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1. Neutrino oscillations and long
baseline experiments



Neutrino Oscillations (known)

Neutrinos are produced as linear combinations of mass/energy eigenstates, described by
the PMNS matrix: 3 mixing angles and 1 complex CPV phase.
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Time evolution: flavour content “oscillates” in L(distance)/E(neutrino).
Can parameterize neutrino oscillations as:
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Neutrino Oscillations (unknown)
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Neutrino Oscillations (unknown)
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Oscillation measurements with LBL

Long baseline accelerator-based experiments are sensitive to:

* Atmospheric parameters (0

) = Am2, L
P(v, — v,) ~ 1 — sin? 20,3 sin® <%)

*(8,,, 5.p) depends on the v /v_appearance

Am?2, L .
Py, = v.) ~ sin® 20,3 sin? O3 sin? (%) FO(sImo )

In the case of T2K, &, change the appearance probability
by ¥30% while the mass ordering has a ~10% effects
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The T2K experiment
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T2K “Hybrid” collaboration meeing, May 2022 ' - o ) o
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The T2K experiment

1,700 m below sea level
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The T2K experiment

Super-Kamiokande
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T2K Beam

T»G:(IJ'Q) -

Target & horns

......

Super-K

ND280

118 m
beam dump i monitor

30 GeV proton beam from J-PARC Main Ring
extracted onto a graphite target producing hadrons
(mainly pions and kaons)

Hadrons are focused and selected in charge by 3
electromagnetic horns: v, beam created by #* and
v, beam by n~ decay

Detectors 2.5° off the direction of the beam
centered around 0.6 GeV. Off-axis method
reduce high energy tail and maximize oscillation
detection probabilities
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T2K near detector complex
ND280, 2.5° off-axis

INGRID, on-axis

WAGASCI, 1.5° off-axis

AN
R WAGASCI
R

Barrel ECal

al A
D =
Wall MRD
2 m Proton Module WAGASCIL

Active scintillator (~1.5t) + passive Recently added (2019)

14 Iron/scintillator water (~0.5t + 2t) targets Segmented cubic CH/H,O
modules Tracking with 3 (WAGASCI) and
Monitor the beam Magnetized for charge and momentum SMRD+BabyMIND
stability and direction measurements Magnetized detector

day-by-day looking at v (v)
interactions + cross
section measurements Used for OA and xsec measurements So far used for xsec meas{3

Ecal to distinguish tracks from showers Made of 80% of water (~0.5t)



The far detector: Super-Kamiokande (SK)
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SK is a 50 kton water Cherenkov detector
_ Recently loaded
Inner detector ~11000 20 inch PMTs with Gadolinium!

Outer detector ~2000 8 inch PMTs
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Very good u/e separation
-> distinguish the appearance and
the disappearance channels
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3. T2K oscillation analysis
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T2K Oscillation Analysis strategy

even

Nl (¥) _ O(E,, )@ P(E,)® D" (X)® P, (E,)

N™ (%) o(E,,¥)®D(E,)® D" (¥)
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T2K Oscillation Analysis strategy

Hadron ND280 detector ND280 Data

|
Production Data \ mode
1. Flux \/

/ model
Ingrid/Monitoring
Data

Near detector fit
(to constraint systematics)

External and 2. Cross
Internal cross section
section Data model
Far detector fit
(to extract the oscillation | SuperK
par.s) detector model

N (D)) _|o(E, )@ P(E)®D" (X)®P, . (E,)

SRRWAVI IS 0sc
N ems (X) o(E,,X)®®P(E,)®D"“"(X) Oscillation
parameters .




T2K Oscillation Analysis strategy

Hadron

Production Data \
1. Flux

/ model R
Ingrid/Monitoring
Data

Nl _0(E, H)®@P(E,)® D" )®P, (E,)

N™ (%) o(E,,¥)®®(E,)® D" (¥)



T2K flux predictions and uncertainties

SK: Neutrino Mode, ¥,

T2K Preliminary
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Simulations made with FLUKA and then tuned on external data.

Fluxes known with uncertainties smaller than 5% in the peak region based on NA61/SHINE
measurements using the T2K replica-target.

