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Neutrino Oscillation
If neutrinos have mass then... h/l> = EUlih/i> ... Where ...

/Uel UeZ Ue3\
Uli = Uul Uuz U‘LL?)
\Url Ur2 Ur3/ )

Atmospheric Interference  Solar

Oscillation probability evolution from flavour a to fis dependent on mass difference
squared Am?; (eV/c?), energy of the neutrino, E (GeV), and distance it travels, L (km).
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v#PARE Research Complex v-Beamline

Target

Near Detectors Beam Dump

Decay Volume

neutrinor - 4 3 Horns
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muon . ﬂ T-meson

Muon Target Station
Monitor & 110m é
280m *

>

e 250 kA Focussing horns & 110m He filled decay volume

* Series of beam monitors, MulMon muon monitor and
INGrid near detector monitors beam centre

e 2.5° off-axis configuration

— Reduces peak energy to oscillation maximum

— Reduces spread of energies around peak.
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Near Detectors

INGRID: Interactive Neutrino Grid

e 280m from target centred on beam axis
» 16xiron/scintillator tracking calorimeters

* 1xall-scintillator proton module

* monitors beam centre, profile and CC'"° rate

UA1 Magnet Yoke |N D28 OI

£5° Beam

Downstream
I ECAL

Fine-Grain B
Detectors S

Barrel ECAL

+5m
P . - I N \ 4
- +5m -
ND280: Near Detector @ 280m Used in ND280
« 280m from target 2.5° from beam axis analysis
presented
« Upstream m° detector (POD) later

2x 0.8ton Fine Grained scintillation Detectors (FGD)
with C and H,0 target

3x Time Projection Chambers (TPC) for accurate dE/
dx based PID

Hermetic lead/scintillator Electromagnetic
Calorimeters (ECAL)

Side Muon Range Detector scintillator magnet yoke
0.2T refurbished UA1/NOMAD magnet
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T2K Far Detector: Super-Kamiokande

50 kton (22.5 kton fiducial) * Particle Identification (PID) based on shape of

water Cerenkov detector ‘ Cerenkov rings

Good reconstruction for T2K S
Het e (492 MeV)

energy range

‘i»\q:] Mﬂ‘ ‘
; =k |
or detecto \
0 , o\

A 9 20” PM n° decay (ZY)
1 N 0 er gete ) -

: £ 8” PMTs

|

low scattering - sharply

. S  2rings reconstructed
Event displays show Monte Carlo - defined ring ‘ — Q
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A new Cherenkov Detector
Reconstruction Package

LI N I I |
I I

* Based on MiniBooNE Likelihood 350;— 2012chK zlncgle_rmg
Model [NIM A608, 206 (2009)] W [ e | — electron
250 F did
* For given event hypothesis generate 05_ — ol candidates

200

charge and time PDF

150

lllllllllllllllllllllllIllllllllllllll

* Event hypothesis then distinguished 100%
by best fit likelihoods. soF-
* New method uses mass of the ri° 00_' 040 5080 100 120140 160 180 200

hypothesis and best-fit likelihood ratio - TIC‘M"I“WIGWC)
of e and ri®

e Cut removes 70% more 1t background o

than previous® method for a 2%
added loss of signal efficiency

0.6

n’ Rejection Efficiency

llllllllllllllllllr

0.4 MC _
$ Previous approach forced the reconstruction to find two rings SllngJICe-rlng — New
and then formed a i® mass under the two-photon hypothesis 0.2 clec r on -
f P yp candidates Old
0 T R RS BN N | I ]

0 10 20 30 40 50 60 70 80 90 100
True Energy of the Less Energetic y (MeV)
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Analysis Method
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T2K Neutrino Oscillation AnaIyS|s

Flow
FLUKA + CERN NA61 NEUT + uncertainties

1, K production data - from the external data

External Data + Models

Internal T2K Data MuMon, INGRID and beam monitors
data; Near detector flux prediction

- Far Detector

Flux and cross section
constrained by fit to
ND280 measurements

Near to far extrapolation and SK Super-K
detector response from non T2K Observation
control sample data
e N
{ Far Detector Super-K Neutrino
Prediction : :
Oscillation
5 Results )
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Flux and Uncertainties

T2K Runl-4 Flux at Super-K
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c (AN - MO Far detector .
4 _| - . T x
= 10 Ve = I v, uncertainty ]
g ] R i
NE 10° | T i T 1
5 - op At ’
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0 2 4 6 8 10 0 : E. (Gev)

T2K Runl-4 Flux at ND280 | E, (GeV) !

