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Introduction

Neutrino oscillation ~ discovered in 1998 & extensively studied.
Flavor mixing & non-zero neutrino mass
~ Beyond the standard model ~

Parameters e 3 oscillation angles(0,,, 0,5, 0,5)
e 2 mass differences(Am?,,, Am?,,)
e 1 CP phase (0)
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Neutrino oscillation parameter measurements
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Neutrino mixing parameter measurements

Remaining issues
1) 0,5 is really 45° or < 45° or >45° ?
Current uncertainty of sin%0,; is still large

2) CPis violated ornot (0=0o0rnot) ?
3) Mass hierarchy ~ which is heavier ? ( Am?;, >00r<0?)

Normal hierarchy Inverted hierarchy
m? V. 0V, mmUr
A
m3 | [ 3 ,
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Tokai to Kamioka long baseline

neutrino oscillation experiment ( T2K )
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Tokai to Kamioka long baseline
neutrino oscillation experiment ( T2K )

- Search for the v, appearance
— measure 0,
- Precision measurements of oscillation parameters
with V, disappearance
— 0(Am?2,;) ~ 1x10* eV?, 5(sin?26,5) ~ 0.01
- Study CP violation in the lepton sector ( & mass hierarchy )



Neutrino mixing parameter measurements in T2K

v, disappearance channel
~ H 2 2
precise measurement of 0,5 & Am?;, / Am?,

Expected sensitivity
O(Am?,;) ~ 1 x 104 eV?, d(sin?20,;) ~ 0.01

To achieve this precision,
high statistics & small systematic errors are required.

v, Survival probability

P(v, > v,) = 1— (cos*0;3sin? 20,3 + sin? 26,3 sin” 6,3 ) sin? A

"1 A = Am3,L/ 4E ( Normal hierarchy )

: Am3;L/ 4E ( Inverted hierarchy )
sin“209,,=1.0

DmZ, = 2.4 x 10° eV?

| | | | | | | | | |
1 2 E,(GeV)

Oscillation maximum ~ 600 MeV @ 295km



Neutrino mixing parameter measurements in T2K

Vv, appearance channel
~ precise measurement of 0,
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Neutrino mixing parameter measurements in T2K

Vv, appearance channel
~ Study of CP violation in lepton sector

Two methods

Use 6,5 constraints from reactor v, disappearance

0.1

anti-v sin220,,=0.1

0.08 5= 0
= _— 5= T2
1> 0.06 gz TE/

1= 0.04 8=-7/2

oﬂ: e o o
0.02

A o 1 2
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Compare difference between v and v oscillations

T2K is planning to run with anti-neutrino configuration ( flip horn current ).
Anti neutrino “test run” is planned in 2014.




T2K neutrino beam ~ Off axis beam ~

Maximize sensitivity in oscillation studies

=P Use narrow band beam with peak energy

. at the oscillation maximum
. Off axis beam (ref.: BNL-E889 Proposal)

e Quasi-monochromatic beam ~ suppressed high energy v
e Energy is tunable ( Change off axis angle )

Important to monitor beam direction! = ' -
( Imrad ~ peak E , shifts by ~16 MeV ) Te 05 §in2g,,=10
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T2K ~ Schematic diagram of the experiment

Decay volume Near Far Detector
target/ Muon Detector V (SuperK)
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— | I |
from J-PARC MR T HV | | |
Om

118 m 280 m 295 km
e Proton beam extracted every ~ 2.5 sec.

e Beam spill width ~ 5 us

8 bunches ( 6 bunches before Summer 2010 )
e Neutrino production target

graphite target

( diameter = 26mm, L=90cm )

He air cooled

e 1t focusing ~ Triple horn system

operated @ 250kA

except for short period in Run 3 ( 205kA , 0.21 x 10%° pot )
Increased beam power

~ achieved by increasing the # of protons per pulse & repetition rate
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Beam power has been continuously increased by
1) # of protons per spill was increased and

2) beam repetition rate has been shortened.
Runl(3.52s), Run2(3.2~3.04s), Run3(2.56s), Run4(2.48s)

Delivered # of protons 6.63 x 10%° protons on target
Analyzed # of protons6.57 x 10%° protons on target
~ 8% of T2K goal



T2K ~ Schematic diagram of the experiment

Far Detector

Decay volume Near
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Stability of the beam is very crucial
1mrad change of the neutrino beam direction
results in 2~3 % shift of the mean neutrino energy (~ 16 MeV )
e Muon monitor after the beam dump -
Spill by spill monitor
of the neutrino direction
and intensity of muon
e On axis near neutrino detector
INGRID ( Fe + Scintillator )
Day by day monitor
of the neutrino interaction rate
Neutrino beam direction monitor

INGRID




T2K ~ Beam stability ~ monitored by muon monitor

Stability of beam direction is less than 1mrad
throughout whole run period
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T2K ~ Beam stability ~ monitored by INGRID
Monitor the number of interactions in the detector

e Observed neutrino interaction rate per P.O.T.
has been stable within 0.7%

e Neutrino beam direction is stable within 1mrad

Neutrino beam has been confirmed to be stable.
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T2K ~ Schematic diagram of the experiment

Near Far Detector
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T2K far detector ~ Super-Kamiokande

Fie e \Water Cherenkov detector with
fiducial volume 22.5kton

Inner detector (ID)
11,129 20inch PMT

g Outer detector (OD)
-E.. NIE 1,885 8inch PMT

E e New DAQ system from 2008

g e Realtime recording of all PMT hits

within £=500usec of each v beam
arrival time at SK by with GPS.

