NEUTRINO OSCILLATIONS
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% The Nobel Prize in Physics 2015
& Takaaki Kajita, Arthur B. McDonald
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2015
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The Nobel Prize in Physics 2015 was awarded jointly to Takaaki
Kajita and Arthur B. McDonald "for the discovery of neutrino
oscillations, which shows that neutrinos have mass"
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Q erms

The discovery that neutrino flavours transform
(Neutrino Oscillations) was a long process
initiated in 1968 and completed in 1998-2001.
=>» Neutrinos have mass !

There is no unique way to incorporate this in the
Standard Model

It almost certainly implies the existence of

-- new mass-generation mechanism

-- new phenomena such as right-handed neutrinos

=>» possible explanations for the baryon asymmetry
of the universe and for dark matter

Neutrino masses? Mixings? Ordering?
Majorana mass term?

This opens a deep field of research for many many years oy kev GeV TeV ... ZeV RH neutrinos?

A first step is the full understanding of the neutrino mixing and in particular the
discovery and measurement of CP violation by neutrinos.
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The neutrino mixing matrix: 3 angles and a phase o

vV . natural
Vu

NH or NO

Am? =25 103eV?

¥;1 — 0  Am% =710% eV?
OR? inverted
IH or 10
¥; 1 Am?, =7 10°eV?
Vi 0 . (atmospheric) = 459, N Am? .= 2.5 10%V?

0, (solar) =329,
0, (reactors) = 8.5°

Unknown or poorly known today:
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neutrino mixing (natural hierarchy NH -- or Natural Ordering NO)
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Ve isa(quantum) mix of
Vv (majority, 65%) and V, (minority 30%)
with a small admixture of VvV, (2.5%)



NO, 10 (w/o SK-atm) NUFIT 5.0 (202

======: NO, IO (with SK-atm) )

| NUFIT 5.0 (2020)
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The situation today

We know that there are three families of active, light neutrinos (LEP, N, = 2.992 +0.008)
Solar neutrino oscillations are established (Homestake+Gallium+Kam+SK+SNO)

Atmospheric neutrino (v,—v, , v,—V, ) oscillations are established (IMB+Kam+SK+OPERA)
At that frequency, (vll —V,) oscillations have been discovered (T2K)

and v, disappearance has been measured (Daya Bay, Reno, Double Chooz)

LY b =

This allows a consistent picture with 3-family oscillations

[solar: 6,, ~30°, Am,,? =7.10°eV?] [atmo: 0,; ~45°, Am,; 2 =+2.5 103eV?] 0,, =8°
phase 6., unknown (weakly constrained)

=> experimental program for at least 20 years *) towards mass hierarchy (is <m > ><m,
and leptonic CP & T violations

W >?)

5. Various weak signals might be interpreted as hints of further (right-handed /‘sterile’) neutrinos
-- eV region (LSND, Miniboone, reactor anomaly) oscillations
-- 3.5 keV photons signals as N>v y from galactic centers
and if confirmed require ‘beyond PMNS’ physics

*)to set the scale: CP violation in quarks was discovered in 1964
and there is still an important program (KOpiO, B-factories, Neutron EDM, LHCb, NA62...)
to go on for many years...i.e. a total of >60 yrs.

and we have not discovered leptonic CP yet!



CP Violation
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P(ve—v,) = 1AZHS2+ 2 AS sin &

Plveov,) = IAZHSEZ-2 A'S sin 3

P(ve—v,) - P(Ve%VM) sind sin (Am?, L/4E) sin 0,,SIN0,;

— — _ ACP a - 226
P(Vve—v,) + P(Ve—v)) SIN 203

.. need large values of Sin 6,,, Am?,, (LMA) but *not* large sin20,,
.. need APPEARANCE ... P(v,—V,) is time reversal symmetric (reactors or sun are out)

.. can be large (30%) for suppressed channel (one small angle vs two large)

at wavelength at which “solar’ = “atmospheric’ and for v.—v, , v,

.. asymmetry is opposite for v,.—>v and v,—v._



50 kton (22.5 fid) WC SuperK

Suite of near detectors on-axis +

magnetized off-axis ND280

Off axis 2.5° (E, = 650 MeV) L=295 km,

Approved for 7.5 10%! pot (30 GeV protons)

First run in 2009. Received 14% of it.

Running at 510kW now. T2K-Il upgrade Neutrin

14 kton (10 fid) far detector on surface with cover.
lig. Scintillator 65% active, 6cm longiitudinal pitch
300ton ND with similar functionality.

810 km, 14 mrad (0.8°)off axis. (E, = 1.8GeV)
14 kton fiducial plastic scintillator (6cm pitch).
First run February 2014 to May 2015.
3.45x10%°pot 120 GeV 36 x 10%° approved
Running at 420/470 kW now. B
Consider physics with 6 years(3v, 3 v)

or 72 x 10%° pot
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Upgraded NuMI muon neutrino beam at Fermilab (700 kW design)

Longest baseline in operation (810 km), large matter effect (£30%), sensitive to
mass hierarchy

Far/Near detector 1s sited 14 mrad off-axis to produce a narrow-band beam around
the oscillation maximum region (-2 GeV) 2

Tianming Rian - UCT
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NOVA Detectors
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Read out via WLS fiber to APD

