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Neutrino Oscillation

Flavor Eigenstate (Ve,Vy,Vr) #+ Mass Eigenstate (V1,V2,V3)

(v, (cos® sinf\(v,

\Vﬁ/ \—sinH cosH/\vj/

o,P = Flavor states
i,j = Mass states

Probability that v« observed as vg after traveling L.:
1.27Am”(eV*)L(km)

P(v,—=v;)= sin”(26)sin” (

E (GeV)
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Three Flavour Oscillation

V|~ U puns| V>

V) | V3l
Uprmns=
1 0 0 | | cos 0,, 0 sin 913e—i6\ | cos 0, sinf,, 0!
0O cos@,, sino,, 0 1 0 —sin@,, cosO,, O
\O —SIN 03 C05923} \—SmGBem 0 cos 0, A 0 0 1

Oscillation between three neutrino flavors are represented

by three mixing angle (012,023,013), two mass differences
(Am?12, Am?23) and CP phase 0.
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Current Status of Experimental Knowledge

012 =34° £ 3° v — o
Am122~8x10-2eV? .
 a—— \',‘,
solar V, reactor V el L2
() solar~8x103¢V?2 k)
ALMOS )l L'l'iC _ d—,nl_
023 = 45° + 5° \tz.lsxlu; SeV2 -
atmospheric
Am232~2.5><10'3ev2 11133__ s ——— ~2.5x103eV?2
. " solar~8x103¢V? g
atmOSPherlc V, accelerator v my 1 w --M3°
613 < 110 0 I — d 0
reactor V, accelerator Vv normal inverte
Last Unknown mixing angle 03
sin2(2013)<0.15 @90%CL Mass Hierarchy (m3 >? <? m;,my),
by CHOOZ, MINOS CP phase 0:
UNKNOWN.
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Physics Motivation of Ve appearance

% discovery of vy = V.

Direct detection of neutrino flavor _ e
mixing in “appearance” mode then Determine U13

P(vu—Ve) =

@22913 iN2023 sin2(1.27Am2s1 L/E) + .

(Am223 ~ Am231)

Cf: In Reactor experiment,
P(ve—Vx) =

sin22013 sin2(1.27Am231 L/E) + ...
Open a possibility to measure
CP violation in lepton sector in future

CP odd term in P(vy—ve) &
SINB128INB013SINB23SINO
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T2K (Tokai-to-Kamioka) experiment

e T 2
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T2K Main Goals:
% Discovery of v, = V. oscillation (Ve appearance)

% Precision measurement of v, disappearance
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International collaboration
(~500 members, 59 institutes, 12 countries)
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Overview of this talk

1. Introduction of T2K experiment
2. Search for ve appearance with 1.43 x 10?0 protons on target (p.o.t)
- Analysis overview
- Ve selection
- The expected number of events at Far detector
- Systematic uncertainty
- Results

3. Conclusion
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Experimental Setup

Far Detector
Decay volume Near
target/ Y Muon Detector V (SuperK)
Horn  TT detector _ l'l
S | e i G AL O | R NG
proton b === TETE 33‘%————.
on-axis

30GeV protons

‘ — | | |
from J-PARC MR L HV | | |

Om [ 18 m 280 m 295 km
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J-PARC Neutrino beam facility

Muon Monitor Horn : Beam monitors

Si array
+ IC array
Super-Conducting
__Magnets
to Super-K

Decay Volume

30GeV
MR

Helium cooling

proton beam

Graphite, ®26 x
900 mm long

Beam Dump 110m length

20115E7820H/KEH
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Total # of protons used for analysis

18 ' } Delivered proton# - Proton per pulse(for physics run) "
10
2 A0 B Physics run B Proton per pulse(all runs) (4}
— — %,
O 4= Run 1 p= Run 2 5100 2
S , P Q.
Q 120 ’f_ 80 5
S ' ers o s
% 100 : “« et c
° o' RN PV S
S 80 ‘ L _, F 4 - O
T Y #ofbunch: 6 — 8 Nt = ¥
?ES 60 .“. El . " rep. rate : 3.64s ' 4 — 40
p —
= e — 3.2s = 3.04s 7 ~
S —{20
© 20 p= ]
. . - l . —
Jz(l)n/lO Aug/10 Mar?l 1

Run 1 (Jan. 10 - June ’10)

- 3.23 x 1019 p.o.t. for analysis
- 50kW stable beam operation

Run 2 (Nov. 10 - Mar. ’'11)

- 11.08 x 1019 p.o.t. for analysis
- ~145kW beam operation

Total # of protons used for this analysis is 1.43 x 1020 pot
2% of T2K’s final goal and x 5 exposure of the previous report

20115E7820H/KEH



intense & narrow-band beam
BNL E889 Design Report(| 1/9(2)5 )

Off-axis beam :

Far Detector ; Rrs
i
(SuperK) FERERS
SAR]
V B o S s uimp,)

target/ H ,,,,, = o5 F
Horn __ S_‘é oa E

—_— B C OAR 2.5 deqgree

pl’Oi’OﬂE on-axis 02 DAB 3 degrge

Decay volume

12 ¢
T Gscillhtion Prob.@

os E :

oo F /| - m?=3x10eV.

oa EHL P

0.2 ;_4 I E o ———
= N E PR PR P
©3500

3000-‘
2500-'
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1500-
1000-
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e e e i A R T i W

2 25 3 35

4
GeV

05 5 i g T g

Off-Axis beam

Beam energy at oscillation max.
(based on Am?y3 & L=295km)

EV ~ 0.6 Gev
— 12K off-axis angle is 2.5°

(maximize physics sensitivity)

Small
Small

| ve component (0.5% @peak)

high energy tail

— small background

Accurate and stable beam pointing is important
(Keep the peak energy stable)

20115E7820H/KEH
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Monitor beam direction and intensity

target/ ~ Decay volume  Myon D:Z:t';)r V Near Detectors
Horn n detector off-axis (2.5°)
— - exkednter | ey <~ It >
proton R S e
T V— i a
0m [18 m 280 m 4
Stability of beam direction should be <Imrad

