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Neutrinos: basic facts
I

 |neutral leptons

- only weak interactions ELEMENTARY
PARTICLES

— very low cross-section
for interactions with matter

— CC and NC interactions

e |exist in 3 flavours
- measurements of Z° width in LEP
- astrophysical constraints

— some hints for existence of
so called “sterile neutrinos”

e lassumed to be massless in SM
- disproved by existence of oscillations

 |second most abundant particles in the Universe (after photons)



Sources of neutrinos l

many sources, wide spectrum of energies e
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A bit of histOﬁ

¢ 11960" : Solar Neutrino Problem: | 12s+snu 76713SNU 5.119x10%m?s
deficit of solar neutrinos wrt to
calculations
- solved in 2001 by SNO

- (not very good example to 5909
explain oscillations)

« | 1980 : Atmospheric background
to search for proton decays
- strange angular dependence

In muon atmospheric neutrinos
observed in KamiokaNDE

Home Kamio Super-K SNO CC

stake  kande

GALLEX

SAGE

55*8%

Ga Cl H,0 D,0

experiment mmpp W Be pep CNO ~ mm®s W Hep
« 1 1998: Super-Kamiokande confirms existence of neutrino oscillations

2015NOBELPRIZE =~

* 12015: Nobel prize for T. Kajita (SK)
and A. McDonald (SNO)

* 12016: Breakthrough prize i
for SNO, SK, K2K/T2K, Daya Bay, KamLAND
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Atmospheric neutrinoi

* | created in the decays of particles
produced by primary cosmic rays
In the atmosphere

Primary
cosmic ray

p, He, ...

expectation:
va/Nve ~ 2

energies ~1 GeV




Super-Kamiokande detector
I

water Cherenkov detector —

- total mass 50 kt, fiducial mass 22.5kt (now +4.7kt) o =

- >11000 PMTs in inner and ~2000 in outer detector B Y& ey

AE/E ~10% for 2-body kinematics

very good u/e separation

- muons misidentified as electrons: <1%

1% detection (2 e-like rings)

no charge identification 40

(MC |
simulation)




K discovery of oscillatioii
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Neutrino oscillations:

2-flavour approxima;'u

e | periodic change of flavour during propagation
because

« Imass and flavour eigenstates are not identical

(Ve)_( COSO SIHG)(\,1) / P Mass state \ 4\“
- AN - K

V.) \—Sin® cos0/\V, —
Pure Yy Pura v = re v,
EI oM, . A - < k
o Tinne, "
* | probability of neutrino to change flavour
2
L2 .o 1.27TAm L
P(v,= vz)=sin“(20)sin ( =

where L is path [km] and E neutrino energy [GeV]
« {Am*=m? —m? -if 0 - no oscillations 8



P

pearance and disappearance

J—

disappearance: 14,

. . 1.2
- looking for the same flavour of neutrinos '
at the production and detection point aisk

— dip in the measured/expected ratio — 0.65
information on mixing angle and mass splitting o.4-

- CPT conservation requires the same survival 0-2-

sin¥(28) '+++++ *H>

T

probability for neutrinos and antineutrinos %

2 4 6 8 10

~m:  Visible energy (GeV)

appearance: direct observation of the flavour change

possible appearance channels for 3 flavours:

- v, — Vv, neutrino energy below threshold for charged lepton production (solar,

reactor)

- Vv, - v,: challenging: large T lepton mass, small ct, discovered 2015

-V, oV, subdominant, discovered 2013 (in T2K)

— V_:nogood v_sources
T T



rino oscillations for 3 flavouri

Pontecorvo-Maki-Nakagawa-Sakata matrix
- parametrized by 3 mixing angles and CP-violating phase _,

. —i0 .
v 1 0 0 ( cosB, 0 sinB;e C"\ cosf,, smbB, 0}/,

e . . 1
v JI=|0 cosBy sinby | 0 ) 1 0 |—sm6,, cos6, O]fv,
Ve 0 —sinB,; cos6,]|—sin6 e 0 0 1/\Vs

4 + Majorana
phases

Atmospheric. _Accelerator
e WA L

Py 5, =8—42 R(U,UuU,, U;j)sinzAm?j%iZ 23U UpU,, UEJ-)SinzAm?j%

i>j i>]

matter effects — presence of electrons modifies propagation of
electron component — additional asymmetry not related to CP
violation 10



precise measurements test the 3-flavor paradigm

Current knowledc

©P.Denton

0.8
sin?(615) = 0.307 & 0.013 09
Am3, = (7.53 + 0.18) x 107> eV? 1
sin?(0p3) = 0.5537 0039 (S =1.1) (Inverted order) .
sin?(fa3) = 0.5587 0053 (Normal order) 015
Am3, = (—2.529 £ 0.029) x 1073 eV?  (Inverted order) 1
Ams3, = (2.455 40.028) x 107> eV2  (Normal order) 0.0]
sin®(013) = (2.19 £ 0.07) x 1072 (S = 1.2) .
d, CP violating phase = 1.19 £ 0.22 wrrad (S = 1.2) 2
Phys. Rev. D 110, 030001 (2024)  § <k
‘08 2000 2005 2010 2015 2020
« |mass ordering, 0,, octant, CP violation ?7?
- v -, Ve V3
4 v; I or v $am2 - W Ve
n 1.96n A 1 /
N \///// m,
\ X
\\\., 'l m v,
Am3,; >0 Am3, <0 "
J— Is 6,, mixing maximal? o
Am%lI 1:99rr 1.96n u-T symmetry’? ’ =
V1 o Vo i Is 8,, s 45°7 matter antimatter
NO 1O 11



V_appearance channe

2 2 2 .02
P{v,»Vv,)=4ci;s;858in" Ay,

dominant term -0,

2 . .

+8 C13 512 513 523( C12 C23 COS 6CP _512513 523 ) COS A32 S1n A31 S1n A21 CP cons.
2 . . . . . .

— q£13 C12 C23 512 513 523 S1n 6(:4' S1n A32 S1n A31 S1n AZl CP violation
24 2 [ 2 2 2 2 2 .2

+4 515 C5 (C12 Cy3+S572 5235132 C15 C23 17 Sp3 S13COS 6CP) sin” Ay, solar term

» 2 alL 5 s 0 o od matter effezcts
—8¢ 3513523—(1—2513)cosA?,zsinAg,ﬁ8c13513523—2(1—2513)sin Az
4FE, Ant,

S, = sineij, C, = cOS eij
Aij = Am2ij L/AE,
a=2V2G.En,

for v: §.,2—0,,
a->—a

ne related to matter density (presence
of electrons modifies the mixing)

0.086) Teading(613)
) Total

.| Jarlskog invariant ~0.033 sino_,
(for quark sector 3 x 107°)

-| channel sensitive to 6, octant
| matter term differs in sign for v/v

- . 0.04 W
— sensitive to mass ordering A A
-0 1 E, (GeV) 2




T2K experime

located in Japan
searches for oscillations in high purity v, beam

other measurements: cross sections, sterile v search
started to take data in 2010, with neutrino and antineutrino beam

off-axis technique
Near Detg:t‘ors

NN g aizARC Main Ring
/o f‘”‘ = (4KEK JAEA Tokai)

Super-Kamiokandees
(ICRR, Univ. Tokyo)

