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T2K Neutrino Oscillation Experiment

Very Intense Neutrino Beam for (77)u—>(77)e study

- 470 kW (today)
- ~TMW (2020)

- 1.3 MW (2025)
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Super-K Atmospheric Neutrinos
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Today’s Topics

- CP violation in neutrino oscillation
- Neutrino oscillation parameters

- 3 neutrinos or more?

- Mass hierarchy

+ 8iN2 6 23

- T2K and Super-K results
- |In future, T2K-ll = Hyper-Kamiokande



Introduction
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In the framework of 3 neutrinos, the unknowns are
mass ordering

- CP violation parameter: O cp



Current values of the oscillation parameters

NUFIT 3.0 (2016)

Normal Ordering (best fit)

Inverted Ordering (Ax? = 0.83)

Any Ordering

bfp £1o 30 range bip £1o 30 range 30 range

sin? 612 0.30610 015 0.271 — 0.345 0.306°0 015 0.271 — 0.345 0.271 — 0.345
012/° 33.5670 17 31.38 — 35.99 33.56 011 31.38 — 35.99 31.38 — 35.99
sin? 03 0.441710-027 0.385 — 0.635 0.58710 059 0.393 — 0.640 0.385 — 0.638
023 /° 41.6115 38.4 — 52.8 50.071 % 38.8 — 53.1 38.4 — 53.0
sin? 63 0.021667009072  0.01934 — 0.02392 | 0.0217975:59078  0.01953 — 0.02408 | 0.01934 — 0.02397
013/° 8.4670 13 7.99 — 8.90 8.4970 1% 8.03 — 8.93 7.99 — 8.91
Scp/° 26172; 0 — 360 277750 145 — 391 0 — 360

Am%1 ” +0.19 +0.19
TR 7.5010-12 7.03 — 8.09 7.5019-12 7.03 — 8.09 7.03 — 8.09

Am§£ 4+0.039 4+0.038 ‘|‘2407 — ‘|‘2643
oy | T2524Ig0u 42407 +2.643 | 25140000 —2.635 — —2399 ||\ ToTeo0 100




Status of Ocp

0 | NO NuFIT 3.0 (2016)
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Three neutrinos and Beyond

NUFIT 3.0 (2016)
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Through neutrino oscillations, we want to know

. CP violation

- PMNS matrix or beyond. Any source of new CP
violation?

. the relation with leptogenesis and a quest of the
matter - antimatter asymmetry in our universe.

- A pattern of the PNMS matrix and the mass of
neutrinos

. A relation with a GUT model
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T2K results

- The new T2K results will be announced at the KEK
Colloquium at 10:00 JST on Friday, August 4th.

. Tritle:
T2K neutrino oscillation results with data up to 2017 Summer

. Abstract:

In 2016, T2K reported the results of neutrino oscillation measurements based on the
data accumulated with 7.5x10720 protons-on-target from the J-PARC Main Ring (MR)
for each of the neutrino beam run and the antineutrino beam run. One of the highlights
then was an indication of CP violation with 90% C.L. Since then, the J-PARC MR beam
power was increased up to 470kW and T2K accumulated another 7.2x10720 protons-on-
target with neutrino beam in a half-year run. In addition, approximately a 30% increase in
statistics was achieved by improvements to the event selection at Super-Kamiokande,
the TZ2K far detector. In this colloquium, we will present the results of the neutrino
oscillation measurements with all of the data collected up to now and with the new event
selection.
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Formula of Oscillation Probability with CP violation

P(v, — ve) = 4C};57,53, - sin? Ag Leading _.- CP violating (flips sign for V)
+8C75512513523(C12C23 cos § — S72513523) - cos Ags - sin Agy - sin Ay
—8C?%,C12C1351251352sin 0f sin Ay - sin Ag; - sin Ay
+48%2,C%,(C7,C2, + S%7,55557; — 2C12C23512523513 cos §) - sin? Ay

o o . aL , . Solar
—80135:{32523 . E(l — 2513) « COS A32 - S1n A31
a Matter effect
+80123S%SS§3—2(1 — 2533) Sirl2 A31
Amis
0.06
L d- .2 ) ) Am321L 295|
eading |smn”6,;sm" 26, ;sin iE 0.04 Total <M
CPV 0.02
: -  EE— 2y 2
sin 201.2 sin26,, sin® 26, sin’ Am; L sin Am; L in S 0
28111013 '-----------------A‘E-_.: 4F -0.02
~0.03 : : )
L Am; |sin26,,sin20,, E, [ led ding]sin s 0.04 290 .20.| S=Tr/4
4|Am2) sin’6,,sin6,  E ] (sin"2013=0.1,0=T1/4)

~ 0.27 eadi | % E s X s1n O 0 1 2

E | | Ev (GeV)
e ® NO magic for the 2nd maximum.

* Energy dependence is important.




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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Parameters Asimov A

— n*20 0.846
-RAMEWORK 2, | 0.0810

sin26’23 0.528

e Four modes of observation observed at T2K AmZ, | 7.53 x 105
° V,—V., V,—V,appearance Amgy | 2509 x 107
wVes Vi Ve APP 5o 1.601

* v, »v, V,+»V, disappearance

e use all information to constrain oscillation parameters

/ constrain by reactor \

P(V,u — Ve) ~ ' 5in? 2013 : w|sin? 0os constrain by v, disp. sin [((11_ 90))2A31]
switches sign | — o SIn 5CP | X S1n 2912'85%-2:9;538111 2923 X sin AS SlD[CUxA31] Sm[(l1 CUa:)A;gl]
for v, —7. +(CP even) +0O(a?)
2
2 00 L |Ama| 1 AmEL |, 2ﬁGF2NeE
Qa. Freund, Phys.Rev. D64 (2001) 053003 Am§1 20 =7 AmZ, /

L
[ Pv,—v,)~1- (cos4 2013510 2095 + sin® 26,5 sin? 023)81n2 Am§1 i J

e Large 6»3: enhances both v,—v.and v,—v,
* Jcp =-T/2: enhance v,—v., suppress v,—¥.

