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T2K (Tokai-to-Kamioka) experiment

T2K Main Goals:

% Discovery of v, = V. oscillation (ve appearance)

% Precision measurement of v, disappearance



Overview of this talk

1. Introduction of T2K experiment
2. Search for v. appearance with 1.43 x 1020 protons on target (p.o.t.)
. . (Previous results w/ 0.32 x 1040 p.o.t.)
- Analysis overview
- Ve selection criteria
- The expected number of events at Far detector
- Systematic uncertainty

- Observation at Far detector & Results

3. Conclusion

Reference: arXiv:1106.1238 for the T2K experimental setup
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Physics Motivation of Ve appearance

Neutrino mass & three flavor mixing

% discovery of vy, = Ve

Direct detection of neutrino flavor
mixing in “appearance” mode

Determine 013

The last mixing angle 813 can be

determined by vy = Ve

P (V.= V) =sin2623 sin2(Amzs; L/AE) + ...

(Am?223 ~ Am?234)

Open a possibility to measure
CP violation in lepton sector

CPV term in P(vu—Ve) oc SinB128inB135inB238ind
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Mixing angle: 012, 623, 013

012 =34° + 3°

0

073 = 45° + 5°

Last unknown mixing angle 013

sin22013<0.15 at 90% C.L.

CHOOQOZ (reactor exp.) and
MINQOS (accelerator exp.)



Design Principle of T2K

Far Detector
Decay volume Near
target/ Y Muon Detector V (SuperK)
Horn  TT detector _ IJ
e g etaxsesy M -
proton [P = === ﬂ'- -‘-“-*-‘:‘-%————.
on-axis
30GeV protons
— | | |
from J-PARC MR L UV | | |
Om [18 m 280 m 295 km

M Super-Kamiokande(SK) as far neutrino detector

- Excellent performance for single particle event e
Y
-Ve+n —=e+p (T2K ve signal) “"@('
= This event is dominant at sub GeV beam

- Need to reduce high energy tail (reduce background)
= Need high intensity

— Off-axis beam (The first operational long-baseline off-axis Vv beam)
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Far detector (Super-K)

Stable operation since April 1996

® \Water Cherenkov detector w/ fiducial
volume 22.5kton

Dead-time less DAQ system (2008~)

Detector performance is well-matched
at sub GeV

- Excellent performance for single particle event

- Good e-like(shower ring) / p-like separation

3 (next page)
: lkeno-yama  {km
Kamloka-chch'-" (2 700mwe
~Japan - ~ |

=——3  mofumi  SK Aotst
39 3m SK' Ato
~11000 x 20inch PMTs (inner detector, ID)



Electron-like and muon-like

Number of events

event at SK

Particle identification using
ring shape & opening angle

:IIIIIIIIIIIIIlllllllllllllllllllllIIIII
140 edlike <> p-like i
120 { e atmospheric v data
100[- 1 L me
- { i B ]
80 [ b 3 | ~
B IIl " I ]
o0 N B
. il ] :
40_— 1 | { ]
= gl ) ] I -
20 - Tl P9 o =
- iy I." . .
[ AN gt
0 B o Lo b b b b a b g Lo o Pl
-10 8 6 4 -2 0 2 4 6 8 10

Particle ID parameter

Probability that u is mis-identified
as electron is ~1%



Charged Current Quasi-elastic (CCQE) interactions
dominate at sub GeV

s 14— ; Cross-sections —
e @ [
v -@(' §12L [T —Tetalcon)
- - a» mu 1 L
IR Total (CC)
p o8l [/
© i . .
CCQE: Veu) + N — e(u) +P 0.6 | \(-C Quasi-elastic CC DIS
(T2K signal) '
0.4
0.2
v interactions at high energy cause

"n051152253354455

background events in T2K
E (GeV)

(e.g. NC1n is one of v. background) T2K's beam energy
— need to reduce high energy v

CCin u NC1inm V »
V V o’

Ay N



Off-axis beam : intense & narrow-band beam

Far Detector ; :
(SuperK) Q.
& L)
V . ¢ >
target/ M o_.--- 83

"
Horn 8| e~
—” | le
protlonﬁ on-axis

Decay volume 001234557
ITe Gscilltion Prob.@ Off-Axis beam PTF(&
HY | i e e Beam energy at oscillation max.
g:’.451-;05} - ; == EV ~ 0.6 GeV

(based on Am?;3 & L.=295km)
3000
2800] — T2K off-axis angle is 2.5°
2000( (maximize physics sensitivity)
1600

1000

Small high energy tail

— small background

t)0 05 1 15 2 ] 2-5 3 35 4
GeV

Important to keep beam direction stable
(Keep the peak energy stable)
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Monitor beam direction and intensity

