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The T2K-II project: the second phase of the T2K experiment
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Gastaldi', Claudio Giganti*?, Michel Gonin', Mathieu Guigue?, Jean-Michel Lévy?, Thomas
Mueller!, Boris Popov?, Benjamin Quilain! and Marco Zito?

'LLR Neutrino group, IN2P3/Ecole Polytechnique
LPNHE Neutrino group, IN2P3/Sorbonne University
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The Hyper-Kamiokande experiment

Alain Blondel?, Margherita Buizza Avanzini', Olivier Drapier!, Jacques Dumarchez?, Frank
Gastaldi!, Claudio Giganti*?, Michel Gonin', Mathieu Guigue?, Jean-Michel Lévy?, Thomas

: Mueller!, Pascal Paganini!, Boris Popov?, Benjamin Quilain!, Stefano Russo? and Marco Zito?

'LLR Neutrino group, IN2P3/Ecole Polytechnique
2LPNHE Neutrino group, IN2P3/Sorbonne University



https://indico.in2p3.fr/event/19776/contributions/75399/attachments/55164/72603/hk.pdf
https://indico.in2p3.fr/event/19776/contributions/75414/attachments/55175/72614/t2kII.pdf

-Neutrino group members:

Bernard Andrieu (CR)
Claudio Giganti (CR/HDR)
Mathieu Guigue (MdC SU)
Jacques Dumarchez (DR)
Jean-Michel Levy (benevole)
Boris Popov (DR)

Ciro Riccio (invited researcher during 2019)
Alain Blondel (DR)
Marco Zito (DR)
Viet Nguyen (PhD student, 2019-)

(Adrien Blanchet) from January 2020

: Laura Zambelli

(2010-2013), Pierre Bartet-Friburg (2013-2016), Matej Pavin (2014-
2017), Simon Bienstock (2015-2018)



- ITA support (as of 2019):

* Jean-Marc Parraud (T2K Technical Coordinator @ LPNHE)
 Eric Pierre

* Francois Toussenel

* Julien Philippe

* Yann Orain

* Diego Terront

 Stefano Russo

+ William Ceria (till April,2019)

Support from IN2P3, ANR and SU



-Neutrino group research:

“ Precise measurements of neutrino and anti-neutrino oscillation parameters and search for
CP-violation in the lepton sector

< Measurements of neutrino and anti-neutrino interaction cross sections

< Hadron production measurements for precise predictions of accelerator (anti-)neutrino
fluxes

ND280-upgrade project leader (MZ — CG), T2K Oscillation Analysis convener (CG),
T2K Beam group convener (BP), ND280-upgrade Simulation group convener (MG),
ND280 Magnet operation, TPC operation, Publication Board members, Speakers Board
members, Internal referees, NA61/SHINE Analysis coordinator, etc.

Le Prix “La Recherche” Physique (2012), Breakthrough Prize in Fundamental
Physics (2016)



Neutrino oscillations
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Tokal-to-Kamioka (SK or HK)

High intensity ~600 MeV v, beam produced at J-PARC (Tokal)
Neutrinos detected at the Near Detector (ND280) and at the Far
Detector, Super-Kamiokande 295 km from J-PARC

Main physics goals:
Observation of ve and ve appearance - determine 613 and &cr
Precise measurement of vy, and v, disappearance — 623 and Am?s;

Super-Kamiokande J-PARC accelerator:
" Design power: 750 kW
(1 3 MW for HK)
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>30 year-long program

SK loaded
T2K starts WG
data-taking e i
IN2P3&CEA groups  data-taking T2K phase Ii
join T2K in v-mode

ND280 upgrade

15 years of successful research by IN2P3 and CEA groups in Japan
T2K is currently taking data (Runl0)
15 exciting years to come =
SK run with Gd e EREE |
T2K phase Il and Near Detector upgrade
Hyper-Kamiokande!
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>30 year-long program

SK loaded
T2K starts L e
IN2P3&CEA groups data-taking T2K data-taking T2K phase I Start of HK
join T2K in v-mode ND280 upgrade data-taking

Hints of ve appearance
(613%0 @ 2.50)

Phys.Rev.Lett. 107 (2011) 041801

~Vertex Y (cm

— Best fit to T2K data
68% CL
B 90% CL

>
o
=
o
L0
l
<
[2]
@8
c
o
>
o
=
o
S
o
o)
=
>
=2

: 2 -20
1000 -1000 0 1000

Reconstructed v energy (MeV) Vertex X (cm)




>30 year-long program

SK loaded
T2K starts with Gd

IN2P3&CEA groups B data-taking T2K phase I

join T2K inv-

: URALEL ND280 upgrade

o - Observation
ints of ve appearance f .. .
(013720 @ppz. 50) o( eve :}()}p Cga;a;;)e 2016 Breakthrough prize in Physics
43 ' to Daya Bay, Kamland, SK, SNO, K2K
and T2K Collaborations
Phys.Rev.Lett. 107 (2011) 041801 Phys.Rev.Lett. 112 (2014) 061802

