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' The Tokai-To-Kamioka Experiment ' T Z/iz \

T2K is a long-baseline neutrino oscillation experiment

JEPARC Main Ring

Super-Kamiokat de
(ICRR, Univ. Tokys

Proton beam (30Gev)

Proton beam incident on graphite target: pions produced decay into muons and
muon nheutrinos (T2K neutrino beam with Ey ~ | GeV).
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Via v, disappearance studies

O Precise measurement of atmospheric
oscillation parameters: 023, Am?23

Ky

s

&

B(Sin22823)~0.01
6(Am§3)~10"4eV2

Via Ve appearance studies: >
O Measure the mixing angle 03
O Possibility to measure CPV in lepton
sector: Ocp s -
O Study mass hierarchy ) e
F= -
Other studies: | [
O Neutrino cross section measurements. a— /:;.__ -
O Sterile neutrino searches. ' s |
“normal “inverted |
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f\'_l'he Far Detector: SK , T2

Muon neutrino event Electron neutrino event
(Vu=>H clear single ring) (Ve»e EM shower, fuzzy ring)

-
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O 22.5kton water Cherenkov
detector.

O Cherenkov photons reach PMTs
and produce ring-shaped hit pattern

MC event

-

”Uhderstanding Neutrinos 2012 " Lorena Escudero



The Near Detectors |:
GRID(ON AX|s)

O INGRID (Interactive Neutrino GRID) monitors directly the
neutrino beam direction and intensity by means of neutrino
interactions in iron.

O Each INGRID module is composed of iron plates +
scintillator layers in a sandwich.
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‘ The Near ctors II-

ND280 goal is to measure the flux, energy
spectrum and Ve contamination.
Cross section studies are also performed.
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‘ The Near Detectors II:
| ND280(OFF Axis)

N

N\
S

ND280 goal is to measure the flux, energy
spectrum and Ve contamination.
Cross section studies are also performed.

Electromagnetic calorimeters (plastic
scintillator).
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‘ The Near Detectors II:
- ND280(OFF Axis)

ND280 goal is to measure the flux, energy
spectrum and Ve contamination.
Cross section studies are also performed.

Electromagnetic calorimeters (plastic
scintillator).

=

\ ND280 Magnet & SMRD
| © Old CERN UA1/NOMAD magnet (0.27)

t O MUON detector (SMRD): scintillator
{ inserted in magnet air gaps
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‘ The Near Detectors II:
- ND280(OFF Axis)

ND280 goal is to measure the flux, energy
spectrum and Ve contamination.
Cross section studies are also performed.

Electromagnetic calorimeters (plastic
scintillator).
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\ ND280 Magnet & SMRD
| © Old CERN UA1/NOMAD magnet (0.27)

t O MUON detector (SMRD): scintillator
{ inserted in magnet air gaps

"Pi 0 detector (PZD)

O Scintillator + water detector.
O Optimized for y detection and TT0
reconstruction (neutrino NC process).
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‘ The Near Detectors II:
- ND280(OFF Axis)

N

ND280 goal is to measure the flux, energy
spectrum and Ve contamination.
Cross section studies are also performed.

Electromagnetic calorimeters (plastic
scintillator).
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\ ND280 Magnet & SMRD
| © Old CERN UA1/NOMAD magnet (0.27)

O 3 Time Projection Chambers (TPCs) | o MUON detector (SMRD): scintillator
- They reconstruct momentum and charge |

. l inserted in magnet air gaps
of particles. ; 3 gap

TRACKER

I

O 2 Fine Grained Detectors (FGDs) | W
- Active target for neutrino interactions:

O Scintillator + water detector.
carbon + water.

O Optimized for y detection and TT0
reconstruction (neutrino NC process).
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‘ The Near Detectors II:
- ND280(OFF Axis)

N

ND280 goal is to measure the flux, energy
spectrum and Ve contamination.
Cross section studies are also performed.

Electromagnetic calorimeters (plastic
scintillator).

=

\ ND280 Magnet & SMRD
| © Old CERN UA1/NOMAD magnet (0.27)

O 3 Time Projection Chambers (TPCs) | o MUON detector (SMRD): scintillator
- They reconstruct momentum and charge |

. l inserted in magnet air gaps
of particles. ; 3 gap

TRACKER

I

O 2 Fine Grained Detectors (FGDs) | W
- Active target for neutrino interactions:

O Scintillator + water detector.
carbon + water.

O Optimized for y detection and TT0
reconstruction (neutrino NC process).

