T2K-SK, Super-K5EE&, Hyper-K3£E8 © #8771




A Tale of Two experiments

ner-Kamiokande

N =P 3 AP Sie

Hyper-
Kamlokan(e

WNDORAF. BROFHZHEAT 5 RN

RitXD=2—FU /R, SEICIIBFHZEOERZBIEY.




A Tale of Two experiments

er-Kamiokande T2

\ Z

15

A—IN—HIZIA AV TEEETKKERR TITH > TWBIAEKIE. 57
NOEEBADBERRICHBZDIN., /\(/\—H=AhVTEEICEiTTi
MRESHERENEE (EFR%EHRE) THbHd

g -

IR OAg € Z9UK | T L.3 IVIWLY T— A - Bt yEsx H

NANR—HIFHYT

Hyper- -
Kamiokande

BNORMTF. BADOTEEBAT 3 KRB}

RitXD=2—FU /R, SEICIIBFHZEOERZBIEY.




/R 5T B RY

—a— MY /IREI DL RIERR
= CPIRN DB

= Za—hKNY /EEREMHE
 SEE/INTX =5 —DBEEAE

BAZa—KU /D&
s KR Z=a2—hKYU/
 BEBE -1 —K)/
= Eﬂ‘ﬁfﬁ}?{ — KU/

Kig—3Em DA

5T & BEERAIE



= Za— MY V/IREIDSERFER
—ll CPIRN DEHE
: :J_I\ )/ EEREER

v

66,;» A
x“&




iy

EaWAN 1

[T BRtR

Soudan Frejus IMB Super-K Hyper-K
— — - p—e’ 70 6 [ m
m g — l\ IJ J T}l—?éj:, D %/E\tﬂ\fgﬁg » minimal SU(S) minimal SUSY SU(5)
p—ren flipped SU(5)
. CPIEN OB o —
70N non-SUSY SO(10) Geaep &0 SO(10)
— ﬁ'_ \, b
—8 —a1— KU/ REEREE gt e
g% @JIIE % 5;%;'4]_5'_ ;j;’:i : - ¢ L:PUNE e
- o~ ~ - ; H -K
” = e p - DK N —— non-minimal SUSY SU(5) dis
—| Kt —IEimDIEFEICIK D et e
1 | | llllll32 !} | | lllllll33 1 § 1 | lllll134 | 1 § L Lnin
10 10 10 10 10>
/B (years)
normal hierarchy (NH) inverted hierarchy (IH)
m2 A A m2
5 ) I %] v
A’rnSOI
n
ATn’zzitm
A’rn’g,tm
v V2
Anzgol J,
vy 50 I
Ve Vy Vs

Amz2,,>0

Amz2,, < 0



TR AT ERY

s Za— N/ REORSRIPR
= CPIENDEHE

—ll — o — N ESEREE

EEDIEZ R

L K —BROBEICRS

—a— U EEDRVBEREA

normal hierarchy (NH) inverted hierarchy (IH)
m? 4 Am?
5 s m— v
A’rngol
V1
ATn’zzitm
A’rn’itm
v Vs
Anzgol J,
4 50 ) I
Ve Vy Vr
2 2
Amz2,,>0 Amz,, < 0

i {Ca YZrTI;ld}
L cdt
1k Se {
: lMo Te
3 att
= Xe
% 107" KamLAND-Zen (*Xe) l
£
1072 3
s NH
107F 3
PRI T TT] B S T AT | ! |||||||—|[|.‘|||z|||
10* 10° 102 10" 50 100 150
mlightcsl (eV) A



AN

iy

= Za—hYU/IREDTEERIER

—n

= CPIENDOEHE
» “ao— KU/ BEEEEMN
BEINTOX—49 —DEZAIE

BENYKNUTAD (GE) XIFRMEA

A=Z5UFT4—DEN"7?