» Am?3,>0 (normal hierarchy): enhance v,—ve, suppress v,—v.
16
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Oscillation Analysis | n T2K
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T2K neutrino beam

Near Detectors Beam Dump Decay Volume Target Station
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" Neutrino Mode Flux at SK
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Super-Kamiokande

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

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

o [Typical] 61% efficiency for T2K signal ve with 95% NC-1m1° rejection
o Inner tank (32 kton) :11,129 20inch PMT
o Outer tank:1,885 8inch PMT

e Dead-time-less DAQ

ll'l lll Il] llllllll lllll]lll I

. . . . § -lik -like
* GPS timing information is recorded &' slhe <> wike
_ g1z { Atmospheric v -
real-time at every accelerator spill £t | 1 o Data
' — MC

T2K recorded events: All interactions sof
within a £500psec window centered [

40:

on the the neutrino arrival time.

O x ~ I 1l [
-0 8 € 4 -2 0 2 4 6 g 10
Particle ID parameler

S superKIN
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Neutrino Detection at SK Far Detector
Signal (v,) Signal (v,) A Background




Flux correlations before ND280 fit :

Flux Correlations
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T2K DATA COLLECTION RISTORY T 2/K\

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

Total Accumulated POT for Physics This data added for
s v-Mode Beam Power ,
x 10%° o V-Mode Beam Power today’s results
§ )5 ?unl Run2 Run3  Run4 Run5 Run6 Run7  Run§ / g
g - Published Results g
§ 20 - =
= E "o o
g < S ps
S 15 . / S
é:’ C . : 8
10F £ § 'P e . m
: g & i
C Mmoo . :
S5k ,"g o R s 1
N e el
2010

2011 ' 2012 ' 2013 ' 2014 ' 2015 ' 2016
> Accumulated 14.7x10° protons-on-target (POT) in neutrino mode and 7.6x10%° POT in
antineutrino mode - full data set presented here

> 29% of the approved T2K POT
> 7.5x10°° neutrino mode, 7.5x10%° antineutrino mode for published results
» Phys. Rev. Lett. 118 (2017) no.15, 151801 - PRL Editor’s Suggestion
> Accelerator has achieved stable operation with 470 kW beam power

» Thanks to high power operation, double neutrino data in 1 year! 17



Today’'s results

- Based on

High Energy Physics - Experiment

Measurement of neutrino and antineutrino oscillations by the T2K experiment including a
new additional sample of v, interactions at the far detector

K. Abe, J. Amey, C. Andreopoulos, M. Antonova, S. Aoki, A. Ariga, Y. Ashida, S. Ban, M. Barbi, G.J. Barker, G. Barr, C. Barry, M. Batkiewicz, V. Berardi,
S. Berkman, S. Bhadra, S. Bienstock, A. Blondel, S. Bolognesi, S. Bordoni, S.B. Boyd, D. Brailsford, A. Bravar, C. Bronner, M. Buizza Avanzini, R.C.
Calland, T. Campbell, S. Cao, S.L. Cartwright, M.G. Catanesi, A. Cervera, A. Chappell, C. Checchia, D. Cherdack, N. Chikuma, G. Christodoulou, J.
Coleman, G. Collazuol, D. Coplowe, A. Cudd, A. Dabrowska, G. De Rosa, T. Dealtry, P.F. Denner, S.R. Dennis, C. Densham, F. Di Lodovico, S. Dolan, O.
Drapier, K.E. Duffy, J. Dumarchez, P. Dunne, S. Emery-Schrenk, A. Ereditato, T. Feusels, A.)J. Finch, G.A. Fiorentini, M. Friend, Y. Fujii, D. Fukuda, Y.
Fukuda, A. Garcia, C. Giganti, F. Gizzarelli, T. Golan, et al. (230 additional authors not shown)

(Submitted on 4 Jul 2017 (v1), last revised 5 Jul 2017 (this version, v2))

The T2K experiment reports an updated analysis of neutrino and antineutrino oscillations in appearance and disappearance channels. A sample of electron
neutrino candidates at Super-Kamiokande in which a pion decay has been tagged is added to the four single-ring samples used in previous T2K oscillation

. - . 3 S o2 o,
analyses. Through combined analyses of these five samples, simultaneous measurements of four oscillation parameters, |Am§2|, sin“(63), sin“(6,3), and d¢p

and of the mass ordering are made. A set of studies of simulated data indicates that the sensitivity to the oscillation parameters is not limited by neutrino
interaction model uncertainty. Multiple oscillation analyses are performed, and frequentist and Bayesian intervals are presented for combinations of the

oscillation parameters with and without the inclusion of reactor constraints on sin2(013). When combined with reactor measurements, the hypothesis of CP
conservation (6cp= 0 or x) is excluded at 90% confidence level. The 90% confidence region for d¢p is [-2.95,-0.44] ([-1.47, -1.27]) for normal (inverted)
ordering. The central values and 68\% confidence intervals for the other oscillation parameters for normal (inverted) ordering are Amg2 = 2.54 + 0.08 (

2.51 +0.08) X107 eV2/c* and sin®(0y3;) = 0.55*_’8:83 (0.55'_*8:83), compatible with maximal mixing. In the Bayesian analysis, the data weakly prefer normal
ordering (Bayes factor 3.7) and the upper octant for sin2(023) (Bayes factor 2.4).

