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Neutrino mixing and oscillations

mixing of flavor and mass eigenstates - PMNS matrix

_i6CP
v, 1 0 0 C3 0 Sz€ Ciy S 0 v,
VM — O 023 S23 ' O 1 O : _S12 ClZ O ) VZ
V. ’

0 Cs 0 0 1

+ Majorana

0,,=45.8+£3.2° Am? =(7.53 £0.18)-10° eV?
0,=33.4+0.85° |Am?_ | =(2.44 £0.06)-10" eV?
0,=8.88+0.39° O, = [-+0.14n] and [0.877+7] (90% interval)

* mass hierarchy, CPV phase (and Majorana phases) still unknown

long-baseline experiments only
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2K experiment

iKaé’;lm R

» searches for v oscillations in high purity v, bi=Eli88

e other measurements: cross sections,

Neutrino beamline

Decay volume Horns 3,

gm """"""" Oscillation Prob.
* off-axis technique g jll / " iﬂm2=2-5x10"")
» CC quasi-elastic sample enhanced E“E_ L ene-r;;'_s;;;;t_raa
> backgrounds reduced N (Flux x x-section)

e SOA~1mrad > OE/E ~2% at far detector 2500}

* collaboration: ¥~500 members, 59 institutes, 1500
11 countries el
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Ilhe near detectors/(280m)

'* INGRID (on axis) * ND280 (off axis)

> iron/scintillator tracking > v, and v, flux measurement
calorimeters, 16 modules » non-oscillation analyses

» 1 all-scintillator proton module TPC
» direction, profile, rate of CC DoMsorat i — *momentum measurement

. . *particle identification
Interactions (dE/dx measurement)

beam
® direction

eactive target mass
(2*0.8t)
*recoil protons detection

improvement
of muon
identification Barrel ECAL

lead/scintillator
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he far detector:

Super-Kamiokande

e water Cherenkov detector

» total mass 50 kt, fiducial mass 22.5kt
» >11000 PMTs in inner detector

e AE/E ~10% for 2-body kinematics

 very good /e separation
» muons misidentified as electrons: <1%

 i° detection (2 e-like rings) background for
P appearance
¥ signal for v, \ PP

disappearance

signal for v,
appearance

.....

(MC
simulation)



Data taking

e antineutrino beam mode from 2014

. Total Accumulated POT for Physics
> looking for any e
differences R BE Run3 | Rund Runs Run6 ..o ;B:
—_ "é 10_ ~
betweenvandv & ¢ Great East 300 B
. . 1S 8 Japan 250 %
oscillations e Earthquake o
: o Of 11.03.2011 200 g
> potentially S 4 / 150 2
S E
measure §_, 3 LB 28, 7100
2 BB B 120
(T2K data only) A ey T 5012 | 2012 | 5013 0
Prog. Theor. Exp. i >  Dec/31 __ Jani0 L Dec/31 | Dec/31 {; =
Phys. 043C01 (2015) » VedPPR- 1 Ve aPP- V. PP .
2.50 3.10 7.30 release
released
v 1% v_highest
> AR 5
. . release precision on
* 7.0:10%° POT delivered in v mode, - —"
20 .- _ 1> constraint
2.3:10%° POT in v mode (till March 12) on &
CP

* beam stability <1mrad
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Analyses inh2k

| . INGRID+beam ND280
@ Ve dppearance monitor data detector
» sin’0;3 measurement flux model model

@@- v, disappearance

Cross section

» sin’0,3 measurement ol
modade

e joint v +v_analysis
e U

external data

> first 6_, constraints fit to ND280 data
u A to reduce the
e v, disappearance
B PP flux and cross section
» sin%0,3 measurement uncertainties

* cross section and ' oscillation SK detector
other measurements fit model

at near detector
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Number of entries

2000 F
1500 F

1000

CCOm

v, CC selection in tracker

* subsamples <& presence of pions in final state
* sensitivity to different energy ranges and interactions
(CC quasi-elastic, resonant, deep inelastic scattering)

* fit of spectra to reduce flux and cross
section uncertaintillelsl.ll -

Near detector analysis

250
- CCOther
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IS

int analys

Vv, + Ve join

Near detector constraints

* reduced uncertainties on the
cross section and flux parameters CD

significant reduction of the
far detector event rate errors

Fitted Normalization
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Vi, £ Ve jointianalysis(T2Konly)