Dominant systematics due to the hadron interactions modeling. New measurements ongoing

@NAB61 — uncertainty reduction expected! 19



T2K flux predictions and uncertainties

SK: Neutrino Mode, ¥,

Tuned run1-10b flux at SK
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Simulations made with FLUKA and then tuned on external data.

Fluxes known with uncertainties smaller than 5% in the peak region based on NA61/SHINE

measurements using the T2K replica-target.

Dominant systematics due to the hadron interactions modeling. New measurements ongoing

@NAB61 — uncertainty reduction expected! 20



T2K Oscillation Analysis strategy

Hadron
Production Data \
1. Flux |

/ model
Ingrid/Monitoring
Data
External and 2. Cross
Internal cross section
section Data model

Nlow®) 0(E, . ¥)®PE,)®D"(X)®P, (E,)

N™ (%) o(E,, D)®®D(E,)® D™ (¥)

events



v interactions predictions and uncertainties

Vﬂ ” V” M' = CC Inclusive = s NC Inclusive
—— CC Quasi-elastic =~ = CC 2p2h
CC Resonant 17 —— CC Multi-7 + DIS
CCQE /4 CCDIsS W™ E B x P
} np Z 1f

n p p.n X 3
CCQE interactions are the dominant one at T2K energies. A
Neutrino energy reconstruction is based on the CCQE 8
assumption. S i
Ideally we want to select CCQE events, but nuclear effect E e s o S E rea)

(2021) 230:4469-4481

play an important role
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v interactions predictions and uncertainties

Vu " Vi H
- » i) A+ =

CCQE interactions are the dominant ones at T2K energies.

u

CCDIS S W™
ynp

X

Neutrino energy reconstruction is based on the CCQE

assumption.

|deally we want to select CCQE events, but nuclear effect
play an important role
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Free
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Initial Nuclear
State
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Effects2p2h
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""" CC 2p2h
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v, V=V,
Pro X Pole ™

Ouy0(Ey)/E, 10738em? / GeV / Nucleon

Eur. Phys. J. Spec. Top.
(2021) 230:4469-4481

Final State
Interactions (FSI)

"B, (GeV)
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v interactions predictions and uncertainties

Interaction Interaction
Modes Topologies
CCQE v CCOm

: (CCQE-like)

\/»/ \\/v/ cClm

CCRES wE (CCRES-like)

/_’_</“@<

CCOm+Np

2p2h ' P —— z (N>0)

P
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v interactions predictions and uncertainties

Interaction Interaction
Modes Topologies
CCQE v CCOm

: (CCQE-like)

\/»/ \\/v/ cClm

CCRES /é><(CCRES -like)
Wi CCOn+Np
2p2h ' P} [ A - (N>0)
O

P

102 PO

25000
= C : :

L

a

o

S

<)
I

MC Events (2.

850000 f CCOI‘I

0000

5000
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(Erec_ Etrue)/Etrue

Energy bias
introduced by
the initial state
nucleons and
non-CCQE
interactions
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v interactions predictions and uncertainties

Interaction Interaction
Modes Topologies
CCQE ! LU RER b cupin

//@\\CCQE like)

- SR o I el .5
CCRES AR v a2 wi  (CCRES-like)
/'n/_;_<;: n P?
I ol CCOm+Np
2p2h p — : (N>0)
’\ n p?
o

(25000 7
920000 : CCOn 1 Energy bias
I | 1 introduced by
5000 [ 1 the initial state
- | nucleons and
50 F 4 non-CCQE
55000 o 7 interactions
= | ]

0

O s A T 1 =1 h T

-08 -06 04 02 0.0 02 0.4t 0.6t .8
rec rue rue

(E"°-ElMe)/E"

Interaction models and uncertainties are chosen in
order to quantify:

to know how often we
mis-reconstruct EV

the initial nucleon momentum and energy, to
know how wide our E_ resolution is

the cross section energy and target (O and C)
dependence to extrapolate from the near to the far detector



