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Introduction of T2K
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T2K\ Neutrino Oscillation £ 2% anc

» Flavor oscillation described by Pentecorvo-Maki-Nakagawa-Sakata matrix.
« Parameterized by 3 mixing angles and CP-violating phase d.p

v, 1 0 0 cosd, 0 singd,e™ ) (cosf, cosh, 0O)v,
v, |=|10 cosb,; sinb, |- 0 1 0 | =sin@, cosd, O0]v,
v.)] (0 -sin@, cosd,, | |-sind.e’ 0 cosé, 0 0 1)\v,
“Atmospheric sector” “Solar sector”
0y LT
v, disappearance v, disappearance
(SuperK, K2K, MINOS) (SNO, KamLAND,
v_ appearance SuperK and others)

(OPERA, SuperK)
0.84 < sin220,, < 0.89

0.92 < sin220,, < 1.0 7.38 X 105 < |Am2,,| (€V?) < 7.80 X 105
2.3% 1073 < |[Am2,,| (€V?) < 2.56 X 10°3
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T2K\ Neutrino Oscillation £ 2% anc

» Flavor oscillation described by Pentecorvo-Maki-Nakagawa-Sakata matrix.
« Parameterized by 3 mixing angles and CP-violating phase d.p

v, 1 0 0 cosd, 0 singd,e™ ) (cosf, cosh, 0O)v,
v, |=|10 cosb,; sinb, |- 0 1 0 | =sin@, cosd, O0]v,
V. 0 -sind,, cosh,, ) |-sind.e’ 0 cosé, 0 0 1)\v,
915
only upper limit known _
5in220,, < 0.13 @90%CL (2010) ="
/ (CHOOZ, MINOS) 1 e — m;»"’:i
_ 4 _ e o |
Reactor experiment Accelerator experiment W e | 230V
~ L=~1km L=0(100km) a7
Ve = Ve oscillation Observation of v —v, oscillation 1 o e e
( ve disappearance) (v, appearance)

If 8,5 1s non-zero, open the possibility to measure
- Mass Hierarchy
- Ocp
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T2\ The T2K Experiment £ 4% e
« Tokai to Kamioka Long Baseline Neutrino Oscillation Experiment
— Accelerator-based neutrino experiment.
» Physics Motivation

— Discovery of v,—v, conversion phenomena and the measurement
of parameter 0,5 which controls this phenomena.

— Precise measurement of the parameters 6,; and Am,; in v,—v,
oscillation.

Super-Kamiokande

Mt.Noguchi-Goro Dake
2,924m J-PARC
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T2\

First T2K Results

Data collected until Mar. 2011: 1.43 x102° POT
v, appearance result (15/une/2011) —PRL 107, 041801 (2011)

6 v, events observed !l <> Background(BG): 1.5%0.3events
— Probability to observe 6 or more BG events = 0.7% (2.50)

6, measurement (90%CL)

— 0.03<sin?20,,<0.28 (cent. val.=0.11) for Am?,;>0, 5-,=0
— 0.04<sin?20,,<0.34 (cent. val.=0.14) for Am?,3<0, 5-,=0

— First indication of non-zero 8.

v, disappearance result —PR D85, 031103(R) (2012)

31 v, events observed « 103.6*33§(syst.) expected w/o oscillation.

sin?20,, = 0.99, |Am?,,| = 2.63 X 103 eV/? (best fit values)
—Consistent with MINOS and SK results.

This talk = Updated v, appearance result

June 15th, 2012

International Conference on New Frontiers in Physics

-9
o
[Ze)

w2 -

a2 f

Am,| @Vc?)

()-

Number of events /(250 MeV)

—4— Data
Osc. v, CC

v, +v, CC

2000 3000
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T2K\ T2K Neutrino Beam £ 0% o
decay beam near detectors

_30 GeVIf _tarzet_ h:nf _ pipe _ _ dump _ _ (2 n-axis and off-axis) far detector
[
l O P >
I :
[
[
[
[ 295 km

High intensity neutrino beam
« 30 GeV ~10'* protons extracted every 2.5sec.
« Protons hit the target: graphite rod (¢2.6cm X 90cm)
« Secondary n*(and K*) focused by three magnetic horns (250kA/200kA)
« Decay Volume (96m long, He~1atm.)
— v, from mainly n*—p*+v
— v, in the beam come from K and p decay
* Beam Dump: stop all the hadrons and muons with p <5GeV/c.

*  Muon Monitors: measure the intensity and profile of the muons (p,>5GeV/c) bunch
by bunch

June 15th, 2012 International Conference on New Frontiers in Physics 8



T2K\ T2K Neutrino Beam (2

decay beam near detectors
pipe dump (zn-axis and off-axis)

30 GeV PS target horns far detector

1 | Osgcillation prﬂbabiil.i.ty
Off-Axis (2.5°) v, beam 08 it forAm-2:.5-5-10-
H 06 aN t-=295km
* Intense, low energy narrow-band. 04 i1 S

« Peak E, tuned for oscillation max. (~0.6 GeV)
* Reduce BG from high energy tail.
« Small v, fraction (~1%).