IS

t analys

v, + Ve join

e extended maximum

likelihood fit:
sin“0_, .
favours izs
maximal I |
mixing 7
— world 2-4;‘
best 221
precision |
03

e« we consider both T2K vV, and v_spectra simultaneously

L = Lnue X Lnumu X Lﬁ},ﬁ shape of
distribution
number ﬁ"um X LShapE Y Eefory,
of events P8, forv,
F | 1 compatible
- 1 with
NN 1 reactor
- g T measure-
sin?,, ] AN \_ sine, 1 ments
035 04 045 0.5 0.55 0.6 0.65 0.7 ; ID.OI; — Iﬂ.liti‘r I IlJCIHiI I IO.fliEI I IU':II_

( sin’f3 = 0.524%0037 (NH) 0.523

0083 (IH)

sin? ;3 = 0.042*38%3 (NH) 0.049*331% (1H)

Justyna tagoda, NCBJ Warsaw

2015-06-10




Vv, + Ve join

IS

t analys

Vi, Ve jointianalysisi(Ereactor)

' e include results from reactor experiments:

extra constraint term in the likelihood
» improves precision on sin’G__and Am?
» frequentist and Bayesian approaches

A, (eVe)

(L0032

0.0025 -

Hints towards

CP violation 0.15m < 6CP < 0.83n1t (NH)

-0.08m < 6, < 1.09m (IH)

90% C.L. excluded region of 6,

-0.0025 -

posterior probabilities (Bayesian)
NH IH Sum

sin?fy3 < 0.5 0.179 0.078 0.257
Phys. Rev. D 91,

sin®fy3 > 0.5 0.505 0.238 0.743 072010 —

Published
29 April 2015

Sum 0.684 0.316 1.0

aE.'F"'r n

0.5

osf |
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Antineutrino beam mode
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Changesiin 2015 analysis

* new NA61 data used in the beam

MC simulation (uncertainty reduced
by 4% in the energy peak)

* new neutrino MC model with
multinucleon interactions

* new constraints on CC QE from
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Near detector’ constraints

for'v beam mode

| » additional samples for antineutrino beam mod .

Events/(100 MeV/c)
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Predicted Vu spectrum at:SK

v, disappearance

' » expected spectrum obtained
using the oscillation parameters

from neutrino beam results

* 19.9 events expected with oscillation

and 59.8 without oscillation
» dominated by CCQE events

 systematic errors dominated

by uncertainties on the difference

between interactions on C
(ND280) and O (Super-K)

[am—
[\®]
| L

Events per bin
&

=l N
~ O o©
L]

0

- I preliminary

Do

— Prefit

B Postiit

0

Go 4 Iy 2, 25 8 8y A4
E,cco (GEV)

Flux and
Cross
section

FSI/SI
SK detector

NS 92%  3.4%

SK only 10%

all 13%  10.1%
2.1%

3.8%
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The best=fit Vu spectrum

| * expectation:

—— V fit posterior
» 19.9 events with oscillation 3 T T ovetlintions
O soE

o * 59-8 without oscillation 2. - DRdm
2 « 17 events observed o reliminar :
© > clear evidence of oscillation E p y E
40— —
(G indata 3 E
) . T o -
5. * maximize the likelihood: 0F- E
e 10E= . -

(C — .
& L =Lpoisson X LSyst il 5
o - = | :
> all oscillation parameters except e Eo ] Lo E
= sin?0, and Am_? fixed, based 3 OSWA{ IIIIIIIII f IIIIIIIIIIIII :

(V)
on T2K neutrino data and PDG 2014 " ™ ' 7 7 M enstucied Energy (GeV)
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The oscillation)parameters

<

—

o

o~

|5

v, disappearance

m?,, (eV?)

best-fit point near maximal disappearance

| A, sin®(flaz)

— vfi:90% v fit: 68%

0.0036
0.0034
0.0032

0.003
0.0028
0.0026
0.0024
0.0022

0.002
0.0018

« Vyfit: Bestfit -~ v fit: 68%

— v fit: 90% « v fit: Best fit

‘ 1
03 035 04 045 05 055 0.6 065 07

2 2
sin 623 or sin 923

comparison to MINOS
(beam and cosmic combined)

- MINOS saw non-maximal best-fit point)-®'®

but results compatible

0.0024
= 0.0022

- T2K contours smaller in sin2923

2337027 %1072 V2 | 0.5157 0 e

comparison to T2K neutrino data

- still much larger contours

- results consistent with no difference
between neutrinos and antineutrinos

— MINOS 90% * MINOS best fit

Z/ Wm 0.0036 ? — T2K 90% - T2K 68%
NG y + T2K best fit
o 0.