(to keep the peak energy at SK stable OE<2%)

® Muon monitor
- monitor spill-by-spill 17.5m

® On-axis INGRID
- monitor actual v beam day-by-day

- detector coverage is 10m x 10m

201147 H20HKIEH 15



Stability of beam direction should be <Imrad

V bea m Sta b i I ity (to keep the peak energy at SK stable OE<2%)

Stability of v interaction rate normalized

Stability of v beam direction (INGRID)
by # of protons (INGRID)

(D)

B B0 ] = ’
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Fep 20?2 / d K c <017 v integrated day(1 data point / 1day)

v beam dir. stability < Tmrad

Stability of beam direction (Muon monitor) Beam dir. stablllty < 1mrad

A15 H : : : s : H / : :
e A AN S S T S S SN SRR SN SRS S i i prof e c aenter
ot : :
e |
35 L i O —— i — N G s
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Off-axis Near Detector (ND280)

® 0.2 T UAT magnet
® Fine Grained Detector (FGD)

- scintillator bars target (water target in FGD2)

SMRD

UA1 Magnet Yoke

= 1.6ton fiducial mass for analysis

® Time Projection Chambers (TPC)
- better than 10% dE/dx resolution

Downstream

- 10% momentum resolution at 1GeV/c | Barrel ECAL

vy, CC events rate measurement
in present analysis

’é‘ il - —— muons
O 450 - - electrons
S = —— pions
o 4Q —— prot
3 protons i
g 3.5 .,
o 3
- 10
> 2.5
> 8
o 2 .
Lﬁ 1.5 —— 6

1 — = - — - . . |

FGD1 FGD2
05 dE/dx (TPC: data) 2 - -
o 111 | 11 1 | 1 11 | 111 | 11 1 | 11 1 | 111 | 11 1 | 11 1 | 111 0 n ] |
200 400 600 800 1000 1200 1400 16‘0)0(“‘;|8e0§)”é())00 [ ] uaSI_eIaStIC Candldate
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Far detector (Super-K)

lkeno-yama 1km
Kamioka-cho, Gifi (2700mwel ® Water Cherenkov detector w/ fiducial
Pan 3K 5ye 2km volume 22.5kton (Total 50kton)

! SK Atotsu @ Phase IV w/ Dead-time less DAQ

1 system since September 2008

® T2K event trigger by accelerator beam
timing

® atmospheric v samples as control
samples to study detector performance.

yoau

cientitic American

11,129 x 20inch PMTs (inner detector, ID)

201147 H20HKIEH 19



GPS Timing Synchronization
and Beam Event Selection

Realtime spill timing transfer
Required latency: <1sec

L2 VPN in €Yyer-F/

New Electronics
Records all PMT hits
840MB/S

s Tsp,,,\LTOF

'I|| IR

GPS

19 " GPS
receiver|  Store as “T2K Data

receiver

Hits outside of beam timing:
Physics analysis for Atm v,
Solar v, Proton decay, ...

® “REALTIME” beam event selection has been applied.
® GPS Timing Accuracy < 150ns

20115E7820H/KEH 20



Electron-like and
muon-like event at SK

Particle identification using
ring shape & opening angle

%’ :'I LTS LR BN [ELINL ALY UL P FELE I B B B LA LB 'I‘:
© 140 elike €——> p-ike -
5 F .
5120 @ atmospheric Vv data
E - 1
Z100 !l. ' ; LIMC )
'_ ] 4 { 3 _
80_— | | o 1 -
N llI I I .
R U ‘:
40 — ) ! {{ i
B + I % 1__ L ]
20 — PLid { i j A
0 .1111.1[.11.11111.11..1.111. : --_.
10 8 6 4 2 0 2 4 6 8 10
Particle ID parameter
Probability that u is mis-identified
as electron is ~1%
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Search for ve appearance

20115E7820H/KEH



Analysis overview

1. Apply Ve selection criteria to the events at far detector (SK)

2. Compare # of observed events and # of expected events
— search for Ve appearance

Contents in this section

Ve selection
The expected number of events at Far detector
Systematic uncertainty

Results

20115E7820H/KEH
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** ve selection
The expected number of events at Far detector
Systematic uncertainty

Results

20115E7820H/KEH
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T2K Signal & Background for ve appearance

® Signal = single electron event

- oscillated ve interaction :
e

ee—

Vi—-=> Ve

CCQE:ve+n—e+p

(dominant process at T2K beam energy)

® Background

- ¥ from NC interaction

- intrinsic Ve in the beam (from Y, K
decays)

20115E7820H/KEH 25



Ve selection at far detector (SK)

The selection criteria were optimized for initial running condition

_ The selection criteria were fixed before data taking started to avoid bias
/ selection cuts

1. T2K beam timing & Fully contained (FC)

(synchronized the beam timing, no activities in the OD)
2. In fiducial volume (FV)

(distance btw recon. vertex and wall > 200 cm)
3. Single electron

(# of ring is one & e-like)
4. Visible energy > 100 MeV

5. No decay electron observed
(no delayed electron signal)

6. Reconstructed invariant mass (Min) < 105 MeV/c?

7. Reconstructed neutrino energy (Erec) < 1250 MeV

20115E7820H/KEH 26



1.Beam timing and FC cut

® Events in the T2K beam timing synchronized

LN N N N N

by GPS q
relative event tlmlng to the splll timing Clear beam structure!
5 ‘ o 15| - == Run 1
Q. 3 % f  ==Run 2
=10 - -
(@) o S
N <
~ S~
(9p) 7)) I
c 10 2 — 10|
) : o ,
> > ,
) O f
© © f
5 10 © 5|
bs: S 7
& &
= Z
1’ | | o e — i — OH \I\l\
500 -250 O 550 500 -1000 0 1000 2000 3000 4000 5000
AT, (usec) AT, (nsec)

ATo = Tgps@SK - Tgps@J-PARC - TOF(~985usec)

20115E7820H/KEH
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2. Fiducial volume cut

(distance between recon. vertex
and wall > 200cm)

FC, Evis>30MeV, R<1490cm

—
o
1 ! 1

Ol
:

Number of events
::=:I:=
f
!

