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Neutrino Mixing

 Neutrino flavor (weak) eigenstates and mass eigenstates are mixed

Weak eigenstate —— ‘Va> - E Ual |V|>/ Mass eigenstate
(ax=e, u, 7) i=1, 2, 3)

I\/INS mixing matrix

* Neutrinos change their flavor as they travel (neutrino oscillation)
- Natural interferometer to explore fundamental nature of neutrinos
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Figure taken from J. P. Ochoa’s presentation at Neutrino2018



Neutrino Mixing

All the three angles are finally observed!
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Accelerator-based long-baseline
neutrino oscillation experiments
T2K ~ NOVA_
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e High-intensity muon (anti-)neutrino beam produced by smashing protons to fixed targets
e Near detectors to constrain the beam flux, and measure oscillation at the far detectors

e Both uses off-axis narrow-band neutrino beam.

Baseline Peak energy




Oscillation signatures

Example for the T2K beam
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e Sensitivity to sin22043, CP violating phase
0, 023 octant, and mass ordering
through the matter effect

* Important to have multiple experiments to
disentangle impacts of those parameters



Experimental apparatus
and performance



T2K neutrino beamline at J-PARC

Near Detectors Beam Dump Decay Volume Target Station _
= , M Primary
e e ——r || — 3 Horns protons |
- T e 18 I = Pl __ Beamline
. i 81N E0 — : N\
/ Target .
: plons
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— neutrinos

e 30 GeV protons extracted from J-PARC Maing Ring
smashes a graphite target

e Secondary 1/~ are focused by three magnetic horns, and
decay into py+/- and (\731 iIn the decay volume

e Muon detector monitors beam stability.

Can switch neutrino mode and anti-neutrino mode by switching the horn current
8



Accumulated POT
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e Delivered beam (until May 2018)

''2017
Year

* 1.51 x 1021 POT neutrino mode (Forward Horn Current)

* 1.65 x 1021 POT antineutrino mode (Reverse Horn Current)

 Used for the latest oscillation analysis:
e 1.49 x 1027 POT neutrino mode

e 1.12 x 1021 POT antineutrino mode

T2K beam delivery
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12K near complex

T2K Near Detector complex consists of
off-axis (ND280) and on-axis (INGRID) detectors

<

e ND280

e Measures flux at SK direction
before oscillation

* Detector placed in 0.2 T magnetic
field

e Tracker consists of 2 fine-grained
detectors (FGDs) and 3 TPCs

e Plastic and Water targets

— ¢ INGRID

e Measures beam profile and
direction

* Array of 9-ton iron-scintillator
sandwich detectors

Beam

10



12K ND280 data samples

¢ 14 total ND280 data
samples used by
oscillation analysis fit

e v-mode (FHC)
e sort by stt multiplicity

e 2 fine-grained detectors
(FGDs) (C,0)

)6 samples
¢ v-mode (RHC)
® sort by muon charge
e sort by number of tracks
o2 FGDs (C,0)
) 8 samples
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cross-section

o After the fit, the flux and cross-section uncertainty at the far

detector reduced to ~5% from ~15%

e Also measures neutrino interaction cross-sections

ND280 data fitting

e The 14 ND 280 samples are used to constrain neutrino flux and

v-mode
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Super-Kamiokande
(T2K far detector)

Water and air
purification system
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Kamioka-cho, Gif
Japan M

Mozumi SK Atotsu

50-kton water Cherenkov
detector

Overburden: 2700 mwe

Inner Detector covered by >
11000 20" PMTs (40% photo
coverage)

Outer detector equipped with
~2000 8”PMTs and act as veto

Can detect neutrinos for wide
energy rage

e Solar neutrinos ~ MeV
* Supernova neutrinos

e Atmospheric/Accelerator
neutrinos
~ GeV

Operational since 1996
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Super-K event samples

1-like event

e-like event

Super-Kamiokande |
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e Ultilizes ring pattern to separate muons and electrons
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e NuMI beam running at 700 kW since Jan 2017
* Recorded POT by April 2018:

e Neutrino mode: 8.85 x 1020 POT

e Antineutrino mode: 6.9 x 1020 POT

2017

2018

- 17.5

Cumulative exposure (104° POT)

- 2.5

- 0.0
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NOVA Near and Far detectors

* Uses the same technology for both near and far detectors

e PVC extrusion + Liquid scintillator

e [ayered planes of orthogonal views with 6-cm cells. Readout via WLS fibers to APDs.

e Near detector (0.3 kton)

e 1 km from source, 100 m depth

e Far detector (14 kton)

e 810 km from source, on the surface, 3 m.w.e. overburden.

