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Outline

* Neutrino oscillations

* The T2K experimental setup — arxiv:1106.1238v2, accepted for publication by Nucl.Instrum.Meth. A
» Measuring oscillation parameters at T2K

» Data-taking operations (Physics Runs 1+2, January 2010 — March 2011)
 Data reduction & Oscillation analysis strategy (2070)

 Electron-neutrino appearance results — pPhys.Rev.Lett.107,041801(2011)

* Muon-neutrino disappearance results — Phys.Rev.Lett. in preparation

« Summary
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Neutrino Oscillations
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Neutrino oscillation (v_ — vB) probability

Depends on:
Mixing matrix elements Squared neutrino mass splittings
(determined experimentally) (determined experimentally)

g af

= 8,5 — 4 Y Re|ULULULU, |sin’ [ + 2ZIIT|[U&UMU@UHJ]51'J{%>

Sensitivity to oscillations
by matching the L/ E (baseline to energy) ratio
to a particular Am?
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What do measure in neutrino oscillation experiments?

« With 3 neutrinos, any 2 squared mass splittings Am?
- 3 mixing angles, 6.,,0.., 6.,

* 1 CP violating phase &

/ “23” sector probed mainly by atmospheric and LBL accelerator expts AN

/ L'El LEE LIEE* / “13” sector probed mainly by SBL reactor (not 8) and LBL accelerator expts \
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“12” sector probed mainly by LBL reactor and solar expts \
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1997-2010

First age of neutrino-mixing exploration

... the atmosphere (SuperK, Soudan, ,...)
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Results from the first age of neutrino-mixing exploration

“23” . LBL accelerator & atmospheric

“12” : LBL reactor & solar

“13” : LBL accelerator & SBL reactor
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Next big questions in neutrino physics...

T2K

. 613 non-zero?
. 623 maximal?

* CP violation in the neutrino sector?

- Mass hierarchy? Q A \
.. v |,

* Dirac or Majorana? _ A v

mv.

 Absolute mass scale? Ant,,

IMass™

Ant,

vET. |
| Am
v V. I

[nverted Hierarchy

Normal Hierarchy
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280m detector suite

_—

T2K Experiment Overview

Almost pure v, beam

Peak at 600 MeV.
L/E tuned to the
‘atmospheric' Am? scale.

Super-Kamiokande
50 kton water-Cherenkov detector

30 GeV proton beam
= (design) power of 750 kW

©2011 ZENRIN &)
© 2011 Europa Technologies

2011 Mapabc.com -
© 2011 Geocentre Consulting
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J-PARC facility (KEK / JAEA)

" RCS: 3 GeV
synchrotron |

\

Fast extraction '
3.3E+14 p/spil

detector -~ ok ahaleges cycle: ~0.3 Hz

£ pit S /s 8 bunches/spill

bunch interval:
581 nsec

bunch width:
58 nsec
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The neutrino beam-line

Magnetic Horns
* 320 kA

* 2.1 T max B field

Target

* A long graphite rod

* Diameter: 2.6 cm

* Length: 91.4 cm (1.9 interaction length)
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The off-axis' trick

T2K is first accelerator neutrino experiment employing the "off-axis’ trick.

Exploit kinematical properties of pion decay to create a narrow neutrino beam peaked at a
particular energy (chosen to maximise oscillation probability at the SuperK location)

0.2

08
0.6

04

0AB 2 degfe
0AB 2.5 deqree
UAB J degree

0 1 2 3 4 5 67 g 98 {0

GeVic
Off-Axis beam (5ol

[Probability
(=]
o

0.6

!l N Oscillation Prob.
| N (Am?=2.5x10%)

l '._-'I s e
- v energy spectrum

(Flux x x-section)

Science & Technology
~_~ Facilities Council




Super-K (V)

slectomes awt 6” Water Cherenkov detectx
(22.5 kt fiducial mass)

Overburden (shielding): 2700 mwe

S

Inner detector: 11,129 20" PMTs

(40% photo-cathode coverage)
20" PMTs
PMT support Outer detector: 1,885 8" PMTs
dntl - 1Aver
Outer
#3%. Detector

(0D) DAQ: No dead-time

Qergy threshold: ~4.5 MeV /

concrete

rock — £
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Water Cherenkov imaging
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First T2K neutrino event at SuperK

06:00 J&F;b. 24, 2010

Super-Kamiokande IV
2K Beam ERun e AL
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< 921
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Invariant mass: 133.8 MeV/c?
(close to n0 mass)
Momentum: 148.3 MeV/c
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280m Near Detector complex

at megey

\

Off-axis near detector (ND280)

Neutrino flux spectrum characteristics
Neutrino cross sections y

.