— SE——— = — — -

Lorena Escudero

thderstanding Neutrinos 2012



e e——— e e e ————— e —— ————— _

uUhderstanding Neutrinos 2012 7 "Lorena Escudero




" Oscillation Analysis Method

ND280 analysis V Cross sections
* Detector MC e NEUT MC model
* vV, measurements in CC QE e Uncertainties set from
and nonQE samples external data

Flux prediction

* Beam MC
* Hadron production (NA61)

= —-
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ND280 analysis V Cross sections

* Detector MC e NEUT MC model
* vV, measurements in CC QE e Uncertainties set from
and nonQE samples external data

Flux+cross section FIT
To constrain flux and V interaction near det.:ec.tor'
cross section uncertainties uncertainties

* Beam MC
* Hadron production (NA61)
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. Oscillation Analysis Method ' T2/

ND280 analysis V cross sections
* Detector MC e NEUT MC model
* vV, measurements in CC QE e Uncertainties set from
and nonQE samples external data

Flux+cross section FIT
To constrain flux and V interaction near dei.:ec.tor'
cross section uncertainties uncertainties

Far detector analysis

* Beam MC
* Hadron production (NA61)
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ND280 analysis V cross sections
* Detector MC e NEUT MC model
* vV, measurements in CC QE e Uncertainties set from
and nonQE samples external data

Flux+cross section FIT
To constrain flux and V interaction near det.:ec.tor'
cross section uncertainties uncertainties

Extrapolation

Far detector analysis Propagate using data/MC ratio
and near/far flux transfer matrix

* Beam MC
* Hadron production (NA61)

e SK detector MC

* Calculate prediction (event
rates, spectra) at different osc.
hypotheses
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ND280 analysis V Cross sections

* Detector MC e NEUT MC model
* vV, measurements in CC QE e Uncertainties set from
and nonQE samples external data

Flux+cross section FIT
To constrain flux and V interaction near det.:ec.tor'
cross section uncertainties uncertainties

Extrapolation

Far detector analysis Propagate using data/MC ratio
and near/far flux transfer matrix

* Beam MC
* Hadron production (NA61)

e SK detector MC

* Calculate prediction (event
rates, spectra) at different osc.
hypotheses

eT2K event candidates
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" Oscillation Method |

\
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ND280 analysis V cross sections

* Detector MC e NEUT MC model
* vV, measurements in CC QE e Uncertainties set from
and nonQE samples external data

Flux+cross section FIT
To constrain flux and V interaction near det.:ec.tor'
cross section uncertainties uncertainties

Extrapolation

Far detector analysis Propagate using data/MC ratio
and near/far flux transfer matrix

Flux prediction
* Beam MC
* Hadron production (NA61)

e SK detector MC
* Calculate prediction (event
rates, spectra) at different osc. Oscillation FIT

hypotheses e § Compare data and other
expectations to extract uncertainties

the values of the

eT2K event candidates

oscillation parameters

= —-
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 20 10 vy Disappearané i: SEE

RUNI+2 =1.43 E20 POT

At the far detector a vy CCQE
enriched sample is selected.

| T2/K\

EVENTS (DATA)

PID (u-like) 33
pu > 200MeV 33
< 2 decay e 31
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CTION

SELE

). T2\

!\’20 10 v, Disappearanc i:

RUNI+2 =1.43 E20 POT

At the far detector a vy CCQE
enriched sample is selected.

EVENTS (DATA)

PID (u-like) 33
pu > 200MeV 33
< 2 decay e 31
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SELECTION

!\’20 10 v, Disappearanc ai:

RUNI+2 =1.43 E20 POT

At the far detector a vy CCQE
enriched sample is selected.

). T2\

EVENTS (DATA)

Number of events
% -

PID (U-like)
pu > 200MeV 33
< 2 decay e 31

e — e N — = e — SE——— = —
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CTION

!\’20 10 v, Disappearanc ai:

RUNI+2 =1.43 E20 POT

At the far detector a vy CCQE
enriched sample is selected.

). T2\

SELE

EVENTS (DATA)

Number of events
% -

PID (p-like)
pu > 200MeV 33
< 2 decay e 3 [Seal

10

"0 0
PI1D paramotor

Based on shape of ring
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CTION

!\’20 10 v, Disappearanc i:

RUNI+2 =1.43 E20 POT

At the far detector a vy CCQE
enriched sample is selected.

). T2\

SELE

EVENTS (DATA)

Number of events
% -

PID (p-like)
pu > 200MeV 33
< 2 decay e 31 5\
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- - "
§ .o ™

: -
8 S L I E-
- o N » ) v o >
8 -
S ¥
g 1 X
& ' £
o 3 18 Z
25
S . .
- 2
3 Rt -1
2
ma il A 0 0 10
0 1000 2000 2000 PID Dar T otor

Momertum (MeVic)

Based on shape of ring
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CTION

!\’20 10 v, Disappearanc i:

RUNI+2 =1.43 E20 POT

At the far detector a vy CCQE
enriched sample is selected.

). T2\

SELE

EVENTS (DATA)

Number of events
% -

PID (p-like)
pu > 200MeV 33
< 2 decay e 31 5\
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CTION

). T2\

SELE

!\’20 10 v, Disappearanc i:

RUNI+2 =1.43 E20 POT

At the far detector a vy CCQE
enriched sample is selected.

