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Neutrino oscillation experiments in Japan

Intense Neutrino Beam for (ﬁ)uﬁ(f)e study

Super-K

o
Kamiokag» ';;"ﬁ“'lbkéi

- 470 kW (today)
~TMW (2020)
1.3 MW (2025)

. 22.5 kton (Super-K, ~2026)
- 190 kton (Hyper-K, 2026-~)



New T2K results (in August 4, 2017)

Seminar at KEK: https://www.tZ2k.org/docs/talk/282

Based on 89 ve and 7 ve events
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https://www.t2k.org/docs/talk/282

What’s new?

- Double neutrino beam data in one year!

- 7.48 x10°° POT — 14.7x10%° POT

- Increase the far detector fiducial volume!

- ~20% more events

- Adding a new event sample (CC-1m) on ve

- ~10% more events
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Formula of Oscillation Probability with CP violation
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Status of
Neutrino Oscillations
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In the framework of 3 neutrinos, the unknowns are
mass ordering

- CP violation parameter: O cp
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Mass Hierarchy

. A hint of mass hierarchy may be seen. Within 5~10 years, we

expect more information on mass hierarchy from SK
atmospheric neutrinos, NOVA (+T2K), lceCube, ORCA and JUNO.
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Near Detector @ 280m from the target
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T2K-Far Detector: Super-Kamiokande

o \Water Cherenkov detector with 50 kton mass (22.5 kton Fiducial
volume) located at 1km underground

Good performance (momentum and position resolution, PID,
charged particle counting) for sub-GeV neutrinos.

[Typical] 61% efficiency for T2K signal ve with 95% NC-1m° rejection
o Inner tank (32 kton) :11,129 20inch PMT
o QOuter tank:1,885 8inch PMT
Dead-time-less DAQ
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Neutrino Detection at SK Far Detector
Signal (v,) Signal (v,) A Background




A door to Neutrino CP violation is opened

v ., — Ve oscillation w/ Amamm?® discovered by the T2K experiment
Indication in 2011 [PRL 107, 041801 (201 1)]
. Observation in 2013 [PRL 112, 061802 (2014)]
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New Results
In summer 2017



T2K Data

Total Accumulated POT for Physics

o v-Modc Bcam Power
% 10%° @ v-Mode Beam Power
EC—*D ”s unl  Run2 él{unii Rund 'iﬂﬂélis#ﬁﬂ"izesults Run7 er:'(] g
= - 500 =
3 -
E’ 20 2
= ®)
= o
§ 15 %
< D
10 0
5 rf
F" = | ;o |
0 | Sore 0
2001 2012 2013 ' 2014 ' 2015 T 2016 =

2010

- Accelerator has achieved stable operation with 470 kW beam power

14.7x10°° protons-on-target (POT) in neutrino mode and
7.6x10%° POT in antineutrino mode
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Neutrino-nucleus Interaction Model
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o, / Nucleon (fb)
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Oscillation Analysis: Step 1
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Events/(100 MeV/c)

Data / Sim.

Example fitted FGD2 (water) CC-Omr muon momentum
- The fit reproduces the data well with a p-value of 0.47

2500

2000

1500

1000

500

1.2
1.1
1.0
0.9
0.8

0 500

Fitting ND280 Data

v-mode

—4— Data

B v CCQE

v CC 2p-2h
- v CC Res It
B v CC Coh In

[ v CC Other
- v NC modes

- v modes

1000 1500 2000 2500 3000 3500 4000 4500
Reconstructed muon momentum (MeV/c)

21

5000



Oscillation Analysis: Step 2

Prediction at Super-K Oscillation Probability Constrained by near detector

E., bins flavor.
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Number of events/ 125 MeV

Number of events/100 MeV

Observation at Super-K
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Expansion of the Fiducial Volume

've CCQE |
-§350; —4.4
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rl'ao* 150: NeW .
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Sample Towall Cut Wall Cut
CCQE 1-Ring e-like FHC 170 cm 80 cm
CCQE 1-Ring u-like FHC 250 cm 50 cm
CC1m 1-Ring e-like FHC 270 cm 50 cm
CCQE 1-Ring e-like RHC 170 cm 80 cm
CCQE 1-Ring u-like RHC 250 cm 50 cm
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Predictions and Observation