" 39.3m  spil .. spill width ysec)
- _interval ~3sec R
eno-yama  qkm : : > Tgps @J-PARC
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T2K experiment ~ Analysis strategy

Extracting the “oscillation parameters” from observables
~ compare the data and the prediction with oscillations.

Prediction
Based on Monte-Carlo simulation with various constraints
from the measurements

[ v flux } v Ccross sections

Beam simulation program v interaction simulation program
( FLUKA + GEANT3 w/ GCALOR ) ( NEUT)
+ 1, K production data ( NA61 etc. ) + External constraints ( data )

Near detector measurements
to constrain uncertainties
of neutrino flux and
neutrino interaction models

prediction in SK



T2K neutrino beam ~ flux prediction
horn focusing, \Y, M |:|

decay is simulated
by GEANT3

actual beam profile &

position graphite 1T y K

(beam monitors meas.) farget
proton beam

proton interaction inside the carbon target
Simulated by FLUKA2008.3d

e Simulated with FLUKA 2008.3d + GEANT3 w/GCALOR
e Apply weights to the flux
~ Constraint from the external hadron production data sets
CERN NA61/SHINE ( Primarily used )
> 90 % coverage of v parent pions,
~ 60 % coverage of v paraent kaons
Other data sets are used for outside of the NA61 coverage
+ systematic error evaluations
T. Eichten et al. ( Nucl. Phys. B44 1972 )
JV. Allaby et al. ( Tech. Rep. 70-12 CERN, 1970 ) etc..

with GCALOR



T2K neutrino beam ~ flux prediction

Beam flux predicted based on
NA61/SHINE wt and K production measurements and
T2K proton beam measurements

T2K run 1-4 flux at ND280 T2K run 1-4 flux at SK

:;-:-1012 A S N —l""u ' _; E: o L —l'\"p_ ' _;
:‘5 11 §§ : QS 5 §§ .
=" gve 15" A
= 10° Hve - é 10* fftve -
r%: 10° 1 =10 -
b Hums 1< . :
ERt 4 510 DN ]
. §6§9 Eag = MO E il f W
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~95 % of v, at ND280 and SK are produced from 7*



T2K neutrino beam ~ Uncertainty of the flux prediction

Source of uncertainties

| proton beam measurement

Supe

JENREELS o

4 Horn current & field

R —

r-K

INGRID

2. Hadron production

5. Beam direction

3.Alignment error on target/horn

- Uncertainties
on the flux prediction
below 15% near the flux peak.
- Uncertainties
on the ratio of the near/far ratio

Fractional Error

less than 2% near the flux peak.

— Vu uncertainty at Super-K

— Total —em Proton Beam |
— Pion Mult. —— Off-Axis Angle -
Kaon Mult.  ------ Horn Current & Field .
Sec. Nucl. Mult. ------ Horn & Target Align. 7
— — Int. Length  ------ MC Stat. 7




Neutrino interactions
Charged current quasi-elastic scattering

Neutral current elastic scattering
Single m,n,K resonance productions

Coherent pion productions

Deep inelastic scattering

E, (GeV)

v+n->F+p

v+N->v +N
v+ N >/+ N + 7 (n,K)
v X2/+X +7n

v+ N >/ + N’ + mn(n,K)

(/ : lepton, N,N’ : nucleon, m : integer)

— Cross-sections T
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Neutrino interactions in the detectors

Use charged lepton

from charged current quasi-elastic scattering ( CCQE )
\Y [

vtn—F+p I
W_I_ e Gu ( Elep’ plep)
\Z n
N P D :
v-N cross section
. . . =107 E
Dominant interaction - -
. . - CC other_ ]
around the oscillation peak S e ]
~ flux peak g 10 —:

can be reconstructed g 4
f dE. &0 S ““NCAT (res) E
rom measured E, lep o :
_ mf, — (m, — E3)? - mz +2(my, — Ey)E, 7
e 2(m, — Ey — E, +p,cosb,) 107! E
( E, : Binding energy ) | 1 1 1 =
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Neutrino interactions in the detectors
Charged current quasi-elastic scattering ( CCQE )

Fitting external data to determine the nominal and the error
of the input parameters before fitting the T2K ND280 data