Near
target Decay volume  Myon
get/ Detector V

p Horn TT detector off-axis (2.5°) IJ .
proton : === E’ seesssIEly
on-axis

— T UV — |

[18 m 280 m

® Muon monitor
- monitor spill-by-spill

® On-axis INGRID

.
- monitor actual v beam day-by-day =L ),

- detector coverage is T0m x 10m

Stability of beam direction should be <Imrad
(to keep the peak energy at SK stable OE<2%)
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J-PARC Neutrino beam facility

Muon Monitor Horn : Beam monitors

Si array
+ IC array

“intensity, position |
profile 2=

to Super-K

Near detector
(at 280m from target)

30GeV

T Ty

Graphite, ®26 x
900 mm |
e proton beam

Beam Dump 110m length
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Off-axis Near Detector (ND280)

vy CC events rate measurement
in present analysis

® 0.2 T UAT magnet
® Fine Grained Detector (FGD) - | Downstream

ECAL

- scintillator bars target (water target in FGD2)
- 1.6ton fiducial mass for analysis
® Time Projection Chambers (TPC) | Sarrel ECAL
- better than 10% dE/dx resolution

- 10% momentum resolution at 1GeV/c
5m

’g -- —— muons
O 45 - - electrons
S . —— pions
o 4 _ t
£ protons 1
o 3 - -
~ - - | 1o
> 2.5
> L
o 2
c
Ll 1.57 = ‘
= FGD1 FGD2
05 dE/dx (TPC: data)
0 500 400 600 800 1000 1200 1200 1ego(l\haeo§>”éc)>oo quasi-elastic candidate
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Total # of protons used for analysis

Delivered proton#

- Proton per pulse(for physics run)

)(l()]8 . 1012
g - Physics run B Proton per pulse(all runs) %
£ 1of——Run 1 <—Run 2——=g 0 3
S 120 f— ﬂ! Eso =
...6 pr— ] ’, p o
:hh 100 — " 3 ”‘. 4 : C
D 80 o' ',"" e £
O [ ' ‘ ]
© . ol . #of bunch:6 — 8 o F .- 7 a
E 60 — ,J. : ot rep. rate : 3.64s S - —40
p _ i
S5 40 N - — 3.2s — 3.04s /_/ ' .
(@] 0
O ) — 20
®©  20p= - -
- | 7
Jz?n/lO Aug/10 Mar?l 1
Date

Run 1 (Jan. '10 - June ’10)

- 3.23 x 10'? p.o.t. for analysis
- 50kW stable beam operation

Run 2 (Nov. 10 - Mar. ’11)

- 11.08 x 1019 p.o.t. for analysis
- ~145kW beam operation

Total # of protons used for this analysis is 1.43 x 1020 pot
2% of T2K’s final goal and ~5 times exposure of the previous report
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vV beam stability

Stability of v interaction rate normalized

Stability of v beam direction (INGRID)
by # of protons (INGRID)
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v beam dir. stability < 1Tmrad

Stability of beam direction (Muon monitor)  Beam dir. stability < 1mrad
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Search for ve appearance
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Analysis overview

1. Apply Ve selection criteria to the events at far detector (SK)

2. Compare the observed number of events and the expected
number of events (for sin?2013=0)
— search for ve appearance

Contents in this section

Ve Selection criteria

The expected number of events at Far detector

using Hadron (pion) production measurement &
ND event rate measurement

Systematic uncertainty

Observation at Far detector & Results

17



*® ve selection criteria
The expected number of events at Far detector
Systematic uncertainty

Observation at Far detector & Results

18



® Signal = single electron event ¢

- oscillated ve interaction :
e

VH--—-> Ve ---->/

CCQE:ve+n—2>e+p

(dominant process at T2K beam energy)

® Background
~ intrinsic Ve in the beam (from p, K decays) § e

— 70 from NC interaction

19



Ve selection at far detector (SK)
The selection criteria were optimized for initial running condition

The selection criteria were fixed before data taking started to avoid bias

/ selection cuts S oD
1. T2K beam timing & Fully contained (FC) il

(synchronized with the beam timing, E FV E
no activities in the OD) i i

— 1D

2. In fiducial volume (FV)

(distance btw recon. vertex and wall > 200 cm) )
1 atmospheric v FC events
. g0}t |—> —_—
* Events too close to the wall are difficult to o0F MC
accurately reconstruct vertex - ® Data

600

I
T

* Reject events which are originated outside the ID
* Define FV 22.5kton

500
400
300

I|IIII|IIII|IIII TTTT
|I-.-l
a ol
L

Super-K 762.5 days

FCFV Sub-GeV
N . 30MeV < visible energy < 1330MeV §
200 400 600 800 1000 1200 1400 1600
Distance to Wall (cm)

200

Number of Events / 762.5 days

3. Single electron

(# of ring is one & e-like) 190

o
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4. Visible energy > 100 MeV

(visible energy =
electron energy deposited in ID)

* Reject low energy events, such as
NC background and decay

electrons produced by U »
invisible muons o’
4
s Osc. v, CC
: v +V CcC
3 T v, “cc
, : NC
| T2K MC
2 7 sin22613 = 0.1

Number of events /(100 MeV)

% this cut rejects 14% of

NC, 30% of v, CC bkg.

