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Disclaimers

1) Due to limited time, mainly focus on: |

FJPPL(TYL)-related projects T2K, Hyper-K, SK
and Korea-related T2HKK

Not covering natural-source neutrino studies
(atmospheric v, solar-v, supernova-v)

and reactor experiments (e.g. RENO, JUNO)

;' 2) Quoted slides from recent workshop
“Prospects of Neutrino Physics"
38-12 April 2019, Kavli IPMU, Japan



https://indico.ipmu.jp/indico/event/236/

Why study neutrinos?

| — should have played crucial role in early Universe }'«

' 2) Very small mass: (but not zero!) ..;
L m(v) <~1eV (me=0.511 MeV) — Natural to think ?
different mass mechanism than Higgs

3) Neutral lepton: Very weak interaction with matter |
| (mean free path of E ~ 1 MeV v in water: |
{ ~10'5 km =100 light-years)



What to study about v’s?

| — 3 mixing angles and CP violation phase "
(main topics covered in this talk)

' 2) Neutrino masses:

| Mass2 differences and ordering: from osc. expt's
Absolute mass: Ov 28, direct 8 and cosmology _
‘ (not covered) |
, 3) Other properties: (not covered) |
Are there more than 3 v’s? — Sterile v search




Neutrino mixing

| (Pontecorvo-Maki- |

(Ve\ /Uel Ue2 Ue3\ /Vl\
LVMJ ) LUMI UM2 UM3J LVZJ
Vr Utl Ur2 Ur3 V3

v,,v,,V, . tlavor eigenstates.

V,,V,,V, . mass eigenstates of m = m, ,m, ,m,.

(10 0\ ¢ 0 s Ve, s O\
=Lo c,, S23J 0 1 0 L—slz ¢, OJLVZJ
0 -5, 0y \—sBe""S O ¢5; )\ 0 0 1/\v,

C»3=C080,3, €tcC.

3 mixing angles (612, 623, 613) + 1 complex phase (0 ) <CP violation
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Neutrino oscillation

IF 6 +0 AND Am2+0, flavor transmutation occurs.
P(vi—vj)=s1n220;; xsimn?(1.27Am?L/E) (2 flavor approx.)
AmZ2in (eV2), L/E in (km/GeV or m/MeV)

* 3 mixing angles

1\/\/\ | Sin226 612, 623, 613
P(ve—Ve) amplitude | ° 2 (independent) mass”2
P(ve—rvy) differences
A m232=m32-m22
0| Am221=m22-m12
) ‘ L/E 231- A m232:. Am?2
2h/(c3Am?) (Am231=Am232: Am?221)

wavelength * 1 complex phase (CPV) ¢
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What we know now

sin(2 6 12)~0.8

Am221~8x10-5eV?2

Solar-v
Reactor-v

Atm-v
Acc-v

OCP

unknown

Unmeasured <2011

sin2(2613) ~ 0.1

Am231~Amas2

Reactor-v
Acc-v

sin2(2 6 23)~1.0

| Am?232|~2.5x10-3eV?2

unknown

e 012~33", 623 ~45", but 613~ 9°

e |AmZ32| >> | Am221]| (by factor ~30)

mass ordering:

M3 >>MmM2>mi or

mz2> mi >> ms3
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Where to place detectors?
1.27Am2(eV2)L(km)/E(GeV)=2n+1)m/2

1st osc. maximum at L ~ E/Am2 (x1.57/1.27)

- For Am23231)~ 2.6x103eV2and E ~ 1 GeV,
— L ~ O(400km): accelerator long-baseline experiments
(T2K, MINOS, NOvA)

- For Am?23231)~ 2.5x10-3eVZand E ~ 4 MeV,
— L ~ O(1.5km): reactor mid-baseline experiments
(Daya Bay, Double Chooz, RENO)

- For Am221 ~ 0.8x104eVZand E ~ 4 MeV,
— L ~ O(50km): reactor long-baseline exp’t (JUNO, KL)



Fascinating quantum physics!

v oscillation is quantum-interference phenomenon
observable in earth-scale distances

¢ Normally, guantum effects are observed only Iin
atomic scale — Why is the scale so large?

Osc. A: L~2hE/m2c3 = (2h/mc)(E/mc2) m=+(Am?)

=50 meV for mao

Compton WL A=h/mc (2.4 pm for electron)
¢ vy mass is so small (10-7times electron) 24 um

Lorentz boost E/mc2~2x1010 L~1000km (E=1GeV)
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Outstanding issues In
neutrino physics

* PMNS matrix:
All 3 mixing angles 6 are measured.

Octant of 023 not yet known (> 45° or < 45°)
CP violation phase 0O cr is unknown.

» Neutrino masses:

Both mass? differences Am2s32 and Am221 measured.

Sign(Am232) still unknown - Mass Ordering (Mass Hierarchy)

m3>> m2> m1 (normal) or mz2 > m1 >> m3 (inverted)

Absolute m» not measurable with v oscillation

— Qv 2B (if Majorana)/direct 8 measurement (KATRIN) and
cosmological constraints on 2m» (v osc.—~ 2mv > 0.05 eV)
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T2K experiment in Japan

 Tokai (J-PARC) to Kamioka (SK)
Long-Baseline accelerator v exp.

