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T2K Oscillation Analysis 3
Overview

Likelihood analysis: compare observed data at the far detector to
predictions based on a model of the experiment to make measurements

[Neutrino flux prediction]:\ Beamline simulation
E|| Hadron production model
(tuned to external data)
Near detector fit - Near detector model
* Tune nominal rate
prediction

e Constrain flux and
interactions uncertainties

Neutrino interaction models

(1

Far detector fit
Estimate oscillation parameters | <¢—— Far detector model

Test hypotheses

(Near and far detector fits can be done sequentially or simultaneously)




T2K Oscillation Analysis

Neutrino flux prediction
Neutrino flux predicted using a series of simulations

Proton beam properties

Hadron production

/

Measured by beam
monitors

\

\ €

In target

FLUKA 2011
Tuned to external data

Propagation and decay
of hadrons In
secondary beamline

/

GEANT3 simulation

(NA61/Shine @ CERN)

KGCALOR package /

Uncertainty on flux prediction varies between 8 and
12%, depending on neutrino flavor and energy




T2K Oscillation Analysis

Neutrino

e Dominant interaction mode
Is CCQE

v+n - p+l
Vv+p - n+|[*

* Other interactions can
populate region of interest

(> Select interaction models
using external data

> Nominal predictions from

NEUT 5.3.2

Interaction model
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I

T2K flux
—— CC Total
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Uncertainties on model parameters

(M4, pF,...)

- Additional uncertainties for certain
modes (shape, normalization)

» “Simulated Data Studies” (SDS) for

alternative models and uncertainties

that could not be implemented




Near detector analysis

Event selection

-

Select CC v, interactions, separate In

samples

- Enriched in different type of interactions

- Interactions on different targets (FGD1.:
CH target, FGD2: 42% water)

- additional samples for wrong sign

background in v-mode
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Near detector analysis
Fits
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Events per bin

Near detector analysis 8
Reduction of uncertainties

1 ring p-like (v-mode) 1 ring e-like (v-mode)

- T2K Run 1-9 Preliminary - _ T2K Run 1-9 Preliminary
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1E —— Pre-ND fit 5 F —— Pre-ND fit
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ANg, /Ngy: 12.5% — 4.4% ANg /Ngy: 14.4% - 7.1%



Far detector analysis 9
Energy reconstruction

p

Water Cherenkov detector:
> Only sees charged particles
> Has a momentum threshold

~— | CCQE interactions

v+n - p+l
v+p - n+l*

Knowing v direction, can
reconstruct E, from lepton (p,0)

Can use similar approach for resonant
pion production with p - A**

Nominal (v. CCQE) New (ve CCl7T)

—

=

Build samples enriched in
CCQE (or CC1m) interactions




Oscillation fits
Overview

10

- Marginalize (integrate) over the nuisance parameters

- Bayesian, frequentist and pseudo-frequentist (fixed Ax? intervals) results

Different use of near detector data:

3 different analyses giving
consistent results

> 1 joint near/far analysis
> 2 use result of ND fit as input

\‘\

Different fitting methods:
> 2 “grid searches”
> 1 uses Markov Chain MC

Different ‘shape’ information for e-like samples

T2K Run 1-9 preliminary — 12K Runl-9 Preliminar
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Oscillation fits
Analysis comparisons

11

Sensitivity Data fit
> 3 N/  T2K Run 1-9 preliminary > 3 T2K Run 1-9 preliminary
«w  F w L
2 Analysis 1 (E,.., 0) o Analysis 1 (E,.., ©)
- Analysis 2 (E,,., 0) - Analysis 2 (E,., 6)
e Analysis 3 (P, 6) It Analysis 3 (P, 6)
0 0
1 1
92 :_ ol
C + Best fit B + Best fit
N —90%C.L - —90% C.L
-3 M BRI N 68% C.L X10_3 =S AR (R S| | | 68% C.L X10_3
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2 2
sin?(6,5) sin%(0,,)

Sensitivity assumes true NH, sin?(26,,)=0.083, 0=-1.601, sin?(6,5)=0.528, Am?=2.509¢e-3

Results of reactor experiments used to constrain sin?(20,,)



T2K Oscillation Analysis 1
Simulated data studies

‘Additional systematic parameter | : :
from binding energy SDS | Smearing of the contours in Am2I
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Significant effect on sensitivity, in particular for Am?



