuming
no oscillation versus the effective baseline for all eight antineutrino
detectors. Oscillation due to ✓

13

introduced a deficit in the far
detectors relative to the near detectors, and the best-fit three-flavor
oscillation model from the rate-only analysis is shown (red line).
Extrapolation of the model to a baseline of zero determined the
absolute normalization of the reactor ⌫e flux, Rpred(L = 0). The
points representing the near (far) detectors are displaced by ±6 m
(±30 m) for clarity.

with the observed rate and energy spectra were

sin2 2✓
13

=

0.0841± 0.0027(stat.)± 0.0019(syst.),
���m2

ee

�� =
[2.50± 0.06(stat.)± 0.06(syst.)]⇥ 10�3 eV2,

�m2

32

(NH) =

[2.45± 0.06(stat.)± 0.06(syst.)]⇥ 10�3 eV2,

�m2

32

(IH) =

[�2.56± 0.06(stat.)± 0.06(syst.)]⇥ 10�3 eV2,

�2

NDF
=

234.7
280� 17

= 0.89.

(57)
The �m2

32 values were obtained using the full three-flavor
expression from Eq. 2, under the assumptions of normal (NH)
and inverted (IH) mass hierarchy.

��
�m2

ee

�� was obtained from
comparison of the observation with the effective oscillation
model given in Eq. 3. The offset between the values of �m2

ee
and �m2

32 was identical to an analytic estimate [66].
Figure 39 compares these estimates to those obtained using

the other statistical methods, as well as for the alternate
sample obtained using selection B. The slight shift in the
estimated value of sin

2
2✓13 for selection B was consistent

with statistical uncertainty from those candidate signals
uncommon between the two selections. The offsets in the
estimated value of �m2

ee for the methods A, B and E were
predominantly caused by the choice of binning of the prompt
energy spectrum below 1.3 MeV. These three methods
divided the low-energy data among multiple bins, while
methods C and D combined the data from 0.7 to 1.3 MeV
into a single bin. The estimated values for all methods
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Experiment Value

Daya Bay

0.02 0.04 0.06 0.08 0.1 0.12 0.14

sin2 2✓13

0.0841±0.0033

RENO 0.082±0.010

D-CHOOZ 0.111±0.018

T2K 0.100+0.041
�0.017

MINOS
NH 0.051+0.038

�0.030

IH 0.093+0.054
�0.049

FIG. 42. Comparison of measurements of sin2 2✓
13

: this
measurement (blue point); RENO [72] and Double-CHOOZ [73]
(red points); T2K [74] and MINOS [75] (green points). The T2K
and MINOS values were deduced from 2 sin2 ✓

23

sin2 2✓
13

, and are
presented for the two cases of the normal (upper) and inverted (lower)
mass hierarchy. The MINOS measurement assumed sin2 ✓

23

= 0.5,
�
CP

= 0, while the T2K measurement marginalized over these
unknown parameters.

Experiment Value (10�3 eV2)

Daya Bay

2.3 2.4 2.5 2.6 2.7 2.8

|�m2
32| (10�3eV2)

2.45±0.08

T2K 2.545+0.081
�0.084

MINOS 2.42±0.09

NO⌫A 2.67±0.12

Super-K 2.50+0.13
�0.20

IceCube 2.50+0.18
�0.24

RENO 2.57+0.24
�0.26

FIG. 43. Comparison of measurements of �m2

32

: this measurement
(blue point); RENO [72] (red point); T2K [74], MINOS [76],
and NO⌫A [77] (green points); Super-Kamiokande [78] and
IceCube [79] (cyan points). All values are given for the case of the
normal mass hierarchy; the comparison for the inverted ordering was
qualitatively similar.

the reactors (⇠350-600 m) gave sin

2
2✓13 = 0.0841 ±

0.0027(stat.)±0.0019(syst.) and the effective neutrino mass-
squared difference of