BREAKTHROUGH PRIZE  FUNDAMENTAL PHYSICS

THE 2016 BREAKTHROUGH PRIZE IN FUNDAMENTAL PHYSICS IS AWARDED TO

Am§2>0 _ML/W—

AND COLLEAGUES AT DAYA BAY, KAMLAND, K2K & T2K,
R0, SUDBURY NEUTRINO OBSERVATORY AND SUPER-KAMIOKANDE
68% CL

For the fundamental discovery and exploration of neutrino oscillations, revealing a new
—— Best fit frontier beyond, and possibly far beyond, the standard model of particle physics.
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>30 year-long program

SK loaded
T2K starts with Gd B
IN2P3&CEA groups data-taking oK data-taking data-taking
join TZK in v-mode T2K phase "
ND280 upgrade
Hints of ve appearance fObservatlon World-best
(0,370 @ 2.50) of ve appearance measurements of
- (613% 0 @ 7.30) 6,3 and AM?32

Phys.Rev.Lett. 107 (2011) 041801 |[|Phys.Rev.Lett. 112 (2014) 061802 | [Phys.Rev.Lett. 112 (2014) no.18, 181801

DATA
v, +V, CCQE
vV, CC non-QE
68% (dashed) and 90% (solid) CL Contours
T2K [NH] T2K [IH]
SK I-IV [NH] MINOS 3-flavor+atm [NH]
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>30 year-long program

SK loaded
JZK Stfil(lfts Wit Gd Start of HK
IN2P3&CEA groups ata-taking 1o data-taking data-taking
join T2K in v-mode Uz e [l
ND280 upgrade
Hints of leptonic
Hints of ve appearance Observation World-best CcP y:olatnzn—)
(0,370 @ 2.50) of ve appearance measurements of Sin(dcr)=0
43 (01320 @ 7.30) 623 and Am?s; excluded at 95%

Phys.Rev.Lett. 107 (2011) 041801 [|Phys.Rev.Lett. 112 (2014) 061802 || Phys.Rev.Lett. 112 (2014) no.18, 181801

Phys.Rev.Lett. 121 (2018) no.17, 171802

F&C 20 confidence intervals  T2K Runl-9¢ Prelimina

---- Normal - 68CL

* Bestfit ~ —— Normal - 90CL — T2Krun 1-9 (2019) ---- Super-K 2018
T2 K-on|y PDG 2016 ---- Inverted - 68CL

— Inverted - 90CL : — — NOvA 2019 SO IceCube 2017
+ T2K best fit
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Hot of the press

—— T2K + Reactors
~— T2K Only
Reactor

First 30 exclusion for 46% (65%) of the Ocp
values in NO (10)

Need more data (and smaller
systematics)!

68.27% CL
99.73% CL

- - - Tot. Pred., 8.,=- % V= Ve, 80,=0

. TV
Tot. Pred., SCP_+§ Ivu_> Ve 6(:1):0
e Data I Background
Lt I .
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|- ]

Excluded
at 30

06 08 .
Reconstructed Energy (GeV) Reconstructed Energy (GeV)

v-mode v-mode
Observed 90 15
Expected if 5CP=-n/2 81.7 17.2

Expected if 3CP=0 68.4 19.6



https://arxiv.org/abs/1910.03887
https://arxiv.org/abs/1910.03887

Second phase of T2K (T2K-Il)

Upgrade of J-PARC Main Ring (1.3 MW beam) T2K-II Target POT (Protons-On-Target)
Approved and funded, will be done in 2021
Goal: collect >10x102t POT by 2026 —» 30
measurement of CP violation if &cp~-11/2
Near Detector upgrade to reduce systematics
from ~7% to ~4%
We will install the new detectors in 2021
Use the ND280 Upgrade detector also as initial
Near Detector for HK
Funded by France (CEA+IN2P3), Italy, US,
Japan, Spain, Poland, Russia, Germany,
Switzerland
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Improvements of the Far Detector thanks to the
SK-Gd project

20x10°' POT w/ eff. stat. improvements (no sys. errors)

20x10%' POT w/ eff. stat. improvements & 2016 sys. errors
— 7.8x10*' POT (no sys. errors)

7.8x10°' POT w/ 2016 sys. errors.
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ND280 upgrade

——a—— ND280 current
& ——=e— Upgrade TPC only
——e— Upgrade SuperFGD+TPC
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UA| Magnet

Barrel ECal

Main strength of ND280 : magnetized
detector — separate v from v (cannot
be done in SK or HK)

Main limitation of ND280 : reduced
angular acceptance - only forward
going tracks are reconstructed with
high efficiency

