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New Results from the T2K Experiment



1 L Andreopoulos,”” B, Andrien,” 8. Aoki,”

. Auticro,™ A, Badertscher,' M. Barki ™

\ Abgrull," ¥, Ajima,' = H Aihara,* J B. Albert,'

1. -a:gynm”' A, ariga’ T. Arige,” §. Assylbckos, '
o) Bdrr, _\'1. BHH., J* Ba-.-' 5. Bentham,™ ‘.- Berardi,” = B E. Huu'gn:r,-"' L Bcnmm,z" M. Besnier,
I. Beucher,” I, Bv:mmhc: 5. Bhadra.™ F d.M. M. Blaszcayk,” A Blondel, " . chchim 1. Buumu"“a.u. Huyd.""
A. Bravar,'" €. Broaner," I, C.- H-muk Roburg\c N H-uu:hu.n:m "H. Budd o, t.u.l'\-\ct "5 L. l‘.armng'm A (_an-'cr

. Castilln,” M. G Caanesi,™ A, Cares,” A Cervera, (_‘ Chavez,™ §. (_'a‘wl " (_hnl.tudtmluu "1, (_talcrnan
W, Lu]cman {: Lul.l.r.'ucal' K Lu!mu!!\- T A (.unum *A. Dabm\takﬂ "L Danhu *R. Daes. G5 Davies,”
§. Davis, ™ M. DJ.} “ e Rmu. 1. A M. d-L-A.ndl’{. P.d.c]-‘mc: Ta. Dc]bd.rl L. Dcnaham' F. Di Lt:dD\Ll:-U
5 Di LLusc, E I¥inh Tr:m ) Duhsun (R Dtxn, ) Dmpicr_ ' F Dufour, 1. Dumu.n:hw_, 5. D:.'lmun_
M. Daiewiecki,” M. Dziomba,”’ 5. Emerv.” A. Ereditato,” L. Escuders,” L. 5. Esposito,” M. Fechner,""" A, Ferrero,'"
AL Fineh,™ E. Frank,* Y. Fujii,"™" ¥. Fukuda,™ V. Galymov,™ F.C. Gannaway,™ A Gaodin,™ A, Gendoui, "

ML AL George, ™ 5. Giffin,"' C. Giganti,"" K. Gilje,” T, Golan,™ M. Goldhaber,™* 1, . Gomez-Cadenas,™' M. Gonin,"™
M. Grant,” A, Grant,™ P Gumplinger,™ P, Guzowskd,”' A. Huesler,™ M. . Haigh,™ K. Humano,™ . Hansen, ™
[ Hansen,™ T, Hure,™ 2 E H.u'risun ). Harfiel* M. [-iu.rtr 30T Haruvama, ' T Ha.‘;{.‘.gll‘l.\-‘ll,"'l M. Hastings,™
5. Hastings.” A. Hd.m.lcuuu:!u * K. Hayashi,"™" Y. Hayato,” (. Hearty,™* R. L. Helmer,™ K. Henderson,™ M. Higashi,'™'
I. Hignight, ™ E. Hirose,'"™" I, Holeczek,™ 5. Horikawa,'™ A, Hyndman,™ AL K. [.;mkawa' o \-1 leva, '™
M. lida," ™" M. Ieeda,™ 1. 1ic,*" 1. Imber, ™" T. Ishida,"™ " . Ishihare, ™ T Ishii, ™" 8.0 Ives’ w lwaw.kl * R Ivoai Y
A, lemaylov,™ B, Jamieson,” R. A, Johnson,"™ K. K. Joo,” 6.V Juwr—.\tanaﬁ."’ C.K. Jung.™ H. KAJJ. T, Kajita,™
H. Kukune,™ J. Kameda,™ K Kuneyuki, S D Karlen, ™" K. KH.‘..lmL 1. K,u.t-:: e Kcu.ms M. K.‘M.hlbullm -

F Ehanam.'~ A.K]mtjum.l;w “ . Kleiwewﬁu, T. Klkawa . E{lm 1Y Kim," 5 B OEim M. Klmurd.. © B, Klrh'."
1. Kisicl, ¥ B, Ki.l{hi.ng T. Kx:bdyd:‘hl BRER K.ugd.n 'S, Koike,'™" . me.ﬂu. *L.L. Kun:rma .'\ !(um:nn.
K. Koscki,”™ ‘r Koshio,* ‘r K.uururna K. E{m\.allk V. Bravisow, II[ Kresla,” \'r Kmpp H Kubo,™ Y. Kudunku
. Kulkarni,”' R. Kun.ﬂa T, Kutter,” 1. Lapoda,” K. Laikemn, L Ldlcdn,r K. P Lee™ BT L.c ML Lcty

