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The neutrinos T2k

e Interactions of neutrinos
charged current (CC) neutral current (NC)

Ve (Vv e (U, T) Ve (v, V) v, (v, V)

Hadronic final state
QE: nucleon
RES: resonance - nucleon+pion
DIS: nucleon+pions
+ Final State Interactions

Z

« flavor eigenstates are the linear combinations of mass
eigenstates —» Pontecorvo-Maki-Nakagawa-Sakata matrix

. parametrized by 3 mixing angles and CP-violating phase o,
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The oscillation phenomenon L=

* (two flavours approximation) the oscillation probability depends on
mixing angle 6, neutrino energy E , traveled distance L and

squared mass difference Am?
Am’ L
4 F

v

P(v,—v,)=sin’20sin’

« 3 neutrinos = 2 independent Am? (“solar” and “atmospheric”)

e neutrino mass hierarchy
Normal Inverted
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The oscillation parameters L=

« O, - “solar sector”
» V_disappearance (sNo, KamLAND, Superk and others)
 0.84<sin*26,<0.89, 7.38:10°<Am- (eV?*)<7.80-10"
- 0,, - “atmospheric sector”

« v, disappearance (superk, k2K, MINOS)

e V_appearance (oPerA, Superk)

« 0.92<sin?26,.<1.0, 2.3:10°<|Am=,.|(eV?)<2.56:107
. O_, sector

« only upper limit known reactor experiments with short base
(CHOOZ, MINOS) ‘ accelerator experiments
. 5in?20,,<0.13 @ 90% CL (2010) with |i)f base

. O, uknown

observation of v, = v, oscillation
(v, appearance)
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The T2K experiment

long baseline oscillation experiment &=
collaboration: ~500 members, 58 institutes

12 countries

o I+l NN 1o i KB

the main goals:

the measurement of the

v, = v, oscillation

- 90% CL 8,, Sensitivity
0, sensitivity | _=n
20 times o \ D
better than ; e .
CHOOZ <
(with 8:102! POT) == :

| S
1010-3 51,?2.229 sens-tjo-: y
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precise measurement of

\)ud|sappearance
3.5
i ® MINOS best fit —— MINOS 2008 90% :
: — MINOS 90% —— Super-K 90% :
&-..3.0 — — — MINOS 68%  —— Super-K L/E 90%
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6(sin*26,,)~0.01
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The beam line

» proton accelerator chain at J-PARC

« 30 GeV proton beam, 8 bunches,
3 s pulse period

e power achieved 145kW,
designed 750kW

 position, profile and intensity of the beam monitored
 graphite target, 3 horns focusing positively charged hadrons

96 m decay tunnel, beam dump

high energy muons
mt - |.l+\)M (p>5 GeV/c)

| T, K \K and | decaysA .
T—@'“"""""'-‘-‘-‘—'-‘—‘:::::::::::::_‘_‘_‘"' - |
Target & horns

neutrinos

::_‘:I___j'\i?.'Sp_-:%;b W ________ - Super®

Decay tunnel
0 beam dump 11

~

INGRID-280 m
on-axis
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The v beam I=K

conventional, high intensity, off-axis v, beam

3" 0 ‘ - forangles # 0
ooty 2 2 the dependence of E,
H™Vy 05 30 : from E_is reduced
N =
p, (GeV/c) ‘
1o | Oscillation Prob
goe || ~ : narrow spectrum,

Sos ||l | Am?=2.5x10" :
| - _(_ Gllaiaad. tuned at the first

Binsl e oscillation maximum

““'_ (Flux = x-section)

2500

m— the direction must be precisely
| controlled

sl (<Imrad to keep peak energy stable
“:' o P OE/E ~2% at far detector)

Justyna tagoda, NCBJ 8



Advantages of the off-axis beam T2k

* Increase statistics in the interesting region
* high energy tails reduced

« background from

p— 1-4 - 4 ]
intrinsic v_ reduced 3 v, Cross-sections
(v_ at peak ~0.5%) = * )

[==] 1 -

= : Total (CC)

* background from n°reduced ~ 08|
B I
_ CC Quasi-elastic
. CCQE sample enhanced 0.6 1
0.4 \\
0.2 TS~
u |||||||||||||||||||||||||||||||||||||||

{1051152253354455
E (GeV)
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Near detectors - on axis

e Muon monitor

T2K

 On-axis Interactive Neutrino

measures beam direction GRID (INGRID)

and intensity on spill-by-spill e monitors the intensity,
basis, with high-energy profile and direction

muons from pion decays, to of the beam  but not spectrum!
guarantee the Stability with v interactions
lonization chambers and « 16 identical cubic modules,

semiconductor arrays

iIron/scintillator sandwich

N |

|
.‘! 1

__;_:_
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Near detector - off axis

« ND280 - multi-purpose
detector with magnetic
field

« UA1/NOMAD magnet
(magnetic field 0.2 T)
* measures the beam
before the oscillation
occurs