On-axis near detector (INGRID)
Monitor neutrino beam direction
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Off-axis near detector (ND280)

UA1 magnet (0.2 T)

- R

Downstream target region:
UA1 Magnet Yoke Tracker

Optimised for charged particles

\ /

Downstream
I ECAL

Barrel ECAL

Upstream target region:
Pi0 Detector (POD)

Optimised for pi0 measurement
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Off-axis near detector (ND280)

SMRD (Side Muon Range Detector)
Scintillator planes in magnet yoke
Veto + CR trigger + aid in momentum measurement

\

A1 Magnet Yake
UA1 magnet (0.2T)

FOD Downstream
{et-

| ECAL
detector)

. ____ﬁ-h"’:

== Solenoid Cail

POD
ECAL

POD (10 detector)
Scintillator planes interleaved with lead and water layers
13 tons lead + 3 tons water

d --r“ 2O
. /
|

ﬂracker

~

(" 2 FGDs (Fine Grained Detectors)
Active target mass
FGD1: 1.0 ton scintillator

N FGD2: 0.5 ton scintillator + 0.5 ton water

3 TPCs (Time Projection Chambers)
Momentum measurement of charged particles
_ PID via dE/dx

J,

POD, Barrel and Downstream ECAL

/ E/M showers from inner detector

I Barrel ECAL

Optimised for y detection Science & Technology
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ND280 off-axis detector event (in the Tracker)

Eventnumber 24083 || Partition : 68| Runinumber 42001 | Spill £ 0/ SubRuninumbern 6 | Time': Sun 2010-08-21122:38:25/JST [Trigger: Beam Spill
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ND280 off-axis detector event (in the Tracker)

Eventnumber: 30308 | Rartition': 68/ Run number= 42001 [ Spill'+ 0| SubRun nimber:7 | Time': Sun 2010-08-21'28:41:39 ST Trigger: BeamiSpill

TRC
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ND280 off-axis detector event (in the Tracker)

Eventinumber: 110284 | Rartition/263]| Runinumber : 42001 | Spillf 01 SLUbRUN number:25 | Timel: Mon 2010-08-2214:06:35 JS| [Trigger: Beam Spill

SECAL

II |
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ND280 off-axis detector event (in the POD)

Event number ; 1609 | Partition : 63 | Run number ; 2593 | Spill : 7205 | SubRun number:INVALID | Time : Fri 2010-02-05 01:57:45 JST

Magnet on (0.188 T) 01:57 JST, Feb. 5, 2010

POD — G0l ‘FGDZ—— DSECAL

Wi TPCY TPC2 TPC3
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On-axis near detector (INGRID)

* 10 m x 10 m beam coverage
» ~700 neutrino interactions day at 50 kW

* Monitor neutrino beam direction
* Off-axis angle precision goal < 1 mrad
* 1 mrad — 2% SuperK flux change at peak energy

Spill# 222861, Time 1271289317

Module 8
Side View Top View

140 140

120 120 mEEEEEEEE |

100 100 Y J_.W_._._.

80 s RERRERRER |
16 modules: 60 o EENEEERER |
" 7 horizontal 0 o« EERRRARLLN |
7 vertical ERRRERERE |
« 2 off-cross ~ - ERERERERE |

! £ ERERERERE !
Each module: 20
7 tons = alternatlng -20 0 20 40 60 80 100 120 -20 0 20 40 60 80 100 120
scintillator / iron planes
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Measuring oscillation parameters at T2K

- The ‘(v“) disappearance' channel

- The (v ) appearance’ channel

@ JPARC @ SuperK

‘ MMV, S V.
-
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Disappearance channel:
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Appearance channel: Measuring sin’26_,
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T2K ultimate (5 yrs x 750 kW) sensitivity

sin?2 0., Sensitivity

Vv_ appearance: v, disappearance:
B = 0.008 (00% CL 5(sin226,,) ~ 1E-2 (90% CL)
sin“28,; < 0.008 (90% CL) 5(Am?2,,) ~ 1E-4 eVZ/c* (90% CL)
. MINOS best fit —— Super-K 90% 1
[ systematic Errer Fraction L — MINOS 90% —— Super-K L/E 90%
W o . -- - MINOS 68%
W “5,
107 ormal Hierarc
[ o 25
o 1YT2K
A T , oal
I
1nz =xee 4 ,
e [ " MINOS ans Super-K
[ 90% CL preliminary results
: i at Neutrino2010
(Am?, =2.4x10" eV?, 5_ = 0) , - .
g e 08 085 09 095 1
t
Protons on Target sSin“20
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Data-taking operations & beam stability
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T2K data-taking operations

( « January 2010: Start of Run-1

Run-1 < - February 24, 2010: First event seen in SuperK 3-21&:;25“
& June 26, 2010: End of Run-1
[ « November 16, 2010: Start of Run-2
* December 25, 2010: Start of end-of-year shutdown 1 1?3@2‘;’5‘%' oT
 January 20, 2011: End of end-of-year shutdown on tape!

Total on tape:
1.459E+20 POT

Run-2 <
- March 11, 2011: Earthquake é

data-taking stopped

Estimated total
at end of Run-2
was ~3E+20 POT

\° July 1, 2011: Scheduled end of Run-2

Expect to restart data-taking operations
late in 2011 / early in 2012
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Delivered proton#

Number of protons delivered by MR

18 —— Physics run Proton per pulse(for physics run)
%10 _ %102
Delivered proton# Proton per pulse(all runs) 2
140 — : : 1 2
: > @
L : : o o a
120 »; —s0  §
o e A °
100 — Run-1 Do Pom LY &
< — TR Vi g
80— Co P 7
i | I T Lo ".ﬂ—r" ] _
I ] "' .,'-1 : P 4
60 o l s ., —140
40— E - "IF!- ' e summer shutdown > .
. g 'II' '. /’_;-. : R n 2 —20
e >
! = 1 ! i I | | L
18h/10 Aug/10 Mar/1 1
Date
Run-2 (Nov 16, 2010 — Mar 11, 2011):
8 bunches / spill (~9E+13 PPP)
» 3.04 sec cycle
Run-1 (Jan-Jun 2010): » 135-145 kW stable operation
* 6 bunches / spill (~3E+13 PPP) * Integrated (Run1+2) exposure (physics):
» 3.52 sec cycle 1.459E+20 POT