06 o551 15 2 25 3 35 4
GeV
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T2k Near Detectors (2

o2 )-re
30 GeV PS target horns deF % beam neqr detectors ; far detector
pipe dump (on-ax:_s and gff-ams)

|
MUMON I
P I v, V
-

295 km

Off-Axis: ND280

Fine grained detector complex

in 0.2T magnetic field

—Characterization of the vbeam
before oscillations

On-axis: INGRID

Array of Fe/Scintillator
tracking detectors

—Monitor the v’s

— beam profile, o — v, flux/Energy spectrum

— direction, % — v, contamination

— intensity L A Ko —bkg to v, appearance
e

./ ’ ' e,’] —Measurement of v, interactions
\ ‘ O — v, induced 7° production
0\8*"1& —bkg to v, appearance

June 15tr International Conference on New Frontiers in Physics 10



T2/K\ Near Detector ND280 (Off-Axis) ‘;%MRC

 ND280 @ 2.5 degree off-axis R i

« ND280 consists of:
— Dipole magnet with 0.2T field
— Fine Grain Detectors FGD’s ( X 2):
2.2 tons scintillator bars active vtarget
— Time Projection Chambers TPC’s ( X 3):
<10% dE/dx resolution
<10% dép/p @ 1 GeV/c
— POD: = Detector
— ECAL (Electromagnetic CALorimeters)
— SMRD (Side Muon Range Detector)

Downstream

Barrel ECAL

Example of
ND280 vevent

June 15th, 2012 International Conference on New Frontiers in Physics TPC 11



T2\ Super Kamiokande as T2K Far Detector £ %,

Super Kamiokande (SK)

« Water Cherenkov detector
— Total Mass: 50 kton
« Fiducial Volume: 22.5 kton
— Inner Detector(ID): ~11k PMTs facing inward
— Quter Detector(OD): ~2k PMTs facing outward (OD)
« veto for cosmic and background

-
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|

IIIIIII|III|||||I|||||||||||||I|||||III
e-like e|+ -lik i

e atmospheric V data

Mumber of events
.
X
[}
[
i

-

o=

=
I

. Particle ID using
ring shape & opening angle

BDE—
B0 == Excellent identification
- of ple: ~99% efficiency.

40+

20

D il NI AR BT I Lt | L1 -In"l"_. _
-0 8 6 4 2 0 2 4 &6 g 10
Farticle ID parameter
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J_Zflz\ Data Collected and Analyzed (2

@2 )-Re
« Beam Power increased up to 190kW w/ 1 X 1014 protons per pulse (world record)
« Analyzed data: up to May 15%, 2012: 2.56 x 102° POT (Protons On Target)
— RUN1 (2010): 0.32 x 102 POT
— RUN2 (2010-2011): 1.11 X 102 POT
 ND280 RUN 1+2 data used for oscillation analysis
— RUN 3(2012): 1.14 x 102 POT
* including 0.21 x 10%° POT with 200kA horn operation (13% flux reduction at peak)
* ND280 RUN 3 data for checking the RUN 1+2 measurement

- o't BLINI BLINZ El 5 -
N ; i
E =l RUNI1 RUN2 Beam Good Spill UNY, .
Q - SK and Beam Good Spill =
@ _ le S e N
5 _ Overall SK Dead Fraction 4 E
200 p— L
2 F| S0kW 135k\W 190kW/ 35 E
u 3
E 150 f— o
= - W
E [ 25 =
5 N Recovery from =
§ 100}— earthquake 2 g
n | 1.5
[ L“ 0.5
0 [ T | 1 A | , I 1 ) | , i 0
20004 20701 2001 2011 20110401 2011807 201108 2 20101 201 20491
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T2k

Neutrino Beam Quality

b
@257

Muon Monitor: Beam center (X, Y) and direction stability (<1mrad)

