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The T2K Experiment
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*Long baseline neutrino oscillation experiment (Tokai 2 Kamioka, T2K):
» Near detectors: ND280 and INGRID (280m)
» Far detector: SuperKamiokande (295Km)

«High intensity v, beam produced at J-PARC (Tokai)

Main physics goals:
- Discovery of v_appearance — determine 6 ,

« Precise measurement of v, disappearance - 0_, Am223



J-PARC Accelerator

J-PARC: Japan Proton Accelerator Research Complex

Joint project of KEK

& Japan Atomic DU .

Energy Agency e

(JAEA) ‘to Kamioka . S ap

Located in 4 7 beam

Tokai-Mura detector -
(280m)

Construction:

JFY 2001-2008

Bird’s-eye photo in Jan '08

Accelerator design/performance
« Design goal of 750 kW - Reached 145 kW before earthquake .

30 GeV protons to neutrino beamline




30 GeV proton muons decay detector: ND280 detector

T2K Experimental Overview ~

Pions, kaons, At 280 m, off-axis near Off-axis far detector at 295

km: Super Kamiokande (SK)

beam from J-  in 96m decay Mmeasures water Cherenkov detector

PARC volume. Spectra for various measures oscillated flux
neutrino interactions i
ND280y ¢
Off-axis detector vV e

Tmerip T T
On-axis detecigr == ¥ - SK L\ ¥
ector ‘ Far detector

. . «
I I I ~//
Om 120m 280m \ 295 km

Beam on graphite

target. Three MUMON At 280 m, on-axis § Oscillation Prob.
magnetic horns measures INGRID detector | (Ameaz Sx107)
focus positively muons from measures neutrino LGl . :

charged hadrons. pion decay.  rate, beam profile ! iy ol

Beam energy at osc. max: E = 0.6 GeV

(based on L=295km and Am® ) il
Off-axis = narrow band beam 1000}
°|ncrease statistics @ 0sc. max soo|

*Less feed-down from background at high energy tall °% B 1 18 2 25 3 54




INGRID on-axis near. detector (280m)

\ See “The Status of the T2K Near Detectors”
INGRID (on-axis detector 280m from target): presented by Neil McCauley

WG2 Neutrino Cross-Sections and Detectors
*Designed to measure neutrino interactions & Date, time: Aug 3, 14:25

beam profile (beam intensity, direction &stability)

«Stability of beam direction requested <lmrad to
keep the peak energy at SK stable 6E<2%

7 + 7 modules (iron/scintillator planes
sandwiches) in cross shape (central modules
on-axis) + 3 extra modules.
Stability of v beam direction well
within 1 mrad:
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v beam direction stability < 1mrad




ND280 off-axis near detector (280m)

General purpose detector to measure: CCvLL events (normalization, E spectrum),

CCv_events (background to v_appearance), general neutrino interactions.
_ Inner tracker:
Used in ND280
2 FGDs Fine Grained Detectors:  gnalyses in this 3 TPCs Time Projection Chambers:
Thin, wide scintillator planes. talk momentum measurement of charged

Provides active target mass. - particles from FGD and POD.
Optimized for p recoil detection. . PID via dE/dX measurement

/’ i w- : 1 DSEcal, BarrelEcal, PODEcal

s : e o ectromagnetic calorimeter
s =i Elect t | t
UAL/NOMAD magnet (0.2T) - -, Measure EM showers from inner detector
Inner volume 3.5 x 3.6 x 7 m® ¥ o

SMRD Side Muon Range Detector
Scintillator planes in magnet yoke.
Detector muons from inner detector.
Momentum measurement.

POD n° detector
Scintillator planes interleaved
g \with water and lead/brass layers
— =g Optimized for y detection

T 2 =]

"0

Photo taken in July 2010



Super Kamiokande off-axis far'detector

*Water Cherenkov detector operational since 1996.
lkeno-yama o -G.ood electron/muon separation. | |
?:I;:l':ka'c"o’ Giluc o *Signal events are charged-current quasi-elastic

interactions on *°O nuclei.

«Total volume: 50kton (Fiducial volume: 22.5kton)
«11129 20" PMTs in inner detector (ID), 40% photon
coverage.

«1885 8" PMTs in outer detector (OD) facing
outward: veto cosmics, radioactivity, exiting events.

*T2K event trigger by accelerator timing sent online




T2K Dataset ”

10" Delivered proton# B Proton per pulse(for physics run) .
a:'} - - Physics run - Proton per pulse(all runs) _x'ID %
2 140 Run 1 > «<——Run 2—=x'% 5
Q 120— ﬂf}"'— g0 @
e b e e Q
w 100~ o s ] c
= = ., 'F - B~ 2] 60 Q
@ 80— - o / 7 2
=B w ol 'i. . #ofbunch:6—8 et . s
E 60 — "ih E\ . ""..,.'. rep. rate : 3.64s / : —40
S 40— E N -1".:! :":‘ — 3.2s = 3.04s 4 ~
3 S g 4 — 20
] J / Summer shutdown ]
0 g™, - ' - 1o
Jan/10 Aug/10 Mar/11
Date
Runl (Jan-Jun 2010) Run2 (Nov 2010 - Mar 2011)
3.23x10*° POT for analysis 11.08x10" POT for analysis
50 kW stable beam operation 145 kW stable beam operation

«Started physics data taking Jan, 2010.

«Stable beam operation at 145kW achieved.

*Runl+Run2 datasets = 1.43 x 10*° POT (~70 [KW x 10's]) delivered.