» 50 kW stable operation
* 100 kW trials

* Integrated exposure (physics): 3.23E+19 POT Sciance S Techitology
=
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Primary proton beam monitoring

[ p m r' )i ]
\ OTR Light for 9.0<10" Protons on Ti Alloy Foil
—- /7 v = 0

Beam intensity / loss monitoring: ’ i N 154
« 5 Current Transformers (CT) - L r
» 50 Beam Loss Monitors (BLM)

Beam position & profile monitoring:

« 21 Electro-static monitor (ESM) -10
» 19 Segmented Secondary Emission monitor (SSEM) . -
1 Optical Transition Radiation detector (OTR) .10
-10 0 10
x (mm)

Run1+2: Stable primary proton beam

P
y e \.
o\l
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Secondary muon beam monitoring

Secondary muon beam monitoring

L, = MUMON) spill-by-spill.
N y
M
P m - < Detector intrinsic resolution < 1.5 mm
— 5
\ v Beam direction is controlled within 1 mrad
Secondary beam intensity stable to ~1%
Run-1 : Run-2
E" +1 mrad I | : L i l - X profile center
" ] ' 1 ] ' ] -"r:mmemm
E & I : | ' ¢ 1 mrad
2 : i I !
P 4 """*'um--'w-w Ao W ppado + ) sy o —
8. Wy ™ E*'“-“."- ,“vm! 'f“‘f'ﬂ“"“ e Nepn :’ uw a'-*l
’ f
-10 i + {
qscimrad | Lt 5 | S P : | i1 -
Jan2d  Jan 31 Fob 24 Fob 28 Mar 21 Mar24 Aprid May 02 May 16 May 30 Jun13 Jun 27 Nov 2T Dec 27 Jan 26 Feb25 Mar05 Mar08

Run1+2: Stable targeting & focusing systems
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Neutrino beam monitoring
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07

Run1+2: Stable neutrino intensity &
direction verified by INGRID
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T2K-SuperK event reduction

Super-Kamiokande [V
TZ¥. Beam Run 0 Spill 952106
Run 66821 Sub 410 Event 96851432

Charge (pe)
0 >26.7

0 I o
o S00 1000 1500 2000

Times (ns)
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SuperK — Beam spill time synchronization

4 A\

spill spill

|__interval ~35¢ ) > T @IPARC Record all hits in +/- 500 ps
| - GPS window around the beam spill
! record all hits in - arrival to SuperK
- 500usec i £500usec '
ATt | P L
["l";g L TERNNE GPS synchronization
— ' — > T:;.ps @5K for J-PARC and SuperK times

VTOF (~1msec) VTOF k /
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SuperK live-time

x10%°
SuperK good spill selection §1.5 L B L B L L U 5:\5
= o | i | | 3 | 3 { =
- SK DAQ alive o | —— Beamgoodspil _— [ 148
12 | 2ee S N S /14 0
2 S el SK&Beam good spill ] 5
« DAQ error check S ool 1 | 3 S
o9 (v v o AT R AN B
Checking dark counts in ID and OD S [ overgll SK ;dead ifraCtloin | i %
B 0.6 [ 12
» GPS error check = - c%
= i —
« Detector status check S 0.3 1 1 : ; 1 : 1 1 I
8 o L R PO U DU DTN DU P
Dot S
Pre-activity cut < 50 100 150 200 250 300 350 400 450

No activity in the 100 us before beam arri D ays since 2010/1/1
Removes accidental contamination

Integrated exposure:

* “Beam” good spills — 1.446E+20 POT
* “SK & Beam” good spills — 1.431E+20 POT

SuperK live fraction (for physics) > 99%
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500

2 off-timing FC events.
Expectation: 1.9 events

SuperK FC (fully contained) event reduction

All sample
in 1msec window
TR  Cootion everts |
I
Ty oo crocees
I
| PEI0<200pe. |y
| Mg LEcandidates |
[ PEMAX/PE3D0 » 0.5
I
I
/Run-1+2 \

121 FC neutrino event
candidates found

Expected accidental bkg
(from dummy spill data):
0.023 events

_/
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SuperK FC neutrino event candidate timing

zoom
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Neutrino beam structure seen
with SuperK event candidates!
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SuperK FCFV event reduction

FC event candidates FC (Fully Contained) FV (Fiducial Volume)
* In fiducial volume (more than 2m away from the ID wall) event candidates

* Visible energy > 30 MeV (events used for physics analysis)

2000 & x = L 2000 | neutrino beam direction
'.ooO. """" LA | - :
Y : .. o E % |
10000, 5 ¢ T 1000 |
\g/ » o‘. “ e * (] '. E g
N ) oo * o o ’ ?}‘ & ;
or»* o0 ' Ot
X L
O I 2
o) o’ ol . o Fiducial
?1000 T R > volume
. * " 0 -1000 | (2m from
* eete * e® e, ID wall)
* Y : AR ;? & o e
2000 —mMmm™M——————— — _2000||\
0 1000 2000 3000 2000 -1000 O 1000 2000

