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Neutrino mixing

| (Pontecorvo-Maki- |

/Ve\ /Uel Ue2 Ue3\ (VI\
tv‘uJ = LUMI UMZ UM3J LVZJ
V’c Url Ur2 Ur3 V3

v,,V,,V, : tlavor eigenstates.

V,,V,,V, . mass eigenstates of m =m, ,m, ,m,.

(1 0 0\ ¢ 0 513( ¢, S O\
0

=t0 C23 523J 0 1 L_Slz Cia Ojtvzj
0 -5, C)\=s¢° 0 ¢3 )\ 0 0 1/\v,

C»3=C080,3, €tcC.

3 mixing angles (612, 623, 613) + 1 complex phase (0 ) <CP violation
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Neutrino oscillation

IF 6 +0 AND Am2+0, flavor transmutation occurs.
P(vi—vj)=sin’20;; xsin*(1.27Am*L/E) (2 flavor approx.)
Améin (eV2), L/E in (km/GeV or m/MeV)

AVAVANIE
P(ve—ve) amplitude
P(ve—vy)

oS \S\S

2he/Am?
wavelength

L/E

* 3 mixing angles
612, B23, 613

» 2 (independent) mass”2
differences
A m232=m32-m22
A m221=m22-m12
(Am231=Am232: Am?221)

- 1 complex phase (CPV) ¢
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Oscillation parameters

sin%(2612)~0.8

Am221~8x10-5eV?2

Unmeasured <2011

Solar-v
Reactor-v

Atm-v
Acc-v

sin2(2613) ~ 0.1

Am231~Ama32

OCP
unknown

sin?(2 6 23)~1.0
| AmZ232|~2.5x10-3eV?

e 012~33°, 623~45", but 613~ 9°

e |AmZ32| >> | Am?221]| (by factor ~30)

Reactor-v
Acc-v

unknown
mass ordering:

M3 >>MmM2>mi1 or

m2> Mmi >> M3
4




Outstanding issues In
neutrino physics

» PMNS matrix:

All 3 mixing angles 6 are measured.

Octant of 023 not yet known (> 45" or < 45°)
CP violation phase 0O cr is unknown.

* Neutrino masses:

Both mass? differences Am232 and Am221 measured.

Sign(Am232) still unknown - Mass Hierarchy (Mass Ordering)

m3>> m2> m1 (normal) or mz2> m1 >> m3 (inverted)

Absolute mv» not measurable with v oscillation

— Qv 2B (if Majorana),/direct 8 measurement (KATRIN) and
cosmological constraints on 2mv (v osc.— 2my» > 0.05 eV)
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Experimental approaches

and Asian experiments

* Accelerator neutrino:
12K, T2K-ll, T2HK (Japan), T2ZHKK (+Korea)

R r neutrino:
RENO (Korea), Daya Bay, JUNO (China)

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

* Not covered here: Astro. v (Solar, SN, ...), KamLAND



Oscillation maximum:
1.27Am2(eV2)L(km)/E(GeV)=(2n+1)m/2
1st maximum at L ~ E/Am?2 (x1.57/1.27)

- For Am?2z3231)~ 2.5x103eV2and E ~ 1 GeV,
— L ~ O(400km): accelerator long-baseline experiments
(T2K, MINOS, NOvA)

- For Am2z231)~ 2.5x103eV2and E ~ 4 MeV,
— L ~ O(1.5km): reactor mid-baseline experiments
(Daya Bay, Double Chooz, RENO)

- For Am221 ~ 0.8x104eVZand E ~ 4 MeV,
— L ~ O(50km): reactor long-baseline exp’t (JUNO, KL)



T2K experiment in Japan

* Tokai (J-PARC) to Kamioka (SK)
Long-Baseline accelerator v exp.
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Off-Axis v u beam

* Narrow-band beam, peak at

(6) Third horn
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Protons On Target (POT)

« 14.7x1020 for v mode (Forward Horn Current)
« 7.5x1020 for anti- v mode (Reverse Horn Current)
- Beam power ~470kW now