An analysis dedicated to select tracks
with high polar angles » 20%
efficiency N4

We can do better with an upgrade - W
Horizontal target and horizontal TPCs N imm

M PODECal




New detectors

New TPCs instrumented with

Resistive MicroMegas

DESY and CERN Test beams
Spatial resolution ~200 um
dE/dx resolution ~7% for 70
cm tracks

First TPC expected by Summer

2020

LPNHE responsible for the Front-

End electronics and TPC DAQ

Height: 56 cubes

5 Layers
192 x 184
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New concept of detectors, 2x10°
1cm3 cubes

25% of the cubes already built

All produced by Dec 2020
Each read out by 3 WLS fibers
mprove reconstruction of the
nadronic part of the interactions
LR responsible for the Front-End
electronics using CITIROC chips




LPNHE contributions

Contributions to installation of
new detectors in the existing

basket
Design of basket modifications
including finite element and
seismic analysis
Global detector envelopes and
service volume definitions

FEC cooling system

Design and production of 80
Front-End Cards (FEC) for TPC
readout

FEC-mockup to validate

floating connectors

First full FEC design is ready,

prototype is being produced
Test production by Summer 2020
Full-scale production just after
Installation in Japan by end 2021



Hyper-Kamiokande (HK)

New (3™ generation) experiment iS BEihg
prepared by an international coliaboration!

2 Extremely well established Water Cherenkov
technology

£ 190 kton fiducial volume (SK 22.5 kton)

¢ Instrumented with up to 40k PMTs
¢ HK will be the most sensitive observatory for rare
events (proton decay, SN neutrinos, ...)
3¢ Search for CP violation in lepton sector
¢ Upgrade of J-PARC neutrino beam (1.3 MW)
Near and Intermediate detector complex




Hyper-Kamiokande (HK)

Extremely well established Water Cherenkov
technology
190 kton fiducial volume (SK 22.5 kton)
Instrumented with up to 40k PMTs
HK will be the most sensitive observatory for rare
events (proton decay, SN neutrinos, ...)
Search for CP violation in lepton sector
Upgrade of J-PARC neutrino beam (1.3 MW)
Near and Intermediate detector complex
Auqgust 2019 -» MEXT approved HK and requested
budget for construction to the Ministry of Finance
Begin construction in 2020, start operation in
2027

’Access Tunnel |||
=\

MEXT Statement
In addition to the ongoing 13 large-
scale projects, the next-generation
neutrino research project Hyper-
Kamiokande, will be newly launched
in FY2020



Release by MEXT on Aug. 29, 2019

(MEXT) will start the next-generation neutrino
research project "Hyper-Kamiokande” in JFY2020.
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Next generation of neutrino project with a 260 kton  |=* < 4 s; -
detector and the J-PARC upgrade. The project will L
reveal the mysteries in elementary particles and the

Universe by the observation of proton decays and the [stRagessio—sc
neutrino researches including CP violation.
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HK @ IN2P3

ACaalies Boerica Irfemaicral e de

LIN2P3 Recherche Innovation Formation Mediation
scientifigue

As announced by the IN2P3 directorate,
the LPNHE physicists in close collaboration

Le projet Hyper-Kamiokande with LLR and CEA colleagues are actively
approuveé par le MEXT

thinking (and trying to take actions as well!)
IS 0N participation in this project.

Le Ministére de la recharche et de I'enseignement japonais (MEXT) a We have already Identlfled Some pOSSIbIe
décida de lancer le projet Hyper-Kamickande. Le colt de cette ContrlbUtlonS

infrastructure de recherche dédige a|'étude des neutrinos est estime a
anviron 550 millions d'euros et sa construction pourrait démarrer dés avril
2020, tout prés du site de I'axpérience actualle Super-Kamickandsa

In-:::lis;'la d:ns.las.ml:lmtagna.sni:iz:al:izzﬁpramiéraspri&asda donnéas Negotlatlons Wlth the IN2P3 dlrectorate
sont attendues pour las anndes 2027-2028. ;
are on-going.

Hyper-Kamsokande prendra la surte du projet T2K (Toka to Kamsokande) actueBement &n

foncticnnement avec b= réservoir Super-kamickande. | wEzante lanouwells génération de

Partazercec ont e
detacteurs Tcherank au de trés Erande talle, une hinsgque Sprouwese pour la detecton

f L J B4 _-;:Z:-' dex neutrinos. l ext prévy gue =on volume degu utile, anviron 200000 tonnes, soit supsneur
d'un facteur 10 & celui de son prédécesseur Su

dietecteur Hyper- Kamickande sera
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HK : Where
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-Tkeno-yama £ 0051, —
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disposal site
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Bridge

295 km from J-PARC.
2.5 degrees off-axis (as SK)
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HK : When

2021 2022 2{123 2I]24 EEIEE "026
=

21]2['.'