T2K Oscillation Analysis strategy

ND280 detector

Hadron. o] ND280 Data
Production Data \
1. Flux |

/ model
Ingrid/Monitoring
Data
External and 2. Cross
Internal cross section
section Data model

Nlow®) 0(E, . ¥)®PE,)®D"(X)®P, (E,)

N™ (%) o(E,, D)®®O(E,)®D" (%)

events



Near detector samples

Events with vertex in FGD1 (C only) or FGD2 (C+0O)

Samples defined depending on the proton, & and y multiplicity
In antineutrino mode, both ™ and u selection

In total 22 samples

ECal

28




FGD1| U*

FGD2

Near detector samples

In total 22 samples
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Events with vertex in FGD1 (C only) or FGD2 (C+0O)
Samples defined depending on the proton, & and y multiplicity

In antineutrino mode, both ™ and u selection

Here come
examples for
the V-mode

celection
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T2K Oscillation Analysis strategy

Hadron
Production Data

ND280 detector

ND280 Data
model

\

Ingrid/Monitoring
Data

%

1. Flux
model

_ =

Near detector fit

(to constraint systematics)

External and
Internal cross
section Data

2. Cross
section
model

N far

events

osc

(¥) _|o(E, H)®P(E, QD" (X)® P, (E,)

N™ (%) o(E,, D)®O(E,)®D" (%)

events



Near detector fit
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FGDI v, CCOn 0p
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Near detector fit

FGD1 v, CCOz 0p ‘ Flux and Xsec Prefit Correlation Matrix
*94000 I I+D::ta I — CC‘QE S T TTTTTTTT TTTTTTTT T TTTTTT 1 i i - i
2 S ECO bR | Prediction at Super-Kamiokande
L: 000 - v CC Coh 1z []v CC Other IS 038
%3 I VINC 0] | IS = 0.6 Total syst uncertainty on neutrino mode 1Rp events at SK
2500
é:zooo § 0.4 *n E
= - Q ‘E 25—
0.2 -
£ 1500 Preflt g g C N
Z 1000 . d 0 m F Pre-ND
[am B >
500 0.2 20_—
14 F 5 = 04 - %/ Post-ND
G ol2 8 ®ege,0 0% yy¥; 2% 5 F E = | L
|7 1. L] -0.6 -
-
0.6 = 0.8 r reliminary
0 200 400 600 800 1000 1200 1400 1600 1800 2000 :
T2K Run1-10, 2022 Preliminary P ( MeV/ C) L
" i 10—
T2K Runl-10, 2022 Preliminary Par eter Number :
= H
FGDI v, CCOx Op Flux and Xsec Postfit Correlation Matrix C
L4000 T o baa | By GCQE 5 - 1 ) S S S AR R
§3soo My CCp2h [V CCResIn g 0.8 0 0.2 0.4 0.6 0.8 1 1.2 1.4
= 3000 — sl — M 2 06 Reconstructed Neutrino Energy [GeV]
©2500 o 0.4
820 : 2" 0.2
£ Postfit 5 N S
S0 & U Flux and xsec uncertainties
0 04 reduced from 17% to 3%
14 ~ =
. E 4 0.6
318 Ettbeeye oty bbbyt o thanks to the near detector fit!
0.8 — s :
0. =2 s
60 200 400 600 800 1000 1200 1400 1600 1800 2000
T2K Runl-10, 2022 Preliminary pu (MeV/c) 33

T2K Runl-10, 2022 Preliminary



T2K Oscillation Analysis strategy

ND280 detector
Hadron model ND280 Data
Production Data \
1. Flux \/
Ingrid/Monitoring / model Near detector fit
(to constraint systematics)
Data
External and 2. Cross
Internal cross section
section Data model
Far detector fit
(to extract the oscillation ] SuperK
par.s) detector model
N (%) _0(E,,))®P(E,)® D" (X)®P,(E,)
N (X) o(E, ,X)®®(E)® D" (X) Oscillation

parameters
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6 comples

Disappearance
channel
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T2K Oscillation Analysis strategy

Hadron ND280 detector ND280 Data

|
Production Data \ mode
1. Flux \/

/ model
Ingrid/Monitoring
Data

Near detector fit
(to constraint systematics)

External and 2. Cross
Internal cross section
section Data model
Far detector fit
(to extract the oscillation | SuperK
par.s) detector model
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4. T2K oscillation results

as from OA2022, using 3.6 x 102" protons on target

Total Accumulated POT for Physics
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(NO) / IAm2 | (I0) [eV?]