1 mrad shift of the beam direction = 2% shift of the E, peak at SK

[ Run I (2010 Jan. - 2010 Jun.) |
—_— 15_ T T T T T T T T

[ Run 2 (2010 Nov. - 2011 Mar.) |

[ Run 3 (2012 Mar. -) |

- X center

g e e F e - Y center
5 '""Btlmrad  Runl E3 Run 2 E3 - Run 3|+ 1 mrad
3 sp + + . E
z r + g F ]
S oy M v N ﬁﬂ:ﬁ e L — I~ Bpahabiiesn -
= sf T 200kA 250kA 3
o mrad S S :
155 02 I'L-‘lar 02 I\Iwiay 02 I_lu I2? II\Jc:-‘\.!I I2? IIZ)f:(:I I26 _llanI 25 1|7E:b - 21 l{-‘lar I 20 J:f‘&pr 20 l‘:;iay
Date
INGRID interaction rate stability: 1.5events/1014 POT INGRID: beam direction
c 2 2/ndf 435.7/195 §1— B
o1.9 x=in = 'é i —4— Horizontal center - ;
£1.8 po 1.505 + 0.001 z —— Vertical center 20 &
< 1.7 = L E:
o [} —— 1 a
1614 *{ } . +, -+~
- + + + - dot " c _+_ = (14
£1.5 #**'f'-ﬁ#*%‘#m%*#%‘ﬁ{*- V't*t’#ﬁ"““w"*"*‘”‘k‘”""w pavsssmmpaiyd 9 0 _+_++:$=—o—+‘+—-+- =0 &
1.4 8 [ 41+ 1 108
>1- o =1 ©
L —-10
1.3 5 T %
v, | S PRSR—— e < E L 1205
*1'1 T2K Runl T2K Run2 T2K Run3 § KR “T2KRunz 12KRun3 O
- Jan. 2010~Jun.2010 Nov. 2010~Mar.2011 Mar.2012~ m-1- 305
S e " M Idla | . 1 i 7§ 1§ % 1 o 8
- -
: y EEEFEEEERE
_ o &  Run number of accelerator
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N_Zﬁignal and Background for T2K v, Appearanc 2
LA P

Search

SIGNALS

Charged current guasi-elastic scattering
(CCQE)
V.tn—e+p

e

V= >Ve~ =

Tl

» Electromagnetic shower and
multiple scattering
—Ring has fuzzy edge
 Electron is relativistic
— Opening angle is maximal

BACKGROUND
Intrinsic v, contamination in the beam (<1%)

June 15th, 2012
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—wider energy dist.

Neutral current z° production

Electromagnetic shower of y’s
from ©° can fake an electron
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T2K\ T2K Event Selection

Selection Criteria
(determined before data analysis):
1. T2K beam timing FC: 209 events “
2. Fully contained (FC) event, ., fFCFVi1Slevents.. | | e
3. Vertexisin Fiducial Volume (FV) | & s
4. Asingle e-like Cherenkov ring 5 e § '
5. Visible energy > 100 MeV E L
o : : = L
6. No decay electrons
7. 7% mass cut, M;,, < 105 MeV/c? Pees b o E 4 A
~400 200 0 200 400 -1000 0 1000 2000 3000 4000 5000
8. Reconstructed E, < 1250 MeV AT, (usec) AT, (nsec)
74 events ;
f ~e-like -fike [
o RN S H — R
. e 5 5[ et oD . 191 18 events MmN
g [ v+, CC ‘g [ v, cc ':q) i [ v.4V.CC
5 60 (ﬁ:iﬁmzzelfn.l) A A 5 m-cufsinzzeu:o.n
[ Single ring to select B dop frews o) c Reject low-E
g 40r CCQE events é I 19 events g ] backgrounds
Z ol I | 2 sk 4
- | ,

Number of rings PID parameter Visible energy (MeV)
June 15th, 2012 International Conference on New Frontiers in Physics 18
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12K\ Further v, Selection £ oo

Selection Criteria
(determined before data analysis): S IMC Expectationw/sin?20,,=0.1
1. T2K beam timing 256x100pOT | Do vSiTi' BG total Végu Vc‘fg NG
- i e
2. Fully contained (FC) event, e-like 19 | 870 | 13823 | 230 | 407 | 686
3. Vertexis in Fiducial Volume (FV) E.>100Mev | 18 | 850 | 1147 | 149 | 403 | 594
4. Asingle e-like Cherenkov ring No decay-e 13 | 731 | 85 | 028 | 319 | 509
5. Visible energy > 100 MeV © mass cut 10 | 682 | 367 | 007 | 221 | 139
6. No decay electrons E/©<1250MeV | o | 661 [ 247 | 005 | 136 | 106
0 5 (MC sin220,,=0case) 015 | (29 005 [ (147) | (106)
7. mass cut, My, < 105 Mevie Efficien;/[%] 607 | 10 | 00 | 200 | 09
8. Reconstructed E, < 1250 MeV : : : : :
e —+— RUNI-3 data ) or = —— RUNI-3 data ) i — —— RUNI-3 data )
vents Seovcc | s i S
2 20 éz}.;;pgg z || 10 events é;};\gﬂgg g 10 evs ntségggug?
§ N § I B NC § f B NC
fj (MC w/ sin?26,,~0.1) i’. (MC w/ sin*20,,=0.1) £ L (MC w/ sin’20,,=0.1)
c . N o s Reject NC events ° A4r N
2 Reject mis-identified p 8 - 0 e Reject high energy
g 10 B by finding E v, beam and NC
< “ o backgrounds
S 1 2 | 3 | 4 | >5 0 100 200 300 % 1000 2000 3000
Number of decay-¢ Invariant mass (MeV/c?) Reconstructed v energy (MeV)

June 15th, 2012 International Conference on New Frontiers in Physics 19



T2\

Number of events

" 10 events

0 1000

cfa

Evidence of v, Appearance £ 25 e

2 10 F

—— RUNI-3 data 5 =
mmGaveee) | B 100
[ v+, CC = =
[ v+9. CC A 100 E
-NC‘z ) O =
(MC w/sin"26,,=0.1) S 104 e
> =

z B

o 10° g

S -

=02 E

10

— e | _E | | e e S
2000 3000 0 5 10 15

Reconstructed v energy (MeV)

* 10 v, candidates found!

