Observatlon of efectrinneUﬂ nnp -
/M appearance froma Inu.onneuﬁ |

S S T e - o

beam at the T2K exgenmen’t

Laid 1 o TIshlda"(J—

‘*‘I"’ FortheTZK

T.Ishida(J-PARC center/KEK) KEK Seminar, Kobayashi Hall (KEK) — Lecture Hall (JAEA), 19th July 2013




©., The T2K Collaboration

S
R N e AT Emt S

~500 members, 59 Institutes, 11 countries

Canada ltaly Poland Spain
TRIUMF INFN, U. Bari IFJ PAN, Cracow IFAE, Barcelona
U. Alberta INFN, U. Napoli NCBJ, Warsaw IFIC, Valencia
U.B. Columbia INFN, U. Padova U. Silesia, Katowice
U. Regina INFN, U. Roma U. Warsaw Switzerland
U. Toronto Warsaw U. T. ETH Zurich
U. Victoria Japan Wroklaw U. U. Bern
U. Winnipeg ICRR Kamioka U. Geneva
York U. ICRR RCCN
Kavli IPMU Russia United Kingdom
France KEK INR Imperial C. London
CEA Saclay Kobe U. Lancaster U.
IPN Lyon Kyoto U. Oxford U.
LLR E. Poly. Miyagi U. Edu. Queen Mary U. L.
LPNHE Paris Osaka City U. STFC/Daresbury
Okayama U. STFC/RAL
Germany Tokyo Metropolitan U. U. Liverpool
Aachen U. U. Tokyo

T.Ishida(J-PARC center/KEK) KEK Seminar, Kobayashi Hall (KEK) — Lecture Hall (JAEA), 19th July 2013

T2K\

U. Sheffield
U. Warwick

USA

Boston U.
Colorado S. U.
Duke U.
Louisiana S. U.
Stony Brook U.
U.C.Irvine

U. Colorado

U. Pittsburgh
U. Rochester
U. Washington



@'? Outline of this talk

s Physics motivation

s The T2K experiment _Izk\

= Observation of v _ appearance
= Summary and prospect
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The T2K (Tokai-to-Kamioka) experiment
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= Discovery of v, = v, oscillation (v, appearance)

Primary Goals = Precision measurementon v , = v ., oscillation

(v , disappearance)
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Discoveryof v y = ve

¢ Direct detection of neutrino flavor
mixing in “appearance” mode

¢ V uto Veplaysanimportant role to

study CP violation and mass hierarchy
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T.Ishida(J-PARC center/KEK)

(2 History

)

1999: Nishikawa & Totsuka proposed to measure v,
appearance

Feb. 2000: Lol
April 2004:

+ Officially approved by Japanese Government and 5yr construction
started

¢ T2Kinternational collaboration officially formed

April 23, 2009:
¢ First neutrino beam production and commissioning started
January 2010:

+ Data accumulation for oscillation search started!
¢ Mar.11,2011 - shutdown due to earthquake damage

June 2011: First 2.5¢ indication of v, appearance
¢ Dec.2011: Accelerator resumed operation
¢ Mar.2012: T2K resumed data taking

June/July 2012: 3.1c evidence of v, appearance results

T2K\

w Y.Totsuka (1942~2008)

K. Nishikawa
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The T2K experiment (Overview) T2\

Super-Kamiokande

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

Near Detector :
1,360m I [
ea level
N / y1,000m
"ﬁ':_/. 275

Neutrino Beam Center

\
!

295km
Near
detectors p-monitor g p . |
< 25°@ -axis. — - £ - - ‘@ Em= > > ]
. 8V ___ on-axis-- ecay T s sin20,, =10 ]
i volume = VL 5 B
: \§ : : : i z L Am3, =24x107eV™ 4
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= Conventional “horn-magnet-focused” v beam L $ wOA0
¢ 30GeV Protons on a graphite target: daughter n* > p*+ - ? 2z 0OA2.0° 1
. . . . - - N Eiii.. T ; o .
s First application of Off-Axis(OA) beam: = [ s MMy 504257
e Beam s 2.50° off-axis with respect to the far detector direction g’ i i f b i
S 0.5 .‘2. —
¢ Low-energy narrow-band beam, peak at oscillation maximum ?:ie:f L |
¢ Small high-energy tail: reduce background events in T2K - il ng .
= Near neutrino detectors @ 280m from target | | gggﬁﬁ i |
e On-Axis (INGRID) detector / Off-Axis (ND280) detector 0 1 > 3

= Fardetector: Super-Kamiokande @ 295km from J-PARC E, (GeV)
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©., Target Station (TS) T2k

Service Pit e | | ! &
e Concrete
blocks

Beain window
e Water-cooled
iron cast blocks
29pcs.

total 470t

1 Horn-2

Horn-

Baffle OTR Target“”:'_- I\S/Il(J)?:lpcl)e"t

Graphite Y

Collimator .
collimator

= 3 horns/ a baffle are supported from the wall of vessel by | NS
support modules. =
Apparatus on the beam-line are highly irradiated after beam.

