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:I_;_Zﬁ(\ Overview

e Infroduction

 The Experiments
—Beam
—Near Detectors
—Super-Kamiokande

* Measurements
—Disappearing muon anti-neutrinos
— Appearing electron antfi-neutrinos
— Other measurements
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Neutrino Mixin
T2/K)\ S ;
The PMNS Matrix

e Assume that neutrinos do have mass:
— Mass eigenstates = weak interaction eigenstates
— Analogue to CKM-Matrix in quark sector!

vV, [ Iy V2_:I'L )
Amsol
v, NN |
Normal . Ame, Inverted E
Hierarchy Hierarchy . Am2,
0
V2 . AP 0
v, . T v, ! )
e'”
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with ¢, =cos(¥;), s; =sm(y, ), v, = mixing angle and Am;; = mass™ difference
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T2K\ Who is Who 4
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J;gle\ Neutrino Oscillations

e |f mass and weak eigenstates are different:

Neutrino is produced in weak eigenstate
It travels a distance L as a mass eigenstate

It will be detected in a (possibly) different weak
eigenstate

S S >V, V, 0V,
Vi,V5,V;

: v
= 0950 S ' | P(v,— v )=sin’(20)sin’
—sinf cos® v, #
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T 2/K\ Muon Neutrino Disappearance

P(v,—v,)=1-sin’(20)sin>(1.27Am’L / E)

(Input parameters: sin?26 = 1.0, Am? = 3.35x103 eV?)
spectrum ratio
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T2/ K A Little Bit of Math 7

U, U, Us\ (1 0 0\ ¢35 0 s,e®\c, s, 0\/1 0 0
U=\U, U, U,|=|0 ¢y sy 0 1 0 ||-s, ¢, O[[0 &> 0
U, U, U, |0 =5, c,])l-5,° 0 ¢, 0 0 1/{lo 0 €*

with ¢, =cos(#;), s; =sin(@, ), 6, = mixing angle and Am;. = mass’ difference

ij

Am2, L 2a 5
T e <1+ And (1—2513)>
Ams, L | AmsL . Ami L

2 s 9
By = ) = O S e

+8C%351251353(Cr2Ca3 €08 6 — S12513523) cos e sin e sin T
—8C2,C19C1351251353 sin  sin AT%L sin AZ%L sin AZ%L
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12 T2K Experiment ’

Super-Kamiokané
(ICRR, Univ. Tokyo)
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Super-Kamiokande 10
Mt.Noguchi-Goro Dake

2 924m J-PARC
Mt.lkenoyama Near Detector
1,360m
sea level \‘
L2 1,000m N
Neutrino Beam
295km

Construction 2 o s & J-PARC Facilvity
JFY2001~2008 . -Nac, = | (KEK/JAEA)

w

J-PARC accelerator

Near detectors

On-axis: INGRID
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T2K Design Principle

Near detectors )
off-axis
e N o500 SS """"
I.J.+ N e SRR Beam center
Muon monitor on-axis Super-K
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I_Zfl(\ Neutrino Interactions ’

Charged Current Quasi-Elastic

(CCQE) :
Neutrino energy from lepton momentum and angle:
e-oru 2 2 2 /
v u EQE:mP m', —my, +2mi, B,
W v 2(m'y, — E,, + p,, cosl,)
n o 2 body kinematics and assumes the target

nucleon is at rest

CCr NC 7t Additional significant
processes:

= CCQE-like multinucleon
interaction

= Charged current single pion
production (CC )

= Neutral current single pion
production (NC )

G
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T2/K Beamline MC :

hom focusing, VU
decay (simulated

by GEANT3)

actual beam profile &
position (from beam

monitors) n, K

proton _»_

b eam graphite target
(data-driven MC)

SK

ND

e Hadronic interactions

— Pions/Kaons - use CERN NAé1/SHINE pion measurement
(large acceptance: >95% coverage of v parent pions)

— Pions outside NA61 acceptance, other interaction use
FLUKA simulation

— Secondary interactions outside the target based on
experimentally measured cross-sections

e GEANT3 fransport simulation used downstream of target
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T2/K\ NA61/SHINE @ CERN :