98% signal efficiency
for this cut

—

—

5. No decay electron observed
(no delayed electron signal)

* Reject events with muons or pions
which are invisible or
mis-identified as electron

(vu events or
CC non-QE events) 0/

] Osc.v,CC
s VM+VM CC
S Ve CC
| NC

T2K MC
sin22643 = 0.1

—_k
o

.

&)

this cut rejects

85% of vy CC bkg.

90% signal efficiency
————= for this cut

Number of events

e B |

1000 2000 3000 0 1 2 3 4 =5

Visible energy (MeV)

Number of decay-e
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6. Reconstructed
invariant mass (Minv) < 105 MeV/c?

* Suppress NC 1@ background

Find 2nd e-like ring by forcing to fit light pattern
under the 2 e-like rings assumption, and then
reconstruct invariant mass of these 2 e-like rings

&)

N’(‘; * T2K MC
3 : < Osc. v, CC demonstrate to reconstruct invariant
% 4 mass using atmospheric v data
L0 i Bl V. CC single-
T 3l sin22013 = 0.1 400 ) [ V,, CC other
-g') 7_ thls cut rejects 7[% of 350 ................ ......... ELMCCC
GC) / NC baCkground 300 < .............. ................ ST S eeeerns
> 2| 91% signal efficiency 2ol | | SKatm.vdataand MC
© / for this cut 200l ...| .| (single ring e-like event with
S Z | | T2K ve selection)
-Q 1 % 150 B b ; ; ; : 5
] .
:E; - = _ 100 -
Z 0 mmmxm""f NN\ ....w_ ________ - S0
0 _1 0 20 ) 300 100 35020080 50058040
Invariant mass (MeV/c®) Invariant mass (MeV/c?)
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7. Reconstructed energy (Erec) < 1250 MeV

Number of events /(250 MeV)

0 1000

reconstruct energy assuming CCQE

< ] Osc. v, CC

: T2K MC
j sin22043 = 0.1

this cut rejects 36%
of beam V. bkg.

i 98% signal efficiency
: for this cut

2000 3000
Reconstructed v energy (MeV)

[

* Reject intrinsic beam ve backgrounds at high energy
* Signal (vy—Ve) has a sharp peak at E~600MeV

e
_\/_-490 .

p

myE —m?/2 — (m2 — mg)/Z

my, — E; + p; cos 6

Erec =

(with correcting nuclear potential)

After all the selection criteria
background rejection :
77 % for beam ve,
99 % for NC
signal efficiency : 66 %
for the number of events in FV
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Ve selection criteria
¢* The expected number of events at Far detector
, , with 1.43 x 10?0 p.o.t.
Systematic uncertainty

Observation at Far detector & Results
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Expected # of events at Far detector

The number of signal and background events are derived by the # of
observed v, event rate at near detector (R+-Patayp) and the ratio of the
expected events at the far detectors and the expected event rate at

the near detector (F/N ratio)

NMC

Nemp — Ru, Data >
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Expected # of events at Far detector

The number of signal and background events are derived by the # of
observed v, event rate at near detector (R+-Patayp) and the ratio of the
expected events at the far detectors and the expected event rate at

the near detector (F/N ratio)

MC
Newp Ru, Data > N

ND vy, event rate
measurement
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Expected # of events at Far detector

The number of signal and background events are derived by the # of
observed v, event rate at near detector (R+-Patayp) and the ratio of the
expected events at the far detectors and the expected event rate at

the near detector (F/N ratio)

exp u, Data
Ngg =
ND vy event rate F/N ratlo is estimated by
measurement using MC which is based on

measurements

25



Expected # of events at Far detector

Data
NefBP — Ma
SK

ND v, event rate

Measurement of the number of inclusive v, charged-current events in
ND per p.o.t. using data collected in Run 1 (2.88 x 1019 p.o.t.)