—

=]
~
¥

* A priori prediction of flux at Super-K has 10-15%
uncertainties from 0.1 to 5 GeV

Near detector

1011 !

e Off-axis near (ND280) and Far (Super-K) fluxes are not
identical, but highly correlated

Flux (/em?/50MeV/10%'p.0.t)
o

0 2 4 6 8 10
E, (GeV)
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Number of events

Data/MC
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ND280 Flux Constraint

by 2013 ND280 analysis
Right: central values and error bands for

normalization parameters before and after the
near detector constraint — different from 2012

Below: u-momentum for CCQE (CC-Om) events
in the ND280 before and after ND280 analysis
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Muon momentum [MeV/c]
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Fitted Normalization
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SKV Flux
1.5_ L | T T T T T T
1 4:_ - Prior to ND280 Constraint
1 3§ After ND280 Constraint
E After ND280 Constraint (2012)
1.2

0.9
0.8
1 1 1 11 1 1 I 1 1 1 1 11 11 I
1 10
SK v, Flux E, (GeV)
1.5: T LA B R T T LA B L B ]
1 4:_ - Prior to ND280 Constraint 3
) 3§ After ND280 Constraint é
1 '25 After ND280 Constraint (2012) 1
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ND280 Cross Section Constraint

2012 Single CCn v, selection - 2013 three CC subsamples
- Improves data/MC agreement - Improves parameter errors

_lllllIIIIIIIII|||||||||l|l||
250 +

M,QE (GeV) | 1.33%£0.20 | 1.17+0.09 200f B oc ot
i External
MARES (GeV) 1.15+0.10 0.97 £ 0.08 O Other
CCQE Norm. | 0.96 £0.09 0.99 £ 0.08 S00F 100;_
CCimNorm. | 1.63+0.29 | 1.18+0.18 | . *o:
SN 'g 300 Oy 500 100015002000 2300 3000 3500 '40'06 4500 5(300

3000
CCOomn 50.1% | 72.6% 2o

2000 -
CC1mt 29.5% 49.4% ™ 1500 7500 1000 1500 2000 2500 3000 3500 '4'00'0”5' 5000

P, (MeV/c)

CCOther | 35.2% | 73.8% ':°°

P, (MeV/c)
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Super-K Far Detector Errors

NC/CC nt® (Main BKG)

&

Combine errors
for T2K

Atmospheric v

ve CC
(ve signal)

-

Total SK detector systematic errors

e Evaluation of Super-K detector systematic uncertainties uses control
samples from the data

— Atmospheric v,
— Hybrid n® (electron from v, CC and MC photon)
— Cosmic ray muon samples

* Combine errors with Toy MC method
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Data Sets Used

x10"® | | x10"2
2 E 16.63x102°P0T 1140 @
(o) | = AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA _—
S o b 301 1020POT 19°kwl a
S 600 —3.01x10%POT = .
S 500 c
= o
3 400 2
5 300 o
>
s 200 = [he 23
Q 100 =isEE 7 e rrrrrr 4
= 1 | | | I . RUI}I 1l . - RUN IV - :T
0 =% T T R T\ S TI 7 ST R
Jul/o2 Jul/o2 Jan/01 JulIQ1 Dec/31 _. |
K Timg
*v,~>V, analysis: Run 1-3 data (3.01x102° POT) === - i
v, 2>V, analysis: 96.3% Run 1-4 data (up to April 12t" 2013) e -

*<Imrad (~16MeV [2%]) beam stability for total period
*Achieved 1.2x10* protons per pulse (WR)

Stable 220kW running

*8% of design goal POT so far
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Neutrino Oscillation Parameter
Likelihood Fits

L= Lyorm X Lshape X ['syst

POisson(NObs)mean=N pred

L.orm 1S the probability to have N,
when the predicted number of
events is the Poisson distribution
with mean = N 4.

0.09

0.08 (sin26,5=0.1)
0.07
0.06
0.05 Npred=20-4
0.04
0.03
0.02

0.01

_IlII|IIlI|IIII|IIII|IIII|IIIIIIIII|IIII|IIII|

OO

N\

Nobs

[ [ow:00
i=1

Systematic parameter constraint
term. Systematic parameters may
be naturally floated in fits.

Lshape IS the product of the probabilities
that each event has (p;, 9)).
¢: Predicted p-6 distribution (PDF) .

| p-6 PDF (sin20,,=0.1) |

-
@
o

-
N
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(=]
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[=]
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(=]

0 200 400 600 800 1000 1200 146I0_
momentum (MeV/c)



&
9/17/13 TZ/E \ Ben Still, Queen Mary, University of London Q) Queen I\/Iary 20

University of London

v, 2V, Analysis

Fit method
*  “sin?20,,- Am,,%?” space is scanned to find the best fit values which

minimize the Xz' Parameter Value
« 1%tand the 2" octants scanned separately Am3, 7.50x10°eV?
« 3-flavor formulae used, but with some :Ez ;zi g:ggg
fixed parameters Sop 0
Systematic uncertainties Mass hierarchy ~ Normal
Baseline length 295 km
Earth density 2.6 g/cm?
Flux / v x-sec. 21.8 % 4.2 % g 22 7
Uncorrelated v x-sec. 6.3 % i .2
SK detector 10.1 % 1'51
FSI-S| 3.5 % o]
Total 251% | 13.1% L A T
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Result

[ARGSiS TN R20R | INSOH I 72K has a world leading

Reconstructed v energy (GeV)