EVENTS (DATA)

Number of events
% -

PID (u-like) 33
pu > 200MeV 33
< 2 decay e 31 5\
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é events with unseen g2 o '
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0 ) 2 3 4 -4 .
Number of decay- Based on shape of ring
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1 20IO Vi Dlsappearance Analy5|s RESULTS

20 4
® 15 Die 35
E No oscilation o~
< Bost fit with oscillation i3
- P T T PR '$ 3
v 10 ( s v, CC ) o
2 =
§ £ 25
< 5 4 <
L = 2
.- " : . e P
0 1 2 S48 H 89 10
1.5

Reconstructed neutrino energy(GeV)

EVENTS EXPECTED
* No oscillation: 106
(No oscillation excluded at 4.50)
e Maximal oscillation (sin2(2023)=1,
Am?y; = 2.4E-3eV?):28.3
EVENTS OBSERVED: 31

mUnderstandlng Neutrinos 2012

.3 || I - APV RSP SPPPees
®- T2K Run lf”
o T2K Run 142 Alternate Analysis
- = MINOS 201]}
- Super-K Zenith
SUN'K LE IS |
7,
' !
R e e [ T
---.3’5“‘%‘::‘
o .
90% CL
LGS LAY L SNSRIV AR YA T YRR I O ey
08 0.85 0.9 095 l
. 2
sin“26,,

* Two independent analyses done, with
consistent results
* Results in full agreement with

MINQOS, SK

—
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RUNI1+2+3 = 3E20 POT

EVENTS (DATA)

PID (e-like) 22
Evis > |00MeV 21
No decay e |6
Inv. mass cut | |
Evec <1250MeV |
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EVENTS (DATA)

PID (e-like) 22
Evis > |00MeV 21
No decay e |6
Inv. mass cut | |
Evec <1250MeV |
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PID (e-like)

Evis > |00MeV 21
No decay e |6
Inv. mass cut | |

Evec <1250MeV |
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PID (e-like)
No decay e 16

2 0
I I PID parameter

Number of cvents

Inv. mass cut
Evec <1250MeV 1

===

i - N - o
Lorena Escudero
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PID (e-like)
Evis > |00MeV 21
No decay e |6

» 0
I I PID parameper

Number of cvents

Inv. mass cut
E,rec <|250MeV | | =

Viadie cacrgy (MeV)

Detector performance
(rejects noise)

===

= = = = -
Lorena Escudero

“Understanding Neutrinos 2012



PID (e-like)

EVENTS (DATA)

Evis > I OOMeV

21

No decay e-

|6

Inv. mass cut

Eyec <|250MeV

“Understanding Neutrinos 2012

Number of cvents

£ .
L= = N
L

-----

! | £l

% L 4 . .O:

; 0 “«l DN A N Jn Nen)
& Viudie encrgy (MeV)

SR I U TR Detector performance

Number of decay ¢
: rejects noise
Rejects e from [ decays (rej )
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EVENTS (DATA)

PID (e-like)
Evis > |00MeV 21
No decay e |6

» 0
I I PID parameper

Number of cvents

Inv. mass cut
E,rec <|250MeV | | =

E -
_» I i | = E
5 ’ ; 0 “«l DN A N Jn Nen)
;. ) | - Viudie encrgy (MeV)
L_ e Sl B U 5 TEORE 3 Detector performance
0 W0 e 30 Number of decay ¢ . .
lavariamt mass (MeVic) . re eCtS nOIse
Rejects e from [ decays (rej )

= = - S—
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PID (e-like)

Evis > I OOMeV

21

No decay e-

|6

Inv. mass cut

Eyec <|250MeV

Number of events

Reocomstructiod v encrgy (MeV)

thderstanding Neutrinos 2012

Number of cvents

Numbhor of cvenes

7 e from U decays

.
X '
L 4 . LR
0 “u e Jn
s Viudie encrgy (MeV)
0 —w ——
) 0 | 3 ) 4 s

PID parameper

il
e

0
:
X s
€
}

i

-----

Detector performance
(rejects noise)

Number of decay-¢
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PID (e-like)

Evis > I OOMeV

21

No decay e-

|6

Inv. mass cut

Eyec <|250MeV

Number of events

OO0 X0

Reocomstructiod v encrgy (MeV)

Background
rejection:

thderstanding Neutrinos 2012

" NCT (inv. mass) o
beam V. (Ey)

Number of cvents

Numbhor of cvenes

£ =
s W
[ e ] €
X STy )
L Visdic cncrgy :M:‘v )
SO VP T 3 Detector performance

Number of decay-¢

7 e from U decays

(rejects noise)
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. 2012 ve Appearance Analysis: RESULTS ' TZ/E\