2027

—

Tunnel Gavern Tanh

const. II Excauatmn ' Const.

PI'I.:'IT production

PMT cases. Mirrors, Electromics etc.

I N N T
Power—-upgrade of J-PARC and Meutrino Beam-line
I D T —— — <

IWCD Facility, R&D, production | IWCD Construction

PMT
installa
tmn

F"repa
ation

Start Construction in 2020 (some preparatory work already started)

Start data taking in JFY 2027

Budget requested by MEXT to Ministry of Finance for Japanese part
(~80% of the total cost of the experiment)



2 Neutrino oscillation = CP violation

#Combination of beam and
atmospheric neutrinos

% Search for nucleon decay

% ~10 times better sensitivity than SK

* Neutrino astrophysics

% Solarwv

* Atmosphericv

* SuperNovae burst
* Relic SN neutrinos

% Geophysics
* Others

CAtmospheric v




Neutrino oscillation - CP violation
Combination of beam and
atmospheric neutrinos

Search for nucleon decay
~10 times better sensitivity

J-PARC v [ZT7°
than SK g
Neutrino astrophysics ?\ﬁ

Solar v T
Atmospheric v '
SuperNovae burst
Relic SN neutrinos
Geophysics
Others
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Number of Events

HK: Proton decay search

Sensitivity to many different modes
Surpass SK by one order of magnitude
in the leadingp » et + 1°

p—->K*++v

de-excitation y
from 150"

poetF

background

/

O=VWLUNND~NDWOO

1000 1200
Minv (MeV/c?)

Soudan Frejus

Super-K

L o

minimal SLI(5)

SUSY S0(10)
nan=SUSY SO10) Gexp

minimal SUSY SU(5)
fipped SU{S)

BD SO10)

%

-L+' : 'II*_- KamLAND
I

minimal SUSY SU(S)

DUNE (40 kt)

Hyper-K JUNO

non-minimal SUSY SU(E)

SUSY 80(10)

33
10
/B (years)

34
10

——o—— DUNE 40 kton, staged , 3¢
——o—— SK 22.5 kton , 3¢

HK 372 kton HD staged , 3¢
—=e— HK 186 kton HD , 3¢




HK: Supernovae neutrinos

: JAnta

T ]Betelgeuse

IBD: huge
statistics - SN
model . I

ES: directionality dis::nce:::pc)

Energy = 5-10 MeV | Energy = 10-20 MeV
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cos(fg,,) cos(dg,,)

~80k IBD and ~3k ES for SN
explosions in the galactic center
Sensitive also to SN explosions
iIn Andromeda

neutron star

— HK
— SK-Gd
— JUNO
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If SRN will be observed in SK-Gd
or JUNO we will perform
precision measurement with HK
Constraints on cosmic star

history




HK: Long-baseline physics

HK 1 tank

|0 years (I3MWx|07s)

V, disappearance

. Disappearance v mode
V beam o-ostiltation

._ - » Sintfga=05

i, A& :
sin20,3=0.5 -

g

Number of events/S0 Me¥
Mumber of events/50 Me
s 2 EREBERE

..E-..

Number of event=/50 Mel

e s 112 R
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Huge statistics -
sensitivity to CP
violation
400 Need to control

T 517 1906 systematics!




HK: CP Violation

Exclusion of sin(&cp)=0
80 for Ocep — L HIHE
>30 (50) significance
for 76% (57%) of Ocp
space
Sensitivity will be further
enhanced by combination
with atmospheric neutrino
measurements
Assume systematics
uncertainties of ~4%
(currently 7% for T2K)

HK 1 tank
True & o =-71t/2

8- HK 1.3MW

-e3- HK 750kW

T2K-I

T2K/

2025 2030 2035

DUNE FD Interim Report
* https://arxiv.org/abs/1807.10334

Normal mass hierarchy
Sin2291 3=0.1
Sin2923=0.5

HK 1 tank, 10 y

-150 -100 -50

CP conserving



https://arxiv.org/abs/1807.10334

Systematlcs and Near Detectors

&ﬂ%“nﬁ.&w SRR R ML TR DT uWWW&%W*- T T E RS 'f
L

ux error reduction
~25% to ~10/ "+' .

w01 e2

'« NAG61/SHINE hadron-productio ‘m --------------------
experiment @CERN “'-;'-'
i+ T2K - uncertainties on the neutrino ¢
t  flux ~5% thanks to NA61/SHINE i
te New measurements planned for HK

______

: .(.)&ﬁx;r;&Detector (INGRI]SS

4 x10'

vessel NT LR

PP PPPPPPEE P ST ILLOER

\ Scintillator  Readout Stainless steel
y panel electronics ~ backplate
1.0° Off-axis Flux