T2K Oscillation Analysis 13
Current results
Run 1-9 results: Posterior probabilities
» 1.49e21 (v-mode) POT
+ 1.63e21 (v-mode) POT
~ Conservation of CP symmetry IH 0.017 0.071 0.089
excluded at 20
- Compatible with maximal mixing
> Preference for normal hierarchy Sum 0.195 0.805 1
and second octant

sin?0,,<0.5 sin26,,>0.5  Sum

NH 0.177 0.733 0.911

T2K Run 1-9 preliminary %1073 T2K Run 1-9 preliminary
40 | — T T T T . )
Nze — Normal " |---- NH 20 critical Ax? :b 28 —90%CL  --68%CL  * Bestfit | Normal
» - IH 20 critical A? >
i Inverted IH 20 critical Ay, | OO E— S  Inverted
30 g E : i :
- 3 — H
25F = = 25
L — A — H
20f 1 5 s
PR E % 2.4)
10~ - =
L . o H
- [a\Ksa) H
| |E =
2 3 05
8CP

From analysis using (plep, 0) shape information for appearance samples
Reactor constraint: sin?(26,,)=0.083+0.0031 (PDG2018)



Run 1-9 data 14
Observed number of events

Sample O=-T1/2 0=0 O=T1/2 O=TI Observed
I\/IC MC I\/IC I\/IC
V- mode 1Ry 272 34 271 97 272 30 272 74

v-mode 1Ry 139.47 139.12 139.47 139.82

MC with sin?(6,,)=0.528, Am2,,=2.509*10-3 eV?c4, sin%(0,5)=0.0219, Normal hierarchy




Observed number of events 15
Impact on 0

T2K Run 1-9 preliminary

~ 20
e — | — All samples data
< 18 — | — All samples MC
— | — v-mode 1Re: data -> MC
16— | — v-mode 1Ry: data -> MC
~ v-mode CC1m: data -> MC
14— | — v-mode 1Re: data -> MC
- | — v-mode 1Rpu: data -> MC
12—
—  --- NH 20 critical Ax?
10—
81—
T T NN T T T TN S T N SN T SO T NN SO WO A B

-1 0 1 2 3
o.p (Radians)

MC with sin?(8,5)=0.528, Am?,,=2.509*10-3 eV?c*, sin?(0,,)=0.0212, Normal hierarchy
Reactor constraint: sin?(26,,)=0.083+0.0031 (PDG2018)



Observed number of events 16
Likelihood of excess seen in CC1l1t sample

__T2K Run 1-9 preliminar
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With trial factor 11.3 % 5.8 %




Mass hierarchy 17
Significance of the results

Result shown in plenary talk

AnalyS|S 1 Analysis 2 Analysis 3
rec’ (Erec’ 9) (plep, 6)

Bayes factor 8.00 10.23
P(N H)/P(| H) T2K Run 1-9 preliminary

Jeffrey’s scale: preference substantial (analysis 1 & 2) or strong (analysis 3) for the
normal hierarchy



Mass hierarchy 18
Effect of prior probabilities

T2K Run 1-9 prellmlnary

— Normal hierarchy

— Inverted hierarchy

Posterior probability
o
~l]

040506 07 08 05
Prior NH probability

’_,._IIII|IIIIJIIIIlIIIIIIIIIlIlIIlIIII|IIII|IIII|IIII



Mass hierarchy 19
Frequentist properties

True Normal Hierarchy, true 6=-11/2 True Inverted Hierarchy, true 6=-11/2

reliminary = Preliminary
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IIII|IIII|

400

oo

Normal hierarchy

300 -
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300—
200 Z
200—
100 E
100{—
UIIIIIIIIIII_I I Y Y Y JI-IIILIIII'IIII U: I Y e I N T Y Y T S A Iy ||||_|_||||
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Posterior probability Posterior probability

Reject true hypothesis ~ 6% of the times we reject the false hypothesis (~ 0.2%/2.8%).
Broadly consistent with our interpretation of posterior probability



Mass hierarchy 20
Frequentist version

lgl]]llll[ll

T T I T T TT1 l T T TT1 [ ' T TT I T T 1
T2K Run 1-9 preliminary — True NH
— True |H

— Run 1-9 data

Assuming true IH: 4.87 x 103
Assuming true NH: 6.5 x 102
CLs(IH)=0.075

Fraction of toy datasets
S

S
L

[
j—
d

I I1IIIII| ] IIIIIII| I IIIIIII|

60 70
Bayes(NH/IH)

B WQBH 'Ijjoo

_SIIIIIIIIIIII
1075

III.SOIII

Both p-values are low
=> Misleading to claim exclusion of IH based only on the IH p-value