2
32

Am

Disappearance: atmospheric mixing parameters

2.7

2.6

25

24

2:3
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2.6.
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[ L | T T I T T I T

T T2K Run 1-10, 2022 preliminary | ¥ BEstfit ]

[ — Normal ordering ~ ARG, N

— —90% C.L. -]

L — Inverted ordering .. 99.7% CL. -

C 1 11 | I 111 1 | . | I 1 1 | 1 11 | 111 | I 11 |

3 0.35 04 045 0.5 0.55 0.6 0.65 0.7
sin’0,

3 T2K, Super-K, IceCube: Neutrino 2022 Preliminary

%10~ NOVA: PRD 106 032004 (2022), MINOS+: PRL 125 131802 (2020)
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sin 623

World leading measurement of the atmospheric parameters!

Still compatible with both octants, slightly preferring the upper one
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Antineutrino mode e-like candidates

[\ ~ =)} 00 ) o EN
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[E—
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(NS o)

v, and v_appearance

— sin’0,, = 0.45, 0.50, 0.55, 0.60

— Am3j, =2.49x107 eV?

----Amj, = 2.49x107 eV

e[ mO

dep= 1
dop = +n/2
dp=0
dop= /2

68% syst err. at best-fit

v Best-fit
—o— Data (68% stat err.)

1 | I 1 1

|

a

lllllllllllllllllllllllllIlllllll

T2K Run 1-10, 2022 preliminary

| 1 I 1 | 1 | | 1 1

40

80 100

[E—
V]
@)

Neutrino mode e-like candidates

T2K data prefers
(near-)maximal CP
violation, with &, = - 1/2
Slight preference for

Slight preference for the
upper octant for 0,
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v_and v_appearance: 8.,

T2K Run 1-10, 2022 Preliminary
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— Normal ordering

— Inverted ordering
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CcP

Large region of &, values excluded at 3o

CP conservation excluded at 90%

Preference for Normal Ordering
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Large region of &, values excluded at 3o

v, and v_appearance: d

T2K Run 1-10, 2022 Prehmmary

— Normal ordering

Inverted ordering

16 CL
90% CL
] 2o CL
[ ]J3cL
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b by v by

=3 =2 -1 0 1 2

CP conservation excluded at 90%

CP

OA2018: for the first time, 30

intervals for BCP

An indication of matter- antlmatter

Coroniavirus
The models driving
the global response

tothepandemic. =

5 symmetry VIOIathﬁ m neutrmos

Remnants of R eforBroken
primordial nitrogen =Hi ds twist to.
inEarth's mantle . - human evolution o lisslsa

Hotsource - . Origin of aspecies |
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https://www.nature.com/articles/s41586-020-2177-0

5. T2K and neutrino cross sections
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T2K cross section measurements

T2K near detector complex allows to
measure neutrino cross sections:

e at different off-axis, i.e. different
energies

e on different targets: Carbon,
Oxygen, Iron,...

e with different samples:v ,v v_,v
n’'m’'e’’e

e spanning different final state
topology

e limiting model dependence

e Sofar >20 publications: 6
CC-Inclusive, 3 v_, 12 CCOm, 4
CC1n

T2K world-leading experiment
also in the xsec field!
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Sample | : u.TPC

First on/off axis cross section measurement -, LT
€ 2000 ] cow 482%
Input flux correlation matrix CCOn cross section, the most O STk prefminasy
f relevant at T2K energy ND280 I
Joint on/off axis measurement e e e
allows to study the energy
dependence of v interactions 8" gzt INGRID
i : i} O e ssu, [ 2K preliminar,
(same beam but different spectra) 5 Al

T

Cross section extracted in2Dasa  * @i L

T | "
30 35 40

Flux Parameter Number funCtiOn Of the muon kinematics 10;—

b | : i
0 10 20 30 40 50 60 70 80 90 100
Reconstructed muon distance (cm)
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First on/off axis cross section measurement

