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Three neutrino mixing

e PMNS framework

Interact as weak process eigenstates
Propagate as mass eigenstates
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Osclllations

7| Appearance N

P(v,»V,) = 4ci;57385sin° Ay X| 1+ 612 (1—s7,) Leading term
— A my,
+8¢7551,513 S53(€15C23COSO — 815513 593) COS Az, Sin Ag; SIN A, CP Conserving
v s\ilghv 81,5, 55,08 A, sin A31%(1—2 sts) Matter effect
iy - C13C1y 3 S12S13 So35i0 O8N A4, 5in A4 sin A, CP Violating
+4.57,C13(C1yCoa+57,8755552C15 €y 515513 5,3, CO8 O) sin° A, Solar term
c;=cos; , s;=sinb;, A = Amfj% a=2v2Gn,E
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6, , dependence Octant Sensitivity =~ CP odd phase

Disappearance

P(v,»v,) ~ 1—(cos4613-sin22 0,, + sin’2 613-sin2623)-sin

2 A mgz'L
4E,

6, dependence  Octant Sensitivity Povs( Vo2 V) =Ppyns(v,2Vv,) Test of CPT
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Questions

4 )
. 0,,0ctant? (0,,<, > or = 45°)

- Sensitivity to sin’f,, (same for v and V) )
4 ) ) N
« CP violation? +30% effect at T2K

- 6,=0,m — no CP violation
- 8,,=-/2 — enhance (v,~V,), suppress (v,—V,)
- §,=1/2 —(v,~V,) enhance , suppress (v, -V,)
\ J
4 )
. i ?
Mass hlerarchy. normal hierarchy (NH) inverted hierarchy (IH) £10% effect at T2K
m2 A A m2
L — vy
Amfol _ _
- enhance (\ﬁj—’\ﬁa) An m - enhance (v,—V,)
- suppress (v, V,) Nt - suppress (v, V,)
ATngol b v
: 41 T v
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J-PARC = Japan Proton
Accelerator Research Complex

K. Abe et al., The T2K Experiment. NIM A 694(0):211 — 223, 2012
J. Imber | LLR — Ecole Polytechnique
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T2K Experiment

* Measure N events

 Compare events
observed at near and
far detector

 Extract oscillation
probabllity

-¢

Super-Kamiokande [ l J-PARC
‘ NEUTRINO BEAM ‘
. 295 km S

N yp~Pyn Onp €np

Observable Flux

Cross
section

Detector
response

Npp~Prp Opp€pp P
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Off-axis Beam

High purity v,beam

Enhanced oscillation — Lower energy beam
tuned to maximise oscillations at baseline

Enhanced CCQE fraction — Energy
reconstruction at Super-Kamiokande

J-PARC
30GeV
proton beam

decay volume
%
7--[ ———————————————— | - ——— i ™ e W w—

target & 3horns

beam dump S gy TTRe~aLl beam axis
muon moniter & T Tl
| On-axis ND (INGRID) l
I I I
118m ! 295km

Om 280m
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« Reduced intrinsic v, contamination |
 Reduced Neutral Current event feed down > .
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Near Detectors

-
o 7+7 (+2) identical
modules

* |ron and scintillator

« Beam direction and

stability monitorin
\ y J y

| ~10m

Designed
Beam Centre

b
N
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tracking calorimeter v

ND280

Downstream
I ECAL

(0-
u

Solenoid Coil

Barrel ECAL

» Off-axis detector
- Magnet 0.2 T

 Trackers, Calorimeters
and muon range
detectors

 Active (scintillator) and
passive (water) targets




Super-Kamiokande Detector

4 D K I
 50kton Water Cherenkov detector CCQE\?V/
» Optically separate inner and outer (veto) volumes @ j g d 0
» Excellent e/p separation, m° rejection
» Select single ring, CCQE enriched samples l
« E,(CCQE) determined from lepton kinematics CCln L 2 oa4
L ) OO0
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\.