Total Accumulated POT for Physics

B v-Mode Beam Power
X 1020 ° v-Mode Beam Power

Run3  Run4 Run5  Run6

Accumulated POT

Beam Power (kW)



T2K results on Ocp

- Compare v .— Ve appearance between v and antl-

LY

III-I:

» Using reactor 613 constraint, :
0 =0 or m excluded at 90% C.L.
Ve anti-ve

----- 68%CL ((2AInL=2.3) ]

—90%CL (-(2AInL = 461) .
* Best-fit

PDG 2015

—— Normal Ordering

Inverted Ordering
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Normal 5CP = —71'/2 5CP =0 5CP = 77:/2 5CP = ﬂ@bS@I’V@d\
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T2K—=>T2K-lI=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)
- ~30 evidence if 0~ -90deg

« T2HK (from ~2026) with 1.3MW beam
- Hyper-K as the Far Detector

— Definite observation of CP violation

T2K Preliminary
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Hyper-Kamiokande

260kton tank (D74mxH60mM)
190kton fiducial mass (~x10 of Super-K)
40,000 PMTs
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T2HKK (Tokai 2 HK & Korea)

Iy

P — Jle2 |
i . JD+KDat25° |
08 L ....................... ........................ ...... JD+KD at 2.0° —
i | \ — JD+KDat1.5° |

* |dea to build a 2nd tank in Korea
(“lower” Off-Axis beam reaches
Earth surface in Korea)

Fraction of 9§,

0.6F ________________________ ________________________ e _— .

o4l N\ L\

* L~1100km — large matter effect
L Mass Hierarchy sensitivi ty 02_ ________________________ ________________________ _________________________ ____________________ _

- > 50 for any Ocp value - S0

Wrong Ordering Rejection Significance (0)

T2HKK White Paper
1 1B 1611.06118

-

« Also O cp precision improves

OAB 2.5 at HK

PLB 637(2006)266

PRD 76(2007)093002
14




Reactor-v experiments

- At middle distances (L=1~2km) A m?237 osc. dominant
— 013 measurements (Daya Bay, RENO, Double Chooz)

- At long distances (L>50km) large A m221 osc.
—>JUNO at 1st osc. maximum (M.H.) and KamLAND@ 180km

- Only disappearance experiments (Ev<<muy)

(1-3)  (x30) (1-2)

e >
Daya Bay KamLAND
RENO ; f | L ~180km
D.Chooz | _—F / (Am?221,612)
L=1~2km : R
A =l JUNO
E m2,=5x 107 ; sin 2(2912):0.8 J L=53km
0.2
- A m3,=2x 107 ; sin 2(2913) =0.1 - Mass
oL e s Hierarchy
10 1 10 L/E (km/MeV)
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Reactor 613 experiments

4 x 20 tons target Daya Bay: Poerful reactor by mountains
mass at far site -

-

Reactors
in Korea

Ling Ao Near site
481 m from Ling Ao
™ 526 m from Ling Ao II

Far Detector

szzycw ™ 5?

Total Tunnel length .l' e rf
~3000 m -y

Near+Far detectors to
cancel flux uncertainty

Gd-doped Liquid Scint.

S + 4" Near Detector L ." Far Detector
v.+ p—n+e’ Inverse 3 decay «

L =400m ¥ L=1050m

Chooz Reactors 10m?3 target 1 | 10m3 target
4.27GW,, x 2 cores 120m.w.e. 300m.w.e.

n+Gd — delayed coincidence P || sincezos D || inee 2011




Reactor 613 results

 All experiments measure 613with >0

* ‘bump’ seen in v spectrum
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MINOS 000
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1.3 - ND Best fit: sin “20,, = 0.119
. [ Systematic uncertainty
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JUNO for Mass Hierarchy
The JUNO Experiment

¢ Jiangmen Underground Neutrino Observatory, a multiple-purpose
neutrino experiment, approved in Feb. 2013. ~ 300 MS.