* Hadron(r, K) yield . ~13m ]
measurement
— 30 GeV proton o
. Vertex magnets
* High-acceptance ToFs =
and spectrometers e Y W I
 Measurement program ' '"f'""‘l"'-“l"i;l R omm | %D
— 2 cm thin target - 4%\ UeNE N
— T2K Replica target . N . a
° , & *DJ[ """"" ; } | wven |
. » —nor e 7 PR
:g S 2<p [Gc;/'.-'cj < 3|!;,,
1 § N% T - 1
o(p)/p®* ~2x 1073, 7x 1073, 3 x 1072(GeV/c) | |? 2
E

forp>5,p=2,p=1GeV/c o P 20

o(dE/dx)/(dE/dx) ~ 0.04 ) preeve |l
O'(TOF_F) o 115 pS dE/dx at low momentum 1 i ],j )
dE/dx + ToF dE/dx [mip]
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T2/K Flux Prediction :

* Flux prediction

— external or in-sitfu
measurements

— p-C data

— alignment and off-
axis angle

— ¢, K* production
from NA61/SHINE

Arb. Units

0.4 2009 Coverage

0y [rad]

02H

20
Py [GeV/c]

Uncertainties are comparable for neutrino or antineutrino mode
operation (10-15%)
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T2K

Neutrino mode operation

N\
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Flux Prediction II ¢
Antineutrino mode operation
T | T T T I T T T — /é:\ 106:— I | T I ] | _:
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FLUKA/Geant3-based neutrino beam simulation (PRD 87, 012001)

= Significant neutrino component to antineutrino mode beam
Increases in event rate due to lower antineutrino cross section
= “wrong sign” componen’r+

+
Tt

/IJ

M : :
= YIntrinsic” ~0.5% electron (anti)neutrino component
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T2/K Data Taking ’

Total Accumulated POT for Physics

. v-Mode Beam Power

x 10%° . V-Mode Beam Power
S 12 Runl Run2 Run3  Run4 Run5 Runb6 400 =
£ - — A4350 ¢
OO - | 300 2
o 8_— 1 « 102° o V-Mode Beam Power — | —250 )
H - g5 F Runé z | o
— | .,5 45— un : - _4003_:/ ' .
5 6 | & 355 | m2h0E 200 &
It el = ——— 350: <
= O R T > 3005 | %4150 R
5 4| ® 25 gm0 | 2503 100
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05 2 050 =50 % B0
T4 301420153015 2015 2015 20150 2 b3
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Time 1mec

Protons on Target (POT) for the antineutrino analyses today:
= Run 5c+6 datasefts for far detector, Super-K: 4.0 x 1020 POT
= Run 5c datasets for off-axis near detector, ND280: 4.3 x 10'? POT
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T2/K Near detectors ’

~ ~
= o §
- Al | | ey ~qr-Y | 2 Y (ot [N [ W (G
;J?ﬁi}i Target S N e R e ] 2.5°
~T=* Beam center
from 1& Horns « Super-K
J-PARC MR ! )] {
- 0 \ 295km
e Muon monitor
— spill-by-spill monitoring
 INGRID (On-axis detector ) |
— measures beam intensity/direction R e P )/4m
— 1 mrad precision in 1 day oy
« ND280 (same off-axis angle as SK)
— Detailed flux measurement
— Exclusive cross-section measurements
V beam 7Em >
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Beam Stability 7
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neutrino beam profile measured with INGRID
« scintillator/iron fracking detectors (0-0.9 degrees off-axis)
« POT normalized event rate stable to better than 1%
« Beam direction is stable to within T mrad
« corresponds to a 2% shift to peak in off-axis neutrino energy
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T 2K\

Analysis Strategy

NA61/SHINE
Data

INGRID/Beam
monitor Data

ND280
Flux Model Detector
Model
4/ ‘l‘
ND280 Fit

External Cross-
section Data

Cross-section
Model

ND280 Data

ND data reduces
flux and
cross-section
uncertainties

Oscillation
Fit

Super-K Data

Super-K

Oscillation
Parameters

Detector
Model

(
L
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TZ/R\ Reducing Uncertainties  °

NFDN(I) GFDP V,UJ%VG

Nnyp ~ ®(F V)END

Near Detector
selection,
efficiency
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J_zﬁ(\ ND280 Detector -

e 0.2Tmagnet

SMRD

— Recycled from UAT@ CERN
— Recycled from NOMAD @ CERN .
e Plastic scintillator detectors: L SN
— Fine Grained Detector (FGD) ‘ “‘W‘ N
* 1.6 ton fiducial mass for analysis EzA:.I