. Liceiandi,* LT Lim," T. Lindner,” R B LLl{_hﬁc]d I thm_ A Ltmghln Fm Ltrpw B F. J_:DI.'L:]TE,":
L. LuduwcL = T. Lux, “‘.1. Macaire,” K. Mahn,™ Y. \-[aku:la S ML ‘-13!»!:. s \-Iu.nik Ta. ‘-1art.h|tmm
A Maring,” J Martean, " 1. F Martin,® " Muruyama. = Maryon, ™ 1L \1317.1 P \‘]dn]]:lh ©E. L. Mathie*
[ 1\r{al-.l.ln'lum K. \'ldIHLI(!k.l oy Mal\mcl',"r' K. Mavrokoridis, ™ E. Mu:.'.!.uc..m:, . L(_auiu. 'K ‘x McF .ul.m.dJI
. MeGrew,™ T. MeLachlan, .‘.1. Messing,” W. Metcald,”' C. Metelko,”” M. Mezzeto,™ B Mijakionwski.” AL Miller,
A Minaming,”™ 0. Mineev.™ 5. Mine.” A D Misser."™ 6. .\-‘[iluka."'.\‘l. Miura,™ K. Mizoochi,” L. Maonfregala, o
E Morean, ' B. l'duu?,an_-H 5. .‘\;‘[u!l}'amu," -5L Muir™ A \'hlrakaml * 8. Murdoch,™ 5. Murph\. ") \'[\w]lk
T. MNakadaira.™ M. Nukehata" T, MNakai,” K. Nakajima,™ T. Nakamoto, UKL Nukamura, 8. 'Nlaku.\u.m.L
T. Nakaya,™ 13, Maples.™ M. L. .\'uvin" ' B. Nelson, T . Nichells,! K. Nnms;&m.a.“‘ H. Mishino,™" 1. A, Nowak,'
M. Noy,” Y. Obayushi,™ T, Ogitsu,'™ " H. Ohhata,"™" T. Lﬁwmurs "K. (Jkumum T Okwsawn, ™ 5, M. Oser,”
M. Otani,” R AL Owen, ™ ¥ Ovama, ™" T, Oraki,™ M. Y. Pac,'” V. Palladine,”* ¥, Paclone,™ P Paul,™ D. Payne, ™
G.F. Pearce,” 1. o Perkin,"* V. Fettinucci,"” E Ficrre,** E. Poplawska. ™ B. Papov, ™ M. Posiadala, ™ 1 -M. Poutissou,*”
R. Poutissou,™ B Przewlocki.” W. QL.I.'I'I " 1L, Ruaf,” E. Radicioni.” PN, Ratoff,™ T. M. Raufer,”” M. Ravonel,
M. Raymond,”' F. Retiere,™ A, Robert,”” P A, Rodripoes,"! E. Rondio* j.M.R;Jnc}',"""B. Rossi,’ 5 Roth,™ A Rubhin,'™
L. Ruterbories.'” 8. Sabouri,” K. Sacco, " K. Sukushita, 81 Kancher," AL Surrac® K Swsaki,'® " K. Etholh;g "

1. Schwehr,"” M. Scott,” Dl L.-:u]h 0y buyd. T. Sekiguchi. ™" H. s-.-kua " ML \iubd.ta " ¥ Shimizu,™
M. Sh]wawa 5. hhun \-! bl}.td RJ \rnlth "M Sm} I T. Sti‘xni ¥l ‘yul:u:i "ML Scm,l Mo ‘3[.]]\[
P Stamoulis, ™ I. H[clnmann H. ‘mil J Stone €. Strabel. ™ L. R Suluk* R Sulej,” TP Sutcliffe,™ A bwukl
K. Suzukl 5, Suzuki,' b ¥ buaukl T, Sozoki,"™ Y. Suzuki” I.'. \.’.{.,glw::k ML hzupl}cka. R. Tacik.*
M. Tada "5, 'Jakahal.hl s 1ak|>da "y, r.litmdgd_ ‘t’ 'lakn,unhl K. hnak.l FH A Emdi:a i M. Tanaksa,
MM l'd.luiw_” N demolu K. Tushiro,™ L I.l}ll.’ll' * A Terashima,"™ 00 lc;hnrsl"'ﬂ Terri,” LJ 'lh(rmp-.un,'
A l'll.orh:}. "W Toki," T 'lom.m.l 15 T. Iut\uiw."c't qurum.mu."' I. il.ukarnum "ML '.If.mm ey LthdJ.
K. Lcn.u AL “Wacheret,” \-{ Waging,” (3. Vasseur,” T. Wachala,' JJ Walding.™ A, Y. Waldron, W, Wadter,!
F.1. Wanderer," 1 Wang, ™ M. A, Ward ™ G P Ward ™ DL Wark, "™ ML 0L Wascke,?! AL Weber, ™Y R Wendell, 12
N West, " LUH. Whuumd.‘“ . Wlk.l.lrum.”' K. 1 Wilkes,”” M. 1. Wilking,” . K. Wilson,™ R.J. Wilson,'
T. Wonpjirad. Y. ‘rd:nada oy Y.mwld. = A Yamamom,'™ KL '!’slrnarm:ll:ua . Yarnanu: 15
. Yanagisawa, T yane \ Yen, ™ N Ycrshm bt Yukmarna
H. Zaremba,™ M. Ziembicki™ E. D. Zimmerman," M. Zite,” und J. Zmuda™

K. Abe*
0. Aracka, '™
G Ba:kn:r,

.