Remote maintenance is key issue.
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(E),#" Electromagnetic Horns and Target T2\

26mmo¢ X 910mm
Graphite

current

<€
Az era
p beam -
N
<€

current

s By applying a 250kA pulsed current synchronized to thiis
spill timing, a toroidal magnetic field of 1.6 Tesla is

generated _
Current stability ~2%, Alignment: 0.3mm(x), Tmm(y,z) . Remote maintenance

10

T.Ishida(J-PARC center/KEK) KEK Seminar, Kobayashi Hall (KEK) — Lecture Hall (JAEA), 19th July 2013



©.,

Delivered POT to neutrino facility

T2K\

V' o7
Rep=3.52s 3.25s2>3.04s 2.56s 2.48s
%1019 >50kW >145kW >190kW >235kW |
g 70 :_ ................................... ................................................... .................................................... untll ..... May8 ...... 13 .................. 1 20 -U
Ol i . . 301><102°r>0t . S
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= Stable operation at ~220kW achieved.

o >1.2x10"ppp (1.5x10"3x8b) is the world record of extracted protons per pulse for synchrotrons.

s Data for today’s talk: 6.39x70°°pot (by Apr.12). 6.63x102° by May.8.

¢ Statistics has been doubl/ed successfully compared to the previous analysis (3.01x102°pot)
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S (& Muon monitors T2K\

Silicon Pin-Photo X-CENTER Y-CENTER

Diodes -0.123cm -0.838¢cm
X-sigma Y-sigma
98.0cm 108.6cm

Total charge =32.2 nC/1e12ppp

Shot-by-shot monitoring for the beam center
= 1 mrad shift of direction= ~2% shift of peak energy

ECPRun:T " T IRunZ T ARuR T T U RN T e [

E '0F 1 rHorn 205kA 1 * Y center

5 st T 1 I -t Imrad | ]

< i . X

% -53— oW N W —- “ T - ]

A0 S F beam direction << Imrad :
_15:| | i PR TN W N S N AN T TR N |: PR T N TR TR TR NN TR TR S NN T T 1 [ TR S RS S N SO T |

1 I 1 1 1 I 1 1 1
02 Mar 02 May 27 Nov 27 Dec 26 Jan 25 Feb 21 Mar  20Apr 20 May 31 Oct 31 Dec 02 Mar 02 May
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Side view
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= Beam is being stable, all measurements are well within our requirements.
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(E) Far detector : Super-Kamiokande (SK) T2\
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. Particle identification T2k

J . $BR v I —EBTTDT.
éﬁ FUICHARTED T >
e a7 <73
SEssEE s e muon @ () mmEmmEes %shower - FEﬁ\dl EEY
<1GeV : 0.6%. #GeV : <2%
(KEKDE— LT X b CH&EEER)

T.Ishida(J-PARC center/KEK) KEK Seminar, Kobayashi Hall (KEK) — Lecture Hall (JAEA), 19th July 2013 15



(E);;? Event selection T2K\

GPS 2 @ /%@ &5 s On-Timing Fully-Contained(FC)
satellites BE - INCTN ) events in the inner detector
/ // A \
L R + Observed : 532
% NN |
WA N + inFiducial Volume(FV): 363
% J-PARC .
4 Time OF Flight A ¢ Expected BG: 0.07 [FCFV 0.008]
=~ 1ms Clear 8-bunch structure at J-PARC MR
AT, =Tg - T, pppc - TOF can be seen at Super-K
104 E i I RUN1-3 (3.010x10®POT)
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L B
§_ 10°} g 40
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@'2 Method of Monte-Carlo prediction T2\

A. Interaction of primary beam Neutrino-Nucleus interactions in a
in the target [ FLUKA2008.3d ] few GeV region [ NEUT]
& 71/ Kproduction

(Mainly CERN NA61) v flux v cross section

B Magnetic Horn| | P

m, K+,..

Near detector
constraints

s Based on v flux ® cross

({ Decay volume
D

B. Tracking inside horns and He
vessel [ GEANT3+GCALOR]

+ +
T =Y, section MC models.
Lo vy, Ve/Vy, s Weighted by using as many
correlated of external data as input.
a1+ through -
K =ulv, oarent = Further constrain these
Ko uly hadrons  Evaluate Neutrino flux and predictions by the near
P .= neutrino interaction model detector measurements.
K »meyp, based on experimental data as much as possible
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©. Hadron production measurements T2\

SRR
CERN NAG61/SHINE experiment _n” Contributing to SK Flux | (10}
- =1am . E
hin tar ~ c
¢ te get 1 3m epd & I:l NA61 Coverage <
4% A1 (2cm) e mognece = Phase space
; £ coverage
ok ®
e ! < > 90%
.. | }lll -!.-l EREEE o,
RN EEn =
h x
\, — —- ’_\ % 5 10 5 20 °
" _&_ :I-'I:l--i- - - p, (GeVic)
% 7 S 2 ! :---EI'L'."' K" Contributing to SK Flux |
0.4 E
g =
= Llargeacceptance £ * 0.3 [ N6t Coverage <
=} —~
spectrometer+TOF 8 7 1 1§ g
ol G 0.2 0
s Measure hadron(rr, K) ' 28 it 2 > 60%
yield distribution in 1 e 01
30 GeV p+ Cinelastic % b oiGevi
Interaction 0 5 10 15 20
dE/dx + ToF p, (GeV/c)
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T2K beam flux prediction