��
�m2

ee

��
= (2.50 ± 0.06(stat.) ±

0.06(syst.)) ⇥ 10

�3
eV

2. This is equivalent to �m2
32 =

(2.45± 0.06(stat.)± 0.06(syst.))⇥ 10

�3
eV

2 assuming the
normal mass hierarchy, or �m2

32 = (�2.56 ± 0.06(stat.) ±
0.06(syst.))⇥ 10

�3
eV

2 assuming the inverse hierarchy. The
consistency with �m2

32 measured using ⇠GeV accelerator
and atmospheric ⌫

µ

disappearance strongly supports the three-
flavor model of neutrino oscillation.
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Appendix A: Prediction of the ⌫e Signal

A method to calculate the expected rate and reconstructed
positron energy spectrum from ⌫

e

inverse beta decay
interactions in the Daya Bay detectors is summarized in this
appendix. The total number of signals in the reconstructed
energy interval {Ek

rec, E
k+1
rec } of the prompt energy spectrum

for detector i is given by

N exp
ik

= N IBD
ik

+Nbkg
ik

, (A1)

where N IBD
ik

are from ⌫
e

inverse beta decay positrons
and Nbkg

ik

are the contributions from backgrounds. The
background spectra are displayed in Fig. 38, while their rates
are summarized in Table VI. The IBD signal is given by

N IBD
ik

=

Z
E

k+1
rec

E

k
rec

dErec

Z

tDAQ

dt
d2N

i

dErecdt
"
i

(t), (A2)

where d2N
i

(Erec, t)/dErecdt is the expected signal number
density as a function of time and reconstructed energy. The
integral includes the efficiency of detector i, "

i

(t), which
accounts for the slight variations in detector livetime and veto
efficiency versus time. Eq. A2 was designed for use in the
combined analysis of the spectrum and rate, but was also
applied to the rate-only analysis by using only a single energy
interval per detector.

Given the true IBD positron energy, including the energy
from annihilation,

Etrue = E
e

+m
e

, (A3)
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Experiment Value

Daya Bay

0.02 0.04 0.06 0.08 0.1 0.12 0.14

sin2 2✓13

0.0841±0.0033

RENO 0.082±0.010

D-CHOOZ 0.111±0.018

T2K 0.100+0.041
�0.017

MINOS
NH 0.051+0.038

�0.030

IH 0.093+0.054
�0.049

FIG. 42. Comparison of measurements of sin2 2✓
13

: this
measurement (blue point); RENO [72] and Double-CHOOZ [73]
(red points); T2K [74] and MINOS [75] (green points). The T2K
and MINOS values were deduced from 2 sin2 ✓

23

sin2 2✓
13

, and are
presented for the two cases of the normal (upper) and inverted (lower)
mass hierarchy. The MINOS measurement assumed sin2 ✓

23

= 0.5,
�
CP

= 0, while the T2K measurement marginalized over these
unknown parameters.

Experiment Value (10�3 eV2)

Daya Bay

2.3 2.4 2.5 2.6 2.7 2.8

|�m2
32| (10�3eV2)

2.45±0.08

T2K 2.545+0.081
�0.084

MINOS 2.42±0.09

NO⌫A 2.67±0.12

Super-K 2.50+0.13
�0.20

IceCube 2.50+0.18
�0.24

RENO 2.57+0.24
�0.26

FIG. 43. Comparison of measurements of �m2

32

: this measurement
(blue point); RENO [72] (red point); T2K [74], MINOS [76],
and NO⌫A [77] (green points); Super-Kamiokande [78] and
IceCube [79] (cyan points). All values are given for the case of the
normal mass hierarchy; the comparison for the inverted ordering was
qualitatively similar.

the reactors (⇠350-600 m) gave sin

2
2✓13 = 0.0841 ±

0.0027(stat.)±0.0019(syst.) and the effective neutrino mass-
squared difference of