Ny, W/ No Osc. 104 204.75 £ 16.75%¢ sensitivity to Sin22623!
Nobs 31 58 *Octant choice effects shape of
0,5 Octant 0,,<t/4 | O,<n/4 | 0,.>1/4 CI(:)n:ldence clct)ntour o
. *Future results presented as
5in226,, 098 | 1.000 | 0999 | - bresen’
sin“0,; opposed to sin“20,;
|Am?,,| (eV?) | 2.65x1073 | 2.44x1073 | 2.44x1073
o * B BN NG BN BN NN B BRI RN
N 3arne | ey 2 b T2K 3v (8 <m/4)90% CL - arXiv:1308.0465v1
8 30E . T2K data arXiv:1308.0465v1 _i E . T2K 3v (9;3 > 11/4) 90% CL 1
—  25E No oscillation hypothesis = [ v T2K 2011 2v 90% CL 3
= " T2K best fit 3 £ 0.0035—— MINOS 2013 2v 90% CL —
2 : 1 9 - — SK zenith 2012 3v 90% CL S
; C — SKL/E20122V90% CL_ :
m E 0.003_— ..................................................
U S S : S O
c Z A ==t 0.0025— e
g-g l l l : ............................................................... N
I (e e SRR i ~ v T2K3v (0, <7/4) best fit 2
=9 0.002~ ~ T2K 3v (9 >n/4) best fit ]
~ & N PR B R
3 4 5 6 u | 1 l | | i R B BT o
082 084 086 088 09 092 094 096 098 |

sin2(2923)
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—>v_ 2013 Event Selecti
2000 - —+— RUNI-4 gata)
. L e (Zi‘?i]xlo POT
Event selection: ook sof- é%ﬁ.jguggc
. . . . ) g [ EmNC
e Fully contained in fiducial volume 3 & ®Tgingle ring| multioing
) > ol o L
* Only one reconstructed rings g 5 4l
> g
* Ringis electron like -1000 - zZ
* Visible energy > 100MeV oo fducialvolume
-2000 -1000 0 1000 2000
* NO MICheI EIECtronS Vertex X (cm) Ring-counting likelihood
* Reconstructed energy < 1.25 GeV
: : : 400
* (2013)2D wt® invariant mass : fiTQun 4 RUNI-4 data
likelihood cut e )
Tike 110 2 300 v, CC
| a_14 13 :e' 1 e T ‘].lke a :l vc+vc cC
: © llke e U llke r e —+— RUN1-4 data q>) - NC >
30 T rf(g?,lxﬁﬁj’sg'n L (6393x10°POT) (D] (MC w/ Sin'zel 3=0.])
@ [ B Osc.v,CC 2 ok -SS:-V%CC G
5 [ Bun s 1 Evarce ° 200
(5] [ B NC o | [ NC L
5 201 (MCwisin'20,-0.1) b I (MC w/ 5in26,,=0.1) o
3 | g | g
E 5 s Z
Z 10 zZ 100
0 0 -100 0 100 200 300 0
PID parameter Distance from n® cut line
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V 9\/ 2013 Predicted Number of

Events

Predicted # of events w/ 6.393x102° POT

Vv, signal 0.38 16.42
v, background 3.17 2.93
v, background (mainly NCn®) | 0.89 0.89
v, + Vv, background 0.20 0.19
Total (2013) 4.64 20.44
Total (2012) 5.15 21.77

Systematic Uncertainties

Beam flux + v int. T2K fit | 4.9 % 3.0%
vint. (other exp.) 6.7 % 7.5%
Far detector 7.3% 3.5%
Total (2013) 11.1% 8.8%
Total (2012) 13.0% 9.9%

arbitrary unit

arbitrary unit

——————
P4 wio ND280 fit |

3000 Bl w/ ND28O fit—
2000 sin’20 ;=0 -
i sin” "9 =1.0 i
Am " Ax107 eV?
L (\l mlal hierarchy)
1000 =0 —

6.4 % 10¥ p.ot.

PR IS SR ST SR I ST ST TR N |

—————
ool v 2 7 wio ND280 fit -
2000rsin"20,;= 0.1 B/ ND28O fit_
: n"9 =1.0 ]
lS(X)—-Am =2.4x107 eV? -]
(N)nnalh rarchy) 1
8 =0

1000 '__().4 x 10% p.ot.

Expected number of signal+background events

Reduction in errors 2012-2013
mainly due to near detector
analysis improvement.
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V %v 2013 Predicted Number of

Events

Electron momentum vs. angle distribution (MC)

180

-
[=2]
[=]

— — —

N A O o o N b

o o (=] o o = o
T e e T

(=]

I0.035

13- O . ].. -0.03
2 O 0.025

[ =0.02

Io 035 |

~0.03 [

6 ~0.025 |

[=0.02 [

0.015

0.01
_...|[IN0.005
-0

200 400 600 800 1000 1200 146‘0— 0 D 200 400 600 800 1000 1200 1400
momentum (MeV/c) momentum (MeV/c)

—0.015 |

0.01 |

0.005 .