*All data taken was analyzed. 10



The T2 experiment

Phys. Rev. Lett. 107, 041801 (2011)
arxiv:1106.2822v1 [hep-ex]

v_appearance analysis

* Analysis method
 Results

L



T2K Osclllation Analysis Method

& 2

Flux Prediction
*Proton beam measurements
*Hadron production data

- A

v

\
ND280 Measurement
oInclusive CC vLL measurement

-Output: RMND’Data/ RMND'MC
QCross-check: N(Ve)/N(Vu) E

& : =Y
Neutrino Cross Sections

e|nteraction Models
eExternal cross section data

O exp

gper-Kamiokande Measurer@

«Select CC v“ and v candidates
S

-Compute N _°* w/o oscillations

*Adjust normalization with ND280:
ON SK: (R ND,Data/ R ND,MC ) % N SK
1 H MC

-Compare with N >“to

evaluate oscillation parameters:
« v_analysis: 1 bin (counting)

Y analysis: number of events and

\shape combined /

4 12

- 4




T2K Neutrino Flux and Modeling

Flux Simulation:

® Proton beam monitor

measurements as inputs for actual
beam profile & position

e Hadron production in target:

v NA61 experimental (at CERN)
data to model 11* production —
same proton energy and target
material as T2K.

v 5-10% systematic uncertainties
on each NA61 point, 2.3%
normalization factor

v Kaon production, pions outside
NA61 acceptance — model with
FLUKA

e Out of target interactions, horn
focusing, particle decays:

v GEANT3 (GCALOR) simulation.

v Interaction cross sections are
tuned to existing external data

See “Predicting the Neutrino Flux at T2K”

Presented by Vyacheslav Galimov

WG2 Neutrino Cross-Sections and Detectors

Date, time: Aug 4, 15:05

NAG61: Differential t production multiplicity in p+C @31GeV

? - T T
= nz2lh e T i
> 10 F 0<B8<20 mrad ' _L“.""“!«h{ 20<0<40 mrad
@) e L R ‘iﬂ\ :
i U s ]
(o] E=TRNN | = . ;
215 107} pa N H\N\}_
b - ,
40<B<60 mrad 60<B< 100 mrad
107 .
107 .
] T I 1 T N
10 100<8<140 mrad 140<6<180 mrad
102 T FLUKA2008 ]
“““ URQMD 1.3.1 1
10° 7 VENUS 412
5 015 510 5
p [GeV/c] p [GeV/c]
19
N.Abgrall et al., arXiv:1102.0983 [hep-eX]

accepted by Phys.Rev.C (2011)




T2K Neutrino Flux Predlctlon

S 10TV at SK__y) S 10T v at SK | — al
S b — kaonparents | g F | — kaon parents
= 107 T — pion parents = 107 — plon parents
N ) ol ez S N ———— — muon parents & 0 — Mmuon parents
5 ¢ : 5
50 E = 10%
&0 E 10’5
&= 1023__ - Reglon of oscillation 3 \;@\r
= =
2 10 Z

[

Oll@lllll2llll3 |
v, flux mainly from © decays  E, (GeV) \ E, (GeV)

Total number of Vu In ND280 Total numqver of V In SK «intrinsic Ve flux (~1% of tOtal)Z
Error source R‘{ Dmﬁ N Ii‘j“( * mainly from u decays:
Pion production 5.?% 6.2% 2.5% | T U (- e’ V?’e)\’u
I'%:a.uu })1‘()(11.1(:{1011. 0 0% 1119’5 _r'.(}""??- - NAG61 pion measurement
Nucleon production 5.9% 6.6% 1.4% .
Production x-section 7.7% 6.9% 0.7% predicts the beam Ve from the
Proton beam position/profile 2.2% 0.0% 2.2% pion origin.
Beam direction measurement 2.7% 2.0% 0.7%
Target alignment 0.3% 0.0% 0.2% The uncertainty on the expected g
Horn alignment 0.6% 0.5% 0.1% events at SK is significantly
Horn abs. current 0. 09{' (. T% reduced when norma”zing to tHé
Total 15.4% 16.1% (8 59 near detector




Near Detector Analyses

«Measure inclusive CCvH event rate and v_ beam component at the near off-axis

detector ND280.

*Based on Runl (2.9x10" POT)

| ur| FG D 1 bRun number :6 | Time ;| F G D 2 5 JST [Trigger: Beam Spill
f f

‘ g

*Select interactions in FGD
producing at least 1 negative
track in the downstream TPC
- lepton candidates.

Measure track momentum in
the TPC.

dE/dx vs P (before TPC PID cut):

o TPC1 TPC2 TPC3

Use TPC PID to select muons or electrons:

See “Neutrino Interaction Measurements
Using the T2K Near Detectors”

Presented by Daniel Brooke-Roberge

WG2 Neutrino Cross-Sections and Detectors
Date, time: Aug 4, 15:05
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Inclusive CCy analysis

«Selection of p-like tracks requiring dE/dx in the TPC compatible with muons
*90% purity and 38% efficiency in CC selection

«1529 data events selected

*Good agreement between data and MC (NEUT)

Dominant detector syst.: dE/dX pull width: 3.0%, TPC-FGD matching: 2.1%

POT normalized MC: NA61+FLUKA flux model, NEUT neutrino interaction model:

© 200F - o =
- — U —
> " F B v, CCQE E < MU
= BOF B v, CC non QE E S 400F mmm v, CCQE
- - > -
= 160" Bl NC E .E 350 NV, CC non QE
S Bl v, CC = £ . F EENC
8 120FE Outside FGD E S00F mmm v, CC
E F E 250 F Outside FGD
S 100 = -
80 - = 200
60 = 150
40 = 100
20 = =
NN EEEEEE
% 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 001 02 03 04 05 06 07 08 09 1
Muon Momentum (MeV/c) Muon Cos(6)

Ratio of the POT normalized rates of CCvM In data and MC:

Absolute cross section

RNDVM = variation not included,
=il +0.02 o _ N ekl hvs. _ but treated together
- 036 + 0.028 (stat.) "' (det. syst.) + 0.038 (phys. syst) P41 detector?ﬁ?
R ’ (neutrino interaction model) oscillation fit.