��
�m2

ee

��
= (2.50 ± 0.06(stat.) ±

0.06(syst.)) ⇥ 10

�3
eV

2. This is equivalent to �m2
32 =

(2.45± 0.06(stat.)± 0.06(syst.))⇥ 10

�3
eV

2 assuming the
normal mass hierarchy, or �m2

32 = (�2.56 ± 0.06(stat.) ±
0.06(syst.))⇥ 10

�3
eV

2 assuming the inverse hierarchy. The
consistency with �m2

32 measured using ⇠GeV accelerator
and atmospheric ⌫

µ

disappearance strongly supports the three-
flavor model of neutrino oscillation.
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Appendix A: Prediction of the ⌫e Signal

A method to calculate the expected rate and reconstructed
positron energy spectrum from ⌫

e

inverse beta decay
interactions in the Daya Bay detectors is summarized in this
appendix. The total number of signals in the reconstructed
energy interval {Ek

rec, E
k+1
rec } of the prompt energy spectrum

for detector i is given by

N exp
ik

= N IBD
ik

+Nbkg
ik

, (A1)

where N IBD
ik

are from ⌫
e

inverse beta decay positrons
and Nbkg

ik

are the contributions from backgrounds. The
background spectra are displayed in Fig. 38, while their rates
are summarized in Table VI. The IBD signal is given by

N IBD
ik

=

Z
E
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rec

E

k
rec

dErec

Z

tDAQ

dt
d2N

i

dErecdt
"
i

(t), (A2)

where d2N
i

(Erec, t)/dErecdt is the expected signal number
density as a function of time and reconstructed energy. The
integral includes the efficiency of detector i, "

i

(t), which
accounts for the slight variations in detector livetime and veto
efficiency versus time. Eq. A2 was designed for use in the
combined analysis of the spectrum and rate, but was also
applied to the rate-only analysis by using only a single energy
interval per detector.

Given the true IBD positron energy, including the energy
from annihilation,

Etrue = E
e

+m
e

, (A3)
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JUNO for Mass Hierarchy

18

The JUNO Experiment

� 20 kton LS detector
� 3% energy resolution
� 700 m underground
� Rich physics possibilities

Ö Reactor neutrino
for Mass hierarchy and 
precision measurement of 
oscillation parameters

Ö Supernovae neutrino
Ö Geoneutrino
Ö Solar neutrino
Ö Atmospheric neutrino
Ö Exotic searches 

Talk by Y.F. Wang at ICFA seminar 2008, Neutel 2011;  by J. Cao at Nutel 2009, NuTurn 2012 ; 
Paper by L. Zhan, Y.F. Wang, J. Cao, L.J. Wen,  PRD78:111103, 2008;  PRD79:073007,2009

� Jiangmen Underground Neutrino Observatory, a multiple-purpose 
neutrino experiment, approved in Feb. 2013. ~ 300 M$.

2015-3-4 2

J. Cao, NuTel 2015



How to access Mass H.?
• Detect θ13 ‘ripple’ at θ12 osc. max. (53km)
• Energy resolution is the key (80% PMT coverage)

19

Neutrino & Positron Spectra

Conditions for the example

�Three neutrino framework (no effective ∆mee ∆mµµ)

�Baseline: 50 km

�Fiducial Volume: 5 kt

�Thermal Power: 20 GW

�Exposure Time: 5 years

�more pessimistic than the true JUNO values

Positron visible energy

�E(vis) ~ E(ν) – 0.8 MeV

�Assuming 3% / sqrt(E) resolution 

�Assuming negligible constant term in resolution

Normal Hierarchy
Inverted Hierarchy

Spectrum in term of neutrino energy –

no energy resolution

Spectrum in term of positron visible 

energy – folded with energy resolution 

→ the challenge of the experiment
Neutrino 2016 - July 6, 2016

Gioacchino Ranucci - INFN Sez. di Milano
8
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Figure 2-4: (left panel) The effective mass-squared difference shift ∆m2
φ [79] as a function of

baseline (y-axis) and visible prompt energy Evis ≃ Eν − 0.8MeV (x-axis). The legend of color
code is shown in the right bar, which represents the size of ∆m2