Vertex R® (Cm2) x10° Vertex X (cm)

Run-1+2:
88 FCFV neutrino event candidates found

Estimated (from atmospheric neutrino rate) .
=

accidental background: 0.0028 events oclence & Tecnowsy
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o

2010 oscillation analysis

with Run-1+2 (1.431E+20 POT) data

/

88 FCFV
events

. v, disappearance
analysis
\ . v_ appearance
analysis

\
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Oscillation Analysis Strategy (2010)

, SuperK
External cross-section atmo. Irgeutrino SuperK beam data
measurements (neutrino, & calibration (1-ring e-like,
charged-lepton, hadron probes) data 1-rin g u-like )
T 7 Oscillation
‘ flt e‘*:
\ N . measurement,
SuperK x Neutri dSL;pelfK SuperK
neutrino flux cross-sections etector ’ prediction

\ A >< response

N

shape
ND280
MC beam data
(CC inclusive) (CC inclusive)
Neutrino

flux simulation

Beam-line

monitoring
data
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Oscillation Analysis Strategy (2010)

External cross-section
measurements (neutrino,

charged-lepton, hadron probes)

SuperK
atmo. neutrino
& calibration

data

SuperK
neutrino flux

AN

Neutri

x Ccross-secti

S

SuperK
detector
response

/ Neutrino
1 flux simulation

MC

(CC inclusive)

beam data
(CC inclusive)

SuperK beam data
(1-ring e-like,
1-ring u-like)

SuperK
prediction

ND280

-------
..........
. ™
. .
. ‘e
-
‘e

o
.....
0 .
______
-------------
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NAG1 / SHINE experiment

~13m

*_ * . . .
NA61/SHINE Setuo: 30 GeV p+C particle yields in
RPN » thin target
* T2K replica target
Vertex magnef_s. /
4 AR
Target . TP NAG6G1:
LR S— L . e :
; I S Large acceptance spectrometer
!' *5TPCs
« 2 dipole magnets
I 51 52 vl * 3 TOFS
X /1 C2 | | | | I H\\: | _l Tof-R
LS L R ) ) 2 TPC-R « Good PID and momentum resolution
.}r 7 - —— RS-
E 25 L I .'_"g__ép[Ge‘l.-’.-‘c]cJ 10
% I Ar
w 2 ;'«_-'_
PID © A ™
methods 15 2 ok < A
1 g s .- .
01 1 10 : -1 I ' 15 o
p [GeV/cl p [GeV/cl dE/dx Imip]
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NA61 / SHINE measurements

Full coverage of T2K phase space

0-p at production point of =* producing v, @ SK

o
o <
on =

=]
(%]

Polar angle 0 (rad)
[ =]
(]
| L LR L LR L L LR LR LR R

o
(]
(%))

Momentum (GeV/c)

N.Abgral et al.,arXiv:1102.0983, submitted to Phys.Rev.C
(~5-10% systematic error and similar statistical error)

0.015

0.01

[1/(GeV/c)]

do
- dp
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(e}
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e |
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Neutrino flux tuning
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Oscillation Analysis Strategy (2010)

SuperK
atmo. neutrino
& calibration

External cross-section
measurements (neutrino,
charged-lepton, hadron probes)

SuperK

Neutri SuperK
Cross-sections X detector ’ prediction
response

SuperK beam data
(1-ring e-like,

data 1-ring u-like)

-------
..........
. ™
. .
. ‘e
-
e,

TR ¢ Oscillation

o
.....
0 .
______
-------------

SuperK
neutrino flux x

\ A

N

O g,
4‘ .Q

shape ) |
ND280 i
MC _ beam data
(CC inclusive) (CC inclusive) || &
Neutrino

flux simulation

Beam-line

monitoring
data
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ND280: Inclusive muon neutrino CC analysis

Robust analysis using low-level reconstructed objects (FGD hits and tracks in single TPC)

Eventnumber': 24083 [|Partitioni: 631 | Run number': 4200/ Spilll: 01 SubRun nimber 6 | ime : Suni2010-03-2122:33:25 JSTT [rigger: Beam Spill:

* No tracks in TPC-1

 >=1 track in TPC-2 with
vertex in FGD-1

* No tracks in TPC-27?
Repeat with TPC-3 and FGD-2

* Select track with highest momentum

 TPC dE/dx cuts to select muon
candidates

High purity: ~90% v, CC
(~50% CCQE)
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ND280: Inclusive muon-neutrino CC

o~ _I TTT TTTT TTTT TTTT TTTT | TTTT | TTTT | TTTT | TTTT TTT I_ =
‘9‘- 200_ e ) illll||||||||||||||||||||||||||||||||||||||||||||
> b BV, CCQE ; S 450F
s 180F BV, CCnon QE = S 40F mmmv,CCQE
- ] > -

S 160 — B NC E E 350 HH V., CC non QE
T 140F v, CC = = = B NC
3 - : . C 300 v CC
Q120 — OutSIde FGD — - - Vp
5 E . 250 M Outside FGD
5 100 — — -

soF- E 200

oF (not a fit) E 150 (not a fit)