Comments: | 50 pages, 50 figures
Subjects: High Energy Physics - Experiment (hep-ex)
Cite as: arXiv:1707.01048 [hep-ex]

(or arXiv:1707.01048v2 [hep-ex] for this version)

Subﬁr*nit'ted to PRD



FINAL Electron (anti-)neutrino events
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FINAL muon (anti-)neutrino events
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Near Detector measurements — constraints

O Prefit :

= | _ Cross-section parameters
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Electron Neutrino Predictions
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Muon Neutrino Predictions
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Systematic uncertainties

Total dNgi /Nsk

Beam mode sample ND280 constrained W /o ND280

neutrino u-like { 5.11% ) 12.02%
neutrino e-like i 5.53% 1 12.06%
antineutrino p-like 5.19% 12.88%
antineutrino e-like i 6.31% 14.06%
neutrino CClrT-like { 14.84% 21.84%
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Systematic uncertainties

ve CCQE-like

v, ve CClm™

Source of uncertainty

Source of uncertainty v, CCQE-like v,

SN/N  6N/N 6N/N SN/N  6N/N
Flux 3.7% 3.6% 3.6% Flux 3.8% 3.8%
(w/ ND280 constraint) (w/ ND280 constraint)
Cross section 5.1% 4.0% 4.9% Cross section 5.5% 4.2%
(w/ ND280 constraint) (w/ ND280 constraint)
Flux+cross-section Flux+-cross-section
(w/o ND280 constraint) 11.3% 10.8%  16.4% (w/o ND280 constraint) 12.9% 11.3%
(w/ ND280 constraint) 4.2% 2.9%  5.0% (w/ ND280 constraint) 4.7% 3.5%
FSI4+SI4+PN at SK 2.5% 1.5% 10.5% FSI+SI4+PN at SK 3.0% 2.1%
SK detector 2.4% 3.9% 9.3% SK detector 2.5% 3.4%
All All
(w/o ND280 constraint) 12.7% 12.0%  21.9% (w/o ND280 constraint) 14.5% 12.5%
(w/ ND280 constraint)  { 5.5% 51%  14.8% (w/ ND280 constraint)  { 6.5% 5.3% 1}
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Oscillation FIT

Best-fit spectrum

Best-fit spectrum
Unoscillated prediction
—— T2K data

Unoscillated prediction
—— T2K data
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Oscillation FIT w/ CCve-17"
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v, /v, Disappearance Analysis

Events/100MeV

Ratio

- CPT test by comparing (Vu - vﬂ) and (VM - VM) modes

___ Unoscillated
Prediction

— Best-Fit

Reconstructed Energy [GeV]

135 events observed

(135.8 events expected)

Events/100MeV

Ratio

T T T | T T T T | T T T T | T T T .| | .| T T T | T T U ‘11 t d
2K Runl-7c preliminary : |— Ynosctlate
o .................. .................. .................. .................. ------- Predlctlon

. |— Best-Fit

- |
5

6 7 3

Reconstructed Energy [MeV]

66 events observed

(64.2 events expected)



0,3 and Am5, Comparison

- No hint of CPT violation
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g 24
< 22F
2
1_||||i||||i||||i||||i||||i||||_
82 03 04 05 06 07 08
.« 2 .« 2
sin 623 or Ssin 623
—2 —

Ams3, =[2.16,3.02]x1073eV*(NH) at 90% CL

sin?6.,, = [0.32,0.70](NH) at 90% CL

3
3.8 T1O | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 _l
3.6 :—— T2K Run1-7. ’V 90%: CL """" T2K Runi1-7.- V 68%- CL
Z 345 —mnwomTZKRHMS/CL
= 3.2: ]
e - .
& 3 =
g o8 -
| N
S 26 -]
a - =
|E 2.4 ]
< 22 -
1 : 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | | :
82 03 04 05 06 07 08

° ~ ° 2
sin 623 or sin 823

Am3, =[2.34,2.75]x1073eV*(NH) at 90% CL

sin®6,, = [0.42,0.61](NH) at 90% CL
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Events/100MeV

Ratio

Full Joint Fit Analysis

Ve Ve

L L L .I T ] | T T | : 3.5 — i -
14 T2KRun1—7Cprehm1nary """" Hl— Unosg!lated % - 2]'( Runl 7(; prehmlnary . Unos.cqlated
" f f Prediction S g o et Prediction

E s | e 1 . = - s : . : s _

| Best-Fit S n | — Best-Fit
(0] SRS SS— S EOTT T ST TS = 2.5 N
: : A - : :
o] R S D s S —— e i — § 2 D N S
[ | ------------- I ------------------------------------------------- ---------------------------------------------- — - L5 R B it B . ]

: 5 IF

- 0.5F

e === = = 0L
1‘25 - 2 8
e R o o A (S S = ¢  OF

SE T R R E 4
= ; E E - . o o o ool o i o1 2 : : : i : ! :
%7200 400 600 800" 1000 1200 1400 %0 * %00 200 %00° “s00" 1000 1200 1400
Reconstructed Momentum [MeV/c] Reconstructed Momentum [MeV/c]

32 events observed 4 events observed

Ocp = —T/2 | 8cp =0 | Oy = +T/2 | &, = 1 | Observed
(NH) (NH) (NH) (NH)

28.7 24.2 19.6 24.1
ve 6.0 6.9 ag 7.7 6.8 4




Op (rad)

- FIT neutrino and anti-neutrino data separately.

|
(\®) »I—k @) —_ (\®)] (OV)

- |IIII|IIII|IIII|IIII|IIII|IIII|

I
(oY)

OA Fit results with T2K only data

* Best fit
PDG 2015

- 68CL
- 90CL
- 68CL
- 90CL

‘Normal MH -

8cp (rad)
ll\) »I—k (@) —_ \®) (OV)

- |IIII|IIII|IIII|IIII|IIII|IIII|

|
o8}
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“lnverted MH

* Best fit
PDG 2015




OA Fit results with T2K onlv data

Op (rad)

Parameter

Normal ordering

Inverted ordering

Best-fit +1o Best-fit +1o
dcp -1.791  [-2.789; -0.764] -1.382 [-2.296;-0.524]
sin® 613 0.0271 [0.0209; 0.0342] 0.0299 [0.0232; 0.0380] -

[a—
-
I

—— Normal
----- Inverted

......