Super-Kamiokande

INGRID@Odeg

ND280@2.5deg § Wl
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olenoid Coil

t 1,700 m below sea level

295 km

Super-K@Kamioka

Kamioka, ¥ % ;,g Tokal



mailto:ND280@2.5deg
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Off-Axis v u beam

* Narrow-band beam, peak at

0.6 GeV (Am232 1st osc. max.)

* Reduce BG from high-E talil
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Accumulated POT

Protons On Target (POT)

- Beam power ~485kW now

*15.1x1020 for v mode (Forward Horn Current)
* 16.5x1020 for anti- v mode (Reverse Horn Current)
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Super-Kamiokande (since 1990)

50kt Water Cherenkov Detector

Under 1km rock (2700m.w.e.)

11129 20-inch PMTs (+outer veto det.)
e/ 1 separation with Cherenkov ring

GPS timing for T2K beam coincidence: no
accidental b.g.

(Not only as) Far detector of T2K

* Atmospheric-v

« Solar-v
« Supernova-v

* Nucleon decay!

j — Refurbishment work in 2018 finished (for future SK-Gd),
running since Jan. 2019 as SK-V phase
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Number of Events

Number of Events

Observed events at SK
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Vv u disappearance
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T2K results on Ocp

« Compare v u— Ve appearance between v and anti-v
« Using reactor 613, CP conservation excluded at 2o
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T2K-Il proposal

« Aim: 30 evidence of CPV

................................................................................................

................................................................................................

protons
per pulse

................................................................................................

T2K was proposed with 7.8E21 POT — So far accumulated 3E21
T2K-Il (~2027) to collect 20E21 — MR power upgrade to 1.3 MW

T2K-II Target POT (Protons-On-Target)

b
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36 CPV for sin0,,=0.5,3 ,,=- 7

T
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MR RF upgrade

MR Power Supply upgrade \[/
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T2K-IlI physics prospects

Sensitivity to exclude sin 0 cp=0

Ocp=-Tm/2

| —True sin®0,,=0.43

L] l L) 1 L] L] ] L)

=0
o
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~ - = = w/ eff. stat. & sys. improvements

- —True sin°6,,=0.60

—
o
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>3 0 CPV sensitivity

K. Sakashita

Sensitivity of sin26 23, AmZ2sp
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N 7810 POT, 90% C.L  ~ Systematics -
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2.6 —
2.4 —
22 L L ! L 1 1 1 ] 1 1 1 1 | L
0.4 0.5 0.6
. 2
sin"0,,

~1% precision of Am?Z,
0.5°-1.7° precision of 0 23

(depends on true value)
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ND280 upgrade

Replacing part of ND280 with new detectors to enhance capability

arXiv:1707.01785

Super-FGD

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 tracking, PID, timing

e TDR submitted to PAC and reviewed
(J-PARC & CERN)

« Strong collaboration of experts from SR
Europe (incl. CERN), Jaban and USA

* will be approved as CERN NP06 Hode rame”

» Atmospheric pressure TPC using the same gas mixture as the present TPC
« Main difference with the existing TPC: thin field cage, resistive Micromegas
* Large overlap with the TPC group

Ai m I n g i n Sta I I ati O n i n 2 O 2 -I « Benefiting from ILC TPC developments and RD51



Hyper-Kamiokande

« 260 kton tank (D74mxH60m)
« 190 kton fiducial mass (~x10 of Super-K)
« 40,000 PMTs
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58% of dcp space at 50 and 76% at 30 21



NUuPRISM @~1km as HK IWCD

. M. Friend
Intermediate Water Cherenkov Detector
Off-Axis Angle Range

A . |
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kinematics to probe neutrino .
interactions as a function of /

1 o
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- 2E. (1 — B, cosB)
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T2HKK (Tokai to HK & Korea)

*|dea for a 2nd tank in Korea: “Korean Neutrino Observatory”
(“lower” Off-Axis beam reaches Earth surface in Korea)

«L~1100km — large matter effect - measure Mass Ordering
(same beam energy is around the 2nd osc. max at this L)

> 5o M.O. determination for any O cp value
 Also better O cp precision, sensitivity to exotic interactions
* Non-beam physics benefits from x2 volume (less cosmics than HK)

0AB 2.5 at HK

PLB 637(2006)266

PRD 76(2007)093002
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Significance (o)

Mass Ordering Sensitivities (Beam v)

Normal

True Normal Ordering

8___ ............................................

— JDx2

—— JD+KD at 2.5°
—— JD+KD at 2.0°
—— JD+KD at 1.5°

JD+KD 1.5°;
JD x2

6~ 8 o for all 0.
1~4.5 o forall o
(< 3 o for most cases)
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PTEP 2018,6, 1-56

S. Seo

Inverted

True Inverted Ordering

......... — JD+KD at 1.5°

—— JD+KD at 2.5° _
—— JD+KD at 2.0° i

JD+KD 1.5°;:

JD x2

5.5~ 7 o forall o.p
1~5 oforall o
(< 3 o for most cases)
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Summary

« Study of neutrino is an important step towards
understanding the Universe, complementary to high-
energy collider searches and flavor factories.

« v oscillation is Earth-scale quantum phenomenon.

 Exciting findings in the past and now, next target being
CP violation phase, mass ordering and 6 23 octant.

* Good chance for TZ2K-Il to establish CPV evidence at 3 0.

- Hyper-K proposed to observe CPV at >5 0 and many
other interesting physics.

- 2nd detector in Korea (TZ2HKK) will greatly strengthen
the physics cases, especially in MO determination.
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