= Layered planes of orthogonal views

muon crossing far end ~40 PE

wosgt -,

0.17 X, per layer

-1 DAQ runs with zero deadtime

. triggers for beam, SNEWS, cosmic ray
calibration samples, exotic searches

6.0 cm

39cm

See Poster P1.031 by D. Mendez

150kHz of cosmic induced events e e G ST e
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Event Selection
K
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NOVA: Mass ordering, 8, and 0,; octant ambiguity.
T2K mass ordering effect is ~3 times smaller
DUNE mass ordering effect is 1.6 times larger than NOVA

Old plot (CP violation now smaller)!
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T2K and NOvVA

Significant complementarity, with different baselines and different near and far detectors
-- NOVA more sensitive to Mass Ordering
-- T2K directly sensitive to CP violation

Both experiments benefit from off-axis geometry
-- reduction of backgrounds esp. intrinsic v,
-- beam energy peak is given by pion decay kinematics = provides reference energy.
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NOvA hierarchy resolution NOvA+T2K hierarchy resolution 36x10°° POT NOVA

4s,.rr"ze,fo.ogs. $in°20,,=1.00 36x10%° POT 4s,m“ze, =0.095, s-rfzq?:,f1 00 4+ 7x10°'POT T2K
asf — AMP<0 a5k — AmP<0
af —Am>0 af — AMP>0

significance of hierarchy resolution (o)
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ce! X Spp/ W

significance of hierarchy resolution (o)

NB combination for T2K-Il @ 2x10%1 and NOvA @ 7.2 102! does not exist,
(indicatively) multiply number of sigma by ~sqrt(2) = determination between 2 and >4 sigma

NB If & ~ -1t/2 = 3 1/2 as preferred today NOVA could already make significant contribution
by summer 2016.

The combination of NOVA and T2K = inform the mass hierarchy at 2 to 4 sigma by 2025.
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ORCA and PINGU

IceCube Lab

PRECISION ICECUBE NEXT Skiway

Amundsen-Scott
GENERATION UPGRADE

South Pole Station

Oscillation Research w/
Cosmics in the Abyss

gllgg

lceCube

DeepCore

PINGU

Artist’'s impression of a KM3NeT
building block:
115 strings of 18 DOMs.

Darren R. Grant - University of Albert

Both experiments are in proposal phase.
e REE L ORCA: deployment 2017-2020
PINGU: aim at completion in 2021-22.
: e Both: 4 years for MH determination at 3 sigma

ORCA: 38 Mton 19



Atmospheric neutrino oscillations with DeepCore
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ORCA and PINGU

Determination of mass hierarchy with matter effect B B
Very large effect : up to ~100% asymmetry v.—>v, vs. v,— V., different for v,
diluted by charge, PID, lepton angle energy reconstruction

Yan d Kouchner, arXiv:1509.08404
Earth Model - colors show density in kg/dm*3 Sl i
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JUNO (RENO50)

v, disappearance from reactor.

Daya Bay 50-60 km KamLAND

14} &Reno&DC JUNO =
Near \ilu RENO_:;O
12 Far \IlL
1.0_—" # {‘f—————__
g- L
(3 e,
z 0.8 2
B8 * Savannah River
Zo 0.6 O Bugey
X Rovno
04r- o Goesgen
A Krasnoyark
021 O Palo Verde
B Chooz ® KamLAND
00 | I | |
10" 10° 10° 10* 10°

Distance to Reactor (m)

J.6

0.5

0.4

P&B(L/E)

Psy
Py
Pao

1 — Pp; — P31 — Pap

cos?(813) sin?(2612) sin®(Ag:)
cos?(f12) sin?(26,3) sin®(As;)
Sin2(912) Sin2(2913) Sing(ﬁaz)

llllllllllllllllllllllllllllll

------- Non oscillation
_ 9 _ oscillation

_— N01 mal hierarchy
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25 30
T /E (lm/MNaV)

Locate 20kton, 75% coverage liq. scintillator detector at 1st solar disappearance max (50km)
use interference between solar and atmospheric terms which is sensitive to the sign of Am?,;

Since disappearance is used, no sensititivity to o .

Challenge from energy scale/linearity/resolution!




5613

1507.0

arxiv:

ol

3.

1¢5,

Yellow Book

Neutrino Physics with JUNO

The Jiangmen Underground Neutrino Observatory (JUNO), a 20 kton multi-purpose under-
ground liquid scintillator detector, was recently proposed with the determination of the neutrino
mass hierarchy as a primary physics goal. The excellent energy resolution and the large fiducial
volume anticipated for the JUNO detector offer exciting opportunities for addressing many im-
portant topics in neutrino and astro-particle physics. In this document, we present the physics
motivations and the anticipated performance of the JUNO detector for various proposed mea-
surements.

* Reactor neutrino physics
* Mass hierarchy, precision measurements, (geo-neutrino), ...
* Astro-particle physics
* Supernova neutrino, diffused supernova neutrino background, solar neutrino

* High energy events
» Atmospheric neutrino, nucleon decays, ...