PMNS
Ve Ui Ue2 Ues\ (11
VM — Uﬂl U,u2 Uﬂg V9
Vr U'rl U’T2 U7'3 V3
Flavour Mass

Eigenstates Eigenstates

\/

i
SES

o . relimina
Unitarity Triangle Closure P Yy

30

UatUs™ +UnoUpy™ +U,3Ups " |
a,f=e,un
- a,f=e,T
—_— a,B=pu,T
R Y/ UU,;" +UU,;" +URUL" | 20
ij=1,2
- 4,7=1,3
—_— 1,7 =2,3
_______________________________ 1o
L 1 1 1 1 1 1
0.3 0.4 0.5 0.6 0.7 0.8 0.9

Mass Eigenstates
Labeled by
Decreasing

ve
Content




:
Sk

AN A=
» Za—KMNY/IREIDTEERIERE

= CPIENDEHE

s ZTo—KNY/BEEEEH
— /J:blZl/\7)( 9 D7 %"E‘/EUE

BENNUIZAD (FE) WHREA
A=Z59)F4—DEN?

UPMNS
U » U » U » e U » \
Ve Uel U62 Ue3 I/]- Mass Eigenstates /U( l U‘ 2 U‘ 3 U‘ N
Labeled b ..
V,Ll, - U'u]_ U,LL2 U/J“?’ ]/2 Decreasiné 2 I ﬂz H3 [JN
V’T UT]. UT2 U7_3 1/3 | Content Utl UT2 Ut} A UTN
2777? iy

FI ‘ $
Eigei\/s.c::{es Eigenstates U U U U
v I'ﬁ Sn l \".. \"} .Y,)/V

AT77A4)I =Za—kU/?



\:_ - A
ATIEAA=EEN — 21— MU/ BEEBMERE

BA 0
C EATa— U O l RO

B A<x=—a2—hKU/
BigrgmEegr—a—r)/ BT | BHFEDAHNZXLDEREA

B EBHEESE=-12—MNJ/ B—

= Kt —¥Esm DL | FHEEDL S DBHEREE =




= BRZa—KU/OEA
s K[ Za—hkYU/
 BIEBE -1 —KY/
= E?Fﬁ%zl%s}ﬁ — KU/

KiF—3EFm DA

SRR Z B DYEN

Proton Decay Search

-50

40

10

10

-30

Time (seconds)

10

20
10 10

-10
10

10

10

Quantum gravity era
Inflationary epoch
B ~=
©
()
=
o
w
........... - o
D
e - AN R
........... m EEEREE]
=
= x~
n 8 <
........... w .=

Gravity

Temperature Particle

energy
....... 102K 10" Gev
7 14
....... 107K 10" Gev
1
10 5K 100 GeV

- Quark confinement

. Neutrino transparency
" Deuterium stable
Transparency point

for light

-t

Present time



F7R AT ERY

s = a2— MY IRE)D5ES 7 P
=« CPIliNL DG
s —a2— MY ) EEREE

 BANT A —F — DREENE

s HAA= 22— F Y/ O]
s Rxi=a—1FVY/
s EFTEBEE =2 — Y/
s BT EY =2 —FY/

o K — 5 D kA

= [Ac & B e

\

)

Ny EY X

“a—hNU/ERZa—KNY/
FNEFNDIRDEZ T HE

Ny 7270y RZHIR. BiE
BN—T A=Y VR %ZH L

RMREZRST




Super-Kamiokande: Introduction

= 55 k> DiBfHK

= 22.5 kton BMIEE
= NEBIR 28 11,146 20” PMTs
= S\ EB1% 2R 1885 8” PMTs

= ENTWBRF#ER (PID)

= Za2—ZEE-T TEF) CHBT XD
1% MIS ID at 1 GeV
%Z B DRER

e-like <—+—> muon-like

[
a
(=)

[
o
(=)

NuImper or evenis

250

200

o 150
Four Run Periods:

SK-1 (1996-2001) SK-1l (2003-2005) 100
SK-111 (2005-2008) SK-IV (2008-2018) 50
SK-V (2019-2020) SK-Gd (2020-

10 8 6 4 2 0 2 4 6 8 10

Upgrade Complete Now operating as SK-VIII (SK-Gd) !! Partice ID parameter




Super-Kamiokande: Introduction

= b k> OiBfiK
22.5 kton B K&
= NERHR I ES 11,146 20” PMTs
= A ERi% 25 1885 8” PMTs
BN TWB R F#ERl (PID)
 Sa—%ZEE-ST MEF) &EHAlT BHEERD
1% MIS ID at 1 GeV
%Z B DEER

J-PARC KEEMERBICED KR
=T E_:L— cJJ l:—b.