40E = 100

% 500 1000 1500 2000 2500 3000 3500 4000 4300 5000 TN R T R 7/ T 7 o T T T
Muon Momentum (MeV/c) Muon Cos(6)
N VHDATA
ND
= 1.036 + 0.028 (stat.) **°** (det. syst.) + 0.038 (phys. syst.)
N veMC ~0.037
ND
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Electron-neutrino appearance results
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SuperK v_event selection: Strategy

Selecting v, CCQE events. A water-Cherenkov detector sees a single e-like (fuzzy) ring

Main backgrounds

Intrinsic v, component in beam

0 — 4 ot . .
Kp—vetmn +e SK Flux with Systematic Errors

K v+t +e
K} v, +n 4+t
K} » v, +nt+pu”
Kt v, +pt

Kt —uv,+7n"+et
Kt =y, +n"+put
K —v,+tp

K- -y +n"+e
K_—HF,_L—HTD—F#_
#+—>Jﬂ+ye—|—e+
B — Ve ty, e R B A B o

T T T T | T T T
\" At
M .vu

— — p—
] ) =

. L =2
T T 1T T T 1T

—
=
[

TTTTIT T T 11

Flux /(cm?- 10°' POT - 100 MeV)

at — vy + pr 0 1 2 3
T oV, g Neutrino Energy (GeV)

4

v, NC 1 with a missed y

Vu \

intrinsically B :
— ' —> mis-reconstructed
>< invisible s

A
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SuperK v_event selection: Cut overview

Cuts to isolate 1-ring e-like event sample &
suppress v, —V, backgrounds

F(?Igv |+ Event has 1-ring |
events * Ring has e-like PID |
| .« Visible energy > 100 MeV
| * Decay electron cut |
| |
| |

?
A event
candidates

* Invariant mass cut
« Reconstructed energy cut

All cuts were defined before the data-taking operations

Science & Technology
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SuperK v_event selection

(1) Event has 1-ring (2) Ring has e-like PID
(41 events left after cut) (8 events left after cut)
10
< —4— Data - —4— Data <
B Osc.v, CC " I Osc.v,CC
vy, CC 8 | [ v+v,CC
1) ~v,CC {2 [ v, CC
- B NC c - B NC
Q) 40 . 2 G_) I . 2
> (MC w/ sin“20,,=0.1) > (MC w/ sin“26,,=0.1)
> o 6 1
[ © *
o | O
3 Q0
£ 20 + =
S )
Z [ + Z

1 2 3 4 >5 -10 0 10
Number of rings PID parameter
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SuperK v_event selection

(3) Event has visible energy > 100 MeV

» Cut removes 14% of NC, 30% of v CC bkg

* 98% signal efficiency

4
S\ - —> accept —4— Data
Q [ B Osc. v, CC
> ] v, +Vv, CC
o L [ Vo CC 7))
S 3 EE \C z 10
N (MC w/ sin26,.,=0.1) o
a o
GCJ 2 >+ qa
> (7 events left after cut) b
) (D)
— 2 5
o -
CILJ -]
8 Z
&
>
Z
0
1000 2000 3000
Visible energy (MeV)

1 candidate rejected

1 candidate rejected

(4) No delayed decay-electron signal

* Rejects events with invisible or mid-ID'ed p or 1
« Cut removes 85% of vpCC bkg

* 90% signal efficiency

—¢— Data

B Osc.v,CC
v+ v,CC
1 v, CC

B NC

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

(6 events left after cut)

2 3
Number of deca

’ﬂ_ | Science & Technology
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SuperK v_event selection

(5) Invariant mass cut ( < 105 MeV/c?) (6) Reconstructed energy cut (< 1250 MeV)
[2-ring assumption, forced 2™ ring]
» Suppresses NC T° background. * Reduces intrinsic beam contamination from K decays

- Cut removes 71% of NC background (signal: v,V and v, flux peaks at 600 MeV)
- 91% signal efficiency « Cut removes 36% of intrinsic beam v_

* 98% signal efficiency

5
! N —¢— Data S < —4— Data
accept [ Osc. v, CC [0) : B Osc.v, CC
a4l " vev,CC = 3t accept "0 v,+V, CC
I [ v, CcC o i .l v,CC
i B NC < = NC
i (MC w/ sin22e13= 0.1) ~ (MC w/ sin“26,,=0.1)
3¢+ %
L E 2
()
>
o
e
o
-
((b)
O
-
-
prd

Number of events /(15 MeV/c?)

0 oo ool o
0 1000 2000 3000
Reconstructed v energy (MeV)

0
0 100 200 ) 300
Invariant mass (MeV/c")
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SuperK v_event selection

Signal efficiency: ~66%
Background rejection:
« ~77% for intrinsic beam v_

«~99% for v, NC

MC predicts 1.5 background events
N

6 v_ event candidates were found after all cuts! <

Super-Kamiokande IV

T2K Beam Run 33 Spill 822275

Run 66778 Sub 585 Tvent 134229437
10-0 121 2

Super-Kamiokande IV
T2K Beam Run 36 Spill 1039222
Run 67969 Sub 921 Event 218931934

Charge (pe)
>26.7

Charge (pe)
>26.7

3.3- 4.7 3.3- 4.7
2.2- 3.3 2.2- 3.3
1.3-2.2 1.3-2.2
0.7- 1.3 0.7- 1.3
0.2- 0.7 0.2- 0.7