Number of events

o=l ]
-2000 -1000 0 1000 2000
Vertex Z (cm)

20115E7820H/KEH

-
o

O

0
0

+ il
| 1 ,_._, _______ —— ]
o = ] B |

1000 , 2009
Vertex R™ (cm®)

3000

3
x 10
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3. Single electron cut (# of ring is one & e-like)

—— Data _ —— Data
< Osc. v, CC i < Osc. v, CC
\/M+VM CC - VM+VM CC
2 i v, CC 9 N v, CC
-E / NC C 10 NC
o 40 @ :
> (MC w/ 2 (M w/
(b ‘ §in?2615 = 0.1) O sin22813 = 0.1)
HC_) I 13 = 0. S
| - X GL) i _-.-
8 O 5 I Py
E 20 + e | Il
> -
Z - + * Z -0 4@ W] | @
| ’F *'%s o F
XXXXXXXXXX e B At % %_i
0 ! I = O
1 2 3 4 =5 -10 0 10
Number of rings PID parameter
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4. Visible energy > 100 MeV 5. No decay electron observed

(visible energy = electron-equivalent energy (no delayed electron Signal)
deposited in ID)
* Reject low energy events, such as
NC background and decay
electrons from invisible

* Reject events with muons or pions
which are invisible or
mis-identified as electron

H (vu events or ;
muon decays - y
. y v CC non-QE events) /
4 _
— ! —4— Data —¢— Data
% LS - < Osc. v, CC
= : "
S 3| e 0
4 T2K MC = .
% sin?2015 =01 o | 5in22815 = 0.1
c S5l 44 O
) -
> i : : o O
D J/_ this cut rejects 14% of o 5 / this cut rejects
S ]l |NG30%ofvuCCbkg | E 85% of vy CC bkg
he 1 e . T 98% of signal remains < 90% of signal remains
= [ with this cut — - with this cut
- iB "‘:z:zt,," b ® |
Z 0 N\ N ;"v:zgp %Hg»———. — % 0 S— |
0 1000 2000 3000 0 1 2 3 4 =5
Visible energy (MeV) Number of decay-e
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6. Reconstructed

invariant mass (Minv) < 105 MeV/c?

* Suppress NC m° background

Forced to find 2nd ring by using expected light
pattern under the 2 e-like rings assumption, and
then reconstruct invariant mass of these 2 e-like

rings

Number of events /(15 MeV/cZ)

20115E7820H/KEH

5
I —¢— Data
< Osc. v, CC
v +v. CC
47 v: Cg)
i NC
- T2K MC
31T Sin22613 = 0.1
|
g
2 H
g
-
1 %-o— ¢ ¢
o P s e A — = S
0 100 200 300

Invariant mass (MeV/cQ)

this cut rejects 7 1% of
NC background

91% of signal remains
with this cut
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7. Reconstructed energy (Erec) < 1250 MeV
* Reject intrinsic beam ve backgrounds at high energy S
* Signal (vyu—Ve) has a sharp peak at E,~600MeV _\’__491)

. 2 2 2
reconstruct energy assuming CCQE ~ , _ Mnl1 —m, /2 — (m, —mp)/2

= | + b T ma—Fitpost
D I & Osc. v, CC (with additional correction for nuclear potential)
> 13t v, +v, CC
3 | Ve 2O After all the selection criteria
§ T2K MC background rejection :
o0

L o 44 SN2t = 0.1 >99% for vy CC,
o this cut rejects 36% 77 % for beam ve CC,
e | of beam Ve bkg 99 % for NC
o ' 98% of signal remains .
s 10 %’Z—-— with this cut viu—ve CC signal eff. : 66 %
O
&
S5

0 1000 200 3000

Reconstructed v energy (MeV)

20115E7820H/KEH



Ve selection
¢* The expected number of events at Far detector
Systematic uncertainty

Results

20115E7820H/KEH
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Expected # of events at Far detector

Data
Nea:p — Ma
S K

ND v, event rate

Measurement of the number of inclusive v, charged-current events in
ND per p.o.t. using data collected in Run 1 (2.88 x 107° p.o.t.)

Stability of the beam event rate is confirmed by INGRID measurement
INGRID v int. rate stability Run 1+2/Run 1 < 1%

F/N ratio for ve signal event
(flux ) x (osc. prob.) x (x-section) x (efficiency) x (det. mass)

MC O"E)-P, ., (E,)- -0(E,)) - esx(E,) dE,
e [ OB Py (B) - o) esk () TR
R MO ND MN

ND / d, (E,)-o(F,) -enp(E,) dE,

201147 H20HKIEH 34



Neutrino flux prediction

. . . / ¢§5<Eu> . PZ/M—H/e (Eu) . U(Eu) ' GSK(EI/) dE,
T2K Neutrino beam simulation based

. (I)ND EU . EV . EV dE,/
on Hadron production measurements / wE) 7(Ey) - enp(Ey)
horn focusing, V
decay is simulated
by GEANTS3 S K

actual beam profile & ,
position graphite 1T, K

(beam monitors meas.) target
proton beam

ND

20115E7820H/KEH 35



Neutrino flux prediction

| | | [ @B Py (B 0(E) - sic(E,) dE,
T2K Neutrino beam simulation based
. dNP(E)) - o(E,) - E,)) dE,
on Hadron production measurements / wE) 7(Ey) - enp(Ey)
horn focusing, V
decay is simulated
by GEANT3 SK

actual beam profile & ,
position graphite 1T, K

(beam monitors meas.) target
Hadron production in 30GeV proton + C

« Use CERN NA61/SHINE pion measurement
(large acceptance: >95% coverage of v parent pions)

e Kaon, pion outside NA61 acceptance, other interaction
in the target were based on FLUKA simulation

e Secondary interaction x-sections outside the target were based on
experimental data
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Predicted Neutrino Flux at SK