— ni9 detector (POD)

— ECals and SMRD
 Time projection chambers (TPC) Barrel ECAL

— better than 10% dE/dx resolution

— 10% p resolution at 1GeV/c

— Micromegas from CERN

TPC ECAL

— muons

- electrons

— plons
protons

-~

w

N
- N W ;s oo
T 3T
18

Energy Loss (keV/cm)

-

o
o

6

= A Muon-like
) : track

o

Example: neutfrino candidate in anfineutfrino mode
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23
ND Event Samples (I)
I TTT [ g E""l""l""l"" g250i"'|""|""|""l""l'"'I""I""I"'—+—Data
g 400 £ E : + PRELIMINARY .v CCQE
350 F- n
2 ok 2 +++ CCOther |[ ]vcc2p2n
% 250;_ % 150;_ []vccRes 1
5 2005 R v cc coh 1
150 1or [ v cc other
1(:) 50_ .v NC modes
IVmodes

500 1000 1500 200(

in ECALS

00 500 1000 1500 20 00

Alfons Weber

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Muon momentum (MeV/c)

¢ Select CC v , candidates based on interactions with u-

Select highest momentum track with negative charge, and
PID consistent with a muon

Event samples provide information on flux, cross section model

Separated based on presence of charged pion in final state
(CCOr, CClxm, CC Other)

Pions identified using track multiplicity, dE/dx in TPCs, photons

ERSITY OF
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T2/K ND Event Samples (II) 8

Select CC v , candidates based on interactions with u*
* highest momentum track, positive charge, and PID consistent with muon
 Two sub-samples based on track multiplicity:

Events/(100 MeV/c)

- CCI1-Track,
- CC>1Track
e Complementary selection of neutrino candidates in antineutrino mode
CC1Track: CC inclusive:
antineutrino selection, neuvtrino selection,
antineutrino mode antineutrino mode
70 =——— S | Entries 20245 | Entries 437 Entries 13854 [ Entries 291
- | I Mean | 7972 | Mean 810 ) 40— Mean 1630 | Mean 1631
— RMS 488.5 | RMS 491.3 % - RMS 1189 | RMS 1211
60— Integral 346.3 | Integral 389_ g 35— Integral  276.2 Il;\ttegral 260
C g t cCoE
50— g 30 e
C o = DIS
40 f— 2 ggH
C 20 out FGD FV
30 T e
C 15
- no truth
20 — [ . . o aa—
C ] 10
10 —
0= T ! — B0 N IR S M b
0 1000 1500 200 250 35?\230n momentum (MeV/c)
Muon momentum (MeV/c) ——
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Near Detector Fit (I) 8
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Far detector expectations funed
with fit to ND samples (.0)

= (Anti-)Neutrino fluxes highly

CCOJ: PRELIMINARY
nevutrino selection,

correlated between ND and FD
= Cross sections highly correlated
= Significant reduction to overall

—+— Data

S

2
I'“Illlllllllllllllllll

Events/(100 MeV/c)
=
S

- MC, Prior to ND280 Constraint

- MC, After ND280 Constraint

CC17r: PRELIMINARY
nevutrino selection,
neutrino mode

III|IIII|IIII|IIII
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uncertainties

5 g —4— Data

E 0 B vc. prior to ND280 Constraint
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3 F C1Track: PRELIMINARY 1

5 40F ! Antineutrino selection, 3

M s0E antineutrino mode -
" E
10— ]
0:;.'*[.|....|....|....|..—ﬁ.. :
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T2K Near Detector Fit (II) 8

* Predicted flux at FD is

Q 2 T T T 1 : [T T 1
generally increased = “IPRELIMINARY
. 1.5 :
e Some cross-section ; x
parameters are significantly ¢ 1k
different to prior values S0t E
VI -
e |In general error on & 05 I ]
parameters is decreased : :
0.5 _ S
_ o E B Prior to ND280 Constraint ]
o Ldr VU_IﬂL,JX. l.n. Vu,_mOde bea,m — -12_ 3 After ND280 Constraint _:
2 F ] RN N I I N I I T I Y Y Y O
s PRELIMINARYY -loep 999 9928 3780905 &
%1.2§ o = Qmﬁmmmmﬁmmf_fz—: > & §§§5
5 & & = 55589
8 I 8 889
SR S B = S C0zZ
ERE: g2 ©35%
= - = iz
23_ B Prior to ND280 Constraint E
ose. EEE7 Atter ND280 Constraint E
= N i =
10! 1 10
E, (GeV)
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.I_ZR\ Super-K Detector ’

e Located in Mozumi mine |LINAC ‘Q‘:
— 2700 m.w.e. overburden 7 s
e Water Cherenkov detector
— 22.5 kt fiducial mass
Inner detector
— 11000 20-inch PMTs
e Quter veto
— 1900 8-inch PMTs
e New DAQ system
— No deadtime
e Excellent u /e separation