-~

n

14,

Canada

U. Alberta

U. B. Columbia
U. Regina

U. Toronto
TRIUMF

U. Victoria

U. Winnipeg
York U.

France

CEA Saclay
IPN Lyon
LLR E. Poly.
LPNHE Paris

Germany
U. Aachen

Italy
INFN, U. Bari
INFN, U. Napoli

INFN, U. Padova

INFN, U. Roma

" H Yarnauka+'3 _Caravaca, Y. Kanazawa, P. Sinclair,
A :_’.Jltwsk.l., "I 1_'.1I|pl.lca L. Zambefy, Perevozchlkov

T2K Collaboration
BNl 1] | o umm o

Japan

ICRR Kamioka
ICRR RCCN
KEK

Kobe U.

Kyoto U.
Miyagi U. Edu.
Osaka City U.
U. Tokyo

UK

Imperial C. L.
Lancaster U.
Liverpool U.
Queen Mary U. L.
Oxford U.
Sheffield U.
STFC/RAL
STFC/Daresbury
Warwick U.

S Korea

N. U. Chonnam
U. Dongshin

N. U. Seoul

Spain
IFIC, Valencia
IFAE, Barcelona

Switzerland

Poland ETH Zurich
NCBJ, Warsaw U Bern

IFJ PAN, Cracow U. Geneva
T. U. Warsaw

USA
Boston U.
Colorado S. U.

U. Silesia, Katowice U. Colorado
U. Warsaw Duke U.
U. Wroklaw U. C. Irvine

Louisiana S. U.
U. Pittsburgh
U. Rochester
Stony Brook U.
U. Washington

~500 physicists
from 12 countries

Russia
INR



T2K (Tokal-to-Kamioka) experiment

.I_ZR\

Super-Kamiokant cEasuemes i assrs L]
(ICRR, Univ. Tokyo) et ,

T2K Main Aims:
* Discovery of vy — veoscillation (ve appearance)

% Precision measurement of vy disappearance
2011 vy results : Phys.Rev. D 85, 031103(R), 2012



T2K/J-PARC recovery after the BIG earthquake
on March 11, 2011

LINAC | 2071949 38T HES

= i 3

RCS (elec yard)
Neutrino (Dump) % '

On Dec.9, 2011, J-PARC LINAC operation restarted!!!
pe On Dec.24, 2011, Neutrino events were observed at T2K-ND280!!
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Check of the displacement of the
Tokai site relative to the Kamioka site

57
Coordinate of the Toka| reference pomt TTis obtained relatlve to
the GPS-based control statlons around the Kamloka area
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X 507794421 50779805 0.1¢] TT moved south by 16cm,.east by.91cm and
Y 59322 500 | %9321 594 0904 down by 36cm. (systematic error is ~¥30cm)
H 33.894 34 250 0.354 Rotation was within 0.03mrad.




Before realignment

[measured — design]

Ornn TYPRLGCBERRERBR553883 554938
Vil
\% u
-15mr
B L% ARC

Realignment was done
based on the May 2011
survey results.

The beam orbit was
also redesigned.

--- AR :horizontal direction
--- AH :height

e WA R
== BT H

One example of

the recovery work
—RE—LSLY

realigned

After realignment

(new design orbit)

primary-beamline magnets were

level

1 FF.

o TS is 3mm lower thar
&L X it
PREP ARC FF



Introduction
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P hySiCS M Otivatio n Current knowledge on

Neutrino mass & three flavor mixing

*Discovery of vy — veoscill. v — %
This is a direct detection of -

neutrino flavor mixing in
“appearance” mode

L m.,*

solar~8x 10-9¢V?
& |r“|h

atmospheric
]
~2.5x%10eV?

atmospheric

P(vu—Ve) = 5in*2013 sin“B23 sin*(Am?s, L/4E) <2.5%10-%V?
solar~8x 10 ¢V*

++ (matter term) ... T 1
| hierarc

CPV term oC sin91inezssin6 : — }/nverted

Vu — Ve OsCill. means 013 is not zero. Mixing angle: 012, 823, 013
012=34"° *+=3° 023=45" +£5°
013 measurement

¥
My"==

-
==y~

i

Non-zero 013 Sin%2013 = 0.11 910,406 (T2K 2011)

Cr ey (assuming dcp=0, sin’2023=1, Am?3,=2.4 x 10~ (NH))
opens a possibility to measure p-value for 813=0 is 0.007 (2.50)
CP violation in lepton sector First indication of non-zero 63