- lon
— 1.6 SN(E?E Cross-sectio P (a?) = F,(0)
o " o BEEC,D, A\~ ) = 2
D 1.4 a8NLH,D, ( qZ)
[T) [ e FNAL,D, L 1 + ——=
:Cs 1-2__ ikli'mo% ) T & MA
~ == NUANCE (%) ] I l R
NE 1__ T+t World Average (n,p) |- - : -
(&) o [ ] |
$ 0.8 K2K SciFi (0) - _.:_ _
(=) - & i
= 0.6] , : : % |
w o F / >[( K2K SciBar (C) |- . |
(@] . p ® MiniBooNE, C
O 0.4 %%ﬁ # A GGM, C H,CF Br o :
N 4 NOMAD, C MiniBooNE (C) — e -
0.2 - Y Serpukhov, Al :
0— | X SKAT.CFBr MINOS (Fe) |- S .
I
10-1 1 10 102 NOMAD (C) - —e— : —
E, (GeV) © !
I
Parameters (CCQE) o prioe : B
M, 3E 1.2110.45 GeV/c? e

CCQE norm 1+0.11 M,QE (GeV/c?)




Neutrino interactions in the detectors

Possible background
v, disappearance
Around oscillation peak
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Neutrino interactions in the detectors

Possible background
V, appearance
NC 1 7° production
v+N-> v+ N+

If one of the y from decay of n°
can not be identified,
identified as a candidate.

# of nt©

~ Interaction cross-section
Decay kinematics

~ Momentum distribution of t°

Source of errors
in measuring oscillation parameters
~ Need careful studies

Cross-section ( fb)

)

[S—

107!

Vi Vi
yA
70
n
n
v-N cross section | ne
Total .
CC other_3
'1_ NG other 3

L1 lllllll

| | lllll

T2K v, flux (no osc.)
L l i L L.l l /| 1 1 L l 1 1 I} 1

2 3 E, (GeV)



Neutrino interactions in the detectors

Charged current quasi-elastic scattering ( single pion productions )

Fitting external data ( mainly from MiniBooNE )
to determine the nominal and the error
of the input parameters
( before fitting the T2K ND280 data )

T pr——r—r—r—

a + c 22k
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Parameters (resonant 1)
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NC11° norm 0.96+0.33




Neutrino interaction measurements in the near detectors

Measure muon momentum & angular distributions in ND280
Use 3 samples ~ enrich different interaction modes

CC Ont sample CC 1wt sample CC other sample

CCQE,~64% | .. CC1lm ~40%

\\
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Neutrino interaction measurements in the near detectors

Fit neutrino flux and neutrino interaction model parameters
using p ,— cos Hﬂ distributions of 3 samples from ND280

Number of events

Data/MC

Constrain uncertainties on
1) Neutrino flux at SK
2) Correlated neutrino interaction related parameters
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Neutrino interaction measurements in the near detectors
Results from the ND280 neutrino interaction measurements

Neutrino interaction parameters

Super-K v, flux

& L - | - ceter Prior to ND280 After ND280
;gf :j‘ TR . o250 consai M= (GeV) 1.21+£0.45 1.223 £ 0.072
3 M, (GeV) 1.41 +0.22 0.963 + 0.063
= CCQE Norm.* 1.00 + 0.11 0.961 + 0.076
CC11r Norm.** 1.15 + 0.32 1.22+0.16
NC1T° Norm. 0.96 +0.33 110+ 0.25

II{ 1 1 IlLIIlI
1 10

*For Ev<1 5GeV **For Ev<2.5 GeV

Both uncertainties on neutrino flux
and neutrino interaction parameters are well constrained.



Entries/(100 MeV/c)

Neutrino interaction measurements in the near detectors

Measure electron momentum & angular distributions in ND280
Use 3 samples ~ enrich different interaction modes

Interactions in FGD and particle ID in TPC
Major background: photons from n® decays
Fit CCOm, CC1m* + CC Other and y sideband sample

PR [ — = F
3 % 45E % 500} 3
1 = il = C
18 g a0t 3
_E 'E _E 300; 7 Bc _:
3 =} i
el CC1rt* + CC Other. “ ,/+ Y sample
= ¥
E sample b+, fit prefers scale factor
E - =f 0. 77%0. 02(stat) .

e ———— Y% éod‘ibﬁﬁ 1500 2000 2500°3000"3500 4000°4500 5000

000 1500 2000 2500 3000 3500 4000 4500 500( T000 1500 2000 2500 3000 3500 4000 4500 5000
Momentum (MeV/c) Momentum (MeV/c)

meaS:Ufed v, Tlux =1.06+£0.06(stat) + 0.08(syst)
predicted v, flux

Momentum (MeV/c)

Validation MC prediction of the intrinsic beam v, background
using the data from ND280.



T2K v, disappearance analysis
arXiv:1403.1532[hep-ex]



T2K v, disappearance analysis

v, Signal events in SK 7 » MC event

Charged current quasi-elastic scattering ﬂ
v,tn—o>Ww+p

Observed as single ring u-like event in SK.