UL

—

BV,
mY,
BV

_Ve

| | lllllll

[

| !lllll

Flux /(cm?- 10*' POT - 100 MeV)

Coroo oo b o o

0 1 2 3 4 5
Neutrino Energy (GeV)
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Vy interaction rates at near detector

® Measure # of inclusive v, charged current interaction (NP2@yp)

Select events

which have FGD hits and
U-like tracks reconstructed
in TPC

VH--—->

TPClI TPCZ'

-~
”

4
P

FGDl'

FGDZI

Event display (data)

>

TPC3|

High purity : 90% v, Charged Current int. (50% CCQE)

20115E7820H/KEH
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ND Measurement of muon momentum in
inclusive v, CC events (vy + N = ut + X)

6\ illlllll]IIIITlllll]IIITIITII'TI1]IIIT'ITTIT]III:
= 200¢ p.o.t. normalized =
é’ 180 é— ) v, CC QE g
o 160 S v, CC non QE -
= - P v, CC =
i 140 = ¥ S 3 1
72 = W oo ]
L 120 [ - :
5 7 . | External Backgroundz
g 100E-p7
80/ data is consistent with
INANY MC based on the NA61 and
405_ , v interaction simulation (w/o tuning)
DER TS eetngeee
0 | Ve ‘ “ \\\\\\\\\\\\ \\\:\\ \\\\\ m m.“mmunm e——
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
P(n) MeV/c)
Results

R D4 = 1529 events / 2.9 x 10 p.o.t.

MO = 1.036 & 0.028(stat.) T§:057 (det. syst.) £ 0.038(phys. syst.)

20115E7820H/KEH
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The expected number of events for sin?2013=0

The expected number of events with 1.43 x 1020 p.o.t.

NeXPSK tot. = 1.5 events

Oscillated
beam beam 5
vy CC ve CC NC . Vu—Ve Total
. (solar term)
The expected i
# of events at| 0.03 0.8 06 : 0.1 1.5
SK :

# of NC background is calculated by

MC
N ETP — RH Data < NSK NC bkg.
SK NC bkg. — ND R™ MC
ND

20115E7820H/KEH 39



Ve selection criteria
The expected number of events at Far detector
* Systematic uncertainty

Observation at Far detector & Results

20115E7820H/KEH
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Systematic uncertainty on N®Pgx

error source Syst. error for sin22613=0

(1) v flux +8.5%

(2) v int. cross section +14.0%

(3) Near detector 5%

(4) Far detector +14.7%

(5) Near det. statistics +2.7%

Total 22807 wp NeXPsi=1.5+0.3
events

NG = REEM x AR
ND

201147 H20HKIEH 41



Systematic uncertainty on N®Pgx

error source Syst. error for sin22613=0
O(l) v flux +8.5%
O (2) v int. cross section +14.0%
(3) Near detector 5%
(O (4) Far detector +14.7%
(5) Near det. statistics +2.7%
Total 22807 wp NeXPsi=1.5+0.3
events
NS = RGEU x DK
ND

201147 H20HKIEH 41



€IrTor source

Near detector

Neutrino flux uncertaintyE)fooissecmn
(

2
3
Uncertainties in hadron 4

(5
production and interaction are / 5, (E,) - Posc.(E,) - o(E,

dominant sources /

)
)
) Far detector
) Near det. statistics
) -

esk(Ey) dE,

(E,/) ¥ O'(E,/) . END(EV) dE,/

Vi

® Pion production

- NAG61 systematic uncertainty in each pion’s (p,0) bin
® Kaon production

- Used model (FLUKA) is compared with the data(Eichten et. al.) in each
kaon’s (p,0) bin

® Secondary nucleon production . K

- Used model (FLUKA) is compared with n,
the experimental data proton
® Secondary interaction cross section graphite target

= Used model (FLUKA and GCALOR) is compared with

the experimental data of interaction x-section (x, K and nucleon)
201157H20H7KEHR
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Summary of v flux uncertainties on N®Psk for sin?2013=0

Ru, Data

N gaz? — ND

Error source RH: M€ NME R];‘,éz .

Pion production 5.7% 6.2% 2.5%
Kaon production 10.0% 11.1% 7.6%
Nucleon production 5.9% 6.6% 1.4%
Production x-section 7.7% 6.9% 0.7%
Proton beam position/profile 2.2% 0.0% 2.2%
Beam direction measurement 2.7% 2.0% 0.7%
Target alignment 0.3% 0.0% 0.2%
Horn alignment 0.6% 0.5% 0.1%
Horn abs. current 0.5% 0.7% 0.3%
Total 15.4% 16.1% 8.5%

The uncertainty on N®Psk due to the beam flux syst. is 8.5%

20115E7820H/KEH
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Summary of v flux uncertainties on N®Psk for sin?2013=0

Rp,, Data

N gaz? — ND

Error source RH: M€ NME R];jéz .

