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T2K (Tokai to Kamioka) LBL v experiment

Searches for v —wv, OSCIIIatlon (v, appearance)

Precise measurement of v — v (v, disappearance)
PW, —v,) in2 0,,sin’ (Am’,, L/AE)
F4.J sind sin (AmzzlL/ZE )sin2 (Am231L/4E )+

6,5 can be determined from v — v..
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T =Y INEDEE

. X1 018 X1 012
- Delivered POT (Good Spill)
‘g 300 _ O Proton per pulse (Good spill) Great East Japan A 100
5 250 ’“ Earthquake /1480
5 = » "¢ |(March11,2011) R
T+ 200— "! ¥ A 60
3 150F- | - Recovering facility y
o = - ! ‘ (acc., beam-line etc..) FEENEEY
2 S T >7 =140
< 100 Run 1 L Beam re-commissioning, R 3
(] — un " Repairing horn power supply . un 420
50— N
0: ) : A R R PR ...1,__Ll..1._L|..1.__Ll..1.__._L..|,__;_L..|'.0
2010 2010 2010 2010 2011 2011 2011 2012 2012
Apr/01 Jul/02 Oct/01 Dec/31 Apr/02 Jul/02 Oct/01 Jan/01 Apr/01
Time
Runi + 2 (2010-2011) Run3 (2012) : 1.58 x 1020 p.o.t
20 *including 0.21 x 1020 p.o.t. with 200kA horn
1.43x10 p.o.t. operation (13% flux reduction at peak)
*ND280 Run1+2 data is used for (250kA horn current for nominal operation)

Proton per pulse at CT5

oscillation analysis * ND280 Run3 data is checked and consistent with Run1+2 6
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12K Beam

High intensity
D |
P beam target/ ecay volume  Myon Detector
p Horn TI detector off-axis (2.5°) u
(30GeV) _@:_ - g ---------- >
proton E—
e on-axis
Horn 250kA  TT— UV
i | |
Om [18 m 280 m

Intense & high quality beam
* Small beam ve fraction (~1%) from u,K decays
* Off-axis vy, beam

- Low energy narrow band beam
- Ev peak around oscillation maximum (~0.6GeV)

- Small high energy tail = reduce background events in T2K

(e.g. NC110 is one of ve background)
m, K production is measured in CERN NAG61 exp.

Phys.Rev.C84:034604(2011), Phys.Rev.C85:035210(2012)
Muon monitor

[ Run 1(2010 Jan. - 2010 Jun.) |

[ Run2 (2010 Nov. - 2011 Mar.) | [ Run3 (2012 Mar. - 2012 Jun.) |

71— 71— 71— 11— 1 @X center
§ 5- P mm=+ | mrad
& of ! (| ] h
by M e seme U e
—10_ -muwa Beam dir. stablllty < 1mrad -
-15E :

21M1r l 20Apr 20Miy -
Date

T0aMar  02May  02Ju 27Nov 27Dec  26Jan 25 Feb

Far Detector

(SuperK)
--------------——--’
|
\ 295 km
! Neutrino flux
3000 : — 6,,=0.0°
— 5 — 6px=2.0°
= 2000 — 004=2.5"
= | —— 60,=3.0°
3
Y 1000
1.0 . . L L
Oscillation probability
>
% AN, =2.4x107[eV3/c*]
©
Qo 05
2
[a W
— 10 : - ' -
S Interaction cross-section
(<]
NQ CCQE
= CClin
o 05| NClin
o
=
wl
S~
[

0.6 1.0 2.0 3.0

Neutrino energy[GeV]

| Important to keep beam
direction stable

1mrad direction shift
— ~2% energy shift at peak

0
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T2KEERDIGFE, SKICW T HE—AFRNEE |

— E—LAREOBZERETmrad,
MR—YERT7 T4 XY MBEZETmm
ENTOEFE—AMUEDHIEBZETmm

AR ICXT I BIJ-PARCOZEALIEZ. E16ecm. E91em, i F36cm (%R
#7:022-.30cm) ... (<< 0.003 mrad)

“RE=LTAYVDORBEEY) (F—T v N AT—2 3 VHKAE,
FaTA4R)a—AL, E=LF>VT Za—FA>EYRN) ORELE
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E—LSAVEZERQDMETDEL