( u-like events has sharp ring edge )

v-N cross section

Background sources i

Other charged current interactions
Only u was detected. o
Some of those background events

could be eliminated
by using decay electrons 10°! e

forexamplen >p—e. Al
E, (GeV)

Total

[
I—H—5+Hq____ll_llllllll T llllllll

TTT1]
\ h T

\?\

E

O
—

protons and/or charged & from neutral current interactions



T2K v, disappearance analysis

v, Signal events in SK € 7 ViCevent

Event selection criteria
Fully contained in fiducial volume
1 ring and identified as p-like
Reconstructed momentum of p > 200 MeV/c
0 or 1 decay electrons

120 events are selected ( 6.57 x 10?° pot )

# of rings Particle ID # of decay electrons
L él —+— RUN1-4 data | ——RUNl4data —> 100 —— RUN1-4 data
(6.570° 10°POT) (6570° 10°POT) _I H k (6.570" 10°POT)
- — 30 mmmn,#n,CCQE H IKe B N+, CC QE
E " [ n#n,CC non-QE [ n;#Mn,CC non-QE
g 200 - V“ / VH CCQE © - @ n+A,CC I n+n, CC
Qo r I NC I NC
5 - — ) - (MC w/ 3-flavor osc.) (MC w/ 3-flavor osc.)
5 [ Vel veCC I e-like
IS Neutral current i 50
£ 1001 I
=}
=z 10+
‘ 0 0 ‘ \
0 1 2 3 4 35 -10 0 10 0 1 2 3 4 35

Number of rings PID parameter Number of decay-e




T2K v, disappearance analysis

Run1~4(6.57 x 102 P.OT.)

Expected # of events
without oscillation

=446.0 + 22.5 ( syst.)

Observed # of events
=120

Expected # of events

with oscillation
(sin?0,5, Am?,,)=(0.5, 2.4 X 1073 eV?/c?)

Event category # of events
v, CCQE 77.93
v, CCnon-QE 40.78
v, CC 0.35
NC All 6.78
Total 125.85

_Reconstructed E,, __

> = l 3

S 0 E

= 60 —}— Data =

5 30F Best fit =

M 40E- . . =

30E- No oscillation 3

0f- 2

0 =

O 1 2 R > -

Reconstructed v Energy (GeV)
> 16_ T T LA L AL B
(5 - -
O M ¢ DATA —
S 12 v, +V, CCQE =
% 10 Vu"’l’u CC non-QE _;
g 8- V+V, CC -
L | } NC E
ARl
3 —
0;: e :+=+=.+:+=‘=++. l.+: :+= J :’e '.+ } =+i
2 £ 1.5F — MCBestfit | _2
2 I A +
c = = -
= 205 f | I =
SN

0 | 2 3 4 >5

Reconstructed v Energy (GeV)



T2K v, disappearance analysis

Systematic uncertainties for # of events”
(sin?0,;, Am?,,, 6CP ) =(0.5,2.4X103eV?/c% 0)

Systematics Uncertainties * ginding energy and SK energy scale

are some of the dominant uncertainties
affecting T2K Am?;, precision,

but they don’t appear in the left table
of # of events since they don’t affect

the overall normalization.

. ND280 Constrained

Before ND280 Fit

Flux/XSEC (ND280 constraint) 2.7%
Other XSEC 4.9%
Super-K +FS| 5.6%
Total 8.1%
N, per reconstructed energy ( bin ) with error
10
3 T
o 8F
T [
c 6
c
Q [
=+ 4
- B :
o -
5o | ¥ ey
-

1 I 1 1 1 1 1 1 I 1 I __ 1 1 1
1.5 2 2.5 3

Reconstructed v Energy (GeV)



T2K v, disappearance analysis

Uncertainties from the vinteractions with multi-nucleon in nucleus

e Lively discussion motivated by CCQE cross section inconsistency
between MiniBooNE and the other experiment

e Not incorporated directly into this analysis

— But we have a large systematic uncertainty (100%) on decays of A
resonances w/ prompt ©t absorption (“m-less A-decay”). It has similar
impact on neutrino energy reconstruction as a 100% uncertainty
in the multi-nucleon interaction model (Nieves model)

— Dedicated MC study shows the impact on oscillation analysis
is small relative to our current statistical

1. Leptonic model ¥ i) F— - - 1 - T T T T T T T T 1
(Dytman model) :;_:':j, =, = -— CCQE |
. g " /) Nieves multi-N (x5)
£ [ pionless D-decay (x5) ]
2 [
<
%
2. Hadronic model e y //////////////// . ]
(Nucleon cluster model) p— | -1 -0.5 0 0.5

3. FSI model QE '
y (hA morggl)e Ereco - Etrue (GeV) 37



T2K v, disappearance analysis

Oscillation parameter fitting

Maximum likelihood fit based on
# of observed events in SK ( N, ) and
reconstructed energy of neutrino ( E, ")

sin?0,,=0.312 + 0.016
AmZ,, = (7.50 + 0.20 ) x 107> eV?/c*
sin?0,5,=0.0251 £+ 0.0035

( from PDG 2012 )

%% Ocp iS Unconstrained.