Pion production 5.7% 6.2% 2.5%
Kaon production 10.0% 11.1% 7.6%
Nucleon production 5.9% 6.6% 1.4%
Production x-section 7.7% 6.9% 0.7%
Proton beam position/profile 2.2% 0.0% 2.2%
Beam direction measurement 2.7% 2.0% 0.7%
Target alignment 0.3% 0.0% 0.2%
Horn alignment 0.6% 0.5% 0.1%
Horn abs. current 0.5% 0.7% 0.3%
Total 15.4% 16.1% 8.5%

The uncertainty on N®Psk due to the beam flux syst. is 8.5%

Error cancellation works for some beam uncertainties

20115E7820H/KEH

X

MC
NG5

p, MC
Ry D
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€IrTor source

V Int. cross section uncertainty

Evaluate uncertainty on F/N ratio by varying the Near det. statistics
cross section within its uncertainty / &K (E,) - Pyee (E,) - o(E,) - sk (E,) dE,

Far detector

v (ve)
Cross section uncertainties are / )P (E,)-0(E,)-enp(E,) dE,
estimated by Data/MC comparison, 0%
model comparison and parameter t 16 | CC QE in SciBooNE
variation = 14 T Preliminary
1 \'ﬁ\_—- R
Cross section uncertainty oDy
relative to the CCQE total x-section —e— SCiBOONE
*— MiniBooNE
Process Systematic error (comment) - N(E)L%A(DMA = 1.2 GeV)
CCQE energy dependent (~ £7% at 500 MeV) S
CC 1 30% (E, < 2 GeV) — 20% (E, > 2 GeV) iy Bha
CC coherent 7 100% (upper limit from [30]) g T .IMInIBOONE data
CC other 30% (Ey <2 GeV) — 25% (E, > 2 GeV) N‘E’é s + MC (NEUT) :
NC 17° 30% (E, < 1 GeV) — 20% (E, > 1 GeV) <« I3 | + :
NC coherent m 30% gg* 1:_ _
NC other 7 30% 7 osp .
Final State Int. energy dependent (~ £10% at 500 MeV) O:—q.— L .
Uncertainty of o(ve)/ o(vy) = £6% 0 " P;o (GeV /1'5)
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€IrTor source

) v flux

I Cross section

Near detector

Far detector

(1
V int. cross section uncertainty %
. (4

on N®Pg for sin2013=0 =

Main v interaction in each event ~

NC background : NC1x®
Beam Ve background : ve CCQE

)
)
)
)

Near det. statistics

Error source

Source syst. error on N¢7> - CCSignaI :\(/ZGCCQCE((QSEO/)
event : %
gg ?;TE shape ‘;’;Zé \ CC1r(23%)
. 0
CC Coherentr 3.1%
CC Other 4.4%
NC 179 5.3%
NC Coherentr 2.3%
NC Other 2.3%
o(ve) 3.4% Uncertainty in pion’s
FSI 10.19% <— final state interaction

Total @ iIs dominant

The uncertainty on Ne*Psg due to the v x-section syst. is 14% (sin?2013=0)
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error source

(1) v flux

(2) v cross section
(3) Near detector
(4)
()

Far detector uncertainty

Far detector

Near det. statistics

/ @Ef(ye)(EV) | POSC.(EV) | U(Eu) 1 GSK(EV) dEV

/ o, (E,) - o(E,)-enp(E,) dE,

® Uncertainty due to the SK detector systematics

® Fvaluate using various control sample
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Uncertainty of NC nt¥ rejection

Topological control sample of r®
made by combining one data electron +

one simulated
4 apply T2K ve selection and compare

the cut efficiency between control
sample data and its MC
— difference is assigned as sys. error

i &

1500:_ ................. ..................... E ................. _f

1000 :_'E' ................. ..................... ﬁ ................. Qg ................. _:
500 fl:l ................. ................. QU uﬁ ................. _:

0_ 50 100 1%0 200 250 360
invariant mass Miny [MeV]

10 efficiency=6.8+0.7(syst.)%
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Uncertainty of Ve CCQE selection efficiency

detection efficiency of v. CC (for dominant BG and signal)
atmosPheric vV sample
e

subsample which satisfies all T2K ve selection criteria (signal-like)
and sidebands
I v, CC single- B v, CC single- B v, CC single-
160 r—{@@v,CCother |} T —[[] ve CC other | 400 1 [l Ve CC other
ook s:gnal—l:ke < |mmv,cc r m—Sigﬂaf-ﬂke é BV, CC | sosignal-like .. |mmv,CC
ok (e-llke) | Cee 1 == LT It ol R N N ) = -—
- : 160 i _— i i
100:_ . § - ; - 14°; “—‘3 250
80| - 120 —g 200
- 100: S 3 3 . _3 i i i i i i
: s:deband-A . % ] —3 R T
- _ 2 " L ; L
s -4 -2 0 2 4 6 8 1 B -5 0 5 1q, 15 50 100 150 200 250 300 350 40
1D parametet od mass [MeV]

PID parameter Ring Countlng Parameter Invariant mass

From comparisons btw the atmv data and MC,

we constrain selection efficiency of each cuts.

Efficiency [%] Efficiency %]
(T2K beam v,) (T2K signal v,)

Ring-counting 96.8 + 1.9(syst.) 96.6 + 1.6(syst.)
PID 98.9 + 1.1(syst.) 98.8 £ 1.4(syst.)
POLfit mass 90.1 + 6.1(syst.) 90.7 + 4.1(syst.)
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Particle ID uncertainty study

Cosmic ray Y sample atmospheric v sample
U control sample selected by decay electrons

g 200 g B
% ; . § 60:—'
e COSMIC-UL I[\)/Iaga a
140 (0.6-1.2GeV/c) 3 S0~
120 ﬁm § 40?—
100 . u
“o e-like Ih 30
60 201
“ol p ! z
20 u n 105_
Y530 95 o 5 o 5 T0 15 30 35 0
PID likelihood parameter PID Likelihood
mis-PID: mis-PID:
Data: 0.00+0.16(stat.)% Data: 0.54+0.39(stat.)%
MC : 0.10+0.10(stat.)% MC :0.20%

The mis-1D fraction and the likelihood are well reproduced.
—PID uncertainty < 1%
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Summary of Far detector systematics uncertainty

20115E7820H/KEH

Error source

MC
5NSK Ve S14.

MC
5NSK bkg. tot.

N§i v, sig. | NSK brg. tot.