Stability of the beam event rate is confirmed by INGRID measurement
INGRID v int. rate stability Run 1+2/Run 1 < 1%

F/N ratio for ve signal event
(flux ) x (osc. prob.) x (x-section) x (efficiency) x (det. mass)

K(E)N)-P, ., (E) o(E,) - E,)) dE,
e, [ O P (B) o) - esi(B) o
" MN

. POTSE

Vu

MC T
R‘va / ND(E,) - o(E,) - exp(Ey) dE,
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Neutrino flux prediction

| | . [ @) Py (B - 0(B) - csic(B,) dE,
T2K Neutrino beam simulation based

1 q)ND El/ ' EV : Ey dEV
on Hadron production measurements / v \Bv) - o(Ey) - enp(Ey)
horn focusing, Vu D
decay is simulated

by GEANTS3
actual beam profile &

position graphite 1T, K

(beam monitors meas.) target

proton bearm =g
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Neutrino flux prediction

| . . [ @) Py (B - 0(B) - csic(B,) dE,
T2K Neutrino beam simulation based

1 Eu ' EV : Ey dEV
on Hadron production measurements / v \Br) - o (Ey) - enp(By)

horn focusing,

decay is simulated S K

by GEANTS3
actual beam profile &

position graphite  TT, K

(beam monitors meas.)  target

proton bearm =g

Hadron production in 30GeV proton + C

e Use CERN NA61/SHINE pion measurement
(large acceptance: >95% coverage of v parent pions)

e Kaon, pion outside NA61 acceptance, other interaction
in the target were based on FLUKA simulation

e Secondary interaction x-sections outside the target were based on
experimental data

27



CERN NA61/SHINE measurement

Measure hadron(z, K) yield distribution in
30 GeV p + C inelastic interaction

Tt production: Two analysis
for different momentum region

o E * K pikd
- thin target 4%\, (2cm) E o | P
-« > S 2
© | 10
NA61/SHINE setup el A 15

Vertex magnets 17 | . e 1

ToF-F ~ m(‘)‘.l — &a@r@i }Wﬁl‘o —

p [GeV/c]

N dE/dx at low momentum
. J
Y
dE/dx + ToF

© 2 <pGeviel <3l

ToF-R > - " N

\/ () _
o- - s )20
Large acceptance spectrometer + TOF L

detector performance . - “
a(p)/p? ~2 %1073, 7x 1073, 3 x 1072(GeV/c) ™" o(dE/dx)/(dE/dx) ~ 0.04 T — 15 0

dE/dx [mip]

forp>5p=2p=1GeV/c

o(TOF-F) ~ 115 ps
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Results of pion production from thin target (2007 data)

) . . + . N.Abgrall et al., arXiv:1102.0983 [hep-ex]
Differential cross section for Tt™ production submitted to Phys.Rev.C (2011)

in 30GeV P+C Error bars = stat. + syst. in quadrature
no normalization error is shown

< 0015 ~ T T 7 T .
2 ' - b '
2 ool T };HH *E*ﬁ 1 Systematic uncertainty was
= L + L] : . .
81 003} ey 0<6<20mrad F **;i3§<0<40mfad | evaluated in each (p,0) bin
_ % i ii:ii F “;i LI i .
© ji - : - : - : - L : - : - .:"'-'" typICa”y 5'100/0
0.06 — ﬂ‘]h —
004 1 1 The normalization
- 40<0<60 mrad T3 k, 60<6<100 mrad 1 uncertainty IS 2.3% on the
VL, i | overall (p,9)
o1l : : : : A : : o —]
,ﬂﬁ o — Propagate the systematic
0.05J—E iﬁi& 100<0<140 mrad “: i& 140<6<180 mrad | uncertainty in each (p’ 3) bin
5 45 # g .
P ., o e into the expected number of
L M, L i _
> 0B S 106 events in T2K
p [GeV/c] p [GeV/c]

— Input to T2K neutrino beam simulation
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Predicted neutrmo ﬂux (center Value)

1 2 3 -

5 6 7 8 9 10

E, (GeV)

—-al[ ....... ............

—_— kaon parents

Lol 1

od v ol v

0

1 2 3 4

5 6 7 8 9 10
E, (GeV)

I B ) o 2 ) i ER B

CaiiaE =
'1045 ., Ve (El/) —all S
=) ; : : 1
v 3

(] .

= ]
2 =
= 3
O .
= ]

IS IE
— -
El .
2 :

EI L1 1l I L1l 11 | 1L 1 1 1 I 1 1.1 1 | L1 1. 1 | 111 1 | L1 11 | L1 1.1 I Ll 1.1 | Ll |3
0 |

2 3 4 5 6 7 8 9 10
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Predicted neutrmo flux (center Value)

AN

'_”; 5

—
o
>

| IIIIILIi

0
S
w2

—
o
T
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Flux[/10*! POT/cm?/50

Flux[/10*' POT/cm?/5

IIII[IIII]IIII|IIIIIIIII|IIII]IIII

—al[ ....... ................