SK-V (2019- 2020) SK-Gd (2020- ~:
Upgrade Complete Now operating as SK-VI (SK-Gd) !! Partice ID parameter



CPIE N DB T2K F;'g E

/
=0
o

BT Protons-on-Target (x10%)
= SKE|TEITAIRERETEZIEY T
= RHEESRRIGICH S RiftERZEZ HIR

o - = w/ eff. stat. improvements (no sys. errors) -
O B —
08 === w/ eff. stat. & sys. improvements 1
B B
o 10 _
O
=
O
&
S
O
e
oV
=
<l
O 1 - 1 1 ] 1 L 1 1 | 1
0 | 5 10 15



s T2KESKIFFNFNIMIZ U TWBEEREHD, T2K-SKZT IL—LIEZF DE D15
s SKICEWTDT2KE—LT—Y DEF R L BT o L
s SKEAIOGPSKEBHRDEE BWH Y AL l
» SKOBE®ER7ZIILIUXLDWEEE, &F M

T T T T T T
—_ — L ~+Data ]
s YDA YT« e B
L ]
—_— — 180y T T T T T T
» TV TI)IEEERL, Rii: #%’)H% o
~ IR = 150} Data 3
o) i Best fit |
Super-Kamiokande IV / ﬁ 120_ ]
. = + =2
Q -
2 90»
S g0
r 1
30» -
TN BT, T 70
%0 10 00 200 400 600 800 1000 1200

Lepton momentum [MeV/c]
10E ™ ™ I T
- E + ~+ Data ]
De SE —Bestfit
gilctlt 5 E
= 180 i B A B .
Q L It 1550.6
Y, = 150 s * Data —_'
w 'go 120 ar Best fit |
- I r -
~ 0.4
- g
&
=

M = e
N £ i 90|~ - " ]
\\\ 3 a2 : L ]
~ : - . | oFe .
S : o - 60— F > .
= ~ o 500 O 1500 200 r il 1 0.2

Times (ns) 30 - ‘ . _|

ob A [ o R R ]

5 00 200 400 600 800 1000 1200
Lepton momentum [MeV/c]



T2K-SK : S DS

Super-Kamiokande
o 117 3 2 20 506 FHC vu— vy MC
Inner: 3021 hits, 7254 pE . LT 0.7 '__ T T ] T T T ] T T T l T T T l T T T _—
- NEUT 5.3.2 (default) -
g o6 [] :
6 NEUT 532  (BANFF) —]
G>J ]
1 ‘:]N\\ 018.02.1 (default) : 3
@ 05 | 3
b4 g l:l GENIE R2_12_10 (default) R
O 04 — 3
s o I =
S oof B
c 03— it
g - 3
oo 0.2 —— =
oo = a5
s - .
0.1 ~
= : &
0 i 1 1 1 I 1 1 1 l 1 1 1 i 1 L 1 l 1 1 1 a8
0 0.2 0.4 0.6 0.8 1

Muon P,

» ERORFNERSNCERZFER | BREEN—XOBBER7ILTY X LFF

» ISICHEIENEZD

» RifTERZE DR ? 7
= PEFIEREE S T2 ED

s “a—KNU/ERZaZ—MNY/DEER

s ALY NOERZHELET

s AEFHOBEINE (Za2—M)/RIDETILOHE)



/—
SKDR—a2—hKU/
P+A ->N+7" +x
nrHv, |—> et Hv_ kv

. " rﬁ}{{; |

Froe

[S—
<
=N

[S—
(e
&

Super-Kamiokande I-IV v,
Frejus v,

IceCube v, unfolding

IceCube v, forward folding
AMANDA-II v, unfolding
AMANDA-II v, forward folding
ANTARESvV,

HKKMII v +V (w/osc.)