90% CL

~ -
Semnnm==”

I |IIII|IIII|III’LI’IIII|IIII|IIII|IIII|III
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4
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I4 =
’
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lo
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’
’
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’
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’
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’
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| leed Mass Ordermg
_— \\j ]
B ---- Normal - 68CL :
— * Best fit —— Normal - 90CL
2 PDG 2015 ---- Inverted - 68CL —]
: —_— IIIVCI"[Cd - 9OCL :
1= —
O —
1= —
21— —
I | | | | | | | | | | | | | | I_
O 0.06 0.08 0.1
- 2
sin 613
30 N T T T | ]
E — Normal E
25— ---Inverted ]
201 -
= - 40 ]
= 15 / -
< ~ s ]
C\I] B /" ]
10 - /"' 30' —
5 / ]
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Number of events as a function of 6 o3

9 _I | | | | | | | | | | | | | | | | | | | | | | | I_—
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§ — — Inverted ]
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Number ot v, candidates
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923 and Am%z

- Consistent with maximal mixing

3.6
34
3.2
3
2.8
2.6
24
2.2
2
1.8

| (107 eV

2
32

IA m

----- 68%CL
— 90%CL
*  T2K best-fit

Normal Hierarchy

5

'
—————
......
- -
-----------------------

[ceCube NOVA (2016) Super-K

T2K Runl-7c preliminary MINOS+ _

0.3

035 04 045 05 055 06 065 07
sin2623

|

Daya Bay:
|AmZ,| = (2.45 £ 0.08)x10 %eV?
90% CL (NH)

I TR TR
05322985

|Am3, [[1073eV?] 2.5451+0.081
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| o

;| - OA Fit results w/ the
:. :
- | reactor constraint

0.6° T ' Parameter Best-fit +1o

| écp -1.789 [-2.450; -0.880]

o U sin? 013 0.0219 [0.0208; 0.0233]
;,‘; 0.5 1 sin® 63 0.534 [0.490;0.589]3 .
|t 2w o aveye B R 0,

0.003

0.02 0.04 0.06 0.4 ) 05  0.6.002 0.0025 0.003 -2 0 2

) . 2 2
sin” 0, sin” 0,, AnAlr312 Ocp



O cp With reactor 6 33
with sin?22 6 13=0.085+0.005

Measurement (Data)

A 1 4 | ! ! | ! ! ! ! | ! ! ! ! ! ! ! ! | ! ! ! ! | ! ! ! !
s
N T2K Runl-7c¢ preliminary

10 — Normal Hierarchy

----Inverted Hierarchy

— -2InL_, (90% CL)
2InL,_., (26 CL)

II|III|_.I"II|III|III|III

True: dcp = —7/2 — normal ordering
dcp Ordering 90% CL 20 CL

0 Normal 0.243 0.131

7w Normal 0.216 0.105

0 Inverted 0.542 0.425

7w Inverted 0.559 0.436

True: dcp = 0 — normal ordering
dcp Ordering 90% CL 20 CL

__ .l"'..
wlll|H-l‘1"1|lll|l.'l"ll||lll|lll|lll

Ocp (radians)

0O Normal 0.104 0.0490

7 Normal 0.130 0.0591

0 Inverted 0.229 0.137

7w Inverted 0.205 0.122
True: dcp = —7m/2 — inverted ordering
dcp Ordering 90% CL 20 CL

0O Normal 0.124 0.0515

7  Normal 0.102 0.0413

0 Inverted 0.290 0.194

7w Inverted 0.308 0.207

A constraint of neutrino CPV at 90% CL

Ocp=[-3.13, -0.39] (NH), [-2.09, -0.74] (IH) at 90% CL
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Posterior probability on O cp
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Posterior probabillities for the
mass ordering and sin “0 23

sin” 023 < 0.5 sin” 023 > 0.5|Line Total

Inverted ordering 0.060 0.152 0.212
Normal ordering 0.235 0.553 0.788

Column total 0.295 0.705 1
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Super-K
atmospheric v
results



Complementarity with atmospheric neutrinos

NUCIPh)’SB669,255(2003) r we flux ratio (~2 at low energy)
NUCIPhYS B680’479(2004) P2 = |Aeul?: 2V transition probability ve = v, in matter
R, = Re(A"ccAey)
d(v,) b = IM(A"eeAey)
7 1 pg(fr . cOSs> Oyq — 1) Solar -term Aee : survival amplitude of the 2v system
(I)()(l/e) Aey i transition amplitude of the 2v system

Cosine Zenith Angle

—r - sinfys - cos? Oy - sin 2053(cosd - Ry —sind - ) L0

Interference term (BCP) ‘:.‘

. o .
+2sin? O13(r - sin Oy — 1)6|3 reconance term \ ).."1‘
B v appearance (and Vv distortion) is
expected due to MSWV effect in the
Earth’s matter

- happens in V in the case of normal
mass hierarchy

0.2 - in anti-V in inverted mass hierarchy

—0.4

—0.3

o1 Large 0,3 value gives us a good
. chance to discriminate mass

: —— hierarchy.
“Sub-GeV” “Multi-GeV” 46

P b_
2
| 1, 10 10 ;




cos® =-0.8  NH, sin®0,,=0.4, sin’0,,=0.025, 5=40°

*— - solar term SN
0.8 - @ interference term 0.8 .
| terference te §s|n2923 — 0.4 VS 0.6

3 0.6 f— """""" 013 resonance term N 0.6

cos® =-0.8  NH, sin’0,,=0.6, sin’0,,=0.025, 5=40°

cos® =0.8 NH, sin®,,=0.6, sin%0,,=0.025, 5= PC cos® =-0.8  IH, sin’0,,=0.6, sin’0,,=0.025, 5=

1 = 1

mass hierarchy: NH vs |H

Ev(GeV)

Through matter effect (MSW), we study

Mass hierarchy — Asymmetry between neutrinos and antineutrinos.

Octant of 623 — Magnitude of resonance effect
Appearance (and v ,— v 4 disappearance) interplay

Ocp (and 013) — Interference effects in ~GeV energy region
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Mass Hierarchy Senszthty of Hyper-K

1.2

I -
=

sin2 023 = 0.6
0., = 40 deg.

“normal hierarchy case

L
N

C —_— —04 Inverted hlerarchy
- — sga—oa Inverted hlerarchy
=== s2,=0.5, Inverted hlerarchy
1.15 I S— -- 82,=0.4, normal hlerarchy
- -- §2,=0.6, normal hlerarchy
é - s2,=0.5, normal hierarchy
1.1 ' normal hierarchy case
c,zm1 o _|— 10 years
2 —_|—'

N

0.95

D-g_lll|lll

- Multi-GeV e-like events

-1 -08-06-04-02 0 02 04 06 0.8 1

Sensitivity depends on 623, 0 and mass

hierarch (a little).