< 0.2 <0.2

260

o8 L decays
156 -
104 -
52 -
1Y AP TP PP
0 500 1000 1500 2000 500 1000 1500 2000
Times (ns) Times (ns)
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Background-only hypothesis: Systematic study

Uncertainty on background: ~23%

sin? 2613=0

Error source Nnxp Nsk |Nsx/Nnp |
SK Norm. foKmerm 100 £ 14 =14 |) Expect: 1.5 + 0.3 (syst) events
SK Energy Scale fEmeray +0.0 +1.1 + 1.1
SK Ring Counting fNring + 0.0 =£8.1 + 8.1
SK PID Muon PP +00 +009 + 0.9 >
SK PID Electron fPIDe +00 +78 + 7.8 SuperK detector systematics
SK POLSfit Mass fPOLft +00 +85 + 85 (dominated by uncertainties in ring-counting,
SK Decay Electron fNdey +00 +03 + 0.3 e-like PID and 1° mass cut efficiency)
SK 7 Efficiency frieff +00 +34 +34 _ <
CC QE shape fOCQREshape 4+ 00  + 3.1 + 3.1
CC1m fecin +59 +37 + 2.2
CC Coherentm fCCeoh +33 £0.2 + 3.1

1 C'Cother 17 ;
;g if?er J;_mﬁo i 31 i gi i '513’ Cross-section systematics

. NCeoh B ' ' (dominated by NCTr° production uncertainties

NC Coherentm fv_r <01 +23 +23 and FSI effects)
NC Other fNCother + 1.1 +£35 + 2.3
o(ve) fotwe) <01 +34 +34
FSI fEst + 0.0 +10.1 + 101 |/ )
Beam Norm. foony L1564 L£161 + 85 +% Flux systematic N
ND Efficiency f&.&'p tE% L 00 Jjjg (dominated by hadron-production uncertainties)
Overall Norm. frorm + 0.0 +0.0 + 2.7
Total + 184 +256 i

Am?,,=2.4-10-%V? —
5in226,,=1.0 (M ) Science & Technology

Facilities Council




Further vV, candidate event checks

2000

)=
o
o
o

T

4

o

o

o
T

-200Q —

Number of events

-2000

1000 0
Vertex X (cm)

1000

2000

3_

- [ v, CC
- I NC
| (MC w/ sin®28,4=0.1)

I —4— Data

I Osc.v, CC
v,+V, CC

2000
1000 | |
= L ° |
5 . !
~N
x OF :
s | :
© .
> :
21000 | ;
.« o
2000 —
0 1000 ) 200(2) 3000
Vertex R° (cm)  y10°
N e
N
N,
oyl

~

Y

Large R clustering?

Checked events outside the
ID fiducial volume and in OD

— No indication of unmodelled
background

Checked events outside the
K.S. test on R?

— p-value 0.03
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Background fluctuation?

Distribution of observed number of events
Background-only hypothesis (sin’26,, = 0)

0 sin?28,, = 0 excluded to
/% L 99.34% level (2.480)
0 1 5 3 4 5 R T T

(Normal hierarchy)

Am?Z,,=2 4.10-3eV/2 S_ "
. clence ecnnolo
5in220,,=1.0 5 Pl okl

10"

102

103

104

-




Number of v, events allowing for v, — v,

o
O
S ‘
i
.
=10
ﬁm223=2.4-1 0-3eV/? R —— |il Science & Technology

7 Facilities Council
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Allowed regions of sin*28_, as function of 3,

“_ LI AR E_' LI B
: Normal Hierarchy : : Inverted Hierarchy:
L 2 N [ 2 ]
oy Amy;>0 w2 Am;, <0 -
3 I | 3 i |
o 1 w ~
-T2 _— — Best fit to T2K data _‘ ah ‘_ TZK , _‘
i 08% (L ] i 1.43x107 p.ot. -
R I 90% CL i i |
- . T A VR L vovov v v v v v by -T _u Ll [ NI T AR S R |
0 0.1 0.2 03 04 0.5 0.6 0 0.1 0.2 0.3 0.4 0.5 0.6
sin22613 sin22€)13
B =0 Ocp=0:
- best-fit sin220,,~ 0.11 - best-fit sin®29,,~ 0.14
. 5in%26,,90% CL ~ [0.03 - 0.28] » 5in°26,,90% CL ~ [0.04 - 0.34]
Am2,,=2.4.10-%V? —~

y f*_‘ Science & Technology
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Muon neutrino disappearance results
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SuperK v, event selection: Strategy

Selecting v, CCQE events. A water-Cherenkov detector sees a single u-like (crisp) ring

Main background: v, CCr1r with unidentified 1
(Background oscillates too, but energy reconstruction is systematically off due to unaccounted 1)