φ in eV2. The solid, dashed, and
dotted lines represent three choices of detector energy resolution with 2.8%, 5.0%, and 7.0% at 1
MeV, respectively. The purple solid line represents the approximate boundary of degenerate mass-
squared difference. (right panel) The relative shape difference [65, 66] of the reactor antineutrino
flux for different neutrino MHs.

explained in the models with the discrete or U(1) flavor symmetries. Therefore, MH is a
critical parameter to understand the origin of neutrino masses and mixing.

JUNO is designed to resolve the neutrino MH using precision spectral measurements of reactor
antineutrino oscillations. Before giving the quantitative calculation of the MH sensitivity, we shall
briefly review the principle of this method. The electron antineutrino survival probability in vacuum
can be written as [69,79,94]:

Pν̄e→ν̄e = 1− sin2 2θ13(cos
2 θ12 sin

2∆31 + sin2 θ12 sin
2 ∆32)− cos4 θ13 sin

2 2θ12 sin
2 ∆21 (2.1)

= 1− 1

2
sin2 2θ13

[
1−

√
1− sin2 2θ12 sin2 ∆21 cos(2|∆ee| ± φ)

]
− cos4 θ13 sin

2 2θ12 sin
2 ∆21,

where ∆ij ≡ ∆m2
ijL/4E, in which L is the baseline, E is the antineutrino energy,

sinφ =
c212 sin(2s

2
12∆21)− s212 sin(2c

2
12∆21)√

1− sin2 2θ12 sin2 ∆21

, cosφ =
c212 cos(2s

2
12∆21) + s212 cos(2c

2
12∆21)√

1− sin2 2θ12 sin2∆21

,

and [95,96]

∆m2
ee = cos2 θ12∆m2

31 + sin2 θ12∆m2
32 . (2.2)

The ± sign in the last term of Eq. (2.1) is decided by the MH with plus sign for the normal MH
and minus sign for the inverted MH.

In a medium-baseline reactor antineutrino experiment (e.g., JUNO), oscillation of the atmo-
spheric mass-squared difference manifests itself in the energy spectrum as the multiple cycles.
The spectral distortion contains the MH information, and can be understood with the left panel
of Fig. 2-4 which shows the energy and baseline dependence of the extra effective mass-squared
difference,

∆m2
φ = 4Eφ/L , (2.3)
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Normal

m1
2

solar: 7.5×10-5 eV2

m2
2

atomospheric:

2.4×10-3 eV2

m3
2

Inverted

m1
2

atomospheric:

2.4×10-3 eV2

m2
2

solar: 7.5×10-5 eV2

m3
2

νe νµ ντ

Figure 2-1: Illustration for the patterns of normal and inverted neutrino mass hierarchies.

• First, as illustrated in Fig. 2-2 [89], MH helps to define the goal of neutrinoless double
beta decay (0νββ) search experiments, which aim to reveal whether neutrinos are Dirac or
Majorana particles. In particular, the chance to observe 0νββ in the next-generation double
beta decay experiments is greatly enhanced for an inverted MH and the Majorana nature
of massive neutrinos. New techniques beyond the next generation are needed to explore the
region covered by a normal MH.

• Second, MH is a crucial factor for measuring the lepton CP-violating phase. In the long-
baseline accelerator (anti-)neutrino oscillation experiments, degenerate solutions for the MH
and CP phase emerge, and the wrong MH would give a fake local minimum for the CP phase,
thus reduce the significance of the CP measurement. This effect is even more important
for accelerator neutrino experiments with a shorter baseline such as Hyper-K [87, 88] and
MOMENT [90]. Therefore, a determination of the MH independent of the CP phase is
important for the future prospect of neutrino physics.