3 0 mass hierarchy determination for

cos ©

sin“ 6 23>0.42 (0.43) in the case of
normal (inverted) hierarchy.
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A x? Hierarchy
- NN W
2] o n
I | TTTT | TTTTITT

=]
TTTTTT

—
=]
[TT1

n
7T

=]
TTT

A %* Hierarchy
o

2 4 6 8 10
livetime [years]

'normal hierarchy cas

[ -NH,§,,=0

C _NH, 35, =140 10 years
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Super-K atm v analysis

Fully Contained (FC)

< 3
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Rate [ events / day ]

Atm. v event rate @ Super-K

lllllllll:ll'lll ll:l:lllllllllllllllllll
SK-I {1 SKdI ESK-III' SK-IV
10 E:oﬂ 0 OOGOOOOOOOQE i o ol0g Q0 Od: E 00 &: ooooaogooaoogoocooooooo%
- v o i ~8.3 events per day -
: E E § E E ~1.5 events per day :
STRPNIRL ST (LR PP o TFRE R FL R ATt
?fff ¥ ffffi f??i E E fii TT! Ef T* fiiiff fifii fffffiiffffff??if
iyt p gt et i 4‘4* RTINS
T e FC § E § E § 0.73 events per day -~ ]
_ ~PC $ - : _
~upn i R
10-1 1 1 1 1 l 1 1 1 lil lj 1 1 l 1 lil;l l 1 lil 1 l 1 1 1 1 l 1 1 1 1 I 1
0 1000 2000 3000 4000 5000 6000 7000

Days since April 15, 1996
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Atm. v event sample @ Super-K
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Oscillation Analysis w/ v and v, samples
Standard 3 flavor analysis

* Take into account all the sub-leading effects (Am?,; & matter)
* Presence of matter: matter effect on 0,; =2 resolving mass hierarchy

D 2 . '
* Presence of Am?,;: v, < v, =P resolving octant 0,

* Presence of interference =» CP violating phase

1 1.4
'Ve Sa,rnple _ — <D ; oscillation params: IM
Multi-GeV e-like ne = 08 - N./NO, NH 4 3
Multi-Ring e-like ne © 0.6 Am?3;=2.1E-3
£ ,4F| Moreefor Am?yy= 7.7E-5 §|1-2
S = 04r 0 <J'IJ/2 s!n2623— 0.50
v, sample O o[l sinzf;;= 0.30 H1.1
Multi-GeV e-like ne © oE §l:=013‘ | |,
Multi-Ring e-like ne - = ‘
a 2 LT
3 0.9
Multi-Ring other | — ‘_ v through the Earth

Resonance conversion

statistical separation based on MH/octant sensitive

» #ofdecaye L NP - e Ty
* #ofrings 1 10 10
« transverse mom. More e for n<d,<2x ‘ Energy (GeV)

o3



SK only Results

20 ~ preliminary
15 1 5L 1 45 Inverted _
‘ AmZ.| ‘ i Normal
M=3;
in2 _ 0
% g |Am213|_ | S_In 0,5 1 wf Pl -
5:_95"/ - 5:_95% - 5;—0/ \—//_:
- 90% - 90% 00% ", ;
0“”'\\/ _ olw 0.\\,4*,.//'/
0.001 0.002 0.003 0.004 0.005 0.2 0.4 0.6 0.8 0 2 4 6
eV?
Fit (517 dof) o sin0,, Ocp sin®0,; | [Am2,,|eV?
SK (IH) 576.08 | 0.0219 (fix) | 4.189 0.575 2.5x10°3
SK (NH) 571.74 | 0.0219 (fix) | 4.189 0.587 2.5x103
: . 2 — ~y2 2 —

* Under IH hypothesis, the probability to obtain Ay? of -4.3 or less is

0.031 (sin%0,,=0.6) and 0.007 (sin?0,,=0.4). Under NH hypothesis, the
probability is 0.45 (sin%0,,=0.6).
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Samples with large contributions

(Up - Down) /( Up + Down)

Hierarchy

Multi-Ring e-like v

Momemtum (GeV)

*“I contribution to
] [ ] . : — - +035 -
Sensitive
Samples s | S :
S L 5
UP-DOWN | & ™ :
o -0.2— o
SO Normal 2
UP+DOWN Inverted
_('\/1 I L L I I 1 [
as a func. of p 1 2.5 5 10
Momentum (GeV)
Multi-Ring others Multi-GeV e-like v,
04 0.4
* 297 | ] 218
0.2 % 0.2 %
| S N
o —— = o o =
: I:: % I %
- 2 2
. Normal Sl Normal ]
Inverted Inverted
N4 ! ! ! Lo NnA ! ! ! L Lo
1 25 5 10 20 1 25 5 10 2C

Momemtum (GeV)
HH

Multi-GeV e-like v,

0.4

o
N
L

-0.2[

+0.42
|
|
Normal
Inverted
2.5 5 10 20

Momemtum (GeV)
Multi-Ring e-like v,

0.4

0.2

o
N

-0.92

Normal
Inverted

2.5 5 1(
Momemtum (GeV)



SK Results vvlth T2K mputs

“ " preliminary
15| 1 sl 1 .0 i
sin20,, ; /\ Scp :
S 1 1°r 1 1 y;
. 1 of \\/ - 5;:/\ N~ -
: N V%
Sty Sy ol e
eV2

Fit (585 dof) o sin0, Ocp sin’0,; | |Am?,,|eV?