Statistical error-->Target Mass: 20 ktons, biggest LS Detector

Best Energy Resolution for LS Detector: 3%
- ~75% PMT: coverage

- Photon Detection Efficience double 30% Quantum Effi. + 90% Collection Efficience of PMT
->Transparent LS

Energy and Vertex reconstruction and correction:
symmetrical structure, time and charge measurement by PMT

Energy range and linearity: PMT response and electronics
Background Radiation Rate, fiducial volume cut, Material, Clean consideration ’3



JUNO sensitivity to Mass Hierarchy :
«more than 3 ¢ in 6 years»

W ' ' Current JUNO
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20” PMT

3" sPMT
Arranged between
20” PMTs

20’000 PMTs 15k from China 5k from Japan

Civil construction underway = complete 2018

Data taking date: early 2020.
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JUNO (RENO50)

Many physics topics

Some overlap with DUNE/HyperK
- p~2 vK -
-- SuperNovae

Some specific
-- geoneutrinos

700m deep Supernova neutrinos

* Less than 20 events observed so far
* Assumptions:
— Distance: 10 kpc (our Galaxy center)
— Energy: 3x10°3 erg
— L, the same for all types
— Tem. & energy

* Many types of events:
— Vg+p =2 n +e*, ~ 3000 correlated events

— vg+ 12C > 12B* + e*, ~ 10-100 correlated eve Water Cerenkov
— v+ 12C - 12N* + e’, ~ 10-100 correlated eve!
— v, + 2C v+ 12C*, ~ 600 correlated events events

— v, +p > Vv, +p,single events
- v, +e 2> v, +e,single events
— v, +e v, +e,single events

T(v,.) = 3.5 MeV, <E(v_)> = 11 MeV
T(v.)=5MeV, <E(v.)>=16MeV
T(v,) = 8 MeV, <E(v,)> =25 MeV

Energy spectra & fluxes of all
types of neutrinos
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A word on RENO50  (17kton, 60% coverage, 100MS)
-- R&D funding (US $2M for 2015-2017)

from the Samsung Science & Technology Foundation.
R&D is in progress to produce TDR.

-- A proposal has been submitted to obtain full funding.
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200 events/year from JPARC beam

& i I Neutrino Experiments



The DUNE Collaboration

As of today: from
790 Collaborators 144 Institutes
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DUNE Primary Science Program

Focus on fundamental open questions in particle
physics and astro-particle physics:

» 1) Neutrino Oscillation Physics

« 2) Nucleon Decay

CPV in the leptonic sector

Definitive determination of the Mass Hierarchy

Precision Oscillation Physics (0,5 octant, ...) & testing the 3-flavor
paradigm
Very clean signals for Kaon decay.

- Targeting SUSY-favored modes, e.g. p — K'v cathode
- 3) Supernova burst physics & astrophysics s de.cay
- Galactic core collapse supernova, sensitivity to v, i ek e
E |

WIS N0 -« i ot 0.5m
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DUNE CDR Design =

Far detector: 40-kt LArTPC

punOJSJap'Llr.{e;ﬂL-u. I |

LArTPC Development Path

Fermilab SBN and CERN neutrino platform provide a
strong LArTPC development and prototyping program

Single-Phase 35-t DUNE SP PT @ CERN

rototype

|

Dual-Phase

NS

WA105: 1x1x3 m?3
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DUNE
LBNF and PIP-II

* In beam-based long-baseline neutrino physics:
= beam power drives the sensitivity

* LBNF will be the world’s most intense high-energy v beam
* Build on strong Fermilab track record (BNB & NuMlI)
= 1.2 MW from day one (end 2026)
NuMI (MINOS) <400 kW
* NuMI (NOVA) ultimately ~700 kW
= upgradable t0 2.4 MW After 6 years

* Requires PIP-1l (proton-improvement plan)
= $0.5B upgrade of FNAL accelerator
infrastructure
= Replace existing 400 MeV LINAC
with 800 MeV SC LINAC

18.01.2023 Alain Blondel Neutrino Experiments 30



2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028

CD3a I CD4a CD4ab
CF SITE PREP
DETECTOR #1
= DETECTOR #2
CF
CRYO
TECHNICAL INSTALL{CGW

DETECTOR 43

q DETECTOR #4

SHAFT UTILIT|ES

SETTLEMENT

NEAR DETECTOR

DUNE Schedule as of CDR http://arxiv.org/abs/1601.05471
Beam starts (with 1.2 MW capability) in 2026 with 2 detectors, upgrade to 2.4Mw ~6 yrs later.
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http://arxiv.org/abs/1601.05471

3o CPV sensitivity over 75% of o after 13 yrs.

T5% CP Violation Sensitivity 8y Resolution
5 - 40 -
DUME Staging —— CDR Referznce Design DUMNE Staging —— CDR Referance Deslgn
4.5F Mormal Higrarchy —--— Dptimizea Design a5 Mormal Hierarchy — -—--- Optimized Design
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Figure 2.2: The significance with which CP violation can be determined for 75% of dcp values (left)
and the expected 1o resolution (right) as a function of exposure in years using the proposed staging
plan outlined in this chapter. The shaded regions represent the range in sensitivity due to potential

Years

Years

variations in the beam design. The plots assume normal mass hierarchy.
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HYPERKAMIOKANDE

Kamiokande Evolution

Three generations of large Water Cherenkov in Kamioka,
tank shape being optimized.