Flux Parameter Number

Inpui flux covariance mqirlx

dp dcos8, nucleon GeV/c
n u

(53]
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CCOn cross section, the most

[ | _
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Flux Parameter Number
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relevant at T2K energy

Joint on/off axis measurement
allows to study the energy
dependence of v interactions
(same beam but different spectra)

Cross section extracted in 2D as a

function of the muon kinematics

+

On/Off-Axis Data
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Models struggle
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Links to NuInt2022 talks
latest T2K xsec results

joint on/off-axis v/v

CClx analysis
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https://indico.cern.ch/event/881216/contributions/5092512/
https://indico.cern.ch/event/881216/contributions/5048748/
https://indico.cern.ch/event/881216/contributions/5048749/

6. The future of T2K
(and beginning of HK)



{ Wil

MW via upgrades to main ring power supply
and RF (mainly increasing the repeat. rate)

We"
e T2K beam upgrade
KeWiwo.bout H T2K Projected POT (Protons-On-Target)
\ g1400_ 2
¢ s e Increase beam power from ~500 kW to 1.3
51000:— | s

800 [__ MR Power Supply upgrade

l

600

Many upgrades to neutrino beam line
(target, beam monitors, ...) ongoing to
accept 1.3 MW beam

Integrated Delivered Protons [102'POT]

T2K Work in Progress 3

Increase horn current 250 kA — 320 kA for
HK starts! ~10% more neutrinos/beam-power and
reduced wrong-sign background — Aiming

For next run for 320 kA operation in next run (2023)!
expected 7250 ki
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POD replaced with a totally active target ND280 U P rade
SuperFGD: segmented 1cm? cubes FGD

Sandwiched by 2 TPCs : Remer
New horizontal Lath o ,’l%/:(’wéeh[
y TPCs out f4 74
SuperFGD\with 2 millions of 1cm? K
fishing lines
cubes.
Optical fibers in 3
directions |
ND280
New horizontal detector
Super FGD
g * | sl — | Improve: . Installation
ik A 4 = * vertex reconstruction next year!!!!
E : = » Acceptance 41
1Y/ Y-~ e « Low momentum protons (pp>300MeV)
oE *, MuonsinTpC ~  Vertex activity
s M « Neutron detection
Ve o « Expect to reduce systematics @SK by a factor of 30% 43

clo b b b b Lo b Lo L
-1 -08 -06 -04 -02 0 02 04 06 08 1
true cos 0



Efficiency

ND280 Upgrade sensitivities up to 2027

1 e

TTT
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055
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Proton tracking threshold
Work In Progress

ND280 Upgrade

Current ND280
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e
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>y +%*+
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e |

el [ | — L
400 600 800 1000 1200 1400
momentum (MeV)
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ND280 Upgrade sensitivities up to 2027

.| AL L B A L B =

£ oot Proton tracking ihresholdé -

E o8t Work In Progress - possibility to use the proton
075 3 kinematics info to reconstruct
0.6 3 the v energy and constrain
WeE ND28oUpgrade 3 Model uncertainties at the ND
045 4
0.35_ Current ND280 3
02 é_ —.—+ ++++—¢—_¢,+—¢*+ é
0.15 - 3

%300 400 600 800 1000 1200 1400
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0.255— —
By reducing systematic 02p E
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https://doi.org/10.1103/PhysRevD.105.032010
https://doi.org/10.1103/PhysRevD.105.032010

7. The HK experiment

Many inpots from HK @NOW2022 and HK @CS-TN2P3



https://agenda.infn.it/event/30418/contributions/170639/
https://indico.in2p3.fr/event/28308/contributions/116116/subcontributions/7973/attachments/73606/105774/HK_SC-IN2P3_Oct2022_intro_v1.pdf
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The Kamiokande series

Hyper-Kamiokande
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HK w.r.t. French monuments
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Hyper-
' KEI‘I:I"IIl:IkEI'IdE

HK collaboration

~ 520 members
~ 20 countries
~100 institutes
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Hyper-Kamiokande physics program

, Positron
Solar neutrinos Proton decay G 0
- Y A o x- .