(o)
- | 10~15% error
5 6
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% HHH Muon Parents ] 3 B == MC Stat.
= 10%g o / E i y
% rfl"ﬂrq?"‘??“‘r // E |
§ 10 7?{@/ '7“E g / / E ]
E :E b 7‘FE“ i ‘K E —F——
= g gl - | 1
? f H T / 0 ._I“I_L"——'-_F -_r:.-_—.lr-_-'_Il:-Jn—_-t—H—I:J:-l_ —!'—_!_-: _'_-1:-- -7 _i
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s v, componentinT2K beam: ~7.7% (Intrinsic BG for v, appearance search)
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UA1l Magnet Yoke

Barrel
ECAL

Flux normalization/spectrum reconstruction
s Neutrino-nucleus interaction cross-sections Inside of UAT magnet (0.2T)

0

2 fine-grain ctors (FGD
TPC PID ® ’ eTng ed dete (FGD)
Positive tracks Negative tracks M gas 5
E T —IExp. muons E I ' | —Ex-p muons * ]TO deteCtor (POD)
zi " -—E"Mlif’"s i g —EKP-P:"“S @ eIectromagnetic calorimeter
2 Xp. electrons 73 - xp. electrons
?‘u - —_Exp. protons | ?ﬁ —— Exp. protons ” (ECAL)
5 2238, Instrumented magnet yoke
e ¢ Side Muon Range Detector
SRR | § (SMRD)
200 400 600 800 1000 1200 1400 1600 1800 2000

200 400 600 800 1000 1200 1400 1600 1800 2000
P (MeV/c) P (MeV/c)
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Typical tracker events

Wie o =

= v,CC-nonQE samples are separated into two categories

T2k

A g
U - CC-nonQE in 2012 Release A-resonance
MT n production
Mostly P+ -
from vy
Charged
Current A {t
Quasi-
Elastic
HE u-
Ao W ey
‘. N
\Y% Deep
...... s Inelastic
Scattering

IETHTE
ANEL

% non-QE events are now characterized by the presence of a pion candidate (including michel electrons) or

electromagnetic objects.

¢ Inthe old 2012 analysis, nonQE was characterized by events with a second TPC/FGD track, so it could

include true CCQE where the proton penetrated to the TPC.

T.Ishida(J-PARC center/KEK) KEK Seminar, Kobayashi Hall (KEK) — Lecture Hall (JAEA), 19th July 2013
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Number of entries

Number of entries

T.Ishida(J-PARC center/KEK)

Muon momentum distributions

250

200

150

100

50

2500 3000 3500 4000

1500 2000

P, (MeV/c)
__ II|IIII TT Data
8 + cC-0n
- CC-1n
— CC-Other
- ‘ CCother BKG
External
- Other i
- 4,062¢events —
............ _— :
L | LR
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
P, (MeV/c)

T2k

E 500
w400
5 CCln
0
£ 300
Z —
200 3,936events E
100 —
0 500 1000 1500 ZOIOO ZSIO&)‘ 3030 3500 4000 ::.:.H
p. (MeV/c)
In total 24,910 events (RUN1-4)
CCOr CC1n CCother
purities purities purities
CCOn 72.6% 6.4% 5.8%
CC1n 8.6% 49.4% 7.8%
CCother 11.4% 31% 73.8%
Bkg(NC+anti-nu)  2.3% 6.8% 8.7%
Out FGD1 FV 5.1% 6.5% 3.9%

MC w/o ND280 constraint

Constrain (pu, 6 u) distributions for each category
Finer binning adopted compared to 2012

analysis
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©.-2  Muon momentum (w/ ND280 constraint) T2\

ST

EB[K][):L|||||||||||||||||||||||||||||||||||||||||||||J: E EI II|''"|"''|'"'|""|""|""|""E

C . - 400 . -

2 2500F ---MC w/0 ND280 constraint Z 3s0E. ---MCw/o ND280 constraint

W: —-MCw/ ND280 constraint = 3 [ E ---MCw/ ND280 constraint 3

g + Data ERE- - Data 3

§ 1500 F = é 200 2 E

Z. 5 ] g 3

1000E CCOr E 150 CCln s

c 3 100 Eg —

S00F = 505 _;
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g ) 0 = 5(}(] [(J(][} [ 5(](} ’}[}(][} 2 5(][) 3[}(](_) 3500 4000 4500 5000 5 0 50’0 IU'UU' ISUU 9()'(]0 25300 3000 3500 4000 4500 5000

Muon momentum [MeV/c] Muon momentum [MeV/c]

g awf g 3 | Parameter w/o ND280 With ND280
Z 350F g --- MC w/o ND280 constraint 3 constraint constraint
S a0 -—-MCw/ ND280 constraint 3 .
5 . Data : M,GE (GeV) 121 =+ 0.45 1.223 + 0.072
§ 200 3 M,RES (GeV) 141 + 0.22 0.963 =+ 0.063
> CCQE Norm.* 100 £ 0.1 | 0.961 % 0.076
50l g CC11 Norm.** 1.15 #+ 0.32 122 + 0.16
o 28 mesntiscess, .
ForE <1.5GeV  **For E <2.5 GeV
S ***%*#*ﬁﬁmﬁaﬁﬁﬁmﬁ*ﬁ#ﬁ#ﬁ : v
5 0 100G 2000 3000 4000 5000 6000 7000 8000 9000 10000
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Muon momentum [MeV/c]

