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The Pontecorvo-Maki-Nakagawa-Sakata
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The oscillation phenomena have been observed using solar, atmospheric,
reactor and accelerator neutrinos, establishing the three neutrino SM
paradigm with a high precision for the parameters (%)

Next steps for oscillation exp. : mass ordering, CP violation, (6,, octant)

Normal Inverted Review by E. Lisi at this conference
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Neutrino oscillation: vp-> \)pand vu-> Vv
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P(v,»v,)~4C2,52,52,sin2d,, “Atmospheric” term

+8 C213C12C23512513S D, sin D, sin P, CP violating term

+482,C,(€2,,C2,+52,52,,52,—-2C,,C,,S,,5,,S,5088)sin 2 d,, “Solar” term
C;=cos(0,) : : : :
q);:AszJLME Change sign from v to anti-v! An accelerator based neutrino beam is

ideal to study this, as either neutrinos or antineutrinos can be produced
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The Tokal to Kamloka (T2K) experiment
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T2K: Main Experimental Features

Super-Kamiokande

Neutrino Source ND280 Near Detector
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The T2K Near Detector suite
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* A complete near detector
suite in a pit at 280 m from the
proton target.

* An on-axis detector (INGRID)
for the beam direction and
stability.

 ND280 is a magnetised near
detector (using the UA1
magnet)

* New detectors added !
WAGASCI, BabyMind, Ninja...
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.~ The T2K near detector TPC
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Three large TPC for the T2K near detector

* The first large TPC using MPGD

il + ~9 m**2 equipped with bulk Micromegas detectors

| * Playing a key role in the study of the neutrino flux and
|| Interactions (charge, momentum and dE/dx PID)

e Space resolution : 0.6 mm

* Momentum res. 9% at 1 GeV

' » dE/dx: 7.8 % (MIP)

Ty

72 Micromegas and 120k channels functioning
flawlessly since 2009 (dead channels 144/124272)
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The following results are with runs 1 to 10

T2K Data analysis flow

* Define the good stable runs (neutrino intensity, direction, data quality at
ND280, SK, ...)

* Select neutrino interaction events in ND280 (muon no pions, muon and
pions, multi pions) to constrain the neutrino cross-section x flux

» Select neutrino interaction events in SK : single ring muon like, single ring
e-like, e-like and one decay-electron ring
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T2K Near detector constraint
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Flux and cross-section systematic uncertainty on N__significantly reduced

FHC 1R average spectrum with all systematics
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Systematic uncertainties

Beam mode

Neutrino

Antineutrino

SK sample 1 Ring p-like 1 Ring e-like 1 Ring e-like 1de 1 Ring p-like 1 Ring e-like
Before ND280 fit 11.1% 13.0% 18.7% 11.3% 12.1%
After ND280 fit 3.0% 4.7% 14.3% 4.0% 5.9% e
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Anindication of matter-antimatter
symmetry.violationin néutrinos

Nature 580, 339—344 (2020)
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The upgrade of the ND280 detector

Two new High-Angle TPCs
A highly segmented Scintillator Detector (SuperFGD)
TOF planes all around

No changes to the other detectors

Will be installed in JPARC in 2022 12
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Super-Fine Grained Detector

1x1x1 cm?® plastic scintillator cubes with 3 fibers readout along X, y, z
Detailed (3 2-D projections) and highly segmented view of the
interaction

Successful tests of prototypes

Good light yield (50 pe per channel), tracking, PID, timing (1ns)
Scintillator cubes are fully produced

A new fully active detector (~2t) for neutrino interaction
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ND280 Upgrade :High Angle-TPCs
Drift volume / " e i r ‘

MicroMegas

Module Frame

mesh

B1 Amplification gap: “100pm  1'E

—L_ Insulator: ~100um

___

Atmospheric pressure TPC using Ar-CF4-C4H10 (95-
Resistive Micromegas (ERAM¥)

Benefiting from ILC TPC developments and RD51
Resistive Micromegas production at CERN ongoing
Succesful beam test with prototypes

First field cage to arrive at CERN by January

December 2021 —tc Marco Zito
R ed Resistive egas
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Previous results : CERN (10.1016/j.nima.2019.163286) Preliminary results from DESY test beam 2021 !
DESY 2019 (arXiv:2106.12634)

Results from TPC test beams \

Thanks to CERN and DESY for excellent beams and test facilities !

l

* The resistive layer works very well as expected
* New methods developed to reconstruct the track EEEERRERER ENEEEfEam ‘
position for inclined tracks SR o e
* 160 pm resolution at O drift (fora 1cm?2pad) & MR
* Better than 700 ym at all angles
*  MC simulation fully developed with good match to data SESfSREnaE  SgniRgEnoes
K D I
= Still improving the track fitting method !
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TPC In neutrino near detectors

CP violation search : need to control neutrinos vs
antineutrinos —» magnetic field (DUNE and HK will have
magnetized near detectors, HPTPC in DUNE ND talk)

TPC very well adapted to tracking ~100 MeV/c
momentum tracks

dE/dx to separate e from p/pions enables v_analysis
(crucial for V-V, appearance)

Pad partout TPC have excellent pattern capabilities :
separation of electrons from gamma conversion

Possibility to search for decay vertex in very low density

medium (exotic neutrino decays)
16
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Physics with the T2K ND280 TPC

Neutrino interactions in the near ':'ﬁf o e B
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Search for short basellne nu osc.
Phys. Rev. D100, 052006 (2019).

Search for Heavy Neutral Leptons

PRD 91, 051102(R) (2015)
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Conclusions

The study of neutrino oscillations has provided many surprising
discoveries in the last 15 years, establishing the three neutrino
mixing paradigm, implying physics beyond the SM

The field is approaching the few % precision era due to dedicated
experimental efforts. This requires a matching precision in the
control of the beam flux, composition and neutrino cross-sections

The experiments start to be sensitive to CP violation. T2K will
provide improved precision in the next 5 years,

The TPCs of the Near Detector had a major role in the T2K analysis
(both for long baseline oscillation and other studies). More TPCs In
the ND280 Upgrade to come soon !

HyperKamiokande and DUNE (now both in construction) will be
able to observe CP violation

18
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Neutrino oscillations

If neutrino flavor eigenstates are
different from mass eigenstates,
propagation induces a phase shift

with the appearance of a new flavor

Propagation

v, - exp(-ipx)v,
Vv v, — exp(-ipx)v,

A@ = AmM°L/(4E)

L

Detector

———

E=1GeV

Prob(v, -v )= sin®(20) sin® (AmM°L/4E)
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2000 km

This is a simplified two neutrino scenario
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T2K systematic uncertainties

Systematic Source Relative Uncertainty in | Relative Uncertainty in
# of v_ Candidates (%) | # of v, Candidates (%)

Flux + cross section (ND280 constrained) 3.1 2.7
Cross section (ND280-independent) 4.7 5.0
n Hadronic Interactions 2.3 3.5
SK Detector 2.9 3.6

Total 6.8 7.6
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A limitation of the present ND280

* ND280 provides mainly acceptance for tracks in the
forward direction, while SuperKamiokande has 4n
acceptance

* The near to far prediction relies on a cross-section
model

* The neutrino nucleus interaction is not well known,
iIntroducing model dependence
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| T2K, SK and NOvVA
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