'
w2
Q
O
7]

a

£
>

>
O

©,

)

o
89

[S—
<
(=)

Super-Kamiokande I-IV v,
Frejusv,
IceCube/DeepCore 2013 v,
IceCube 201

4 5
LoglO(Ev/GeV)




A—N\—HhZAh>TFT Ka=2—rU/
100 MeV <E <10 TeV

= PMNS=a2—hKY /iRE
= Exotic Za2—HMY /IRE)
m AT 7WHZa—KY ./

= NSI
= O—L2YXIHRAE 7 i 5 iRE

u o O O

» RXZFEE
= B /7K % & DCoincidenceiRR
= GRBFXR
» HEMERE



— W AAhVTF K= 2—r1JJ

100 Mev < E < 10 TeV | v, = v, Standard

Energy [GeV]

—l PMNS=a21— KU /iR

= Exotic Za2— kY /iRES
s AT 7WBHZa—KYU/ :
= Scalar NSI R R AR R T R R A

= O— L2 SHHRE 7% B S R ES

» RXZFEE
= B /7K % & DCoincidenceiRR
= GRBFXR
» HEMERE



A—IN\—hZ=Ah>F7 K5 =_2—K1/

100 MeV <E <10 TeV

@l PMNS=1— KU /IRE)
= Exotic Za2—HMY /IRE)
m AT 7WHZa—KY ./

= Scalar NSI
s O— L 2PN 2 B 5 iR &)

» RXZFEE
= B /7K % & DCoincidenceiRR
= GRBFXR
EEYEERR

Energy [GeV]

v, = v, Standard

§'§— T T T

O1 —09—08—07—06—05—04—03—02—0.1

Energy [GeV]

Nuu = 0.2

p D x’J r’miﬁ *f AT
1 -09-08-07-06-05-04-03-0.2 0.1

Cosine Zenith Angle




A—I\—A=AHY
NN NMeV < F <10 Te

—\\

T .

\/

K —a1a—hkU/

I Vi

— v, Standard

Scalar-NSI can fake CP asymmetry in HK

* degeneracy between 1,5 and d¢p

_ A PLe-—_FLe
CP=—F5 5
- Pue + Ppe
18 L =295 km, E=0.5GeV, 0,,=47°, NH
I —,* 0 (Sl case)
1__ _nee=0'2 -"nee=-0'2
"y 02 S 12
& el —q =02 ==1_=-02
U 056 i N, ntT
< : ----------------------
0 .....................................................
= I
08
AT R T TR R T
-160 100 -60 .0 50 100 140
O p [in deg,

Zhuojun HU °

.8

:l rrprrrprrrpreri I LI I LI I LI I LI I LI I LIL! l:,l -

1605 —Stan{c)ja;rd 3 .

jaof 1 |

C "Tlup=‘0.2 ] 4

» - 3

120F ,={,= L[ 14 [

g == 1 T3 I
80 .__'."EE. E -

— . . . . 9

40F- Multi-ring p-like i I

B N 7

20 w/ presence of 7, [

O:I L1 I L1 1 I L1l I L1 1 I L1l I 11 I L1l I L1 1 I L1l I L1 l:l o

"1 08060402 0 02 04 06 08 1 |

cosf 3

2

A

IIE VARN) I;D/ \I ]:I:/i\

WS E s A
~1 -0.9-0.8-0.7 0.

(o)

-0.5-0.4-0.3 -0.2 -0.1

Cosine Zenith Angle




Motivation for A Combined SK+T2K Analysis

[168% syst err. at best-fit — sinze23 = 0.45,0.50, 0.55, 0.60
v Best-fit
=— Data (68% stat err.)