Intermediate WC detector

e 1 kton mass

* Instrumented with ~500
multi-PMTs

 Movable position to scan
different off-axis angles

e s |




Hyper-K photo-detection system

Array of 19 3’ PMTs

Baseline option for IWCD
B VA Possibility to add up to 20k
SR MPMTs in HK (depending on
funding)

Would improve vertex

90 80 70 60 50 40 30 20 10 0 10 20 30r-40 50 60 70 80 90

““““““ | reconstruction and energy
[l # resolution at low energy
Good opportunity for France
Synergies with KM3Net and
with JUNO small PMTs
Memphyno test setup @APC

HK will be instrumented with
“box-and-line” 20" PMTs

At least 20k modules

31% QE (2 times better than SK)
Better transit time spread




IN2P3&CEA contributions

NA61/SHINE hadron-production measurements
for HK and significant involvement in the ND280
upgrade

Contribution to the Far Detector centered
around the electronics for the 20’ PMTs

Design and procurement of the clock
distribution and time synchronization system
for the 20’ PMTs (White Rabbit or Custom
Made solution)

counter
and control sig.

4 Data buffering
\./ and handling
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for the 20"’ PMTs

Such contributions can eventually be extended ,

to the Multi-PMTs in HK N
Testing one prototype in Memphyno@APC
Test Beam experiment @CERN (LOI submitted
to SPSC, ~100 mPMTs, data taking in 2022) -
provide synchronization system, deploy few
20" PMTs

Computing = CC Lyon Tier-1 for HK




LPNHE/IN2P3 contributions (NA61)

- Strong reduction of
interaction length
2 uncertainty

i total replica . Single Weight per
L *m. exiting particle

SK: Neutrino Mode, v,
SK: Positive Focussing (v) Mode, v
Hadron Interactions —— Material Modeling

Mult. Error Uncertainties on

Pion Rescatter Error

Nucl. Error hadron
Int. Length Error . .
Untuned Int. Error |nteraCt|0nS

T2K Preliminary Replica 2010 Error

. <L Replica 2009 E :
(Replica 2009) - Toplica 2009 Error T2K Work in Progress

Proton Beam Profile & Off-axis Angle Number of Protons
Horn Current & Field = Replica Tuning Error

Horn & Target Alignment = = = Thin Tuning Error

Fractional Error

=
o
=
Sal
=
=
=
=
E
(&

Replica 201Q._..

Usage of NAG1/SHINE replica-target measurements allow for further improvement in
T2K (anti-)neutrino flux uncertainty (down to ~5%). Even better knowledge is desired
for T2K-1l and Hyper-K. New measurements are planned after the CERN LS2 (see CERN-
SPSC-2018-008):

Improved measurements with T2K replica target, considering alternative target
material - Super-Sialon (SizN4Al>O3);

With additional tracking detectors surrounding the long target;

Hadron production with low momentum beam (<12 GeV/c).



LPNHE/IN2P3 contributions (ND280)

/

Super-EGD
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Our on-going contributions to the ND280-upgrade are also important for HK, since
the upgraded detector will be taking data when the HK starts operation in 2027.

Lab resources already allocated (planned for the future)



LPNHE/IN2P3 contributions (clock)

(| Low Voltage Power supply 7 Atomic clock (Rb)

o ——
Clack counter and control signal -
distributor Master clock generator

counter
and control sig.
System control
and
data transmission

D — —

Slow control ‘ ~———

(Temp., Humid.,| /| Data buffering

HV, Wetc) / \.| and handllng I
-

~—
[N
High voltage system Dlgrtlzer
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Clock distribution and PMT synchronization is a critical part of the experiment:
requirement is to have a timing resolution at the level of 1 ns with a maximum jitter of
100 ps RMS. This requires the distribution of a clock signal, synchronous with the GPS
and a local atomic clock, to all Front-End nodes as well as signals to align local counters.

System structured as a data exchange protocol. The bandwidth not occupied by timing
information could be used to move (physics or slow control) data.

Possible designs are based on White Rabbit protocol or custom solution

Estimated resources required from the lab (for clock only): 0.6 FTE x 5 years



—

LPNHE/IN2P3 contributions (mPMT)

Existing setup called Memphyno @ APC is being used
as a test bench for mPMTs developed for HK (KM3Net
and other experiments): 2 x 2 x 2 m3 water tank
equipped with 4 identical scintillator trigger planes

Can host up to 4 modules and can be used for tests of
DAQ integration and clock synchronization

Characterization of mPMTs (dark rate, response time,
directionality, effects of mag. field and temperature) for
HK simulation

Scintillator hodoscope tested by Lucile Mellet (M1)

MPMT developed in Italy for HK is currently taking data
In water

Theta vs phi

“Seed” money from SU. Estimated resources from the lab: 1-year postdoc, 0.1 FTE x 5 years



LPNHE/IN2P3 contributions
(computing)