Hyper-Kamiokande

Kamiokande Super-Kamiokande (2025-)

(1983-1996) (1996-)

Electronics
hut

0.52Mton=520kton
(380kton fiducial)

x17 x10 el s
PTEP 2015, 053C02

(x20 fiducial mass) 8



Detected Neutrinos @ Hyper-K

Particle Accelerators |}

Earth Atmosphere

Earth Crust

(Natural Radioactivity) k

18.01.2023

Sun

Supernovae
(Stellar Collapse)
SN 1987A

;‘_‘ Astrophysical

Accelerators

Multi-purpose neutrino experiment.
Comprehensive study of v oscillation
« CPV
» Mass hierarchy
- 0, octant

» Test of exotic scenarios
Nucleon decay discovery potential, e.g.

ep - et

*p - VK
Neutrino astrophysics

e Supernova

» Relic SN neutrinos

« Solar neutrinos

* Indirect dark matter search
Earth tomography
Eftc.
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Hyper-K Optimized Tank Shape

Lol design based on the Super- S T

K technology

* Much improved photosensors in:
> Detection efficiency (~2xSK)
> Timing resolution (2-3ns - 1ns)
« Tank optimized taking into
account current technology,

physics and costs.

Structure of upper part
Conerete Linag

18.01.2023

Total Detection Efficiency for 1pe

N

" High-QE box-and-line PMT /
(Hamamatsu R12860) -§— | B
QE = 31% sample | =

—
— T T
|

; ’ + LN '
LS Super-K PMT average "bﬂ};ﬂ" P
4/ 4 (Hamamatsu R3600, QE = 22%) f _\ I

; « / A+ N
; Top Vi w\,___.__ﬂ_
== B

Relative single photoelectron hit efficiency

0 IIIII
Position angle [degreg]

More details in the talk on the photosensors

* Improved performance and high
photocoverage allow:
- Better reconstruction resolution

» Energy threshold for low
energy physics

- Efficient neutron capture
10
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The Hyper-Kamiokande project 1s officially approved

2020 February : First year construction budget approved by Japanese Diet

2020 May: Univ. of Tokyo President and KEK Director General signed MOU

= The University of Tokyo will
construct and operate

the Hyper-Kamiokande detector

KEK will upgrade and operate  m=
the J-PARC accelerator to produce §
a high-intensity neutrino beam

Hyper-K is under construction
Operation will begin in 2027
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Overall design of the Hyper-K water tank

1.0m

76000 ' 0.em
: <>
| >
— i
: S, ®70800 R0 1000 =\ 500
| (Inner Water Tank) [Dead Areaf Outer Water Tank| .
== ' e (]
Access Tunnel|/ | . B ..
EWL Fitting S CLUSEN VRS ) o
; 10 A Y
a 5 L il Inner Detector / L0
= 1500 (Fiducal Volume) 1500,/ 3 |~'\.. PR P o)
| ] lnnar Detector o e A
Outer Detertor | Inner Detector | : ~ (PMT 50cm)\, { + ’
(PMT 200m) 3§ | (PMT 500m) | : =3 — L il
- 1 | g T
g . ' 3 Insensitive Region o,
& o3 A | A g u -
O = Bedrock ] Inner Watar Tank 3 )_/ s Cavern
3 Concrats - o
O = I..Ln:n_im;. | : X Tank donstructipri 5 %excavahon
| 2 Om = Outer Detector ™, _ L =
1 | : ' 5 (PMT 20cm) e R v
: ] Tank [ 7
| | I Outer Detector [l
- < o Cancre te
= o |
EE | 1B /(0,\(\ Lining S N
! ] J
YA A A A AU A A A AN A 10° : NN g
i Quter Water Tank [ =] R P UL P Ltk "\ Bedrock
1000 70800 100 = LA L e, {y&Z{ -
o o R # R . :
l\(I:J_aad Area) (Dead m{ é_.%k&ummﬂ Mﬂz{_ - BII‘\.Slm'atv;r'm:e

74m B
ID surface area : 20,063 m?

Total . 258.1 kt/tank 1 ID-PMT/0.5m?2 (40% coverage)
Inner Detector : 215.7 kt/tank > ~40,000 ID-PMTs/tank
Fiducial Volume: 187.0 kt/tank ~6 7’00 OD-PMTs/tank
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Hyper-K Photo-sensor R&D

e Actively studied by sub-working group
consisted of 52 worldwide members

Promoting many
R&D items actively

28cm PMT
New photo-sensor 90¢M photosensor  py|t;- PMT 20cm HPD (gTEL/aDIT, US)

(HAMAMATSU)

development

Characterization

Response property
measured at TRIUMF

16/02/16 Hyper-Kamiokande: Photo-sensor (Y.Nishimura) 3
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50 cm High-QE Box&Line PMT

New photo-sensor with improved performance was developed for Hyper-K.

Hamamatsu R3600 New Hamamatsu R12860
Venetian blind dynde Box & Line dynode

(Super-K ID)

+2kv,i1 07gain

|'j‘1 —

) ///////‘ 4 ///

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

" With uniform

o K KLLLRE i 4] responseand
///// PV RV IR A AV R A AV A ||H , Iarge aperture
® Photoelectron might miss 1t dynode _ ' i =
- less collection eff. High collection efficiency
e Ambiguity of drift path resulted in Uniform drift path (& high 15t aynode gain)
losing uniform charge and time — High charge&time resolutions
response.

Outside design is similar to Super-K PMT,
but the detection efficiency and resolutions were much improved.

16/02/16 Hvoer-Kamloka de: Photo-sensor (Y.Nishimura)
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Detection efficiency

High efficiency brings better HK performance of momentum,
energy, particle ID, and improves low energy physics especially.

