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Physics motivations

= High sensitivity search for 6,

Direct detection of neutrino flavour mixing in
appearance” mode

= Precision measurement of &3, Am?,4
0,5 = 45° £ 5° ( T2K can distinguish the octant)

= Neutrino X-sections below 1GeV @ ND280
» Exotic Searches

Until now T2K collected 3.01 1020 The results shown
p.o.t. (world record) . They today are onlv the
correspond only to 4% of the - Clppezlrizer' ofy i

approved p.o.t by J-PARC program

advisory committee T2K final menu
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I Off-axis beam: intense & narrow-band beam

Far Detector " Dscallation Prob. @& |
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Beam energy @ oscillation
max: Ev ~ 0.6 GeV
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Important to keep beam direction stable (T2K off-
axis angle is 2.5°)

-> maximize physics sensitivity
Small high energy tail
-> minimize background




J-PARC Neutrino beam facility

Graphite, ®26x  Helium cooling
aD0 |
—— broton beam




ear Detector @ m from
the target

BAT R *ND280 @ 2.5 degree off-axis
== + Normalization of Neutrino Flux

Detectors

N + Measurement of neutrino cross
l Downstream SZCTIOHS
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| +TPC: Target + Particle tracking
* EM calorimeter
* Side-Muon-Range Detector




ND280 Performances
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ND280 off-axis event gallery
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T2K-Far Detector:
Super-Kamiokande

5 super-KIN

.

Inner

Detector | i - 50 kTOh W(1'|'er' Cher'enkov

detector 1 km underground
TN e Typically 61% v, signal eff.
y 9%90 e Y*e‘jec’rion ?

32 kton inner volume (22.5
kton fiducial volume )

2 m outer volume to identify
entering particles

All triggers in +/- 0.5 ms of
Probability to mis-id u as heutrino arrival time are
electron is ~1% recorded




T2K v, Appearance Analysis 2011 (Runl+2)

First indication of 63 non zero

Ity OT observing b events It sin

Feldman-Cousins unified method used to construct the confidence intervals.
«Confidence intervals for 6FF_ Versus sinzzﬂﬂ:
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sin’26

90% interval and best fit (for sin*(20_,)=1, Am° =2.4x10" eV*,5__=0):

Normal hierarchy, 5=0: Inverted hierarchy, d=0:
= Best fit:sin*(26 )=0.11 » Best fit - sin*(26 )=0.14

. D.D3<zrsin2(2813}{10.28 @90% C.L. . D.Dd*::sinz{zﬂm)*:{]&d @90% C.L.
Published in Phys. Rev. Lett. 107, 041801 (2011)




disappearance result 2011 : Run 1+2

| Vu

Best Fit: PHYSICAL REVIEW D 85, 031103(R) (2012)

sin®20,; = 0.98 A0
2 - -3 2 | T2K 1.43x10°°POT (wi syst. error fitting), 90% CL |
Am 23 ~ 265 X 10 ev --------- T2K 1.43x10°POT (w/o syst. error fitting}), 90% CL
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Data Sample = 3.01 10%9p.o.t.
= Run1+Run?2=14310%p.o.t.

more that a factor 2

= Run 3 =158 1020 p.o.t. vs 2011 and +18% vs
Neutrino 2012

x10" x10"% o
g Delivered POT (Good Spill) 1 00 ﬂ
. -
% 300 _ ® Proton per pulse (Good spill) ' Great EaSt Japaﬂ . 0
5 250 ’“ Earthquake a0 0
- = m o |(March112011) Q.
— TR R 7 c
# 2000 160 2
° - I Recovering facility 0
T 150:_ . I ) (acc., beam-line etc..) g o
2 - ‘[Ld” 40
T 100 — B 1) Beam re-commissioning,
& u 'BUD 1tf Repairing horn power supply Run 3 20
03610 2010 2010 2070 2091 2011 2071 2012 mz' —0

10
Apr/01 Jul/02 Oct/01 Dec/31 Apr/02 Jull02 Oct/01 Jan/01 Apr_.'I{_)j
iIme




Ve candidate selection @T2K

T2K Beam timing
Fully-Contained events (FC)
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1. 1 Cherenkov Ring
2. Electron-like
3. Visible Energy > 100 MeV
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Final ve selection

Muon Decay Rejection
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Summary Table
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The observed number of events (toy MC)

The probability (p-value) to observe 11 events
with 3.22+0.43 (sys.) BG events is 0.08% (3.20)

“Evidence of Electron Neutrino Appearance”




Oscillation Analysis Recipe

Flux Neutrino Cross Section
+Cross Section Fit ertainties

SK Detector/Selection Osc. Fit: sin?203
Uncertainties [dcp scanned]

v oscillation parameters fixed:

o Am122=7.6x105 eV2 Neutrino Cross Section
e Am322=42.4x10-3 eV? . .
 5in22612=0.8704 Uncertainties