Fixed neutrino oscillation parameters

Ami, 7.6 x 1077 eV?
Am3, 2.4 x 1073 eV?2

sin” 2053 1.0
sin? 201 0.8495 < Was 0.8704
5C'P 0 degree in 2012 analysis

The analysis method is not changed from 2012 analysis.
*Scan over sin%28,; space to find the maximum likelihood
*Fix neutrino oscillation parameters other than sin?20,;.
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v, 2V, 2013 Analysis Results

= ——
Observed 28 Events § 6~ —4— T2K RUNI-4 data u
) i Best fit spectrum ]
*Norm only 5.50 excl of sin?20,, =0 g [ 77 Pckewmdcommnen _
Am2,  7.6x 1077 eV? e T .
Am3y 2.4 x 1073 eV? S = 1
sin” 2053 1.0 S [ g LL‘—L |
) > 2 ] 7
sin” 2612 0.8495 < Was 0.8704 5t I : 1
in 2012 analysis 5 T T .
ocp 0 degree Y g 1 o /W:L |
*p-0 shape fit yields 2T s 1000
Reconstructed neutrino energy (MeV)
Best fit w/ 68% C.L. errors — 180¢ )
normal hierarchy: 5 160¢ .
.2 0.039 %D 1405 &u;l;éiz(j(;igOT) 0.8
Sin 2913 - 0.150i0:034 ) 120:— l;est-fitsin229]3=0.150 '
: : o 100F e S 106
inverted hierarchy: T 80F A 1= 4107 o2 04
sin226,5 = 0.182+0.046 i 0
20F '
0~ 0

V' (2AInL) excl. sin220,, = 0 at /7.50 0 200 400 600 800 100012001400

momentum (MeV/c)
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o[ 1.27Am2 L

NB: These are 1D contours for values of
&cp, NOt 2D contours in &,-8,5 space

) ) .
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+ (solar term) + (CP interference term) + (matter term)
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C — Best fit ] e C ]
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-3 __ 1 1 1 I L 1 1 | 1 1 1 ] _3 __ L | 1 1 I 1 L L ]
0 0.2 0.4 0.6 0 0-2 04 00

sin’20 sin“20,,
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Summary

Improvements in 2013 analyses

— significant improvement on parameter errors from near detector
constraints

— 70% reduction of ° background with new far detector reconstruction
algorithm.

Achieved steady operation of JPARC beam at 220 kW
— 6.39x102° POT accumulated by April 12th
World leading sensitivity to sin?26,, around maximal
— via observation of the v,— v, disappearance channel
— 58 v, observed vs unoscillated expectation of 204.75
— Contours for both octants of sin?20,; are provided
— Future Will provide results in sin%0,,
sin?20,,=0 is excluded with a significance of 7.50 (8,=0, sin%20,,=1)
— From observation of the v,— v, appearance channel.
— First evidence (>50) of neutrino flavour change
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Future

The future of T2K looks exciting:

Only 8% of design POT on tape

New far detector reconstruction to be fully
implemented.

Analysis improvements and increased stats
will reduce systematics.

Important to improve precision of sinf,; en-
route to understanding 0., — T2K current
world leader.
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Back-ups
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External Data and Models

v Flux

Hadroproduction simulated with
FLUKA2008.3d, weighted so that
interactions match external data [Phys.
Rev. D 87, 012001 (2013)] from

*  NAG61/SHINE (CERN) [Phys. Rev. C 84, 034604
(2011)] & [Phys. Rev. C 85, 035210 (2012)]

T. Eichten et al. [Nucl. Phys. B 44 (1972)]
J. V. Allaby et al. [Tech. Rep. 70-12 (CERN,1970)]

= ‘ a -
;:; 1.6~ — Pion Tuning ]
8o - --- Kaon Tuning
E 1.4~ ... Int. Rate Tuning rmmmeeesaaaoT
| - Total Tuning =777 '
12 i
| | | |

E, (GeV)

v Cross Sections

v interactions modeled with NEUT and
weighted with fits to external data

Effective parameters M,%, M Res and
normalisations are fit to data (E.g.
MiniBooNE [Phys. Rev. D81 092005,
2010]) weight CCQE and &t production
cross sections respectively, and provide
uncertainties.

Final state interactions constraints and
uncertainties from pion-nuclei scattering
data

More in Kikawa-san’s talk...



&
9/17/13 TZ/E \ Ben Still, Queen Mary, University of London \QQJ Queen I\/Iary 31

University of London

fiTQun: A new Cherenkov Detector
Reconstruction Package

o

> *" Background

e Based on MiniBooNE Likelihood % 350

/L)

Pl 1]

tal e

257V IO T "'-‘.:=I".'?"f
Model [NIM A608, 206 (2009)] SEELERENERIE " S oy
 For given event hypothesis generate 2ET T = T =
charge and time PDF R -
150 = = =
* Event hypothesis then distinguished looi'f
by best fit likelihoods. 50
* fiTQun uses mass of the n° hypothesis
and best-fit likelihood ratio of e and w ™ Mass (MeV/e)
0 ~ 4007 '
n iﬁ: 350
e Cut removes 70% more 1t° background E 30 o 5
than previous® method for a 2% 250 el
added loss of signal efficiency 200 ey

$ Previous approach (POLFit) forced the reconstruction to find two
rings and then formed a n® mass under the two-photon
hypothesis

0 50 100 150 200 250 0

n° Mass (MeV/c?)
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Future Sensitivity
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vV, =>v_ Oscilation

Precise measurement of sin 2013 enhances the T2K sensitivity to

dcp and the 0,3 octant:
(v,. disappearance measures sin? 263
and cannot distinguish the octant alone)

P(v, — ve) = 4C55 5555, sin® @3, (1 4+ =2 (1- 25123)) — Leading, matter effect

2
A,
+ 8C13512513553(Ci2 Cos cos & — §512513523)cos D sin 3y sin®y; — CP conserving

— 8Ci?3 C12 C2_3512513523 sin o sin ¢32 sin31 sin ¢21 — CP violating
+ 452, CH(CHLCh + 55553553 — 2C12C23512523 513 cos 8) sin® ©a) — Solar
— 8C55555(1 — 255) % cos ®3; sin 3 — Matter effect