Predicted Rates /Observekc’i |
Sample Ocp=—T/2 Ocp=0 Ocp=m/2 Ocp=T Rates
e-like FHC | '

e-like+m FHC
e-like RHC
K -like FHC
u-like RHC

- The number of observed events are largely in line with the predictions
after oscillations

- The e-like samples have rates most consistent with the 0 cp=-7 /2
hypothesis

. The observed u-like rate in neutrino mode is lower than prediction

. consistent within statistical and systematic errors
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Systematic Errors

4.22 16.69
2.20 1.98  3.01 2.31 11.43 1.57
3.22 2.72  3.22 2.88 4.05 2.50
0.00 0.00 2.63 1.46 2.62 3.03
0.00 @ 0.00 1.08 2.59 0.33 1.49
025 025 0.14 033 0.98 0.18
440 3.76 | 6.10 6.51 20.94 4.77

- Total error is in the 4-7% range. 4.8% error on the relative
rate for neutrino mode and antineutrino mode samples
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Ocp (Radians)

Ocp (Radians)

Oscillation Parameter Sensitivities
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sin‘ B 23 status
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0 13 and O cp

Fit without the reactor
constraint: closed contours in %
O cp at 90% CL 3
The T2K value for sin®813is
consistent with the PDG 2016

T2K Best Fit:

sin”0,,=0.0277 ey (NH)

PDG 2016:

sin”6,,=0.0210+0.0011 -
Adding the reactor Constralnt§
improves the constrainton &
O cp average:
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O cp

T2K Runl-8 preliminary
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T2K data with (black) and without (red) the reactor constraint on
sin 6 13 show consistent preference for value near -2 radians

The confidence intervals for the results with the reactor constraint are
produced using the critical A x © values calculated in the Feldman
Cousins construction (next slide)
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Measurement of 6., with reactor 0 13

T2K Runl-8 preliminary
I I I I I I I I I

1 — T r 1 T | ]
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Ocp (rad)
Best fit point: -1.83 radians in Normal Hierarchy

The 10 CL confidence interval: Normal hierarchy: [-2.49, -1.23] radians

The 20 CL confidence interval:

Normal hierarchy: [-2.98, -0.60] radians
Inverted hierarchy: [-1.54, -1.19] radians

CP conserving values (0, ) fall outside of the 2o CL intervals
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6 23 octant and mass hierarchy

- Bayesian analysis: natural way to infer data preference for 6 23 octant or
mass hierarchy

- Assume equal prior probability for both octant and hierarchy hypotheses

- Fraction of steps from Markov Chain in each octant/hierarchy is
posterior probability for the octant/hierarchy hypothesis

- T2K data prefers the normal hierarchy and upper octant

Posterior probabilities (with reactor constraint)

sin2023< 0.5 sinZ023> 0.5

NH (Am?32>0)

IH (Am?Z3; <0)

Sum
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Future prospect
T2K-Il



T2K-II with J-PARC Upgrade

T2K-Il w/ improved stat. (10E21 POT for nu and 10E21 POT for anti-nu)

Signal Signal | Beam CC | Beam CC
True o0cp | Total Vy — Ve | Uy = Ve Ve + Ve vy, + U, NC
v-mode 0 454.6 [f 346.3 '} 72.2 1.8 30.5
Ve sample —7/2 545.6 |§ 72.2 1.8 30.5
p-mode 0 129.2 28.4 0.4 13.3
U sample —7/2 111.8 28.4 0.4 13.3
o, 0 o . . I I L .i
30 sensitivity to CP violation @ 15
. al
for favorable parameters with o
21 S
20x10"" Protons on Target & 10
: o)
with the upgrade of J-PARC e,
to 1.3MW (~10 year long 9
run) before year 2026. o 5
o
=
J-PARC PAC gives Stage 1 approval. We are < o N .
preparing the Technical Design Report. 0 10 15

., Protons-on-Target (x10%')



Near Detector Upgrade

CERN SPSC-EOI-015
Bas e I i n e C O n ﬁgu rati O n Plan to retain Expression of Interest for the January 2017 SPSC

upstream Ecal-POD Near Detectors based on gas TPCs for
neutrino long baseline experiments?