KEK Seminar, Kobayashi Hall (KEK) — Lecture Hall (JAEA), 19th July 2013

= Significant changes to MRt and
CC1 7 normalization parameters
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©., Flux & cross section model parameters _IZR\

SR
Extrapolated to the far detector
g p S — g LS — 5
E 1.4; - Prior to ND280 Constraint _f -E l_4f— - Prior to ND280 Constraint Ve _f
S 138 E S E
g 135 7 g - After ND280 Constraint 3
z 12F = Z - =
A T &
£ 11 £ L1
A &
1 1
0.9 0.9
03 | | 0 . -
1 10 1 10
E, (GeV) E, (GeV)
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©., Predicted number of events and .IZK

[ : [ ] [ ] [ ]
/S systematic uncertainties
Predicted # of events w/ 6.4 X 102 POT The predicted number of
Event category sin?20,;,=0.0  sin?20,,=0.1 events distribution
v, signal 0.38 16.42 T oo
v, background 3.17 2.93 BN 4.64+0.52
v, background (mainly NCz?) 0.89 0.89 5in”261;=0.0
v, + v, background 0.20 0.19 :igzg,&:o
Total 4.64 20.44 g;;ﬁfm;;x S
Total (w/ 2012 flux & } b “HATF S
[ cross section parameters) (5.15) (21.77) Wit R R DEE D
Systematic uncertainties 04
Error source sin?20,,=0.0  sin?26,,=0.1 wooba [AwioND280
Beam flux + v int 4.9 % 3.0 % o e
cath fiux v I 7 e I 20.44+1.80
w/ND constraint S ey §in22 0 5=0.1
v int. (from other exp.) 6.7 % 7.5 % £ 1000f g4 10% por. ]
Far detector (+FSI+SI+PN) 7.3 % 3.5% =
Total 11.1% 8.8 % i
[ Total (2012) (13.0 %) (9.9 %) )

[ Wl i D s ]
SKT DSBS © 4.64X0.111=+052  20.44x0.088=+1.80 0 20 40

Expected number of signal+background events

Systematic uncertainties are reduced from 2012, due to improvements for near detector
analysis : new selection (CCQE/1pi/other), improved reconstruction, finer binning

Current analysis with ND constraint predicts consistent number of events compared to 2012
within its systematic uncertainties
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(E)z'* v, candidate event selection  T2kK\

SELECTION CRITERIA (1)

[ - \ 20007 2000 N .
1. Event fully contained in ¢ e e 5 7
0 ":.‘ » ot MY i ks
the D and vertexis |qg 1ol 000 0SB g N L oy
" : ) LT P L R S IR
within the fiducial g E [l lege . sl 2]
~— ~—~ g leee . .:....:~:. ..?;; &
. Vvolume (FCFV) )% oo P el
[ ‘E’ 1..::.- ‘.' ".' .'o .o.: LIS
2. Onlyone g | 2 fTm Ay B
s - - -2t o.ﬁoo oo ?S‘" 37
reconstructed ring (1R) | e AR IR A
. . o i . P"?3.;?“%"»{;{;“‘;Wae"‘%‘%ﬁ‘g“ﬁip @ E‘ @
3. Ringis electron-like S S S RPN forsrrssarsesrntins msrsssear
- 2009000 -1000 0 1000 2000 0 1000 2000 30?0
4. Visible energy Vertex X (em) Vertex R (em?) X 10
Evis >100MeV
5 !\‘!O !\Aiche! e!ectron I i;[é?:ll;iiata ;6.39)3x101“POT] 60 - +;[(J:T\(Il-zldata(6.39)3x103"1=0n
. . . 100 B 9 w/ 2-flavor osc. : 9 —_— w/ 2-flavor osc. é
6.  Event's invariant mass £ g |
. . > -
not consistent with n® & | g o
mass Bop It 4y E Iy L4
7. Reconstructed v Z W Z M I t
energy ﬁ N
E ec <1,250MeV R ol
0 500 1000 1500 -1000 0 1000
Vertex Dwall (cm) Vertex Z (cm)
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©.,

[7 4

SELECTION CRITERIA
Event fully contained in
the ID and vertex is

within the fiducial
volume (FCFV)

Only one

reconstructed ring (1 R)J-

Ring is electron-like  |qum

T.Ishida(J-PARC center/KEK)

Visible energy
Evis >100MeV

NA Miqcrhal alactr
INU IVIICIHITIT CICTUOUUI

Event’'s invariant mass
not consistent with
mass

Reconstructed v
energy
E ec <1,250MeV

NN
Vil 1

Number of events

*y 2)

30

20

I =

—+— RUN1-4 data
(6.393x10°POT)

B Osc.v, CC

[ 1vq+v,CC

I v+, CC

I NC

(MC w/ sin*28,;=0.1)