W <« . - . p | Computing clusters
Discussions with CC-IN2P3 to become a Tier-1 - M; > st
site for HK (already Tier-1 for LHC) | - t
First 10 years of operation: 25 PB (data + MC)

[minimal request with only one copy of each file]
and 880 MCPU*hours

Partial replica of data files (e.g. for ND280)

A lot of synergies with other experiments, e.g. "
Belle-1l in the framework of JENNIFER-II ori}
consortium

DIRAC framework with the core development
team

KEK
(GRID)
SE

Estimated resources required from the lab: 0.1 FTE x 10 years



Conclusions

LPNHE-neutrino group continues its strong participation to the
extremely successful v oscillations program in Japan
— CP violation at 30 by 2026
(support from the lab is very much appreciated!)
SK-Gd — Observation of Supernova relic neutrinos
Excellent news for Hyper-Kamiokande, the next generation neutrino
observatory
Experiment approved by MEXT, construction starts in April,2020
Profit of the extremely well known Water Cherenkov technology
Start data taking in 2027
Leading experiment in the search for CP violation in the leptonic sector
Most sensitive detector for proton decay
Observatory for neutrinos from different sources (Supernova, Sun,
Atmosphere, ...)
IN2P3 and CEA contributions are being defined —» support from the lab
IS needed in order to participate in the Hyper-Kamiokande experiment
with a visible contribution!






Release by MEXT on Aug. 29, 2019

(MEXT) will start the next-generation neutrino
research project "Hyper-Kamiokande” in JFY2020.
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Next generation of neutrino project with a 260 kton  |=* < 4 s; -
detector and the J-PARC upgrade. The project will L
reveal the mysteries in elementary particles and the

Universe by the observation of proton decays and the [stRagessio—sc
neutrino researches including CP violation.
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Open questions

Neutrino oscillations —» Neutrinos ToDo List

“guaranteed” measurements for
T2K and HK .
: : CP violation

Multi-messenger astronomy with § ! Main Goals of LBL

neutrinos is starting now — SK, HK EGREELECEIANE BSOS IRERICHR R
next ~10 years

023 octant
emasse Reactors and Short-

| O stere neurinos_§ Baseline
S C X DEriments
() Majorana or Dirac? : P OVBB
Katrin, Projects,
cosmology

P "' W,"g ,. ".‘ &.Z"-‘ £y,
Solar neutrinos

Extragalactic...)
’ STV, SIS W SENE ORI N TR, SCSEUREEL WY, SERE OR

() New Physics?

I (mz)z

| (Am?),, ) i '
soommm (m, ) (m;)m " E— ——

10,000,000,001 10,000,000,000

normal hierarchy inverted hierarchy .



Neutrino oscillations

First introduced by Bruno Pontecorvo in 1957

Neutrinos are produced in flavor eigenstates v, v, v that are linear
combination of mass eigenstates vi, vz, Vs

Neutrinos propagate as mass eigenstates

At the detection a flavor eigenstate Is detected — it can be different from

the one that was produced

_ propagation detector

i LAY

Ve produced ina V123 travel at different Different
mixture of v, ,; SPeed because they have mixture of vi,23
different masses - - U from v, Is

Interference detected

P(ve = v,) =



Neutrino Oscillations: Global Fits

NuFIT 4.1 (2019)

Normal Ordering (best fit) Inverted Ordering (Ax® = 6.2)

bfp 1o 30 range bfp +1o 3o range

sin? 02 0.31070015 0.275 — 0.350 0.310%0°015 0.275 — 0.350

O12/° 33.8270 73 31.61 — 36.27 33.8210.7% 31.61 — 36.27
sin? 023 0.558 0 03 0.427 — 0.609 0.563"5 bae 0.430 — 0.612

023 /° 48.311 40.8 — 51.3 48.67 1 ; 41.0 — 51.5

sin® 013 0.022417 5 o006e  0.02046 — 0.02440 | 0.022617 50006 0.02066 — 0.02461
013/° 8.6110 15 8.22 — 8.99 8.6570 15 8.26 — 9.02

Scp/° 222758 141 — 370

without SK atmospheric data

Amay g10-21

105 V2 7.3970%0 6.79 — 8.01 739702 6.79 — 8.01
5 oV )

2

1077 V2 4252310032 12432 — 42,618 | —2.50970032  —2.603 — —2.416
e eli

Normal Ordering (best fit) Inverted Ordering (Ayx® = 10.4)

bfp 1o 30 range bfp +1o 3o range
sin” 012 0.31010 015 0.275 — 0.350 0.31075 005 0.275 — 0.350
012/° 33.8210 7% 31.61 — 36.27 33.8210 78 31.61 — 36.27

sin? 03 0.563 10018 0.433 — 0.609 0.56510 0an 0.436 — 0.610

023 /° 48.671 41.1 — 51.3 48.871% 41.4 — 51.3

sin” 015 0.022371 0 0o0ee 0.02044 — 0.02435 | 0.022597 5 000ee  0.02064 — 0.02457

013/° 8.6010 15 8.22 — 8.98 8.6470 1% 8.26 — 9.02

dcp/° 221153 144 — 357 282732 205 — 348

with SK atmospheric data

Ama,
Ams3,
103 eV?