• Third, MH is a key parameter of the neutrino astronomy and neutrino cosmology. On one
hand, the spectral splits [91] in supernova neutrino fluxes would provide a smoking gun for
collective neutrino oscillations induced by the neutrino self-interaction in the dense environ-
ment. The split patterns are significantly different for the normal and inverted MHs. MH is
also important for the supernova nucleosynthesis, where the prediction of the 7Li/11B ratio is
also distinct for different MHs [92]. On the other hand, MH may have important implications
on the cosmological probe of the neutrino mass scale (i.e.,

∑
mν). As shown in Fig. 2-3,

in the case of an inverted MH, future combined cosmological constraints would have a very
high-precision detection, with 1σ error shown as a blue band. In the case of a normal MH,
future cosmology would detect the lowest

∑
mν at a level of ∼ 4σ.

• Fourth, MH is one of the most important discriminators for model building of the neutrino
masses and flavor mixing. To understand the origin of neutrino mass generation, the MH
information is crucial. Due to the similar and complementary aspects of quarks and leptons,
the normal MH could be related to the quark mass spectrum and attributed to the rela-
tions of Grand Unified Theories (GUTs). On the other hand, the inverted MH predicts a
nearly-degenerate spectrum between the first and second mass eigenstates, which could be

34

The JUNO option

• JUNO (Jiangmen Underground Neutrino Observatory): ‘‘multipurpose’’ reactor jKL experiment,
under construction near Kaiping (South China).

• Baseline from reactors (10 nuclear cores) to detector about 53 km: optimized in the
region of the maximum 1-2 oscillation

D. Bay&RENO&D.C.

kamLAND

JUNO 
53 km

(17.4'GW)

(18.4'GW)

(17.4'GW)

6

1507.05613

True energy

　　 ↓

Visible energy
σ(E)/E = 
3%/√E(MeV)

G. Ranucci, Neutrino 2016



JUNO in construction

• Expect to start in 2020
• Determine MH with >3σ in 6 years

•More physics with high-stat. natural ν’s

20

Progresses of the excavation

13P1.011, JUNO underground facilities and construction status, Xiaonan Li
Neutrino 2016 - July 6, 2016 Gioacchino Ranucci - INFN Sez. di Milano

Forming panel size: 3m x 8m x 120mm

Prototype of spherical panel

The problems of  shrinkage  
and shape variation were  
resolved.
Three companies had good  
practices.

Acrylic divided into 200+ panels

Neutrino 2016 - July 6, 2016 Gioacchino Ranucci - INFN Sez. di Milano
19

Neutrino 2016 - July 6, 2016 Gioacchino Ranucci - INFN Sez. di Milano

Overall LAB5 view at Daya Bay

24

P3.051, The liquid scintillator system of the JUNO, Li Zhou

NOvA, LBNE:  G
PINGU, INO:  T23=40-50q

JUNO:  3%-3.5%

M. Blennow et al., JHEP 1403 (2014) 028

Other Exp/Proposals for MH

JUNO: Competitive in schedule and Complementary in physics

2015-3-4 11

∆𝑚31
2 and ∆𝑚32

2

Interference (I)
∆𝑚𝑒𝑒

2 and ∆𝑚𝜇𝜇
2

difference
Matter Effect

atmosphericReactor
Accelerator

Recent milestone: choice of PMTtypes

18

2 Large PMT producers selected: North Night Vision Technology (NNVT) and Hamamatsu

22

J. Cao, NuTel 2015



Super-Kamiokande (since 1996)
•50kt Water Cherenkov (fiducial: 22.5kt)

•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. 

21

39.3m

41
.4

m

(Not only as) Far detector of T2K

•Atmospheric-ν

•Solar-ν
•Supernova-ν
•Nucleon decay!