« reconstructs final states to
study neutrino interactions
and beam properties

e measures v interaction rates

and flavour » v and v, spectra
« focused on specific backgrounds

SMRD

improvement of
muon identification

T2K

FGD

* active target mass
* recoil protons detection

e momentum measurement
(resolution 10% at 1GeV)
* particle identification with
dE/dx measurement

UA1 Magnet Yoke

Downstream
b - l ECAL

W/

Solenoid Coil

POD

n° detection

Barrel ECAL

ECAL

EM showers
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ND280 detector T2k

Tracker

Electromagnetic—
calorimeters T
surround inner
detectors (POD,

FGDs, TPCs)

13 modules of

plastic scintillator/lead
XY planes

2 Fine Grained Detectors
Thin, long scintillator bars,
active target (2.2 tons)

3 Time Projection
Chambers

° detector
Scintillator planes
interleaved with
water and lead/brass
layers

Outer wall

E B

diections Inner wall and

field cage

Side Muon Range
Detector

Scintillator planes
inserted in magnet yoke

v beam

direction -
/ “ /

I Micromegas
detector

- Frontend
cards

y
r
y
\
3

Central cathode

Central
cathode HV

all scintillator detectors use
Hamamatsu Multi Pixel

Photon Counter for read-out
(1.3x1.3mm?, 667 pixels)
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Events in ND280

' L,

TPC1. IPC2 TPC3

DIS candidate
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Far detector: Super Kamiokande 2K\

50 kton water Cherenkov detector Ikeno-yama

. 22.5 kton fiducial volume, i, japan 4 45"
ultrapure water '

Inner and outer detector

LN LN O N

11,000 20" PMT for ID |, T ¢4 OD ‘
-~ (40% photo coverage) [} py 19
- 2,000 outward facing | E D
8" PMT for OD LtiRies
- veto cosmics, radioactivity, exiting events
a
« operated since 1996, well understood, \ .

since 2006 with new readout electromcs |
particle identification capability: L
 muons misidentified as electrons <1%

* v energy resolution AE/E~10%

for two-body kinematics
Justyna tagoda, NCBJ 14




Events in Super Kamiokande L=

& fuzzy edges due to
J showering and scattering y photon looks like

an electron

oscillation signal | - J‘[O

background: Y U
intrinsic v, /
*neutral current

straight track

Sharpedges g CT T | I I I I I I I
S 140 :_ e-like <—F+— u-like —:

+ oscillation signal 3 1o- } - atm. data

for v, disappearance§ o 3

* background for 3 E

60— -

v, appearance L E

(due to u misidentification) 205_ ‘ 1 E
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Collected data

« experiment started to take physics data in January 2010

e two physics run (2010+2011), 1.43-104° protons on target
delivered (2% of final goal)

targeting efficiency stable at over 99%

beam profile and absolute rate stable and consistent with
expectations

Delivered proton#

T2K

Physics run

Proton per pulse(for physics run)

X]OIS . ><.“:'12
— Delivered proton# Proton per pulse(all runs) -
140 — 10 3
we &
120 — ;e — 80 s
[ ﬁ ". ffF °
100 — : . ! S
80 — LR il L 60
Runl & — i
60 — J?}i .'-l 'gg. ;‘f — 40
a0l .y .,I.-q'. e summer break #  Run?2 i
N o /_,. ) ; . o — 20
- — - beam improvements -
0 . - f/—|/_/_ ‘ | | ] ] 0
Jan/10 Aug/10 Mar/11

Date 16
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Beam stability T2k

beam direction stability < 1mrad

beam direction (muon monitor)
— * —

... X profile center
* Y profile center
oot dmead o

L

(=]

,ll: ———— l ————— I: --:.:: *“ n l L -hm a“
I‘Ilt_ll ‘IF|I .......

Jan24  Jan 31 Feb 24 Feb 28 Mar 21 Mar 24 Apr18 May 02 May16 May30 Jun13 Jun 27 Nov 27 Dec 27 Jan 26 Feb25 Mar05 Mar08

beam profile center stable within £0.3 mrad
beam direction (INGRID) stability of v interaction rate

T normalized by POTs (INGRID)
% 20 —— X center 02—
B — —— Y center & o : : : "
2 L L
:E T + o 1.5%‘”““" *H?-.-,"am -&}......to‘d---.,. 3 i+ 4 ' b ssbeasaus asesassabant Y i U S
= — 1 T i 4 =z i
& 0 + } N ¥ E :
o :

-10}- | { 5

=20

{1 [ . S [ [ | 0.5~

NOY Ve, e Ao Myt Dec Teb 55, Mar . | | |

bia Ulﬁl} Feb. iMaI.E Apr. May Jun. Now. Dec. %%1 Feb. Mar.