¥ rejection - 3.6%
Ring counting 3.9% 8.3%
Electron PID 3.8% 8.0%
Invariant mass cut 5.1% 8.7%
Fiducial volume cut etc. 1.4% 1.4%
Energy scale 0.4% 1.1%
Decay electron finding 0.1% 0.3%
Muon PID - 1.0%

Total 7.6% 15%

50



Total Systematic uncertainties

Summary of systematic uncertainties on NéxPsk iota), for sinf2613=0 and 0.1

Error source sin®260;3 =0 sin” 26,3 = 0.1 cf.
1 L Sinf2013=0:

(1) Beam flux +8.5% +8.5% #siq = 0.1 #bkg = 1.4
(O(2) v int. cross section +14.0% +10.5% -

(3) Near detector i?);g% f?ig% Sm#i,gi:g:; .#bkg =1.3
qll) Far detector +14.7% 4+9.4%

(5) Near det. statistics £2.7% +2.7%

Total 3313% J—r%;:g%

NePerr =1.5+0.3 at sin?20:3=0
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Total Systematic uncertainties

Summary of systematic uncertainties on NéxPsk iota), for sinf2613=0 and 0.1

Error source sin®260;3 =0 sin” 26,3 = 0.1 cf.
1 0 Sinc2613=0:

(1) Beam flux +8.5% +8.5% #siq = 0.1 #bkg = 1.4
(O(2) v int. cross section +14.0% +10.5% -

(3) Near detector i?);g% f?ig% Sm#i,gi:g:; .#bkg =1.3
qll) Far detector +14.7% 49.4%

(5) Near det. statistics E£2.7% +2.7%

Total 255 % J—r%;:g%

(due to small Far det.
uncertainty for signal)

NePerr =1.5+0.3 at sin?20:3=0
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Ve selection
The expected number of events at Far detector

Systematic uncertainty

% Results

20115E7820H/KEH
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beam beam NG ;Oscﬁa\;ced Total
. Vu—Ve
v CC ve CC . (solar term)
The expected
#of events at| 0.03 0.8 06 : 0.1 1.5
SK ’
- —¢— Data
E N < o.v,00| Expected # of events @ 013=0
§ | — N &P=1].5+0.3
~ T2K MC
2 ol 4y $in22013 = 0.1
o
> Observed # of events
©
5 1 s N ebs= 6
€ | )
zZ Bz
O ""‘74 . . £ M T oo mminne, DRI =
0 1000 2000 3000

Reconstructed v energy (MeV)

20115E7820H/KEH
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V. candidate events
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v, event #1

Super-Kamiokande |V

T2K Deam Run 33 Spill 822275
Run 66778 Sub 585 Event 134229437

Irners 1600 hits, 3601 pe
Outer:i 2 hits, 2 pe
Trigger: 0xeE0000007
D_wall: 614.4 em

e-like, p = 381.8 MeV/o

Charge(pe)

' >26.7

0.7- 1.3
0.2- 0.7
< 0.2

L . " » - .-

Evis . 381.8 MeV
Ndecay-e : 0O

POLfit mass : 29.9 MeV/c?
E,"e€ : 485.9 MeV

104

TN
()
\\ ,//
-
VR
/ \

0

00 1000

Times (ns)

.
T . . l--td.l.l-lkl_-.lllll

1500

2000

20115E7820H/KEH
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v, event #2

Super-Kamiokande IV 2N

T2K Deam Run 36 Spill 261731 ( /

Run 678856 Sub 28¢ Event 66474118 \ J
S

10-11~-211:071307221

TZE beam dt = 8.2 ns

Inners 2532 hits, 59337 pe

Outeri 2 hits, 1 pe *

Trigger: 0xe0000007 /rﬂi\

D_wall: 284.2 em // \

e-like, p = 583.1 M=V/o

Charge(pe)

. >26.7

¢ 1

¢ -.‘ -'

. .3 )
¢ 0.7- 1.3
¢ 0.2- 0.7
-

Evis : 583.1 MeV
Ndecay-e : 0O

POLfit mass : 100.4 MeV/c?
E,"e€ . 842.5 MeV

18€

I

C 1-..1-]-11_1.11{1\_[_.111

0 500 1000 1500 2000

Times (ns)

20115E7820H/KEH



v, event #3

Evis
Ndecay-e

EVFEC

Super-Kamiokande IV

T2K Deam Run 36 Spill 964610

Run 679564 Sub 176 Event 41887402
10-12~191161357217

TZK beam dt = 1793.3 ns

Inners 3084 hits, 5273 pe

Outesi 1 hits, 0 pe
Trigger: 0xe0000007
D_wall: 338.5 em
e-like, p = 512.0 M=zV/o

Charge(pe)

' >26.7

. " s
w

: 512.0 MeV
. 0

POLfit mass : 5.1 MeV/c?

: 722.9 MeV

280

140

A;.A]-tLL_JJlAKA\.l-_LAA

500 1000 1500 2000

Times (ns)

20115E7820H/KEH
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v, event #4

Evis
Ndecay-e

EVI’EC

Super-Kamiokande |V

T2K Beam Run 36 Spill 1039222

Run 67969 Sub 921 Event 218931934
10-12~22114115z218

TZ2K beam dt = 17B2.6 ns

Inners 4004 hits, 9970 pe

Outesi ¢ hits, 3 pe

Trigger: 0xe0000007

D_wall: 244.2 em

e-like, p = 1049.0 MeV/e

Charge(pe)

¢ >26.7 ’
3 .7 ..,

¢ 1

¢ 2.2 3.3
¢ 1.3 2.2
¢ 0.7- 1.3
¢ 0.2- 0.7
¢ < 0.2

: 1049.0 MeV
. 0

POLfit mass : 0.04 MeV/c?