Atmospheric-ν by SK
•Oscillation of νμ while flying through the Earth

•τ appearance selection with neural net
•                          　         4.6σ significance of
•                                      νμ→ντ appearance

22

7

Studies of atmospheric ν
Prediction
νμ→ντ

SK DATA

Electron μ

• Dominant effect is νμ disappearance (discovered in 1998)
• Oscillatory signature (evidence in 2004)
• ντ appearance (established in 2013)
• Full three flavor analysis

• Studies on νe and νμ flux change to extract information on mass 
hierarchy, δCP, θ23 octant

• Test of various non-standard scenarios

8

Evidence for τ neutrino appearance

Ongoing study to extract ντ CC crosssection.

Define neural network to 
enhance hadronic decays of τ

SK-I+II+III+IV

Update from PRL 110, 181802 (2013)

τ MC BG MC

τ: Event-by-event ID is difficult

2D unbinned fit
NτDATA/Nτexp

=1.47±0.32(stat+syst.)

4.6 σ significance for zero τ

Atm. ν anomaly has been concluded by νμ→ντ observationM. Shiozawa, NuTel 2017
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cosΘν=-0.8      NH, sin2θ23=0.4, sin2θ13=0.025, δ=40o cosΘν=-0.8      NH, sin2θ23=0.6, sin2θ13=0.025, δ=40o

cosΘν=-0.8      NH, sin2θ23=0.6, sin2θ13=0.025, δ=220o cosΘν=-0.8      IH, sin2θ23=0.6, sin2θ13=0.025, δ=40o

FIG. 34. Oscillated ⌫e flux relative to the non-oscillated flux as a function of neutrino energy for the

upward-going neutrinos with zenith angle cos⇥⌫ = �0.8. ⌫̄e is not included in the plots. Thin solid

lines, dashed lines, and dotted lines correspond to the solar term, the interference term, and the ✓13

resonance term, respectively (see Eq. 5). Thick solid lines are total fluxes. Parameters are set as

(sin2 ✓12, sin
2 ✓13, sin

2 ✓23, �,�m2
21,�m2

32) = (0.31, 0.025, 0.6, 40�, 7.6⇥10�5eV2,+2.4⇥10�3eV2) unless oth-

erwise noted. The ✓23 octant e↵ect can be seen by comparing (a) (sin2 ✓23 = 0.4) and (b) (sin2 ✓23 = 0.6). �

value is changed to 220� in (c) to be compared with 40� in (b). The mass hierarchy is inverted only in (d)

so ✓13 resonance (MSW) e↵ect disappears in this plot. For the inverted hierarchy the MSW e↵ect should

appear in the ⌫̄e flux, which is not shown in the plot.

happens with neutrinos in the case of normal mass hierarchy (�m2

32

> 0), and with anti-neutrinos

in the case of inverted mass hierarchy (�m2

32

< 0).

In order to demonstrate the behavior of these three terms, Fig. 34 shows how the ⌫e flux changes

as a function of neutrino energy based on a numerical calculation of oscillation probabilities, in

which the matter density profile in the Earth is taken into account [25, 68]. We adopted an

Earth model constructed by the median density in each of the dominant regions of the preliminary

reference Earth model (PREM) [69]: inner core (0  r < 1220km) 13.0 g/cm3, outer core (1220 

r < 3480km) 11.3 g/cm3, mantle (3480  r < 5701km) 5.0 g/cm3, and the crust (5701  r <

6371km) 3.3 g/cm3. In Fig. 34 dotted lines correspond to the ✓
13

resonance term (the third term

in Eq. 5), which could make a significant contribution in the 5 ⇠ 10 GeV region if sin2 ✓
13

is a few

“Fractional change of upward νe flux (cosΘzenith=-0.8)”

sin2θ23=0.4 or 0.6

CP=40o or 220o

Hierarchy is 
NH or IH

Resonance in νe 
(not shown) in the 

case of IH.

Through the matter effect in the Earth, we study on
• Mass hierarchy : resonance in multi-GeV νe or νe 
• CP δ               : interference btw two Δm2 driven oscill.
• θ23 octant        : magnitude of the resonance

3-flavor oscillation studyAccessing M.H. by SK
•Matter effect: resonant enhancement of 
νe oscillation at certain energy/zenith-angle

•Effect reverses for Normal and Inverted H. 