13



30 GeV proton beam,
1.36 s pulse period, 8 bunches

power achieved: over 800 kW

position, profile and intensity
of the proton beam monitored

graphite target, 3 horns focusing

positively or negatively charged
96 m decay tunnel, beam dump

T, Kand decays

proton accelerator chain at J-PARC

hadrons

high energy muo
(p>5 GeV/c)

P

| Decay tunnel

beam dumpﬂyrrr

ns
neutrinos
—E-—z-.-5 ——————————— > SUper-K
“““““ ND280
INGRIEL1)3;2|80 m off-axis

on-axis 14



Off-axis beam
;4

e AR
G o/ . 1 forangles #0
o 1 2 1 the dependence of ~ Narrow Spethum,
: > 5 E fromE_is "» tuned at the first
0.5 3° et iy v m . . .
: {  reduced oscillation maximum
» T2734 56 78 910
p_(GeV/c)
> :  CC QE sample enhanced
L, 05 il « background from intrinsic v, reduced
vl - Amj, =24x10%eV? i
o ARSI S * background from NC n° production
E : reduced
=005 =
~ z
""""" g o the direction must be precisely
b [~oa2s] controlled
i b (<1mrad to keep peak energy stable
g |“||||| | SE/E ~2% at far detector)
:': e '“N""llllllllll""I“
3

E, (GeV) ~ 15



Neutrino ﬂuxesl

 |system of 3 horns with 250 kA current sinusoidal ~3ms pulse.
| Forward Horn Current (FHC)— neutrino enhanced beam: 1" — p* v,

« | Reversed Horn Current (RHC) — anti-neutrino enhanced beam: m — p—Vp

e | currently upgraded to 320kA — +~20% Vv flux (the data collected with this focusing
are not yet used in the analysis)

Tuned‘ runl—}l flux‘ at SK Tuned run5c-9d flux at SK
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Beam monitorinﬁ |

Proton beam monitors e Muon monitor

- essential for protecting beam- — measures beam direction
line equipment and for and intensity on spill-by-spill
understanding and predicting basis, with high-energy muons
neutrino flux from pion decays

- beam intensity (<2.7% precision) - < 3cm resolution,
and beam loss (sensitive down corresponding to < 0.3 mrad

to 16mW loss) | ~ jonization chambers and
- beam position and profile semiconductor arrays
(100um position, 200um width) g
« Segmented and Wire ..y 4

Secondary Emission Monitors
« optical transition radiation

Aiaw “"-'.i!‘_ -
= e

8 \*\}.\‘a..

17



E

Near detectoi

* | located at the distance of 280m
from the target

- INGRID (on axis)

- ND280 (same off axis angle
as the Far Detector)

- WAGASCI
(1.5° off-axis)

=1
a1
T
. — s = _
=] . ——mp =
4
L L = —ilm
e | s =
bl
.

Baby MIND
positioned here

Wagasci

Side MRDs



INGRIH

| On-axis Interactive Neutrino GRID (INGRID)

— 14 identical cubic modules,
iron/scintillator sandwich

- monitors the intensity, profile and direction o
of the beam with v interactions [i

- relative event counts between modules
monitor the beam direction stability.

Spilis 222861, Time 1271289317
Module B

[ Side View | Top View ]
b : 3 3
e 3 =10 x10
15 15
ol A g 2 2" y2/ndf 7.1/4 2 xe/ndf 4.0/4
WE L HEHREEEE Tl o Center 0.05 = 2.89 o Center -11.0 == 3.2
i HHKHEE @ Sigma 4332+ 4.7 @ Sigma 464.1 £5.6
H M N ER 20 [ e
EEEEEE : | | ¢ EEREE (=] o e
i "'-".-.._._“_.‘ 60 5 10 P .. e, = 10 gt -
HHEHEEDRE [ T HHHHL 0 - 0 .
b R EEE b 5 £ o . E -
- NEARAR | + FEREE 3 . 3 | .
+ LEEEEE 5 - - ' -
C: |||||||||||||||||||||| 5L ) 5_
=20 _zq:_
| 1 | | 1 | l sl 1 | 1 | 1 1
20 0 20 40 60 B0 100 120 20 0 20 40 60 80 100 120
==== Fitted gaussian —-—= Fitted gaussian
1

L 1 L L L
o0 0 500 Boo 0 500
x[cm] from INGRID center y[cm] from INGRID center



Beam stability (example

» |beam profile and absolute rate stable and consistent with expectations

* ||targeting efficiency stable at over 99%

— 1.8F R 3

g 16 I I I _E

+ L4 l Horn 250kA 3

< | . Horn 205kA -

5 0.8 I —+ Horn -250kA 2

E 0.6 W—: ————————— , I _;
0.4 . . . L -

+ INGRI
-~ MUMON -

-0—3 5

[mrad]
=)
N

Horizontal beam direction

et — T

| "+ INGRID |
o ~~ MUMON -

L , _ .. MU
0: i +ﬁo¢l#i@%ﬂ—o—'—ﬂ—'ﬁ— —% - — =

—0).5F | I T2K Rung | : : I -

_ Vertical béam direction

:TZK Runl | T2K Runl |T2K Run3 | TIK Run4 May.20141 TIK Run6 | T2K Run7 TIK Run§ TIK Run¥ |T2K Runld

™ Jan.2010-Jun.2010 | Nov.2010-Mar.2011/Mar.2012-Jun.2013 Oct.2012-May.2013 Lyun.20141 Oct.2014-June.2015 | Feb.2016-May.2016 | Oct.2016-Apr.2017 Oct.2017-May.2018 INov.2019-Feb. 2020
_ 1 1 N . A L 1 N . L i 1 el M " 1 N i o . 1 A M N " 1 L A A i Ll " i A 1 . M A M
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ND280
4_.4

ND280 — multi-purpose SMRD I FGalzﬁve arget
detector with magnetic field mprovement of . recoil protons detection
- UA1/NOMAD magnet
(magnetic field 0.2 T) i e momentum measurement

(resolution 10% at 1GeV)
particle identification with
dE/dx measurement

measures the beam
before the oscillations

reconstructs final states to

Downstream

study neutrino interactions ' L_,_/_———:;:l A

and beam properties ‘ Solenoid Coil
. . POD

- measures Vv interaction rates 0 detection

Barrel ECAL

and flavour — v, and v_ spectra
focused on specific background
processes to oscillation (NCtm°, NC11r, CC11r...)

compare interactions on Carbon and Oxygen ECAL
(FGD1 and FGD2) SHOWers

currently upgraded with a new tracker and TOF (data not yet used in the
analysis) o1




Upgraded ND280
__.A

* upgrade finished in spring 2024 OLD TRACKER
2 e[ Muons in TPC or =
I : o8 stopping in SuperFG — FGD

) POD replaced Wlth E Q-’*H;‘*pfjp: +£*; E—__:_ active target

SuperFGD and oot P  recoil protons detection

- *05;— +_.__.__'__.__‘_'_
ngh Angle TPCs, " f Muonsin L « momentum measurement
surrounded by TOF T TeConly (resolution 10% at 1GeV)
o e « particle identification with

° SuperFGD: e \tﬂfldx measurement

- quasi-3D imaging

— improved high angle acceptance
— improved proton detection threshold
- neutron detection capabilities