1.2
> L a1 cmscemseaene Single 7
o
NCE, L. l )
s - 1 kel eesssssssss=- Quasi—Elastic
e =
w E
< | b
g
T - \
i T T |16 T T T ] | q Vp CC (0) + e CCFRR (36)
g v,#*0, E, =1 GeV [GENIE v26.0) E | '_ O CDHSW (37)
3500 . : 0.4 s per_nucleon ™ GGM — SPS (38)
. i ] “¥I= At for isoscalar target o sesc z9)
3000 - L i # ITEF (40)
[ CceoE . | § N, (nO nuclear eﬁeCtS) A CRS (41)
2500 | 3 CCAr; & A SKAT (42)
E CCin E o i \‘%'-.'_ & ANL (43)
20F |1 - CC1r (Oxin final state) . 0.2 { + . ' : 2:::‘ 7'7(:;)(45)
E E i ___ s L, © ANL 12 — gel (8)
1600 |- - - + Yol T ® ANL 12 — 177 (22,23)
- 1 L Tre ;";;-: __________ = BNL - gel (6)
1000 | 7 |/ S — ) e,
. 107 * 1 10 10
500 - E E (GeV)
0 L - lF|
00 02 04 06 08 10 12 14 186 18 20
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SuperkK v, event selection: Cut overview

All cuts were defined before the data-taking operations

— —

88 + Event has 1-fing | 31
| ven g
Fory + Ring has p-like PID | v, event
. M momentum > 200 MeV/c | candidates
| 0.0 1 delayed electron signals
107 —— Data —> 100> —4— Data 30 i < : E;tavu cCaE

- M v+, CCQE B v +7, CCOQE Y
I v,+7, CC non-RE v,+7, CC non-QE .~ v,+V, CCnon-QE

Q
> I
(] I
I 81w vcd = [ v, GG 8 = v, CC
c | mENC S75! B NC S = NC
g') I (MC w/ 2-flavor osc.) D i (MC w/ 2-flavor osc.) > (MC w/ 2-flavor osc.)
O 6 + < o
Y— r ) I =
: g .| 5
O o 9 9 Am2,;=2.4.10-%V2
'g o : c §in220,,=1.0
- (o] I 3
z o 2.5 <
ol
£ _
S5 | -
Z 0 0 ——
-10 0 10 0 1000 2000 300( 0 1 2 3 4 25
PID parameter Momentum (MeV/c) Number of decay-e

L SO TansS A TSrmnninog

Expected sample composition: CCQE(61%) CCnQE (32%),NC(6%), v_(<1%)




vp-disappearance: MC expectation

+13.8
-13.4

In absence of oscillations, expect: 103.6 * 10.2 (stat) (syst) 1-ring p-like events

expected number of events

Uncertainty on expected number of events 6 %107

NSK error table

“Nexp.
Error source sin?20 = 1.0, Am? = 2.4 | Null Oscillation
SK

Efficiency +10.3% 10.3% +5.1% -5.1%
Cross section p—
and FSI +8.3% -8.1% +7.8% -7.3% S
Beam 2,
Flux +4.8% -4.8% +6.9% -5.9% e
ND Efficiency <

and Overall Norm. +6.2% -5.9% +6.2% -5.9%

| Total +15.4% -151% | +13.2% -12.7% |

0 02 04 06 08 1
sin?(20)

Ve T
f
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—~ Facilities Council




v -disappearance: Best-fit spectrum

20
2 independent fitting methods
P —— Data
® 15 | "
& PLoo e No oscillation « Likelihood ratio, w/o systematic param fitting
3 P Best fit with oscillation sin*(26,)=0.98, |Am?_|=2.6x10° eV*/c*
S 10- (sin?20, Am?) = (0.99,2.6x107eV?)
E P  Ext. max. likelihood ratio, w systematic param fitting
cin2 — 2 |= -3 2
§ sin“(20,)=0.99, |Am°__|=2.6x10" eV*/c*

-
0 2 4 & 8 1o Repeated the analysis with 2 different neutrino
. MC generators (GENIE and NEUT):
Reconstructed neutrino energy(GeV) Very different cross-section model
] 2
Very good consistency between all fits.
S T o
‘(‘:E 1_ .................... _' '_ ....... _____ .......... A Very robust osc‘"atlon result!
T —se— data / nominal MC

best fit / nominal MC

0 1 1
0 2 4 6 8 10 Science & Technology
Reconstructed neutrino energy(GeV) 7 Facilities Council




v -disappearance: Confidence regions

(and comparison with latest MINOS and SuperK results)

-3
4 x10
—— T2K 1.43x10°°POT (w/ syst. error fitting), 90% CL
--------- T2K 1.43x10°"POT (w/o syst. error fitting), 90% CL
[ ——— MINOS 7.25:10°POT, 90% CL )
— ——— Super-K Zenith (preliminary, Neutrino2010), 90% CL 7
—~ ——— Super-K LIE (preliminary, Neutrino2010), 90% CL —
1
o
> 3
Q|
E |
“ ] .
2 - Both T2K analyses used
the Feldman-Cousins
- method to construct
confidence regions.
B ] ] | ] ] ] 1 | 1 ] ] ] ]
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Conclusions

Reported results from an initial exposure of 1.431E+20 POT (just ~2% of expected final exposure)

* Electron-neutrino appearance:
* Observed 6 single-ring electron-like event
« Background (6,,=0) = 1.5+ 0.3

« 6,,=0 excluded to 2.50 level
« First strong indication for a non-zero 6,

 3-flavour fit-results
For Normal (Inverted) hierarch, 6.,= 0 and global best-fit values of “23"-sector params:

. Best-fit value: sin?26.,= 0.11 (0.14), 90% CL: 0.03 < sin?26,, < 0.28
- 90% CL: 0.03 (0.04) < sin?26,, < 0.28 (0.34)

* Muon-neutrino disappearance:
» Observed 31 single-ring muon-like events.
» Without oscillations, expect ~103.6 * 17.2 events (a ~40 deficit)
* Consistent with MINOS / K2K / SuperK (atmospheric neutrinos).