1 2 3

Number of rings

3)

i - o
| —— RUNI-4 data
(6.393x10™POT)
B Osc.v, CC
= v+, CC
- vy, CC
| [ NC
[~ (MCw/ sinﬂzeu:o_x)

-10 0

10

PID parameter

v, candidate event selection

Number of events

—— RUN1-4 data
(6.393x10™°POT)

B Osc.v, CC

0 v +7, CcC

A va4v,CcC

Il NC

(MC w/ sin*26,,=0.1)

i

80

20

-10 0

10
Ring-counting likelihood

Assumed Parameter Values

Parameter Value

Am3, 7.6 x 10™%eV*

Am3, 2.4 x 1073eV?

sin® 26,9 0.8495

sin® 2053 1.0

sin? 203 0.1

dcp 0

Mass hierarchy Normal

v travel length 295 km

Earth density 2.6g/cm3
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(& v, candidate event selection
SELECTION CRITERIA @)
 — —— RUN1-4 data
1. Event fully contained in ) =
the ID and vertex is 5 —ai
within the fiducial 5 PSR
volume (FCFV) £ 10
2. Onlyone z
reconstructed ring (1R)
3. Ringis electron-like 1000 5000 3000
4. VlSlble energy Visible energy (MeV)
[ Evis >100MeV J‘- ©)
(. NoMichelelectron  |¢um B R
6.  Event’sinvariant mass g ! ENZ"SS
not consistent with n® I (MC ! sin’26,0.1)
mass 5 aof :
7. Reconstructed v §
energy 20
E rec <1,250MeV

! [ |
00 1 2 3 4 =5

Number of decay-e
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9. hEhL Y b rERESR T2R

SETRE

2971 (WBHM) NV F (WaizWbh M)
b) V_CCQE )V, NCI 7’
[nteraction Interaction

1muia 1 EEujJ [// I~

Charged Current (CC)

W A
FiEAL Y b m’
Neutral Current (NC)
BFA- 21—/ HREROEIEA/NY 75TV R
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8- NC 779 background reduction (2012)

S Prrc
SELECTION CRITERIA

1. Event fully contained in

the ID and vertex is
within the fiducial
volume (FCFV)

2. Onlyone
reconstructed ring (1R)

3. Ringis electron-like

4. Visible energy
Evis >100MeV

5 NA Miqrhal alactr
8 Ul

(@ N
INU IVIICIICT CTIC

n
Uil 1

Event’s invariant mass
not consistent with r°
mass

7. Reconstructed v
energy
E rec <1,250MeV

o

T.Ishida(J-PARC center/KEK)

T2K\

v+ N — v+ A

A — N +x°

mo >y 4+ vy
(6)

e

—+— RUNI-3 data

(3.010x10% POT)
Osc.v, CC
Bkg.v,+V, CC
Bkg. v +V, CC
Y Bkg. NC

—_
T ? T

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

Number of events/(15MeV/c?)

100 200 300
Invariant mass (MeV/c?)

Until 2012 analysis we used a special fitter which
reconstruct each event with a two photon ring
hypothesis, searching for the direction and energy
of second ring which maximizes the likelihood.
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(E),? Selected v . candidates (2012) T2k

)

SELECTION CRITERIA _ (7) RUNI-3 data
f < S RUNL3 data (3.010x10%° POT)
Event fully contained in o 6010407 poT) Data 11
the ID and vertex is [ Be. v, ¥, CC
— Bleve v CC MCTotalx  11.2

within the fiducial [ Bkg. NC

Number of events/(250MeV)
T

volume (FCFV) : A CCvy 006

2. Onlyone o 2012 CCv, 1.8
reconstructed ring (1R) NC 1.2

3. Ringis electron-like o w0 CCv,ov,. 82

A Vi Slbl e ener gy Reconstructed v energy (MeV)
Evis >100MeV %3.3+0.4sys(sin22 6 ,,=0)

5. No Michel electron > p=0.0009(3.7 o)

6.  Event'sinvariant mass - s =
not consistent with n® o e i %ﬁ,ﬂ@[’\r:?‘?—? o -
S ZDHERRDMFIONDHERHN0IN—EV F

EVIDENCE OF v , APPEARANCE

. Heconstiucted y BEF-1— U/ HRRRO DEEE STy
Sh=tdy T&H. 30Tl
£, o <1,250Mev IR L) ERSABL,

(FEEH0.1NN—t> FEHB ! )
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©., NC 719 background reduction 2R

4 . . . .
"y (this analysis: new 119 fitter)
SELECTION CRITERIA Assumes two electron rings
: : produced at a common vertex
Ep]/eT[ng|lé/ Corj[talr)ed N ’4h0t0n [12 parameters]
.eh. aﬂ ;/Sr e.X |IS Vertey' Conversions °V§rteX.(X,Y,Z,T)
within the Tiducia 0~~...... j oD|rect|Ons(e1’ Q1, 92’ CPZ)
volume (FCFV) e, ‘Momenta (p1, p2)
Only one Conversion lengths (c1, ¢2)
reconstructed ring (1R) * Start from result of the single-track electron fit.
\R/!S'gbllz Efecsgon_llke 2D cut: m%mass and the likelihood ratio In(L,,/L,)
N y
Evis >100MeV