* High detection efficiency was confirmed in measurement.
Quantum Efficiency (QE) Total Detection Efficiency of 1pe

g . c — High-QE R12860 .g o e §- __13?,;;:‘.3:_____‘__ .__ﬂ\\_(o |
> B e Normal-QE R3600 = >io v ¢ el ey
S 30F = Pt . High— —and—li .
§ F /77 \\ high-QEs (HQE) | £ [ | "Cememeurizio) o LLPg.
© 25: / \ % / QE = 31% sample . '—E‘n&"r'l o
5 20F i “ 3 [ I e = S ;iie:_s‘ f__ |
: g 1 TR TIN
8 = % -/ ﬁ_; Super-K PMT average , hTiV\ e, N
10f 3 _:{:’/ (Hamamatsu R3600, QE = 22%) - .- ef:\,:\ i
5 § ; o ‘”:“&_/ h
o 300 350 400 450 500 550‘*500 s+t & 0.9080-7060-50 4030 20-10 0 10 20 30 4'0_5'0 60 70 80 90
Wavelength [nm] Position angle [degree]
22% — 30% at peak In total, detection efficiency
and Collection Efficiency (CE) (=QE x CE x 1pe hit discrimination)
73% — 95% (46cmd area) becomes double.

18.01.2023 Alain Blondel Neutrino Experiments 40




Single photoelectron detection

Time Charge
3 — Box&Line PMT > ~ Box&Line PMT
@ B e SK PMT A SK PMT
z A%k 21ns > 1.1nso  E #x 50% — 35%0
it [t 7.3ns — 4.1ns - #f b
j L : H ;.E
:' N
== ™

petle L B - m 1 1 1 | |E| I I 1 1 1 1 1
-20 -15 <10 -5 0 5 10 15 20 25 -1 Or 1 2 3
Time [nsec] Charge [photoelectron]
Threshold corresponds to ~1/4 p.e.

for SK PMT hit trigger (~1mV)
— Possible to improve vertex

reconstruction using photon arrival — Brings better energy resolution
time, BG rejection rate with improving photon discrimination.

— Implemented into MC simulation to estimate performance of HK
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HPD

® 20 cm HPD was developed and well tested:

16/02/16 Hyper-Kamiokande: Photo-sensor (Y.Nishimura)

10.U1l.2ZULD AIldIT DIOTNJer NeuLrnino cxperirer

Hybrid Photo-detector (HPD)

Hybrid

Avalanche Diode (AD) PMT

— Low cost

|
|
| Metal dynode
|
— Better umformltyI
|
|
|
|
|
|
|
|
|
|
|
:

K—H
e
=
x dynode
| gain
Bombardment gain

= — Fast response > Xx~15
8kv Better CE, etd. ~2kV
Bombardment gainr~1600 X Avalanche gain 50~200 20 cm HPD with built-in HV, amp
. Good resolutlon 8-inch Hybrid Photo Detector . 30cm R

(HPD)

High voltage around 8kV is required .
to collect electrons in the small region of AD
to increase gain at electron-bombardment 2.m
® High performance and low cost

[ ; . Signa
5mm ® Avalanche Diode (AD) Pre plifier

® 50 cm HPD will be ready soon this year. —m A
L % R&D or testin | @ “*% I
16
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Performance of 50 cm HPD

| 5Smm® avalanche diode (Less collection efficiency) + old preamplifier
Charge distribution Time distribution

1 photo-electron
l Super-K PMT

Box&Line PMT

Pedestal {»

Super-K PMT
Box&Line PMT

»

-

1 0 1 2 3 20 -15 10 5 0 5 10 15 20 25
Photoelectron Time [ns]
| 20mm® avalanche diode (Full collection efficiency) + improved preamplifier
, r i ! ; : L -
New preamplifier for =P
1/5 ch Avalanche diode = .. ooy 1 '\ Precise photon counting
is developed. (20mV/div L

be ready soon. X

HERT § W)
bl

200ns/div) \"j Charge | : 5
50cm HPD will Time ronscoo 1\ g/ (200ns) gl i

: L !
—IVIUITU-photoele ON peakx

16/02/16 Hyper-Kamiokande: Photo-sensor (Y.Nishimura) 17
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Accelerator neutrino physics
with Hyper-Kamiokande

Newidoe [zaelityy
Ay PARE;
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V., dppearance
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Experimental setup of Hyper-Kamiokande

Near detectors J-PARC upgrade:
won Hyper-K site ‘ - 500

Mt Ikeno-yama '
sk

Super-K Hyper-K
Overburden 1000 m 650 m X 8.4 fiducial volume (SK — HK)
Number of ID PMT 11,000 40,000 X 2.6 beam power (J-PARC upgrade)
Photo-coverage 40% 40% (X2 sensitivity) | _, Morethan 20 fimes statidios
Total/Fiducial vol. | 50/22.5 kton 260 / 188 kton
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Expected events

Assuming 2Tank HD staging (2nd tank from 7th year), 10 years total run

Vy disappearance

Disappearance v mode

Disappearance V mode

> 8000 = 8000 p—
g ; vV beam - No oscillation ; g ; \V beam « No oscillation E
Lfo'J 6000 5iN20,3=05 — UD-J B000|— 5iN28,3=0.5 —
@ A ) ) 1 ° . i, i
c | i .-No oscillation ] © [ i
> 40001 v \g — > 4000 —
o) L i, 4 @ - 7
kS i i': in2 - i S B l'-i Li i
L 2000~ o - : Sin 823 0.5 1 2 2000 |
£ i L ] E i : ]
S B e, 4 2 L o T DT e L LT Y .
< 0...|i—mm‘rmﬂ'rrﬂ.-.—--.+.. b ] 2 0...||-|._.'_|I_I._'.‘r-r1‘.".'_|_.]_f'|'7||”.|'7':rrl.|:..
0 0.2 04 08 0.8 1 1.2 14 1.6 18 2 0 02 0.4 06 0.8 1 12 - ik X 2
Reconstructed Energy E* Reconstructed Energy E*™
CCQE [nonQE
vV beam| 8947 | 4444 | 721
Vbeam||2317| 6040 | 859
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CPV sensitivity