beam direction stability < 1mrad , _
integrated day(1 data point / 1day)

INGRID confirms beam INGRID v int. rate stability

direction within +0.3 mrad Runl+2/Runl < 1%
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14:53]3ST{ {11 March2011]

Earthquake on March 11“‘*

* 9 magnitude
« at Tokal 6+, avoided tsunami | , |
* power cut ;o Tokai
« water leaks, drops of ground 4

* no serious damages in accelerator, |
beamline and ND280 area

« Data taking stopped, but the
 analysis continued

NNNNN
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Earthquake damages

. l'l
B I

oyl
SLIp Ty 1
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T2\

Analysis method
Ny-=| Py-0-€dE

MC ™

- - neutrino interactions
flux predictions (MC + measured
Py | cross sections)
N y L o
Ratio of the reduces
POT normalized RND /R ND significantly
rates of CCv, u,data/ wmc  the flux
in data and MC i uncertainty
event rate
single bin and spectrum shape
information

(events counting)

v, disappearance
analysis

V_appearance
analysis




Flux prediction method T2k

« knowledge of the v flux is crucial!

« the flux is computed using the beam Monte Carlo
« data from near detectors allow to refine the simulation

models
FLUKA
GEANT3 (GCALOR)

comparison to

near detectors
data

prediction of
v flux

at Superk
21




Predlcted fluxes at Far Detector T2R\

; 107 %r . EI ; 107“'\Er ........................................................................................................... —El,ll ............................. Ié
2 0ok - Sk —kﬂonparems
- S 3 - g —— pion parents 3
Y - ] e - \V,
o 105 = - o 105 L @ {—— muon-parents
é 104 Z _E “S._ 104 E_ ................................................................................................................................................................... _:
SI: I I e
E.q 103 E_-.'-.... .................................................................................................................................................. 5 [a¥ :!:: =
S E- \V E % E
= 10° ERE E
e 3 == 3
o o L o e seememlbe——... ]
] [ | T T
0 1 2 3
E, (GeV) E, (GeV)
ER— p, MC MC Nsw
Error source Ry p Nk R ST
Pion production 5.7% 6.2% 2.5% NA61
Kaon production 10.0% 11.1% 7.6% FLUKAe ext. data
Nucleon production 5.9% 6.6% 1.4%
Production x-section 7.7% 6.9% 0.7% ext. data
Proton beam position/profile 2.2% 0.0% 2.2% beam monitors
Beam direction measurement 2.7% 2.0% 0.7% INGRID&survey
Target alignment 0.3% 0.0% 0.2% survey | normalization with
Horn alignment 0.6% 0.5% 0.1% survey | ND280 data significantly
Horn abs. current 0.5% 0.7% 0.3% meas. reduces the flux
- 1= A0 S LA FG; .
Total 15.4% 16.1% 8.5% uncertainty




Cross sections

« Vv cross sections from NEUT generator

(and GENIE)

« the uncertainties evaluated from:
comparison of models to MiniBooNE,

SciBooNE and others

comparison between models

T2K

& 16!

s 4. CCQE G.PZeller |
o | j}“ }E \\”([\-lulntll)
10| i .14
8t lf’ SRR
6/ } SciBooNE 1
al MiniBooNE
~ NOMAD |
2 - NEUT(M, =1.2GeV) |
0;4 N | i ,,,,77LJ

107 1 10
E, (GeV)

(i.e. relativistic Fermi gas vs. spectral function for CCQE at low energies)

variation of model parameters

dominant: final state interactions of pions

Cross section uncertainty

Error source

pTET
syst. error on N3}

Process relative to the CCQE total x-section
CCQE energy dependent (~ +7% at 500 MeV)
CC 1n 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 1#° 30% (E, < 1 GeV) —20% (E, > 1 GeV)
NC coherent © 30%

NC other = 30%

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

i

CC QE shape 3.1%
CC 1w 2.2%
CC Coherentm 3.1%
CC Other 4.4%
NC 179 5.3%
NC Coherentm 2.3%
NC Other 2.3%
o(v.) 3.4%
FSI 10.1% -
Total Q—W_f'@
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Near detector analysis

e pbased on Runl data only (2.9-10*° POT)

« FGD+TPC used in the analysis

« select interactions with vertex in FGD and at least 1 negative

track in the downstream TPC

« track momentum measured in the TPC
« particle identification based on dE/dx in the TPC

Event number : 24083 | Partition : 63 | Run number : 4200 | Spill : 0 | SubRun number :6 | Time : Sun 2010-03-21 22:33:25 JST [Trigger: Beam Spill

T2K

-

-

Ea

T — Expu
1800 — Expele
1600 _ Eos
1400 —— Exp kaon

Entries 25227 |

1 150

300

—250

| =200

100




Inclusive CC v event rate Ik

« selection of negative p-like tracks (TPC ID)
e 90% purity and 38% efficiency
« 1529 events selected
« dominant systematic error: dE/dx PID, TPC-FGD matching
« good agreement of MC and data /

Ry IRy =1.03620.028 (stat. )"y o (det.syst.)£0.038 ( phys.syst.)