Phys.Rev.Lett. 107, 041801, 2011

d is not known yet
11



High intensity

T2K Beam Principle

Far Detector

beam target/ Decay volume  pMyon Near uDer-
P Hom  TT detector Detector - Vu (SuperK)
(SOGeV) p __', - —%jﬁ—-aﬂﬂgfl————* SEEEEEEEEEEEE N o o o -h-
proton " “ohaxis
Horn 250kA  TT— UV | " |
| | | |
0m 118 m 280 m 295 km
: i T2K off-axis
Intense & high quality beam angle is
* Off-aXiS VI_I beam 20 ‘ . MNeutrino flux
3000 o r! | 8,,=0.0°
- Low energy narrow band beam 3 oy gyl
;‘ 2000 - Bor3. 0
- Ev peak around oscillation maximum (~0.6GeV) £ 1000 /ﬁ\l\ hm

- Small high energy talil
— reduce background events
(e.g. NC11% is one of background of ve search)

* Small intrinsic beam ve fraction (~1%)
from u,K decays

T, K production is measured in CERN NAG1 exp.

for the flux calculation
Phys.Rev.C84:034604(2011), Phys.Rev.C85:035210(2012)

1o f(\ Dsclllatlun prubablllt',r
=
= 'I AT, = 2.4% 107 [eV7 /e’
3
E 0.5 E \
& | |
[ -
L0 ) . I ——
",.E ’ H Interaction cross-section
9 ! CCCQE
S 1
E ff_?“ . CClm
& 05 [ e NClm
I T — —
s |/ 7 e
Hé.. || ﬁ":{--"'___ —_— ___;—_— —_
0 06 LD 2.0 2.0

MNeutrino energy[GeV]
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Beamline Facility/Detectors



J-PARC Neutrino Beam Facility

Muon Monitor Horn : Beam monitors
Siarray [ugdf M > b WL 4
+IC array [} . i
/// | :l' ’
/| m 3 Super-Conducting
LeE B2 Ve - " Magnets
~SuEy “intensity, position " .

profile, loss

to Super-K

Near detector
(at 280m from target) 1 ’ J

Al ) i
el Aw LIS
N L
l'l N

MR

)
Y
4y
]
0
LT

-
e

/

Graphite, 26 x
900 mm long

Helium cooling

proton beam

Beam Dump 110m length



4 ‘ ‘ 3
. B Fine-Grain
tors

Near Detector @ 280m from the target

Near Petectors

Barrel ECAL

* ND280 @ 2.5 degree off-axis

+ Normalization of Neutrino Flux

+ Measurement of neutrino cross sections.
*Dipole magnet w/ 0.2T

* FGD+TPC: Target + Particle tracking
*POD: n° Detector

* INGRID @ on-axis (0 degree) * EM calorimeter

* v beam monitor [rate, direction, and stability] ¢ Side-Muon-Range Detector

15



Far Detector (Super-K)

414 ¢ i
. B ~11000 x
- B 20inch PMTs
- e_wﬁ'%;% =
N B 1Y)
maagae
39.3m

* Water Cherenkov detector w/ fiducial
volume 22.5kton

* Record all the hit PMTs within £2500usec
centered at the beam arrival time

* Detector performance is weII matched at

LN ILELELE BLELELE BLELELN |

sub GeV gm__ e-like e|—> welike. E
_ Good e-like ;2’123;_ { Atmospheric v :
(shower ring) / =100} , © Data

p-like separation sof

60

Probability that u is mis-id
as electron is ~1% oE "
{-}‘I-BI I L-GL I J--'II | I-EI I IU. I I2I I I-'II J IB‘ | ‘ 10

Particle ID parameter

4 ) ] ] )
Signal: single ring electron Background: v 3 "
e . . . . IJ. P g
intrinsic ve in beam
VIJ._-_'P Ve '_-+/ ) . . 1%
T[O from NC InteraCtlon Vl_l--_-.. overlapped
g 1/




Data taking



Data Accumulation

. %108 »Jata1Vav | x10"
Delivered POT (Good Spill)

c
% 300_ () Proton per pulse (Good spill) ' Great East Japan ) 100
a8 250 f Earthquake ~/1480
5 = ™ L& (March 11,2011) FTARE
s 200F L & 7
T — RS i —60
o — N R Recovering facility / :
3 150 — » I ) b f'* . (acc., beam-line etc..) '
2 q00E T2 / ARG
T I W Ao Beam re-commissioning,
o u ,Rllb LIS Repairing horn power supply Run 35

50 %: . ';‘ . -t > .-.1~.:*'~~. 20

0:;/ _L|...4;‘_-.|."._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_llg_1
ime

Runl + 2 (2010-2011) Run3 (2012) : 1.58 x 10%° p.o.t
1.43 x 10%° p.o.t. * including 0.21 x 102° p.o.t. with 200kA horn

operation (13% flux reduction at peak)
(250KA horn current for nominal operation)

* Stable data taking is achieved up to ~190kW

Data for today’s talk (full Run1+2+3) = 3.01 x 10%° p.o.t.
(Runl+2 for disappearance)

* ND280 Runl+2 data is used for
oscillation analysis

Proton per pulse

18



B

eam Quality

MUMON Angle (monitored pulse-by-pulse and controlled)