Ll Pt
O__ o
=) —

o)
G

Flux[/10*! POT/cm*/50MeV]

S:I_I_Ll_l.lll IIIIII|_|_I AN N

. . E, (GeV)
u decay is dominated at

low energy

_|_

T — ,u+Vlu
_|__

uto— e Uy Ve
NA61 pion measurement
predicts the beam V. from
pion origin
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Vy interaction rates at near detector

® Measure # of inclusive v, charged current interaction (NPatayp)

Event display (data)
mber : 24083 | Partition : 63 | Run number : 4200 | Spill : 0 | SubRun number :6 | Time : Sun 2010-03-21 22:33:25 JST [Trigger: Beam Spill
which have FGD hits and it
U-like tracks reconstructed ’
in single TPC /_/
/’/ ’ll“PC3l
VH g
V -> I |:i -' - Lt gt
- — | = ppm——pey ==t
9

High purity : 90% v, Charged Current int. (50% CCQE)
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ND Measurement of muon momentum in
inclusive v, CC events (vy + N = u* + X)

T

lllll]lllllllllllll]llllllllllillllllll]lllllllll_

§ 200 p.o.t. normalized =
Q 180 + , ~v,CCQE E
o 160 7 A v, CC non QE ]
o = N
T 140 v, CC -
@ - S NC ]
o . — —
E 120 - External Background-
S 100F
0L data is consistent with
60 MC based on the NAG61 and
10E- v interaction simulation (w/o tuning)
20 ; N\ el LS > ”
0 - o o o Y YN L m* ¢N“':‘ii‘\—\‘\- SRMNL L 17 e e
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
P(n) MeV/c)

R D4 — 1599 events / 2.9 x 10 p.o.t.

R'UJ’ Data

R]ZDMC = 1.036 4 0.028(stat.) 70057 (det. syst.) & 0.038(phys. syst.)
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Intrinsic Beam ve background
at Far detector

® The number of beam v. background events at far detector

is predicted using the v beam simulation based on NA61
measurements (pion) and FLUKA (kaon)

= ND measurements (M momentum and event rate) are consistent with
MC based on the v beam simulation

NMC
Neccp . R[,l,, Data SK beam v, bkg.
SK beam v, bkg. — ND X R“’ MC
ND
P°K(E))-P, ., (E,) - -o(E,) - E,) dE,
N%(Cbeam ve bkg. / Ve ( ) c e( ) U( ) GSK( ) MSK SK
- vp - POT

, MC o
Ryp / ONP(E,) - o(E,) - enp(E,) dE,
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The expected number of events for sin?2013=0

The expected number of events with 1.43 x 1040 p.o.t.

NeXpSK tot. = 1.5 events

Beam Ve NC Oscillated
background background Yk Ve Total
(solar term)
The expected #
of events at SK 0.8 0.6 0.1 1.5

# of NC background is calculated by

MC
Ngx' ne bkg.

exp _ ©, Data
Ngk ncokg. = BND X e MC
ND
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Ve selection criteria
The expected number of events at Far detector
*** Systematic uncertainty

Observation at Far detector & Results
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Systematic uncertainty on N®Pgk

error source syst. error
(1) v flux 18.5% forsin?2015=0
(2) v int. cross section +14.0%
(3) Near detector 0%
(4) Far detector +14.7%
(5) Near det. statistics +2.7%
Total e %
- NMO » Nexvgk=1.5+0.3 events
= RJp " X Rl MC
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Systematic uncertainty on N®Pgk

error source syst. error
O(1) v flux +8.5%  I0r sin?20:5=0
O(2) v int. cross section +14.0%
(3) Near detector 0%
O(4) Far detector +14.7%
(5) Near det. statistics +2.7%
Total e %
- MO » Nexvgk=1.5+0.3 events
NS = BB xRk
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€ITor source

1 v flux I

vV cross section

Neutrino flux uncertainty

Uncertainties in hadron

(1)
)
(3) Near detector

(4) Far detector

(5) Near det. statistics
production and interaction are / B, (By) - Poue.(By) - o(Ey) - essc(Ey) dE,

,u,

dominant sources / (5 - o(y) - exp(Ey) dF,
® Pion production

- NAG61 systematic uncertainty in each pion’s (p,0) bin
® Kaon production

- Used model (FLUKA) is compared with the data(Eichten et. al.) in each
kaon’s (p,0) bin

® Secondary nucleon production 1T, K
- Used model (FLUKA) is compared with n,

the experimental data proton ﬁ

® Secondary interaction cross section graphite target

- Used model (FLUKA and GCALOR) is compared with
the experimental data of interaction x-section (n, K and nucleon)
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Summary of v flux uncertainties on N®Psk for sin?2013=0

Rp,, Data

N g? — ND
NMC
Error source P £
RND
Pion production 2.5%
Kaon production 7.6%
Nucleon production 1.4%
Production x-section 0.7%
Proton beam position/profile 2.2%
Beam direction measurement 0.7%
Target alignment 0.2%
Horn alignment 0.1%
Horn abs. current 0.3%