\

S g T T AARN AR RSN RRAAN RN = (neutrino interaction model)
s F B v, CCQE

o 160 Il v, CCnon QE B

= 140 B NC =

2 10F v, CC E |

Z ook Outside FGD " Reconstructed neutrino energy

distribution assuming CCQE kinematics
and using the muon candidate
momentum and angle in selected
events compared to MC (flux prediction
and NEUT).

80F
60F
40F

20F

00 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

E(v) (MeV)
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v, beam component Ik

e selection of e-like tracks

ﬁ'l"""""""'I"'\"'\"'I"'

» background from misidentified z - MWv.roD -
muons, conversion of photons s ﬁ_ mv,FGD
(coming from outside or 2 Qutof FGD
from the decay of m° produced = *
In neutrino interaction) |

° Iikelihood fit On electron 0 200 400 600 800 1000 1200 1400 1600 1800 2000

p MeV/c)
momentum to measure the Momentum distribution of v_candidates
with fitted signal and background components
number of observed v_
R, I, =(1.0+0.7(stat.)*=0.3 (syst.)) % observed ratio consistent
dam with expectations
y /VH/RV /VH—O.6iO.4(Stat.)iO.2(Syst.)

Justyna tagoda, NCBJ 26



' T2K
v, appearance analysis

e reminder:
« CCQE interactions dominate in the T2K peak region
« signal: single electron-like rings (proton invisible)
 Mmain background: intrinsic v, contamination, NC events with
misidentified m°
 selection criteria fixed with Monte Carlo studies before data
were collected (efficiency 66%, background reduction 99% for NC events,
17% for beam v_ events)
e observed number of events compared to expectations,
based on neutrino flux and cross-section predictions
* null oscillation hypothesis
« various sets of oscillation parameters
. 2 .2 .2 m§3L :
P(v,—v,)=sin"0,;sin" 20 ,sin 17 +subleading terms

v

Justyna tagoda, NCBJ 27



Number of expected events T2k

 In 3-flavor neutrino oscillation scenario the expected number
of events is 1.5+0.3 (syst.)
« with [AmZ2,| = 2.4-10° eV?, sin?20,, =1, sin’20,, =0

« renormalized with data/MC ratio measured by ND280
sin?28., =0 sin’26., = 0.1

Beam total 1.4 1.3
beamv_CC 0.8 0.7
all NC 0.6 0.6
V v 01 solar 41 solqr term
H e term + signal
Total 1.5 5.4
e systemaltic errors | |
sin’26.,=0 sin“26,,=0.1
v flux dominated by hadron production +8.5%| +8.5%
V Cross section by FSI and NCm® uncertainties +14.0% =*10.5%
near detector reconstruction efficiency +5.6%  +5.6%
-.2%  -52%  Smaller
far detector ring counting (3.9%/8.3%), PID (3.8%/8.0%), +14.7% +9.4% cross-section
(signal/background) n° mass cut (5.1%/8.7%), NC1m° eff (/3.6%) and SK o
near detector statistics +2.7%| *2.7% uncgrtalntles
for signal
-22.7% -17.5%




Event selection - common cuts 2K\

 the first steps are common for
v, and v, analysis

« beam timing

- reduces background from
atmospheric neutrinos

minimal activity in outer detector

fully contained (FC) (121 events)
- allows to measure the
energy of the particle
starting in fiducial volume (FCFV) o = RUN
- reduces background from cosmic
muons and radioactivity
- difficult to reconstruct the vertex
near the wall (- 88 events)
single ring
- enriched CC QE sample (- 41 events)

10 |

[ ]
Number of events / 40nsec

‘I“ I | L

% 7000 01000 2000 3000 4000 5000
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Selection cuts for v_analysis (1) T2K\

 single ring e-like (- 8 events)
« E . >100MeV (-7 events)

rejects NC background and electrons from muon decay

* no delayed electron (- 6 events)
rejects invisible (below threshold) muons and pions

I

10

- —¢— Data < F > —— Data —4— Data
I Osc.v, CC [ B Osc.v,CC B Osc.v, CC
8l I v+, cc v,+Vv, CC v,+Vv, CC
I |:|VCC 3| = v, CC 0 v, CC
L . NC i B NC c I NC
" (MC W/ sin®26,,=0.1) (MC w/ sin26,,=0.1) °>’ (MC w/ sin’26,4=0.1)
6 + (0)
i —
(©)
S
0]
O
-
>
Z

Number of events

—
T T T T

Number of events /(100 MeV)
N

0 0
-10 0 10 0 1000 2000 300 0 1 2 3 4 >5
particle identification parameter Visible energy (MeV) Number of decay-e
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Selection cuts for v_analysis (2) T2K\