ND



Beam v_ Analysis ’

.Beam v_main background to 10
F -v FGD
.%-—Z/K\ misid w
reliminary  guv FGD

(vu -V ) signal at SK
Out of FGD

50
*Measured by selecting

electrons via dE/dx in the TPC

Entries / (100 MeV/c)

40

*Background from mis-

30
identified p estimated from 20 i
. 400 600 800 1000 1200 1400 1600 1800 2000
sand muons in data p (MeVrc)

10
*MC expectation for vy i_.,.== A ij

Conversions Constrained by 200 400 600 800 1000 1200 1400 1600 1800 2000
p MeV/c)
control samples based on data

OHNUJ-PUIC\--]OO\O

Entries / (100 MeV/c)

«Likelihood fit on electron momentum to measure number of observed v,
= (1.0 £ 0.7(stat) £ 0.3(syst))%
<2.0% @ 90% C.L.

«Observed ve/vM ratio LAl ND280 consistent with beam MC expectations
17

B /RMC o= 0-6 = 0.4(stat) + 0.2(syst)

velvu

-Ratio ve/vu IS: N



T2K Far Detector Selection

Event selection for both vH and v

*SK synchronized to beam timing using GPS
Fully contained (FC) events in the Inner
Detector, minimal activity in the Outer Detector

121 FC events

, RUN-1
8 151 m— RUN-2
@
=
S
v
~~
P ,
cC 10*
q) -
>
m I
© ,
S 5
O L
e
>
Z J

I i

0 L L L L | PRI
-1000 0 1000 2000 3000 4000 5000
AT, (nsec)

«Starting in the Fiducial Volume (FCFV) =] op
*Number of rings = 1 PV
PID algorithm to distinguish e-like and ]
u-like events
88 FCEV events 41 single ring events
I <— —¢— Data
I | W Osc.v,CC
100 | o v,+V, CC
I 1) : \ v, CC
I c * I NC
@ 75 B % 40 | (MC w/ sin°26,,=0.1)
e | 5 |
q) [ | —
g > é 20/ J
: KS test 2 | | +
25 | Dyyax = 0.086 -
0 L S N E S B 0
0O 2 4 6 8 10 12 14 1 2 3 4 >5

Accumulated protons (x 10'%) Number of rings

8 e-like events, 33 u-like events
10

- —4— Data <
- B Osc.v,CC

| 1 v+V CC .
- TR -

8 | [ v, CC u llke
. I NC

[ (MC w/sin*26,4=0.1)

e-like 1

Number of events

-10 0 10
PID parameter




T2K v Results

8 e-like PID-selected events. Four additional cuts:

* Visible energy > 100 MeV

 Number of decay-electrons ==

e Invariant mass < 105 MeV

» Reconstructed neutrino energy < 1250 MeV
Signal efficiency: 66%,
Background rejection: 77% beam for v_, 99% for NC

Observed v data events: 6
Expected v_events: 1.5+0.3 (5.5+1.0) for sin°26 = 0(0.1)

6 v_events 6 v_events
—+— Data < o1 < —+— Data
BN Osc. v, CC L i BN Osc.v, CC
v+, CC % b vV +V eCC
2 10 v, CC s 4 v, cC
S B NC 0 : B NC
5 (MC W/ sin®26,,=0.1) {/ it (MC w/ sin®26,,=0.1)
S (/) t
° Rejects e from = .
s J 2 Reject NCn!
2 5 i decays ®
5 5 background
,
£
>
0 — e e z ,
0 1 2 3 4 >5 0 100 200 300
Number of decay-e Invariant mass (MeV/c?)

Number of events /(100 MeV)

Number of events /(250 MeV)

/v _events

L

—+— Data

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

I NC

(MC w/ sin®26,,=0.1)

j

0 1000 2000
Visible energy (MeV)
6 v_events
' < —— Data
[ Osc.v,CC
v+, CC
| v, CC
B NC

0
0 1000

(MC w/ sin®26,4=0.1)

Rejects
beam v_

y

2000

Reconstructed v energy (MeV)

3000

3000



v Event Distributions

*Breakdown of expected events:

R 32 — Beam Ve NC Vp —)Ve
L background background (solar term) [E
The expected # of 0.8 0.6 15

events at SK

-Checking distributions of v_

selected events:

Reconstructed cosemm

| —— Data BN
- B Osc.v,CC @&
- 0 vy, CC \

- 0 v, CC beam
- N NC

| (MC w/ sin®26, 4= 0.1)

w

\}

Number of events

1500

1000

500

— 1500
Q
=
(O]
= 1000
-
=
S 500
£
(@)
p=

. Osc.v,CC

1500

. 31000
-

L egmEs
-« sammimms| 900
RERINII T L

1500

°11000

500

o
1

Reconstructed lepton momentum versus 6,

MC w/ sinzem =0.1




v Vertex Distributions

Vertex distribution of the 6 events - clustering at large R (in SK cylindrical coordinates).

.O\'
&
2000 —nner Detector boundar 2000 &@
Fiducial Volume boundary 3 N\ e
000 5 of
£ | * | £
3] o | 5
N . g
< 0 ! > 0
2 | o)
E [ ] : 5
> | o
1000 5 71000
o

Only one event seen outside fiducial volume
that passes all other cuts:
« if beam related background from outside
FV, expect more events in this region.