(C'J = COS 9,‘";, S,J, = Sin 9..;;. d"j = AmiL,”4E)
e dcp completely unknown

e MH completely unknown

e (1o = 33.6° = 1.0°

o O3 =45°+6° (90% C.L.) — is O3 maximal?
e 13 = 9.1° £+ 0.6° — from reactor
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T2K Future Sensitivity Study

e T2K combined 3 flavor appearance + disappearance fits

e At full T2K statistics — 7.8 x 1021 POT

e Simultaneously fit MC SK reconstructed energy spectra for
Ve, Vyu, Ve, and U,

e Maximum likelihood fit

e Uncertainties on sin® 2613, dcp, sin’ 6,3, and Am3, are
considered

e Nominal assumption: sin?2013 = 0.1, 6cp = 0, sin? 6,3 = 0.5,
and Am3, = 2.4 x 10~3eV?, normal MH

e Current T2K systematic errors used

o ~10% for v, ~13% for v,
e U errors estimated as equal to v errors with an additional 10%
normalization uncertainty

e With and without a reactor constraint based on the expected
ultimate precision of Daya Bay + RENO + Double Chooz on

sin®2613 (= 0.1 £ 0.005)
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Reconstructed E, @SK Full T2K Stats
(7.8 xlO21 POT)

Ve Appearance Vv, Dlsappearance
V-Runnmg
. R — . e
o 28 — Total 1 B ™ — Total E
b~ 20 — Signal v, ~= v, - nt
Z Signal ¥, = 7, E
T s — Beam v, + 7, -
z Beamv, +V, ;
< 10 -
(=] 2
w w
P :
= =
f;“00.20.40.603"1121.41,6132 ;?.;0012345678910
Reconstructed Energy (GeV) Reconstructed Energy (GeV)

V—Runnlng.;

T T T

§ 8 — Total S
7 s
G - Signal VTN, :E [
o‘q 6 3 Signal ¥ : Vs % 20
T 5F ~— Beamv, + ¥, 2
=4 —— Beamv, +7, > 15
- L I
- 3 - i
e ° ~ 10:
a2 a
= l: Y r = sg
§ 0 - )\ A A e § 0! ; "
= 0 02 04 06 08 1 12 14 16 18 2 = 0 1 2 3 4 5 6 7T & 9 10

Reconstructed Energy (GeV) Reconstructed Energy (GeV)
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Ultlmate T2K 90% C.L.
True 0= -90°, sin“20,,=0.1

Solid: no sys. err., Dashed: with current sys. err.
True MH is NH; contours drawn for two MH assumptions

50% v | 50% %

e B
w150 o
100 NH NH
s0 IH IH
a Reactor Reactor
-0
100
1501 ‘ E . E
0 005 02 025 03 035 04 0 005 01 015 02 D25 03 035 04
sin®20,, sin®20,
50% v + 50% v With Ultlmate Reactor
‘c& lm—' o ‘“":r’“" """ o ‘ct I{ur— """""" —
100 NH 100 NH
50 H 50 IH
0 AT Reactor 0 Reactor
st T =
100 K" f 100
150} \w = 150 R

0 005 00 015 02 025 03 035 04 0 005 00 015 02 025 03 035 04
. 2 )
sin 2913 sin ZPJ13
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Ultlmate T2K 90% C.L.
True 0.p= 0°, sin%?20,,=0.1

Solid: no sys. err., Dashed: with current sys. err.
True MH is NH; contours drawn for two MH assumptions

100% v 50% v, 50%
,oé o OO NESaaaRana s “53 TR AT E
100 NH 100 NH
50 IH 50 [H
of 0
-50 -50
100 -100
150 1— -150 X | ,_‘
0 025 Y 015 0.2 025
uot 150 Y Y E - I A 'V i
100 NH NH
o H - H
0f . -
ol With Ultimate Reactor
-100; - : ]
-150( E | l—;
0 0.8 0.5 02 25 005 015 02 025

sin’26 sin®26

13
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Super-K v, Candidate Vertex
Distributions
2000 2000
- e T~ YT u' """""". """" a
: : . e
"E1000 - 1000 ° 2
St = [ - : :
< 5 I . ;
E i ~ i - .
g T PR b
> i % _1. ‘ o’
g S o
>1000 - -1000 - .
I PR Lt |
= a
D00l L 1 Ly 22000 ——r— v 1 L
22000 -1000 0 1000 2000 0 1000 2000 3000

Vertex Beam Z (cm) Vertex R? (cm?) x 10°
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Info from JPARC

List of all publicized information in English July 26 : Message from Director Ikeda of the J-PARC center

July 8:J-PARC News - June 2013 (Issue #98)

June 2; : A delay in suspending :che operatior; of the accelerator complex and a delay in turning off the ventilation fans at the Hadron Experimental Facility (HD Facility)
i ip/ ics/HDACC 20130627.pdf

June 21 : Results of the individual does measurements from the radioactive material leak at the HD Facility
I ) ics/ ) ‘