Barrel ECal POD ECa
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RWTH Aachen University, . Physikalisches Institut, Aachen, Germany
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Y.Hayato, M. Ikeda, M. Nakahata, Y. Nakajima, Y. Nishimura
University of Tokyo, Institute for Cosmic Ray Research, Kamioka Obs., Kamioka, Japan

M. Antonova, A. Izmaylov , A. Kostin, M. Khabibullin, A. Khotjantsev, Y. Kudenko,
A. Mefodiev, O. Mineev , T. Ovsiannikova, S. Suvorov, N. Yershov

Institute for Nuclear Research of the Russian Academy of Sciences, Moscow, Russia

F. Sanchez, M. Cavalli-Sforza, T. Lux, B. Bourguille, M. Leyton

Institut de Fisica d’Altes Energies (IFAE), The Barcelona Institute of Science and
Technology, Campus UAB, Bellaterra (Barcelona) Spain
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< > Kavli Institute for the Physics and Mathematics of the Universe (WPI), University of Tokyo,
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1 Corresponding authors: Alain Blondel (alain.blondel@cern.ch), Marco Zito
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. T2K steadily improves the systematic uncertainty.
. ~18% (2011) — ~9% (2014) — ~5% (2017) [~ ~3% (2020)]

Near Detector upgrade to understand the neutrino-nucleus

Interactions to improve the systematic.
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T2K-ll Physics Sensitivity

- For which true o cp values can we find CP violation assuming true
sin” 6 23=0.43, 0.50, 0.607?

* The fractional region for which sin 0 c,=0 can be excluded at the 99% (3 0)
C.L. is 49% (36%) of possible true values of 0 cp assuming the MH is known.

assuming MH unknown assuming MH known
20 L L A L A 20 L L L I
CIIJ [ —— 20x10°' POT w/ eff. stat. & sys. improvements ] ? [ —— 20x10%' POT w/ eff. stat. & sys. improvements i
?5 L - - - 7.8x10° POT w/ 2016 sys. errs. - % - - - - 7.8x10°' POT w/ 2016 sys. errs. -
e 15 _ True sin®0,,=0.43 _ @ 15 __ True sin®0,,=0.43 _
B i True sin®0,,=0.50 T ‘D - True sin®0,,=0.50 .
O [ —— True sin®0,,=0.60 3 O - O | —— True sin®0,,=0.60 i
T .t . T I .
T:; 105 CL /\ | = 10 —
> i 991_C_L__ _____ _______________________ i > [ g0 CL o
e s5r , - 2 5F -
N, - 0%CLY e S W A e | 90%C.L o
< O_I ] 1".' R B .‘sr IX\ A ,A: i < O_l | T I T A . W I_
-200 -100 0 100 200 -200 -100 0) 100 200
True d.p(°) True 6.5(°)

(Note) Although T2K alone can't measure MH, we can help with the MH

measurement by, ie, combining T2K + NOVA
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%107

T2K-II Physics Sensitivity

— POT by 2014,90% C.L ~ — Stat.only

sgl T 78aoPoTsonoL T Systematics 1
L —— 20x10%' POT w/improvement, 90% C.L i

-
-

~
-

e Precisions of sin20 23 and A m322

__O(sinB23)

—_k
9

—~~ | 5 T T T |
2 f - < -
N—" 8 - O\ K ]
3 — cinln — = . _
C’N) B sin 623_0'43 — Stat. 0n|y _ \-;l 4 - 8 — S|n2623=0.43 — Stat. onIy _‘
LSCD 0 = — sin2623=0.50 7 NEOO [ o — sin’0,.=0.5 ]
__ — 23 )

— o - - Systematics B - - i
2 - . —— sin“0,,=0.60 - < sl — sir0,-0.6 Systematics -
_— Se e - C - 1
@) il b T i @) ~ i
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% 52 | c 2 ' ]
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Protons-on-Target (x10?) Protons-on-Target (x10%)

* More physics for Neutrino Interactions and non-
standard models
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Conclusion

- CP violation in lepton sector is within t
addition, there are rich physics progra

ne reach. In

ms In front of us.