NlA Micrhal alactran
INU IVIICIHITCIT CICUCULULIVIL]

In(L /L)

N

Event’s invariant mass !
not consistent with 70 !
mass -> new 2D cut |

/
Reconstructed v -
energy ' R T

E rec <1,250MeV ' Mass (MeVic' 1 Mass (MeV/c)
Efficiency: -2% BG reduction: ~70%
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/A
SELECTION CRITERIA

1. Event fully contained in
the ID and vertex is
within the fiducial
volume (FCFV)

2. Onlyone
reconstructed ring (1R)

3. Ringis electron-like

4. Visible energy
Evis >100MeV

5 No Michel electron
. NO vilCner eieciron

2D cut: m%9mass and
the likelihood ratio
In(L,o/L.)

7. Reconstructed v

energy
E rec <1,250MeV

o

T.Ishida(J-PARC center/KEK)

20

Number of events

-

15}

0 100

200

—4+— RUN1-4 data
(6.393x10°°POT)

I Osc.v, CC

] v,+v, CC

vy, CC

B NC

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

300 400

fiTQun In(L /L)

Number of events

Number of events

(6)

15

10

NC 779 background reduction

T2K\

0 100

—4— RUNI-4 data
(6.393x 10°POT)

B Osc.v, CC

[ vy, CC

[ v4v, CC

B NC

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

200 300

fiTQun invariant mass (MeV/c?)

0‘
-100 0

100

—4— RUNI1-4 data

(6.393x10™°POT)
B Osc.v, CC
[ v,4+¥, CC
v, CC
I NC

(MC w/ sin "UH_O 1)

200

300

Distance from ¥ cut line
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@-& Selected v, candidate events T2k

) -

SELECTION CRITERIA i .
- . T M€+ | v candidate
1. Eventfully containedin - _
the ID and vertex is g i i o 28 events
within the fiducial < | (MCw/ Si720,,20-1
volume (FCFV) P Expected
2. On|y one é sl 20.4411.80
reconstructed ring (1R) for sin22 6 5=0.1
3. Ringis electron-like T
4 Visigble energy K = 4.6420.52
. 0 1000 2000 3000 for Sin22 e =0.0
Evis >100MeV Reconstructed v energy (MeV) 13
5. No Michel electron —~— RONL-4dua
6. 2D cut: 719massand = « The new NC 770 fitter
the likelihood ratio 5 101 Gicw a0 removes all FV events
In(L,, /L) 5 | rejected by 2012 analysis.
7. Reconstructed v £ - Additionally, 3 more
energy Z | events removed.
E rec <1.250MeV 31 - 28 events remain.

0
-1 0.5 0 0.5 1

cos 0
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’ Typical event displays (RUN-4

SETRE

Super-Kamiokande IV

T2K Beam Run 440058 Spill 1830074

Super-Kamiokande IV

TZK Beam Run 480017 Spill 7236603
5 Event 289213492

Run 71066 Sub 1

0 mre
decays

200

150

100

50

T ORI
Times (ns) Times (ns)
Figure 12: v, candidate event #12 Figure 31: v, candidate event #31
s 1stand last candidate events in Run-4
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©.. Vertex distributions T2K\

2000 2000
B o
[ C T . O
1000~ 1000f * i o
— B _ r . . . i
§ | § | %
L N . . '
> 0 > | .
-1000 -1000 - . ;
= P~ . E O
R a---1
o
_2(!? PRI T S N TN TR SN T TN N N T (N SO N U _2(“) PR T T S MR PR T S T T
-2000 -1000 0 1000 2000 0 1000 2000 3000
Vertex X (cm) Vertex R? (cm?) x10°
dwall of FC Events Fromwall Il to Beam of FC Events
E T T (LA | T T " e R R R oy
N Segnal v, [ Signal v
10— [ Beam v, [0 Beam v,
-?;.::: Bl Beamm ¥
C o s o
b —— —
P=28.9%

o 200 400 600 8?:;“)1000 1200 1400 1600 00 500 1000 1500 2000 2500 3000

= BG enterng from OD interactions: estimated to be 0.03%0.009 events:

e 0(0.1%) of FCFV v e candidates
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@‘ﬁ Candidate event summary T2K\

) -

Data 28
: : Assumed Parameter Values
MC sin?220 ;=0  sin226 ,;=0.1
. Parameter Value
Osci.v ,— v, 0.38 16.42 AmZ, 6 < 105V
Ve BG (Beam) 3.17 2.93 Am%z 2.4 x 10_3t.2'V2
V ,BGincrroeto 0.89 0.89 sin’ 201 0.8495™
P p— sin 2(923 1.0
v.tv ,BG 0.20 0.19 sin? 2601 0.1 (or 0)
MC Total 4.64 20.44 ocp 0
0 o 0 Mass hierarchy Normal
SyS.Err( %) (11.1%) (8.8%) v travel length 295 km
Sys.Err(#) +0.52 +1.80 Earth density 2.6g/cm?>
Sys.Err(%)-2012 (13.0%) (9.9%) % 0.8704 in 2012 analysis

= N,=20.4atsin?2 6 ,3=0.1, while we observe 28 events
= Vv, background significantly reduced by using new NC7? fitter
» ~2.3 events expected with old (m_ ,-only) reduction

= Systematic uncertainties are reduced from 2012 release, mainly thanks
to improvements for the near detector analysis
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(‘é),? Determination of T2R\

97 neutrino oscillation parameters
s An extended maximum likelihood fit as in 2012 analysis

¢ Scan over sin?2 0 ;5 to find its best-fit value, where a likelihood (£) becomes
maximum.