June 21 : Postponement of the 2nd International Symposium of Science at J-PARC (J-PARC 2013)
i in/ ics/ )

June 18 : 2" Accelerator Facility Accident Report to Nuclear Regulation Authority - Full Version -
i in/ ics/20130618ACCi

June 18 : Submission of the 2" report on the radioactive material leak at the HD Facility of J-PARC
in/ ics/HDACCi 20130618_02.pdf

June 18 : On the establishment of an External Expert Panel to review the leak accident of radioactive material at the J-PARC HD Facility
i in/ ics/HDACC 20130618 f

June 13 : J-PARC News Special Issue

June 1(; : Notification of Cancela_tion of Assig;1ed Beam'_rime to the End of July 2013 due to the Accident at HD Facility

May 31 : Submission of the 15t report on the radioactive material leak at the HD Facility of J-PARC (Accelerator Facility Accident Report) - full version-
T in/ ics/ ) f

May 31 : A summary of the accident at HD Facility on May 23 2013 (based on the Japanese documents publicized at the J-PARC website on May 25 and May 29)
m in/ ics/ 2013053 f

May 30 : Extension of the 2013B call for proposals deadline
m in/ ife/ /20130530

May 29 : Message from Director of J-PARC Center
T in/ ics/20130529di

May 27 : Message from the Director of J-PARC Center to Users
i in/ ics/20130527di

May 25 : Accident of J-PARC Hadron Experimental Facility
e ) ics/
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v, disappearance results using 3.01x10%! POT

YQf Queen Mar

3

T2K

Pulls of 48 systematic errors @ best fit points
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v, disappearance results using 3.01x10%! POT

Fit spectra @ (sin%20,;, Am,,?) = (0.9, 2.44e-3)

z 10 ; . ' | ' ' ! =
S oF (sin’20,,, Am3)) = (0.9, 2 44e-3) e Data =
> S :
2 gE- ——0=<n/4 _—
@) — =
- 7E- 4 —~— 0= /4 —
6 i_ -1 ‘ _i

— k =

4 |9 | | ? E

3 i_ o0 -|_ | 4 ® _i

2E- E

15 E

— , ! I | -

Reconstructed energy [GeV]

P(vu — vu) ~1- (0034 0,, - sin” 20, +sin” 20, @ 2 Am31

Leading

Next-to-leading
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v, disappearance results using 3.01x10%! POT

Comparison of best fit spectra between 15t/2"d octants

-E T | T T T T I T T T T ]
e - o -
Ej 35 - 1u-like ring spectrum a
lat C ® Runi+2+3 dataset e
é No oscillation expectation .
C e L e "2+N" octant 1 best-fit ]
aa)

"2+N" octant 2 best-fit

] . =
I 1 1 1 I 1
3 4 5 6
EI'CCO (GeV)
Il
g
g
=
©:E
B
—
s 2
g § 002 i csucauasseasstsncssaascssanssacasstansscanstcsassannacaanssaannss T —
s 0 1 2 3 7 5 6
E.... (GeV)
.
g
Q
o
g
Q
o
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v, disappearance results using 3.01x10%! POT

“sin?20,, fit result” is consistent with “sin?0.,; fit result”.

<4 0 AL B L i
Q | : _
N 0.003— — Octant 1 ]
% - — O_ctzant 2 -
= i — sIn’0,, _
= 0.0028 — —
< i L _
0.0026— —
| ~ _
0.0024 — —
0.0022— - —
1 1 1 | | | 1 | | | | 1 1 1 | 1 1 1 1 I 1 1 1 1 | | 1 | | | 1 N

0.35 0.4 0.45 0.5 0.55 0.6 0.65
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Effect of Systematics on Disappearance
Sensitivity

—_ % 9] X‘I-Q_j. : . : T T T T
N> Tr No syst ]
L %: ——— ND280 meas. (after) ]
o “k . —
e~ en | ———— Other v int. -
o 2.8f — SK&FSISI —
[ ——— All (after) =
261 -
24F -
22F -
o e
1 ' I ] | - 1 | 1 1 1 1 | —! |
08 0.85 09 0.95 1

sin"26,
* 15t Octant expected 90% CL contours for true (sin?20,;, Am?,;)=(1.0,2.4x103)

» Effect of individual categories of systematic uncertainties and the total
systematic uncertainty
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Enumeration of Disappearance
Systematic Uncertainties

(sin” 2093, Am3,) :

Systematic uncertainty s
- : Before ND280 fit

7 P 7 m— 'C other shape +0.8
Systematic uncertainty (eln" 20, Amgg) = (1.0,2.4 X 10 ) glfocitrl:glfu:igfi:nl -()(.)7.r"'+().7
’ : Before ND280 fit  After ND280 fit B 0_0/" 10.2
Beam flux £10.5 £7.1 PF +0.1/0.0
.‘U_;‘)["‘_ +13.8/-16.9 +6.3/-7.0 CCCoh norm +0.9
_‘\[‘,1”"“" +7.6/-7.4 +4.4/-4.3 NC17C norm +0.9
CCQE norm (E' <1.5 GeV) +4.5 135 NCOth norm +0.8
CCQE norm (E'™¢=15~3.5 GeV) +4.3 +3.0 Ove /O, (no changed)
CCQE norm (E™ >35 GeV)  +14 +1.0 W-shape =04
CCl7 norm (E'™ <3.5 GeV) +4.4 +2.9 pl_}ess delta decay :Ei
e ~ UE 9 (VANT . Op/0y xl.
CClm norm (B >3.5 GeV) +4.8 +3.3 SK eff. & FSI-SI for 1,7, CCQE (E™® <0.4 GeV) 0.2
SK eff. & FSI-SI for v, 7, CCQE (E™=0.4~1.1 GeV) =+1.0
SK eff. & FSI-SI for v, 7, CCQE (E™ >1.1 GeV) +2.4
SK eff. & FSI-SI for v, 7, CCnonQE +7.8
SK eff. & FSI-SI for v, CC +0.2
SK eff. & FSI-SI for All NC +6.4/-5.8
SK energy scale (not changed)

