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Neutrino oscillations

Neutrino can change flavour while propagating
> This mechanism can be described by 6 parameters :
= 3 mixing angles, 0 613 and 623 and 2 Am2ij

= A CP violating phase : 6,
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Neutrino oscillations

Neutrino can change flavour while propagating
> This mechanism can be described by 6 parameters :
= 3 mixing angles, 0 613 and 623 and 2 Am2ij

= A CP violating phase : 6,

(+ Majorana phases)
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0, =1(33.6+0.8)°

0,,=045+3)°
23
|Am?® | = (7.50 + 0.18) . 105 eV?

|Am232| = (2.52+ 0.04) . 1073 eV?
613 = (8.5 £ 0.15)°
O.p ~ -90° slightly favored



Tokai to Kamioka

Mt. Noguchi-Goro
2924 m

Mt. lkeno-Yaina

1360 m_

water equiv. 1700 m

Neutrino beam

is a long-baseline neutrino oscillation experiment

> A v, beam, peaked at ~600 MeV is produced at J-PARC (Tokai, Japan)

> The neutrinos are then detected in the near detector ND280, and in the far
detector, 295 km away, Super-Kamiokande (Kamioka).



T2K physics goals
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> Two main initial goals :

= Precise measurement of v, disappearance :

= Observation of v_appearance in the v, beam :
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> Now taking data with anti-neutrino = combined v_and

V_appearance :
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Oscillation probability

= In T2K, given the energy of the neutrino, we can simplify the formula to :

P(V/L — I/,L) ~ 1 — (cos4 013 - sin? 2053 + sin? 2013 -

|—'—l

Leading term Next-to-leadin
5 5 Can be used to

resolve octant

a=2vV2 G,n_E and becomes -a
= Around T2K’s oscillation maximum : for anti-neutrino
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T2K oscillation analysis chain

Constraints on
cross-section and

Flux and flux parameters
External Cross [

Data section N
model

ND28o |, \{
Data A4
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SK Data !

Oscillation
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FPamis

We do a first fit with the near detector data in order to constrain our

flux and cross-section models, to have a precise prediction of the
number of events we expect at the far detector.
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Pamis

T2K beam

_ Beam dump
Vi | ND280 off-axis
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Horns

[
3 “Super-K
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Decay volume (96 m J\ Muon monitor INGRID

> First use of off-axis v, beam to get a beam
sin*20,,= 1.0 .
20, = 0.1 more peaked in energy.

Am2, =24 x 107 eV? . o c
: = The energy is peaked around oscillation

maximum (0.6 GeV).

> The pion and kaon production at target is
constrained by the NA61/SHINE experiment
at CERN, allowing us to reduce systematic
uncertainties on the flux of neutrino.

> An anti-neutrino beam can be obtained by
reversing current in the magnetic horns. o
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T2K near detector : INGRID
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T2K Run1 | T2KRun2 | T2KRun3 | T2K Rund T2KRun5 T2KRuné | T2KRun7

> Near detector pit at 280 m from the target

> INGRID is located on-axis.
= iron/scintillator tracking calorimeters
(16 modules)
Monitor beam, direction, stability.
Used to constrain flux systematic errors.
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T2K near detector : ND280

LPNHE

SMRD
UA1 Magnet Yoke

AN """\l

POD

Downstream

(uo.
_ie:eitf_)_;_—__/// R
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Solenoid Coil

Barrel ECAL

> ND28o is located 2.5° off-axis (same as
Super-K).
> Several sub-detectors inside the magnet

[ J

=)

Fine Grained Detector (FGD), plastic
scintillator bars for FGD1 and
scintillator/water for FGD2 as target.
Time Projection Chamber (TPC) to
reconstruct momentum and charge.
Pi0 detector (POD) and
Electromagnetic calorimeter (ECal).

> Measure neutrino spectrum and
composition before oscillations.

NND — /dE (I)(E) X O‘(E) X END(E)

# of events

Detector
efficiency

10



—

LPNHE

Pamis

T2K near detector in the oscillation analysis

> Select charged-current (CC) muon neutrino interactions in the tracker.

= The FGDs are used as targets.

=  With the TPCs, retrieve the momentum and charge of the tracks produced.