Total

X

MC
N5

p, MC
RN D

The uncertainty on N®Psg due to the beam flux uncertainty is 8.5%
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Summary of v flux uncertainties on N®Psk for sin?2013=0

Rp,, Data

Nngg? — ND

Error source RH MC NHE R];V‘,éz a8
Pion production 5.7% 6.2% 2.5%
Kaon production 10.0% 11.1% 7.6%
Nucleon production 5.9% 6.6% 1.4%
Production x-section 7.7% 6.9% 0.7%
Proton beam position/profile 2.2% 0.0% 2.2%
Beam direction measurement 2.7% 2.0% 0.7%
Target alignment 0.3% 0.0% 0.2%
Horn alignment 0.6% 0.5% 0.1%
Horn abs. current 0.5% 0.7% 0.3%
Total 15.4%  16.1% @'@

X

MC
N5

p, MC
RN D

The uncertainty on N®Psk due to the beam flux uncertainty is 8.5%

Error cancellation works for some beam uncertainties
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error source
(1) v flux

V Int. cross section uncertainty ooz

Evaluate uncertainty on F/N ratio by varying the

cross section within its uncertainty

(2)

(3) Near detector
(4) Far detector

(5)

Near det. statistics

Main v interaction in each event category ~ / 05, ) (By) - Pose.(Ey) - 0(E,) - esk (E,) dE,

Beam v, background : ve CCQE
Signal : ve CCQE
ND CC event : CCQE(50%)

9 CC1 7[(2 3 /o) D

Cross section uncertainty

Process relative to the CCQE total x-section

CCQE energy dependent (~ +7% at 500 MeV)

CC 17 30% (E, < 2 GeV) — 20% (E, > 2 GeV)

CC coherent 7° 100% (upper limit from [30])

CC other 30% (E, <2 GeV) —25% (E, > 2 GeV)

NC 17° 30% (B, <1 GeV) - 20% (E, > 1 GeV) €
NC coherent 7 30%

NC other = 30%

Final State Int. energy dependent (~ +10% at 500 MeV)

Uncertainty of o(ve)/ o(vy) = £6%

NC background : NC1x" /

dNP(E)) - 0(E,) - enp(E,) dE,

Vu

Cross section uncertainties are
estimated by Data/MC comparison,
model comparison and parameter
variation

x10%

[\
1

@ MiniBooNE data
+ [IMC (NEUT)  °

c-nucleon ]

cm?
i
1 | LI

dofdp,, [GeV/

0.5




€ITor source

) v flux

v cross section |

Near detector
Far detector

(1
V int. cross section uncertainty
(4
(5

)

)

. )

on N&P¢r for sin?2013=0 )

Near det. statistics

Error source syst. error on Ng&
CC QE shape 3.1%
CC 1x 2.2%
CC Coherentr 3.1%
CC Other 4.4%
NC 17V 5.3%
NC Coherentr 2.3%
NC Other 2.3%
o(ve) 3.47% Uncertainty in pion’s
FSI 10.1% <«— final state interaction

Total @ is dominant

The uncertainty on N®Psk due to the v x-section uncertainty is 14%
(sin22613=0)
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€ITor source

. ) v flux
Far detector uncertainty &=
Far detector |

Near det. statistics

(1
(2)
(3)
(4)
()

® Uncertainty due to the SK detector uncertainty

® FEvaluation using control sample / By (E) - Pose (E,) - 0(E,) - esx(E,) dE,

v (Ve

. / ;P (E,) - 0(E,)-enp(Ey) dE,
One of big error sources:

detection efficiency of NC 1n? background

control sample with one data electron + one simulated y

- : 1 apply T2K ve selection and compare
500 ceeretierieeisaisieresanesennsanie 5 SRR S H ............ 44444444444444444 —]

| 1 the cut efficiency between control sample data
0 50 100 50 200 o500 and its MC

invariant mass Minv [MeV]  — difference is assigned as sys. error
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Summary of Far detector systematic uncertainty

Error source ONSK , sig. ONSEK bhg. tot.
NGH v, sig. N§H big. tot.