7.39%035 6.79 — 8.01 7.397035 6.79 — 8.01

+2.52870-029 12436 — +2.618 | —2.51070030  —2.601 — —2.419




LPNHE/IN2P3 contributions (NA61)

SK: Positive Focussing (v) Mode, v

Mult. Error ..
Pion Rescatter Error Uncertainties on

Nucl. Error hadron

Int. Length Error interactions

Untuned Int. Error .
Replica 2010 Error T2K Work in Progress

Replica 2009 Error
Thin Error

Fractional Error

Usage of NA61/SHINE replica-target measurements allow for further improvement in
T2K (anti-)neutrino flux uncertainty (down to ~5%). Even better knowledge is desired
for T2K-1l and Hyper-K. New measurements are planned after the CERN LS2 (see CERN-
SPSC-2018-008):

Improved measurements with T2K replica target, considering alternative target
material - Super-Sialon (SizN4Al>O3);

With additional tracking detectors surrounding the long target;

Hadron production with low momentum beam (<12 GeV/c).



Super-Kamiokande

50 kton Water Cherenkov detector
~11000 PMTs for ID, ~2000 for OD
1000 m underground at Kamioka mine

operated since 1996

Very good PID capabilities to distinguish
between ve and vy thanks to shape of
Cherenkov ring » <1% misidentification
probability

e-like <——> muon-like
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SK-Gd

Important repair work in 2018 to prepare

the loading of SK with Gadolinium
in 2020

(0.02% — 0.2% Iin a second phase)

Enhance neutron tagging capability -
crucial to distinguish v from v —» detect SN-
relic antineutrinos from IBD (3-5 events per
year are expected)

The Gd loading will also be useful for T2K
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From Kamiokande to HK

KAM

SK

HK-1TankHD

Depth

Dimensions of water tank

diameter

height
Total volume
Fiducial volume
Outer detector thickness
Number of PMTs

inner detector (ID)

outer detector (OD)
Photo-sensitive coverage
Single-photon detection
efficiency of ID PMT
Single-photon timing
resolution of ID PMT

1,000 m

15.6 m ¢
16 m
4.5 kton
0.68 kton

~ 1.5 m

948 (50 cm o)
123 (50 cm ¢)
20%

unknown

1,000 m

39 m ¢
42 m
50 kton
22.5 kton

~ 2 m

11,129 (50 cm &)
1,885 (20 cm o)
40%

12%

2-3 nsec

650 m

74 m ¢
60 m
258 kton
187 kton

1 ~2m

10,000 (50 cm ¢)
6,700 (20 cm o)
40%

24%




Expected HK sensitivities

Physics Target Sensitivity Conditions 1 ta nk X 10 yea rs
Neutrino study w/ J-PARC v 1.3MW x 10° sec

— C'P phase precision < 23° @ sin? 2013 = 0.1, mass hierarchy known
— CPV discovery coverage 76% (30), 57% (50) @ sin” 2013 = 0.1, mass hierarchy known
— sin® O3 +0.017 lo @ sin® a3 = 0.5

Atmospheric neutrino study 10 years observation
— MH determination > 2.20 CL @ sin? fy3 > 0.4

— @53 octant determination > 30 CL @ |fy3 — 45°| > 4°

Atmospheric and Beam Combination 10 years observation
— MH determination > 3.80 CL @ sin? 95 > 0.4

— f3 octant determination > 30 CL Q@ |fy3 — 45°| > 2.3°

Nucleon Decay Searches 1.9 Mton-year exposure
—p—et 47 7.8 x 103 yrs (90% CL UL)
6.3 x 103* yrs

(

(3 o discovery)
—p—o v+ K* 3.2 x 10%* yrs (90% CL UL)

(

2.0 x 10%* yrs (3o discovery)

Astrophysical neutrino sources
— 5B v from Sun 130 v’s / day 4.5 MeV threshold (visible energy) w/ osc.
— Supernova burst v 54,000—90,000 v’s @ Galactic center (10 kpc)
~10 v’s @ M31 (Andromeda galaxy)
— Supernova relic v 70 v’s / 10 years 10—30 MeV, 4.20 non-zero significance
— WIMP annihilation in the Earth 10 years observation
(0sp: WIMP-proton spin osp = 1074%cm? @ Mwp = 10GeV, xx — bb dominant

dependent cross section) ocsp = 10~*cm? @ Mymvp = 50GeV, yx — 777~ dominant




HK Proto-Collaboration

~75 institutions from 15 countries



http://www.hyperk.org/

HK: Supernovae Neutrinos

Neutrinos carry out ~99% of

the total energy released in a SN
burst

HK will mostly sensitive to ve
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visible energy (MeV) distance(kpc)
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PO | N t to t h e S N v + ji 50,000 - 75,000 events 100,000 - 150,000 events
vte 3,400 - 3,600 events 6,800 - 7,200 events
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HK: Supernovae Relic Neutrinos