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

| Run 2 (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 L T T [ T T T [ 71| * X Center
) E--I--I-I--l-l--l--l-I--l-l--l--l-l--l-l--l--l- -0
= 10F + - Y center
5 st 1 F ----- + 1 mrad
z i : - ‘
Sot g U oy Nl by e Qe e - T i e
g sE ! . YW iy T 3
108 ‘N-E-E-EE-E- R R -I--I-I--l-l--l--l-l--l-l--l--l-I--l-l--l- B- -:_i- NN
19 02 Mar 02 May 02 Ju 2? Nov 2? Dec 26 Jan 25 Feb T3 Mar 20 Apr 20 May I
Date
INGRID Angle INGRID Rate/# of protons
Emassssnannsssssneil§ g ~ —+ Data with horn250kA
g | —+— Horizontal center 100 518 - —+ Data with horn200kA
e I —+— Vertical center 17" g @1.8 == Mean with harn250kA
= | 510 8 @7 : == Mean with horn200ka
N —— 4 & 248 |
| ® ol - 4
éﬁ $ maass $ i+_+_;° e 215 +M @%ﬂ’%ﬁ*&u‘ﬁﬂwﬂfm}f & 30 i wwﬁw
3 e ) e S =14 :
- | - —4-10 © = :
£ —+ s E1a |
£ | 420 § §1.2 -
g | B ER T2K Run 1 T2K Run 2 T2K Run 3
cn-1r""1""'l""ll""ﬁ"'l""r""l'l'l"ll""l"ll""ll"'l"',""l: 30 § 5 Jan.2010 - Jun.2010 Mov.2010 - Mar.2011 Mar.2012 - Jun.2012
ssS8sssssyyg o - =
o MR Run number Event rate is stable

Beam angle is well within Imrad, which corresponds
to negligible (2%) shift of the Ev peak
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Near detector measurements

Off-axis detector (ND280)

UA1 Magnet Yoke

Downstream
Fine-Grain
pre Detectors

Event number : 72978 | Rartition : 68/ Runinumber 4200 | Spill: 0] SubRun number 17 | Time : Mon

positive track

negative track TPC PID

= muons
electrons

3 °F - —— muons . E H
O 4.5 = elecirons L 45
= = —— pions = 1008 E
2 ‘! _ afew electrons protons x
‘;;" o 35
4 3
S 3
= =2
(=] on
=4 =
@ @O
= =
w — W 158
-l__
0 E
05
W NS PEIPE IS P P NP PP PP A o oc
200 400 GO0 GO0 1000 1200 1400 1600 1800 2000
p (MeV/c)

T AR el Ly 1
200 400 600 BOO 1000 1200

1400 1

L L1
G600 1800 2000 ’

p (MeV/c)

BUSIT Ingger: Beam Spill

Real Charged
Current Quasi-
Elastic event
interacted in
FGD1
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Data analysis at Near



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

®Making use of a good E;gg: pudistribution for CCQE
performance of the ND tracker S300- | ® Data
(FGD+TPC), CCQE and nonQE 52505 — MC wo tuning

11200 --- MC after fit
enhanced samples are selected )
100?— | Vu___.,n

®To predict neutrino events at the 501 e p
far detector, we make a fit to T LT Lt R
(Pu, Bu) distribution for the CCQE 3 = jufifi s ™+ + f

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

-

and nonQE enhanced samples P, [MeV]
T2K far v, flux normalization & uncertainties

® Fit results are extrapolated to
the prediction at the far detector

By use of the ND280 information,
systematic errors are improved

Flux normalization

1 10
E, (GeV)

22



The predicted number of events and
systematic uncertainties

The predicted # of events w/ 3.01 x 10%° p.o.t.

Event category sin? 26,5 = 0.0

sin” 20,5 = 0.1

Total 3.22:£0.43 10.7141.10 %
Ve signal 0.18 7.79 E
Ve background 1.67 1.56 £
v, background(mainly NCm°) 1.21 1.21
v, + Ve background 0.16 0.16

Systematic uncertainties

Error source

=
=

o 9 = -
sin“ 26013 = 0 sin“ 20,3 = 0.1 E‘ 1500¢
E

Beam flux+v int. =
- T9K fit 8.7 % 5.7 %
v int. (from other exp.) 5.9 % 7.5 %
Final state interaction 3.1 % 2.4 %
Far detector 7.1 % 3.1%
Total 13.4 % 10.3 %
(T2K 2011 results: ~23% ~18%)

the predicted # of event
distribution

T

T T T —r 1 7
w/o ND280 measurement _

4000r .
Bl w/ ND280 measurement -
3000+ sin?26,, = 0 E
2000 3 ::Lzu: ;2:-411:[) fev? ]
L y (..\'tmuu] hierarchy)
1000~ bso -
L 1, 3010% 107 pot.
0_ . LLIL P T R

2000F sin%26,,=0.1 E

sin’20,, = 1.0
Am_::: = 24x107 ev?
{Normal hierarchy)