The observed number of events (toy MC)

* Probability (p-value) to observe 10 or more events with
2.73%0.37(sys.) BG events is 0.08% (3.2 o)

— Confirm the T2K 2011 results [PRL 107, 041801 (2011)] !
— We find the Evidence of “Electron Neutrino Appearance”.

June 15th, 2012

International Conference on New Frontiers in Physics 20



Flux (/em?/50MeV/10*'POT)

Fractional Error

T2\ Neutrino Flux Prediction w/ CERN NA61 £ ...

o R RSTRARARRIA - v,@SK —u

106 HH'HH‘HH'HHH_all H H 3 — pion parents
10° VH@SK — plon parents Vul Ve} antl-vul antl-ve 10 —annl:]’:varents
10* e, 4 €Nergy dependent errors = e
10’ with full correlations N

Flux (/em?/50MeV/10*'POT)

10 1
0 @SK and @ND280 are :
. 10
1 taken in the FIT! A
10" 5™ 127374 s 6 7 8 9 10
E, (GeV)
10-2 I L
0 1 2 3 4 5 6 7 8 9 10
E, (GeV)
Run 1+2+3b+3c SK v, Flux . .
0.3 ——— — | Flux Energy Bin Correlations |
r Total . 1w — - Run [+2+3b+3c SK v, Flux |
L Pion Production i = g 03
L Kaon Production . 1 = v .= B O[T T LA e L e
Secondary Nucleon Production jsa) 5 = E F Total . B
= Hadronic Interaction Length i B > [ D 4 B E;;IHPII)’?SEES?& ]
02— Proton Beam, Alignment and Off-axis Angle | e " £ = L Sécondary Nucldon Production |
Lo Hom Current & Field - o - o g - Hadronic Interaction Length .
L E r' ro r'S "~ 15()/ LE nA O o= g2 Proton Beam, Alignment and Off-axis Angle
___________ =N - = e oS E L HECurrent&Fleld_ 0
|z £ L rrors: <~15
0.1 o=
(. B >
=
=
=
-
o
w

SK v, Flux SK v, Flux ) E, (GeV)

Errors: 10~15%

Flux Energy Bins

June 15th, 2012 International Conference on New Frontiers in Physics 21



T2\ ND280 v, Measurement (RUN1+2 Data)

cfa

‘t‘ﬁ- RC

# of Events in P, vs. 8, are used in FIT to constrain the flux
and v cross sections (MC predictions at ND280 and SK)

2400 CCQE sample —
5350
=300 ¢ Data
5250 — MC w/o tuning
>
w200 --- MC after FIT

150

100

50
a - L2 I 1k : ;T =
§ o L L ST
2 T 4 TR - T R
x 560 D00 1500 2000 2500 3000 3500 4000 450[(:‘ 5\’,(:)'00
>200 CCnQE sample —
2180
2160
o
%140 ® Data
5120 — MC w/o tuning
>
e --- MC after FIT

60

40

20

n

2 2
- *‘ﬁﬁu ﬁr 1l T e J, G b
% » Tt 1 1\7: TTT ‘1}4ﬂ41~4 #_#71 T;j Tﬂ\tﬂ +T+H H
7
@ 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

P, [MeV]
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24005— CCQE sample I
S 350
2300 = CCOE
220 B CCln
g CClne
200, - — Rl
- Bl CCother
150(- .
100 =
soi—
05500 1000 1500 "u“”':"' 5000
P, eV%
> 200 -
= 1800 CCnQE sample
o =
2 160 ﬂ
£ 140> == CCQE
z E ! t
@ 120

International Conference on New Frontiers in Physics

=500 1000 1500 2000 2500 3000 3500 4000 45?3 vﬁoo

» Good negative track in FV
e Upstream TPC veto
« muon ID by TPC for CCQE
* 1 FGD-TPC track
No decay-e FGD

For CCQE selection
40% eff. w/ 72% purity.

>
g 400

Sss0— CCQE sample
2300 e Data
0250 -
2005 — MC w/o tuning
150 --- MC after FIT
1005
sog—
R A TR i SV L e R W
2 O g ey T ﬂmﬁl
4 0 01 02 03 03 05 06 07 08 09
cosO,
22



T2iK\ Flux + Cross Section FIT output £ 4% e

‘ ND280 vy Flux Parameters & Uncertainties |

Q [
=
§ - Prior to ND280 Fit
= 1.3
% After ND280 Fit
.
3
ey
bl
=
[T
0.7 L L
1 10
E, (GeV)
SK vy Flux Parameters & Uncertalntles |
© — ‘ =
T::; 1.4
= - Prior to ND280 Fit
=
% After ND280 Fit
-
[ae?
[a )
»d
=
[