2000 ———— L ——— -2000
0 1000 » 00(2) 3000 -2000 -1000 0 1000
Vertex R (cm°) x10° Vertex X (cm)

g A .
V_ert_ex . § s Final sample MC w oscilaions =
d Istrl butlon o 6:— [555] MC: true vertex outside ID E
along beam g E
direction g E
consistent e ik IR D A T
with MC: 032000  -1000 0 1000 2000

beam coordinate (cm)

Kolmogorov-Smirnov test on the
R? distribution — 3% p-value
(other distributions have p-
values 1-20%):

—4— Data <
I Osc.v,CC
Vu"'vu CC
3t v, CC
I NC
(MC W/ sin®26,,=0.1)

Number of events

0 1000 2000 g3
Vertex R” (cm®)

40 FC events

counts

MC scillations
3“ oirue vertex oagisade |y
20
10 ‘_L
02000 1000 0 1000 2000

beam coordinate (cm)



v Events OD Distributions *

Vertices after FC cuts but w/o FV cut:;

2 e :
c L |
g 61— MC w/ oscillations —
(& ] : mﬁ} MC: true vertex outside 1D :
4 - FVcut
L . —
2 % ’

0 500 1000 1500 2000
Log distance from vertex to ID wall (cm)
"(2 1 05\77\/ T mc expectation —
[ 4 - outside FV: 3.1 ]
= 1 o r - from outside ID: 0.3 n
8 E - from outside ID w/ FV cut: 3.2e-03 | J
102 — S -
1 — ]
10” =

10-4 I S0 i N 076 I N S A
0 . 500 1000 1500 2000
di‘gtance from vertex to ID wall (cm)

OD event vertex distributions:

one OD events contained in OD

e 1 ATA
— MC w/ oscillations Sin22923 =1, dm? = 2.4MeV?

From outside ID w/ FV cut: 3.2 x 107
expected events.

10° MC o ociltions .
wiooscillaiens - gnd sin“26 = 0.1
10?2 EE35 Empty Spill data (CR) - X
10 g
1
10-1 ey R =] X103
0 1000 2000 3000 4000
radius? {cmz)
10° N
L ODEN OD events entering ID
10 —— DATA
3 — MC w' oscillations
1 0 """""" MO wio oscillations
102 253 Empty Spill data (CR)
10
Ll S — bt o¢
10-1 R TR L L L X103
0 1000 2000 3000 4000
radius? {cmz)
No significant excess of events in OD
22

OD event distributions show no indication of contamination from outside ID




Systematic Uncertainties

@ 5N§4;{Cve sig. 6NSbkg. tot.

Error source @ SK NMC N vkg. tot. _ _ y )

— e — Data-driven evaluation of uncertainties

T° rejection - 3.6%

_ _ at the far detector

Ring counting 3.9% 8.3%

Electron PID 3.8% 8.0%

Invariant mass cut 5.1% 8.7% The total uncertainty on NMCsx 1. IS

Fiducial volume cut 1.4% 1 4% 14.7 % (Sin?20.3=0) (uncertainty on the

etc. 70 “*7% | background + solar term oscillated ve)

Energy scale 0.4% 1.1%

Decay electron finding 0.1% 0.3%

Muon PID - 1.0%

Total 7.6% 15% T2K Systematic errors SySt- €rror
(1) v flux +8.5%

Summary of s:yzztematlc uncertainties on (2) L cross section 114.0%

N®*Psk total. fOr SiN22013=0: 5.6
(3) Near detector oo

X —_ N2 —_

RI,;/p:SLK;E;( iOSZOiPO(.)B'I' )events for sin?2013=0 (4) Far detector +14.7%

(5) Near det. statistics +2.7%

TOt&]. 8NexpsK/I\Ie)qDSK

C2%




T2K'v_Appearance Analysis *

-Probability of observing 6 events if sin2(2613):0 - 0.7% (2.50 significance)
Feldman-Cousins unified method used to construct the confidence intervals.

«Confidence intervals for SCP versus sin22e1q:
T L L L L ‘
- Normal 3
i hierarchy 1
W2 [~ A m§3}0 ]
S i i
w0 ]
2 - Best fit to T2K data -
i 68% CL
5 0% CL
™0 02 03 04 05 06
-2
S1n 2813

T | T L L B
Inverted 3

hierarchy 1
w2 [~ Am}, <0 -
% -
o 0 ]
/2 T2K _

i 143x10% p.ot.
-TC _I I R L T T T R I |
0 02 03 04 05 06
sin“20

13

90% interval and best fit (for sin“(26_)=1, Am* =2.4x10~ eV*,5_,=0):

Normal hierarchy, 6=0:

« Best fit:s

in?(26,)=0.11

» 0.03<sin*(28, )<0.28 @90% C.L.

Inverted hierarchy, 6=0:

- Best fit . sin%(20,)=0.14
- 0.04<sin%(28, )<0.34 @90% C.L.