Proton

DO ate .\

Probe Grand Unification —
Theories via p-decay v e_Ve
V V

Atmospheric heutrinos

Survival probability up-turn
Solar/reactor tension
hep neutrinos

Oscillation affected by matter effects
£ /) Sensitive to MO

Observe CP violation for leptons at 50
Precise measurement of SCP

B o N,
L
% .&.‘& 3 \" ‘v:‘ §
vV V &7 i
e e
V.V &
"

Core-collapse SNv: constrain SN profile models

A é . .
Diffuse SuperNova v background The future and "93¢r ryutlnes’:r

of T2K and SK physics J-PARC accelerator neutrinos |




Mt. Ikeno-yama

Route 41

Hyper-Kamiokande location

Rock transportation
road (~13km)

Excavated rock
disposal site

Above ground

Water line for
Y GEVE ]y

Electricity line for

\, construction (3.5km)

rock storage

Very close to SK
Smaller rock overburden

For accelerator v physics,
same 2.5° off-axis as T2K

= same oscillation
patterns and overall
analysis strategy




Hyper-Kamiokande far detector Vey,

Outer Detector (OD)
Reject cosmic ray muons to constrain the external
background (~8000 3-inch PMTs + WLS pIates)

Water Cherenkov detector

Lower part of the detector
Lining.

Cherenkov light from neutrino

interaction
20000 20-inch Box and Line Additional mPMTs: 19 3-inch PMTs +
Dynode ID PMTs electronics inside smgle pressure vessel
o ! Directional information
2.6 ns timing of arrival photons
‘; resolution Accurate photon
’; 2 times SK counting
PMT Excellent timing

I3 resolution

B efficiency



" First light in 2027

NA-HIHHLF BRIRE

#x7  Hyper-Kamiokande Groundbreaki
T cnstto o 5

2020 2Q21 2022 2023 2024 2025 2026 2027

Tank constr. | PMT install.

HK approved by MEXT in early 2020
Expected to start data taking in 2027

First 2000.PMT - So far, no delay seen
"TMarch 2021,
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Water system
-‘

Circular tunnel

Detector Cavern
(¢69m, H 94m)

HK construction status

Completed !

Access tunnel

Approach tunnel

Center of the future dome
June 2022

g .
M .‘I i \l ‘ ‘/\\\
i7



Tokai to HK: heritage from T2K

T2K is upgrading its beam and near detector. In use starting from next year!

New horizontal
TPCs

Target

: 3 Horns
= kel proton %,
= =R "‘“62\1""’;%
- = T-meson %

Target Station

280m

*

New horizontal detector

ND280Up Super FGD

By 2027, well characterized new beam and near detector

= Systematics uncertainties under control from the beginning of HK
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Tokai to HK: novelties, the IWCD )

IWCD: Intermediate Water Cherenkov 'l »J It
Detector ]B@gg --------- RRRPRRC RS, o teneas >
‘)/?/;2;5 ~~~~~~~~~

Located at ~ 1km from JPARC. N S —
Tall vertical shaft that can span beam from 1° to 4° % & m oo
off-axis = \ A
Measure v interactions on Water e
Linear combination techniques - |
High stats. sample of v_and anti-v_ interactions Multi PMTs . &L\A"’,
= @ ! (

w.r.t. T2K (as needed by HK precision

62

measurements)



8. HK sensitivity to oscillation parameters
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Appearance/disappearance channels in HK

Assuming 10 years of data taking (2.7x10%* POT), v:;v = 1:3 beam mode, Normal Hierarchy, sin’8., = 0.0218