> Constrain flux and cross-section models with the momentum and angle of the
muon produced by the CC interaction.

data data | data

i m,etc

\ | /<-N' —%

n It

| ’

| ‘ |

TPC_ [FGD| TPC _ FGD| TPC ge e e ehl TPC  |FGD  TPC  FGD  TPC

>
A
NI
\

i = e et et e s atanainnnoins o] ) B i s 2L S ¢ e S i
9 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 : 0 1000 1500 2000 2500 3000 3500 4000 4500 5000 1000 1500 2000 2500 3000 3500 4000 4500 5000
P, (MeV/c) P, MeV/c) P, MeV/c)

Quasi-elastic candidate Single pion candidate DIS candidate 11



LPNHE

Pamis

T2K near detector in the oscillation analysis

ND280 helps to reduce the systematic uncertainties in the oscillation

Spectrum of events at SK

V beam mode

Events per bin

Events per bin

e

o

o

analysis from ~14% to ~6%

—= 1o error (w/o ND280)| 10 i — = 1o error (w/o ND280)

It 1o error I: 1o error

T2K preliminary ' T2K preliminary

e-like sample —= 1o error (w/o ND280) p-like sample —= 1o error (w/o ND280)
.'“""I I: 1o error L i It 1o error

= T2K pr'eliminary i . T2K pr'eliminar'y

04 0.6 08 1 12 5 1 1.5 2 25
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)

vysample |vesample |V,sample [V, sample

v-mode v-mode v-mode v-mode

Total w/o ND280 12,0% 11,9% 12,5% 13,7%
Total with ND280 5,0% 5,4% 5,2% 6,2% 12




LPNHE

Pamis

The far detector : Super-Kamiokande

Cherenkov detector with 50 kT of
water.

> Detect neutrino CC interactions

> Excellent muon/electron
separation thanks to the shape of

the Cherenkov ring.
Coivdanle s i > Only 1% of muons are
R e he S e 2 K i e misidentified as electrons.
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The far detector : Super-Kamiokande

e-like <——> muon-like

Number of events

K
4 6 8 10
Partice ID parameter

Cherenkov detector with 50 kT of
water.

> Detect neutrino CC interactions

> Excellent muon/electron
separation thanks to the shape of
the Cherenkov ring.
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Five far detector samples

One reconstructed ring electron and
muon samples for both neutrino and

anti-neutrino.
= Mainly events.

Added during winter 2016 a new sample
with 1 electron ring and 1 decay electron

which add ~10% of events.
= Mainly from
electron neutrino. 153
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T2K oscillation analysis

ANsk/Nsk  ANsk/Nsk
: . Systematic error source ; ; ;
Cross-section model constrained by y before ND fit  after ND fit

other experiments (Minerva,
Miniboone...)

Cross section

Flux and cross section

Final state/secondary interactions at SK
SK detector
Total

Oscillation
Parameters
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The far detector fit

Nep = / dE ©(E) x 0(F) x esx(E) x P(va = vg, E, 8, Am?;, 5cp)

# of events Detector Oscillation probability
efficiency

Three different analyses performed to extract the oscillation parameters :

> A frequentist analysis with a Ay? fit to
= E_./ Glep for electron neutrino and anti-neutrino.

- Erec for muon neutrino and anti-neutrino.

> A Bayesian analysis with a likelihood fit to
Prep / 61ep for electron neutrino and anti-neutrino.
= E_. for muon neutrino and anti-neutrino.

> A Bayesian with a Markov-Chain MC
= E__ for all samples.
= Simultaneously fitting the near detector data.

17



Data taking

Total Accumulated POT for PhysicS[ -58% of total ToK
v-Mode Beam Power expected POT
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Now running at an impressive 470 kW !
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Joint neutrino and anti-neutrino mode analysis

The five SK samples presented earlier are used in the analysis, allowing

simultaneous study of the v. /V_appearance channels, andv /V
e/ e TR
disappearance channels.

> Why is anti-neutrino mode data important ?