07 L oo | L L L Lo
1 10
E, (GeV)

‘ Post-fit Parameter Correlations |

.i-.i-

Fit Parameters

||||ﬁ||||||||

ND280 v
Flux

-1

SK vy
Flux

v Cross
Section

ND280 vy
Flux

SK v,
Flux

Fit Parameters

| SK v, Flux Parameters & Uncertainties |

T
I Prior to ND280 Fit

After ND280 Fit

Flux Parameter Value

E, (GeV)
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.. L
T2/ # of Events Predictions at T2K w/ Sys. Error £ 4% e
(Note: 10 v, Candidates observed)

2000 in®20,,= 0.1 [ w/o ND280 fit 4000[- ] wio ND280 fit _
- . B v/ ND280fit B/ ND2SOfit
= 1500 3:;; ! p'il' 2 - = 3000 -
é" i (qur%m_al .hicrarchy) i % sin229n — 0
£ 10001 = 2000 . -
« : = 2::5:3;( 107" p.o.t.
500~ 1000- Am, = 2.4x107 ev? i
- - (Normal hierarchy)
Qs 10 15 - 0(; S T R T S—
Expected number of signal+background events Expected number of signal+background events
# of Events prediction Systematic Errors
| sin?20,,=01 ) sint20,4=0 Sin%20,5 = 0.1 | sin?20;, = 0
Total 9.07%£0.93 2.73%x0.37 ND fit 5.7% 8.7%
Vv, signal 6.60 0.15 Cross section 7.5% 5.9%
v, bkg. (beam org.) 1.32 1.42 (from other exp.)
v, bkg. (~NCn) 1.02 1.02 R 2o i

Error (2011 result) ~18% ~23%
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angle (degrees) angle (degrees)

angle (degrees)

T2k

Oscillation Analysis FIT (3 methods)

b
@257

« Method-1: Maximum Likelihood Fit w/ Rate + (p,, 6,)
«  Method-2: Maximum Likelihood Fit w/ Rate + reconstructed E,
*  Method-3: Feldman&Cousins for Rate only (used in previous analysis)

Method-1

v, signal

150

100

500

1000

1500"

momentum (MeV/c)

v, background

500

1000

1500

momentum (MeV/c)

v, background

G a

100

0.04

nti-vJa 03

50

500
momentum (MeV/c)

June 15th, 2012

0.02

1000

0.01

1500"

angle (degrees)

angle (degrees)

500 1000 1500°
momentum (MeV/c)

v, backg.round

NC

500 1000 1500
momentum (MeV/c)

Data is fit to
signal + 4 BG
2-D curves

International Conference on New Frontiers in Physics

Erec —

arbitrary unit

0.15 T T . |
r séin229.3=0.l — Osc.v,CC |
i cp =0 CccC |
o Am, =24x107eV? I Ve }
[ Ans Signal ¢ |
0.1— (area normalized) |
0.05— BGv, -

L | | | L
% 500 1000

m,

N

Method-2

Reconstructed neutrino energy (MeV)

Data is fit to signal + 2 BG 1-D curves
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Best fit: sin%20;

Runl1+2+3 data

(2.556e20 POT)
best-fit sin*20,, = 0.104
assuming d,=0,
normal hierarchy,

IAm3,l=2.4x107 eV>

200 400 600 800 100012001400
momentum (MeV/c)

‘2 1400
£ 1201
S 100F
2 80
2 60f
« -
40¢
20
%
c S
S 4F
+*= 3;_
2F
1
of

0

June 15th, 2012

Runl+2+3 data
(2.556e20 POT)

+ data
l signal prediction
lbackground prediction

| re L re

200 400 600 800 1000120014bb
momentum (MeV/c)

# of events

2*¥In L

Method-1: Rate + (p,, 6.)

L

= 0104732

cfa

@257

6F Run1+2+3 data
(2.556¢20 POT)
5 E_ +data
4 } —— .signal prediction
3 E lbackground prediction
2f
It
0 C
0 20 40 60 80 100 120 140
angle (degrees)
14E  Runl4243 data
- (2.556¢20 POT)
12 - best-fit sin"20,, = 0.104
10 } assuming 8-,=0, normal hierarchy,
3 § Am2,1=2.4x10" eV
a
6 =
4
2
O_..r;l//.’.l...l....
0 0.1 0.2 03 04
sin“20
26
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,0"

;rsz\ Method-1: Rate + (pe, ge) ‘,ﬂ.p/jac

6CP

90% CL: 0.036 < sin?20,5, < 0.211 for Normal Hierarchy (Am?,;>0)
90% CL: 0.045 < sin?20,, < 0.253 for Inverted Hierarchy (Am?,,<0)

Normal Hierarchy Inverted Hierarchy

3 — T T T T T —) % 3 — T o T T T T T —

C ] o) L 4

2 - 2 =

C Runl+2+3 data ] B Runl+2+3 data ]

- (2.556¢20 POT) - - (2556e20 POT) -

1 — normal hierarchy — 1 — inverted hierarchy —

C IAmZ,I=2.4x107 e V] C Am?,1=2 4x107 e V]

Uy = O =

_1:_ 68% C.L. B 1:_ 68% C.L. e

- B 90% C.L. . i I 90% C.L. .