Scintillator cube

P " N Ll
Super-FGD / HA-TPC E

NEW TRACKER pumm
Super-FGD
HighAngle TPC

WLS fibers
22



Neutrino events in ND280




Protons on Target (X 10%%)
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accumulated POT for physics analysis (total)

accumulated POT for physics analysis (v-mode)

accumulated POT for physics analysis (V-mode)
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Run7 Run8 Run9 Run10 Run11 Run12 Runi3 Runi4

beam power (vV-mode, +205 kA)
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beam power (V-mode, =320 kA)
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Analysis

NAG61/SHINE data

ND280
detector
model

flux model

INGRID+beam
monitor data

Cross section
model

external data +

fit to ND280 data
to reduce the
flux and cross section

uncertainties

FD detector
model

oscillation
e | RESULTS

25



NAG61/SHINE data

flux model

INGRID+beam
monitor data

Cross section
model

FD detector
model

Analysis

ND280
detector
model

v

fit to ND280 data

to reduce the

flux and cross section
uncertainties

=
-

oscManon
fit

Il RESULTS
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Beam simulation

—

primary interactions of protons in target simulated with FLUKA (and

GEANT 4)
reweighed to match NAG61/SHINE data

- measurements done with T2K replica target
to account for re-interactions inside the target

MC spectrum reweighted

to match data in momen- proton

18cm
N | p—
L~ 0). ... Proton [ [ \
' beam U_“1 \i %2
-+

tum, angle and target ™"
exit point

2cm

SK: Neutrino Mode, vy

- Flux uncertainties reduced Eb e
from 8% to 5% in flux peak g e
£ oo

GEANT simulation of the particle
transport through horns and 1]
decay volume *

PxE,, Arb. Norm.
———=- Material Modeling
Number of Protons
— 2023 Total Flux Error
------ 2022 Total Flux Error

5 I | ‘ I T | | I I | | L1



flux model

Analysis

Cross section
model

ND280
detector
model

v

external data

fit to ND280 data

to reduce the

flux and cross section
uncertainties

FD detector
model

oscillation
fit

28



Interactioni

e |CC QE interactions

§1.4
dominate at the F12
. ¢ 4
energies of T2K s
e | significant resonant gzj
contribution -
0

, CCQE .

w
s u
| Ehem Emem

at the nucleus level:

- also multinucleon (2p2h) interactions

- target nucleon initial state — Spectral Function (for QE)
- Final State Interactions (FSI)

 |parametrized models - 75 parameters in total :E?J

* | contribution from Wroctaw University theory group mmm 29




flux model

Analysis

Cross section
model

ND280
detector
model

v

fit to ND280 data

to reduce the

flux and cross section
uncertainties

FD detector
model

oscillation
fit

—

I RESULTS

30



ND280 samples
_.4

« lanalysis of v, CC interactions in ND280 to constrain flux and cross
section parameters and uncertainties

- analysis of muon kinematics (p, cos0)
- v, measurement can constrain also v flux

e [ (anti)v,, CC selection in ND280 tracker for FHC and RHC: <R
u- (u*) candidate: highest momentum negative (positive) track nce.
- starting in FGD FV
- with long segment in TPC
- dE/dx compatible with muon hypothesis

« |22 samples in total = sensitivity to different neutrino energy ranges
and interactions modes

- separate samples for FGD1 and FGD2 (interactions on CH/Water)

- dominant component for FHC and RHC, and for RHC also neutrino
component of the beam (wrong sign)

- separate multipion samples < presence of pions in final state
topology 31




Examples of FGD1 FHC samples

R

FGDI v, CCOx 0 protons 0y |

T2K Run1-10,2022 preliminary ¢ Data
CQE

CC Im*
CC multi-1t
) 1S

C.-1n°
Other

3000 F

Events/(100 MeV/c)
[ )
g
!
ENRCEEN
(@
@
=

2000

o || CC 01 — dominated by CC QE _

1000~

500

splitted into Oproton and Nproton 0

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
or Reconstructed p, [MeV/c]

FGD1v, CC In 0y

T2K Runt-

0,2022 prelimingry ¢ Data
C

Events/(100 MeV/c)

CC 11" — enhanced in resonant
pion production

>
00 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Reconstructed b TMeV/cl
[ FGDI v, CC Other 0y
'g 180F T2K Run1-10,2022 preliminary ¢ D?*ta]:
¢ g w mCCqE.
------- S 140F mCC multi-n

CC Photon and CC Other — S| = CC I
mostly multipion production |

60—
and 40| ¢

20:

'l L Il Il | Il |
00 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 32
Reconstructed pM [MeV/c]



Analysis

flux model

Cross section
model

ND280
detector
model

fit to ND280 data
to reduce the

flux and cross section
uncertainties

FD detector
model

=
-

oscManon
fit

Il RESULTS
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Post-fit
QR

FGD1 v, CCOn Op FGD1 v, CCOn Op
W A000 I B L T I I i w4000 = L T B B B B e e
= = —-Data Bl v CCQE = = = —~-Data Bl v CCQE =
3500 &= v cCcC2p2h [vCCResln L3500 — ElvCC2p2h [V CCReslt
(e = [l CC Coh 1z []v CC Other 3 e = [l v CC Coh 1 []v CC Other =
Esm — L1 [Ov NC modes []V modes — Esm — [Ov NC modes [V modes —
S2500 = — <2500 —
%2000 - = %21}00 = E
= = = =
£1500 = = 1500 — —
= - - = — —
Z.1000 - =z = 3
S0 £ S0 =
n n
14 .. 55N 53 = — 14 =
Slul2 - E ® g0 aCeyuz™; E & F gl gl2 = —
Z:, ZE {I}g r .................................................................................. ,_H Z:, ZE {llg r.ﬂ ..... 1 ..!......a.......'.l...l.l.......l ..... [ Y g l..,_.:
0.6 , , , , , , , , , — 0.6 — , , , , , , , , , —
0 200 400 600 800 1000 1200 1400 1600 1800 2000 0 200 400 600 800 1000 1200 1400 1600 1800 2000

T2K Runl-10, 2022 Preliminary pll (ME‘V.{ C) T2K Run1-10, 2022 Preliminary pu (MEV/ C)

* |good fit to data (prior model p-value=0.575)

2 150 |-

- test the model ability to cover the phase ¢ ¢
space region which best describes the data-

120

- “toy” data sets thrown from prior covariance- |
and the nominal model is fit to each toy

- p-value: the fraction of fits with a x>
greater than that of the data T
- data is adequately consistent with our input model 34

= Expected distribution
== Data value

p-value = 57.5%

6500 7000 7500 8000



corrected flux and cross-section
model

+ | significant reduction in ¢ 3
parameter uncertainties nce. :
g

Example of flux parameters

SK V Mode Flux

es of post-

31-20;|||||||||||||||||
EI.IS?I-

> 1.10 E +

T1.05¢ +

SG.SOEIIIIIIIIlIIIlIIIlIIII

fit parameter valuei

Some of cross section parameters
CCQE Parameters

;-g:|||||||||||||||||||||§
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_0_52_ + '—I—‘H}:
_10:|||||||||||||||||||||:
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flux model

Analysis

ND280

model

Cross section

detector
model

v

fit to ND280 data

to reduce the

flux and cross section
uncertainties

FD detector
model

=
L]

oscManon
fit

Il RESULTS
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Far Detector Samples

« 5 samples of single ring events
‘-~ muon candidate, FHC

- muon candidate, RHC
. p-like PID

* p,>200 MeV/c
| e Michel electron 1 or O
CC<< — electron candidate, FHC

O  _ glectron candidate, RHC
» e-like PID
« p_>100 MeV/c

. E <1250 MeV

.= 1° rejection

from decay of 1, FHC

e Multi ring sample: muon candidate with additional Michel
electron or second ring from 1, FHC 37