*5in2623=1.0




Neutrino flux prediction w/CERN NA61 results

Vu@SK
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Vu, Ve, anti-vy, anti-ve energy dependent errors with full correlations
@SK and @ND280 are included

Fractional Error

Run 1+2+3b+3¢ SK v, Flux

= T — ==

Total

—— Pion Production

—— Kaon Production .
Secondary Nucleon Production
Hadronic Interaction Length

Horn Current & Field

Proton Beam, Alignment and Off-axis Angle

Fractional Error

Run 1+2+3b+3c SK v, Flux |

T
Total
— Pion Production
gaan Production .
econdary Nucleon Production
Hadronic Interaction Length
Proton Beam, Alignment and Off-axis Angle
--- Horn Current & Field




Near detector Spectrum Measurement
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N
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= Select CC Vuevents

Vertex inside FGD,
Upstream veto
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1 negative L measured by TPC

atetncs oo Divide into CCQE-like and
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Measure the muon track's
. momentum and angle, and use
H Non QE-like the p,q distribution for both
QE-like and nonQE-like
events to constrain flux and
cross-section

B

NG
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Flux + Cross section FIT output

Flux Parameter Value

Flux Parameter Value

H Flux ameters & Uncertainties

B Frior to ND280 Fit

After ND280 Fit

SK v, Flux Parameters & Uncertainties

B rior o ND280 Fit

= After ND280 Fn

10
E, (GeV)

Near detector data constrains
combination of flux cross-sections.
Flux at ND is highly correlated with
flux at SK, since neutrinos are
produced by the same decaying
particles in the beam.

SK ve Flux

SK v, Flux Parameters & Uncertainties

B Prior o ND280 Fit

== After ND280 Fnt

Flux Parameter Value

10
E, (GeV)




Using ND280 constraints,
uncertainties greatly reduced

Error source
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arbitrary unit

- sin®20,,=0.1

L sin®20,,=1.0

Am2, = 2.4x107 eV?

B (Normal hierarc hy)
i 8, =0

T 3.010x 10” p.odt.

Beam flux+v int.

in T2K fit

v int. (from other exp.)
Final state interaction
Far detector

Total
(T2K 2011 results:

w/o ND280 fit ]
Bl v/ ND280fit -
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* The Dominant backgrounds for Ve
appearance can be measured in ND280.
* Both CC-ve and NC-ni° are consistent
with the MC prediction.




SK systematics errors
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Event rate of atmospheric neutrino data.

Detector efficiency
systematics are
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from atmospheric
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Systematic uncertainties
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Oscillation Analysis FIT (3 methods)

Method-1: Maximum likelihood Fit w/ Rate + (pe, ©e)
: Maximum likelihood Fit w/
Method-3: Feldman&Cousins for Rate only

Method-1

v, background
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.03 sin*26,; = 0.1 — 0sc.v, C

Sep=0 o
002 Am?, = 2.4x107 eV? Slgnal V. CC
0.01 NC

—_ —_
w w
(5 Q
[F] [
- -
=TH] zn
Q L]
= =
= =
L5 o
— —
=] on
g =
< «

0 0 o (area normalized)
500 1000 1500 0 500 1000 1500

momentum (MeV/c) momentum (MeV/c)

arbitrary unit

v, background v, background

angle (degrees)
angle (degrees)

| ! L | | ! ! L | L
% 500 1000 1500 500 1000 1500 500 1000

momentum (MeV/e) momentum (MeV/c) Reconstructed neutrino energy (MeV)

“* Data fit includes Data fit includes signal + 2 BG 1-D
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. Signal + 4 BG curves
v 2D curves
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Results: method1
(preliminary):

Funl+2+3 data
(3.010e20 POT)

+ data
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assuming 8.=0, normal hierarchy
| Am,32|=2.4x10-3 eV?, sin220,5=1

best fit w/ 68% CL error:
= 5in? 20,5 = 0.094 8833
= Nbest-fit = 10.18

Method 2 & 3 produce consistent
results




L 013 vs 6,

best fit w/ 68% CL error
assuming 5.,= 0

normal hierarchy:

sin? 2013 = 0.094 0%

Normal hierarchy

Am?, = 2.4x107eV?
sin*20,,=1.0

Best fit to T2K data
68% CL
90% CL

inverted hierarchy:

sin® 2013 = 0.11677 05

T T T

Inverted hierarchy

Am?, = -2.4x107eV?
sin’20,, = 1.0

T2K Run 1+2+3
3.01x10” p.o.t.
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v oscillation parameters fixed:
* Am122=7.6x10-° eV?

* Am322=12.4x10-3 eV?