Neutrino-monitor i Target-station
building 1 F underg_round build_ing 1F

#iZR TIL T IE 3 o e b,

EBICKLEABE A RDELSL KUY DR 2

AFREERNTH o,
R L RFEIITHS Blnu

FRE (X HISmmELA
+8mm +8mm End of
+6mm +6mm +6mm FF section
T T T+4mm
NM2-1 NM1-1 Mu3 TS2 Ts1

Neutrino monitor Muon pit Target station
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MRS DE—AlE, E—LAOXZFES UL TE—LBEZR LI S
H (HUKIEMZTILTYO 25 I@EZ NF56)  FBRESEGE
(LYY VAR, Fa—VEBELKED->TWS,

Za—hU/E=—LDABEPYieldZRDiHIC. IHREFDFEGNE
bIEIC. RIRPRESOERAZHEL. BFE-—LNENICHT

LFEEN—FICIRD I DICTHEL TS,
Muon monitor

| Run 1 (2010 Jan. - 2010 Jun.) | | Run2 (2010 Nov. - 2011 Mar.) | | Run 3 (2012 Mar. - 2012 Jun.) |

E* 15__ T T T T T T T T T T T T T T T T T T T [ T T T T T 'X Center
S - - - - - -

= 10F @® Y center
5 st T me=+ | mrad
Z. C I . ) ]
S oy Uy E#kub L~ e—
2 sE ' N AN oW N ]

- 5— L L L | L L L | L L 1 1 T 1 | L L | L L | L L |‘ L L TR I S TR KN SR TR S R T SR
: 02 Mar 02 May 02Ju 27Nov 27Dec 26Jan 25 Feb ZIIMar 20 Apr 20 May

Horn % 200kATTEESLTc T7—4%
BEFE—L&EZa—MIV/E—-LDFAIPEDLOI! .



Near detector measurements

8 ZE : : ata with horn
@280m from target c19& INGRID T Datavith horn200kA
. Q1.8 g Lo Mean with horn250kA
On-aX|S detector (ING RID) 21.65 ; - = - Mean with horn200kA
\V} b eam monlt or gg.l i g#ﬁ{?&*@d#ﬁ%ﬁmﬁd{ﬁ{t i ,}?‘MKW&V 4++h°+.1'¢+'.‘0’ e r’-fw:{“‘aqwﬁ.*qwu
(rate, direction and their stability) 21sF- : m
Off-axis detector (N D280) § 1 1 3 Erszol;%T Jun.2010 -Il\-li}\f.ZR(;TOz- Mar.2011 I/lzaf.zFi)u{]z?i Jun.201 jay

vy CC event measurements is used in
oscillation analysis

UA1 Magnet Yoke

Ve CC event and NCrP event measurements are
checked (background events for ve appearance)

POD ECAL

negative track TPC PID positive track

- 5 o
i —— muons
H electrons
— pions

- afew electrons [— protons

»
C
>
Cl

w

*Dipole magnet w/ 0.2T

| « POD: w® Detector

o FGD+TPC: Target + Particle tracking
o EM calorimeter

¢ Side-Muon-Range Detector

2

Energy Loss (keV/cm

-
£
o

o

T

=

S
o
]
o

|
>
o
-
)
c

w

-

S R T
[ U7 WU NI R

(=]

o

v b by b b by b b by by pa b v b by v b by P by by by g
200 400 600 800 1000 1200 1400 1600 1800 2000 0 200 400 600 800 1000 1200 1400 1600 1800 20
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Far detector (Super-K) measurements

® \Water Cherenkov detector w/ fiducial
volume 22 .5kton

® Record all the hit PMTs within £500psec
centered at the beam arrival time

158e
Am e : ® Detector performance is well-matched at
of § clo0x sub Gev Bl Tome S e
| 5{ == <VINce : - Good e-like gr20 ] Atmospheric v ]
ot 14 : E

i (shower ring) / 2100} :

- 8 u-like separation 80~ -
Probability that u is mis-id «f -
as electron is ~1% 200 =

(-)1 ""' | '-GI | l-4l | I-2l | l0l | '2] | I4l l |6l | ] 1_0

Particle ID parameter

Signal: single ring electron Background. y I.lo P
e intrinsic ve in beam T g
Vs Vg —eem . . )
M no from NCinteraction V| --—+@"
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CERN NAG61EERIC K DR TOn, KDERKHEEDIEBMNEA L, 2011FEDBET TRAWTWE