é .
 Signal

v+n->L+p V,+p>I+n

(

e Background

=+

v,+n(p)=> I,+n(p)+n

vV, + n(p) 2 v, + n(p)+ﬂ:0
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T2K Osclllation Analysis Overview

External Hadron
Production Measurements

Flux Model

INGRID/Beam
Monitor Data

_>
/r

Near Detector
Model

External Cross-section
Measurements

Cross-section
Model

— Near Detector
Fit

Near Detector
Data

External Oscillation
Parameter Constraints

[

Far Detector
Model

P\ Far Detector

Fit
Far Detector
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Data

Oscillation Parameter
Constraint
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Flux Prediction

. Flux simulation (FLUKA/GEANT3/GCALOR) A
« Tuned using external data — NA61/SHINE experiment measures hadron production
from thin carbon target and T2K replica target
 Large neutrino component in antineutrino flux
. e Intrinsic v, component ~0.5% at flux peak )

Neutrino Mode Flux at SK

Antineutrino Mode Flux at SK
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Flux Uncertainties

.

( . ..
« Beamline uncertainties
- Proton beam parameters

- Focusing Horn
- Component alignment

« Hadron production uncertainties
- NA61/SHINE uncertainties

- Re-interactions

- Secondary production
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Fractional Error

NEW
NAG61/SHINE
data has
reduced

uncertainty

Fractional Error

Frac. erroron N
SK

= 7.7-8.8% (pre-fit)

SK: Neutrino Mode, Vi

T T T L
Hadron Interactions
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Cros

- ~10% relative to CCQE
- 2p2h model by Nieves et al.f

« NEUT* generator tuned to external data from MiniBooNE, = b E
MINERVA and Bubble Chambers B \/XZ‘S\\—-———'
N . g 20 ) .
* CCQE: Relativistic Fermi Gas (RFG) + rel. Random S b * MartinicrNievesctal. eutino
Phase Approximation (RPA) 15 ;_ ] Martini et 4l./Nieves et al. anti-neutrino oo
* Multinucleon interactions implemented Lo 3

- 2p-2h normalisation (see right)

Additional freedom for antineutrinos

s-section Model

30

05

AR SRS N SN ST NN S T S N S T
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o
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o

neutrino energy [GeV]

Large difference in ratio of 2p-2h cross-

- Vv /v, cross-section ratio (v,/v, cross sections not yet explicitly section models between neutrinos and

constrained by the near detector fit)

*Y. Hayato, A neutrino interaction simulation program
library NEUT, Acta Phys. Pol. B 40, 2477 (2009)

TJ. Nieves, I. R. Simo, and M. J. V. Vacas, The nucleon axial

mass and the miniboone quasielastic neutrino-nucleus
scattering problem, Phys. Lett. B 707, 72 (2012).
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antineutrinos

Fractional error on N, = 7.1-7.7% (pre-fit)

neutrino antineutrino
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Flux Parameter Fit

SK Vi V beam mode

N

Near Detector Fit

Flux Parameter Value

107
PRELIMINARY

SK Vi, V beam mode

i

Flux Parameter Value

10"
PRELIMINARY

09/11/16

« Each model parameter in the analysis
has associated systematic uncertainty

 Near detector fit constrains flux and

Cross-section uncertainty propagated to
far detector as covariance

« Separate “on-water” constraint from

ND280 for the first time
« ND280 “wrong sign” constraint in v-mode

Total N__Fractional Uncertainty

Beam mode Sample type w/o ND280 w/ ND280
neutrino p-like 12.0% 5.03%
neutrino e-like 11.9% 5.41%

anti-neutrino p-like 12.5% 5.22%

anti-neutrino e-like 13.7% 6.19%

J. Imber | LLR — Ecole Polytechnique
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Accumulation of Data

« Antineutrino exposure doubled in Run7

Total Accumulated POT for Physics
v-Mode Beam Power
V-Mode Beam Power

Accumulated Protons (CT05)

Accumulated POT
Beam Power (kW)

VS

S A TS 5 PO O s oh U D P
2011 2012 2013 2014 2015 2016

'HLI‘IH TTTTTTTTT[TTTTITT]TTT]TT

27 May 2016
POT total: 1.510x1021

v-mode POT: 7.57x1020 (50.14%)
v-mode POT: 7.53x102° (49.86%)