Effect of ND280 fi

Pre fit 1R FHC IR RHC 1R/MR CCln ratio e
Error source (units: %) e I e T e CClzt pu CClx™ || FHC/RHC
BeamFlux 4.9 5.0 | 46 4.7 0.1 5.1 4.5
Xsec (all) 16.6 159 | 13.3 13.8 15.7 10.7 10.7
SK 3.7 14 | 52 3.6 4.5 3.1 4.1
Total | 174 165|149 148 16.8 12.1 12.3
Post fit 1R FHC | 1R RHC 1R/MR CClz ratio e
Error source (units: %) e p | e p||eCClet pCClnt || FHC/RHC
BeamFlux 28 28|30 29 2.9 2.9 2.2
Xsec (ND constr) 3.8 36 35 35 4.3 3.0 2.4
Flux+Xsec (ND constr) || 2.9 2.8 | 2.7 2.6 3.7 2.2 2.3
Xsec (ND unconstr) 29 06|34 24 2.8 1.3 3.8
SK 27 14|51 3.6 4.3 2.9 4.0
Total 149 32[67 50 63 3.9 5.9
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u-like sample

FHC 1Ry FHC MR (p pi) RHC 1Ry
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flux model

Analysis

Cross section
model

ND280
detector
model

v

fit to ND280 data

to reduce the

flux and cross section
uncertainties

FD detector
model

oscillation
fit

| RESULTS
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Oscillation fits

e |v,—Vv and v —v_combined analysis within the 3v oscillation
paradigm (PMNS)
e | several fitter groups with some analysis differences:

- sequential ND-FD fit «» simultaneous ND+FD fit
- frequentist approach <« Bayesian MCMC approach

- lepton kinematics < reconstructed neutrino energy B - ME, —m;,/2
assuming 2-body interactions M — Ey, + |pyu| cos b,
2
e [fitfor0 ., 6., Am?_, 0.,

— other oscillation parameters from PDG 2020 values
- results with T2K data alone and using PDG 2020 constraint on 6, from
reactor experiments
e |binned likelihood comparing data to MC predlctlons

obs A
nz )+ nexp_ obs

n;

B
—2Inh(8¢p;a) 22 n’” In

nuisance parameters T 1
(flux, x-sec, detector) + (a—do) C (a_a0> 42



Bayesian analys'

based on Markov Chain Monte Carlo (MaCh3 package) QJ)

- directed random walk across multi-dimensional parameter space

towards lower values of -2LLH (sometimes also in different direction)
- simultaneous fit of near and far detector samples

— output: posterior probability,
distributions of parameters

— posterior predictive
distributions of

observables
t e )
0 o 0
t; Izl Accept 0, = Z,
t, Z'z,{ ~. Accept 0, =z,
t3 \23 ~ Reject O3 = 0,
t4 .IZ_:; Accept 94 = Z4
t 25 . Reject G- =0
5 o s i 5 4
ts ZgW . Accept B¢ = Z¢
Lty

flux model

INGRID+beam

monitor data

cross section

model

external data

ND280
detector
model

=

FD detector
model

vy v

oscillation
fit
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T I T T T T I T T T T
— Normal ordering

— Inverted ordering

777 1s CL
FES] 90% CL
] 26 CL

[ JascCL

Frequentist

.

region around T11/2
excluded at 30

o

CP

CP-conservation (5.,= 0 or )
excluded at 90% but within 20

| LA DAL LR
|:| lo credible interval
[ 20 credible interval
I 30 credible interval

posterior probability

T HlI[[IlIIII[IIIIIIlIIIIIIIIIIIIIIII

Bayesian

Posterior probability

-~ and Jarlskog invarianc

o

o

J
|

0.06 [
0.05 [~
0.04 |
0.03 [
0.02 |

0.01 :—

0 L L

||\‘\|||‘\|||‘\lll‘\lll‘\\ll_
— prior flat in &

prior flat in sinG,

||H|||\|||\|||\:\|| ...\u..\uu: J

-0.05 -

Jop

CcP
0.04 -0.03-0.02 -0.01 0 0.01 0.02 0.03 0.04 0.0¢

2
= 5,307135120125,3C,3 Sm6

- Independent of PMNS
parameterization

- Stable CPV-preference for
different priors

T2K
preference
for Jarlskog

///777\\\
[ O O |\
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sin“0,, and |Am?

x107 %20:-"'|""|"-' ]
B 27 Bayesian - withreactor " Frequentist — Nomal ordering E
260 E constraint = — Inverted ordering ]
25 - 14— 1 CL —
E = = 90% CL -
2-4§ E 2 77 26 CL B
2.3;— —; 10— []3acCL =
e B B ; = =
-23 = T2K Credible Regions 5 E_ _E
) 242_ "-A" ]?;stFit _f E E
5 o ] 41— _
-25E e E £ E
-2.6 — C ]
E - 8.3 0.|35I - 0|4 0.45 0.5 0.55 0.6 - :"lll"iﬁl I n7
= . . e ‘ . . ‘ ] sin 623
04 045 05 055 06 065 0.7 0.7.5 290.8
sin . .
s T Slight preference for normal ordering
= 41r [ 1o credible interval - .
z | | 2 20 crdibl interval and upper octant:
S| | W 3o credible interval | « NO/IO Bayes factor = 3.3
a | If
5| I _ * (6,,>0.5)/(8,,<0.5) Bayes factor = 2.6
a . . . Y
z2 | i | (barely worth mentioning in Jeffreys' scale)
! I 1 Am3, (NO)/Am3, (10) | (2.52173937)103eV2/ct | (—2.48670013)10 3 V2 /c
A@u sin?(623) 0.56870922 (90%) 0.56715035 (90%)

=27 =-26-25-24-23 23 24 25 26 2.’?2
A mj,
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T2K-SK joint fit
__.A

T2K has good sensitivity to 0, but mild sensitivity to mass ordering,
SK has good constraint on mass ordering but not on o,

common neutrino interaction and detector models have been
developed for events from the two experiments with overlapping

energies and are found to properly describe both datasets

- based on SK4 data - 3244 days (2008-2018) of SK4 atmospheric data (PTEP, 5, 053F01, (2019))
and T2K data published in Phys. Rev. D 108, 7, 072011, (2023)

the combined analysis finds increased
preferences for 0, non conservation

(1.9-2.00) z

limited preference for the normal !
ordering with a 1.20 exclusion of . |
the inverted ordering °

no strong preference for 6, octant

FETY PRt T Tart TY Gy X7 1.0
== SK + T2K
- T2K
SK (+ND)
— T
vens 203

.lJ.II].J..I.lll.l.l..lll.ll.l]l.l.llll].llll

g
future updates will include full SK atmosphenc z

' ] P‘
~,,: rrrr ' ..-.
ia ¥
il I-'.l' PR A R T NI A N O A

statistics (at least 50% more data) and more 035 O 050 088 e 06 a0 05
data from T2K Sh:




T2K and NOvVA
T Lo

baseline 295 km 810 km
peak energy 600 MeV 2 GeV
CPV effect 32% 22%
Matter effect 9% 29% _
Near Detector multi-purpose extruded plastic : “ s
(TPC, FGD, ECAL)  cells filled with stf?;jsﬂ%?n"m';% Al |
magnetized Iqu|d SCIntI”atOI' . theNuMIbe:aFn axis Fermilgﬁgo
Far Detector 50 kton Water 14 kton :
Cherenkov scintillator Z,
reactions CC QE (also 2p2h, mix
resonant)
e/J identification Cherenkov ring convolutional S1f
shape neural network f\é;z;
Neutrino energy 2-body formula for calorimetric =t
reconstruction QE or resonant Soel
interactions o

> ’ L
10"



-

T2K vs. NOv‘

T T T T T T T T T T T T T T T T

 |both show a weak preference for NO
e |some tension in &, but remember: |
current results are statistically limited!,

Normal Ordering

cC\l
- if 10O: consistent preference for the =
311/2 (-11/2) region, small preference 0P =
for upper octant " [ T2K, NEUTRINO 2020: W BF —=90% CL --- = 68% CL ]
0_3:_ NOvA: 4+BF | <90% CL .568% CL_:
0.7:_ ettt :_:
Inverted Ordering :
0.6 <
< o5 :
£ : :
0.4 -
[ T2K, NEUTRINO 2020: —=<90%CL "~ <68%CL |
0 3:_ NOvA: | isQO% CL Ds 68% CL_:
Ocp 2
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T2K vs. NOVA
).4

» | both show a weak preference for NO P oorame - radictions
- |some tension in §_, but remember: [ e in ppst it yeles
current results are statlstlcally limited!Z U, T2Kbestfi :

- if 10: consistent preference for the > 04 events E
31/2 (-11/2) region, small preference N EF:JE:E ;

for upper octant P +'£ -h i_‘ :

[] [] 10 Fi-
* [more data needed in both experiments! s -+ NOVA = ++~

i bestflt g_i
00 0.2 04 1.2

. . . . Reconstructed Energy (GeV)

e | joint fit performed in 2024 ,  Antnerinomode > .
(paper in preparation) EIOE_ B N.’)vA 20_2011?2?(”}?(;36”“5_5

8 Ve T2K 10 —_

5 === NOvA NO -

. . 6 --=-NOvA IO ]
 |Upgrades in both experiments: 16 events +D :
~ NOVA — beam power — 900+ kW 't oledl 7 4l :

- T2K — beam power — 1.3 MW, 2_—1—[4: ToK l = n___‘_‘
ND280 upgrade, SK-Gd . T R P

- Goal: 30 sensitivity for CPV (T2K) and MO (NOvA)  Recomtructed Enerey (GeV)
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T2K-NOVA joint fit

il

 |opposite to “global fits”, a full implementation of
— consistent statistical inference across the full dimensionality
— each experiments’ detailed likelihood, energy reconstruction and detector response

e lin-depth review of

_ . . . . . . A
models, systematic uncertainties and their possible correlations <R Smallest
- different analysis strategies driven by different detector designs nce. uncertainty
1 2 o
+ Iroughly doubled statistical power of individual experiments inAm?,, <2 %
Fitter: ARIA Fitter: ARIA MaCh3 post-BANFT
07 - EESE NOVA+T2K NO Conditional 07 [ E=S NOvA+T2K IO Conditional 0.04—]\3‘71135131151‘3(] hltt ‘t T Non-C liillll‘:lili(iilill__ Z
i — NOVA Only i — NOvVA Only - ith reactor constrain _: ] :
- —— T2K Only - —— T2K Only - B 1 1 =
061~ £ 003 Tl NO 1 =
& s 2 | W20 |~
NS £ o5k § 0.02 I [130 1+
z ZE 5 T g,
- i g ool + 1=
04 — 5 0.4~ — Io X + &
T s (R | B T T o I T O 252123 23 24 25 26
) 5 2 2 5 2 5 35
cp cp Ams, X107 eV

- | values of ., ~11/2 disfavoured at >30. CP-conserving values of &, (0 and
) excluded at 30 when IO is assumed
 |Bayes factor of 3.6 for upper octant preference (modest) with RC (about 10), very

weak preference for IO (Bayes factor 1.3) 50



Hyper-Kamiokandi

« | total mass 258 kt (fiducial mass 186 kt) g e e s e
- 8.4 x Super-Kamiokande

— Inner Detector equipped with: I

« 20 000 20" PMTs (twice better photodetec- S
tion efficiency, charge and time resolutions
than SK PMTs)

e 800 multiPMTs (19x3" PMTs to improve
the Cherenkov rings reconstructions in the
detector corners.)

« 20% photocoverage

— Quter Detector: 3600 PMTs mounted on
Wave Length Shifter (WLS) plates

— significant Polish contribution: s __
 multiPMTs, elements of underwater electronlcs
« electron linear accelerator for calibration &5
« computing B o
NCB

« development of simulation
« participation in PMT tests, WCTE tests and installations 51




as a long-baseline experiment

R

1400 ——

1.3 MW beam from Tokai, narrow band
beam and off-axis technique as T2K LAt ey
— CC QE events, most events close to |

oscillation maximum

295 km baseline — small matter effect

2016 2018 2020 2022 2024 2026 2028 2030
_ F

@1:321.16s cycle
— :

(=23
=
ety
=
=

\

Beam Power kW]
o
8

.__.-—o/ "®FRF sygt em upgrade]

'S
(=]
o

@ 2 harmonic RF cavities

0.15

near detectors: upgraded ND280
new 1kton scale Water Cherenkov
(IWCD) with off-axis angle spanning
orientation at 830 m from the target
take ND data in different fluxes —
build linear combination to match
FD oscillated spectra

pit excavation will start summer
2025

prototype beam tests now at CERN

Neutrino Flux
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Hyper-K: sensitivities

E22 POT 1:3 viv)

— 18[ HK 10 years (2.70E22 POT 1:3 viV)
N : Beam Kn()Wn MO ——— [ | T T T T | T T T T | T T T T | T T T ‘ T T T T T T T ]
g 16 ., Beam EUnknown N}O) """ e 10 e Statistics only ]
14 e Atmospherics (UnknownMO) . < iR LY Improved syst. (v./V, xsec. error 2.7%) .
= C ——  Combined (Known MO) - 14:_ --------------------------- T2K 2018 syst. (v,/V, xsec. error 4.9%) =
S 120 e Combined (UnknownMO) S 12— E
= - 2 n .
o 10— = 10— 1
5 S - .
o 8 > = 7
T g 8 -
6 - 7
8 I 6= —
< 4 -y = =
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Hyper-K preliminary 07 ) 2
L True § 3 2 1 2 3
True normal ordering, improved syst. (v./V, xsec. error 2.7%) cp Hyper-K preliminary True &
sin*(0,,)=0.0218 sin’(8,,)=0.528 I1Am3,|= 2.509 x 10~ eVZ/c* True normal ordering (known) CP

sin“(,;) = 0.0218 sin“(B,;) = 0.528 IAm3,| = 2.509E-3

I If mass ordering known, Hyper-K
has excellent sensitivity to CPV

Systematics is crucial!