Tl Z. #fcICKDERBIEEDAIERFRDHE WL

. Intrinsic Ve/\w 7 7' 2> KOREMENK
=

HIBR I DFENTDER ctmRa A DEE)

20MFEDEM TlE. VWUCCRIGDEIC L >TEED /- VE—2 a3V ZRODDICAWNTL

fco 2012F DN TIE. VWCCRIGDUDEHENT. BAESHNSZ2—KNIY/TZ VTR
—a1— U /&F@TIE'E%&%LJT«._O

Far Detector T U WEEIT/AE

201 T DB TIRKETRBDOBERADHZHWNTWD, 2012F DM
MTRHRZ2—MI)/RIGTERSNIEEBETFOEEEE AF(H LLIF

Za—kU/DOIXRIF=)ZFHAWT, Event-by-EventiciE5 5 U (BG
50 3&)ZFHML 7,
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Oscillation analysis method

Flux prediction

w/ Hadron production ND280 v, measurements detector
measurement (CERN NA61) in CCQE and nonQE samples uncertainties
v int. cross section _ _ ]
MO awr Flux & v int. cross section fit
NEUT + uncertaintiesset [~ t0 constrain flux and v int. cross
from external data section uncertainties

fit result (flux & v int. cross section
information) is extrapolated
into oscillation fit

Oscillation parameter fit
to extract sin26+3 (dcp is scanned)

Ve candidate events

A A
Other v int. cross section Far detector uncertainties
uncertainties (uncorrelated set from atm.-v & m° control sample
between ND and far detector)



Flux & V int. cross section fit w/ ND measurement

Fit (py, 0,) distribution for CCQE and
nonQE enhanced samples

® Flux energy dependent errors
w/ full correlations among v types and
between detectors (ND280, SK) are
taken into account in prior of the fit

Fit results are extrapolated to

the prediction at far detector
the predicted event rate is
corrected based on the fit results

new constraint on the systematic errors

Flux normalization

> 400
éasof— pu distribution for CCQE
=300 e Data
250 — MC w/o tuning
(fi 200 --- MC after fit

150F-

100

50F-

R e SR g p—— u
% g +—+ j:} , 4—%%# ++}]++:+%ﬁ% ++|Tl+++ JrJI"JI I+++++'f'
x 0 500 1000 1500 2000 2500 3000 3500 4000 ?)5110[2“5\?]00
T2K far

oS
III|IIII|IIII|

vy flux normalization & uncertainties

ﬁﬁﬁﬁﬁﬁﬁ

i
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The predicted number of events

and systematic uncertainties

The predicted # of events w/ 3.01 x 1020 p.o.t. the predicted # of event

Event category sin?2613 = 0.0 sin®26;3 = 0.1 distribution
Total 3.22+0.43 071110 = o ip2s0 measurement
U, signal 0.18 7.79 ; - Bl w/ ND280 measurement ]
v. background 1.67 1.56 £ 3000- 20,120 ;
v,, background (mainly NCro) 1.21 1.21 S 2000/ ]
v, + V. background 0.16 0.16 1000" éffl"?’hij”h” ]
Systematic uncertainties I
. 9 . 9 = 20001 sin*26,,=0.1 7
Error source sin” 2013 =0 sin”20;3 =0.1 2 1500; 10 ]
Beam flux+v int. 8.7 o 5 7 o7 g - ) E
in T2K ﬁt . 0 . 0 :% 1()()(); 3010 x 10 p.ot.
v int. (from other exp.) 5.9 % 75 % s
Final state interaction 3.1 % 2.4 % OE y ]
Far detector 71 % 3.1 % 0 5 10 15 20
Total 13.4 % 10.3 % Expected # of signal+background events
(T2K 2011 results: ~23% ~18%) Uncertainties are reduced

using ND280 measurement



Ve candidate event selection

MC Expectation w/ sin22013=0.1
RUN 1+2+3 3.010x102° POT | Data ST - -
vugeve BG total | CC (vu+Vy) | CC(Vetve) NC
Fully contained FV at beam timing 174 12.35 16547 117.33 7.67 40.48
Single ring 88 1039 | 8278 66.41 4.82 11.55
e-like 22 1027 | 15.60 2.72 4.79 8.10
Evis>100MeV 21 10.04 | 13.53 1.76 4.75 7.01
No decay-e 16 8.63 10.09 0.33 3.76 6.00
2y invariant mass cut 11 8.05 432 0.09 2.60 1.64
E,rec < 1250 MeV 1 7.81 2.92 0.06 1.61 1.25
(MC sin?2013=0 case) (0.18) (3.04) (0.06) (1.73) (1.25)
Efficiency [%] 60.7 1.0 0.0 20.0 0.9
i < —— RUNI-3 2(gata °
o =255 | 11 candidate events are observed
n C v+, CcC
= i [ v+v, CC .
> BANC 0 o) Nexp=3.2210.43 for sin22613=0
T 4
2 | -
N The probability (p-value) to observe 11 or
2 . .
- more events with 6:3=0is 0.08% (3.20)
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Oscillation parameter fit