« Beam power reached 420 kW

POT = Protons On Target

09/11/16

RUNI1

10" RUN2 RUN3 RUN4 RUNS RUN6 RUN7 5
I Beam Good Spill E
1400 - SK and Beam Good Spill FHC 4.5
T SK and Beam Good Spill RHC -
T Overall SK Spill Inefficiency 4
1200 fr— -
—3.5
1000 f— -
18 —3
800 fr— —2.5
[ =
600 f1— = 2
T —1.5
400 — -
I 1
200 |y ’/ -
1 —0.5
ol o of A PRI (PR FRRNY N R AR R I PRI | A= P
2010/12/31 2011/12/31 2012/12/31 2013/12/31 2014/12/31 2015/12/31

Results presented today use:
12,831,370 beam spills

v-mode: 7.482x10%° POT
v-mode: 7.471x10%° POT
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« v mode: 135 events
« v mode: 66 events

Far Detector v and GU Samples

g Single ring p-like selection
Fully contained, Fiducial volume
Single ring

Muon-like

Momentum > 200 MeV

Zero or one decay electrons

O E

Events/100MeV
=

___Unoscillated
Prediction

T
—
[\).._
A
)

I =
=
T
~J
0.
al
=
=
o
)—g
<

. Prediction

............. - BeSt—Fit - Best—Fit

—*— Data

___Unoscillated

Events/100MeV

TTTT IIII[

Ratio

IIIIIIIIIIIIII IIIIF

||||IIII|IIII|IIII|IIII[IIII|

Ratio

IIII|IIII IIIIIIl!lllI IIll!IIIIlIIII
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3.4 56
Reconstructed Energy [Ge
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Far Detector v_and v_ Samples

e Vv mode: 32 events
« v mode: 4 events

[ T T T I T T T I T T T I T 'I I.! T T T [ Un ill t d
14 T2KR nl—7cprehm1nary os'c . ate
Prediction

— Best-Fit

Events/100MeV

Ratio

g S B O
"800 1000 1200 1400
Reconstructed Momentum [MeV/c]

09/11/16

e

7

NogokowbhE

Single ring e-like selection
Fully contained, Fiducial volume
Single ring
Electron-like
Visible energy >100 MeV
Zero decay electrons
Reconstructed energy < 1.25 GeV
Not piO-like

Events/100MeV

Ratio

3'5_ T T T | T T ' T T T ' T .I I. | T T T l U .11 t d
. T2K Runl-7c preliminary :|— “nosctiate
R e R Prediction
2.53_ ................ ............................................................................. — Best-Fit
DY _0_ —— Data
15 |
1
0.5
0
8
¢E
4E
2 : : : : : :
00 * %00 4200 6000 800" T000 1200 140C
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T2K Osc. Analysis History

r

&

vV_appearance

\

Phys. Rev. Lett. 112 (2014) 061802

J

.

v, disappearance
Phys. Rev. Lett 112 (2014) 181801

v joint fit
Phys. Rev. D 91 (2015) 072010

J

— Previous analyses

-=== Analyses updated in 2016

l---.~

Gu disappearance

Phys. Rev. Lett. 116 (2016) 181801

am=m- - -

09/11/16
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Joint Analysis Results — 6, & Am®

T2K + reactor
(sin22913= 0.085+0.005)

p3-6_""|""| """""" frrrrprr T T T T T ] q’.;3-6""I""I""I""I""I""I""I """ ]
L R 68%CL . 3 2 E .
N 340 goqcL Normal Hierarchy — — S 34 . 68%CL Inverted Hierarchy E
o % T2K best-fit ] o - — 90%CL i
D 3'2; - <N ] s 3'2; *  T2K best-fit ]
= 3 — N —
= E = E
= 26p 3 < 26F E
2.4 — 2.4 —
228 = 2.2F =
2= = 2 Super-K =
1.8 = 18 T2K Runl-7c preliminary MINOS+ 3
C T cov v e b b v v b b by 7
03 035 04 045 05 055 06 065 0.7 03 035 04 045 05 055 06 065 0.7
.2 -2
sin” 0,, sin” 0,
« Data consistent with maximal mixing 1D Parameter Constraints
NH. IH.
e 2 +0.046 +0.043
: : : sin“0 0.532 0.534
e Compatible with other experimental 23 -0.068 0.07
2
results |Am”_ | 2 545+0-081 2 510*0-08
(x10'3 eVz) -0.084 -0.083
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Joint Analysis Results — 0__