: 1120.9 MeV

0

4.4

.ll-Lll.’ELL ‘l-lll

500 100C 1500 2000

Times (ns)

20115E7820H/KEH
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v, event #5

Super-Kamiokande |V

T2K Deam Run 37 Spill 2187205
Run 68098 Sub 522 Event 121123618
11-02-08323:44116

72K boam d¢ = 2901.1 ne

Inners 532 kits, 2874 pe

Quter: 2 hits, 1 pe
Tragger: 0x20000007
E_\rallt 23% .4 e=
e~like, p = 263.6 M=V/c

Charge(pe)
L e T r

Evis . 263.6 MeV
Ndecay-e : 0O

POLfit mass : 68.9 MeV/c?
E,"e€ : 580.3 MeV

7N
/ \
\ L
\ S
N e
// N

-
| ‘

.

decays

__1__1.] L.‘_Jl 1}“'u_| |

D 500 1000

Times (ns)

1500 2000

20115E7820H/KEH
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vV, event #6

Super-Kamiokande |V

T2K Deam Run 37 Spill 2645526

Run 68173 Sub 1279 Event 302832834
11-02~-28:00:00:48

72K boam d¢ = CO0K.8 ne

Innecs 2207 hits, 3532 pe

Outer: 4 hits, 3 pe
Traigger: 0x20000007
t'_\t;ll! 378.4 e=
e-like, p = 3€3.3 M=V/c

Charge(pe)
>26.7

. 1.7 ¢
1.3« 2.2
0.7- 1.3
L2~ 0.7
< ). 2

Evis . 363.3 MeV
Ndecay-e : 0O

POLfit mass : 3.4 MeV/c?
E,"e€ : 419.8 MeV

7N
/ \
\ /

\, _/_/

7N
/ \

|
L | P [11\1 11

500 1000 1500 2000

Times (ns)

20115E7820H/KEH
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\
\
\(
ebeam

20115E7820H/KEH

Further check

Check several distribution of ve. candidate events

e

N\
4

Beam direction

Number of events

| —¢— Data

Osc. v, CC
VM+VM CC
v, CC

NC

- (MC w/

sin22613 = 0.1)

61



Vertex distribution of ve candidate events

2000 —peam direction 2000
1000 | 1000
£ | = :
L ] o °.
> N :
O B O B :
S E ° :
2 > :
21000 | 21000 | |
Y L E
o000 b o i o000 b
22000 -1000 O 1000 2000 0 1000 2000 3000
Vertex X (cm) Vertex R (cm®) x 10
Events tend to cluster at large R oo Event outside FV

— Perform several checks. for example

* Check distribution of events outside FV — no indication of BG contamination
* Check distribution of OD events — no indication of BG contamination
* A K.S. test on the R2 distribution yields a p-value of 0.03
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Results for Ve appearance search
with 1.43 x 10 p.o.t.

The observed number of events is 6

The expected number of events is 1.5 + 0.3

for sin?2013=0

— Probability to observe 6 or more events is
0.7%, assuming 613=0, corresponding to 2.50
significance.

20115E7820H/KEH



Allowed region of sin’2013
for each Am?;3

(assuming 0cp=0,siN%2023=1.0)

10-1 E E 10-1 E -
- Am2,>0 : - Am2, <0 :
n 23 . L 23 -
C\;\ 10 = = 102 — -
L - ] - ]
—. B i B _
(‘\IE(‘\I B _ B _
< 107 = 10°
- - A Best fit to T2K data
i -l i 68% CL
I 90% cL
10-4 ! ! ! | ! ! ! | ! ! ! | I I L | L L L 10—4 L L L | L ! ! | ! I I | I I I | L L L
0 0.2 04 0.6 0.8 1 0 02 04 0.6 0.8 1
) . 2
Sin“20 , Sin“20 ,

Feldman-Cousins method was used
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Allowed region of sin’2013
for each Ocp

(assuming Am223=2.4 x 10-3 eV?)

T — T I B o N L e e e B o B e B e e ) B e e e B B s S B B s sy B B s B B S s By B s
[ 2 _ | 2 _|
W2 Am5;>0 — W2 Am5; <0
@ O
o ' 1 o C N
2 Best fitto T2K data ]| 2 T2K N
i 68% CL 143x10” pot.
u o 90%CL ]
i i ! R R R N AT SR TR A S SR i -7 ! P I BT A T S I TR SR S NN NN TR T N i
0 04 0.5 0.6 0 0.1 0.2 0.3 0.4 0.5 0.6
) e 2
sin“20, , sin“20

90% C.L. interval (assuming Am2x3=2.4 x 10-3 eV?2, d¢cp=0)
0.03 < sin22013 < 0.28 0.04 < sin?2013 < 0.34
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Comparison with
MINOS

W——1 1 T T T 1

~ Far Detector Prediction (LEM > 0.7) )

i MINOS PRELIMINARY E Signal -

'03_ 30~ —— Background
5 — FD Data
& 99l AR sin*(26,,)=0.040, Am2,>0, 5.,,=0
o s G )
E Merged for Fit -
c 1 <
g S, S -
w 10— ‘ .
ol 1 .1 -

1 2 3 4 5 6 7 8

Reconstructed Energy (GeV)

In signal-enhanced region(LEM>0.7):

Expected background (613=0):
49.5 +- 2.8 (syst) +- 7.0 (stat)
Observed data:

62
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/2

6CP
o

-1t/2

/2

CP
o

-Tt/2

Am§3>0

Best fit to T2K data

68% CL

0 90%cCL

CHOOZ 90% CL

MINOS 2011 90% CL

IIII|IIII|IIII|IIII

T2K
1.43x10°" p.o.t.

02

03

)
sin 2913

04

05

<
o))
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12K Next steps

Aim to establish v. appearance and
to determine the angle 0,;
This result is obtained by only 2% exposure of T2K’s goal.

® Plan for re-starting experiment in this calendar year

- Recovery works in progress

® Analysis improvement

- New analysis methods using Ve signal shape (e.g. recon. energy) are under
developing

- Improve uncertainties in the Super-K for subdominant BG sources,

i.e. w*, w*n®, pn® etc.
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Conclusion

® \We reported new results from v, = Ve oscillation analysis based
on 1.43 x 10 p.o.t. (2010 Jan. - 2011 Mar.)

- Observe 6 candidate events
- # of expected events = 1.5 = 0.3(syst.) (sin?2013 = 0)

- Under null B13 hypothesis, prob. of observing 6 or more events is 0.007,
equivalent to 2.50 significance.