~ Probability to o R /
reconstruct u as e ~1% -

Science & Technology
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,I;R\ Particle Identification
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T2K PID (II) ”
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T2/K

Ocp/ ™

0.5

Previous T2K Measurements

30

0.5

------- T2K Only 68%

——— T2K Only 90%

=——— T2K Only Best Fit Line
------- T2K + Reactor Prior 68%
——— T2K + Reactor Prior 90%
e  T2K + Reactor Prior Best Fit |

R
0.1

sin2(913)

First measurement v
appearance (7.3 )

Measurement of 6,
(w/ & w/o reactor
constrain
sin? 6 ,,=0.095+0.001)

Sep 2015

Posterior Density per 11/50

L L L
L I 90% Credible Interval
0.02— I 68% Credible Interval  _|
Marginal Posterior

v 1D Posterior Mode

0.01

-1 -0.5 0

Ocp/ ™

?0% CL constrain on dp

Open Questions
* Mass Hierarchy
« CP Phase 0 p

Alfons Weber

hed g
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)
)

Am%, (107 eVich)

SK zenith joint OA

See -

IIIIII|III|III|III|III|III|III|‘?—

MH\()S |oml OA

03 035 0.4 045 0.5 055 06 065 0.7
sme23

World-leading
measurement of 8 ,,
Significant
measurement of
Am?y,

Abe, K. et al, Physical
Review D 91.7 (2015):
OO]O
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J_Zfl(\ T2K Oscillation Analysis °

Muon antineutrino Electron antineutrino
disappearance appearance
o Fit for 623 and Am?2;,  Search for presence of
e Use separate appearance with
parameters for antineutrinos
neutrino interactions  Necessary step toward
e Other oscillation future CPV searches

parameters fixed to
12K neutrino data
and PDG2014

e Test of NSl or CPT
theorem

Sep 2015 Alfons Weber



12K\

T2K SEARCH FOR
MUON NEUTRINOS
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12K\ v, Selection (1) .

PRELIMINARY

2000

/FD Event selection \

 Muon-like PID

* Fully contained in
fiducial volume

* 1ring

« <] decay electron(s)

\- o, > 200 MeV / -moof—

1000 -

Vertex Y (cm)
=
|

_ i | | | | | | | | | | | | | | | | | | |
20[—)?000 -1000 0 1000 2000

~

—> Beam direction
""" Fiducial volume boundary
® FEvents duringrun 5
Events during run 6
0 o Qut of fiducial volume events

Vertex X (cm)

® Run 5 in fiducial volume

G

Science & Technology
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[ )
2 v, Selection (II) .
i —+— RUNS5-6 data i —4— RUNS5-6 data —4+— RUNS5-6 data
- (4.011x10°POT) 20+ (4.011x10™°POT) (4.011x10™°POT)
601 B v, CCQE - B v, CCQE 10 B v, CCQE
[ v, CCQE r <— mEmV,CCQE [ v, CCQE =
n [ v, v, CCnon-QE %) r [ v, ¥, CCnon-QE ) v, +9, CC non-QE
k= 3 v+v, CC = 15k [ v+, CC k= vV, CC
<1>> I NC 4 i I NC g I NC
C 40 (MC w/ sin’20,=0.1) 2 - (MC w/ s#’20,,=0.1) L (MC w/sin’20,=0.1) | 4 4+
o o i s}
B 3 10 5y
Ra) Ra) Ra)
g g g
= = =
Z 20 Z Z.
5
0 v 0
1 2 3 4 >5 -10 0 10
Number of rings Ring-counting likelihood PID parameter
i —4+— RUNS5-6 data i —+— RUN35-6 data —+— RUNS5-6 data
B (4.011x10*'POT) i (4.011x10™POT) (4.011x10°POT)
v, CCQE B v, CCQE v, CCQE
0 > B v, CC QE B v, CC QE 100 I v, CC QE
) = vV, CCnon-QE ) v, 9, CCnon-QE %) 1 v, tV, CCnon-QE
= v+, CC = v, +V,.CC = v+, CC
o i B NC o I NC 4 I NC
ga: s (MC w/ sin*26,,=0.1) :: (MC w/ sin*26,,=0.1) de (MC w/ sin’20,,=0.1)
o ) o
- b e
3 3 3 50
g g g
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Z Z Z
0 1000 2000 3000 0 1 2 3 4 25 FCFV  l-ring p-like P,  Decay-e
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T2/K Predicted Event Rates .