« forced 2" ring and invariant mass <105MeV (- 6 events)
rejects NC n® background

. reconstructed E <1250MeV (- 6 events)
rejects beam v_ from K decays

6 v_events observed

c\TJ < : Data < < : Data [ } Data

= Osc.v, CC [Oh) . Osc.v, CC i -

> 4l " vy, CC S 3¢t lvsv,CC | £ 80| f— (B)SC' Ve gg NG
= i .l v,CC o - ol v, CcC CIC.) : eamgv +
T} [ B NC L‘C\J) B NC S I (MC w/ sin“28,,=0.1)
N i (MC w/ sin26,,=0.1) = (MC w/ sin26, 5= 0.1) f'_’ 60 |

PR [ o

= S D 40t

> 5 = I

o 2 9 = j

© S Z 20

— ) i

o

Q 1 Q -

E 5 0 © 9 o = B
> Z r 22 2 5 b
0 0 8 N e
0 100 200 300 0 1000 2000 30( 2 Q

Invariant mass (MeV/c?) Reconstructed v energy (MeV)
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Super-Kamiokande IV

Charge (pe)

Evis : 381.8 MeV |
Ndecay-e :0 ]
2y Inv. mass: 29.9 MeV/c? F\l
EVFEC : 485.9 MeV itc-rim;:jﬂs;snc- 2000

Justyna tagoda, NCBJ 32



v, events distributions

Number of events

| —¢— Data

. I Osc.v,CC
3r vy, CC

r 0 v, CC

- I NC

| (MC w/ sin®26,,=0.1)

2_

-1 -0.5

cos 0

0

beam

0.5

MC w/ sin®26,,=0.1

-
*7‘*
sE@@Es -
| s -
- Y
= = @O0 O m
=] m ] m e o
500 1000 1500

Momentum (MeV/c)

T2K

« events clustered at large R (near the edge of the fiducial

4
- —¢— Data <
[ B Osc.v, CC
| v,+V, CC
0 3t v, CC
c L I NC
g’ [ (MC W/ sin®28,,=0.1)
> I
o
(@)
S
()
0
£
S
P

0 1000
Vertex R (cm2)

2000 x10°

2000 —¢
L N\

1000

~Vertex Y (cm
o

o
o
o

-2000

L L L L

-2000

1000

| —l1 006 | 0
Vertex X (cm)

2000

2000
1000
—_— ° N
5 . !
<
< 0r :
) :
S o
> '
21000
o« o
2000 b——
0 1000 » 200(2) 3000 33
Vertex R® (cm®) x10°



Possible sources

reconstruction algorithm?

- checked with the distribution of
atmospheric neutrinos
(SK IV sub-GeV+T2K-like cuts)

« good agreement between data and MC
contamination from outside I1D?

~—
—

the inner detector

a

50

40

30~

20

10

0

T2K

=TT L =T

Fiducial
‘volume

: boundary

[ SK-IV atmospheric neutrino dat&f

[ SK-1V atmospheric neutrino MC :

I

10°

) 500

Lnor Tl iy
1000 1500 2000 2500

3000

R? [em?]

expected beam-induced background with true vertex outside

 MC with events produced up to 550 cm outside the ID wall

Sample Expected Source of track, from MC truth”
true vertex outside ID  mis-id muon pi0 photon neutron K-long K-short
e, s Smpie 3.16E-03 9% 78% 1% 001%  <0.01%
(w/ FV curt) R . .
no significant contribution
to FCFV sample expected
e L Sapie 0.30 4% 75% 3% <0.01%  <0.01%

(wio FV curt)

*percentages do not total to 100% because list here is not exhaustive
Expectation assumes sin” 6,5 = 0.1, Am® = 2.4 x 107% eV2



Vertices distributions

v, sample

counts
[«]

—&— DATA

MC w/ oscillations

T

"
b

[
[
1%
[
L

MC: true vertex outside ID

-

oo

500 1000 1500 2000
distance from vertex to ID wall (cm)

10°
10*

counts

102

| :

1

102

" MC expectation

- outside FV: 3.1
- from outside 1D: 0.3
- from outside ID w/ FV cut: 3.2¢-03

e

-4 [
107,

. A fked R ‘
500 1000 1500 2000
distance from vertex to ID wall (cm)

counts

counts

T2K

FC sample

>0r e patr ]
40 :— MC w/ oscillations —:
E t:m MC: true vertex outside 1D E
30— —
20¢ -
10 ! ; =
0 L . NN R ’ . .