Assuming 2Tank HD staging (2nd tank from 7th year), 10 years total run
o Exclusion Of Siﬂ6CP=0 Normal mass hierarchy

e >80(60) for §=-90°(-45°) ° CfTTTTTTTTTTTITTIITT

® ~80% coverage of d
parameter space with >30

- Y ]
10 - — sin"6,,=0.50 :

® From discovery to

6CP measurement: L R T R R S T R
® ~7° precision possible S
~ 60———————————
. | B F1.3MW beam e+ 1tank -’
sind=0 exclusion | 68% error | = s50=iyear=10"s ——Baselme(staglng)
ok neieee 3tank ]
T 40 ]
>30 | >50 | 8=0° |8=90°| 5 " - 00p=90" 1
' a0t X S¢p=0 -
o C ] ; 4
PTEP | 7.5MWy | 76% | 58% | 7.5° 19° | 5 20 ‘ | =
S ook E
('\t";“g”) 13MWy | 78% | 62% | 7.2° | 2I° 3 S S
Q0 2 4 6 8 10
Running time (year) 13

185.Ul.2U4L5 AldIn blionael Neutrino cxperiments 45



0,3 and Am?3,

Normal mass hierarchy

6(Am232)~l.4x |0-2eV?2 o S L —

L |

. e g 2.55;— — Hyperk _
— Mass hierarchy sensitivity < 25F oo
in combination with reactor 2455 E

24— q —D _
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230 =
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— Octant determination,
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. x10”

- Normal Mas‘s Hlerarch‘v - S‘! 2.6: T T T T [ T T 11 T T T 1 T T 1 T T 1 LI
5 105| T | T T T T | T T T T | T T T T I T T T T E z-ssf_ _:
% :i <1 5 ;__ —— Hyper-K + reactor ]
- 245F E
= Of - ]
= 5E 24F O E
S 4f 2350 3
© 35 TTE E
2 o :
S 1 2255 =
= ok 29 | I L I I L1

© 035 04 045 0.5 0.55 0.6 0.65
smza,h

1LO. VL. ULOD AT DIVITUTT  INCuULiN v L/\PCIIIIICIILD =J



CP Violation Discovery Potential 9

CPV significance for 8=-90°, normal hierarchy

10E
8, HK
Q T E :
Q =
C -
S E
S 6
c B .
.g) — ’,————r
& . ToKAl ..
i_ (Based on DUNE CDR,
2 _T2|</. arxiv:1601.0547 1 Table 2.1,
=5 .N OVA “optimized” beam design)
E | | | | | | | | | | | | | | | | | |
0 2022 2026 2030 2034 2038

Seamless program of Japan-based experiments
~30 indication with T2K—T2K-II,
>50 discovery and measurement with HK

Note: “exact” comparison sometimeg] difficult due to different assumptions



Soudan Frejus Kamiokande IMB Super-K Hyper-K
o —————
o minimal SU(5) IR IR . minimal SUSY SU(5)
—+e’m A A IR 1 i mnna, D
L edictions bbb epedSUG)
SUSY S0O(10)

6D SO(10)

" non-SUSY SO(10) Gz24p

p—e K°
p—pt K .
n_:*FKﬂ . . H P T
p— PKT|  @Umamma——
minimal SUSY SU(5)

KamLAND

p—}ffKJ“ B P int;:un-minimalSUS‘f’SU[S)
predictions P : R R ;
5 Pl b bt ; o , - SUSY 30(10)

31 32 33 34
10 10 10 10 10

/B (years)
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Galactic SN Burst Neutrino Events

Neutrino source 1 Tank HD 2 Tank HD LOI
V_e+ P 49,000~68,000 98,000~136,000 165,000~ 230,000
vV, te 2,100~2,500 4,200~5,000 7,000~ 8,000
v, + 10 CC 80~4,100 160~8,200 300~14,000
v, +1%0 CC 650~ 3,900 1,300~ 7,800 2,000~13,000
NC y ~ 2,500 ~ 5,000 ~ 7,500
Vv,te

L 6~40 12~80 20~130
(Neutronization)

Total events. 52,000~79,000 104,000~ 158,000 170,000~260,000

Energy threshold is 5MeV in all cases. 10kpc, Livermore model
NC is roughly scaled from Langanke et al. PRL 76 2629, 1996

Large statistics will make it possible to study SN mechanism in detail
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3o CPV sensitivity over 75% of o after 13 yrs.