¢ Lis calculated by comparing the total number of observed events (N,,,) and
electron momentum-angle (p, , 6 ) of each event with MC predictions.

¢ We fix other oscillation parameters as shown in the previous page.

(p.,0 .) Probability Density Function (PDF)

sin22 6 ,,=0.0 ih2 _
13 sinZ2 6 ,5=0.1
- 180
0.035 g 160: 0.035
g - Nnr9d=20'4
0.03 T 140 il 0.03
@ L
0.025 g 1201 0.025
0.02 1001~
30: ..
0.015 i 0.015
60_
0.01 C
40
|W0.005 2of FEEEEE DN 0.005
0- 0 0" 0
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
momentum (MeV/c) momentum (MeV/c)
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(E)-?', Definition of the Likelihood T2K\

L= Lporm X JEsm:lp.'&:* X Lsyst

/

/

Nobs

PﬂiSSUH(NGEJS)meamNPred

0.09

L Nprea=20.4
LLfsinzz 0 ,5=0.1)

%

0, M = Y P S I
5 0 15 20 25 30 I 40 45 50
N

0.08
0.07
0.06
0.05
0.04
0.03

0.02

0.0

i

i=

¢ (pi,0;)

(Sin22 6 13=0-1-)

%200 400 600 800 1000 1200 1400

momentum (MeV/c)

N\

constraint term for the
nuisance parameters

pm——==- Bayesian marginalization -------
£(0) =
/ﬁnorm(d )Xﬁshape(ay f) XﬁSySt( )d

Y

k..bl

e T L L L L rr T
. e -

= L., :Poisson probability with mean = N4 to have N=N,,, events.
= Ly, Product of the probabilities that each event has a particular value of (p,, 6).
e (:predicted Probability Density Function(PDF) .

= Ly :Amultivariate normal distribution of systematic parameters defined by the
parameters’ prior values and covariance matrix.

= We use a Bayesian marginalization technique in order to incorporate the systematic
uncertainties, by integrating over all systematic parameters.
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angle (degrees)

# of events

T.Ishida(J-PARC center/KEK)

Results

p-6 —

Runl-4 data
(6.393e20 POT)
best-fit sin“28 . = 0150
assuming 8 ,=0,
normal hierarchy,
Aml,l=2.4x10" eV?

800 1200
momentum (MeV/c)

12F momentum
- Runl-4 data
10F (6.393€20 POT)
8 :— +dul.'|
E .xign:l] prediction
6 - . background prediction
4
2

QD

400 800 1200

momentum (MeV/c)

0.8

vents

W

of

0.6 #*

0.4
0.2

T2K\

REunl-4 data angle
(6.393e20 PO1)
-+ data

l signal prediction
l back ground prediction

O 40 80 ¢ 120 160

angle (degrees)

Best fit w/ 68% C.L. error:
sin®26;3 = 0.1501) 937

90% allowed region:

0.097 < sin?26;,5 < 0.218

6 p=0

L 4
. ¢ normal hierarchy
Assuming |

| A m232|=2.4 X 10_3 ev2
L 4 Sinzz 6 23=1
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/ Alternative (rate + E, shape) analysis ;rg/ia

0.15——————— ——
[ sn'20,=01 —Ose.v. C = Fit data to the reconstructed
- An,=2.4x107 eV? Sional — Ve CC i i i
P gnal  _ yc energy distribution
*é . _— (area normalized)
S N NC BG m}% — (mn — Eb)2 — mg + 2(mn — Eb)Ee
gl BG ve Eree =
3 2(my, — By — Ee + pe cos0,)
2 005
s bestfit w/ 68% C.L. error:
L .2 _ +0.041
% S0 1000 sin 2913 - 0'152—0.034

Reconstructed neutrino energy (MeV)

assuming

S\ T T T T

= 8~ ——T2KRUNI-4da
2 | I Best fit v, signal
= | I Backeround component
wy

5 0

0 n

L

e n

:g L

= 4

)= n

[~

s n

> -

5 2r '

5]

,.D — [ ]

g -

= OO= .

500

|
ta

1000

Reconstructed neutrino energy (MeV)
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| Am?2;,|=2.4X103 eV2
5 CP=OI Sin22 9 23=1 s
Normal hierarchy

» Very consistent to p- @ analysis

sin%260,5 = 0.15073:932
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# of toy MC experiments

T.Ishida(J-PARC center/KEK)

]
)

SO 56.27 p-6
50 @ sin22 6 3=0
40; Runl-4 data
- 6.393e20 POT
30? gﬂmnﬂﬁ—&w
20F Am? “’.”&"ﬁ?&“ oV 20 0
10F
0:. PR T | M S T T S S S
0 0.1 ﬁ 0.2 0.3
. 2
) sin“20,;
Best fit = 0.150
- A x2 distribution for 1x10'° toy MCs -
1045_ ....................................... SR— Y OSSP NS O

10°

10?