C Best fit . o Best fit n

2F [ ] T2K(2011) 90% C L. 2F ] T2K(2011)90% C L.

-®d " .m0 T2K(2011) Best fit " . \: ., - T2K(2011) Best fit |

_3 = AL - - L L I 1 L L = —3 — 1 “\ 1 1 1 1 | I 1 I —
0 0.2 04 0.6 0 0.2 04 0.6

sin*26, , §in*20,,

Sin® 20;, =0.104 150, | @8cp=0 | Sin® 26;, = 0.128 (o5
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T2/K\ Method-2 and -3 {;%mc

Method-2: Rate + E, ¢ Method-3: Rate only

T AY ' I l ) : — — —
§ Normal hierarchy § 2; |
W2 Amd, = 24x10%V? - -
- sin®26,, = 1.0 7 - :
% 0 —— —_ % 07 Euns I-‘I:!‘c Meaﬁurement |
i i Best fit ] o - 2.556x10%POT ’ —
. 68% CL ] i ) |
- . — 58% C.L.

- I 90% CL ] | |
B DR RS T2K(2011) Best fit | -2 —— 9% L. -
- T T2K(2011) 90% CL - :
ql [ A B by NN

. - 0 0.4 0.6
: i - | T T T F
C Inverted hierarchy - 1
2= Am}, = -2.4x107eV? ] 2? .
- sin*26,, = 1.0 . i |
6 0 - _ o i ]
o L a &) O | Funil—éllljinﬂeas;rement |
B ] ©w B ;;Zsimmir;;c ’ E
- T2K Run 1+2+3 _| i — e8%CL. ’
B 20 . - _
R 256107 p.ot. ] 2 —— s0%CL. ]
™0 0.1 ‘ 0.2 0.3 04 0.5 0.6 . L — =

' ' 2' ‘ ’ ' 0 0.2 04 0.6

3 2 2
sin“20 , 2sin"0,,sin"(20,,)

All three results are consistent.
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Ry A
T2\ Future Prospect £ 4% e

» Results with all data collected by June 2012 is expected soon.
* Updated v, disappearance result is coming soon for 6,; measurement.

— The precision of 6,; with the reactor 6,5 value is also important to explore
the sub-leading term.

* Precise measurement of P(v —v,) is important to search for the sub-leading
effects [ CP violation, matter effect, new physics, etc] in v, appearance.

« The data will increase in each new run with higher beam power.
— ~8X 109 POT (2013)—~1.2 X 101 POT (2014)—~1.8 X 10 POT (2015)

P(VH—we):SinZngsin22613sin2(1.27Am223L/E) + CPV + matter effect + ...
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T2k Summary

Updated v, appearance results with 2.56 x10%° POT

(2
@2%)-me

— Systematic uncertainties reduced from the previous analysis: 23%—13%.

— 10 v, candidates observed.
— 2.73=%0.73 events with sin?20,,=0 assumption
— Probability to observe 10 or more events = 0.08% (3.2 &)
— Evidence of v, appearance!!
6,; measurement
— sin?20,5 = 0.104*29%9 (normal hierarchy, §-,=0)

— sin%20,, = 0.128*9970 (inverted hierarchy, 8.,=0)

—0.055

Results with all the collected data by June 2012 will be coming soon.

— v, appearance
— v, disappearance

June 15th, 2012 International Conference on New Frontiers in Physics
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T2K\

Normal Hierachy
Inverted Hierachy

Neutrino Oscillations as of 2012 May

68% CL region

June 15, 2011

June 24, 2011

Double Chooz Nov, 2011

June 15th, 2012

Daya Bay

March, 2012
RENO April, 2012
| [ [ [
0.1 0.15 0.2 0.25
sin‘20

Ll
0.3

International Conference on New Frontiers in Physics

P
@257

T2K v, v,
first indication of 813# 0 with 2.5 o significance

MINOS v, -v,
013=0 disfavored @1.7 o

Double Chooz 1_/e —>17e
013 # 0 @30 combined with T2K and MINOS

Daya Bay ve —ve

sin22613=0.092 + 0.016(stat) + 0.005(syst)
5.20 significance

RENO 1_/e —)1_/e
sin22413=0.113 + 0.013(stat) = 0.019(syst)
4.90 significance
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T2K\

0

Ll

Normal Hierachy

Inverted Hierachy

cfa

Neutrino Oscillations as of 2012 June £ %7,

68% CL region

June 5, 2012
June 5, 2012
Double Chooz
June 4, 2012
® Daya Bay June 4, 2012
RENO April, 2012

I

0.05

June 15th, 2012

NI T T T N T N T Y A T O N

T2 vV, 2V,

sin2 26, = 0.104 °%9 (NH), 0.128 %7 (IH)
MINOS v, -v,
013=0 disfavored @96% CL

Double Chooz  ve —>ve
sin22613=0.109 + 0.030(stat) + 0.025(syst)