* Effective 2-flavour fit-results:
« Best-fit values: sin®26,=0.98, |Am*, |=2.6x10" eV°/c*

«90% CL : sin°28, > 0.84, 2.1x10° eV/c*<|Am’, | < 3.1x107 eV*/c?
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Back-up slides




T2K Collaboration
KN B O™ + <

59 institutions in 12 countries

Canada Korea Switzerland Japan USA

TRIUMF Chonnam NatlU  ggm ICRR Kamioka Boston U
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U.A. Barcelona Miyagi Uof Ed  Stony Brook U

York U Poland :_";EE;::E? LLJU"E'U" Osaka CityU U of California, Irvine
France A Soltan, Warsaw Oiisen Maiv D L U of Tokyo U of Colorado

CEA Saclay HNiewodniczanski Sheffield Ury U of Pittsburgh

IPN Lyon T U Warsaw STFC/RAL INFN Bari U of Rochester
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v Interaction uncertainty T2

Due to nuclear target diff.
: AT ; | Shape Error on CCQE |
» Estimated from parameter variations in b/w near and far detector

MC models and comparisons with data g 1 E
K2K, MiniBooNE, SciBooNE, MINOS [
2k : = ) | ~7% at 500 MeV
I
For electron appearance analysis: '5'5;“
Category Error [%] i -
CC QE Depends on true neutrino energy i k
CC 1x 30 (E,<2 GeV) 20 (E,>2 GeV) O ———
CC coherent « 100 True E, [GeV]
CC other 30 (E,<2GeV) 25 (E, >2 GeV) Uncertainties on the ratio
NC 1x¥ 30 (E,<1 GeV) 20 (E,>1GeV) 3 relative to CCQE
NC coherent 30
NC other 30 ) = = ~— ~ ~ " FSlof pions
FSI error Depends on reconst. neutrino energy '% L — v, Signal 10 NUClei
G(Uﬁ]fﬁ(vg): 6% \ E v, Background 1
i I:— I—‘L —-:
Most errors considered correlated ; =
b/iw near and far detectors SR, S——

i
(1] TiM O

Reconstructed E_ (MeV)

’ﬂ_ | Science & Technology
Facilities Council




Fractional Error

Neutrino flux uncertainties

SK v, Fractional Error SK ¥, Fractional Error

=
=

— Pion Production

— Kaon Production
| — Other Hadronic Interactions i

Align., Beam Dir. & Horn Curr.

=
.
[

—
e
!
i
Fractional Error

Pion Production i Tmé_il ]

Kaon Production

02 _ """""""" 1 ——— (ther Hadronic Interactions

— Align., Beam Dir. & Homn Curr. . [

Total x

IIIIIIIiIIIIiIIIIiIIIIiIIIIiIIIIIIIIiIIIIiIIII 0IIlllllilllIiIIIIiIIIIiIIIIiIIIIiIIIIiIIIIiIIII

0o 1 2 3 4 5 6 7 8 9 10 o I 2 3 4 5 6 7 8 9 10
E, (GeV) E, (GeV)
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Fractional Error

Neutrino flux uncertainties

SK v, Fractional Error

0.4

0.3

0.2

Pion Production
Kaon Production

Other Hadronic Interactions
Align., Beam Dir. & Horn Curr.

Total

SK V, Fractional Error

o

o

Pion Production

Kaon Production

Other Hadronic Interactions

Align., Beam Dir. & Horn Curr.

Total

"7 8 9 10
E, (GeV)
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Energy reconstruction for CCQE and non-CCQE

No oscillation Am2= 2.5x1023 eV2 Am?= 2.0 x10-3 eV2

_,g oo | ~ OA 25deg. ~ - 3 ] —
C v,+"0,E =1GeV (GEME v2.61) i " 3 El o |
3500 — ' - § e [ | non-ae i rl *’_L‘l a0 -
L . S [ N + [ 3
B B Ewo F *:4/ 20 e 20 L F
— Y - e | |
- E ®°c o5 1 15 2 % os 1 15 2 %0
— — rec. v e rec. ev e
3000 | £V Gev) EvGev)
- —— CCOE -
[ 3 vl
2500 o _ P
[ i Vi O
200 | e CEtx (0 i fnal state) - \

] mNE“—miIZ
] . m,— E,+p,cos(@,)

1500
1000 m,= Neutron mass
R E,= Muon energy
m,= Muon mass
p.= Muon momentum
0,= Muon angle wrt beam

500
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Cross sections — Survey of models

(1073 ca?d)

e e ) -

Nulro

- Ghent
Genie
- Benhar
GiBuu
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Athar REPA

(107* ca?

et

¥

12

P

v, CC1mr+
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Hewt ..M..-.' ]
== Nuance " B
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v, CCQE cross section — Survey of models

(1072 ¢cm?d

tot
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v, CC11r cross section — Survey of models
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v, NC 1% (coherent) cross sections — Survey of models
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Final State Interactions (FSI)
v“+C12, 1 GeV
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FSI effect on final state topologies
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Analysis Flow
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Analysis Flow (2010)
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