Performing an extended maximum likelihood fit to extract sin22613
L(M.vz; o, f) — ['norm(Nobs.;ga f) X 'Cshape(w; O, .f) X »Csyst.(f)

measurement oscillation
variables parameter
Fit data with P oy e
rate + (Pe, 8c) shape (2 dimensional) (method1) 04, sn20mie 0
v, signal
g I differences in pe-0. .
g 100- Ry Haa distribution allow to have a v .8<ﬂ 0)
% sof- J— better discrimination of signal |EEEEEaW )
RN N events from backgrounds P
0 500 1000 1500
momentum (MeV/c) We perfOrme d
P ki i o 5 150 Yy peckeround o4 three independent fits
%ﬁ 1005.. - V. ebkg. 0.03 gﬁ 1005- 003 Method2:
S 02 5 | 002 Rate + reconstructed
T%” SOr e - 001 = 505' """""""""""" 0.01 E. shape
%0500 1000 500" g 5001000 500" Method3: Rate only
momentum (MeV/c) momentum (MeV/c) .

+ anti-ve, anti-vy bkg. (Feldman &Cousins)



assuming dcp=0, normal hierarchy
Resu |tS |Am235=2.4x10-3 eV2, sin220,3=1

(prediction histograms are based with best-fit sin?203)

%\ 140t Runl+2+3 data *2 7E Runl+2+3 data
O 190k (3.010¢20 POT) 103 S o (3.010e20 POT)
TR 1025 2 s b
E 100:_ NObS —_ 11 : qa 5—_ .signal prediction
2 80 ;_ -_ O -2 Hk 4 = .background prediction
%‘) 60F —0.15 3—
40F 0.1 2F
20F I0.05 1—
% 200 400 600 800 100012001400 W20 40 60 80 100 120 140
momentum (MeV/c) angle (degrees)
2 ——— | preliminary
§ 6— (31?810620 PS%) best fit w/ 68% CL error:
) ; +data . 2 .
qa 5:_ .signalprediction S]-n 2913 — 0.0941_8823
= 4 - .background prediction
3 90% C.L. arrowed region:
2F
1E 0.033 < sin” 26,3 < 0.188
O:

0 200 400 600 800 100012001400 o
momentum (MeV/C) NbeSt-fIt - 1 01 8



Results

Allowed region of sin220+3 for each
value of dcp

best fit w/ 68% CL error @dcp=0
normal hierarchy:

sin” 2613 = 0.09410 020

inverted hierarchy:

sin”® 26013 = 0.1161) 056

This result is consistent with
rate+shape (rec. Ey) method and
rate only method

c.f 2011 result for normal (inverted) hierarchy

sin? 2013 = 0.1179-20 (0.141032)

0.2

assuming sin22023=1

preliminary

68% C.L.
I 90% C.L.
— Best fit

Runl+2+3 data
(3.010e20 POT)

normal hierarchy
IAm3,1=2.4x107 eV?
I

68% C.L.

N 90% C.L.
— Best fit

Runl1+2+3 data
(3.010e20 POT)

inverted hierarchy

IAm3,|=2.4x107 eV?

03 04

)
sin 2613



X EHERE

® 20125F6 AKX TD 3.01 x 102° POT (~4% exposure of T2K’s

proposal)D 7—% D v. appearance

TG R

- 11 candidate events is observed
- p-value is 0.08% (equivalent to 3.20) ~Evidence of ve appearance”

sin” 2613 = 0.09470°000

for Am?3; = 2.4 x 103 eV2(NH), 0¢cp=0, sin220,3=1

o S, LDKBETOE—LEHZHEEL. v.appearance
DEI(50). REBERAEZIT>TWVL,

- ~8x102° p.o.t (2013) — ~1.2x10?" p.o.t (2014) — ~1.8x10?! p.o.t. (2015)
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