* Fractional change (in %) of the number of candidate events under a
change to each systematic parameter by 1 error size of before or after
ND280 constraint at true (sin?26,;, Am?,;)=(1.0,2.4x1073)
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68% C.L.
90% C.L.
e  Bestfit
“««4< Reactor 1o range

Runl1-4 data (6.393e20 POT)
normal hierarchy

Am? l=2.4x107 eV?
sin*20,=1.0

|lllll|l||l|llIllllllllllllllll

|IIII|IIII|IIII?IIII|IIII|IIII|

68% C.L.
90% C.L.
e  Bestfit

//////

Runl-4 data (6.393e¢20 POT)
inverted hierarchy
Am?,1=2.4x107 eV?
sin*20,=1.0

|

o

0.4
sin’20 |

.oIllllllllll[lIIIIlIIIlIIlIlIIlI

3

6

\Q_J Queen Mary

2D ContOUr"““ﬁfﬂndun
N2
Ocp VS. 5iN“2043
with reactor result

In these plots, the contours are calculated
in 2D space.

Pink band represents PDG2012 reactor
average value of sin?20;3. (0.098+0.013)
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Changes from 2012 Analysis

w x10 —
c Delivered POT (Good Spill) ;
‘g 700 @® Proton per pulse (Good spill) _ 250 5
I : : 0 35 VAR —
S 600 Th07E200 @
"‘6 500 ;_ ............ e ] 4’ ,.{,' 3 8.
: 400 ;_ 0’ ...... ' "“ ‘ ‘1150 =
e — "‘ .4"" L 8
Q 100 = Jr.””,,,RunZ' __________ i Run 3 . : .“50
E—Run 1>  &<—> e
T T TR P PR TR PRI T TRRTET PRI PR TTE PET T PRI ST PR PO I O
2010 2010 2011 2012 2012
Jul/02 Dec/31 Jul/02 Jan/01 Jul/o1 Dec/31 Ti me
*More than double statistics! used for this analysis +——

(partial data set until Apr 12)
- 2012 analysis (Run1+2+3): 3.010x10%° POT, N eps = 11

- 2013 analysis (Run1+2+3+4(~Apr 12)): 6.393x10%° POT, Ngyents = 11+17 = 28

*The background rejection cut is improved by using a new SK
reconstruction algorithm. BG events reduced from 6.4 to 4.6!

*Near detector measurement is improved by having new event categories
which can further constraint the neutrino beam flux and cross section
systematic errors.
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Current and Previous Results

Normal hierarchy Inverted hierarchy
! b L

- I | I I I I ‘ I I I I | T I T I - C T | T T | T T T ]
C Normal hierarchy E E_ Inverted hierarchy _E
; PY Runl-3 (2012) é ; ° Runl-3 (2012) é
§ o —68%C.L. - E
- ] 0 C ]
- PR Runl-3 ---90% C.L. - N Runl-3
; T Run4 é f_ ° _Run4
%_ ...... — Runl-4 é f— . Runl-4 —f
g | L L | Ll ! g E N T T TN AN SO N SO S A R B B B
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
. )
sin*20, SIn°20),5

*Run 4 best fit value is higher than the others.

*Runl-3 (2012) looks different from Runl-3, because:
-Npreq decreased by using new Super-K reconstruction, while N, did not
change.
-Npreq decreased with Run 1-4 near detector fit.
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Sensitivity checks

We fit the toy MC experiments (true sin?26,5=0.1) to check the sensitivity.
The averaged InL curves {, are generated by averaging 4000 toy experiments.

Norm only & Norm + Shape

Effect of using shape information is

Norm only,
30 —— W/ ND280 fit, Runl-4 [ /o
fiTQun 7° cut
Norm+Shape,
w/ ND280 fit, Runl-4
20 . fiTQun ©° cut
1oL\ Significance(vinL@8,,=0)
. Norm+Sh pe 5.50
Norm
O | ! L 1 |
0 0.1 O 3
2
sin“20,;

not significant but important.