SK+T2K (IH) | 644.82 |0.0219 (fix)| 4.538 0.55 2.5x10°73

SK+T2K (NH) | 639.61 |0.0219 (fix)| 4.887 0.55 2.4x103

* SK+T2K (0,5 fixec

(-3.8 exp. for SK best, -3.1 for combined best)

): Ax? = XX = -5-2

* Under IH hypothesis, the probability to obtain Ay? of -5.2 or less is
0.024 (sin%0,,=0.6) and 0.001 (sin?0,,=0.4). NH: 0.43 (sin%0,,=0.6)
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Future



Seamless program to v CPV

From T2K to T2K-II and
Hyper-Kamiokande



CP Violation Sensitivity in T2K-II

T2K-Il w/ improved stat. (10E21 POT for nu and 1T0E21 POT for anti-nu)

Signal Signal | Beam CC | Beam CC
True ocp | Total | v, = ve | Uy — Ve Ve + U v, + U, NC
v-mode 0 454.6 [f 346.3 } 72.2 1.8 | 305
Ve sample —7/2 545.6 72.2 1.8 30.5
v-mode 0 129.2 284 0.4 13.3
U sample —7/2 111.8 28.4 0.4 13.3
3 o sensitivity to CP violation for T2K-I

favorable parameters based on

Work in Progress §

20

. 20x10%' Protons on Target with the ® 15F i on |
0 i . = w/ eff. stat. improvements (no sys. errors
Upg rade Of J_PARC tO ] .SMW (~] O EO - B == w/ eff. stat. & sys. improvements
) - —True sin0,,=0.60
year long run) before year 2026. g fwe e
% B N <
X
o ST _F
J-PARC PAC gives Stage 1 approval. -,
We are preparing the Technical Design ™ oe& . oo 0. 0
Report. Protons-on-Target (x10%"



Accelerator Improvement

. J-PARC MR has achieved 420 kW operation T2K-Il to Hyper-K

40 ——30 —
: . 1 F 4k
MR Power Supply Upgrade is scheduled 51400_ 1 04 0
i 1 a4 0
o B i - 25 =
- J-PARC demonstrated 3.41E13 ppb L;1200— o
operation [1 MW equivalent] S 0854 8
. . 0 B -lc-)' - 0
. After the upgrade, the aim is 1.3MW or o 1000 MR Power Supply upgrade § —hoa
. > B - -~
higher. - o] o
800— o 41 &
Tod ay - 02150
- 0o 1 0
Tl Aol PO xS sl 5] B
><1Q20 o e  V-Mode Beam Power . - i "(I_'J o g
§ 16;lll’ll runzZ RuUnNns Run4 Rruns .uno 11_ 450 i 4(;.Okw g _, %
% :;% o JE 350 £ L 00 ] O

g 10C ©f ]300 4 - C .

3 s £ il 0§ b —05

< s + 4 ,,__f—f —200 m 200 5 -

= N s . ~1150 n |

45 e SR A - ~100 .

o e ~50 i

T =T R -1 0 I R VR P R0} -l 0 —00
Dec/31 Jan/01 Dec/31 Dec/31 Dec/31 Jan/01




J-PARC Secondary Beamline Upgrades

However, need upgrades to improve cooling capacity, radiation
containment, and irradiated cooling water disposal for 1+ MW

Component | Limiting Factor Current Upgraded
Acceptable Value Acceptable Value
Thermal Shock 3.3 x 10* ppp 3.3 x 10 ppp

Target . .
Cooling Capacity 0.75 MW >1.5 MW
Conductor Cooling 2 MW 2 MW
Horn Stripline Cooling 0.54 MW >1.25 MW
Hydrogen Production 1 MW >1 MW
Operation 2.48 s & 250 kA 1 s & 320 kA
He Veseel Thermal Stress 4 MW 4 MW
Cooling Capacity 0.75 MW >1.5 MW
Decay Thermal Stress 4 MW 4 MW
Volume Cooling Capacity 0.75 MW >1.5 MW
Beam Thermal Stress 3 MW 3 MW
Dump Cooling Capacity 0.75 MW >1.5 MW
Radiation Radioactive Air Disposal 1 MW >1 MW
Radioactive Water 0.5 MW 0.75—1.3 or 2 MW

o1
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Improvement of Neutrino Flux with Upgrade
« 320kA horn current, Radio-active water disposal,
cooling, cooling, and cooling
* +10% more neutrino flux expected

FY2016 FY2017 FY2018 FY2019 FY2020 FY2021

1.3 MW == - - = - oo oo o oo e e x
750 kKW === ==mmssmmsmmmme oo e ‘ ------------------
500 kW ——————————————————————————————— e L CELELEEPEE
Target/l?eam Window : LU pgra de system
He cooling - ' )
Reinforce He E Water-cooled
Horn stripline cooling flow system ' striplines
s,
. Upgrade system
Radio-active water Enlarge dilution
disposal tank



Near Detector Upgrade

ND280 (NOW) ND280 (Upgrade)

UA1 Magnet Yoke

AT Magnat Yoko

Extended
Tracker ECal

This isju::.t an image, and the details are
under discussions in the T2K collaboration.

- T2K steadily improves the systematic uncertainty.
- ~18% (2011) — ~9% (2014) —» ~6% (2016) [~ ~3% (2020)]

- Understanding of Neutrino Interactions is essential for future

experiments (T2K-Il and Hyper-K)
63



T2K-Ill Physics Sensitivity

* For which true 0 cp values can we find CP violation assuming true sin 6 »3=0.43,
0.50, 0.607?

* The fractional region for which sin 6 cp=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 L 20— T 71— 1 ]
CIIJ ~ —— 20x10°' POT w/ eff. stat. & sys. improvements ] ? | —— 20x10°" POT w/ eff. stat. & sys. improvements ]
?5 - - - = 7.8x10% POT w/ 2016 sys. errs. - % L - == 7.8x10°' POT w/ 2016 sys. etrs. -
"8 15 [ True sin°0,,=0.43 _ 08 15 __ True sin®0,,=0.43 _
D i True sin®0,,=0.50 T ‘D i True sin0,,=0.50 T
O | —— True sin®0,,=0.60 3 O- il O | —— True sin®0,,=0.60 -
° .f - ° ..t .
3 10Facr /) -l .= 10r E
é :991_C_L__ _____ _______________________ i Eg [ 99%C.L o
2 5 , - 2 5r -
c\|>.< L 90%C.Lf  _ e==a S W o NX L 90% C.L -
< O_I 1 1"I 1 | 1 1 |~~F ‘X\ A ,44: ] < O_l 1 1 1 1 | 1 1 1 I_
-200 -100 0 100 200 -200 0 200