0 500 1000 1500 2000
distance from vertex to ID wall (cm)
106 = ‘ T mc expectation -
— - outside FV: 30.9 —
4 - from outside ID: 4.3 _
1 0 __ - from outside ID w/ FV cut: 5.7¢-02 __
2| — ]
10° £ —
s E

Orvave
’:‘:‘:”"6 RS

o
T T
LSRR .
LI

aSe e &
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500 1000 1500 2000
distance from vertex to ID wall (cm)
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Kolmogorov-Smirnov test U

 finding the maximum distance between two normalized distributions
« more reliable at lower statistics than 2

 distributions of max. distances obtained from toy MCs, by randomly
selecting the same number of events as in data, using T2K MC distribution
as p.d.f.

Cumulative distribution of R? Toy MC distribution of max. distances
n : —»data

4000~

3000}

0.5 :
laximum 2000 fraction of waorse
Istance I results givesthe
[ -value
1000 p
v -
{ | | | | | | ] | | | |
% 0.2 0.4 0.6 0.8 1 % 0.8 1
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Tested oo Divecton
distributions AN

) SK
Coordinates
Z

X

! X

(7 v Beam

- Coordinates

Probabilities from toy MC

distribution 6 FCFV Events 7 FC Events

Dwall 3.7% 20.6%
Fromwall 0.14% 1.4%
Fromwall || to Beam 1.1% 5.1%
R2 3.1% 10.9%
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v, appearance result T2\

. if sin“206.,= 0, the probability to observe six or more candidate

events is 0.7% for an expected background of 1.5+0.3 events
(equivalent to 2.50 significance)

« the data are consistent with
gest fit: 0:03 (0.04)< sin22913 < 0.28 (0.34) Best fit:
0.11 for normal (inverted) hierarchy, 90% C.L. 0.14
sin*(20,) = 1.0, Am* =2.4x107 eV? 6., =0

« confidence intervals produced using Feldman-Cousins unified
methpd

Am3,>0 i

— Best fit to T2K data ]
68% CL
[ 90% CcL

sin2291 38



Comparison with
MINOS 2011 results

« T2K:
0.03 (0.04) S
< sin?20 , < ©
0.28 (0.34)
best fit 0.11 (0.14)

« MINOS 2011:

« expectation
49,5 + 7.0(stat) = 2.8(syst)
« observation
62 candidates
e [imit
sin?20_, < 0.12 (0.19) N ER—
at 90% CL Sin“20

Justyna tagoda, NCBJ 39
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v, disappearance analysis I=K

2Am§2L
4 E

%

fit with 2 flavor model P(v,—v,)~1 —sin’2 0,, sin

103.6 events expected

Method A: . . :
without oscillations

Maximum likelihood with fitting of the
systematics parameters:

,. NN i | Two independent methods
(sin*20, Am?®, [') = Lyporm(sin®20, Am?®, f')- to extract oscillation
_, ) ) vorm\ 3 ) o parameters

thilpt { sn?ﬂ )9 ‘A”? f ) ) L'S-g,fsi.. { f )

e .

Loorm — Poisson distribution of the Method B:
total number of events

Lshape — un-binned spectrum shape

f - parameter representing systematic errors

Comparison of the observed spectrum
with the expected spectrum varying
oscillation parameters to minimize:

NSK error table N
U\D : 4 n(;hs
Erl'mé;(mn'ce sin?20 = 1.0, Am? = 2.4 | Null Oscillation _:.-)("22 — 9 Z [? i??ﬂ In ( ;U') + HHP ni:—ha:|
: < ; ; : ' n, '
Efficiency +10.3% 10.3% +5.1% -5.1% i=1 ?
Crross section _ i = bin number in SK energy
and FSI +8.3% -8.1% +7.8% -7.3% obs(exp)
Beam n; P) number of observed (expected)
Flux 4.8% -4.8% .9% -5.9% . . .
T P il +6.9% 5.9% events in the i-th bin
and Overall Norm. +6.2% -5.9% +6.2% -5.9% In this method systematic fpar‘ameter‘s
[ Total +15.4% -15.1% +13.2% -12.7% | are not fitted




Selection cuts for v analysis I=K

100

« Selection cuts | t Data
@ 8ol mmm v +V, CCQE
e common cuts, already presented = = others
| . k . 5 60 (MC w/ 2-flavor osc.)
(] -
u-like ring 2
 |ess than 2 decay electrons 8 40
=
« momentum > 200MeV/c 3 5
31 candidates |
> (@) (O) 3 (O]
o c < o <
? L = S
()]
10 - —¢— Data —> 30 < —4— Data 10 | —> —4— Data
o VH+VM CCQE - [ | vu+vu CCQE L [ | vu+vu CCQE
8 | [ v,+V, CCnon-QE - 1 v,+V, CCnon-QE I 1 v,+V, CCnon-QE
| [ v, CC 0 = v,CC I ] v, CC
| NC c BN NC 75 N NC
- (MC w/ 2-flavor osc.) g (MC w/ 2-flavor osc.) T (MC w/ 2-flavor osc.)
6r + o [
[ 2 |
3 d
£
=