0.4

-2*A(averaged In L’)

w/ ND280 fit & w/o ND280 fit

Norm+Shape,
w/ ND280 fit, Runl-4
fiTQun 7 cut

Norm+Shape,
w/o ND280 fit, Runl-4
fiTQun n cut

S|gn|ﬁcance(\/
W/ ND28 fit:' 5. 50“

nL@Glg—O)

02

0.3 04
sin™20

ND280 fit makes relatively large
improvement.
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Sensitivity checks

Run1-4 POT & Run1-3 POT fiTQun m° cut & POLfit r° cut old & new BANFF
ot B Norm+Shape, Norm+Shape, Norm+Shape,
; 30 .............. v,\“/ ND280 fit, Runled [rerimmsmmmmfonmd s W/ ND280 fit, Runl -4 [l ... \f,/ ND280 fit. Runl-4
O fiTQun nt® cut fiTQun n® cut fiTQun w® cut
on
;CE Norm+Shape, Norm+Shape, Norm+Shape,
L R R w/ ND280 fit, Runl-3 | i/ | B e w ND280fit, Runl-4 | /47 | H | w ND280 fit, Runl-4 /v
% 20 fiTQun = cut POLfit @ cut oo, fiTQun nt® cut, BANFF v7 |.. '. e
I :
& : Slgmﬁcance(\/AIn @613‘0) -4 Significance(VAIDL@8,3=0): | | Slgnlﬁcance(\/AI"."'@:913=0):
Lol Run1-4 POT .30 1 fiTQun:55¢¢ | [\ newBANFF#5.50
-\ Runl1-3POT:3, 9% POLfit: 5,00 [\ old BANFF: 5.40
O e 3T T 040 01 02 03 04
0 01 02 03 04 - - 3 e > 2
sin“20, SIN 295 13

Significance becomes much
larger by adding Run4.

Effect of using fiTQun is not
significantly large but
important.

Significance is not much different
for toy MC, because the N,
become smaller with new BANFF
while the errors are improved.
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Likelihood curves for Runl-4 data fit

)
<

o)
=)

N
=)

IIIlIlI[IlIIIlIlIllIII

D W
o O

[
o O

Normal hierarchy

Runl-4 data
(6.393e20 POT)
best-fit sin*20 , = 0.150
assuming 8.,=0, normal hierarchy,
Am3,1=2.4x107 eV?, sin’20,.=1.0

2*¥In L

p-0

-

Best fit 0.152
68% C.L. 0.118-0.193 90% C.L. 0.099
T T T T ’ T T T I T T . v T

0.1 02 03 04

c a2
sin“20,,

- 0.222

a0+

20l

I
Number of events + E shape

—————— Number of events

S =0

cp
sin?20,,= 1.0

2 — -3 2
Amiz, =24x 107 eV

(Normal hierarchy)

Normal hierarchy

Erec

Sin329l3

(summary table will be shown later.)

-2AINC

60F

50
40
30
20
10

IIII|IIII|IIII|IIII|III

Inverted hierarchy

Runl-4 data
(6.393e20 POT)
best-fit sin’20 , = 0.182

assuming 8_.,=0, inverted hierarchy,

S TCP

IAm?2,1=2.4x107 eV?, sin?20,,=1.0

0)

-

01 02

Best fit ().184

68 % C.L. 0.143 - 0.230 90% C.L.
——— et

0.3
sin”20,,

0.4

0.120 - 0.264

60 T
\ Number of events + E shape N
_ ------ Number of events ]
2\ S.p=0
40—-‘?_ sinz.’2923= 1.0 7
B Ami, =-2.4x 107 eV? 1
| (Inverted hierarchy) ]
) S5
20— - . —
. Inverted hierarchy ]
u o 3c. i
o P e TR PR
(0] 0.1 0.2 0.3
Sin32913
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Runl-4 data

(6.393e20 POT)
best-fit sin*26,,=0.150
assuming 8_,=0,
normal hierarchy,

Am?2,|=2.4x107 eV?

200 400 600 800 100012001400

momentum (MeV/c)

momentum

12
10

D B~ O\ o0

OO

Run1-4 data
(6.393e20 POT)

+ data
. signal prediction

. background prediction

200 400 600 800 100012001400
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0.4
0.2

vents
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oI
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Number of v, candidate events /(50 MeV)
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Best fit distributions (Run1-4, normal hierarchy)

angle

Runl-4 data

O=NDDWPrP U J0
[

(6.393e20 POT)
4 data

l signal prediction
lbackground prediction
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Best fit spectrum
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Reconstructed neutrino energy (MeV)
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Best fit distributions (Run1-4, inverted hierarchy)
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Fit summary table

Runl-4 (p- Runl-3 Runl-3
8) Runl-4 (E.)| Run4 only (2013 (2012
analysis) analysis)
POT 6.39e20 6.39e20 3.38e20 3.01e20 3.01e20
Observed
humber of 28 28 17 11 11
events
Normal
hierarchy
Best fit 0.150 0.152 0.180 0.112 0.088

90% C.L. 0.097 - 0.218 0.099 - 0.222 0.105-0.280 0.050 -0.204 0.030-0.175
68% C.L. 0.116 - 0.189 0.118 -0.193 0.131-0.237 0.072 - 0.164 0.049 - 0.137

Inverted

hierarchy
Best fit 0.182 0.184 0.216 0.136 0.108
90% C.L. 0.119 - 0.261 0.120-0.264 0.129-0.332 0.062 - 0.244 0.038 -0.212
68% C.L. 0.142 - 0.228 0.143 -0.230 0.160 -0.283 0.088 -0.198 0.062 - 0.167
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Oscillation analysis method 2

Method 2: Rate + reconstructed E, shape (1D)
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Oscillation analysis method 2

assuming
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