L= Lnorm. X stape X Lsyst. X [’osc.
% F L L EL R R B

O 70 E
;602* Data é ng_ L LA R AL L LA A LA BELENLENLEY LA BN
5 E Best fit 45 F 5 ]
s3] E ; L —— .
3 No oscillation 3 4 2 ata -
2E 2 ¢ F — Bestfit T
OE . R : =
% B 7 = S -1 N
Reconstructed v Energy (GeV) 8 1—_ o I e -
o) - et —— ]
Constraints from the other exp’s. 2 [ N i
2 0.5 =

3 4 >

‘Position: Am2,, Reconstructed E (GeV)

=
()




T2K v, disappearance analysis
Fit results ~ allowed oscillation parameter regions

Large improvements from the previous publication.
( 3.01 x 10?° POT — 6.57 x 10%° POT )
Feldman-Cousins 2D confidence regions

%107
(‘G-\ 32_\\ [T T T T [T T T T [T T T T[T T T T[T T T T [ T T T T [ T T T T [T T T T 7TJT|
% : 68% (dashed) and 90% (solid) CL. Contours : BeSt flt pa ramete rs
?3 37— 1 T2K new Previous T2K result R
= T PRL 111, 211803 (2013) | SinN“03 [NH] | 0.514
2.8 - ([1H]) (0.511)
- ] 2
2.6/ o] Am INHL ) 5
: -1 (Am?3;5 [IH]) (2.48)
) 4; ] eVZ/C4 .
: 1| Ng@®[NH] | 121.41
22 — ([1H]) (121.39)
27\ | | [ | | I I | | | | | I | | I I | ‘ I | | [ | I ‘ | Ii

03 035 04 045 05 055 06 065 0.7
sin2(923)



T2K v, disappearance analysis

Fit results ~ allowed oscillation parameter regions

A~ Z<\1|0|-3\ TT T [ T T T T [ T T T T [ T T T T[T T T T[T T T T [ T T T T [ T T T T [7T7T]
N 42 . —
> =~ 68% (dashed) and 90% (solid) CL Contours -
[ - ]
o 4; — T2K [NH] SK I-IV [NH] -
) 3.8 ¢ —_
= = i .
\_:\l 3. 6;* . MINOS 3-flavor+atm [NH] i
a &34 Sin%0,; =0.514 E
320 Am?y, = 2.51 eV?/c? E

35 N P =121.41 E

2.8 —
2.6— E
2.4;* *;
22— —
Py \ | \ \ e

L1 | | | | | | I I | | | I | L1 ‘ L1l L1
03 035 0. 045 O. 0.55 O. 0.65 0.7
sin*(6,,)

Most precise measurement of 0,,

~ Favors ( almost ) maximal mixing

RVIE
>-
L o4
cn

S 3.8
—

N A
\H|\H‘I\\‘II\‘\I\‘\II‘HI‘H\|\H|IH‘IH‘II
(7p)

—— T2K [TH]

MINOS 3-flavor+atm [IH]
in20,, =0.511
Am? 5 =2.48 eV?/c?
N

68% (dashed) and 90% (solid) CL Contours

SK T-1V [TH]

F&C 1D intervals

68 % C.L.

[ I I\\\‘\II\‘\II\ \\\\‘\\\I \\\\l\\\\
03 035 04 045 05 055 06 065 O

90 % C.L.

sin?(023) [NH] [0.458,0.568] [0.428,0.598]
AmZ3; (x10-3) [NH] [2.41,2.61] [2.34,2.68]
sin?(0,s) [TH] [0.456,0.566] [0.427,0.596]
Am?2y3 (x10-3) [IH] [2.38,2.58] [2.31,2.64]
0,5 [NH] [42.6° , 48.9° ] [40.9° , 50.7° ]
85 [IH] [42.5° , 48.8° ] | [40.8° , 50.5° ]

sin*(6),,)




T2K v, appearance analysis
Phys. Rev. Letter 112, 061802 ( 2014 )



T2K v, appearance analysis

Charged current quasi-elastic scattering
Vo.tn—>e+p

Observed as single ring e-like event

in SK
Dominant background

1) v, in the beam
intrinsic background
2) 70 identified as 1 ring

One v is not identified

small opening angle of 2 rings
low momentum faint ring

==» Search for the 1 ring e-like events
No decay electrons
not 70 like ( dedicated nt° rejection )
Reconstructed E, is in the oscillation region




T2K v, appearance analysis ~ event selection in SK

Number of events

e Fully contained event ~ no activity in the outer detector
e Reconstructed in the fiducial volume ( > 200cm from the wall )
e 1 ring and PID is electron-like

e Visible energy ( electron equiv. energy ) > 100 MeV

e No decay electrons

e Reconstructed E,, < 1.25 GeV

e special mlidentifier ( New 7° rejection )
Reconstructed E,

30

20

10

Particle ID

[ NC

—— RUN1-4 data
i (6.570" 10°POT)
I Osc.n,CC
" /3 ns#n,CC
| [ n+n,CC

- (MCw/ sin?2q,,=0.1)

e

0
PID parameter

u-like

Number of events

20}

15}

10}

e

1000

—+— RUN1-4 data
(6.570" 10°POT)

v,/ v,CCQE

v./ v.CC
Neutral current

2000
Reconstructed n energy (MeV)

3000

Ln(L /L))

wo T CUt

7° rejection

MC w/
sin“2g,,=0.1

! ! ! ! | !
0 100

n® mass (MeV/c?)