Mass hierarchy 21
Relationship with standard test statistics

{ T2K Run 1-9 preliminary «107? T2K Run 1-9 preliminary
% § T T 1 T | [ [ _ True NH % 50__| T T T T T T T T T I T T T I — True NH
g — TruelH s — True H
3 10 — Run 1-9 data _cg 40 — Run 1-9 data
>~ . > | .
S 102 = = - -
"'5 g p.val(IH): 4.87 X107 3 “— 30 p.val(IH): 4.87 X 10~ ]
o - l-p.val(NH): 6.5 X10% 7 g = 1-p.val(NH): 6.5 X 10 8
S 103k CLs(IH): 0.075 _ = N CLs(IH): 0.075 i
o F E = 20 i
< - . % B i
;LT:‘ 107 :— —: ;LT:: - -
101 e
10—5 _l 111 ‘ - I L1111 ﬂl Iﬂ” I | | - I 111 ’J:L!_!_HTITUT]]_I I I|-| IIJ]_: K | :
0O 10 20 30 40 50 60 70 80 90 100 O_6 ' > ' 4 ' 6
Bayes(NH/IH) 2 a2
XNH XIH

(numbers indicate the fraction of the time we obtain a result more NH-like than in the data)



Result in preparation 22
Comparison of v, and vV, oscillations

Last published in Phys. Rev. D 96, 011102(R) 2017

/Since this paper:

- doubled data set

~ Improved oscillation analysis

- New reconstruction algorithm at
the far detector

- Improved event selection at far

detector (reduce background)

(eV?)
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Updated result with improved sensitivity in preparation



Summary 23

> T2K oscillation analysis compares observation at the far detector to
predictions to measure oscillation parameters and test hypothesis

~ Predictions made using a model of the experiment, built from
simulation and external data

> Near detector data allow to tune the predictions, and reduce the
uncertainties

- Additional procedure “Simulated data studies” to take into account
additional uncertainties not covered by changes of the model
parameters

~ Current T2K data exclude conservation of CP symmetry with 20
significance, and a preference for normal hierarchy and the octant
Sin20,,>0.5



BACKUP

24



" Neutrino oscillations 25

Propagation

Flavor eigenstates Mass eigenstates

(interaction) _ > (propagation)

Mixing (or Pontecorvo-Maki-Nagawa-Sakata) matrix
link between the two sets of eigenstates

P(v, - Vp) Oscillates as a function of distance L
traveled by the neutrino with periodicity Am?;L/E




Neutrino oscillations 26
Parameters

0 0 1

cig Si2 0
—512 12 0

(cij = cos(eij), S sin(eij))

/P(va—»vB) depends on 6 parameters:
> 3 mixing angles :

012, 053, 033
> 2 mass splittings : Am?;
> 1 (complex) phase :
The CP phase 6

—p ‘ Periodicity I




Mass hierarchy:
m; >m,, m;?

normal hierarchy (NHR

m2 A

A m2

Neutrino oscillation

Open questions

PDG 2017 summary table

27

Parameter best-fit 30

% 1077 eV 2 7.37 6.93 — 7.96
31 (23) 110~ 3 V 2] 2.56 (2.54) 2.45 — 2.69 (2.42 — 2.66)
sin? 019 0.297 0.250 — 0.354
sin? o3, Amgl(gm > 0 0.425 0.381 — 0.615 Octant of e23:
9
sin? Oy, Am2, 5 <0 0.589 0.384 0636 922>TU4"
sin 613, Am3) g0 >0 0.0215 0.0190 — 0.024003<TU/4?
sin? 613, Am§2(31) <0 0.0216 0.0190 — 0.0242
d/m 1.38 (1.31) 20: (1.0 - 1.9)
/ (20: (0.92-1.88))
’/

Violation of CP symmetry in neutrino oscillations?



Long-baseline experiments 28
First measurements

In first approximation LBL experiments can measure some of the
PMNS parameters through exclusive channels:

Far detector v, events

< Far detector v _ events
v, » V. appearance

2
P(vM éve)msin2(623in2(1.27 AmEXL )

- Observation of v, appearance
-~ Measurement of 6,

And similar measurements for anti-neutrinos



How can we measure 0 ? 29

Look for violation of CP symmetry by comparing P(vu—>ve) and P(Vu—)Ge)

_ 2 2 2 .. D
P(vu— ve) =4C,,"S,53 S, SINT Ay,

2 : :
+801375,51353(C1Cp3 COS O = 8,,5,35,3) COS Ay SIN Ay SIN A,

2 . . .
- 8¢, 012023512513521n A, SinA, sinA,,

2 2, 2 2, 2 2 2 .
+45,,7Ciy (€ €™ +815 S5 Si3 = 2015C5351,553513 C0S0)sin” Ay,

Change in expected appearance probability (at first maximum) wrt 6=0 or Tt
(~27% effect in T2K)