.§ BZI e o onen _ o 30rC \ | | \ \ \ | | ]
g - —— ﬂhn+BeanfﬁueN0nm|}sf:9n=0.5 B . 8 - True 6CP:O° ]
KON S o - B True 8¢, =-90°
Y " — = C
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& L w201
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- C . g — Statistics only N
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- measure 0.1 and MO K S S R A A L
|_| | | | I 111 | 1111 | 1111 | 1111 | | b by by ey by gy ||C| . -
S N I precision of HK 6, measurement
Running Time (Years) 53
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DUNE Sensitivity (Staged)
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50 sensitivity for
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proton decay
e*11% 10°° years lifetime (30)
- vK*: 3x10* years lifetime (30)
precise measurements of solar neutrinos
- Am?__, day-night asymmetry

/p [years]

217

neutrino oscillation scenario from exotic models

supernova neutrinos
- 54k-90k events expected at 10 kpc burst

- information onneutrino oscillations and properties
(mass, mass hierarchy) as well as core-collapse
supernova models

- early warning for telescopes

relic supernova neutrinos
- ~4 events expected/year

the spectrum

10% |

yper-K: not only oscillations
4_.4

F p—-etad
- ——a— DUNE 40 kton, staged , 30
wt— SK 22.5 kton , 30

E HK 372 kton HD staged , 3¢
| ——e— HK 186 kton HD, 30

- spectrum shape — allows to distinguish the usual -

Evenis/0.22Mt/10msec

10 35 LA B N N B B N
Fat 10kpc
"/ JA\ Neutronization v+e]
: No oscillation
10 :‘= :;""‘e--..........,,_,QI;EI(‘:“iIIation LH. E
Oscillation N.H. ]
1 i I | I | I |

002 0.04 006 008 0.1

Time (sec)

- first measurement may be done by SK-Gd but Hyper-K may measure
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Hyper-K statu

Main cavern: the largest ever
human-built cavern

PMTs productiong:
and testing pm 0

multiPMTs 3
production and &
testing g o

'y Main cavern: 12 out ngQ horizontal . 5
g lagers’tompletedsmmsn s, &'

. -\
imma

[2023/07/13] Cavern for water pu rlflcatlon system (~1/2 of
Super-K) .

* ,-'u Existing human-made caverns
J-E’

-‘#’

= Super-K

in-Tlakasegawa

N
g i
it . \\I
\ |
A N, | It
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17 ﬁi-
! =
\
\
t
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Schedule of Hyper-K
;4

« | Construction phase extended by 6 months — changes of the structure
of the detector top.

« \May 2027: start of the water filling
| December 2027: start of the detector operation

JFY2020 JFY2021 JFY2022 JFY2023 JFY2024 JFY2025 JFY2026 JFY2027 JFY2028

”“ Prepar N Tunnel Cavern ' Tank Detector

ation const. excavation Const. Const.

PMT production

PMT cases, Electronics etc.

Operation

Power-upgrade of J-PARC and Neutrino Beam-line
I D I
Near Detector Facility, R&D, production IWCD construction




Summaa

over 25 years after the discovery of neutrino oscillations we are in the
era of precise measurements

few % precision on most parameters
- controlling the systematics becoming crucial!

T2K provides world-leading precision on 6,, and CP Violation

- best precision on [Am?_ | from T2K-NOVA joint fit

rich T2K cross-section measurements program for the near future
(using upgraded facilities)
Hyper-Kamiokande construction
progressing

- expected to start taking data
before 2030

very exciting neutrino
physics possibilities
ahead of us!




BACKUP
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Matter effects (MSW effect)
).4

» solar neutrinos are produced in dense matter of the Sun and
propagation in matter is affected by the presence of electrons

V\/V' Ve © Ve €
same for - only for v, W+
Ve’ VIJ’ VT A W
p,n,e p,n,e e v, ‘e vV,

- energy levels of propagating eigenstates are altered for v_
component (different interaction potentials in kinetic part of the hamiltonian)
- effective mass changed: v_ raised, v_lowered

- sensitivity to Am? ~10° eV?, while oscillations in vacuum to 10-"° eV?
for energies of solar neutrinos

e resonant enhancement occurs for particular energies
- depending on electron density and Am?

* matter effects are sensitive to mass ordering
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V_ appearance

il

e ldiscovered by T2K in 2013

— probability depends on 6., 6,, —and d_,

137
appearance probability for neutrinos

comparison of probabilities  Ey (GeV) Ey (GeV)
for netrinos and antineutrinos

- due to matter effect different probabilities for v and v even if CP is not
violated

- parameter degeneracies to disentagle: effects from mass hierarchy,
CP violation, octant of 8,, — more effects to study

- combination of experiment with different baseline increase sensitivity
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Biprobabil

ity plots
;4

- different probabilities for v and v even if CP is not violated — due to
matter effects

- parameter degeneracies to disentagle: effects from mass hierarchy,
CP violation, octant of 8,, — more effects to study

comparisong of v.and v_ appearance
e e

- combination of experiment with different baseline increase sensitivity:
T2K and NOvA, HK and DUNE

N - .
| ><D P(V,) vs. P(v,) for sin2(2923) = 0.97 5 261 T2K Run1i-11 Preliminary
T o s B % 24:_
- L lAm,,2| = 2.32 107 eV? e "¢ .
| > 0.08 - sin%26,,) = 0.095 o L LS
3 in2 = o 22— *
~—" - sin (26,5) = 0.97 = C . x\\
0.07 [ : C )
D— - /(_n\ § 20 - -\ -, s
C o L AN e
. .- .. Matter & E _F Ry,
B 3 18 — N
blprObablllty - Effect = £ F  —sin,=045050,055,060 y v
0.05 [ ~ 3 6 — Am§2 =2.52x107 eV?
plOt - o 2 ' Aml=_249x10" eV ™\ —
3 L t C 0 d.,=m
0.04 | D <y . 62 =
0.03 :— qf\ib\’b 8 12:_ El gcpf(in/z
C +£,\° o C [ 6§l:%; syst err. at best-fit
0.02 [ @®© T v Bestfit
excel Ient - q,%'\"b (@) 10 -e— Data (68% stat err.)
I H 0.01 = é\o - 8 C e e e ey ey
resolution - octant 0 20 40 60 80 100 120 140
d d i E ) 1 ; 5 Neutrino mode e-like candidates
neede s N = E . o

P(vy—v, 62



gle

| Cosine Zenith An

sensitive to 0, Am?

mass ordering can be determined using 6-12 GeV *

327

pheric neutrinos

wide range of energies and baselines
baseline determined from direction

mass ordering

b, x ES (m2s7'sr 'GeV?)

10 _:, L} IYIIIIII T IIIIIIII T rIlIlIII T IIIIIII| LR L)
- SPL all direction average

P e sd s el esvnd ¢ sl een

1° 10! 102
E, (GeV)

neutrinos thanks to matter effect in the Earth's core
- for normal (inverted) ordering oscillations

enhanced for (anti)neutrinos

Illll T T Illllll IIIII

Piv —v)
H e
normal orderin

10
Neutrino Energy [GeV]

1

0.
0.
0.
0.

0

1 —10.
—0.
1 —0.

-0

0.

T LR |
| PV, = V)
i normal ordering
6 |
5 b
al
3 :

1

Illlll 1 11 | 1 1 IllllII

1 10 10°
Neutrino Energy [GeV]

0.3

0.2

0.1

Atmospheric neutrinos travel
15 km to 13000 km.

10000 \
N\

E

= \

5 1000 f ".\

an I

5 [
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[+

8 [

5

(5] L

2 100 5

I LN
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cos(0)
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Tau neutrino appearanc

SIGNAL BACKGROUND
7 input variables to

the neural network

100

Olfinea— 1.36+/-0.29

:

=
]

under normal ordering.