0.002
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Other results: cross sections and

sterile neutrino search

| Search for short-baseline v_disappearance
with the T2K near detector

—_
(=]
™
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IH\H‘ T T TTTI

2
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Phys. Rev. :
D91 051102 ‘=
(2015) 10"%

Am

E — Reactors allowed

EST2K excluded
V-C excluded
Sun v excluded

— Gallium allowed

102
102

10! 1
in” 20
sin e

Measurement of the v, CC QE cross section
on carbon with the ND280 detector at T2K
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Measurement of the vV, CC QE cross section
on carbon with T2K on-axis neutrino beam
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8 — y.g 3 '1 N
Lb E 1;'"" —= One track data ]
oF 4 Two track data E to P R D
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s S5 e GENIE flux average |
L ol | L L ol
{7 1

10
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* 4 papers on cross-section published
before 2015

e Measurement of the v, CC Interaction

Rate on water with the T2K ND280 rt°
Detector (Accepted in PRD)

* more will come!
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e recent T2K oscillation analyses:

> combined V| ;+Ve analysis with reactor constraint
« preference for values of &_, around -1/2
« weakly favored normal hierarchy and octant sin’6_, > 0.5

> first Vi disappearance result
e consistent with T2K v, disappearance measurements
and MINOS Vu disappearance result

» analysis of v_appearance is underway

®* Many Cross section measurements at the near detector

e T2K continued to take data till end of May (statistics with
antineutrino beam mode doubled)

Justyna tagoda, NCBJ Warsaw
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12K collaporation
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Additional slides
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Beam stability
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vV, disappearance

. —, 0045 ——F——TF————T
| » effect of systematic Eie ~ Statonly -
uncertainties: = ook - Statesyst -
m nearly identical contours 0003 E
0.0025— —
g  the analysis is dominated o= E
© Dby statistical errors nooisE- -
(0] | SEENENEE = W AT E O DR B R TR SR
Q 0 0.2 0.4 0.6 0.8 2(e_)l
. T 2 S (U,
2 e e
@« three different analyses: o ki [P,
e ; < o00nf —— PTheta 90%
- different methods of 2003k :
- maximizing likelihood 000265 3
I > . 0.0(}24;— —;
* all are in very good agreement °’¢ :
0.0018F E
RV S Y R LR T A
sin"0

23
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Number of events

Event selectioniin/Superk

* beam timing and minimal activity in outer detector

* fully contained in fiducial volume
(>200cm from wall)

e one reconstructed ring (QE-like) |
* muon-like ring % o
* electron-like ring

* muon momentum >200MeV
* one or fewer decay electrons

—+ RUNS5-6 data 20 —— RUN5-6 data 4L —— RUN5-6 data
(2:315x10"POT) (2.315%10™POT (2315x107POT)
.V, v, CC QE
v, I v, CC QE
vvvvvvv [ v+, CC non-QE
Y, 15— [ v+9,CC
)

NC
(MC w/ sin®20, =0.1)

INUmMDETr oI events

Number of events

» >

e e
? \

0 | I L
1000 2000 0 1 2 3 4 25 1000 2000 3000
Momentum (MeV/c) Number of decay-e Momentum (MeV/c)

Justyna tagoda, NCBJ Warsaw
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Number of events
(9.3

aaaaaaaaaa
20

v, CC QE —>
A
v, #V, CC non-QE
v, CC
C

C w/ sin?26 =0.1)

Lk

0 10
PID parameter

e visible energy>100 MeV

* no Michel (delayed)
electrons

e cut on ° invariant mass
and likelihood ratio

* reconstructed neutrino

energ

<1.25 GeV
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' 7.8:10%' POT - resolution of 0.050(0.054) on
sin“G_, and 0.040(0.045)-107° eV? on Am?