L ‘ L L
200

300



T2K v, appearance analysis

Expected # of events and observed # of events
inRun1~4(6.57x10°P.O.T.)

Expected # of events for 6,; =0

=4.9 £+ 0.6 ( syst.)

Total 4.92
Ve signal 0.40
Ve background 3.37
v, background 0.94
v,, background 0.05
Ve background 0.16

Number of events /(50 MeV)

[
S

}\

co

o))

I

()

S

Observed # of events = 28

Reconstructed E,,

5

l_‘

I_L

[ ]

Lz

.//1'7"_'_" I

Lt

1]

—+— Data
—— Best fit
V7772 No oscillation

® ¢
= n

|

t

gyt

]

500

10

00

Reconstructed neutrino energy (MeV)



T2K v, appearance analysis

Oscillation parameter fitting
Maximum likelihood fit based on
# of observed events in SK ( N, ) and
observed momentum and direction of electron ( p,, 0. )

L=L

Constraints from
T2K Run 1-3 results
(PRL111,211803(2013))

and g
the other experiments.
Parameter Value
Ami, 7.6 x 107° eV?
Ams, 2.4 x 1077 eV?
sin? 2053 1.0
sin? 2612 0.8495
sin? 203 0.1
dop 0 degree
Earth matter density 2.6 g/cm®
Mass hierarchy normal
Base-line length 295 km

norm.

X L

shape

X Lsyst.

X LOSC'.

Electron momentum vs. angle distribution (MC)

| p-6 PDF (sin’26,,=0.0) |

180,

0

200 400

| p-6 PDF (sin®20,,=0.1) |

0.025 £ 120:

100}
80 :
60}

600 800 1000 1200 14ﬁlﬂ_
momentum (MeV/c)

40 :
20:

%

200 400 600 800 1000 1200 146IU_

momentum (MeV/c)

0. 1 Io.uas

0.03

0.025

0.02



T2K v, appearance analysis

Expected # of events & Systematic uncertainties for # of events
(sin%0,;, Am?%,,, 6CP)=(0.5,2.4X103eV?/c% 0)

Expected # of events w/ 6.57 X 102° POT Expected # of events

I
in2 = in2 = wo ND’JS{] ht i
Eve_nt category sin<20,5=0.0 sin<20,5=0.1 " -w ND280 fii ]
v, signal 0.40 17.30 i sin*20,, = 0 i
v, background 3.37 3.12 E [ I ]
v, background (mainly NCz%) ~ 0.94 0.94 z 2 A = 24107 eV R
= i {Normal hierarchy) ]
v, + v, background 0.21 0.20 £ T 20 ]
Total 4.92 21.56 1000r -
i 6.57 % 10™ p.o.t. ]
({'l : I Ill'l - I|5 - 250
Systematic uncertainties for expected # of events Prpected number of signal+background events
. . - 7 wio ND280 fit. -
Error source sin?26,5=0.0 sin?26,,=0.1 ?m“—sin“ZG” =0.1 -W; ND280 fit ]
i [ sin"26,,= 1.0 ]
Beam ﬂIlX +vint. 4.8 % 2.99;, 215000 Am, =" 4x107 ev? —
constrained from ND280 S Qlormal bierachy) .
v int. (from other exp.) 7.1 % 7.6 % £ 1000 6575 107 po -
Far detector =0 ]
+ Final state interactions 7.3 9 3.5 % 00 E
+ photo nuclear effects - i
b

Total 11.4 % 8.9 % Expected number of signal+background events



T2K v, appearance analysis

Fit results ~ comparison with data and MC with best fit parameter

[a—
oo
)

Angle (degrees)
OO‘ ‘O o

p—
)

# of events

o) o O
|\I‘I\|I\|\\

@)

o B~ OV

OO

momentum vs angle

Runl-4 data
(6.570e¢20 POT)

best-fit sin 26, = 0.140
assuming J.,=0,
normal hierarchy,
Am3,|=2.4x107 eV?