.ob assuming sin203=1
2t preliminary |
0 &% CL

s CL.
b w— Bapst
Renlel+) data
I (301020 FOT)
-2 - sormal Blevarchy
- Wt 2 An 10" eV
b A CWERT VR el Ty P Y e
'o p-
2
-
=
p-
0 8% CL
N S0% C L
- w— owt it
b
Runlelel daia
r (A 01020 POT)
-2 - mverted Bicrmechy
- Wm e au 10" e V?
5 A A A A A A A A J
0 0.1 02 0.3 x 04

"-Uhderstanding Neﬁtrinos 2012

33

"5140 Rusle2e 3 data

P 120 (3010620 POT) '0.3

£'100 Noos= 11 | 1025

o 80 :joz

g’ (,0E 0.15
40 0.1
20} '0.05
(b 0

200 400 600 800 100012001400
momentum (MeV/c)

BEST FIT
(with 68% CL error, @0cp=0)

¢ Normal hierarchy
sin” 2603 = 0.09419-053
¢ Inverted hierarchy
Sin2 2013 = 0.1161-8:823
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: Conclusions / Future Plans

\
S

O T2K has been taking data since 2010.

O We are reporting evidence of Ve appearance. Latest
result, based on 3E20 POT, recently reported (ICHEP 2012).

O 0.3 values compatible with reactor experiments.

O Updated results on v, disappearance coming soon.
O Current 023, Am?y; values compatible with MINOS, SK

O Summer 2012 shutdown underway.
O Data taking will be restarted in October 2012
O Planned to take more data at higher beam power

~8x102° p.o.t (2013) — ~1.2x10%" p.o.t (2014) — ~1.8x10?% p.o.t. (2015)
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Thanks for your attention!
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NEUTRINO MIXING
Matrix connecting mass and flavor eigenstates (PMNS)

: " P ‘ | 7 O | e~ T o, , K19 )
We start with the PMNS matrix: I (l) v | ""‘ ; ”"‘;l 12 ." ::
(S.,- = Sin eu -5 C; - COS 9. ) B 2 ‘\.”. A : "12 ‘X.’
() Sy ('3(- - 8136 () C13 ! () () |
Vi V2 V3 5
" Al . - )_t
Vv €13€12 13512 313€
" » » '6 » » » . 1.6 .
U =vy —S12C23 — $23C12513€"° | €23C12 — $12513523€¢"° | €13523
Vi 819823 — f’z:;('lz-ﬁ:;(r‘m —o23C12 — 51231:;('2:;(” €C13€23

Now the oscillation probability:

- AL O , S - ..\m.".,l. . . s SRTIS ANI.‘.,L
. I"‘o",, » 1) Sav 3 ‘Z " I e | .'( ,”l 1) Sin ( T ) ’ -Z l { ai { .,f ”;l 1] |sin ( T )
> P27 |
6 independent parameters describing oscillations: 3 angles, 2 mass
splitting parameters and one phase:

Solar parameters Atmospheric parameters
(very well known) (well known)
012, Am?2); 023, %mzn




T2/K\
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| 2 countries

6| institutions
~500 authors

e TZI

Public website:
http://t2k-
experiment.org/
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"The Off Axis Method

MR secondary
beamline
280m
AV, m
o ——— e _-_d.l_lﬂ_._______
N !g i
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‘ .
e D e IIoe i o el
Nod e e

T2K is the first long baseline experiment using the off-axis
technique. The current off-axis angle is 2.5°(2°-2.5° range allowed
by the facility design).

Characteristics/advantages of the off-axis method:

O Narrow beam with peak energy at maximum of Vv, — Ve
oscillation (~600MeV).

O CCQE sample enhanced: high energy tails of the beam reduced
(background from non-QE and NC to oscillation signal
reduced).

O Dependence of Ey from Er reduced.

E(v) (GeV)

P(n) (GeV/c)

19
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Oscilation Prob
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v energy spectrum
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O Water Cherenkov detector.
O | km deep underground.
O Cylindrical shape with 39 m @

and 42 m height.

O Filled with 50 kton of pure water
(fiducial volume 22.5 kton).

O PMTs: 11.146 in the inner region.
O Cherenkov photons reach PMTs
and produce ring-shaped hit pattern
O Using the timing and charge
information, the interaction vertex,
ring direction and flavor of incoming
particle (from the sharpness of edge
of ring) are determined.

4 N\ )

20



O INGRID (Interactive Neutrino GRID) monitors directly the
neutrino beam direction and intensity by means of neutrino
interactions in iron. The beam stability on a day-by-day basis is
studied in this way.
O INGRID consists of
O 14 on-axis modules (horizontal+vertical) forming a cross.
O 2 extra off-axis modules used to study the axial symmetry
of the beam.

O Each module (7 ton) is composed of 9 iron plates + | |
scintillator layers in a sandwich (10mx|0m).