T T T T l T T T T I T T T " . .
% L — Total ] Predominantly anfineutrino
O T ]V, CCQE interactions, but significant
-) - _ _
B s 1V, MEC = ccﬁmporlwen’rs from other
= [V, CCnQE channels
5 0.6 v, CC — = Expect 34.6 events
ool mv.v.CC - w/ oscillation
~— - |
s 04 Bl NC 1 = Expect 103.6 events
= L ] w/o oscillation
aa ().2_— ] /
% 1 2 3 4 5 6
E.cco (GeV)
/1/,,—>1/,,X,—>17,, Ve—Ve V=V, Vy—Ve VU,—U,
CCQE 6.870 18.258  0.004 0.005 0.007 0.017
MEC 1.578 .347 0.001 0.001 0.001 0.003
CClr 2.414 .046 0.003 0.002 0.003 0.003
CC coherent 0.696 0.000 0.000 0.000 0.002
CC other 1.222 0.880 0.001 0.000 0.000 0.000
NCl7 0.391 0.428 0.016 0.012 - ~
NC other 0.707 0.420 0.035 0.017 - -
subtotal 13.349 21.076  0.059 0.038 0.011 0.025
total 34.559
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I_Zjl(\ Systematics .

>2.2:_'"I'"I"'I"'I"'I"'I"'I"'I"'I"'
S 25 PRELIMINARY [BPrerit
The near detector 1P o ,

. .o 5 140 | Postfit
significantly reduces the & 15¢ -
systematic uncertainty in 5 05

. 0.6
the predicted event rate 04r
0.2
at far detector 5 0 0 0% 1 I3 a e TE
E eco (GeV)
Systematic Without ND With ND
Flux and Common to ND280/SK 9.2% —_ 3.4%
Cross- :
section Super-K Only Multi-nucleon effect on oxygen ( 9.5% )

All Super-K Only 10.0%

All 13.0% 10.1%
Final State Interaction/Secondary Interaction at Super-K 2.1%
Super-K Detector 3.8%

Total 14.4% 11.6%

ND Measurements on water not jet included
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T 2/K\ Antineutrino Disappearance ~

LA L L L I L L L I L

S

—— No oscillation
— Best fit spectra
—e— Data

[
8]

IIIIIIII|III|III|III|III|I

_|
-
H—

Events/100MeV
=

—

N A N X

||||||||
vvvvvvvvvvvvvvvvv

Ratio

Lovvlborbonetbin o o boa bea bvaa bena 1y

M LTI IR BT P

I5 2 25 3 35 4 45
Reconstructed v, Energy (GeV

o
o
W
~ Ll

34 events observed
103.6 expected (w/0 osc.)
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4% 10°
(‘{I-\ B T T T T ] T T T T ] T I. l. T . ] T T T T [ T T T T [ T T T T ]
% - sensitivity 90% CL .
=35~ — datafit90% CL -
°iéq C . best fit ]
< 3 __
2.5F . —
2 =
- Best fit values ]
1.5F sin?0,3 = 0.461) 3¢ ]
C AT 3z = 2.50%93 x 10732 §

Alfons Weber

corov o by e b e b by oy by
027 03 04 05 06 07 08

Likelihood based estimation of ~ Sin“®53)

oscillation parameters

= Binned in reconstructed neutfrino
energy

= Ofther oscillation parameters fixed to
T2K neutrino data and PDG2014
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T2/K\ Comparison with MINOS *

o 4 X'l (')-'3 LU L R N NV [N UL UL L N N B L DL DL L L B LU
S - ——— MINOS V disappearance 90% CL ]
QL r T2K V disappearance 90% CL ]
— 3.5« MINOS best fit ~
‘& [« T2K bestfit -
< 3F =
2.5 =
21 .
1.5 =

||||||||||||||||||||||||I||||
02703 04 05 06 07 08

sin’(0,)