10

1

40 45 50 55 60 | 65 70
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1 Ax?? _______ —5627

/1x1075

Significance to exclude sin?2 6 ,5;=0.0 ;I'Zid

= Thesignificance with a simple
calculation (v A x?2)

J -2AInL=/ 56.27

=/.50

Our official value for the significance

04 SiN220 ;=0 CTHBIcEIDDHST. 28

BERAEETNTLE SHEIL (p-value)
(Zal—Yavick3ERERBAY S
#5197 > CHEELE)

p-value =9.9X1014(=7.40)
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@o tn2
% S ¢p VS. SiN22 O ;5 contours T2K\

. . & 3F . Normal
s Allowed region of sin?260 ;3 < & hierarchy
for each value of & g g
. I .
s Best fit w/ 68% C.L. error @ £ —
6 CP:O ; —Bcslﬁl. . g
o ']__ Runl-4 data (6.393¢20 POT)
¢ normal hierarchy : o —
;] . Am},1=2.4x10™ eV? .
. 2 _ +0l039 E sin*20,,=1.0
sin“26,3 = 0.150X 532 A L 2
. d hi hy: & 3F \ .~ ' Inverted
+ inverted hierarchy: ol \\\\ hicrarchy
. 2 _ +0.046 3 | ;
sin“260,53 = 0.1827 5540 1;_ /J ) E
Assuming 05_ H :ggggt_f
|A m232|:2.4>< 1 0_3 eV2 E — Besti _:
5in22 0 ,,=1.0 R ety
2t ety 3
Cf. sin226 ,5: 0.098%0.013 (PDG2012) 3 - 3
. sin229]3.
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(2;;: O cp VS. 5in%2 O ,; for different sin% 6 ,; Jz/ih

Normal —
hierarchy

68% C.L. —
- sin292]=0‘4 ]
e sin2923:0.5
“ 8in*0,,=0.6
----Reactor lo range -

o
o
/=]

______ 2

[ 1, . Am L

P, ., =~ sin®0s31 822613 sin? ——22—
z \ o2 ! 4F),

= Oscillation probability is largely
dependent on sin2 6 ,; (octant)
o PDG2012:5in2(26 ,3) > 0.95
» 5in20,;=0.50%0.11

Run1-4 data (6.393¢20 POT) -
Normal hierarchy
Am3,1=2.4x107 e V>

L | 1 | 1 =]
0.4 0.6

» O 3= 45+6.5° sin229]3
¢ Toreduce error on sin20 ,5is critical Inverted
for further improvements & hierarchy
68% C.L. e
PDGZO1 2 - sini933=0.4
A 2l “25in"0,,=0.5
reactor average L Y04 9 Zunos
value (0.098%0.013) / -~ Reactor Io range -

Runl-4 data (6.393¢20 POT) -
Inverted hierarchy
[Am?,1=2.4x107 e V2

T2K's v , disappearance
study will play a leading role.

NOTE: These are 1D contours for various values of d.p, NOT 2D contours sin’20, ,
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©. Message from T2K International ~ yof

) /2 Collaboration to J-PARC/JAEA/KEK
Members

« This timely discovery was made possible by the unyielding and
tireless effort by the J-PARC/JAEA/KEK staff members and
management to deliver high quality beam to T2K.

+ We should all remember that after the devastating March 2011
earthquake in eastern Japan, which caused severe damage to the
accelerator complex and facilities at J-PARC, the beam
commissioning was resumed within the calendar year, and physics
data taking was also resumed within 1 year. It was not possible
without all of your strong supports.

+ We are excited to continue producing beautiful physics results, so
let's continue to work together.
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©. Summary and prospect 12K\

)

s Wereport a new result on v . appearance analysis based on
6.39 x 1020 protons on target.

+ 28 candidate events are observed, while expectationw/o v , to v,
oscillation is to be 4.6 0.5

+ An extended likelihood analysis over number of observed events and
the momentum of electrons gives A x2=56.3 for sin?2 6 ;5=0.0, thus
the significance to exclude sin22 6 ,3=0.0 is calculated tobe 7.50

+ Note the results are dependent on assumptions on other neutrino
oscillation parameters, such as sin28 ,;and & .

WE HAVE SUCCESSFULLY OBSERVED THE v , APPEARANCE
which is one of the critical milestones for the further progress
on the neutrino physics research.
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% Summary and prospect T2K\
s 6.39 x 10%° protons on target is only ~8% exposure of T2K's
design goal.
e The v appearance study is still dominated by statistics.
o We definitely need more data to proceed.

s 12K will continue to play an essential role to resolve the
entire picture of neutrino mass and mixing.

¢ Further studies on v , disappearance studies : A?mj,, sin? 6
resolving octant degeneracy (0 ,3<45° or >45° )

¢ Vv, disappearance studies will contribute to the improvement on
the v, appearance studies.

+ Combined 3-flavor analysis on v, appearance and v
disappearance

¢ Data taking with anti-neutrino beam.
« First exploration onto CP-violationg phase, & p
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