¥ rejection - 3.6%
Ring counting 3.9% 8.3% Evaluated by
Electron PID 3.8% 8.0% atmospheric
Invariant mass cut 5.1% 8.7% v. enriched data
Fiducial volume cut etc. 1.4% 1.4%
Energy scale 0.4% 1.1%
Decay electron finding 0.1% 0.3%
Muon PID - 1.0%

Total 7.6% 15%

— The total uncertainty on NMCsx (o is 14.7 % (sin?2613=0)
(uncertainty on the background + solar term oscillated ve)
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Total Systematic uncertainties

Summary of systematic uncertainties on NéXPs tota). for sinf2613=0

Error source sin? 2015 = 0 cf.
Sin2013=0:
(1) Beam flux +8.5% #sig = 0.1 #bkg = 1.4
((2) v int. cross section +14.0%
(3) Near detector 2%
()(4) Far detector +14.7%
(5) Near det. statistics +2.7%
P ———
Total 252 %

NePsx tot. = 1.5 + 0.3 events for sin22013=0 (w/ 1.43 x 1020 p.o.t.)
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Total Systematic uncertainties

Summary of systematic uncertainties on NeXPs tota). for sinf2613=0 and 0.1

Error source sin? 2013 =0 sin?26013 = 0.1 cf.
Sinf26013=0:
(1) Beam flux +8.5% +8.5% #sig — 0.1 #bkg = 1.4
(O(2) v int. cross section +14.0% +10.5%
e 1.

(3) Near detector 0% 2% Sm#igmz_g:;'#bkg _13
()4) Far detector +14.7% +9.4%

(5) Near det. statistics £2.7% +2.7%

Total 2% 0%

(due to small Far det.
uncertainty for signal)

NePsx tot. = 1.5 + 0.3 events for sin22013=0 (w/ 1.43 x 1020 p.o.t.)
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Ve selection criteria
The expected number of events at Far detector
Systematic uncertainty

o¢* Observation at Far detector & Results
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Number of events / 20usec

SK events in beam timing

® Events in the T2K beam timing synchronized by GPS

Clear beam structure !

relative event t|m|ng to the splll timing

101

Run 1

o f
O 15
o |
(-
O L
<t |
~ f
'E' 10 |
q) |
> |
m L
ks f
o 5
o) i
=
-]
=z
-500 -250 0 250 500 -1000 0

AT, (usec)

1000 2000 3000 4000 5000

AT,

(nsec)

ATo =Teps@SK - Teps@J-PARC - TOF(~985usec)
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Number of T2K events at far detector

Number of events in on-timing windows (-2 ~ +10 usec)

Class / Beam run RUN-1 m T

POT (x 1019) 323  11.08 14.31 s
Fully-Contained (FC) 33 88 121 0.023

The accidental contamination from atmospheric v background
Is estimated using the sideband events to be 0.023
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Apply Ve event selection

Fiducial volume cut
(distance between recon. vertex and wall > 200cm)

FC, Egvis>30I\/IeV, R<1490cm

L, 1 4 |V
—P i i <4
4 2l =
0 W N I LT N N B S —
[ t}—t—
e jis
5 - e

., ,

£ 10

b i

>

o

IS

E i

£ O

S ul

Z ot
O _—
-2000

-1000 0 1000 2000
Vertex Z (cm)

defined before the data collection
6 selection cuts in addition FC cut

- FC, Evis>30MeV, |7]|<1610cm
2 ol
€ 100 || N S A B
o | RV
) . é
=S T e B e < I A
> T 7 i
< .. _]

; il
0 1000 2009 3000
Vertex R* (cm®) %10 °
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Number of events

Single electron cut (# of ring is one & e-like)

TN
o

N
o

——¢— Data
] Osc.v,CC
2 10}
-
o) i
(MC w/ D
sin22613 = 0.1) '-lc—)
g
5
+ £
= i
i ‘ <
| | O =

—4— Data
< [ Osc.v,CC
v,+#v, CC
NC
(MC w/
sin22613 = 0.1)
- e-like 1 HK-like
@
T -
@

'f-ﬁ

1

2 3 4 =5
Number of rings

| 0 ‘ 10 ‘
PID parameter
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Visible energy > 100 MeV

Number of events /(100 MeV)

0
0

i —¢— Data

e Osc. v, CC

| \/M+VM CC

NC

ﬁ (MC w/

I sin22643 = 0.1)

— * &

: L

oeie || *

i ﬁ%%; —

1000 2000

Visible energy (MeV)

3000

Number of events

&)

No decay electron

—_l
o

—+4— Data
] Osc.v,CC

v +v CC
AN

; ]
QKX

(MC w/
Sin2206+3 = 0.1)

7|

lecccgsesy

e

0

1 2 3 4
Number of decay-e

=5
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Invariant mass cut (Miv < 105 MeV/c?)