O An extra module, Proton Module, without iron plates is
added in order to detect muons together with protons
produced by the neutrino beam.

21




he Near Detectors Il
o ND28_O(OFFi

~

ND280 Magnet & SMRD
O ND280 is built inside the old CERN UAI/

NOMAD magnet that provides a dipole magnetic |

field of 0.2 T.
O SMRD (Side Muon Range Detector) consists
of 440 scintillator modules inserted in the air
gaps of the magnet. It records muons escaping
with high angles, triggers on cosmic ray muons
and helps identifying interactions in the
surrounding cavity.

s)

O ND280 goal is to measure the flux, energy
spectrum and Ve contamination before
oscillation.

O General purpose to measure: CCvy
events, used for flux normalization and
spectrum prediction for the oscillation
analysis and detailed cross section studies;
and CCVe events, background to Ve
appearance.

i ___

—

ECAL

'O 3 different types depending on the position:

| DSEcal, BarrelEcal, PODEcal.

| O These modules are electromagnetic

| calorimeters using layers of plastic scintillator. Its
| role is to detect photons complementing the
inner detectors in full event reconstruction. The
| information provided by the Ecals is relevant for
| particle identification and key in the pi0

reconstruction.

= _— — =




e Near Detectors Il
- ND280(OFF Axis) I

~\

Pi O detector (P2D)

Upsirenn Water Target Central BCal

0 3 Time Projection Chambers (TPCs)
- MicroMegas detectors. Tracking devices. They
reconstruct momentum and charge of particles. (See O Scintillator + water detector
next talk: “Calibration and Performance of the T2ZK TPCs” by | O Optimized for y detection and TT0

Lorena Escudero). reconstruction (neutrino NC process)
O 2 Fine Grained Detectors (FGDs) | ©Water can be subtracted.

- Thin, wide planes of scintillator bars. O Study of water cross section
- Active target for neutrino interactions: carbon + Y '

water (only in the second FGD).
- Charged particle tracking.

Upstroaan BCa] Central Water Thrpet
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T2/K

Neutrino Interaction Event Rates

TPC.: negligible.
INGRID: | .5 evts/10'* POT
FGD: from the plot:

1529 evts in 2.88x10!'° POT

also...

--------

. L}
POD event rate vs X and Y '™

SK: Predicted from MC models

¥

2

.
- - .

- -~ .
»
| g
¢ » & 2 » a2 W e
Y e

==. = event rate = 5.3evts/|10'¢ POT

-

. p » .
A .

0 Ay a .
FGDevent e vs Y
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NEUT

*QE
* Uewelyn Sonith, Seith-Moniz
e My = 1] GeVie?
o Py =217 MeVic, Bs = 27 MV (for Carbon)

* Resonant
* Roin-Sohgal (2007)
o My » |2 GeVic?
* Coherent
* Ren-Sehgal (2006)
e Mu= | 0 GeVie?
+DIS

« GRV98 POS
* Bodek-Yang correction



" Mix of Features
Dimensions

TPC (Active): 1,8 m (X) x 2,1 m (Y) x0.772 m (£)
FGD (Active): 1,864 m (X) x 1,864 m (Y) x 0,33 m(Z)

T2K\

TPC . AR L+ |
’ £ ol . e —— I 7
Resolutions ¥ - = ; =/
Momentum resolution Spatial resolution
negative track TPC PID positive track
i A = K
.

Energy Loss (keV om

TPC PID

R ot - ::
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- . 4
. mubinsx I‘

TN R E R v
D (MeVIC)

Energy Loss (keV cm)
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Event Reduction

TASLE | Ewverst reduction at the Sar detector

Aler onch

selocton criterion s applied, 1he arnder of olwerved (Dwin)
and M eapectad everss of o, COQE, w0, OC noe QL strin-
0wy, And peutenl curpens (NC) oare gy, The codamine de

potedd by o, mciade ¥

0 ONC OO saspios sowviginme o, ~+ 2,
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2010 vy Disappearance Analysis

Uncertainties
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1  2010 v, Disappearance Analysis |

5104
‘- w! fitting syst. error wio fisting sysL. error
| - 68% CL 68% CL |
{ 0% CL wesrees 9% CL
! | best fit(0.99, 26:10%)  +  best fit(0.98, 2.6:10°
1 ,
- t
i <
»
.-0-
*
' o data/ nominal MC 2
best fit / nominal MC | _
2 4 6 8 10 s T ey
Reconstructed neutrino energy(GeV) sin’(26)
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Phys. Rev. Lett. 107,
041801 (2011)

2 107 POT - 100 MeV)

! 20 10 Ve Appearance Analy5|s

Predicted flux

-Pion production in (p,0) bins is based on the NA6| experiment (CERN)
measurements, typically with 5-10% uncertainties.
-Pions produced outside the experimentally measured phase space, as
well as kaons, are modeled using FLUKA (MC).
-Systematic uncertainties of 50% assigned for pions.
-Systematic uncertainties for kaons of 15-100% from comparison with
data from:

T. Eichen et al., Nucl. Phys. B 44, 333 (1972)
-GEANT3 and GCALOR for hadronic interactions to handle particle
propagation through magnetic horns, target hall, decay volume and beam
dump.