Results compatible with MINOS combined beam+atm
= P, Adamson et al., Phys. Rev. Letft. 110 (2013) 25, 251801

Sy UNIVERSITY OF

Science & Technology
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Comparison with Neutrino Result ¥
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xllp'f’ | N —
- | v mode 90% CL ]
- V mode 90% CL ]
n = VvV mode best fit ]
- « V mode best fit -
:1 oo b oy by by by by oy |:
2 0.3 0.4 0.5 0.6 0.7 0.8

sin*(8, ) or sin*(0,,)
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12K\

T2K SEARCH FOR
ELECTRON NEUTRINOS

eeeeeeeeeee




T2/K Identifying v, :

EM Shower: 2 EM Showers:
Fuzzy Ring > 1 Fuzzy Ring

S5 UNIVERSITY OF
Sep 2015 Alfons Weber % OXFORD
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T2K

v, Events

-~

FD Event Selection

~

Electron-like PID

In fiducial volume

1 ring

No decay electrons
P > 100 MeV

E, <1250 MeV

Pass mO-rejection /

(—> Beam direction )
""" Fiducial volume boundary
® FEvents duringrun 5

Events during run 6

o : .
\_ Out of fiducial volume even’rsl/

Anti-neutrino e-like selection
3 events

20007 PRELIMINARY

1000|-

Vertex Y (cm)
(=)
\

-1000|-

_20007 | [ R R |

-2000 -1000 0 1000 2000
Vertex X (cm)
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T2

U . Selection

43

| —— RUNS-6 data
3 (4.011x10°°POT)
1ok [ Osc. v, CC
[ Osc. V, CC €—
%) L vV, CC
= [ Beam v,/v, CC
4 - I NC
2 (MC w/sin’20,=0.1) | 4 +
1S)
b
L
e
g
=
Z
-10 0 10
PID parameter
B —+— RUNS5-6 data
(4.011x10°POT)
B I Osc.v, CC
e [ Osc.V, CC
@ - v,V CC
=) 4 [ Beam vV, CC
o B NC
(5} . (MC w/ sin*20,,=0.1)
[
)
b
L
)
E -
Z

3000

2000
Reconstructed v energy (MeV)
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0 1000

Number of events

Number of events

~
I

N
3+
. 4

v

—+— RUNS-6 data
(4.011x10™°POT)

[ Osc. v, CC

B Osc.V, CC

vV, CC

[ Beam v /v, CC

[ NC

(MC w/ sin’20,,=0.1)

1000

2000

Visible energy (MeV)

3000

100

—+— RUNS-6 data
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[ Beam vV, CC
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200
fiTQun invariant mass (MeV/c?)
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300

Number of events
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—
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Number of decay-e
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TZ/E\ Appearance Analysis ;

i dop=-—7m/2 | d¢p =0 | dcp = +7/2
Sig v, — e | 1.961 2.636 3.288 . . .
Bkg v, — ve 0.592 0.505 0.389 0.531 0.423 0.341
Bkg NC 0.349 0.349 0.349 0.349 0.349 0.349
Bkg other 0.826 0.826 0.826 0.821 0.821 0.821
Total 3.729 4315 4.851 4.181 4.8438 5.450

Normal hierarchy

4 3 scales _ _
% 0.355— gBree . V/-l' — Ve
§ 03F x Vy — Ve
8, 025 B NC
§ oo B Bkg other
a - F

0.2 04 0.6 08 1 1.2

v Reconstructed Energy (GeV)

Sep 2015 Alfons Weber

Inverted hierarchy

Test of no v, appearance hypothesis:

P(0y — ve) = B X Peumns (P — Ve)

p=0or]

NIVERSITY OF
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TZ/E\ Rate Measurement “

Generate an ensemble of test experiments with =0 (no v, appearance)

= p-value: fraction of test experiments that have as many or more
candidate events as T2K data

= Sensitivity:
mean p-value for an ensemble of fake data experiments with B =1

.*;\ 0.3 :_I I I I I I I I I I I I I I I I I I I I I I I l I I I—:
= n .
2 oas — Data J3evis 026 09
- 1 O €eVIS . .
: —— [ B=0 :
02— i —]
- p= 1 Likelihood ratio:
015 L(B=0)/L(B=1)is close to 1
01 1 Data does not favor or
1 disfavor v, appearance
0.05 B
0 lna ¢
0 2 4 6 8 10 12 14