(L | TTTINTCTETT TR TP Toe

¢ 20 kton LS detector
¢ 3% energy resolution
¢ 700 m underground
¢ Rich physics possibilities
= Reactor neutrino
for Mass hierarchy and

precision measurement of
oscillation parameters

= Supernovae neutrino
= Geoneutrino

= Solar neutrino

= Atmospheric neutrino
= Exotic searches

J. Cao, NuTel 2015 18




Detect 013 ‘ripple’ at 612 osc. max. (53km)
Energy resolution is the key (80% PMT coverage) °

2
mj

How to access Mass H.?7

Normal

P

solar: 7.5x10" eV

ng 'Zhow
3 ‘ G \\

hdrlve o 2 ok
Shen Zhen Y ? 4

g

,.“.; @ 4
g A1) ‘ NPP
\ Zh Ha| /);\ BHoE K S
W ‘Hong Kong

’ &@Macau

Taishan NPP

e (18.4 GW)
Yangjiang NPP
(17.4 GW)

Inverted

2
sz

solar: 7.5x 10'5 eV2

2
my

atomospheric:
24x107 eV?
atomospheric:
_ 2 4x107 eV?
5 2
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24 Huizhou NPP

@ ' Daya Bay
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e
o
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=}
Ln

el T

------- Non oscillation
—— 6, oscillation
Normal hierarchy
Inverted hierarchy

: 1 507 05613
03
0.25—
0_ ! ! L. !
10 15 20 25 30
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%500; Normal Hierarchy
“ [ Inverted Hierarchy
400—
300i
True energy
200—
100;
l’ Neut?lno Energy MeV
G. Ranucm Neutrlno 2016
%600
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Visible energy:”
o(E)/E =
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1 1 | |
1 2 3 4 5 6 7
Positron Energy (MeV)
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Sensitivity for 5=0.5 [o]

JUNO in construction

"t TrueNO " Truelo
6} 6f
b
S5t vy 5t
iy
4r q§ 4-
. PP S O 8. S RS E 3:_ .........................................
2} E ?:
NOVA, LBNE: &
I PINGU, INO: 923=40-50°
ol A JUNO: 3%-3.5%
2015 2020 2025 2030 2015
Date

- Expect to start in 2020
« Determine MH with >3 0 in © years

« More physics with high-stat. natural v’s

20-inch Hamamatus PMT 20-inch IHEP MCP-PMT
Dynode Horizontal MCPs
Ellipsoidal Glass Ellipsoidal Glass

HQE 1#, 2%, 3# 76#, 77#, 78#, 79#




Super-Kamiokande (since 1996)

« 50kt Water Cherenkov (fiducial: 22.5kt)
* Under 1km rock (2700m.w.e.)

« 11129 20-inch PMTs (+outer veto det.)
* ¢/ separation with Cherenkov ring

« GPS timing for T2K beam coincidence:
no accidental b.g.

(Not only as) Far detector of T2K
- Atmospheric-v

» Solar-v

e Supernova-v

Sumk * Nucleon decay!

21



Atmospheric-v by SK
» Oscillation of v . while flying through the Earth

» T appearance selection with neural net

4.0 o significance of

Prediction
Vu—?Vr N
o) SK DATA | 100 o V u—V T dppearance
| e % 300;.5“*:”; KV -
Electron L e _
= -
400} I
| THH 200 | -
- ) - | %
+ ¥ i ]
+3 | -
- 100f =
Multi-GeV e-likel Multi-GeV p-like+P1 n ] | ] t
e 0 0.5 0 0.5 1
cos zenith cos zenith COS@

M. Shiozawa, NuTel 2017
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Accessing M.H. by SK

 Matter effect: resonant enhancement of
Ve 0scillation at certain energy/zenith-angle

« Effect reverses for Normal and Inverted H.

“Fractional change of upward Ve flux (cosOzenitn=-0.8)"

] . cos® =-0.8  NH, sin®0,,=0.4, sin’0,,=0.025, 5=40° ;. cos© =-0.8  NH, sin’0,,=0.6, sin2913=0.025,.6=40.°
1T 0.8 i_ @ iSncfrI(jr:‘;(ragr?ce term 0.8 i_ (b) _.
';3: o6 - T ?S:arlesonancet 0.6 ;—Sin2923=o.4 or 0.6
2 0.2 0.2 i : o \ |
= -0.2 v MY -0.2 ] . )
> 04 5 V1 g4 F A | Hierarchy is
-1 -1
10 1 10 10 10 NHor IH

CP=40° or 220°

cos® =-0.8  NH, sin’0,,=0.6, sin0,,=0.025, 5=220°

1 08 °

o 0.6 |

> -

\-6 0.4 y

2 02 [, ..

o A esonance in Ve
- -0.2 .