Beam profile FC in SK

= X<
-y

ot
.—.'ad

- 71‘ Fea A7

" Yar

Run2

it At Pt T e oy 2 mrmvnn ™
)

Mean rate:

1.5/10' p.o.t.

The neutrino beam An event is categorized
profile and its as FC if the maximum
absolute rate (1.5 number of

evts/ 10714 POT) as photoelectrons on a
measured b INGRID single PMT at the exit
were stable and direction of the most
consistent with energetic particle is

expectations. less than 200.
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52¥20I?(?;/Ol{1ett o 1 2010 VeAppearance Analy5|s ' I_Zfl(\

O Results based on two phy5|cs runs Runl (Jan.-Jun.2010)
and Runll (Nov.-Mar.2011).

Oscillation Analysis

Total 1.43x10720 POT (protons on target). O Select CC ve candidates
O Sample of CCQE events enhanced. O Compute N¥* without
O Main backgrounds: oscillations.
O Intrinsic Ve contamination in the beam. O Normalization with ND280 ratio:
O NC 110 events.

NS'I\' =(R.\'l),dan.lR ND MC )x N.S'A'

cxp M H MC

O Observed number of events compared to signal and "
background expectations based on neutrino flux and cross- O Compare with N, to evaluate

section predictions, corrected with near detector info. oscillation parameters.
| .- Predicted flux 2.- ND280 Ratio

L . e, NEUT MC

S ; e (GENIE for xcheck)

& 1o e gl e o o

: — dr s - Neutrino interaction in the

: —_— Hatn, . FGDs entering following TPC
\.‘o’.‘.:- Encry (GeV) ’ ‘ l:'. :"I “::.—l.-:;-;;;u:.‘;'\'”:-::—.'\l “bw (and nOt In ertTPC)

Fluxes computed starting from models Data sample from Run I
and tuning them to experimental data. CR’( Data | piMC — 1.036 + 0.028(stat.) 94 (det.syst.) 0.038(phys.syst..))
(Rs = POT normalized rates of VY CC interactions)
30




Phys. Rev. Lett. 107,

041801 (2011) l 20 |10 Ve Apearce Analy5|s
3.- T2K Event Selectlon

1 -ﬂ.h} 2 / - »_\ e 4 10 ; :;:.. r‘-o»‘: ‘
100 // > i ‘ .:.ccrr ¢ v, CC :
e ] ne
8 8 7 / 2 - Ill'.l NG ' 02, O 1 g
k] -
g é 5 B o
§ Wt 8 " E 20 .—'— é
g KS test Zz SN - +
25 Dy = 0.006 M -
z D wiue -« 3% _
"5000 0 1000 2000 3000 4000 5000 % 2 4 & 8 1w 2 34 °™ Nimwgo! nn:)s ¥ g 0 10
AT, (nsec) Accumutated protons ( x 10'") PID parameter
T# —o— Bun ] *— = Dula = 5 | !‘ T — ; : 2 - = Oola N
Ose. v C B Ouc v, OC K . ) | s v, OC
= — ] % R S g 4 —y
& —$% ) e —35 2 P g | e
- VG o' 'l 0 aabah ok T ob L ot 3! NG P = | Ll L
2 3 Rejects e from # g =
§ . B u decays s 2 Reject NCx [ Rejects
g , 3 B backgroun e beam v_
2 A 3 2 | ’
5 % 1000 2000 3000 6 OB N % A o 7 o 100 200 300 8 % 1000 2000 3000
\ Visible energy (MaV) Number of decay-e Invariamt mass (MeV/c) Reconstructed v enargy (MeV) v/
N
H evts 4 | H evts
Cut Cut
'selected selected
1 - FC events |21 D - Visible E > 100 MeV
88 g 6 - No decay electrons (delayed)

2 - FCFV events

specific for
4| Ve event / - Invariant Mass < 105 MeV
(with forced second ring)

8 - Rec. v E <1250 MeV

3 - One ring events

| reduction

4 - Electron-like ring events
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4.- Expected
N =R IR e N
BT
Event rates computed incorporating 3-
flavor oscillation probabilities and matter (sin22913=0) “

effects with:

o] 01
Am’ =7.6x10"eV? sin’26 ,=0.8704
Am? =2.4x10" eV sin’26,=1.0 1.5+-0.3
5.- RESULTS!