= The difference between v_and v_ appearance is directly related to d .,

| 2.5° Off-axis vu flux

— 8,,=0°, NH, v

—— 8,,=270°% NH, v

<=+ 8,=0°% NH, ¥
-~ 8,,=270° NH, ¥

19



v, and Vu disappearance
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T2K Run 1-7 preliminary — No oscillatiort
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T2K Run 1-7 preliminary — No oscillation

o Data
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Reconstructed Neutrino Energy (GeV)

Reconstructed neutrino energy at the far detector for A and_vLl candidate samples
with the expected distribution in the no-oscillations hypothesis (blue) and the

best-fit (red).
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v_and v_appearance

T2K Run 1-7 preliminary __ No oscillatio

o Data
— Best-fit

T2K Run 1-7 preliminary __ No oscillatio

o Data
— Best-fit

Number of events
Number of events

2.3exp.
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---- Normal - 68CL
. . — Normal - 90CL
Bestfit  ____ Inverted - 68CL

—— Inverted - 90CL
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— T2K Run1-7 vV 90% CL
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Joint analysis ~ *"

0:4 0.5 0.6 0.7
. Zé . 26 . .

e T2K results are consistent with past
analysis results, maximal mixing (45°).

NOVA (2016) Super-K 2 it . c
o It’s also in agreement with other

experiments.
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Weakly prefers second octant with
posterior probability of 61%.

ORI Y T TR R YR Y From separated v and v analysis
With other exp. s . comparison, no hint of CPT violation. 22
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> With the anti-neutrino samples, T2K data by itself has already some
sensitivity to 6, !
= Disfavor region around ¢, = +7/2 .
= Preference for the J , = -71/2 region for both normal and inverted
hierarchy.

> Good agreement between the reactor measurement of 613 and T2K results.

> When adding the reactor constraint (PDG2015 : 613 = 0.085 + 0.005) the
contour is further reduced. 23
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First hints about o cp

Global minimum T2K Runl-7 preliminar
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With reactor

antineutrino e- hke 6.004 6.902 2.335
Confidence intervals are obtained through the Feldman-Cousins method.
All the parameters are marginalized and 613 is marginalized using reactor

value. Normal Hierarchy | Inverted Hierarchy
> We observe : dcp (radians) [-2.978; -0.467] [-1.466; -1.272]

= LessV_ candidates than expected
= More v_candidates

> O.p = - /2 is the most asymmetric value, and is therefore favored.

24



.-""-.__'

LPNHE

Future improvements

> Coming soon : a new analysis with different improvements !

)

-

Doubled neutrino-mode statistics.

More accurate neutrino interaction model, and new near detector fit for
more precise measurement.

New SK reconstruction with larger fiducial volume. Expect 20% more
events in v_appearance samples.

> Also working on different longer term improvements :

)

-

Reduced flux uncertainties thanks to new NA61/SHINE analysis.

Improved selections in the Near Detector (anti-neutrino and improved
angular acceptance).

SK 2-rings samples.
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T2K 11

> T2K approved statistics (7.8 x 10** POT) is expected to be reached in ~2021.
> 1st phase of J-PARC Main Ring improvement should begin in 2018.
= T2K II would extend T2K run to 20 x 10** POT in ~ 2026 (expected start
of Hyper-K).
= This requires both an accelerator and beamline upgrade to reach 1.3 MW
and analysis improvements.
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T2K II sensitivity and near detector upgrade
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T2K II could reach ~30 sensitivity to
d.p for the parameter values
currently favoured.

This requires significantly lower
systematics uncertainties

An upgrade of the near detector is
under study to see if we can achieve
~3% systematic uncertainties. 27
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Summary

>

Presented an overview of the latest T2K oscillation results :
= Precise contour in the sin2623/ Am223 plane, in very good agreement with
the other experiments.

e Good agreement between T2K and the reactor measurements for sin® 613 :
e CP conservation hypothesis excluded at 90% CL.
e The new SK sample gives stronger ¢, constraint
> Oqp(rad) = [-2.978, -0.467] for NH , [-1.466, -1.272] for IH at 90% CL.

Soon to come (this summer) some new results with several improvements in
the analysis and twice the neutrino data.

T2K also makes impressive cross-section measurements !

7.8 x 10*' POT expected to be reached in ~2021.

= Proposal for extending T2K data-taking period to 2026 and accumulate up to 20 x
10! POT to continue doing nice physics !

= Planning an upgrade of the near detector around 2020 to further reduce the
systematic uncertainties.
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