T5% CP Violation Sensitivity 8y Resolution
5 - 40 -
DUME Staging —— CDR Referznce Design DUMNE Staging —— CDR Referance Deslgn
4.5F Mormal Higrarchy —--— Dptimizea Design a5 Mormal Hierarchy — -—--- Optimized Design
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Figure 2.2: The significance with which CP violation can be determined for 75% of dcp values (left)
and the expected 1o resolution (right) as a function of exposure in years using the proposed staging
plan outlined in this chapter. The shaded regions represent the range in sensitivity due to potential

Years

Years

variations in the beam design. The plots assume normal mass hierarchy.
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vV detection probability for “Mpc SN

1 tank (0.19Mt FV) 2tank
B R 28 ZRZ EERS LR AR 1-

&)
N

staged

>' 1 X | AN R rx | IRRS LEAAS| T 1: >
— - 1=
5090 th !
208F .
[ \i
a 0.7 & \i¥ :
c C AR
S 0.6 i \iy
o 5 R o
[¢}] . i \%%
0 0.4F <k \uy

0.2F W, N

0'1 ;_ ‘\ (v 20 """""
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0123435
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Distance (Mpc)
For 4Mpc supernova

3-6% for P(N>=2) 10-20 % for P(N >= 2)

Conditions:

» Livermore simulation

» 10MeV threshold

» #range for no osc., N.H. and |.H.
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Detection Probability

V detection probability for “Mpc SN

1 tank (0.19Mt FV)

o000

01 23a45678S
Distance (Mpc)
For 4Mpc supernova

3-6% for P(N >= 2)

Conditions:

» Livermore simulation
» 10MeV threshold

» #range for no osc., N.H. and |.H.
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Supernova Relic Neutrino (SRN)

1010 stellar/galaxy X 101° galaxy X 0.3%(become SNe) ~O(10'7)SNe
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S.Ando, Astrophys.J. 607, 20(2004)
Theoretical flux prediction : 0.3~1.5 /cm2/s (17.3MeV threshold) =



Search for SRN at Super-K

Search window for SRN at SK : From ~10MeV to ~30MeV
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Phys.Rev. D 79, 08013 (2009) Phys. Rev. D 85 0520'07 (2012)

Now SRN search is limited by statistics and BG.
HD option will help BG reduction by the neutron tagging:



GADZOOKS! project 5

ldentify v_p events by neutron tagging with Gadolinium.

Gadolinium has large neutron capture cross section and emit
8MeV gamma cascade.

nO
ve pO /+' \ Gd

—_—

e &
Y
- ~ éJ 8 MeV
AT~30us
Vertices within 50cm

Physics targets:

(1)
(2)

Supernova relic neutrino (SRN)

Improve pointing accuracy for
galactic supernova

Precursor of nearby supernova by

Si-burning neutrinos

Reduce proton decay background

Neutrino/anti-neutrino
discrimination

Reactor neutrinos

Captures on Gd

| 0.1% Gd|(0.2% in Gd,(SO,);) gives -

100% [-~96% efficieney-—
- for n capture \/

" In Super+K this means

| ~100 tons of Gd,(SD,),
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GADZOOKS Timeline
Preliminary
s — 2001x  ~ 201x  ~  201x ' 20xx ' 20xx
— T Tl
1 Leak repair work(~3.5 months) ;—:- : : : : : : : : : : : \ \: : : : : :
2,3 |Fill pure water (~2months) - R ) ]: R
4 oo e pure water unti get @ood weter rEnsparency (= o ™= e / )'i L
56 |Load to 0.002% Gdy(SO4)s (1ton) (~1 month) | : . . : / / . - : | : : : : / / | l L | |
7 |Load to 0.02% Gd,(SO.),(10ton) (~1 month) B / / ol / / B
7 |Water transparency stabilized (~4 months) o :Jl' { D] — / o
7 |observation with 0.02 % Gdy(SO,); ? . | . . |[ [ . I | ——.— [ . . o .
8 |Load to 0.2% Gd;(SQ,),(100 ton)(~2 months) : : : : :1|L \ : : : : : : : : \ :— : : : : :
9 |observation with full loading o A ] ——
TO Tl TZ

The introduction of Gadolinium GdSO, in SuperK will require 8 months interruption
of SuperK operation. Should be planned at the same time as accelerator stop

and ND280 upgrade installation. Schedule not fixed yet.
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Supernova Relic Neutrino Sensitivity

Number of v events Sensitivity (o)
450 - 8
400 ~ 2tanks staged ;
350 = 1 tank
300 — LOI a 6 T1tank  2tank
560kt) D L T S L e -

290 T tank  2tank 4
200  a— i S
150 ST 7 2tanks staged
100 2 ., === 1 tank

50 - 1 LOI

0 1 I I I I 0 I I I JOU“UI

0 5 10 15 20 [yrs] 0 5 10 15 20  [yrs]

_{' 2 tanks staged :~100 events/ 10 yrs. ~4.8 o non-0 significance.
e ltank :~70 events/10vyrs.~4.2 0

* Neutron tagging efficiency 70% is assumed

e LOI : ~200 events / 10yrs.~4.7 o

SRN flux uncertainty will be 215% after 20y with 2 tanks staged.
Model definition and further spectrum analysis will be possible. 2o




La vie d'une étoile II

vers la fin de sa vie, I'étoile a brulé tout son hydrogene et devient une
géante rouge.. Un effondrement gravitationnel peut se produire dans lequel
les noyaux de plus en plus lourds He, C,N,O, ... jusqu'au fer

sont produits par réactions de fusion nucléaire.

si ce noyau de fer résiduel est assez massif il va s'effondrer par
capture des électrons

p+te” > n+v,

tous les electrons et tous les protons disparaissent, il ne reste plus que des
neutrons..~> un état de la matiére d'une densité égale a la densité nucléaire

ou méme un trou noir!

ce processus violent et pratiquement instantané
SUPERNOVA
émet un tres grand nombre de neutrinos!