1000 1500
Momentum (MeV/c)

500

momentum

+ Data
. Signal prediction

. Background prediction

200 400

600 800 100012001400
Momentum (MeV/c)

1
0.8
0.6
0.4
0.2
0

# of events

— D U B ON ] 00
II‘\\\I‘\\Illl\\\‘IIHlIII\‘HIIl\IIIlH

~angle

OO

-+ Data
. Signal prediction

. Background prediction

20 40 60 80 100120140160180
Angle (degrees)

Exclude 6,;,=0 at 7.3 o level

Best fit w/ 68% C.L. error:

sin?26;; = 0.14073:938

90% allowed region:

0.090 < sin?26,3 < 0.205

With following assumptions:
8.p=0, normal hierarchy,
|Am?;,]|=2.4 X 103 eV? and sin220,,=1



T2K v, appearance analysis

Allowed oscillation parameter regions ,,owed regio

Best fit parameters
w/ 68% C.L. erros @ 6-p=0
Normal hierarchy

sin® 26,5 = 0.140%9938
Inverted hierarchy
sin® 26,5 = 0.170+90%2

Constraints on the other parameters

in the fit
Parameter Value
Ams, 7.6 x 107° eV
Am3, 2.4 x 1073 eV?
sin® 26,3 1.0
sin® 2615 0.8495
Earth matter density 2.6 g/cm?®
Mass hierarchy normal
Base-line length 295 km

=9
o
2]

6CP

3

S

— Best fit
68% C.L.
—90% C.L.

Runl-4 data
(6.570e20 POT)

Normal hierarchy

ns of 0, for various J,

-2 Marginalized over

si112923 and Am3,

_3 IIIIIIIIIIIIIIII l L1 1 1 I L1 1 | | 11 1 1
3 __ T I T T T I T __
2 -
1= =

E — Best fit E
= 68% C.L. —
C —90% C.L. 1

{ - Runl-4 data B
r (6.570e20 POT) 1
- Inverted hierarchy
20 Marginalized over
- sin’9,;and Am3, -

‘3* |||||||| | TS NI IR N
0 025 03 035




T2K v, appearance analysis

Allowed oscillation parameter regions ,,owed reg,ons ofe

Comparison with 0,
from reactor

From T2K
Normal hierarchy

sin? 26,3 = 0.14075-33%
Inverted hierarchy
Sln 2913 = 0. 170+8 8A3L§

From reactor experiments
( PDG 2012 )

sin? 20,5 = 0.098 + 0.013

=P Discrepancy
Signature of non-zero 0.,??

g | R LI B
o _ i
OOU B ]
05F ]

0 :_ Am§2>0 _:

B 68% CL i

- N 90% CL -

0.5~ — Best fit —

B PDG2012 1o range|

_1 B P PRI I.. co by by |_

g 1T | ESERN | i
o, . i
O i i
< 0.50 .
U .
0.5 Am3<0 ]

13 for various 8.,

0 005 01 015 02 025 03 035 04
sm22913



T2K v, appearance analysis

Combined fit with reactor constraints ( from PDG 2012 )
sin® 26,3 = 0.098 + 0.013

Regions above these lines

Ocp Negative log likelihood (derived by Feldman-Cousins method)
— ——— 1w are excluded with 90% C.L.
6

0 2.0 b e

-2AInL

90% CL (Am3,>0)
90% CL (Am;,<0)

N

|

>

= 1

L[\»)J[\J

A

-
v v |

.
»
.Q
-
Q.‘
9
Y
-
. S
-
...
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-
..‘
-
-
-
*
- *
*
*
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’0
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*
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| o
L
L et

90% excluded regions

Normal hierarchy

=Y 0.197 ~ 0.80r
1K S - Inverted hierarchy
0:\ | / o | -1.007 ~ -0.97x
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Future Prospects

* Vv, appearance and v, disappearance combined fit

e Realistic (shape-dependent) systematic errors
* Errors are assumed to be fully correlated between v/anti-v



Mid-term plan of MR

FX:We adopt the high repetition rate scheme to achieve the design beam intensity, 750 kW."
Rep. rate will be increased from ~ 0.4 Hz to ~1 Hz by replacing magnet PS’s and RF cavities.

Li. upgrade
FX power [kW] 150! 200! 240 ~ (300)!  ~ 400! 5 750!
SX power :User op. (study) [kW]! 3 (10) 10 (20) 25 (30) 50 (100) 100
Cycle time of main magnet PS! 3.04 s 2.56 s 24 s Manufacture 13s
New magnet PS for high rep. R&D installation/test

Present RF system !

Manufacture
New high gradient rf system! Il irrlel | nsttalll s A installation/test F

Additional Add.collimators  Add.collimators
Ring collimators shields and shields (3.5kW)
(2kW)
|njecti0n System! New injection J Kicker PS improvement, Septum 2 manufacture /test b
FX SyStem e i LF septum, PS for HF septa manufacture /test »

Expected POT is estimated based on the information.



sin%0,5,/Am?,, 1c Precision vs. POT

sin’q,, 1s width

POT fractlons 50% v + 50% anti-v case

0.1¢
0.09 -
0.08 -
0.07
0.06 -
0.05
0.04 F
0.03:
0.02:
0.01°

0

Stat. Err. Only

- - Projected Sys. Errs.

Solid Lines: no sys. err.

Red Dashed: with conservative systematic errors (~7%

sin%0,5 (0,,)
Am?,,

1s width

2
32

0.14

0.06

0.04

0.02

><10

- "‘2016
0121~ |\

0.1F
0.08F

iy
-
-
-
S
-
-
-
~ -
-
-
-
- o

0 I S Y Y v |

o 1 2 3

v, ~14% anti-v)

Precisions are expected to be improved drastically
over the next few years.