HK 10 years (2.7E22 POT 1:3 v:V)
—

T HK 10 years (2.7E22 POT 1:3 v:V)
I L e e e e e e

5]
g Gl @ 2200f |
S 50 v-mode “ = E — sin?(8,,)=0.528
a2 g 2005 = v-mode
- v CCOm =2 M 1800 [ in?(9,,)=0.400
s} L Te i E CCO — sin“(6,,)=0.
= 200 o E v 11
5 N — 8 =2 o 1600 n 2
= - ) E — sin“(6,,)=0.500
= C 2 1400F
2 150 i = - i
Z. L E 1200 :l‘ — sin“(6,,)=0.600
- ] 1000~ =
1001 = 800 |_ =
C ] 600 =
50— ] 400 =
C 200
0= e 0:.HIA.‘.I....|.‘.‘|‘..,1....:
v beam 0 0.2 0.4 0.6 0.8 1 1.2 7 beam 0 0.5 1 15 > 55 3

1-ring e-like + 0 decay e v Reconstructed Energy (GeV) 1-ring p-like v Reconstructed Energy (GeV)

Appearance | v-mode v-mode | vbar-mode Disappearance | v-mode | vbar-mode
for &, = -7/2 v, CCOn v.CCin | v CCOn for 8., =0 v, CCOn v, CCOn
E— 2253 207 797 Ey—Ty 8584 7688
n € n n 64

MNumbere here w/o background contribution




Fast CP-violation discovery

T e e e e e e e e T e e T e e T e e e T e ]

—— 9—'
N - > ~ FrorTT7 T BRI L I 3
x — B @ _:~ 3 .
<! 8 —— Hyper-K improved syst. (v/V, xsec. error 2.7%) = =" E = 80§ %52 // ................... E
D 1 Hyper-K.. 1 L 70F
o - B o E
S - J g 60
g 6__ ..................................................................................................................................................... — 7 F
- J 1)) =
E e/ = g 50;
() 4; E 3 40
o N T T AN RSP R pu— o :
= T2K-II E S 30F
/”E.‘ 3E e L 2 Ifacp— ....... 'lT/Z .................. - % g
S oF oA N CPVdiscovery by 2029 7 5 M — Statistics only E
= 2 = v B > 1OEE o ftte Improved syst. (v./V, xsec. error 2.7%)
£ R Y S S E 5 B 4 e  T2K 2018 syst. (v, xsec. error 49%)]
= 3 «© o | M N I T B
%: 1 L L | L 1 L | L L 1 | 1 1 | L 1 L | L 1 L | L L 1 | 1 L 1 | i : Hyper_K greliminary 5 6 7 8 9 10
2020 2022 2024 2026 2028 2030 2032 2034 2036 True normal ordering (known) HK Years (2.7E21 POT 1:3 viv)
Hyper-K preliminary Year sin’(,;) = 0.0218 sin’(8,,) = 0.528 |Am3,| = 2.509E-3

True normal ordering (known)
sin’(6,;) = 0.0218 sin’(6,;) = 0.528 |Am3,| = 2.509E-3 | §, = -n/2

If §.,=-1/2 (as suggested by T2K), CP violation discovered in 2 years !!!

Independently from T2K inputs,
: in 5y, 50% of true 6CP can be excluded at 55, assuming improved syst.
errors.
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Precision measurement of BCP

Acsuming known mass ordering

lo error on O (degrees)

Statistics only
------- Improved syst. (v./V, xsec. error 2.7%)
------------- T2K 2018 syst. (v./V, xsec. error 4.9%)

IIII|IIIII

0||||l||||||||||||||I|||||||||||||||||||||||||1|||

0 1 2 3 4 5 6 7
Hyper-K preliminary

True normal ordering (known)
sin*(0,5) = 0.0218 sin’(,,) = 0.528 IAm3,| = 2.509E-3 eV?/c*

8

9

10

HK Years (2.7E21 POT 1:3 viv)

Precise measurement of 6, will help
to discriminate among
matter-antimatter models

— HK will precisely measure 6,
In 10y precision will be ~ 20° if 6, =-1/2
and ~7° if § ., = 0 (assuming improved
systematics)
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Precision measurement of BCP

Acsuming known mass ordering

lo error on O (degrees)

5 ................................................................
------- Improved syst. (v./V, xsec. error 2.7%) ]
------------- T2K 2018 syst. (v./V, xsec. error 4.9%) 7]

0 b b b by by b b b b b

0 1 2 3 4 5 6 7 8 9 10

Statistics only

.......
..........
...........
......................................
e e,
"'-------.--....._
LR LT T e
L