» for 100%(50%) neutrino beam mode running
» assuming sin’0,,=0.5 and Am?_=2.40-107 eV?

e sensitivity to 6_, at 90% C.L. or better over

a significant range.

> if sin’0,,=0.5 - -115°<4_<-60° (NH);

+50° <6 ,<+130° (IH) °:: HIA
» combination of results &' o}

from two experiments s o}

at different baselines N

(T2K + NOVA) will further > i50-100 50 0 50 100 15

-150-100 -50 0 50 100 150
True 8¢

improve the sensitivity

=3
=

Without Sys. Errs.

— sin’,,=0.40

- sin’,=0.45
— - 5in’fl,,=0.50
-— sinf,,=0.55
—- 5infi,,=0.60

Ayt
= o R [ TR = T I = < I =]
ol N B

=]
o
o

ol |+

True sin2923
o
L5
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p(%)

-150 100 50 0 50 100 15{]

True &5 (%)
No2K — (90% cL)
T e

-150-100 -50 © 50 100 150

Prog. Theor. Exp.  True p(°)
Phys. 043C01 (2015
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Vyy disappearance

full 3-v oscillation framework Phys. Rev. Lett. 112, 181801 (2014)
» with ND280 constraint Source of uncertainty (number of parameters) En;f / HE?-
ND250-independent cross section (11) 4.9%
Q Flux and ND280-common cross section (23) 2.7T%
I SK detector and FSI4+5I systematics (7) 5.6%
+0.055 ¥
e | 0.51475055(0.511 £0.055) sin?(61s), sin(012), Amds, bcp (4) 0.2%
E Total (45) 8.1%
© > 16 ' ] E i%— E
v S 4 ¢ DATA = § o 2
Q 2 12;_ v“+vp'CCQE _; ~ :'%_| T ||_%|||
% % 105_ ,— vll+l’!-1-gg non-QE —g :‘E 4‘2; 68% (dashed) and 90% (solid) CL Contours E
(7)) g 85_ ‘ | ;Jeé\'e _E ;?,; 18;_ — T2K [NH] T2K [IH] _E
- m 6 = o 16E 27 SK IV [NH] . MINOS 3-flavor+atm [NH] E
© 'MHJ Hm ER- e
£ T # bty = T o / .
= R A R T, = oo 3E i
>1 o] E 1 22— — MC Best-fit | i | | 1 | —E g ZZE— // _: .; :::
= §1-F t ] = a6k ey EP:
2 e t e B Qb ¢
s ZUoF E — 22F B 3 £
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’ 00 1 ) 3 4 >5 E 703 035 04 045 05 055 06 065 07 o113 4
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V. appearance

» expected number of events in T2K FD:
204+1.8

e for sin?20,3=0.1, sin’206,3=1.0,

|~ —4— T2K RUN1-4 data
B Best fit spectrum

I~ 777 Background component

=)

Number of v, candidate events /(50 MeV)

41— -+ —
) : I ]
o 6cp=0, normal mass hierarchy - i
c I !
@ ° expected background: T i
9 .
0.4 — v, signal (solar term) - .
© 4.64 +0.53 0.9 — v, background i B S I e
@ 3.2 — v, background % 500 1000
& 0.3 — anti-v background Reconstructed neutrino energy (MeV)
@ °* 5.50 sensitivity to exclude 8,3=0 7 180 1
v g) iég%: 561.1291512%?0{) 0.8
- : 2100 e 06
2 independent analyses: 2 80 w8
i 40
> neutrino energy spectrum 20" 0.2

» electron momentum and angle distribution % 200 400 600 800 100012001400 ©
electron momentum (MeV/c)
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V. dappearance result

' » 28 events observed
e 7.30 significance for

Ocp (T0)

@ NOn-zero 013 0 Am3,>0
2 =
= | First ever observation (>506)  -05  Besti :
— PDG2012 lo range:
8 Ofvappearance -1 : == ]
Q- E 1 I | & |._“ T T ]
o S [ i
m Phys. Rev. Lett. 112, 061802, w 0.5+ -
February 2014 i . :
>m 0 : ~Inverted ]
NOTE: These L : ]
are 1D : hierarchy :
contours 20510 Am3,<0
for various T .
value of &.p, X . ‘ i
2D I [ I S N A S P B
e 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

)
sin 2913
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