Alain Blondel Groupe
Neutrino Université de
Geneve




SN1987A



Alain Blondel Groupe
Neutrino Université de
Geneve
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En mars 1987, une étoile du nuage de Magellan donne lieu a une supernova.
(SN1987A)

ce phénomene est observé dans un observatoire du Chili,

mais 3 heures avant que les téléscopes aient observé le phénomeéne lumineux,

les neutrinos avaient été détectés! Masatoshi Koshiba
(Kamiokande IMB Baksan, Cherenkovs a eau)

Pattern ol I7EA9TF Tapedk ZEF1 MBD Evnis I1me
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400

energia/MeV
300 1 |

iy,

tous les neutrinos (11 + 8 + B)
ont été émis en quelques secondes!

Alain Blondel Groupe
Neutrino Université de
Geneve



24 anti-neutrinos de sN1987A (sur un total de 1058 neutrinos émis)
ont été observés le 23 Fevrier a 7:35 UT

dans trois grands detecteurs Cherenkov a eau

11 dans KamiokaNDE (I'ancétre de SuperKamiokande)

8 dans IMB (dans la Morton Salt mine dans |'Ohio)

5 dans Baksan (dans le Caucase)

apres 168000 ans de voyage depuis SN1987!

la dispersion en temps d'événements neutrino de masses différentes
apres une telle distance permet de placer une limite de m, c% 13 eV

La lumiere de Ia SuperNova est arrivée environ 3 heures plus tard...

"Aprés examen de clichés du Grand Nuage il s'avére que les premiers instantanés
de I'explosion ont été réalisés par I'astronome amateur australien Robert McNaught
le 23 février avec deux clichés consécutifs réalisés a 10h38 puis 10h41 TU.

Un peu plus d'une heure auparavant, vers 9h20 TU, Jones avait fait une
observation visuelle du Grand Nuage, mais sans voir la supernova”.

La théorie de I'explosion explique bien ce retard, du au fait que la “"chaleur” qui
produit la lumiére met un certain temps a rejoindre les couches externes de I'étoile
qui est opaque.

Neutrino Université de

Geneve



CONCLUSIONS

1. The next 10 years will very probably see the resolution of the mass hierarchy from
a variety of experiments: JUNO, ORCA, PINGU, T2K/NOVA/Reactors.

2. The next 10 years may see a resolution of the octant ambiguity or in any case will see a
a significant reduction of the uncertainty on 0,,

3. CP violation requires appearance experiments — thus accelerator beams

4. T2K/NOVA may be very lucky and establish CP violation, and will measure sind., 0.2
but a definitive determination of the effect and an unambiguous determination
of the value of 5, will require more powerful and redundant experiments
-- and more than one.

5. JUNO (RENO50?) will be a strong competitor for precision determination of mixing angles
for the search for p=> Kv decay, solar neutrinos.

6. DUNE is well launched — but technological challenges are considerable.
Systematics issues are new (e.g. different on the on-axis beam than on the off-axis beam)

7. HyperK will have strong competition on neutrino oscillations — the race is on!
but will remain unchallenged on a number of discovery channels,
e.g. p~> e'n®, Supernovae — a long term investment!



Main sources
-- Global fits
M. Gonzalez-Garcia et al. http://arXiv.org/abs/1409.5439 http://arXiv.org/abs/arXiv:1507.04366

-- JUNO YELLOW BOOK http://arxiv.org/abs/1507.05613v2 [physics.ins-det]
Yuekun HENG Status of the JUNO project Presentation at the Lake Louise Winter institute 2016
https://indico.cern.ch/event/472587/

-- RENO-50
Soo-Bong Kim, International Workshop on RENO-50 toward Neutrino Mass Hierarchy,
Seoul, South Korea, 13-14 June, 2013; Liangjian Wen, Neutrino 2014 Boston, USA, 2-7 June, 2014.
Soo Bong Kim, http://arxiv.org/abs/1412.2199
-- T2K physics potential PTEP 10.1093/ptep/ptv031
-- T2K Il A.K. Ichikawa, presentation at J-PARC PAC Jan. 2016

-- NOVA
Evan NINER, Status of NOVA, Presentation at the Lake Louise Winter institute 2016
https://indico.cern.ch/event/472587/

-- ORCA & PINGU: status of deep under ice/water projects,
T. De Young, NNN15 https://www.bnl.gov/nnn2015/
-- DUNE CDR
vol 1 http://arxiv.org/abs/1601.05471 overview
vol 2 http://arxiv.org/abs/1512.06148 physics program
vol 3 http://arxiv.org/abs/1601.05823 beam line
vol 4 http://arxiv.org/abs/1601.02984 underground detectors
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CONCLUSION ON NEUTRINOS

Neutrinos are the only place in particle physics where ‘Beyond the Standard Model’
has been observed, through the phenomenon of neutrino oscillations.

Neutrino oscillations is a quantum phenomenon which occurs because neutrinos have
extremely small masses, which in itself is extremely surprising.

The leading explanation is the existence of right handed neutrinos with higher masses
induced by the existence of a Majorana mass term.

This may provide an explanation for other unexplained experimental facts

- dark matter
- the baryon asymmetry of the universe

This is an exciting field with possibilities using
-- neutrino beams
-- nuclear physics experiments
-- collider experiments.