Dava Bav 1_/e —)1_/e
sin22 613=0.089 + 0.010(stat) + 0.005(syst)

RENO lje —)1_/e
sin22613=0.113 + 0.013(stat) + 0.019(syst)

|
01 045 02 025 _ 03
$in‘20,,
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T2/K\ v,—V, Oscillation Probability é,‘mac

CP violating

P(v, >v,) = [4C3S5S;,-sin® A, | Leading term
+8C5S,,5,55,,(C,,C,; €086 —S.,575S,,) - COSA,, -SinA,, -sinA,, CPC
- 8C123C12C23812813823 51N As, -sin Ay -sin Ay CPV
+ 48122C123 (C122C223 + S1225235123 o 2C12C23512823513 0035) -sin” A21 Solar

- Matter

Matter effect 0.06

For P(;ﬂ —>17e),8—>—8,a—>—a o

0.02
P(v, >v.)-P(V, >7.) AmZL sin26, Ml
v, ) (_“ _e)z 2. 912-8"‘15 CPC(coss) ¥
P(v, »v,)+P({,>v,) 4E, siné, -0.02 (cosd)
-0.04
5in?20 13=0.1,0=T1/4
0,570 is necessary for CP violation. 006l 1., .*.S.'.'T. sl v 08 o .). ”
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T2k Future Neutrino Physics (2

') -PIRC
« Search for CP violation & mass hierarchy

— 0,5 from reactor measurement : higher precision
— Precise measurement of v, appearance
— Comparison with reactor measurement

— hint for CP phase 6 & Mass Hierarchy

Complementarity of Reactor-accelerator
0,3 measurement

= Hypotheticilreactor measurement

-
)]
o

— i
=
933 de SENETACY ™\ g 400 E_ '
P(v,—v,)= 030=0.11 ~sin’26,; +0.0455in26,,s5ind g 350\ ,
' (1% OODOI?L[km]) — ; 5
Mattor offe / -~ o 8 300 b R e N
retiec Sin’260;,=0.95 2 o50ED |
0.1 : ?\:l :
azstt,q e <l : F
ﬂmaz:rﬂ a_ N— N 200 s \
0.08 || amb<0 | — <E - '\Stltﬂnl,}
7

oy S N

50 - T2 0,5 szmsm} ity 3. 7%1\\ 1e7s.

By courtesy | (moffictab) | |
Op 2 4 6

of Suekane CPV phase (rad)

P(vy— ve) (Accelerator)

1 | b= 1 1
0 0.03 0.06 0.2 o0.12 0.15 0.18

080520 30 \ew Frontiers in Physics 36
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JZR\ T2K Neutrino Event Category é;gmc

RUN1+2+3 MC Expectation
2.56 X 102 POT (12ps window)
= 209 213.6 199.7 429.6 0.034
FCFV 151 150.7 140.9 297.0 0.0042
Single ring 74 79.0 70.6 205.4 -

u-like

55(54)  57.0(56.7) 57.0(56.7) 185.7(184.6)

(p,>200MeV/c)

e-like
(p.>100MeV/c)

Multi ring 7 71.8 70.3 91.5 -

19(18)  21.9(20.0)  13.6(11.8)  19.7(13.6)

Observation is consistent with sin?26,,=0.1 case.
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“T2/K\ MC Expectation for Signal and Background {;%mc

RUN1+2+3 MC Expectation with sin?26,,=0.1 Dt
ala
2.56 X 10°POT
130.99 6.82 11261 25041  10.89 :

FCFV 99.43 651 3431 14026 1046 151
One-ring 56.27 4.09 978 7015 881 74
e-like 2.30 4.07 686 1323  8.70 19
E,..>100MeV 1.49 4.03 594 1147 8.50 18
No decay-e 0.28 3.19 5.09 8.56 7.31 13
M, <105MeV [y, 2.21 1.39 3.67 6.82 10
E rec<1250MeV [Nis 1.36 1.06 2.47 6.61 10
Efficiency [%6] 0.0 20.0 0.9 1.0 60.7 .

June 15th, 2012 International Conference on New Frontiers in Physics 38



i >
T2k v, Appearance Candidates £ 4% e

« Check for candidate events
— Candidate event observation rate vs. POT
« Kolmogorov-Smirnov (KS) test —probability = 53.3%
— Momentum vs. angle between electron and incident v for candidates
—consistent with signal.
— Timing difference from nearest bunch
—all candidates are inside bunch width.