True d.p(°) True 6.5(°)

(Note) Although TZ2K alone can't measure MH, we can help with the MH

measurement by, ie, combining T2K + NOVA
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T2K-Ill Physics Sensitivity

. As a function of POT in the case of sin°0 23=0.D,

O cp=-1 /2 and normal MH

C“> 151 —
al - — w/ eff. stat. improvements (no sys. errors) -
O _ i

08 | === w/ eff. stat. & sys. improvements i

7% 10 [ === w/ eff. stat. improvements & 2016 sys. errors .- =

O 30 C.L ~ .-

O T P

3 e -

O - 99%CL. o ___._ et -

>< - P g =" - -

q) ” . PPt

5 — - - " - - —

O - - ', .- -

+ =5

o\ - 90% O L e o e =
X B g _
< _ i
O 1 1 1 1 I 1 1 1 1 I 1 1 I 1
0 ) 10 15 20

Protons-on-Target (x102)
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T2K-Il Physics Sensutlylty

— POT by 2014, 90% C.L — Stat. only
—— 7.8x10%' POT, 90% C.L - Systematics

* Precisions of sin?623 and Amsz? » =oiil

—
Ol
9]

O(sin2023) 6(Ama?)

L [
_ — SiN9,=043  _stat. only 4 — sin®0,;=0.43 o only
N 20 _ N
ok — sin“0,,=0.50 7 [ o — sin2623=0.5
— sin’0,,=0.60 Systematics - - Systematics

—— sin’0,,=0.6

o
4

Uncertainty on sin®6,, (%)
Uncertainty on A m3, (%)

5
1 =L RLT

% 5 10 5 20 0 ' R ' !
0 5 10 15 20

Protons-on-Target (x10?) Protons-on-Target (x10%)

* More physics for Neutrino Interactions and
non-standard models
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Ryper-Kamiokande



Kamiokande tfamily

Kamiokande (1983-1996)  Super-Kamiokande (1996- ) = Hyper-Kamiokande (~2026- )
50,000 ton 2x260,000 ton

Diameter,74m |

3000 ton

)

gyl
- -

Height,78m

@ Neutrinos from

Physics programme:

SN1987a. @ Atmospheric neutrino
@ Atmospheric neutrino oscillation. @ Neutrino oscillations: Mass
deficit. : _— Hierarchy, Leptonic CP
| Q Sc?lar neutrino oscillation violation, 6,3 Octant, ...
@ Solar neutrinos. with SNO.

@ Nucleon decay: p—etn?,

@ Far detector for KEK-PS p— K+, ...

(K2K) and J-PARC beam

(T2K): electron neutrino @ Neutrino astrophysics:
appearance. Solar neutrinos, Supernova

, o neutrinos, WIMP searches
@ World leading limit on

proton lifetime > 1034
years.



Hyper-Kamiokande (New Design)

http://www.hyperk.org

One tank

- -- I 60m (high) x 74m
Hyper-Kamiokande (diameter)

IS dotiacts oS \ - Total Volume: 260 kton.
i Fiducial Volume: 190 kton
(~ 10x Super-K).

40% PMT coverage.
40,000 50cm ID PMTs,
HYPER KAMIOKANDE PUBLIC DESIGN REPORT 6,700 20cm OD PMTs.

RELEASED
v « Hyper Kamiokande Public Design Repert Released
Posted on OCTOBER €, 2015 1:35 PM by ADMIN Octoher 6, 2016

itary parficle unification theone

DETECTOR PHYSICS PRESENTATIONS ARTICLES COLLABORATION

= The Hyper-Kanriokande Advisory Committee
Repoet Ju'y 22, 2016

122;;:::::.':‘.;2;lhci1vpm < gesign report is now available here KRRk R Rk RERE e R e Tt KEK P 20621
and ICRR-ReDC 701201 G-1 Project |uly 1, 20716
Cost saving and quick start with one tank first .
Improving the performance SN
P 9 P JO Hyper- Kamiokande
- A new PMT has x2 better Photon sensitivity
- A new design was reviewed by the international Design Report
advisory committee, and endorsed. — e—
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http://www.hyperk.org

Broad science program with Hyper-K

® Neutrino oscillation physics

Supe

® Comprehensive study with
beam and atmospheric neutrinos

® Search for nucleon decay

® Possible discovery with ~x |0
better sensitivity than Super-K

® Neutrino astrophysics

® Precision measurements of solar Vv

® High statistics measurements of
SN burst V

® Detection and study of
relic SN neutrinos

® Geophysics (neutrinography of
interior of the Earth)
® Maybe more (unexpected)




Hyper-K construction timeline

FY 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026

2015
Suvey detaileﬁ desigm Cavit

Accesstunne

Operation

Tank construgtion
S ‘
nsor
installation
ater
filling

excavation

Photo'F velop:tent

® Assuming funding from 2018
® The Ist detector construction in 2018~2025

Beamup to 1.3MW

® Cavern excavation: ~5 years
® Tank (liner, photosensors) construction: ~3 years
® Water filling: 0.5 years
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Expected events
1.3MW, 10x107sec, V:v=1.3

Ve candidates Using fiTQun for T° rejection

o W Total ERCI:
s - — Tota . 300 T o — Total =
o 3oo;V beam — Signalv, - v, E - V beam — Signal v, — v, ]
% 250/ Signalv, — Vv, 7 % 2501 Signal v, — Vv,
= - —BG  v.+V, 1 £ _.E —BG v +V, 1
®  200f — BG v, +V, Q —BG v, +V, {
- 150 4 2 15F E
o g o
g 100? 3 g 100~ ,
5 = 15 = E
pzd o 1 \ T Z E =t
0 0.2 0.4 0.6 0.8 1 1.2 09 0.2 0.4 0.6 0.8 1 1.2
Reconstructed Energy E Reconstructed Energy E*°
_ Signal Wrong sign | Vu/Vu | beam ve/ve
for =0 o NC
(VU—Ve CC) | appearance | CC | contamination