- Let's utilize the current tacllities to explore new

physics In heutrinos.

- Let’'s work together to build a new facility for a

discovery In particle physics.

1.3MW
_ J-PARC

P

TZ2K=> T2K
G
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IMPACT ON ATMOSPHERIC PARAMETERS T2
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STUDY DISCUSSION T2k

» We are investigating if this type of variation represents a physical effect
that should be included as a systematic uncertainty

> We present Am?3; vs. sin“0,3 contours with caveat that the systematic
error model may be updated in the future

» In the future 1p-1h vs. 2p-2h systematic effects will be addressed by:
» The use of 41t samples in the fit to ND280 data
» Study of the hadronic recoil system with proton reconstruction

» Near detector upgrades designed to target interaction modeling issues
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A window to Ultra High Energy

(Vg
T O
.
=
< §
- =

—> Jevatron
R P T P R T R T e P S YR e T A [ A
102 10* 10 108 10'© 10'2 [0'* 10'¢ 10'8
experimental reach [GeV]

(with significant simplifying assumptions)

courtesy Zoltan Ligeti




Three neutrinos and Beyond

Leptonic unitarity triangle

Im(z)

Lepton ,‘
NUFIT 1.3 (2014) i excludedareahasCL>095; <
=L L L L N I B I e O ol |
0.5 — Um U:3 — Q .
L — 0
o
| — o 0.5 -
i 1e
| _|s® i
0 _;3 = 0.0_
— _:‘) -
- 19 05|
. -1r-
0.5 iE: 8
-0). I —0 -1.0 — K
- S I = ¥ .
__IIII|IIII|IIII|IIII|IIII|IIII
0 0'5 1 1'5 2 1.?1.0 0.5 0.0 0.5 1.0 1.5 2.0

Re(z)
Assuming unitarity (3 neutrinos)
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ICS In Japan
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FEg — —)SU(5)

Example ¢ G UT

1. Unification
1. Force (w/ SUSY)

Forces Merge at High Energies
— — T T 1 T T T 1 T T T ] T T 71

0.16 : T | i ! ]
SUB) DSUB) o x SUR), xU(1)y | Proton Decay |
2. Quark and Leptons Sor0k Ly E
C C C C = 3 " B

[Q UR ERJ[DR L} {NR} %bo 05 [ .
. &= S ’*’eak_w_m,_ ............ - ﬁ}
]_O _I_ 5 _|_ ]_ p— — e\’eul“\“ *bl | I —
. — o0 10% 1103‘1 '_lmlzlf 1016 102

- 10(Q;) has more hierarchy than 5(L) Energy in Gel

2. Hierarchy
1. mixing: lepton (large) >> quark (small)

2. mass. u-type quark >> d-type quark, charged lepton
>> neutrino



Leptogenesis and Neutrino CPV

- Saharov conditions for Baryon Asymmetry
- [B] Baryon Number Violation
- [CP] C and CP violation

- [T] Interactions out of thermal equilibrium

- Leptogenesis and Low Energy CP violation in Neutrinos
- [B] Sphaleron process for A(B+L)+0
- [CP] Heavy Majorana Neutrino decay and/or Neutrino oscillations

- |sinB@13sin 0 |>0.09 is a necessary condition for a successful
“flavoured” leptogenesis with hierarchical heavy Majorana neutrinos
when the CP violation required for the generation of the matter-
antimatter asymmetry of the Universe is provided entirely by the
Dirac CP violating phase in the neutrino mixing matrix [Phys. Rev.
D75, 083511 (2007)].

sin@13~0.15= |[sino [>0.6
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