Published in Phys. Rev. Lett. 107, 041801 (2011)




The T2 experiment

v disappearance analysis Preliminary Results

* Analysis selection
Results

([ ]
Fuiure plans

25



T2K v Results

31 v, candidates after cut

33 u-like events are selected with PID likelihood. 30[ <«— — o
r [ VitV CCQE
I v,+V, CC non-QE
-Additional cuts: g | =
« Less than 2 decay electrons s 2| St =10
« Reconstructed p momentum larger than 200 MeV ":3: | AM?, 20,0024 eV?
o) I
£
Expected final sample composition: ERS %%ﬂ%mary
. CCQE(61%) CCnQE (32%), NC(6%), v (<1%)
0 . — L

_ 0 1 2 3 4 >5
31 events pass all the selections, 104 expected w/o Number of decay-e

oscillations - null-oscillation hypothesis excluded at 4.50

31lv candidates after cut

i § 10 | > —— Data
Systematics on SK expected events: > | W v, COQE
I v +V -
N :’f\‘;) error table c§> [ H ’v\lzcoé
Errm(‘)‘iu.émrm sin? 20 = 1.0, Am? = 2.4 | Null Oscillation E/ [ (MG w/ 2-flavor osc.)
o : Q07 10 20 E 107 _£ 10 1) i sin’20_=1.0
C]‘Zfﬁjz.l‘o‘ll\(?} +10.3% 10.3% +5.1% -5.1% E | A 20,0024 V2]
TOSS section G>) I 23
and FSI +8.3% -8.1% +7.8% -7.3% ) i T2/IK
Beam S i ﬁ M |
Flux +4.8% -4.8% +6.9% -5.9% = 05| reliminary
ND Efficiency o [
and Overall Norm. +6.2% -5.9% +6.2% -5.9% % i
- : ; m— : Z =
Total +15.4% -15.1% +13.2% -12.7% 0
‘ LR — 0 1000 2000 3000

Momentum (MeV/c)




v Events

«MC events with sin22923:1.0 and Am22320.0024 eV?

«Checking several distributions of v, events. Vertex Distributions:
*No clustering of events at high R.
Reconstructed lepton momentum versus 6___with £ Gl B
MC divided by neutrino species/interactions: 8 7
2000 —72000 ool N2 oo
- v,+V,CCQE 3 v, +V, CC non-QE, gl s
1500 |- . 1500 0 e x om0 P Ve R am)  x10?
1000 - ia®li000 X .g—sz\
- o iamm i . reliminary
B o . i —+— Data <~
500 ._;;;;;::::::.E::'.‘.':;: >00 _ o ¥ 8_— B v,+v, CCQE
s EERQENENE EEE ° ’I I: Vu+V“CC non-QE
S 0o —— % [ W v, cC
-1 0 1 -1 0 = 6| , ™= NC
g) | (MC w/ 2-flavor osc.)
— 2000 2000 o
S - v, CC . - NC . S
= 1500 I (e xs0) 1500 1 '. 3 T T
- i . E 3 - - -9 -9
€ 1000 - *%/1000 % S _
_'g i °® i e® Z 2 L
2 500 Lo s00 | et T
S i . e ‘] ~::;;;;;:.;:;-;':.'i.‘.::il
= ol g 0
-1 0 1 -1 0 1 0 1000 » 20(2)0 x103
cos O, - %I'_Z,/IZ\ Vertex R? (cm?)
MC w/ sin?e_ = 0.1 reliminary




T2K'v Energy Spectrum  *

-Oscillation parameters extracted from an oscillation fit on the reconstructed E
«The oscillation pattern due to the disappearance of Vi IS clearly visible in the

reconstructed EV

Reconstructed E_ Reconstructed E_data/ MC (w/o oscill.) ratio

20 2
| T2R T2k,
[ —— Data reliminary —— reliminary
2 15 i —_ [
< P e No oscillation
o - Best fit with oscillation -
© I (sin26, Am?) = (0.99,2.6x107eV?) =L ST T S
— 10 N © 1 —
@ Pl = T
o :
£ : 1
= = |
< Sfi I ——
: —— —e— data / nominal MC
L S tﬁ best fit / nominal MC
o 2 4 & 8 10 T T B 8 10
Reconstructed neutrino energy(GeV) Reconstructed neutrino energy(GeV)
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T2K'v Disappearance Results*

*Two independent oscillation fits to extract the oscillation parameters.
*Both use Feldman-Cousins unified method to build confidence intervals.
Maximum likelihood (method A) and likelihood ratio (Method B) used.
*Main difference between the two fit results comes from the fit to the
systematic parameters performed in method A.

Method A: Very good consistency between the two fits
*Best fit: i
- [l . 2 -3 2 10°
sSin (2623)_0'99’ |Am 23|_2'6X1O eVv 4>_< wi fitting syst. error wio fitting syst. error ]
*90% C.L: | 68% CL 68% CL ]
- Ul 90% CL cereeees 90% CL
Sl (2923)>0'85 i + best fit(0.99, 2.6x10%)  * best fit(0.98, 2.6x107%) |
2.1x10°<|Am? |(eV?)<3.1x10° il
3 > 3
o |
e L
Method B: < I
*Best fit: 2l _
.Sin*(20_)=0.98, |Am?_|=2.6x10"° eV? : -
23 23 I |
*90% C.L.. s T Tee T
sin2(28,)>0.84 sin’(20)

2.1x10°<|Am?_ |(eV?)<3.1x107 29



Comparison with SK and MINOS

*T2K results are in good agreement with results from SK and MINOS

-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 7.25x10*°POT, 90% CL |
— ——— Super-K Zenith (preliminary, Neutrino2010), 90% CL 7
— ——— Super-K L/IE (preliminary, Neutrino2010), 90% CL —
r— AaRilliEEImEEEEEER
N ARLEE®
> 3
D o
E
<] o
2 |
| Preliminary |
| | | | | | | | | | | |

0.8 0.9 1
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J-PARC Recovery Schedule *

2011 2012
4 5 6 3 9 10 11 12 1 2 3
Emergency Recovery Full Recovery Work
Infrastructure S i o e R R e e o o e -
. S Test with
|_| nac Investigation Recowvery Eisﬁ:'illcit'gr }
Investigation . oy Z:a:::ivfh MLF User Operation
RCS ) + > -
3GeV synchrotron @ > >
N Test with :
Investigation Recove electricity NU or HD DPEF-EITIOH
MR = o o >
50GeV synchrotron
I tigati :
MLF *—..nves = —p- Shielding recovery BL Components eazm InjzctiMILF User Program
I'Eﬂxate r_ialsS;: LilﬂaF " ) > >
penmental Facilimy
H D - Investigation :
Hadron Experimental e So o, Recovery R _ream Injection HD Expenmerg
Facility - - L
Investigation - MU Experiment
Recovery _ W Beam Injection P
Neutrino Experimental _—— I, R e > r>
Facility

J-PARC Earthquake hit at 14:46 on Mar. 11"™.