T2K-only T2K + reactor
(sin22913= 0.085+0.005)
' |\\_/ T 1 T

”’W] T T T T T T T T

T2K Runl-7c preliminary T2K Runl-7¢ preliminary

----- 68.27%CL

dp (radians)
[\

d.p (radians)
[\

- o8 . - e 68.27%CL .
= — 90% - 1 -
- *  Best-fit ] - — 90%CL .
- PDG 2015 ] - *  Best-fit ]
Uny . Uny .
_12_ —— Normal Hierarchy 4 1:_ — Normal Hierarchy
i —— Inverted Hierarchy . - —— Inverted Hierarchy -
2F = 2F S =
- Fixed Mass Hierarchy 1 n & -/ /| Fixed Mass Hierarchy -
e A N V) A B B = 3=, . . N N
0 0.02 0.04 0.06 0.08 0.1 0.015 0.02 0.025 0.03 0.035
.2 -2

sin” 0, , sin” 0,

« T2K-only measurement consistent with reactor results

« Favours “small” sin?8,, and large CPV
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HEEE e
Joint Analysis Results — 6 _

Expected Number of Events (NH) Observed

6 =-m/2 6 =0 6 =+m/2 6 =m
cp Cp

CP CP
v -like 28.7 24.2 19.6 24.2 32
v -like 6.0 6.9 7.7 6.8 4

- More v, appearance events than expected + fewer v, appearance events than expected

« Data prefers largest CP asymmetry o, = -1t/2, normal hierarchy

CP conservation (6 _, = 0,m) disfavoured at 90% C.L.

S 10" T T Il‘ T 'hl L L - 25 T T L I B
= E  — Normal Hierarc ] = L X o -
,’_c:; 9 Z_ — Tnverted Hierarcgy % T2K Run 1-7¢ preliminary _Z A ‘:?: T2K Runl-7¢ preliminary ]
§ E 3 20 — Normal Hierarchy _:
1> 8 E sin? 0,,=0.55 B [ — Inverted Hierarchy ]
%5 r ) ] 150~ _
7= - N ]
8 ] | ]
2 . .2 . N s
g oF sin” 0,, = 0.45 . 10/~ ]
Z. C ] y
5__ o SCP =T — )
C ] SCP =+T7/2 7 5 [
4 O SCP =0 7]
E ° SCPZ-TE/Z E sEsaszzzizs meesswmzzzzzzzzsassszziiiiiiIeces %
C PR I S T T S N T T R T N T SR SR S MY - 0 \I ol g : P T A TN TR R N MR S M |
‘?iO 15 20 25 30 35 2 -1 0 1 2 3
Number of v, candidates dcp (radians)
Normal hierarchy: CP=[-3.13, -0.39] [-179°, -22°] at 90% CL
Inverted hierarchy: CP=[-2.09, -0.74] [-120°, -42°] at 90% CL
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Joint Analysis Results - MH

« T2K Bayesian Analysis

- Integrate over posterior likelihood to compare
hypotheses

Bayesian Posterior Probabilities

sinZO23 <0.5 sinz()23 <0.5 Line Total

I_'lm’rzrrfﬁy 0.10 0.14 0.25
\ | Weak preference for
orma Normal Hierarchy
Hierarchy 0.29 0.46 0.75
Column
Total 0.39 0.61 1
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B T
Antineutrino Fits

* Methodology

- Allow antineutrinos to oscillate differently to current
PMNS description for neutrinos

- Use neutrino samples to constrain wrong sign
background parameters

v, disappearance

Test of Ge appearance
test of CPT

623 #0053, A méz i Amgz

\. Yy . J

J. Imber | LLR — Ecole Polytechnique 23
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S
V_appearance

. v, appearance not yet observed « Two events more
« Test the hypothesis background-like
P(¥,? V) = B X Pouys( ¥, Vo) P o
« Consider cases $=0, p=1 -
» Rate only and Rate+Shape _‘ e
« Data preference inconclusive ............... %