~~ 5
N(_) I —¢— Data

S i < ] Osc.v,CC

q) 4 __ ST VM+VM CC

2 I 1 v, CC

LO NC

—

Nl I (MC w/

?) 3 j.- Sin22013 = O‘I)

g %

GC) i
”

> 2

S |

= 7

8 1 % - & &

N

z bl o F
0 100 200 300

Invariant mass (MeV/cZ)



Reconstructed v energy cut (Erec < 1250 MeV) : Final cut

,>.\ —¢— Data

O : < _] Osc. v, CC

= 3+ v +v CC

O i R

LO

\S/ (MC w/

N sin22813 = 0.1)

-E 2 —0—7%

)

>

)

©

— 1+ —o—

bs: %

> | L

< 0 e @;g s e S =
0) 1000 2000 3000

Reconstructed v energy (MeV)
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Reconstructed v energy cut (Erec < 1250 MeV) : Final cut

= | —4— Data
= <
= 3
S _
LO
§ (MC w/
) sin22013 = 0.1)
2 20 1T |
% 6 candidate events
‘s remain after all cuts !!
| - 1 — ——
8 % (Nex» =1.5 + 0.3 at sin22613=0)
- _/
Z .‘..u"‘z.; Wﬁm

o =l T =

0 1000 2000 3000

Reconstructed v energy (MeV)
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Charge (pe)
>26.7

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

< 0.2

Ve candidate event

Super-Kamiokande IV

T2K Beam Run 0 Spill 1039222

Run 67969 Sub 921 Event 218931934
10-12-22:14:15:18

T2K beam dt = 1782.6 ns

Inner: 4804 hits, 9970 pe

Outer: 4 hits, 3 pe

Trigger: 0x80000007

D_wall: 244.2 cm

e-like, p = 1049.0 MeV/c

visible energy
# of decay-e
2y Inv. mass
recon. energy

: 1049 MeV

: 0

: 0.04 MeV/c2
: 1120.9 MeV

@

1040

780

520

260

decays

500 1000

Times (ns)

1500

2000
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Further check

Check several distribution of ve. candidate events

e

\
\
\(
ebeam

\
4

Beam direction

Number of events

: ——¢— Data
- ] Osc.v,CC

- (MC w/
Sin22013 = 0.1)
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Vertex distribution of v. candidate events

2000 rpeam direction 2000
1000 | 1000 |
£ | £ | * ;
L i o ' °.
> | N |
O 0 |
E 7 ED ’ |
g > :
-1000 | -1000 | |
° ¢ i
2000 2000 e
2000 -1000 0 1000 2000 0 1000 2000 3000
Vertex X (cm) Vertex R™ (cm®) x 10
These events are clustered at large R =P Event outside FV

— Perform several checks. for example
* Check distribution of events outside FV — no indication of BG contamination
* Check distribution of OD events — no indication of BG contamination
* K.S. test on the R2 distribution yields a p-value of 0.03
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Results for Ve appearance search
with 1.43 x 10%Y p.o.t.

The observed number of events is 6

The expected number of events is 1.5 + 0.3

for sin%2013=0

Under the 613=0 hypothesis, the probability to
observe six or more candidate events is 0.007
(equivalent to 2.50 significance)
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Allowed region of sin?2013
as a function of Am?;3

(assuming sin22023=1, dcp=0)

[ == Best fit to T2K data
68% CL

i P 90% cL
1 1 1 ] 1 1 1 ] 1 1 1 ] 1 1 1 ] 1 1 1
0 0.2 04 0.6 0.8 1

.2 . 2
sin“20 sin“20 5

Feldman-Cousins method was used
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6CP

/2

-1t/2 _

Allowed region of sin?2013
as a function of dcp

(assuming Am?233=2.4 x 108 eV/2, sin22823=1)

Best fit to T2K data
68% CL

P 90% CL

sin22(91

3

T T T T T T T

/2 N

-1t/2 _

0.1

02 03 04 05

sin®20

13

90% C.L. interval & Best fit point (assuming Am2:3=2.4 x 10-3 eV2, sin22023=1, Scp=0)

0.03 < sin22013 < 0.28
sin22013=0.11

0.04 < sin22013 < 0.34
sin22013=0.14
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T2K Next steps

Aim for firmly establishing v. appearance and
better determining the angle 0,3

® Resume experiment
- Recovery works in progress

- We will resume J-PARC activity including accelerator complex and neutrino
facility by December, 2011

= Neutrino facility will be ready by November
® Analysis improvement

- New analysis methods using Ve signal shape (e.g. recon. energy) are under
development
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Conclusion

® We reported new results on vy = Ve oscillation analysis
based on 1.43 x 10%Y p.o.t. (2% exposure of T2K'’s goal)

- The expected number of events is 1.5 + 0.3 (sin?2013 = 0)

- 6 candidate events are observed

- Under 813=0 hypothesis, the probability to observe 6 or more candidate events is

0.007 (equivalent to 2.50 significance)

- 0.03 (0.04) < sin?2013 < 0.28 (0.34) at 90% C.L. for normal (inverted) hierarchy
(assuming Am?,3=2.4 x 103 eV?, sin?20,3=1, dcp=0)

Indication of V. appearance

submitted to PRL
® Resume experiment as soon as possible and improve analysis

method to conclude ve appearance phenomenon

® v, disappearance result with 1.43 x 10%° p.o.t. data will be
reported this summer
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