NN output
NN output

0.4

04
. 0 * 428+/-92 observed v, CC
| 1 0 events.
1]
T o R o 3) CC e
cosine of zenith angle cosine of zenith angle 1801 |
IceCube (2019) -
Analysis A, NC+CC i
Analysis B, NC+CC =
EVENT RATES FOR AN e nalysis , CC -
v, SAMPLE ordering analysis . cc | o
AT SUPER-K \ I Phys. Rev. D 99, 032007
v,-like events that produce [ ordering i . |
mllltlple Che.rt?nl{m' nﬂgs & 009‘}:’:’9 :¢ ‘:0:0:.&:’:’9‘:’: & . ce i
and visible energy BRI IHKHIHIRD Yr SuperK (2023) CC i 5 *
’0‘0‘0’0‘0.0‘0‘0‘0‘0'000 L) | !
Eug:) l 33 ch e 0000.000 ~ T T T
- ototeletetotetetels! Q/.'? 0.0 0.5 1.0 1.5 2.0
selected by a BDT a%%! (J) Tau neutrino normalisation
]

NCBJ o4



§0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

Brx (pp)

Vacuum oscillation

Matter oscillation!

| 1 I | | .
© Borexino (aB)
Super-K  ;
= SNO

A

dominated

dominated e Ll
—— Standard  —— NSl-up| 3.5 | , g7 o vl
. MeV ) : ik : |-{I> =15
= o —_— . —— Sterile —— NSlaw| | | MeV ; s
pp Ba mp No 1III|IIIIIIIIIIIIII | |IIII_:IIII§II:
_r?zoelaggn%mmND best fit Borexino ( 0. 0.1 05 1 2 3 5 T 10 14
—Sl i
?‘.‘_T
all solar (pp) 10 E
1082
(averaged) vacuum Super-K+SNo
oscillation dominant 110 5
Borexino ("Be) 104
'solar best fit 3
sin2812=0.311 10
L Am?Z21=4 85x105e\V? 2
| 10
Borexino (®B)
- 10
matter oscillation dominant
Homestake : 1
+SK+SNO 0
(CNO) l 2
3 i T — L
=1 0
10 1 10
65

v Energy in MeV



1.CCv_+d—2p+te

ar mystery solved by SN

E

2. ESvX+e—>vX+e

3.NCv +d—vVv +p+n

0, (X 10°cm2 s
L

o results for vV, confirm

the deficit observed before X%
* but q__éz
results from all channels 3

show presence of neutrinos '
other than v_

B o 68%C.L.

B .. 6s%CL.

B ¢ 68%C.L.
B o, 6s%cCL.

BSIS

Ooers 68% C.L.

— o:ff 68%. 95%. 99% C L.

G+, =c

:,:!

0.5
e explanation more

complicated than for
atmospheric neutrinos and
is related to “MSW effect”
due to the matter density
in core of the Sun

5 a3
v flux 0, (< 10" cm?s)
e

D, =1.68+0.067 0 x10°cm™s™
D, =4.94+02173 x10°cm s
®,, =2.35+0.22+0.15x10°cm s

prediction: 5.05°"° .
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Markov Chain Monte Carlo
proposal: proposed step leading to state X(6,) can be expressed as

X(0,) = X(0) + rand_proposal(0) (vector of random numbers drawn from
Gaussian distribution, correlated throws)

acceptance probability of the next step:

- Metropolis-Hastings algorithm allows to fully explore the space

gt o L0 - e
A(0',0) = min (1, (_.)) — min (1,t’mg£w ]_IDSL(EJ) :

L(0)
- step always accepted if MC 8 e s g B R
%mf =430 =-0:06 g F T m=1031,0F3.85
better represents the data A I e e
- if the chain remains in the same |~ L isewomeeon | o= T
state, the state contributes | 777 I A e Ui
to the posterior distribution : R Lo iE
- MCMC aims to find the R Lo i
. ags . . . 50_ ] 100F - -“
posterior probability distribution, | . ENRER Em=nil
not just the maximum of the =~ "+ ™ ey T e
distribution NG

NCBJ 67



Int fit: Checks on impact of
correlations in interaction mod“

Strategy to study parameters and their inter-experimental
correlations with a significant impact on the parameters of interest
O.ps SINH,,, AM?

CcpP? 237
Fully correlatlng v v, and v /v, cross-section uncertainties,

treatment is identical (large &, impact)

: : : _ One example of a
Otherwise, no direct mapping of the systematic study to assess the

parameters between the experiments importance of inter-

* | Fabricated, simulated and studied a fully correlated iﬁ?ﬁeﬁg‘{‘.iﬂ?'
bias for Am2 , Or sin“g,_, o Nighmars P Do 1o G Both MO ] Z
25 :—With reactor constraint 30
* | Impact of correlatlons merits further ‘% 24F S— i
investigation for future analyses with < L o2 ;Lrﬁ-ylz):;tdmd = §
Increased statistics x T Uncomelated &53 =
« | Given current (2020) statistics, the ‘“"’j‘jz_ — Anticorrelated nCBs 15
overall sensitivity gains from correctly = _, 5 @ e
N 1<

correlating systematics would be - - —
small, while incorrectly correlating leads to bias $in’),,




 lvery long baseline — large mass effects,
removing of degeneracy

 broad band beam — covering full oscillation
period !
e large LAr detectors — imaging and calorimetry ﬁ’
* [movable and on-axis near detectors to
constrain systematic uncertainties 1S L0 o B N
e Iphase 1: 1.2MW beam, 2x17kt (2x10kt fiducial mass) Far Detector
modules
 |phase 2: two mor
modules,

>2MW beam,
ND upgrades
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spheric neutrinos in Hyper-ﬁ

flux of electron neutrinos — affected by matter effects

cosO =-0.8  NH, sin’6,,=0.4, sin’6,,=0.025, 5=40° cos® =-0.8  NH, sin0,,=0.6, sin’0,;=0.025, 5=40°
- (b) |
E sin? 6,5 =

1
a solar term
08 ( ) ------ interference term
o6 13 resonance terry

0.4
0.2 | '

0 Py
-0.2
-0.4

osaclllations

<

D

o

>

@)
W(v )W y(v,)-1

1 L } 1 1 11 I 1 1 1 1 1 1 -
Hlerarcry normal

vs inverted

cos® =-0.8 IH, sin’0,,=0.6, si

10 1 10

cosO =-0.8  NH, sin’0,,=0.6, sin’0,,=0.025, 5=220°

0.8 [ (© dcp =
0.6 220° vs 40°
0.4
0.2

15=0.025, 5=40°

0.2
-0.4 |

W(v )W, (v,)-1

Ev(GeV) _ _ Ev(GeV)
presence of a resonance in multi-GeV region — mass hierarchy

magnitude of the resonance — 6, octant
scale and direction of the effect at 1 GeV — 0,
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ected numbers of beam events

B

10 years exposure & =0 rightsign wrongsign v ,v intrinsic NC
P v -v CC v —-v CC E;C“ beam v
- 2.7-102 POT H e b e 2

- v:vdata taking 1:3 Vbeam 1643 15 7 259 134
V_appearance vbeam 1183 206 4 317 196