* 5in®2012=0.8704

*5in%2623=1.0

o

"0l 02 03

sin”20
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Normal hierarchy ]

AmZ, =2.4x107%V? ]
sin”26,,= 1.0

— Best fit
68% CL
90% CL

T2K(2011) Best fit |
T2K(2011) 90% CL
P TS

Inverted hierarchy -

Am}, =-2.4x107ev? ]
sin” 28,,= 1.0

T2K Run 14243 ]
3.01x10%° pot. ]

The results obtained in

different runs are all

consistent. The new result improves the
previous one and remains
compatible

\!IIII“-IIIILII
0.1 0.2

P NI T T T S S S S
03 04 05 06
sin’20




Future Perspectives:

= Update on results from v, disappearance coming
shortly: measurement of 623 with the 613 value from reactor
experiments relevant to explore sub-leading terms.

= Future high power runs are planned:

8x1020 POT (2013) — 12x10% POT (2014) — 18x1020 POT
(2015)

This will allow us
= more precise measurement of P(vy—ve):

=> Measure 0,5 at 5 o level or better

=> assess sub-leading effects such as CP violation, possible new
physics from ve appearance.
Plenty of ND280 X-sections measurements.

Possible hints from Sterile Neutrinos @ND280 & @SK




Examples:

— Data
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For more details see the
James Dobson talk

Measuring the event rate of NC de-excitation y-
rays at a 295 km far detector, in SK it is possible
to search for the depletion of the total flux of
T2K beam neutrinos via oscillations into sterile

heutrinos.




Conclusions

Results presented on v, appearance search using
current T2K 3.01 x 1020 POT (or ~4% of T2K's
proposed exposure)

11 candidate events observed

P-Value is 0.0008 (equivalent to 3.20 for excluding ©,3=0)
Confirms and improves our previous result.

Our Vu disappearance is still based on 1.43 x 1020 POT but

will be updated soon :
Important input to CPV searches
Future high power runs are planned:

8x1020 POT (2013) — 12x10%0 POT (2014) — 18x1020 POT
(2015)

A LOT OF NEW DATA ARE COMING: STAY TUNED !







Severe subsidence here and there [1~2m depth]
Near by piping/cabling were damaged

Neutrino (Dump)




....Being Rapidly Repaired




T2K 8_, Sensitivity
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33 u-like events are selected with PID likelihood.

»Additional cuts:
» Less than 2 decay electrons
* Reconstructed g momentum larger than 200 MeV

Expected final sample compaosition:
» CCQE(61%) CCNQE (32%), NC(6%), v (<1%)

*31 events pass all the selections, 104 expected w/o
oscillations — null-oscillation hypothesis excluded at 4.50

Systematics on SK expected events:
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Efficiency L1035 1080 | A Ay
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Beam |
Flix 4.8 -4.8% | +6.9% -5.9%
NIV Efficiency ' '
| wnd Overall Norm. +6.9% -5.0% $6.25% -5.0%
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Far Detector v_ Background

sin“(26 ) = 0
Number of expected v_ events
0.2 0.4

. CC QE
vV +V, CC B ccans
o CcC1n® -
2 fa CCcohm cC Ctt+
CC other CC1m=

CC 1n®

v, CC — CCeohm

51 % CC other

NC 17 54 %

NC NC 1T 10%
NC1y 6%

41 % NC coh 7 18 %

cC QE NC other 12 %

U.LI > Ve CC F CC1m*

o CC 1n®
6% CCcohm
Solar term CC other




Neutrino Cross Section Uncertainties
I (Model parameters used in the cross section FIT)

model parameters Before FIT After FIT
CCQE MAa [GeV] 1.21+0.45 1.19+0.19
CClna(resonance) Ma [GeV] 1.16+0.11 1.14+0.10
Fermi momentum surface Pr [MeV] 217130 224.6+23.5
Spectral Function O[off] - 1[on] 0.04+0.21
-0.05+0.35

CC-other cross section shape 0.0+0.4

CCQE E-dependence 1.0£0.11, 1.0£0.11, 1.0£0.11 0.94+0.09, 0.92+0.23, 1.18+0.25
CCla(resonance) E-dep. 1.63£0.43, 1.0x0.4 1.67+0.28, 1.10£0.30
NC-n® cross sections 1.19+0.43 1.22+0.40

CC-coherent & cross section 1-1 from other experiments

NC-coherent 7 cross section 1.0+£0.3 from other experiments

NC other cross section 1.0£0.3 from other experiments

W shape in resonance model [MeV] 87.7£45.3 from other experiments

ni-less A decay 0.0+£0.2 from other experiments

CC-1nt,rNC-17n° energy shape 0.0+0.5 from other experiments




Results (method-2,3)
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