= 04 | (not shown) in the

10'1 1 10 case of IH.
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A x?

Moderate preference on NH
SK Atm v+ flxed 013

20 20_ —
| N maI Hlera hy

15| 1 s Inverted Hier Chy 15:

10:— —: 10— - 10:

| { o :

0 001 0 002 0.003 0. 004 0 005 0.2 0.4 0.6 0.8

|Am |, |Am | ev?

sm

*+ T2K 923 and Am232

20
15[ ] I5
10~ -1 10

- 99% \J 7 - 99%
5~ 1 5

- 95% g _ 95%

_ 90% - - 90%

_68% f : _ 68%

2 2 2
TAMG, I, 1Am{;1 eV

0 1 1 1 1 ‘ 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1
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Near-future of SK: SK-Gd

* Main motivation: Supernova relic v  + Also reduces p-decay BG

S K- G d : 1: hx ve_'po / ) \‘@Gd
eDiscovery of relic SN / (}:2 >j
neutrinos is expected by O(1) . - > 8 M

AT~30ps

Phys. Rev. Let 93(2014)171101

sensitivity improvement

*0.1% Gd loading to tag

_ 8MeV 113 19.9 31.2 5.30
ve+p—e+n, Gd+n—Gd+ys
6Mev 113 13.5 24.8 4.30
AMeV 77 4.8 12.5 2.50

*R&D in test tank and water  we. 51 63 119 210
system construction goingon s 10 24 34 —
-Start SK GGd in a few yIs Model: Phys. Rev. D 79 (2009) 083013.

v ,, 200-ton test tank
¥ (240 50-cm PMTs)

New water system under _
construction

i

[ | \ .-’
\ A water tank
M. Shiozawa, [ = a e :
NuTel 2017 15-ton Gadolinium === ,,ﬂ‘"" =1
Pre-treatment . Filtration System |

Mi)dng Tank
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Atmospheric v In Hyper-K

« Combining Atm-v and Beam-v data

wrong MH rejection wrong octant rejection
O cp Uncertainty O cp Uncertainty
7 :_ :' ' L L L e
5 - 8 |- =
N>< 4 i— 6 :_ 7
E 3L S - 6 years
- 4 — ]
2 N
1F 2r 1 year E
0040 045 050 055 060 07040 045 050 055 060
Sin2 0 54 SiNZ 6 »4

» Budget request being submitted
» Aiming to start operation in 2026
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ICAL-MH

2

Ax

A le-['h L-MH

India-based Neutrino Observatory

- Magnetized Iron Calorimeter for direct charge separation — M.H.

- R&D ongoing

INO site at BodiHills

25
K WH (true), 50 kt SinZo 0.022
B in“vq3 = L. ,
2“__ (EP":BEH‘”E;J Sin2023 =0.45
F —- (E .cos6.)
155
: -
10F- -
—
5 N i

."|"'j-1—.—|!~

1 | 1 1 1 1 1
10 15

-2
Run-time (vears)

25

n TH (true), 50 kt ,

- 1 Sin%6,3 = 0.022,
wE —r EeeoteRu) g — 0,58

B 23 — Y-

F —a— (E.cos6) L
15
10— -.-r.r."________..-l
/ ______...-I-"""_

=

10 15
Run-time (vears)

L 1

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 6 23 octant.

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

« T2K-II, JUNO, SK-Gd, INO will run in next 10 years and
Hyper-K/TZ2HK(K) proposed to start ~2026.

» Collaboration is already very international (e.g. T2K,

JUNQ), and new countries in Asia are emerging
(e.qg. initiative to form an experimental v group in Vietnam

http://www-he.scphys.kyoto-u.ac.jp/member/nuICISE/ )
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