Statistical limit of 1o precision at full POT

~ 0.045 (~2.6°
~ 4 X 105 eV?

Assuming true: sin?20,,=0.1, §.,=0°

)

Normal hierarchy, 8., constrained by (sin?26,;) = 0.005

, 5in%0,5=0.5, Am?,,=2.4 X 103 eV?,



Appearance 90% C.L. Sensitivity
7.8 X 10%! POT ( POT fractions : 50% v + 50% anti-v)

Solid Lines: no sys. err., Dashed: with 2012 sys. err. (~10% v,, ~13% v )

Case study (1) True SCP = 0 Case study (2) True SCP -90

oo% 150; o ? 000 1505 e ‘7

1005 NH - 1005 NH -

50 H - 50 H -

T2Konly ° E o ‘ E
50 = S0F =

100" E -100 =

1501 E 150 ' =

0 . 02 025 0 1 02 02

006150; | | | w—: @5150;”“””""””‘HWHHE

100 NH - 100 NH -

T2K 50~ H - 50~ H -
w/ Reactor ¢ E o / E
S0F E 500 3

O(sin%20.3) et E -100§ E
=0.005 s | | | f S | T

0 0.05 015 02 025 0 0.05 015 02 025

sin22613 sin22613

[NH] Normal hierarchy, [IH] Inverted hierarchy
Assuming true: sin220,,=0.1, sin%0,;,=0.5, Am?;,=2.4 X 1073 eV?, [NH]




Sensitivity for Resolving sino,#0
7.8 X 10% POT ( POT fractions : 50% v + 50% anti-v)

Dc?

True
[NH]

Dc?

True
[IH]

p—

CHNM-#UIO\\IW\OC
TTTTTTTTT TTT

OHNM-PUIQ\\I%\OC
T T

No sys. err.

—sin q23-0 40

~—sin q23 0.45

3 — sin’g,,=0.50

2 — sin’q,,=0.55
3 sin’g,,=0.60
a A 90% E
Vs A
L \Lm

150 00 S0 0 50 100 150
d--

sin’(,,=0.40

= — sin°Q,,=0.45 5
~ — sin’g,,=0.50 3
- — sin°q,,=0.55 E
3 S|n2q23 0.60 E
3 90% E
3 s/ N\
EMAM N\

150 100 -0 0 50100 150
dep

[NH] Normal hierarchy, [IH] Inverted hierarchy
w/ 2012 sys. err. (~10%v ~13% V)

- sin q23-0 40
o, 10¢ m---- S|n2q23—0 .45
Q 9= ----sin“q,,=0.50
8c --- 5in%(,,=0.55
= L2 —
Zé Sin‘0,;=0.60 |
True s
N H 3; ' 90% E
[ ] 25 ¢ - \“:“ 1s E
1 3
O;w’ [ ‘3\‘\\ L Y .,
150 -100 -50 0 50 100 150
d_._
--- sin’g,,=0.40
~ 10¢ ---- sin’q,,=0.45
|$) = .o 23 E|
a 9F ----sin“q,,=0.50 E
85 ---- sin’g,,=0.55 =
us sin’q,,=0.60 E
65 3
True s
[I H] 3 90% /. .
E s XE
2E 1S h;{i’ \\:‘. El
15 REIEN 7 o
[ PRI Sl 2o NS SN I AN I B
0150 -100 50 o0 S50 100 150

Assuming true: sin220,,=0.1, Am?%,,=2.4 X 103 eV?
0,5 constrained by 6(sin?26,5) = 0.005



T2K + NOVA Sensitivity for Resolving sino,#0

Both T2K / NOVA : full POT ( POT fraction : 50% v + 50% anti-v)
Plots are for normal hierarchy
Red: T2K alone, Blue: NOVA alone, Black: T2K + NOVA

solid(dash): w/o (w/) systematics

: 7
0.65 (')I'2K
NOvVA
0.6 - 61 T2K+NOVA
m’w’ 0.55 - S sin(6,3)=0.5
N: . 4
— 0.5 -~ =
n <
o |
= 0.45 - 5 |
0.4 1 41 _
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T2K + NOVA Sensitivity to Mass Hierarchy

Both T2K / NOVA : full POT ( POT fraction : 50% v + 50% anti-v)
Plots are for normal hierarchy
Red: T2K alone, Blue: NOVA alone, Black: T2K + NOVA

solid(dash): w/o (w/) systematics
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Summary

v, disappearance results

— We have measured 0,; with the world-leading precision
— New result favors maximal mixing

Vv, appearance results

— We have constrain the CP violating phase 0., by combining
our v, appearance results with the reactor measurements

— Best fit is found at very interesting point, §, ~ -1/2.
If it is true, severe competition with NOVA.
Important to increase statistics ASAP.

Future sensitivity study

— May be possible to constrain o,

— Combined analysis with NOVA enhances
the sensitivities to 0., and the mass hierarchy

— Higher power at design value ( 750 kW ) beam operation
is anticipated.