Neutrinos produced by all
the SN since the beginning of
the Universe (SRN)

Their detection is the main
goal of the Super-Kamiokande
upgrade (SK-Gd)

Addition of Gd in SK to tag
the neutrons and
distinguishve + p 2> € i

If SRN will be discovered by
SK, the large size of HK will
allow a detailed study of the
history of the Universe
through SRN

— HK
2 — SK-Gd
§35U — JUNO

— — HK (BH 30%)
— — SK-Gd (BH 30%)
— — JUNO (BH 30%)

T e =

2045
Year

eactor v .

b

. SRN (T,=8MeV)
.solar Bv '

SRN (T_,=6MeV)
SRN (T ,=4MeV)

20 30 40 50 60 70 80
Neutrino Energy (MeV)




HK: Solar neutrinos

Spectrum upturn discovety sensmwty
~Energy-threshold:3:.5-MeV- (dashed)
and 4 5 I\/IeV (SO|Id) -

Day-night asymmetry sensitivity
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HK: Atmospheric neutrinos

3 Flavor P(v, = v,)
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HK: 0CP Sensitivities

: . Normal mass hierarchy

Hyper-Kamiokande s
-8 HK 1.3MW - H K

> (single tank)
True & _,=-1t/2 3 5
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HK: Sensitivities to proton decay
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DUNE 40 kton, staged , $0% C.L
SK 22.5 kton , 90% C.L.
HK 372 kion HD staged , 0% C.L.
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HK: Signhal digitizer requirements

Trigger self triggering for each channel
PMT impedance

Sirnal reflection

Discriminator threshold | <(.25PE (well below 1PE)
Processing apeed hit

[chanme] desd time)

Mlaximm hit rate =1 MHz for each channel
Charge dvnamic range (0.1 to 12MPE (0.2 to 2500 pl)
Charge resolution RMS OLIDSPE for signals below 25PE
Timing L5EB

Timing resolutbon HMES <(.3ns at 1PE

RME <ib.2ns for signals above 5PE

Power consumption <1 W per channel




HK: (anti-)neutrino fluxes

Hyper-K Flux for Neutrino Mode Hyper-K Flux for Antieutrino Mode

10°
10°

] IIIIIII| | IIIIIII| | IIIII|,|,| ] IIIIIII| 11

III|,|,| IIIIIIII| IIIIIIII| IIIIII|,|,| IIIIIIII| |

Flux [/(50 MeV-cm? 1e21 POT)]
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Parameter Achieved Original ~ Doubled rep-rate Long-term Projection

Circumference 1,567.5m
Beam kinetic energy 30 GeV 50 GeV 30 GeV 30 GeV
Beam intensity 2.45 x 10 ppp 3.3 x 10 ppp 2.0 x 10 ppp 3.2 x 10" ppp

3.1 x 10" ppb 4.1 x 10** ppb 2.5 x 10** ppb 4.0 x 10*3 ppb M aln RI ng pa ra mete r's (C u rrent
| RCS equivalent power | [ 575 kW | [ 1MW ] [ 610kW | [ 1MW | an d p FOJ ECted)
Harmonic number 9 Neutrino and anti-neutrino
Bunch number 8/ spill fluxes for 320 kA horn current

Spill width ~ Hus

Bunch full width at extraction ~50ns - ~50 ns ~50ns
Maximum RF voltage 280kV 280kV 560 kV 560 kV
Repetition period 2.48 sec 3.52 sec 1.32sec 1.16 sec

Beam power 485 kW* 750 kW 750 kW 1310kW 2 A f 2018
s 0




T2HKK: Second Detector in Korea

0AB 2.5 at HK

Byl | Y

Strategy of HK is to build two 1’%‘\
identical detectors in stage g

First detector will be located in ﬁ§@
Tochibora mine in Japan ;pm!'?'?

Locations in Korea have been
identified for the second detector

This enhances physics capabilities
of oscillation physics thanks to
longer baseline (~1100 km)

J-L‘!Hk‘!h!?
AP P
M. AP W

: : _ il — JD+KD at 2.5°
Leptonic CP violation T, TIDKD A2

: s ' , — JD+KD at 1.5° ¢
Determination of neutrino mass
ordering '

Non-standard neutrino
Interactions

Better precision on dcp can be
achieved
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