[o 1 APD pixel

896 hor.+vert. planes
384 cells/plane
344,064 total cells

14,0 -

155 m

typical R

charged »~

particle
path

—
\\

—
\\

Far Detector — Near Detector
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Neutrino events at NOVA

. Vu CC Signal

Utilizes Convolutional Neural Networks (CNN) for particle classification

17



Oscillation Analysis Results



12K disappearance analysis

Morgan Wascko, Neutrino 2018
DOI: 10.5281/zen0do.1286752
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NOVA disappearance analysis

Neutrino beam

NOVA Preliminary
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experiments
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12K appearance samples

Three appearance samples used for the fit: wmorgan wascko, Neutrino 2018
(1t identified with additional decay-e) ORl=20 leonedonl-chies

TRing ve + 0 decay-e 1R|ng ve + 1 decay-e (1) 1R|ng Ve + 0 decay-e
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Compared with the predictions, observed more events in the
neutrino mode, less events in the antineutrino mode 21



T2K Appearance results

Morgan Wascko, Neutrino 2018
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T2K Posterior Probabilities

Morgan Wascko, Neutrino 2018
DOI: 10.5281/zen0do.1286752
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Events / 8.85 x 10%° POT-equiv
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NOVA appearance samples

Neutrino mode
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Mayly Sanchez, Neutrino 2018
DOI: 10.5281/zenodo.1286758

Neutrino mode:
53 events observed
w/ 15 expected backgrounds

Antineutrino mode:
18 events observed
w/ 5.3 expected backgrounds

> 40 evidence of electron
antineutrino appearance
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Significance (o)

NOVA 6¢p and NH results

NOVA FD
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Mayly Sanchez, Neutrino 2018
DOI: 10.5281/zenodo.1286758

Best fit: Normal Hierarchy
6CP= 0.17m

Siﬂ2923 = 0.58=0.03 (UO)
Am?23, = (2.5110.12 5 55)- 10-3 eV?2

Areuiwnaid YAON

N
=

Prefer NH by 1.80

Exclude 6=n/2 in the IH at > 30
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T2K and NOvVA appearance samples
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Stay tuned for how those evolves with more statistics and improved analyses!
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Near future prospects

e Joint T2K-NOvVA analysis
e [2K extension and its near-detector upgrade

e Super-K upgrade with Gd loading

27



Joint T2K-NOVA
analysis

e Aiming to produce full joint oscillation Joint neutrino oscillation analysis
analysis by 2021

T2K Home News About T2K About Neutrinos Photos Videos Contact

T2K and NOVA collaborations to produce

January 30, 2018

* Preparing for a joint working group; The NOVA and T2K Collaborations are working towards the
formation of a joint working group to enhance the measurements of
three workshops held so far.

neutrino oscillation parameters made by each Collaboration
individually. The projected timescale of the NOvA-T2K working

group is for production of a full joint neutrino oscillation analysis by
2021.



http://t2k-experiment.org/2018/01/t2k-nova-announce/

T2K extension and upgrades

e T2K phase-ll

e Proposal to collect 20 x 1021 POT
(stage-1 approved by KEK/J-PARC)

o Will have > 30 sensitivity for CPV

e Beam upgrade towards 1.3 MW beam
power

e Near-detector upgrade

* Required for further reducing
systematics down to ~4%

e Aiming for installation in 2021
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Super-K upgrade w/ Gd loading

SK-Gd p

J. F. Beacom and M. R. Vagins, Phys. Rev. Lett. 93 (2004) 17110

roject

* Loading Gd to the SK pure water to enhance neutron detection capability

* ~90% Gd capture probability with 0.1% Gd loading

* Primary go

al is to detect supernova relic neutrinos

« Could also benefit T2K with: e N 2
* Improved neutrino-antineutrino separation & &/
* Improved energy reconstruction ? % MeV
* Improved measurement neutrino interaction T30, Vertices within 50cm

_ : - Number of events @ 3.9 X 10%! POT
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$ 02 o4 L X
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SK-Gd status

To realize SK-Gd, a major refurbishment of the SK tank
started on May 31, 2018

The tank was opened for the first time in 12 years for:
* [eak fixing
* Water piping upgrades
e PMT replacements

Major part of refurbishment finished and started filling
pure water again

New water system for SK-Gd is now being commissioned =

Planning ongoing for initial loading of 0.01% Gd
(corresponds to ~10 tons of Gd2(SO4)s)

8 W




Summary

e Discussed recent results from the two leading long-baseline
neutrino oscillation experiments: T2K and NOVA

 Interesting hints for 6cp, MH and 823 octants from both experiments.
* A lot more to come, including:

* NOVA-T2K joint analysis

e T2K upgrades

 Gd loading to Super-K

* And many morel!

Stay tuned for the future results!