*Recovery work started in March and it is proceeding steadily.
*No serious damages found on accelerator, beamline and near detectors
*SuperKamiokande not affected
*\We will resume J-PARC operations in Dec. 2011

Schedule
updated on
2011-05-20

32



Future Milestones

Highest priority is to firmly establish non-zero 8 _ and its precise
determination as quickly as possible.

We have 70 [kWx10’s] = 1.45x10%° POT (2% of the approved goal)

We aim to have:

¢ By Summer 2013: ~0.5 [MWx10's] ~ 1x10*'POT

+ Conclude non-zero 8 _
* >5sigma for present T2K central value

» Within a few years : ~ 1 [MWx10’s] ~ 2x10*'POT
+ > 3sigma for sin“26,_ > 0.04

» Approved goal: 3.8 [MWx10’s] ~ 8x10*'POT
+ > 3sigma for sin“26_ >~ 0.02 "



Conclusions y

Using the full dataset (1.43x10*° POT), two analyses presented:

v_appearance analysis (Phys. Rev. Lett. 107, 041801 (2011)

arXiv:1106.2822v1 [hep-ex]):
*6 events have been observed (1.520.3 expected)
-The probability of 6 events with 8 = 0is 0.7% (2.50 significance)

*This lead to a 90% confidence interval of
0.03(0.04)<sin2(2613)<0.28(0.34)

for normal (inverted) hierarchy & 0CP=0

v, disappearance analysis (new preliminary results):

No oscillation hypothesis excluded at 4.50
sin*(26,)>0.85 and 2.1x10°<Am?* (eV*)<3.1x10° @ 90% C.L.

The experiment is currently recovering from the 11" March earthquake
Investigations done so far indicate that all damage is repairable
Aim to restart JPARC operation in December 2011.
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The T2K Collaboration .

I * I Canada

I I Italy

U. Alberta INFN, U. Bari
U. B. Columbia INFN, U. Napoli
U. Regina INFN, U. Padova
U. Toronto INFN, U. Roma
TRIUMF
U. Victoria ® Japan
York U. ICRR Kamioka
I I ICRR RCCN
France KEK
CEA Saclay Kobe U.
IPN Lyon Kyoto U.
LLR E. Poly: Miyagi U. Edu.
LPNHE Paris Osaka City U.
U. Tokyo
- Germany
U. Aachen
Near & Far , —— (é\
sites:

KEK/JAEA ICRR

B Poland

A. Soltan, Warsaw

H.Niewodniczanski,
Cracow

U. Silesia,
Katowice

T. U. Warsaw
U. Warsaw
U. Wroclaw

- Russia

INR
Y
\x.l:;' S. Korea
Chonnam N.U.
Dongshin U.
Seoul N.U.

|
& Spain
|

IFIC, Valencia
U. A. Barcelona

H Switzerland

ETH Zurich
U. Bern
U. Geneva

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

USA

Boston U.
B.N.L.
Colorado S. U.
U. Colorado
Duke U.

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

(" Total: )

~500 members
59 institutes

\_ 12 countriesj
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J-PARC Neutrino Beam Line *
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Si array pl— M A
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Why Off-axis?

14

» Pion decay kinematics: >l
O i

* In pion direction, neutrino energy o os |
proportional to pion momentum 04 |

02 |
5

e At non-zero angles, weak dependence
on pion momentum

Probabaity)
)
=

 2.5° off-axis angle gives narrow band

beam peaked at the first oscillation “oe I} |

maximum (for L = 295 Km and Am? = 2.5 o ||

XlO-S ev2) a;gu.;-‘ \
Eﬂﬂﬂ-

* More statistics in the oscillation region i

 Less feed-down from backgrounds at i |

higher energy 1500}

Idea originally developed for long baseline ki

proposal at BNL (E889) 500

v energy spectrum

(Flux = x-section)

Oscillation Prob.
(Am*=2.5x107)

7 a8

a 10

p. (GeVle)




v Rate and Direction Stability *

Necessary to keep the beam direction stable to ensure the stability of the
neutrino peak energy: o(dir)<1 mrad - o(E)/E<2% @ SK

Stability of v interaction rate normalized

Stability of v beam direction (INGRID)

— 5D
_E Sumurnir ARFHTFHA P EHA FHIFHT P FHA P FHA PR EFH A FH P FHA b A
2, —— X center
.E 201 —*— Y center
S T +- Imrad
CH |
=
l:-}-l D [ * T "' +
- l + 4 !
101 |t
=201
_%J{:{ ;f;il'l::riil'l'llil'l'liil':;: llll I_Iil_l_li;_l_lil;lwl_l_l_lI_II_I_II_I_:_:_I_I_I_III_I_I_Iil_il;;fl_ll_ll_l_l_l;I_Iil_l_l_lil_l_:;l_l_l
: an, ar D ] u eh q,
_ Pe‘!’.?mﬂ i c 2()“ r

v beam direction stability < 1mrad

by nhumber of protons (INGRID)

o 217 : :
& | 1 )
; TRunl fffffffffffffffffffffff —  RU2Z
° I.S*j“ i \‘"+ Hieae b e i .-i+,' amo‘.“'%--, ............................ K R AT S
% ; : | | ;
-
INGRID \Y, |nt rate stdbility
05— Runl+2/Run1 < 1%
Olﬁ{ Feb. Mar Apr. May Jun, Dec. ! Feb. Mar.