Number of events

N
(8

Number of events /(100 MeV/c

q
o

-10 0 10 0 1 2 3 :1 2‘5 1000 2000 3000
particle identification parameter Number of decay-e Momentum (MeV/c)

o



Oscillation pattern

» 103.6 v, expected without oscillations
» 31 v candidates observed
 null-oscillation hypothesis excluded at 4.50 level

T2K

- v energy spectrum - the oscillation pattern clearly visible

20 2
i —— Data %@ —
" Lo
€ 154 %@ ----------- No oscillation %
3 . ﬁé Best fit with oscillation 4 [
‘e | i @ (sin’20, Am?) = (0.99,2.6x10eV?) 2 s f/&
- 10 . ‘(-U. 1 e @y
HE e - —_—
8 @é@ - @@
E %@ T HT P
@j —=— data/ nominal MC
= tﬁ best fit / nominal MC
—4 6 8 10 % 2 a4 s 8 10
Reconstructed neutrino energy(GeV) Reconstructed neutrino energy(GeV)

Justyna tagoda, NCBJ
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v, disappearance results

method A (method B)

sin226.. = 0.99 (0.98),
Am2,_ = 2.6 - 10%V?

90% C.L:

Sin226 ,>0.85(0.84)
2.1 10 < |am?_|(

x107

T2K

w/ fitting syst. error

68% CL

90% CL

+  best fit(0.99, 2.6x10°)

A m’[eV?]

~ Feldman-Cousin

- unified method

21— used to find

_ confidence
intervals

eV2)<31103 CL

w/o fitting syst. error
68% CL

0.8

very good agreement between analyses
main difference is due to the fit to systematics (in method A)

Justyna tagoda, NCBJ
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Comparison with other T2K
measurements

-3
4 x10
T2K 1.43x10°°POT (w/ syst. error fitting), 90% CL
--------- T2K 1.43x10°°POT (w/o syst. error fitting), 90% CL
B MINOS 7.25x10?°POT, 90% CL |
B Super-K Zenith (preliminary, Neutrino2010), 90% CL 1
— Super-K LIE  (preliminary, Neutrino2010), 90% CL —
1
o
> 3
@ o
E
<] o
2 -

good agreement with MINOS and SK

Justyna tagoda, NCBJ 44



Near future T2k

Aim: firmly establish v_ appearance

more data needed!
« Experiment recovery - in progress

 activity in J-PARC (accelerator+neutrino facility) by December
2011

* neutrino facility ready by November

« beam for physics as soon as possible after re-commisioning of
the accelerators

« Analysis improvements
- new analysis method for v_, using the reconstructed energy,

are under development
¢V, CCQE events measured in ND280 allow to better constrain the

uncertainties of the flux and cross sections
Justyna tagoda, NCBJ 45



Not so near future T2k

e we aim to accumulate 102 POT in summer 2013
» confirm the non zero 0,

. more than 50 discovery at present best fit for 6_,

* then
 2:10% POT - 30 for sin*20,,>0.04, within few years

. 8:10%' POT - 30 for sin“20,,>0.02, approved goal

* Full dataset of T2K (8-10%* POT) allows to get sensitivity 20
times better than CHOOZ

. If non-zero B, will be confirmed (and sufficiently large)

the possibilities to study the mass hierarchy and CP violation
In lepton sector are open

Justyna tagoda, NCBJ 46



Summary U

« T2K experiment completed two oscillation analyses, based on
data collected in 2010 and 2011 (with 1.43-102%° protons on
target)

. V_appearance analysis
- indication of v - v_ appearance observed in data (2.50)

. best fit sin?26,.=0.11 (0.14), 0.03 (0.04)<sin?26,,<0.28 (0.34)

at 90% C.L., for normal (inverted) hierarchy
e published in PRL 107, 041801 (2011)

- v disappearance analysis

« null oscillation hypothesis excluded at 4.50,
. sin’26_>0.85, 2.1-10°<|Am’ _|(eV*)<3.1-107 at 90% C.L.

« experiment Is recovering after the earthquake, J-PARC will
restart operation in December 2011

Justyna tagoda, NCBJ 47
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Backup slides
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NAG61/SHINE

« spectrometer and time of flight
detectors
« TOF and dE/dx allow for particle
identification
« the same beam proton energy
and target material as in T2K

« the pion production data Differential nt production multiplicity
used in the T2K beam simulation inp+C @31GeV

« 5-10% systematic error on each {»
data point ji?am"'
2.3% normalization error I

l"i"..,ll_l_ ol
oy, 20<B<40mrad 3
. i

60<0<100 mrad

40<B<60 mrad

10 100<6<140 mrad 140<0<180 mrad E
102 ~ FLUKA2008 |
N.Abgrall et al., arXiv:1102.0983 [hep-ex] . N\, vENUS A2 |

accepted by Phys.Rev.C (2011) , N N _
5 10 15 5 10 15
Justyna tagoda, N¢ p [GeVIc] p [GeV/c]