0 200 400 600 800 1000 1200 1400
Momentum [MeV]

— 180~ — :
§ ]6(): \:I Background Expectation 0.14
Results Summary g1 ¢ v mernesunpe I
> E T2K Runl-7¢ preliminary
P-value (B=0) P-value (B=1) B 01
100F 0.08
Rate On|y 0.41 0.21 80 : 0.06
60F ]
Rate+shape 0.46 0.07 s 1o
202 f 0.02
0y 50000500 50010001200 a0~ O

Momentum [MeV]
Sensitivity:
65% of 3=1 toy experiments return P-value(3=0) < 0.05 in rate+shape analysis
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GU disappearance

e Test CPT Invariance

N —2 2
0,,7#0,,, A my, #Ams,

« Good agreement between P, (v, v,) and Ppyps(v,2v,)

X.WI 0I_sl T | T T T

Normal Hierarchy

3.8¢
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|||

e T2K Runi1-7 V 90% CL

I T2K Runi 7 ’V 90% CL

| 1 Il | Il L L L | L L L 1 i 1 | 1 1 I 1 1 1 1 I 1 1 1

|||||r[w\1|||||||||||

"""" TZK Run1 7 'V 68% CL’
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sinzﬁ23 or sin’0

0.7

23

8

A T5,] or IA m,| (eV?)
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Al A A B AL
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Inverted Hierarchy

i\) I\IFIII|III|III|IIIII\I{I|I|

e T2K Runi1-7 V 90% CL

I T2K Runi 7 ’V 90% CL

—r ;T
! ! I ! !
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Future of T2K

- 420 kW - 750 kW - 1.3 MW

.

Staged beam upgrade to increase intensity

Sample selection development to increase statistics
- Fiducial volume expansion, CC nonQE event samples, multi-ring (~+40%)

Analysis improvements to reduce sys. Uncertainties 6% — 4%

Proposal for extension of T2K with phase Il
~ Increase POT collected 7.8 x10*'+20.0 x 10*

.

(
« Beam Upgrade

- To 750 kW — Decrease bunch interval
(2.48 sec - 1.3 sec)

» Replace Main Ring Power Supply
* Upgrade MR RF

- To 1.3 MW Further decrease in bunch interval
(1.3 sec — 1.16 sec) and Increase protons per
bunch 2.7 x10"=+3.2 x10"

- Increase horn current 250 kA - 320 kA
(~+10% stats)

.

\

J

09/11/16
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Phase | Phase I

MR Power Supply upgrade

JFY
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Osclillation Analysis Prospects

* With +50% effective statistics/POT and reduced uncertainties
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Summary

 Accumulated 15%1020 POT (~20% of total)
- Data taking has resumed following the Summer break
 First fully-joint oscillation analysis completed
- v, /v, appearance and v, /v, disappearance joint fit
- Water target and “wrong sign” constraints from near detector
— Data consistent with 8., at maximal mixing, 6.,~-m/2, normal hierarchy

— CP conservation 6.,=(0,n) disfavoured at 90% C.L.

 Beam power continues to increase — anticipate 750kW In near
future, first stage approved

« T2K-phase Il

- Accelerator and beamline upgrades - 1.3MW
- Run to 2026, accumulate 20x102: POT
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Neutrino Beamline
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T2K Event Timing

e Extraction of T2K events

All data extracted
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* FGD1

— post-fit

v beam mode
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Event Selection at Super-K

v beam mode

» e-like sample selection

PID parameter

Visible energy (MeV)

Number of decay-e

Reconstructed v energy (MeV)
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Event Selection at Super-K

v beam mode

* U-like sample selection
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P-theta distributions

 Nue and Nuebar samples
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Joint Analysis Results - v_and v_

 Comparison to NOVA Best-Fit Spectra
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Joint Analysis Results - v and GU

 Comparison to NOVA Best-Fit Spectra
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Vacuum Oscillations
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