V beam 2,300 21 |0 362 | 88
V beam 1,656 289 6 444 274
- 59— Difference from 0cp=0 —
= 10 | A - om0 0.0
o 1{.1’{, RS - - 5=180) - (520
2 sob R 18- 1 2 sob l (©=180-(3=0)
§ 50- §'I'!'§’ {'{’{"}{'{:63180)(60)5 § 55 n.nsﬁfr?.t%}l{'}}{‘}ri.x ]
o ol rdéssee 4 2o oF *55844 ?._wg})i’ =
% 1'??T+1 1e¢%? h % C }+ igr'.' ]
® - [<P] - 1 -
g-SO— +{++{* _E %-505— *+++ _E
S -100- 4 & 100 E
= : 1 A E
e Y S R ] A T 0a 06 08 1 12

Reconstructed Energy Ezec ((ieV) Reconstructed Energy Esec (GeV)

0=0 and 180° can be distinguished using shape information
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CPV sensmwty

® Exclusion of sindcp=0

® >80(60) for 0=-90°(-45°) 4 -

® ~80% coverage of O

parameter space with >30 -

Mass hierarchy known case

Norgnal mass hierarchy HK 2tank staging 10 years |

3\ - Sin“26,3=0.1
\>>< B S|n2923—0 5 .
I 8 o

©

® From discovery to B R ()
Ocp [degree]
Ocp measurement: e
. . . D L4 3MW b HK 2tank staged .
® ~7° precision possible %wg—weam%%? i sensged
T 40-  5.=00° | -
O  Bep=0° -
sind=0 exclusion error S F

5 20 E
>30 >50 5=0° | 8=90° | £, T—uo E
78% 62% 7.2° 21° T S ST

Running time (year)
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Towards leptonic CP asymmetry

CPV significance for 8=-90°, normal hierarchy

10
5 HK
Q "E (2 tank staging)
- —
© -
= 61
= 3
D
5 £ T2K-Il
oK
2:—.
— NOVA
[ 1 | 1 | 1 1 ] 1 | 1 1 | 1 1 | 1
02002 2026 2030 2034 2038

Strategy of Japan-based program
~30 evidence with T2K— T2K-lI,
>50 discovery and measurement with HK

Note:“exact” comparison sometimesdifficult due to different assumptions



0,3 and Am?3

Normal mass hierarchy

6(Am232)~|.4><IO'5eV2 s 7
. o S 255 — MyperK E

— Mass hierarchy sensitivity = < ast  treekerosctor

in combination with reactor 2451 E

24 ——>
6(Sin2923)~0.0|5 (for sin2023=0.5) E

23F =

~0.006 (for sin20,3=0.45) 2250 sin?623=0.5 90%CL 1

_III|III|III|III|III|III|III|III|III|III|III:
2'6.4 042 0.44 0.46 048 0.5 0.52 0.54 0.56 0.58 0.6 0.62

— Octant determination,

sin’0
. del 23
|nput €O models .
Normal mass hierarchy
-3

= Normal Mass Hierarchy aQ 26 - -
ol0gr—7T— 7 171 E ) 55:_ =
B 9 N -
S 4 <] 25E —— Hyper-K + reactor .
D qE - :
= 7F 245F 3
= 6F : -
5 st 241 O E
S 4 2350 E
S UE -
o 2 230 3

- - . 2 — o
g 0:' L L1 1 L1 A T S S R 2 - coo b by b by by .
© 0.4 0.45 0.5 0.55 0.6 #35 04 045 05 055 06 065

. 2
Sin 623 76 SIHZQZ3



Beam + Atm V combination

0.p Uncertainty

I‘;Iass hierarchy

5

Syr

30

\ Ay?® Wrong Hierarchy Rejection

0.5 0.55

)
sin® 0,,

0.4 0.45

OI:I | | | | | | | | | | | | | | | | | | |

0.6

\ A x> Wrong Octant Rejection

0,3 octant

0.p Uncertainty

= Syr
30
20
I_ | | | | | | | | | | | l | | | | | | | | | | |
0.4 0.45 0.5 0.55 0.6
sin’ 6,

® Complementary information from beam and atm v

® Sensitivity enhanced by combining two sources!



Mediated by gauge bosons

Proton Decay < .7

* Keep looking for GUT with neutrinos. | U g )
. + : +170
+ Example: p-e*™m® in Hyper-K p—e’Tl
0,8 ™
— I'(p—=eta’)~
oroton=1.4x103%years (SK 90% CL limit) p e
T _Free Proton Enhanced X
o 3 36
5 +signa| 0 < Ptot < 100 MeV/c_g o S P e
= 7 = © . HK 186 kton HD , 3¢ St S
W ¢ E[@ atm. bkgd 3 2 — LAr 40kton , 3 e — S ——
© 5 E - — =emgmmm HK 372 kton HD staged , 3g - mrsmmmrermmss e oo resenreniiensissnnes s
3 jem B : : :
o 4 = ' '
o 3 E
Zz | BT + A
0500 800 1000 1200
5 10 BoundProton Enhanced
s 9 100 < Ptot < 250 MeV/c -
T
2 e
© 5 E *;
g 3
E 2
Z a _E 1 1 1 | 1 1 i ] 1 1 | 1 1

Total invariant mass (MeWcE)

/8
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X

- T2K provides the world best measurement of neutrino CP violation.

- The new results on neutrino CP violation will be released on Friday, August
4th.

- Super-K atm. v provides the world best measurement of neutrino mass
hierarchy.

- Hyper-Kamikande is selected as one of seven highest-priority large-scale
projects. The roadmap in Japanese can be found here:

- http://www.mext.go.jp/b_menu/shingi/gijyutu/gijyutud/toushin/
1388523.htm or

- http://www.mext.go.jp/b_menu/shingi/gijyutu/qijyutud/toushin/__icsFiles/
afieldfile/2017/07/31/1388523 _001_1_1.pdf (Hyper-K is the third
project from the top in the table of the page 15)
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