- 8., =0

1()()(); 3010 % 107 po.
500/ |
0 i ,-tF"__ s B
0 5 10 15 20
Expected # of signal+background events

Uncertainties are reduced

using ND280 measurement
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Data reduction at Far



Number of events/20usec

Far detector events at beam timing

e Events at the T2K beam timing synchronized by GPS

relative event timing to the spill timing Clear beam structure !
, [ CETow energy events ;
10" £ oD: hits at Outer Detector L 301 I RUNI1+2 (1.431x10°POT)
- FC: No hit at Oute-Detector E ] O i RUN3  (1.579x10"POT)
F z 0 -
10°F : §
10% 5
E >
- w
B 2 i
[ = _
- =~
i expanded B
I3 ﬁ z A
S L H : H | 0
400 200 9—"»’ 200 400 .1000" 01000 2000 3000 4000 5000,
AT, (usec) Background expectation from AT, (nsec)

atmospheric neutrinos is 2.85

ATo = Teps@SK - Teps@J-PARC - TOF(~985usec)
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Hducial volume cut (distance between recon. vertex and wall > 200cm)

Number of events

Number of events

0 1000

30 _ —— RUN1-3 data (3.010x10™POT)
N % MC (w/ 2-flavor osc.) é

20 —

101 + <H>+ H JH..H’++

0 i ETEE RN RS S BT
-1000 0 1000
Vertex Z (cm)
—4— RUNI1-3 data (3.010x10™POT)
MC (w/ 2-flavor osc.)

30 <
20+ + +
10? ++ + + ++++++ + ++

0 : | | -+-

2000 x10°
Vertex R? (cm?)

2000 —beam direction

1000|-

Vertex Y (cm)
=]

-1000 [~

. Run 1+2 in FV
® Rum3inFV

I:[II:I non-FV
LR

2000l L

-2000 -1000 0 1000

2000

Vertex X (cm)
2000
--i-------?)" _____ M .-_-?_‘F. .7 4
e o * o® e o ¥ T, v E ':" qt.
- o 8 20... . \. . : E ) o
f_\lOOO o, .._-- ! :. ., N
N ol ~a -:. “ :o % o.:" . E by
zﬂ) i * . . L o ES
5 _. .. . .. . . ¢
> * * . e o £
-1000} ° “ o, t e es ’
': e .:.I.: ™ . ‘}_.
-- o % :---.-t'. -:.':: ..... |l::.H ‘}r-p ,‘rJ::
22000 b —————
0 1000 2000 3000
x 10°

Vertex R? (cm?)
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Number of events

100

Lh
o

Selection of v, appearance events
Vu———-b Ve ---+/

Number of Cherenkov ring = 1

2

—4— RUNI1-3 data
(3.010x10*°POT)

B Osc.v, CC

[ Vu"'v.u CC

v 4y, CC

@ NC

(MC w/ sin*26 =0.1)

3

— +

4 =5

Number of rings

€ e-like (shower ring)

Low energy proton does not emit Cherenkov light

Number of events

20

[ —
Ln
I I I | 1 |

[
o

LN

The ring is e-like

%

—+— RUNI1-3 data
(3.010x10™"POT)

B Osc.v, CC

[ 1v,4+v,CC

Cv4v, CC

B NC

(MC w/ sin*20,,=0.1)

e-like

-10 0
PID parameter

u-like
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Number of events

Selection of v, appearance events

Visible energy > 100 MeV
to reject v, +v, CC & NC background

—> —— RUN1-3 data
(3.010x10""POT)

B Osc.v, CC

v+, CC

v 4y, CC

B NC

(MC w/ sin20,=0.1)

=
o
|

i
|

0 1000 2000 3000

Visible energy (MeV)

Number of events

No decay-electron cut
(decay electron comes from p or n)

30 < —+— RUNI1-3 data

(3.010x10"°POT)
B Osc.v,CC
v, +v,CC
] C vy, CC
i B NC
(MC w/ sin*28 =0.1)

20

|
o

0 1 2 3 4 =5
Number of decay-e
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Number of events

Force 2" ring in the PMT hits

Invariant mass cut (Minv < 105 MeV/c?)
to reject remaining NC n® background

10

e

100

—+— RUNI1-3 data
(3.010x10*"POT)

B Osc.v,CC

[ vu+?u CC

v+, CC

B NC

(MC w/ sin”20,=0.1)

200

Invariant mass (MeV/c?)