Stability of beam direction (MUMON)

integrated day(1 data point / lday)

Beam direction stability < 1mrad
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NAG61 Experiment

Large acceptance spectrometer and time-of-flight detectors

” ~13 m >

30 GeV proton beam to
ToF-L T match T2K

Vertex magnets

Two target types:
Target 1) 0.04 A “thin target”

Beam o, | e R e - | 2 2) T2K replica “long target”

ToF-F

Pion production from thin
target used in this analysis

2 _-::I p [Ge‘lffc] < :3_ 40 :E _
- n = 1
S
Good TOF and dE/dx | E
performance allows for o L
particle separation I “
0 L E— 0

S &
dE/dx [mipl dE/dx [Imipl



Neutrino Interactions

Cross-section uncertainties are estimated by:
 Parameter variations in the model
 Different models

e Comparison to external data (MiniBooNE, SciBooNE, SK atmospheric)

Cross section uncertainty
relative to the CCQE total x-section

Process
CCQE energy dependent (~ +7% at 500 MeV)
CC 1n 30% (Ey, < 2 GeV) —20% (E. > 2 GeV)

100% (upper limit from [30])
30% (E, < 2 GeV) —25% (E, > 2 GeV)

CC coherent 7"

CC other

nuesles -||]

14— MC (NEUT)

® MiniBooNE:

NC 17°

daridp ['::: T

30% (B, <1 GeV) —20% (E, >1 GeV) =

l\.:— i,

NC coherent = 30% Fy
NC other w 30%

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

Uncertainty of o(ve)/ o(v,) = £6%

Total systematics:

14% for background to v_appearance, 8% to v, disappearance

P [LieYic]

data
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ND280 event gallery

IR L T A I e e e T O w1 1 i i Pt
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[Entries 32630 |

— Expu =00
— Expele

—— Exp pro >0

— Exp kaon 00

=] {150
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Entries 25227 |
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= =150

S 100
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Particle Identification in TPC *

*PID in the TPC is accomplished
comparing the particle de/dX
with the expected value for the
predicted momentum.

*A pull is defined as the
difference between the expected
and measured value of the
lonization rate divided by the
deposited energy resolution.
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T2K'v_Data Event Display *

Super-Kamlokande IV

T2E Beam Run 0 Spill 1039232

Bun 675969 Sub 921 Event 218931934
10-1Z-22:-14:-15:18

TZF beam dt = 178Z.6 m=

Imneer: 4804 hits, 5970 pe

Ooter: 4 hits, 3 pe

Trigger: 0OxBOODOODT

D_wall: 244.Z am

e-like, p = 1045.0 MeW/o

Charge(pe)
* »28.7

F.3- %.7
2oaZ— Ju3F
L.3- 2.2
DaT- Lu3
DuZ— 0.7

0. 2

visible energy : 1049 MeV
# of decay-e :0

2y Inv. mass :0.04 MeV/c?
recon. energy : 1120.9 MeV

—

desays

Times (ns)

1500 2000



Vertex Distribution Probabilities

* Though each vertex only has one vertex, there are many ways to look at them.

 \We have looked at the distributions defined in the next slide for FC and FCFV
events.

e Can use KS test for the probability of the cumulative distribution

e Concern about KS test for low statistics sample, so calculate probabilities from
distributions of 100,000 toy MCs (assuming same number of events as our
data)

*Some of the most useful distributions:

KS Toy MC Probabilities 6 FCFV Events 7 FC Events

Distance to nearest wall 3.7% 20.6% For distributions relative
From wall || to beam 0.14% 1.4% to ID IvvaII_, itlis mor”e
To wall || to beam 1.1% 5.1% natural to include all 7

FC events

R? 3.1% 10.9%
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Vertex Distribution Definition *

Cartoon showing what each vertex distribution looks like and defining the two

coordinate system:

Beam Direction

\

v

SK
Coordinates
7

X

x
I

i/—ﬂ: . Beam

.. - Coordinates
| Origin
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KS + Toy MC example

Cumulative distribution to extract p-value comes from toy MCs' distribution
maximum cumulative distance of maximum cumulative distance
R? of FC Events: Cummulative KS Distribution R2 of FC Events: Toy MC Distribution
1 i —»
_ 4000~
i 3000\
0.5 -
i 2000
- 1000
0 1 1 1 ‘ 1 1 1 | ] | 1 | 1 ] 1 | | ] 1 0_ 1 L ] | 1 1 | 1 1
0 0.2 0.4 0.6 0.8 1 0 0.6 0.8 1
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MC Study of Sources Qutside ID

Generated MC with events produced in material up to 550 cm outside of ID wall

Sources of beam-induced background with True Vertex outside the ID

Sample Expected Source of track, from MC truth”
true vertex outside ID  mis-id muon pi0 photon neutron K-long K-short
s, ysls Sample 3.16E-03 9% 78% 1% 0.01%  <0.01%
(w/ FV curt)
Nue Analysis Sample 0.30 4% 75% 3% <0.01%  <0.01%

(wio FV cut)

*percentages do not total to 100% because list here is not exhaustive
Expectation assumes sin”f,; = 0.1, Am” = 2.4 x 107% V2

No significant contribution to FCFV sample simulated sources outside of ID
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Reconstruction @ SK

SK IV Sub-GeV e-like + T2K cuts —» good agreement between
data and MC inside and outside the FV

[. 1

H It

- SK-IV atmospheric neutrino dat&f

|

[ SK-IV atmospheric neutrino MC

- volume
* boundary

Fiducial

; .