# of observed events
Sep 2015 Alfons Weber
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Rate & Shape
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1R e-like events

Signal only
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T2/K Rate & Shape v

—> 2A0In(Ly ¢ =-1.16 P-values from data
-2AIN(Lggec)= 0.16 Shape term P-value
%104? ....... T — = — — — — - Mean 1789 Eec 0.16
e £V
g | ¥ I R ?RMS 2285 Lepton P-6 0.34
L i e e PRELIMINARY o .
A e N D Likelihood ratio
[ R 0 A R Shape ferm B,
PR S I O SO WO 1 1 S S W Erec -
S Lepton P-6 0.6
B e Hn[ No evidence for

S E— — 2 4 6 8 10 12
-2AIn(L)

Distribution of test statistic for 8 =0
using Lepton P-8 shape
information

B =1over B =0
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T2/K\
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0F
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150 F

50 F

T2K Potential

48

e So far, 14% of T2K design POT taken

— v-mode: 6.9 x 1020 POT;
— v-mode: 4.0 x 1020 POT

e Final sensitivity may be sufficient to

find indication for

— CPV and/or octant
(combined with others)
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T2/K\ Future Systematics ’

Nuclear effects can enhanced “CCQE" cross section and change
reconstructed energy
« CCQE interaction simulated on single nucleon (1p1h)
« But contribution from correlated pair of nucleons (2p2h)

J Nieves, |. Ruiz Simo, and M. J. Vicente Vacas, PRC 83 045501 (2011)
G. Chanfray, and J. Marteau, PRC 80 065501

Genuine CCQE \

Z [ —CCQE | ]
W+ a - Nieves multinucleon (X5) =
§ - L\/pionless A-decay (X5) N
/ \ S [ i
Two particles-two holes (2p-2h) < - .
H ﬂN' N' - _
W+ C T 3 I B 55 S, o i
V 1 1 ® 1 0.5 0 0.5
N N QE
\W~ absorbed by a pair of nucleons/ Ereco true (GGV)
Picture by M. Martini T2K collab PRL 1 1 2 181801 (2014)
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T2J/K\ Cross Section Systematics -

Flux*EV

Multinucleon Feed-down on Oscillated Flux

9 Multinucleon Feed-down, ND280 Flux 10°

X1.O . . — —— — ]4()i T T T T T T —

1000{~ | ' ' - - . i

B ND280 flux 1 120 SK oscillated flux =
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CC O Final State
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Martini and Ericson, Phys.Rev. C%0 (2014) 2, 025501

New measurement muon kinematics for muon, muon + proton,
both with no pion in final state from ND280 off-axis beam
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T2K T2K Cross Sections

v, CCinclusive  CH PRD 87, 092003 (2013) ND280, Tracker
v, CCQE CH Accepted by PRD ND280, Tracker
v, CCinclusive  CH PRL 113, 241803 (2014) ND280, Tracker
v, NC 70 CH/Water Publication in progress ND280, POD

v, NC elastic Water PRD 90, 072012 (2014) SK
v,CCinclusive ~ CH/Fe PRD 90, 052010 (2014) INGRID

v, CCQE CH PRD 21, 112002 (2015) INGRID

v, CC coherent CH Publication in progress  INGRID

v, CC coherent CH Publication in progress  ND280, Tracker
v, CCm* Water Publication in progress  ND280, Tracker

v, CCOm CH Publication in progress  ND280, Tracker
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T2/K\ Thank Youl! .

CERN contributions to T2K
e UAT/NOMAD magnet
— And infrastructure
 Production and testing of micromegas
— 1S/DEM group
NA61/SHINE experiment
— Hadron production

CERN-KEK cooperation on superconducting
magnets

— For neutrino beam line

e Test beams

— For ND detector components

Sep 2015 Alfons Weber



J;g,/iZ\ Summary & Conclusion

12K made its first measurement using an anti-
neutrino beam

Clear measurement of muon anti-neutrino
disappearance

No clear signal for electron neutrino appearance
— Statistics very low

Anti-neutrino measurements are statistically limited
— And will be for foreseeable future

More anfi-neutrino running is planned

Much more data expected

— May have first indication for CP-Violation
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