Oscillation

V, >V Enhanced Suppressed




The T2K experiment 30
Neutrino production
Conventional neutrino beam produced from 30 GeV protons
Near Detectors Beam Dump Decay Volume Target Station B imar
A= I B B _____3 Horns protons .y
f # 5\\ — S —— - ~— — e e — . Beaml ine
NG, i O O
/ _ Target \
Muon Monitor _(_"%8:: J-PARC MR
-<— neutrinos

4 _
Almost pure vul\)lj beam,

with an intrinsic v /v,
component (<1% at peak)

polarities

/Can switch from v, beam to
v, beam by inverting the horn
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The T2K experiment
Off-axis beam

v, beam
in’20,,= 1.0 J-PARC e > direction
sin’20 . = 0.1 .,

| - ,HX e Far detector
oy ' —NH,5,=0 —-TH35,=0 ] (SK)
v B ' —NH,§,=m2 —-IH 3§ =m2 ]
Ti{}.{}ﬁ
z
=
: e / Narrow band neutrino beam, peaked
1- at oscillation maximum (0.6 GeV)
= * Reduces high energy tall
= ./ - Reduces intrinsic v, contamination
s 05 4
A 7 of the beam at peak energy
* Interactions dominated by CCQE
mode




The T2K experiment 32
Near detectors

On-axis detector INGRID (Interactive Neutrino GRID)

Located 280m from the target

Wl -0

/> 16 identical modules made of iron
and scintillators
~ '‘counting neutrinos' by reconstructing
muon tracks from v, Interactions

> Monitors neutrino beam: rate, direction
and stability

Run32 & I nat 10.4/4 Run32 | o7 ndf BA4E/ 4

Constant 1.03e+04 + 61.16 Constant 1.064e+04 = 61.76

12000 _..4..;4..44..44..ﬂ;..‘4...4..“..54“.4..“ Mean 2817+ 2.918 12000 ,u <<<<<<<<<<<<< . <<<<<<<<<<<<< Varseaanas Mean 7.991+ 3117
: : Sigma 439.2  4.815 ] : : Sigma 461.4 = 5,393

10000 .-ﬁ',.-", it S ,t

]
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I

]
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| A A Li i 5
-400 -200 0 200 400 -400 -200 0 200 400
distance from INGRID center[cm] distance from INGRID center[cm]




The T2K experiment 33
Off-axis near detectors

Off-axis near detector ND280
Located 280m from the target

K Several detectors inside a

UA1 Magnet Yoke

Tracker

(- Downstream
detector) e ECAL
e —

oy Solenoid Coil

Barrel ECAL

0.2 T magnetic field
> Good tracking capabilities
> 'Tracker' used to constrain

flux and interaction

uncertainties for oscillation
analysis
> Rich cross-section
measurement program




The T2K experiment 34
Far detector: Super-Kamiokande

Located 295 km from the target » 50 kt water Cherenkov detector
Synchronized with beamline via GPS - Operational since 1996

T 1r|] |III|III

-like

-
£
=

Number of events
e
[}

-
LI LI

w1y

80
60 f

I
o
TTT [T

L1l I L1 |. 1Ll i L1l 1l i . \.l
0 2 4 6 8 10
Particle ID parameter




Neutrino interactions 35

> Need to detect neutrino flavor => charged-current interactions
- At T2K energies, dominant interaction mode is charged-current quasi-elastic

i i L 035

(O] 5 () B

O] B o &

St T2K flux S T2K flux
3 & — CC Total 3 - — CC Total e

= E —— CCQE = ey —— CCQE

— - - MEC = - - MEC

an ok CC RES V Wl = CC RES V

i b CC Multi-pi T E CC Multi-pi

et 58 0 —.CODIS ool B —.CODIS

0.4— i
0.2— E
o: 5 e et e s il 2= = e il il
0 0 05 1 15 2 2.5 3
E, /GeV
Vl l_
W /
j 3
N
hadrons




Near detector fits 36
Reduction of uncertainties

1 ring p-like (v-mode) 1 ring e-like (v-mode)

T2K Run 1-9 Preliminary

Events per bin

= I -

B Post-ND fit

o

L1 11 I R [ B P N I
0.5 1 1.5 2 2.5
Ereco (GeV)

ANg /Ngy: 14.7% - 5.1%

T2K Run 1-9 Preliminary

Events per bin

B Post-ND fit

OC?

ANg /Ngy:

0.6 08 1 1.2
Eieco (GeV)

16.8% - 8.8%
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