Hyper-K preliminary

True normal ordering (known)

HK Years (2.7E21 POT 1:3 viv)

sin*(0,5) = 0.0218 sin’(,,) = 0.528 IAm3,| = 2.509E-3 eV?/c*

Precise measurement of 6, will help
to discriminate among
matter-antimatter models

— HK will precisely measure 6,
In 10y precision will be ~ 20° if 6, =-1/2
and ~7° if § ., = 0 (assuming improved
systematics)

Many experiments (T2K/SK, NOVA, ORCA and JUNO) currently working to determine MO...
but if the MO ic not known by 20277
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MO and atmospheric neutrinos

Hyper-Kamiokande will measure oscillation of atmospheric neutrinos
Baseline of atmospheric neutrino beam spans from 12km up to 13k km

Normal Hierarchy case

Matter effects in the
Earth can be huge
(resonance effect) thus
making HK sensitive
to the mass ordering
via atmospheric
neutrinos

Outer Core
Inner Core «

tion Resonance

by Earth’s Matter

10 102

W
10 10?

v energy (GeV) v energy (GeV)

oel / Shutterstock.com

Sensitivity to 8 is instead limited — opposite situation w.r.t. accelerator neutrinos

Since the used detector is the same, combining atmospheric and accelerator neutrino
samples is a way to enhance the sensitivity on both MO and &, 68



Joint accelerator/atmospheric analysis: 5CP and MO sensitivity

Acsuming UNKNOWN mass ordering

HK 10 years (2.70E22 POT 1:3 v:V)

MO sensitivity

)

sin(8.p) = 0 exclusion ( A
oo
T
3
Q
\/Ax? Wrong Hierarchy Rejection
W

2

Ay
o

Beam (Known MH)
---------------------------- Beam (Unknown MH)
14~ ——— Atmo (Unknown MH) 7;“8 NO
 —————— Combined (Known MH)
| [ Eli e Combined (Unknown MH)

i

TT T rTrrrrr

i

IIlIllllIIlIIIIIIIIlllIIIIIIlI

N
III[IIIIIlIIIIlIIIIIII

o L1 N1 s PR\
=3 =2 =] 0 ] 2 3 P o I B P DU DU S I I B

Honer K oeelitiing 1 2 3 4 5 6 7 8 9 10
_yper preliminary - . True 8CP Running Time (Years)

True normal hierarchy, v./V, xsec. error 2.7% V 4 ., K/g,k by

$in’(8,,)=0.0218 sin’(8,,)=0.528 IAmyl= 2,500 x 10° eVt Very same way ac the current joint T2 analyeis

By combining beam and atmospheric neutrinos HK can achieve 50 sensitivity to CPV
regardless the true mass ordering

HK can determine MO after 6-10 years via atmospheric v
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9. HK astrophysics program
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Increase by ~10 in stat sensitivity w.r.t. SK
e SN1987Atype ~2500 events
e Galactic center: ~50000+ events

Direction (1°@10kpc) — triangulation

Time profile: collapse models — Model discrimination

Time profile (Livermore simulation, 10kpc)
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Solar neutrinos

Spectrum up-turn discovery sensitivity
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Upturn region to be better explored. So far, SK deviates from standard upturn scenario > 20.

Displacement of the upturn can be explained by: Statistical fluctuation? Light sterile neutrino? Non
Standard Interaction in the dense Sun?

Also, 1.50 tension between solar and reactor experiments on Am212. More precise results expected

with HK (separation ~50). If tension confirmed: new physics? 25
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Thanks to its huge mass, HK also
sensitive to channels with invisible
particles (p — v KY)
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Summary and conclusions

T2K is a leading neutrino oscillation experiment

So far, best measurement of atmospheric parameters

Hints toward CP violation

We are approaching a precision era in neutrino oscillation measurement
T2K is working on near detector and beam upgrade — inputs to HK

In parallel, HK construction has started

Amazing HK physics potential: from neutrino oscillations to
astrophysics

A very exciting decade is starting... stay tuned!!
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