Observation exceeds the expectation: Feldman-Cousins unified method:
Probability to observe 6 events with sin®26,=0 Normal hierarchy, §=0

is O 7‘7 2 5 O si nn"cance r ~
- ’ ( oe ) 0.03<sin’20 ,<0.28 at 90% C.L

imverse _ 3
hornrehy 4 Best fit: sin20 ,=0.11
Ami, <0 . \_ Y,
i = 0.04<sin26 <034 at 90% C.L

T2K

143 x 107 pot

_____________ Best fit: sin22813=0.14

D <0 sin"20,, Inverse hierarchy, =0
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041801 (2011)

l 20 10 Ve Appearance Analysis

Uncertainties
Procoss Systematic error e
COQE energy-dependent (T3 st 500 MeV) Source sin® 20,3 = 0
CC Ir R (E, <2GoV) - 2% (E, > 2GeV) (1) neutrino Hux + 8.5%
OC coberost =* WOO% (upper Emit fum [27]) (2) near detector %
CC othes 30% (E. < 2 CeV) - 25% (E. > 2 GeV) (3) near det. statistics 4+ 27%
' 3 4 - B -~ ’
NC 1 3R (B, <1 GeV) -~ 20% (B, > 1 GeV) (4) Sl + 140
NC coberems = 3%
(5) far detector + 14.7%
NC othor = % —
v erpy rexp - .
Fsd encrpy-dopondent (109 a2 500 MeV) Total SNgx' NSk 275
Event Reduction
: Ervor source @ SK )
Dats #,CC #,CC NC o, —4,0C Tt regacoon ’
(0) intersction in FV  n/a 672 31 710 62 Ring counting 3.9%
. ) Electron PID 3.8%
(1) fullycontained FV 88 524 29 183 60 _
nvanant mass cut 5.1%
1.4%
(3) o-like 8 10 18 37 52 elc.
() Ee >100MeV 7 07 18 32 51 Energy scale 0.4%
Decay electron findi 0.1%
5)nodelmed cdectron 6 01 15 28 46 "
Muon PID .
(6) noa-x"-like 6 004 11 0S8 42 Total 7 6%
(ME™<1250MeY 6 003 07 06 4] 33

‘iﬂzwu = 0.1
+ B.5%
4
-52
£ 2.7%
+ 10.5%
+ 0.4%
ety
NI g e
Nik sy e
3.6%
8.3%
8.0%%
8.7%
1.4%
1.1%
0.3%
1.086
15%
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Background events for Ve
e 0 appearance are measured at the

near detector ND280:

Ve CC events
NCTT° events



72012 Beam Flux Predicion ]| T 2/K)

= 10° _v : ' —;u s

;_E ko TEKIar Vit — cioii i

S 10° s 1 Beam flux is predicted based on:
§ :(Or — * NA6I T1T,K measurements

§ 10 p e T2K proton beam

5 measurements

-
. 9
N -

=
<
ro
i
i
wl
(]
~J
o0
o
=

Matrix built with the correlation
between energy bins for different
neutrino types, detectors.

Flux Encrgy Bins

35

Flux Energy Bins



f\20|2 Flux + Cross Section Fit, TZ/E\

ND280 v, Flux normalization & uncertainties

S 14 E
H B 7o o ND2s0 0
,§ =2 B Afier ND2SO Fit 2
’E’ £
: correlation betwee
3 flux and xsec at
B - ND280 and SK
I E, (GeV)
uncertainties were reduced
SK v, Flux normalization & uncertainties « SK ve Flux normalization & uncertainties
o ” | . ;
g H:L B 7o o ND2SO Fa 2 2 B rrice o ND230 |
2 13 R
8 B Afer ND2SO P N B After ND280 Fir
N 12} = 12
E &
S z
# 5
= o
= 07 - 07
| 10 | 10

E, (GeV) E, (GeV)



1\\\ 2012 Cross Section Uncertainties ' TZ/R\

Parameters in the cross section’s models are
fitted to ND280 measurements

‘noddp-nmdm | Before FIT twm(wrmw
CCQE M. [GeV) 1.2120 45 1.1920.19
CClairesonance) M, [GeV) 1.1620.11 1.1420.10
Hl‘cﬂllnunmtlmn:fwtl’r(lblo\fl il 21730 224 6223 .5

rw Function ({off] - I{on) 004021

CC-other cross section shape 00104 0052035

CCQE E-dependence | 1020.11, 1.020.11, 1.020.11 ‘ 0.94:0.09,092£0 .23, 1182025
CClairesonance) E-dep. 1632043, 10204 1.6720 .28, 1.1020.30
’Tvc-vm. sections 1.1920.43 1.22:0 40