Candidate event rate vs POT angle vs. momentum Fiming distribution
FCFV v, Candidates RUN1+RUN2+RUN3 500
10__ I 20; 1 All FC events R:i:;
[ v, candidates: U'::;ﬂ:‘"
s} ) MC w/ sin?28 ,=0.1 i = R o
- G i ) 7
- %1000* % 151
: = z |
T g w [
B g o :
: - |5 5 101
| E E E g s B ;
4= : I 2 ool : g
: : : =] . .. . 2 i
2-_ : i i 2 [ » - 5?
J e 07HH‘HH‘HH|HH :..HH.I]HH.H.HH.
0 5 10 15 20 poT mgg, -1 0.5 0 0.5 1 0 YT T

Cosebeam Residual (nSeC)
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T2k Vertex Distribution (2

@257

* Vertex distribution of FC sample and final sample

/ FC sample \
20007 2000 <= <> _
N IR L
000 A M. 1000, E:f et e e
= o S e A Event vertex evenly
5 ERUAS el distributed.
-1000 - -1000_' “~ -*::::..: .-:.é::ﬁ _)NO event Cluster
200! ‘ 200 s near the edge of ID

TR I R R N S S N TR S N S N N TSR R S NN RO NS S A R
-2000 -1000 0 1000 2000 0 1000 2000 3000
3
\ Vertex X (cm) Vertex R? (cm?) X 10/

/ Final sample

2000
“"““‘"""""""""; """" Ec—*

1000 1000 '
~ r _— r L]

g g [

o o L : &
S’ S L
>~ N r

9 0 >< Oj .
() ]
g ;o :
= > [

-1000 - -1000 -

| b | -2000 L | |

2000 L L L L L Lo TR R
-2000 -1000 0 1000 2000 0 1000 2000 3000
3
\ Vertex X (cm) Vertex R? (cm?) X 10/
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T2iK\ Contamination from Outside 1D (2

« MC estimation to check contamination of events with true vertex
outside ID

—MC expectation = 0.018 events inside FV.

Distance from vertex to ID wall

07— | T

B — ‘DAT‘A | ! 105 — MC expectation ]

- . ] B - outside FV: 3.8 N

8 Linear scale MC w/ oscillations = 10*-—  Log scale - ftom outside ID: 0.7 B

- t:i:i:i:ﬁ MC: true vertex ontside ID . ) — - from outside ID w/ FV cut: 1.8e-02 ||

6 - 0 ] 1 0 - — ]

A B ] 1 S R

ik MR :
00 e T | - 1 0-4 I R O NI S N R

500 1000 1500 2000 0 500 1000 1500 2000
cm cm

BG contamination from outside ID is very small
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T2\

« KS test for vertex distributions of candidate events.
— Low probability for distance from wall parallel to beam.
— Low probability from RUN1+2. —<RUN3 looks fine.

Number of events

Number of events

0 500 1000

—4— RUNI-3 data
(2.556x10™POT)

I Osc. v, CC

v, v, CC

v 49, CC

B NC

(MC w/ sin’26,,=0.1)

1500
Vertex Dwall (cm)

—+— RUNI-3 fiata
(2.556x10°POT) e
[ Osc. v, CC

(MC w/ sin’28,,=0.1)

-1000 0 1000
Vertex Z (cm)

June 15th, 2012

Number of events

Vertex Distribution Test

all || to ents

% 500 1000 1500 2000 2500 3000
(cm)

Vertex Fromwall beam||

—+— RUNI-3 data
(2.356x10""POT)
I Osc.v,CC
| vV, CC
v+, CC
41~ EENC
(MC w 8in’20,,=0.1)

0 1000

e

2000

Vertex R? (cm?)
International Conference on New Frontiers in Physics 42

b
@257

Beam Direction

; SK
Coordinates
X
! X
—~ v ~ Beam
WP 5 Coordinates
{Origin
7

RUN1+4+2 RUN3 RUNI1+243
Dwall 22.9% 80.7% 21.5%
Fromuwall beam,, 1.34% 47.3% 2.64%
R+ Z 10.5%  66.1% 17.2%

x 10°

Need to check with more statistics



T2iK\ T2K Neutrino Beamline Facility (2

@257

Near Neutrino detectors

- On-axis detectors
- Off-axis detectors

295km to W
kande L

Muon

Super-Kamio

,

Primary Beam-line

>

—_—

Muon neutrino

Final Focusing
Section

[ [ll.l'lll‘l

Beam Dump | Decay Volume

- o N\

SCFM at ARC Section
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T2k Recovery from Earthguake (2

@2 %-re
» Subsidence outside buildings — Many water pipes and cables damaged.
« All the functionality were back after recovery work.

—Beam operation resumed on Dec. 9™, 2011 after 9 months
recovery work.

Subsidence around Beam Dump

After Earthquake (Mar. 24t) After recovery (May 13t™)

June 15th, 2012 International Conference on New Frontiers in Physics 44



- - "'
T2k Realignment of Beamline Magnets 4,-‘5'_;,,,36

« Beamline magnets moved by ~10mm
— Realignment was done.

—All the magnets aligned within 1mm.

Residual from ideal beam orbit

15mirty . 15mm .
Before realignment After realignment
10mift? 10mm
Vertical
SMY | Sm

Vertical

Omiy Omi
m Fonomnaga s § T g O N R L aRbE S 8a s g L aas e e
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ
H I t |

-5mih ) -Smm
Horizontal
1o [ e o

-15mth

-15m
upstream downstream " upstream downstream
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