23  M. Shiozawa, NuTel 2017



•+ T2K θ23 and Δm232

•                                                         Δχ2=-5.2

Moderate preference on NH
•SK Atm-ν + fixed θ13

•                                                         Δχ2=-4.3

24

Atmν data fit w/ fixed θ13

14

•Mass hierarchy: Δχ2 = χ2NH - χ2IH = -4.3 (-3.1 expected) 
•Under IH hypothesis, the probability to obtain -4.3 or less is 3.1% 
(sin2θ23=0.6) and 0.7%(sin2θ23=0.4).  
•Under NH hypothesis, it is as large as 45% (sin2θ23=0.6)

Normal Hierarchy
Inverted Hierarchy

cpδ
0 2 4 6

2 χ 
∆

0
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10
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20
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95%

90%

68%

23θ 2sin
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Atmν data fit w/ T2K
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•SK+T2K: Δχ2 = χ2NH - χ2IH = -5.2 (-3.8 exp’d for SK best point, -3.1 for 
combined best) 
•Under IH hypothesis, the probability to obtain -5.2 or less is 2.4% 
(sin2θ23=0.6) and 0.1%(sin2θ23=0.4).  
•Under NH hypothesis, it is 43% (sin2θ23=0.6)

Normal Hierarchy
Inverted Hierarchy

Publicly available T2K data is used as an external constraints
T2K’s constraints on θ23 and Δm232 help sensitivity to mass hierarchy

Paper in preparation



Near-future of SK: SK-Gd
•Main motivation: Supernova relic ν

2521

SK-Gd
•Discovery of relic SN 
neutrinos is expected by O(1) 
sensitivity improvement
•0.1% Gd loading to tag        
νe+p→e+n, Gd+n→Gd+γs     

•R&D in test tank and water 
system construction going on
•Start SK-Gd in a few yrs

Filter tanks
Gd loaded 
water tank

New water system under 
construction

200-ton test tank
(240 50-cm PMTs)

•Also reduces p-decay BG

M. Shiozawa, 
NuTel 2017



Atmospheric ν in Hyper-K
•Combining Atm-ν and Beam-ν data
　 wrong MH rejection        wrong octant rejection

•

•Budget request being submitted

•Aiming to start operation in 2026
26
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INO site at BodiHills

50Kton ICAL neutrino Detector

India-based Neutrino Observatory
•Magnetized Iron Calorimeter for direct charge separation → M.H.
•R&D ongoing
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Determination of neutrino mass hierarchy

• Hadronic information is added separately 
• Larger value of sin2T13,  more confidence level/less year to have same CL 

𝑺𝒊𝒏𝟐𝜽𝟏𝟑 = 𝟎. 𝟎𝟐𝟐,
𝑺𝒊𝒏𝟐𝜽𝟐𝟑 = 𝟎. 𝟒𝟓

𝑺𝒊𝒏𝟐𝜽𝟏𝟑 = 𝟎. 𝟎𝟐𝟐,
𝑺𝒊𝒏𝟐𝜽𝟐𝟑 = 𝟎. 𝟓𝟖
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G. Majumder, NuTel 2015



Summary
•While Europe operates the energy-frontier hadron collider, 
neutrino experiments flourish in Asia (and in the US!).

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

•Determination of these information (as well as absolute ν 
masses) should bring hints on physics beyond SM.

•T2K-II, JUNO, SK-Gd, INO will run in next 10 years and 
Hyper-K/T2HK(K) proposed to start ~2026.
•Collaboration is already very international (e.g. T2K, 
JUNO), and new countries in Asia are emerging
 (e.g. initiative to form an experimental ν group in Vietnam
http://www-he.scphys.kyoto-u.ac.jp/member/nuICISE/　).
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