CC-coberent x cross section -l same (no additional ND280 constrained)
PNCM % cross secthon 1.020.3 tsamc (no additional ND280 constrained)
iNC other cross section | 1003 same (no additional ND280 constrained)
W shape in resonance model [MeV) £7.72453 same (no additional ND280 constrained)
m-bess A decay 0002 same (no additional ND280 constrained)
CC-1axNC-12° energy shape 0.0£0.5 same (no additional ND280 constrained)
Oye [ Oy [ 102003 same (no additional ND280 constrained)
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- 2012 Systematic Errors | ' TZ/E\

Contribution from systematic errors to the
predicted number of events (appearance analysis)

sin® 20,4 = 0 sin‘ 20,4 = 0.1
Error source wio ND mmeaswremert w/ ND measusement  wio ND memurement w' ND messccement
Beam only 10.8 79 | 11.8 85 |
M3E 10.6 4.5 18.7 79
Mo 4.7 1.3 23 20
CCQE norm. (E, < 1.5 GeV) 4.6 3.7 78 6.2
CClx norm. (E, < 2.5 GeV) 5.3 3.7 5.5 39
NCla® porm. 8.1 1.0 24 2.3
CC other shape 0.2 0.2 0.1 0.1
Spectral Function 3.1 3.1 54 54
Pr 0.3 0.3 0.1 0.1
CC coh. norm. 0.2 0.2 0.2 0.2 Numbers are
NC coh, norm. 2.1 2.1 0.6 0.6 .
NC otber norm. 26 26 08 os  percentiles (%)
0. [0, 1.8 1.8 2.6 2.6
W shape 20 20 0.9 0.9
plon-less A decay 0.5 0.5 3.5 3.5
CClx, NCl#" encrgy shape 25 2.5 2.2 22
SK detector eff. 7.1 7.1 3.1 3.1
FSl 3.1 3.1 24 24
SK momentum scale 0.0 0.0 0.0 0.0
Total | 21.5 13.4 25.9 10.3
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2012 V., \_/e Appearance Analysis I_Z,k\

The predicted # of evenu w/ 3.01 x 1020 p.o.t. the predicted # of event
Event category ‘a_s_lpk 20,3 = 0.0  sin 20n - 0.1 distribution
’l‘otal 3.22—:!:9.43 10. 71:!:! 10 -!- L' T é’*'k: M;z;o """ ;‘;ﬂ; 3
v, signal 0.18 7.79 oA B w/ ND280 measurement
v, background 1.67 1.56 Va2, -0
v, background (mainly NCre) 1,21 1.21
Vu + Ve background 0.16 0.16

Systematic uncertainties

.

Error source $in® 20,4 = 0 sin® 26,4 = 0.1 :
Beam flux+v int, . S(X)E
in T2K fit 8.7 % 5.7 % E
¢ int. (from other exp.) 59 % 7.5 % 000
Final state interaction 3.1 % 24 % SO0
Far detector 71 % 3.1 % sl
oge pama . . . -~ y m y ,
Total 13.4 % 10.3 % o - 10 T 20
(T2K 2011 results: ~23% ~18%) Expecied # of signal+background cvents
MC Expectation w/ sin20,y=0.1
RUN 14243 3010x10" POT BG total | CC (vie®) | CClvrtt) NG
Fully contalned FV at beam timing 11733 767 4048
Single ring 6641 | am2 11.55
e-like 272 1 479 | 810 |
E> 100MeV 176 | 435 | 701 |
No decay-e 0233 376 | 600 |
2y invariant mass cut 009 260 | 164 |
EJ™ < 1250 MeV 0.06 1.61 125
(MC sl 20, 0 cuse) (0.06) (1L23) (28 |
Efficiency [ %] 0.0 20.0 0.9




l\’ 2012 ve Appearas

— — —

Three independent analyses done,
with consistent results.

One method is based in (p-0) distribution:

* Extended maximum likelihood fit

e Data fitted with rate + (pe,0e) shape

* Differences in the 2D distribution improve the
discrimination of signal events from background

v, signal

2

N
-

angle (degrees)
O Ty Vv87

o

S00 1000 1500
momentum (MeV/c)

40
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100}

S0}

0 300 1000 1500

momentum (MeV/c)
v, background "

vy bkg.
(NCr0)

0 S00 1000 1500
momentum (MeV/c)

+ anti-v,, anti-vy bkg.



3 The Earthquake | '

Arcas affecied by the quake

* Big earthquake and tsunami occurred near /r o N\- &

the pacific coast of Japanon 11/3/2011. [ 1§/ >
| !

* Combined with the Fukushima plant ’ '{ |

destruction and pollution, it is a grave national = {" |
disaster for Japan.

\.\r

oy

?«

/

N\
.“ ‘\
AN

* J-PARC was not affected directly by the tsunami (although on | ks s I NS R
the coast) , U ryre— ey

* Structural damage to infrastructure quickly repaired over D -?nm F- ’m
summer. ot

* More detailed tests and controls (e.g. alignment) underway \ e :b:..“:?.:.-"m

Neutrino (dump)