300

Number of events

Selection of v, appearance events

Reconstructed v energy cut
(Erec < 1250 MeV) to reject

Intrinsic beam v,

e

1000

—— RUNI1-3 data
(3.010x 10*POT)

B Osc.v,CC

v+, CC

v 4V, CC

B NC

(MC w/ sin”26,,=0.1)

2000
Reconstructed v energy (MeV)

3000
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Number of events

Ve candidate event selection

RUN 1+2+3 3.010 X 10%°

MC Expectation w/ sin?2013=0.1

POT Data wehee | BGtotal | CC(witvy) | CCrvetv) [ NC
Fully contained FV at beam timing 174 12.35 165.47
Single ring 88 10.39 82.78
e-like 22 10.27 15.60
E.is>100MeV 21 10.04 13.53
No decay-e 16 8.63 10.09
2y invariant mass cut 11 8.05 4.32
Ey¢< 1250 MeV 1 7.81 2.92
(MC sin?2015=0 case) ©.18) | .09
Efficiency [%] 60.7 1.0
! ST T e :
o =oee | 11 candidate events are observed

I NC
(MC w/ sin’20,,=0.1)

0 1000 2000
Reconstructed v energy (MeV)

3000

Nexp=3.22+0.43 for sin?2013=0

The probability (p-value) to observe 11 or
more events with 0:3=0 is 0.08% (3.20)

Evidence of ve appearance
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Ve candidate events (Run3)

Super-Kamiokande |V

# ; T2K Beam Run 410183 Spill 18739360
SE2 S84 Event 137638206

Chacge(pa)

. 26,7

Super-Kamiokande IV
#9 T2 Beam Run 420024 5pill 2%

Charge{pe)

- I T

1

n w00 1000 20 -

Times (ns)

Super-Kamiokande IV
T2K Beam Run 410208 Spill 1

#8

ke, o= 32

Charge{pe)
- *E0.T

3% =

8 — [
PR TN | T T
o e 1000 1500 2000

Times (ng)

Super-Kamiokande IV
TI¥ Baam R i1l 2909438
101211860

#10

R PR
0 Wm0 1000 100 2000
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New ve candidate event (Run3)

Super-Kamiokande [V
TIK Boam Fun 430013 BEpill 4033842
Rin 69739 Subk 201 Evant 4616E773

Charge (pea]
. »26.7

visible energy : 693.4 MeV
# of decay-e :0

2y Inv. mass : 1.2 MeV/c?
recon. energy : 943.1 MeV

Times (ns)



Vertex distribution

-m

' Dwall (RUN1+2+3)

Dwall (RUN3)

2000rbeam direction .
1000 -
CE) : ulil 200 400 EOD  B00 1000 1200 1400 1600 I!'1'-Iil 200 400 ROO 00 1000 1200 1500 1500
~ i fem) fm)
t U Fromwall beam//(RUN1+2+3) [ e Ae——— |
E Fromwall beam//(RUN3)
-1000 - 25
2000 L )
2000  -1000 0 1000 2000 T
@ Ruwmi2inpv  Yertex X (cm) "
. Run 3 in FV 500 1000 15ﬁm:ﬂﬂﬂ 2500 3000 n'ﬂ S0z 1000 ‘IilJ[EmeEI 2500 3000
op non-FV p-values of several distribution are calculated w/ toy MC
RUN1+4+2 RUN3 RUNI1+2+3
Dwall 22.9% 94.7% 39.4%
Fromwall beam, 1.34% 35.2% 6.05%
R*+Z 10.5%  74.6% 32.4%
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Oscillation analysis



Oscillation analysis

For the 2011 oscillation analysis, only number was used.

This time, analyses which use both number and shape
are also performed to get better sensitivity on 0,,.

* We use three analysis methods:

1. Maximum likelihood Fit of the Number and 2D-
distribution of electron momentum p_ & angle 0,

2. Maximum likelihood Fit of the Number and reconstructed
neutrino energy E, ¢ distribution

3. “Number only” analysis = Single-bin counting experiment
analysis (with Feldman-Cousins technique)

e All three methods demonstrate consistent
results
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Oscillation parameter fit (Method 1)

Performing an extended maximum likelihood fit to extract sin2013

ﬁ(j\rd?s.) > ﬁﬂorm(ﬁrobs.; 0, f) X Eshape(m; o, f) X l:SySt-(f)

measurements, oscillation parameters

BOMo=114RVMDTRTOIEFRZEFES

Fit data with

systematic parameters

v oscillation parameters fixed:
* Amy1%=7.6 X 107 eV?
* Ams?=%2.4%x103eV?

number + (pe, 8e) shape (2 dimensional)  5in22012=0.8704, sin22023=1.0
v, signal
) POrE differences in pe-Oe distribution
g 100 @ allow to have a better
%L 50 discrimination of signal events from
R N ackgrounds
0 500 1000 1500 —
momentum (MeV/c)
— 150¢ e bﬁCkgl'mlIld ; )04 7 150 €
%"’ 100} L Ve bkg.. [ " gﬂ 100 03 }'_-@:BD
% : 102 E M2
s wf S . SRR o R » p
05 % 500 1000 1500

0 500 1000 1500

momentum (MeV/c)

momentum (MeV/c)