Vertex positions
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V, systematics

numbers of expected events

with ND
normalization

T2K\

\ signal+background

sin? 2013=0 | g2 2013=0.1
Error source *-'\'T_,n\r 0 _-""\FS K ﬂ'T.S' K / _-'\'T_,n\.' D ;"\'TS K ﬂ'T.S' K / _-"\F_,n\r D
SK Norm. fSKnorm +0.0 +14 +14 +14 + 1.4
SK Energy Scale fEnergy +0.0 +1.1 +1.1 +06 + 0.6
SK Ring Counting fNring + 0.0 +8.1 +81 +5.0 + 5.0
SK PID Muon fFPIDp +0.0 +09 +09 +03 + 0.3
SK PID Electron fPIDe +00 +78 +78 +£409 + 4.9
SK POLfit Mass fPOLfit + 0.0 +85 +85 + 6.0 + 6.0
SK Deca}f Electron f—'ﬂ""dﬂ?,f + 00N + 03 + 03 + 09 + 09
SK 7 Efficiency freff sin® 260;3=0 sin? 2013=0.1
CC QE shape f CCQEshape Error source Nnp Nsgi Nsik/Nnp  Nsi Nsk/Nnp
CC 1m fectn SK Efficiency + 0.0 + 14.7  + 14.7 + 94 + 0.4
CC Coherentr fCCeoh Cross section ~ +83 + 135  + 14.0 + 9.8 + 10.5
CC Other fCCother Beam Flux + 154 + 16.1 + 8.5 + 14.9 + 8.5
NC 17° fNet” ND Efficiency 729 £ 0.0 ol + 0.0 e
NC Coherentr fNCeoh Overall Norm. +0.0 £+ 0.0 + 2.7 + 0.0 + 2.7
NC Other fACother Total + 184 +£256 s +20.2 ey
o(ve) fotve) < Ul T o4 T o4 T 0.0 - 9.0
FSI st + 0.0 =+ 10.1 +10.1 +5.4 + 5.4
Beam Norm. f.ngﬂ-'D + 154 £+ 16.1 + 85 +£14.9 + 8.5
ND Efficiency fenD =20 +00 28 +00 29
Overall Norm. frorm + 0.0 +£0.0 + 2.7 +=0.0 + 2.7
Total + 184 + 256 t55s £20.2 et 52




Confidence intervals 2K\

10" g T 5 10" g T 5
: Am2, <0 : Al >0
B 23 - u 23 -
(\f-\ 2 (\{-\ 2
> 107 3 > 10° =
Q - =) = ]
— B 1 — B i
ol A | |1 L _|
g g
< 10F q 1005
E — Best fit to T2K data E
B 68% CL N B
i I 90% cL ] i
10-4 L L L | L L 1 | L L L | L L 1 | 1 L L 10-4 ] ] L L L f L L L L L 1 L L L
0 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8 1
-2 -2
Sin 2913 sin 2613
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v, systematics

Super K efficiency

Cross sections

T2k

Sﬂlll‘(“(_‘ of systematic errors

change of Nf}fi;

(sin®26 = 1.0, Am? = 2.4)

change of
(sin?20 = 1.0, Am? = 2.32)

N S

exp change of N,

SK
exp

(Null Osc.)

féc (“(“‘Q}_-,n

[&éar different E,
fecqors

+1.0% -1.0%

+3.2% -3.2%

+1.0% -1.0%

+3.2% -3.2%

+1.4% -1.4%

+3.1% -3.1%

felqrs
fencor +6.5% -6.5% +6.5% -6.5% +3.3% -3.3%
b +7.2% -7.2% +7.0% -7.0% +2.0% -2.0%
fe&,. +0.0% -0.0% +0.0% -0.0% +0.0% -0.0%
ol s, +0.0% -0.0% +0.0% -0.0% +0.0% -0.0%
P +6.2% -5.9% +6.2% -5.9% +6.2% -5.9%
feESE +2.5% -2.5% +2.4% -2.4% +4.1% -4.1%
g"‘}”‘]'i; 4+0.4% -0.5% 40.5% -0.6% +2.2% -1.9%
frﬁé’éhm +4.1% -3.6% +4.1% -3.7% +5.3% -4.7%
+0.9% -0.9% +0.8% -0.8% +0.8% -0.8%
f,fj' ;:;‘ +0.0% -0.0% +0.0% -0.0% +0.0% -0.0%
e +6.7% -6.7% +6.6% -6.6% +3.2% -3.2%
FsKnD +4.8% -4.8% F47% -4.7% +6.9% -6.9%
Total +15.4% -15.1% +15.2% -14.9% +13.2% -12.7%
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