°
Neutrino mode: appearance Antineutrino mode: appearance
.Shape . B z f
information = 30p —-9900" 2 ssof — et
L 2500 — +90° 3 ok —5=90°
can be used P Ciege | EM — a0
T . 5 5 150 — 5=180°
to distinguish 5 1500 =
dﬂ: ié 100- é 1001
| erent 3 50% L 50;—
values of 6CP %02 o4 06 08 1 12 % "0z 04 06 08 1 12
Reconstructed Energy E'™ (GeV) Reconstructed Energy E (GeV)
' AV dlsappearance Disappearance v mode Disappearance vV mode
IJ E ?0'05 % aoo__
= s0p — Total = C
<, E —Vu 2 el
v,t*v, v, CC others ¢ 5 3 I
CCQE nonQE zg — Vet Ve % 400:—
E IS
vbeam 6391 3175 515 =
vbeam 8798 4315 614 o omppme) 2 LY

I Reconstructed Energy E° Reconstructed Energy E™



HK: CPV sensitiviti

« | exclusion of sind_, = 0 with 10 FRomat mass erareny R Tk orears ]

|N>< - s!n§2613=0.1
] o ? 8—_sm 853=0.5 ]
- ~80 if true o, = 90 o :
- > 50 for 57% of &, values o N\ose [\ E
- > 30 for 76% of &, values Y N\se )\ E
. sl _
«| O, resolution :
0_..I....|..‘.I........I‘...I....I.._
o ol —_ o] -150  -100 -50 0 50 100 150
- 23° precision at o, = £90 v [dearec]
- 7.2° precision at o, = 0° or 180° B0p T
. . . . o _ F1-3MwW bea7m 5..90° .
« | combination with atmospheric data & °%vear=1 5700
enhances the sensitivity g 0 E
10 30F E
520 ;
S 10t T -
LIJ 0E 1 AR S T N S T S N S S EN SO TR SR N E
0 2 4 6 8 10

Running time (year)
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mospheric+beam neutrinoi

improved performance for octant determination
30 ability to reject the incorrect mass hierarchy after 5 years

5 = =4 c Errrrrrrrrrrrr Tt rTT | T T 11 | T 1T 11 | |||||||| i L
0 - N =) B ]
- u ] = 6 ]
7] L —] B _]
8 o 1 8 | -
O - 7] o i
o« - n (i - i
Tt 5 - > O —]
E - ] -E B x \gy>x‘x<\\-2\>xx Pelatat- L, 25 -
| PRI K % e —
S I 1 s F rssssing fos = 0,633
o 4 H S 4 Rt =
6 - ] T = R R - -
s T 1 2 F =
F L 1 = :
< C . " B .
- T L _ Léz N = =
2~ L ——— Atm + Beam (True Normal) sirf0, =045 | — B -
- =" sin? 63 = 0.55 ] = i .
- 23 — Y -- Atm +Beam (True Normal) sirf6, =055 | B Normal hierarchy ]
11— — At + Beam (True Inverted) sify, =0.45 | 1 B Inverted hierarchy =
C --==- Atm +Beam (True Inverted) sirfo, =055 | n =
1 1

1 2 3 4 5 6 7 8 9 10

|\||||||||||||||||\|\I|ll|-|- llllllllllllllllllll | Lol v bev s bova s by b v by bav o by a gl
0 LI R S SR R S N A

Running Time (Years) Running Time (Years)

wrong octant rejection wrong hierarchy
30 for [0,, —45°| 2 2.3° rejection
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K: Supernova burst neutrinos

J—

at10kpe

_—y
o
w

v_ from neutronization peak — elastic scattering

on electrons (directional information, accuracy
1-1.3° expected for supernova at 10kpc)

Ve from cooling phase — inverse beta decay

N

" 7P\ Neutronization v+e"]
; No oscillation

Events/0.22Mt/10msec
o
|

. . 10 ¢ : scillation I.H. =
3 expectations: L TR
qj_)cn gL scilation N.n.
o8 82 o - 50-80k events (10kpc) [/~
O C o) i
0 <t O = s
€ 100 r— = 2-3k (SN1987a) ‘.02 004 006 008 0.
$ Time (sec)
T .
) . . S
2 information on S, 3
E H H H E 10 -
N e neutrino oscillations 8
o and properties (mass, g |
@ mass hierarchy) 5102
S e core-collapse o
> supernova models
L1 L 111l Ll IIIIIIV L1 1 1] || Ii 1 :
1 -1 2 3 i ;
10 1 10 10 10 1 b0 N T Y Ty
0 10 20 30 40 50 60

| distance(kpc) visible energy (MeV)



orjdiffuse supernova neutrino background

o | expected flux few tens/cm?/sec 350
« | search limited by background: o

Number of SRN events in FV

K: Supernova relic ne

utrinos

J—

expected inverse beta decay events

—TPY 6MeV fff
—— SK-Gd 8 MeV for BH/
—— JUNO |

— — HK (BH 30%)
— — SK-Gd (BH 30%)

_ Spallatlon for low energieS 200 JUNO (BH 30%) a7
- atmospheric neutrinos for high 100;_ _
energies N I A
« | first measurement may be done by SK-Gd °m% 2=~ 2w w0 w8
« | Hyper-K may measure the spectrum £°F = 100% SNR
] . NS SN —— —70% SNR
o | different search window SN AN +30% BH_
(~16-30 MeV), AR
5 15 s

- complementary to SK-Gd searches
(10-20 MeV)

— contribution of extraordinary
supernova bursts (like black hole
formation, BH): provides information o

.
Y

10 =
0,
D

Y

LN
\\\\\\\
\\\\\\\\\\\
\\\\\\
\\\\\\

on the star formation history and metaII|C|ty

-, A
\\\\\\\\\\\\
1 RN \\\\\\\\\
\\\\\\\\\\\\\\
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AN N
\
S,
N
S
S N Y
e
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8 MeV for BH formation



 ldecay mode p —e*m? is favoured by many GUTs

e |analysis sihilar as in SK
but with neutron tagging (veto)
thanks to improved PMTs

- neutron capture in water
n(p,d)y (2.2 MeV)

- efficient tagging of prompt y
from residual nuclei deexcitation

- ~50% reduction of atmospheric
background

op [years]

e* and photons are detected as e-like
rings — final state is fully reconstructed
(practically background free)

30 discovery potential reaching t ~ 10%° yrs

L p—e*n®

- ——a—— DUNE 40 kton, staged , 3¢
5 g SK 22.5 kton , 30

10° =5 HK 372 kton HD staged , 30
~ —e— HK 186 kton HD , 3a

Years

K: Search for p—e*1r° decay
;4

76



HK: Search for p—VvK* decay

-

e | favored by SUSY GUTs deexcitation
kaon not visible in Water Cherenkov detector: v
reconstructed from decay products .
monochromatic muon (236 MeV) D Y
+prompt deex. photon (6.3 MeV) — K'—u'v, BR 64% Fid
excess in muon spectrum -
or search for K'—>m°m* decay (BR 21%) 30 discovery potential
p = 205 MeV/c (slightly above v O F ok : s
the threshold) § [ s DUNeamon sesed. a0
] . . . ] E - —— SK22.5kt:r:l,305a . 5
Partial lifetimes limits 0 i 166 ion 1D, 307"

—e— HK186ktonHD,30

(90% C.L., 10 y exposure) 107
7.8-10° years for p — e*1r°
3.24-10* years for p — vK* 10%

basically one order of
magnitude improvement
for many other nodes

T IIIIIIIi

Years
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