500

|
2500 3000

R? [em?]




Far Detector v_Background *

sin“(28,)) =0

VH+VMCC
2 %

v, CC
51 %

NC
41 %

V>V, CC
6 %

Solar term

Number of expected v, events

CCQE
CC 1nt*
CC 1n°
CCcohm
CC other

91 %
7 %
2 %
0.2%
0.1%

0 0.2 0.6
'h CCQE  59% |
CC1nm* 22 %
CC 1mo 9%
CCcohn 0.1% CCQE
CCother 10 % CC1m*
e | CC 17
CCcohm
CC other

NC 17O 54 %
NC 1mt* 10 %
NC 1y 6 %

NC coh m° 18 %
NC other 12 %

75 %
19 %
4 %
0.4 %
2 %




v_ Appearance Analysis

Comparison with MINOS:

2.0 — T
AmM?>0
1.5 : — MINOS Best Fit
9% CL
= :
E : [l s0cs cL
e 1.0 : =
o i+ CHOOZ 90% CL -
2sin’t,,=1 for CHOOZ -
0.5 n
Yo P— ————
AM? <0
1.5 -
J-:’:‘ 4
o 1.0 ]
© 8.2<10” POT
0.5 ]
MINOS .
PRELIMINARY
i L s | I T T N T SRR
0.0y 0.1 0.2 0.3 0.4
2sin’(26,,)sin’,,

aCP

6['.lf-'

-rf2

PO

-T2

-1

0

. T2KAllowed
N S Ailowed RBest 11110 121 dala
635 CL

LiE C1.

T2K

1.43%10% p.ot. ]

L . x -
0.1 0.2 (0.3 (0.4 0.5

102
$in“29,,

0.6

Significant overlap of T2K and MINOS 90% CL allowed regions




Results

sin22623:1.0 Am22320.0024 eV?

Number of SK expected events
as a function of the oscillation
parameters (Am*®_, sin*(26,)):

- 141 24.0 43.7 3.2 710 243
o~ 0.030 ey gy 110 88 74.1 19.0 33.8 3.0 183 166
= ;I 41 387 179 131 19 57 120
= 171100
L 0.025 - 33 32.0 176 124 <01 19 112
“'EQ 1 190 33 31.8 17.5 124 <01 19 111
=L 0.020 1 _ap 31 284 173 92 <01 18 104
=70
0.015 .
1 760
0.010 1 50 N®® with oscillation: 28.4
Bo 7 sin26=1 Am*=2.4x10%eV?
0.005 .
‘ q 30
L \A Lo o o b
00 02 04 06 08 10
sin°20,,

' 52
N*® without oscillation: 104



v osclillation fit methods *

*The oscillation fits are performed assuming a two flavour oscillation.
*\We developed two independent oscillation fits to extract the oscillation
parameters:

Method A: Method B:

Maximum likelihood with fitting of the Comeparison of the observed spectrum
with the expected spectrum varying

systematics parameters:
oscillation parameters to minimize:

(S?:T?,229, Am2, ?) = L-no-rm(s(inz 29: Amzﬁ ?)

Qbs

2

N
2 = obs i exp _ _obs
L=‘3h€lpe(=‘;":n229a Am?, ?) ' Lsysé(?) e 2; [nz " (n’f’xi"> Ty i ]

i = bin number in SK energy
Lnorm — Poisson distribution of the niObS(EXP) number of observed (expected)

total number of events events in the i-th bin

Lshape = un-binned spectrum shape In this method systematic f parameters
are not fitted




Earthquake on March 11"

Areas affected by the quake

Earthquake hit at 14:46 on Mar. 11™:
e Magnitude 9.0 in Richter scale

e Seismic intensity 6+ at Tokal
 No Tsunami reached J-PARC
 All electric power was stopped

IWATE

FUKUSHIMA

« Maintenance day=Acc. not operated JAAN %.52.

« SuperKamiokande not affected

Damages
e Lots of subsidence happened here&there

'\.""'}

9

‘JDR?D 0

CHIBA

(+)
Marita

Source: USGS |

 LINAC tunnel sunk ~4cm at maximum, tunnel is bent

 RCS elec-power facility ground sink damaged the facility
« Big water leak into MR tunnel from big cracks — mostly fixed
e 1~2m drop of surrounding ground of neutrino facility
* No serious damages found on accelerator, beamline and near detectors

components

Recovery work started in March and it is proceeding steadily.

HHHHH

JAPAN

Tokyo.O

Pacific

[Lab Location Legend

r
!@J-PARG @HEK @RIKEN
| Estimated shaking intensity '
[ Severe [ Strong [l Moderate

200km
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Ground Level Damage....

Severe subsidence here and there (1~2m depth)

Near by plplng/cabllng were damaged

Neutrino (Dump)



....Being Rapidly Repaired
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T2K 8, Sensitivity

014 | - - Solid; - : 3s discovery
; Dashed : 90%CL sensitivity
0.‘ 2 ‘ : ' ' Sin“20,, =087
' . :. sin“20,; = 1.0
CE 0 GFE Amg, = 7.6 X 1075 eV?
"E‘}I : i _ Ams; = 2.4 % 107 %eV?
'« 0.08f: .
2 |
0.04} 3.75MWx10’s]
e (Proposal)
D02 = Tt P
ol 100kWx107s 17" """ "t=escecdeccaclanaaa)n....
D 08 1 15 2 29 3 3.0 4
Integrated beam power (MWx10's)
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Final results with 3.75 x 10" MW*sec (8 x 10%t POT)
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