- 0.03 (0.04) < sin?2013 < 0.28 (0.34) at 90% C.L. for normal (inverted)
hierarchy (assuming Am?;3=2.4 x 1073 eV?, 0cp=0, sin?20,3=1.0)

Indication of vy—V. appearance
This result was published as Phys. Rev. Lett. 107, 041801 (2011)
Reference: arXiv:1106.1238 for the T2K experimental setup.

® Plan for improve the measurement after recovery of the
experiment in this calendar year

® v, disappearance result with 1.43 x 104° p.o.t. data will be
reported this summer

20115E7820H/KEH

68



20115E7820H/KEH

Backup

69



Toward full picture of neutrino
masses and mixings

atmospheric v

Discovery of (823, Am?,3)
— (012, Am?12)
— 013 in a few year?

solar, reactor v

If ©15 is really large (sin?2013~0.1) as indicated by T2K,

we have to think very seriously how to explore last v’s
parameter in the MNS matrix:

OcP

CP odd term in P(vy—Ve)
oC SinB128iN013SiN023SiNG
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Compare electron appearance (number
and spectrum) in v and anti-v beam

v mode v mode
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Sensitivity on Ocp
Hyper-K (540kt FV) / 1.5yrs v + 3.5yrs v /1.66MW

NSRS

10

0 CO©*

—h

O[]
o

N DN e
ooz 0.04 0.06 008 01 012

Sin%20 4
5 years (1.1yrs Vv beam and 3.9yrs anti-v beam )

assuming 5% uncertainties for signal, vy BG, ve BG, and ve/anti-ve.
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CPV discovery potential

CP 0 value for which we can exclude CP conserving hypothesis.

TE
— —— 90
= 30<<
= [ Hyper-K (540kt FV)
— O — 1.5yrsv +3.5yrs v
< = 1.66MW
3 < >50
;_ Normal hierarchy
_1 — A | I N A I B
103 102 101

sin®20 4
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Proton Decay
- explore quark/lepton unification -

,D<

><g.

3 Proton mass resolution =3%

\

4 ddodd N
\FN&QO’ON&Q@O
AR LAY LAk AR LA LA R L

\\\\\\\\\\\\\\\

50 800 850 900 950 1000 1050 1100
proton invariant mass (MeV/c?2)

Soudan

p—=>e*a°
* 1.0 x 1034 years (Super-K [+1I1+Il @ 90% C.L.)
- 1 x 10% years (0.54Mton x 10yrs @ 90% CL)

p—>vK*
* 3.3 x 1033 years (Super-K [+1I1+lll @ 90%C.L.)
> 2 x 1034 years (0.54 Mton x 10yrs @ 90% CL)

Super-K

Hyper-K

. o minimal SU(5)
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minimal SUSY SU(5)

p—vK* P
predictions

| X
;T K
Q_—

minimal SUSY SU(5)

flipped SU(5), SO(10), 5D SUSY SU(5) |

. . SUGRA SU(5) o

| SUSY SU(5) WIth addmonal U(1) ﬂav0t Symmetry -

| vanous SUSY SO 0) .
| SUSY SO(10) with G(224)

A SUSY SO(10) with Unified nggs
u_LLLlI PR ..L..l M

1 1 5 18 a1mn

20115E7820H/KEH

33
10 10 1035

/B (years)

82



Outer Detector Plat form
fgCB Inner Detector Opaque Sheet e
4 L C Access Drift Liner Water Purification System
LICICICIC)
e GR TI
NCUCC

\.\m 48000

e M®asurement Facility Area S ; ;
3 . ; 4! a unS 8’ and 13’ HPDs available in 2012
= TS AN = <o A
3 : = 2 = A I s bl T T 'y A . .
‘ i - 4K 2227 D » Hamamatsu will release in 2012
LN = g::dldate & 777 7L”77 "',% ;
8l [ iTis .
K Vo e s < Outer Detector
FWL & ¢ / ™ X F T e T
" A 1844 —F
A AN BTSN i
Q o ‘AQ!A_!A_VAE_VV NANAANNAANN/DNNNAA
o <4 TS
N ,. AP . =
(Jow\\”"‘ & e v W 4 /X{?} = /
¥ W, \ . ‘N o A’l
Vidty 4, o Mine 3 ” YK . - S // o
Entrance vﬁ%ﬁ%)ﬁi\% e 00% / / =
mEEEE  s=1 1000 —_— o
™
4 Fitting Structure for PMT
.'f" /f 4 V) 4
N 7
‘g Sh 2
- U g { ‘ o
~ he U<I\f A7 =)
B (g B ~
=] /R N 1 - o
S| 4 & 7
S A — — - ————- 12—
o . U EA o 7 o
<4 Pl N> 11 4 o
B ’«--. (—— o
4 i/ 2
29 A Inner Detector N
W=
PN
. 94—\‘
20 B
B
A X
2% SN o
AN S
AN S
T2 O <
- "& '&\ N
A\
% N
e %’
A SN
Outer Water Tank ',,%, %,“ S~ _
) L& 'o.A DN e B . v
2 4 ""',,, NASNAZNACNNNNZNNANAN 7
= '. Qs """4'IIIIIIIIIIIIIIIIIIIIIIIIIL'IIIIIIIIIIIIIIA'IIIIIIIIII 7 '.
Concrete olva 4 e A e A i |
" 24000 T
?,500
o —
FEM analysis Y
Inner Detector R
(FaCtOl' Of Safety) Inner Water Tank 4
Fitting Structure for PMT < Qe
A
Outer Detector
\// PN
Il\l'!"l/ll IIE\/II N:\/II 1T A
Outer Water Tank / Concrete

Linning pd <

v o —
10 14 12 13 14 15 16 1.7 1.8 1.9 20 “_Bedrook

- _ - :A‘ :A~ - :‘Z. - :A-

201147 H20HKIEH 83