+ anti-ve, anti-vy bkg. 36



# of events

assuming 0cp=0, normal hierarchy

Resu | tS |Am?32|=2.4x1073 eV?, sin?2023=1

140¢ Runl+2+3 data
120 i_ (3.010e20 F’D’I‘j
100} Nobs = 11
80¢
60}
40}
20¢
00 200 400 600 800 100012001400
momentum (MeV/c)
7 E— Runl1+2+3 data
6 E_ (3.010e20 POT)
+ data
SF [l signal prediction
4F [l background prediction
3F
2F
1
U =

0 200 400 600 800 100012001400
momentum (MeV/c)

(prediction histograms are based with best-fit sin?2013)

0.35 2 7F Run1+2+3 data

03 8 (3.010€20 POT)

0 25 "E 5 é— ;f::a] prediction

0 .2 H 4 — .haj:kgmund prediction

0.15 3F

0.1 28

0.05 1

0 0 20 40 60 80 100 120 140
angle (degrees)

preliminary

best fit w/ 68% CL error:

sin® 2013 = 0.094170%6
90% C.L. allowed region:

0.033 < sin® 20,5 < 0.188

Nbpest-fit = 10.18
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6lDP

Results 2

Allowed region of sin2013 for each
value of dcp

best fit w/ 68% CL error @dcp=0
normal hierarchy: -2

sin? 26,53 = 0. 094+8 gig

G
o
Inverted hierarchy: >
sin? 20,5 = 0. 116+3 gfjg

0
This result is consistent with

number+shape (rec. Ev) method and |

number only method 2

c.f 2011 result for normal (inverted) hierarchy

sin 2013 = 0.1170 78 (0.1410:32)

assuming sin?2023=1

preliminary

68% C.L.
P 90% C L.
—— Best fit

Runl+2+3 data
(3.010e20 POT)

normal hierarchy
[Am3,|=2.4x107 eV*
1 I L 1

68% C.L.
I 90% C.L.
— Best fit

Runl+2+3 data
(3.010e20 POT)

inverted hierarchy
IAm,|=2.4x107 eV?

02 03 04



Comparison w/ 2011 results

Best-fit + 68% C.L. error Allowed region of sin?2013for each
for individual run period value of Ocp

best fit + 68% C.L. o 3 — T —

—e— normal hierarchy | B . . &

@ inverted hierarchy “ - assuming sin“2023=1 -

2F -

. Runl+2 = Funl+2+3 data

- .~ - (3010e20 POT) -

]__— normal hierarchy —

N IAm,l=2 %107 eV*]

e Run3 {]:— E

1:_ 68% C.L. -

Bl P 905 CL. s

 —— Runl+2+3 N Best fit -

s SR (3.01e20 POT) [ . .

)= | T2K(2011) 90% C.L.—]

E T2K(2011) Best fit E

I B R B 3= T
0 0.1 0.2 0.3 0.4 0 0.2 04 0.6

Si1122813 sin22'E|13

Error is reduced by analyzing full Run1+2+3 data, and
new result is consistent with 2011(Run1+2) result
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Disappearance analysis



v, Disappearance (Runl+2)

e 31 vV, candidate events were observed in RUN1+2 data.

O 103.6 events are expected in case of no oscillation.
+13.8 134

O |Am2,,|=2.65 x 1073 eV?, sin220,, = 0.98
_ %107
Event selection 4 ITleIRI 1+2 L L
Single-ring & p-like & pu::»ZU{JMeV;’c & # of decay-e < 2 o
---#---- T2K Run 1+2 Alternate Analysis
20 35~ ——. MINOS2011 Phys.Rev. Lett. 101, 131802 (2008) —
Data {: — - — Super-K Zenith Phys.Rev.D71:112005 (2005)
n 15+ o 3 Super-K L/E
E ----------- No oscillation %
t P Best fit with oscillation ~
‘5 10_; (sin’26, Am?) = (0.99,2.6x10eV?) NQZ.S—
g E
= =
= )
= 2_ \\. —
Tion - Phys. Rev. D 85, 031103 (2012) o
L 1 L L 1.5||||||||||||||||||||||||
0 2 4 6 8 10 0.8 0.85 09 0.95 1

Reconstructed neutrino energy(GeV) .2
sin“20,,

® Result of RUN1+2+3 data will be presented soon.
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Summary & Outlook

We report new results on ve appearance based on full data
taken before summer shutdown (3.01 x 10?° p.o.t. ~4%
exposure of T2K’s goal)

— 11 candidate events is observed

— p-value is 0.08% (equivalent to 3.20) Evidence of Ve appearance
. 2 0.053
— sin®26;3 = 0.09417020 — open a possibility to measure CP
 for Am?32 = 2.4 x 103 eV2(NH), 8¢p=0, sin22823=1 Violation in the lepton sector
Apparent v, disappearance is observed and consistent contour

is obtained with other experiments (1.43 x 10%° p.o.t. )

We want to accumulate ~8x10%° p.o.t before the summer
shutdown of 2013 in order to obtain definitive answer on ve
appearance phenomenon

After the LINAC upgrade in 2013, we need further beam power-
up to precisely measure the oscillation parameters (including
023) for exploration of the lepton sector
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