Antineutrino mode e-like candidates

A Y 2 Wrong Hierarchy Rejection

CP

™)

— Am, = 2.49><107373eV2 (NO)
---- Am3, = —2.46x10 ° eV? (10)

e[ mO

> o o >
Qo
T
o

4 4

(@}
&
I¥;

Tr{rrrr[rrrrrrrrprrr T[T T

24
22
20
18

16

14

12
Eur. Phys. J. C (2023) 83:782

vl v by e by v v b e b v e by b by

50 60 70 80 90 100 110 120

Neutrino mode e-like candidates

_I|IIIIIIIllllllllllllllllllllll_

10

True Normal
True Inverted

Atmospheric L/

lIIl|IlIlIIlIIlIIIIlIIII'IIIIlI

W
IIII|IIIIIIIIIIIIIIlIIII|IIII|I

1 I 1
0.55

2,
S.o
)
N
«w

T2K’s Relatively short baseline means
limited matter effect

— limited hierarchy sensitivity
Parameter degeneracies

Off-axis beam measures atmospheric
parameters precisely

Super-K has large matter effect

—> good hierarchy sensitivity

Strong dependence on atmospheric
mixing

Width of bands 1s effect of 5Cp



Motivation for A Combined SK+T2K Analysis

o

[168% syst err. at best-fit — sinze23 = 0.45,0.50, 0.55, 0.60 n
v Best-fit —— Am2,=2.49x10" eV (NO) -
=— Data (68% stat err.) ---- Am§1 = —2.46x10" V> (I0) °

Antineutrino mode e-like candidates

A Y 2 Wrong Hierarchy Rejection

o

24
22
20
18
16
14
12
10

-

IIII|IIII|IIIIIIIII|IIII|IIII|I

> O O O

. @]
e~}

a0 o
ja~ R~ e

S+ A
a
)

d

MH
Degeneracy

Eur. Phys. J. C (2023) 83:782

P TR R U I N S A S A

[ ] |

I|IIIIIII|III|III|III|III|III|I'

50

60 70 80

90 100 110 120

Neutrino mode e-like candidates

True Normal

True Inverted

. Degeneracy

Atmospheric L/

lIllIIIIlIIlIIlIIIIlIIlI'IIIIIl

0.4

0.45

S.o

DM

N
«w

= T2K’s Relatively short baseline means
limited matter effect

= — limited hierarchy sensitivity
= Parameter degeneracies

= Off-axis beam measures atmospheric
parameters precisely

= Super-K has large matter effect

= — good hierarchy sensitivity

= Strong dependence on atmospheric
mixing

Width of bands is effect of 5Cp



Motivation for A Combined SK+T2K Analysis

O d.p=m
[168% syst err. at best-fit — sinze23 = 0.45,0.50, 0.55, 0.60 n 6CP - 4
v Bestfit —— Am2,=2.49x10" eV (NO) 0 6F—o
=— Data (68% stat err.) ---- Am§1 = —2.46x10" V> I10) ° 6CP -2
cp
[72] _I T l T T T I L I L L L l LI I L I UL ] LI I T I_
g 24 n =
o - hae ]
S C T2K 1
B 2k " —
IS = m
3] r ]
2 20 = =
> C ]
o 18- _
E: :
g lo ]
. :
£ 2= =
= 1oE- Eur. Phys. J. C (2023) 83:782 ]
_I 1 I 11 1 1 I 1 1 1 1 I 111 1 I 11 1 1 I 11 1 1 I 1 1 1 1 11 1 1 I

A Y 2 Wrong Hierarchy Rejection

50 60 70 80 90

Neutrino

True Normal
True Inverted

4 =

3 -

2~ =

1= . —

n Atmospheric /' 7

0 C | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 I N
0.4 0.45 0.5 0.55 0.6
sin’ §

N
«w

x*(best CP conserv.) — x*(best d.p, MO)

2 -
True values: dcp = x axis sin“ @17 = 0.30

5 5 .5
Normal ordering sin2 673 = 0.528 sin2 013 = 0.0218 A’”ﬂ 753 x 107 eV~

True NO

SK+T2K Preliminary Sensitivity

— SK+T2K — T2K
— SK (+ND)

-3 -2 -1 0 1 2 3
Amgl =2.509 x 10~3 V2

True BCP

Width of bands is effect of 5Cp



SK « T2K*L[RI AT

~, 50
x - .
. < E =——Joint SK+T2K —— Normal MO
= Eme et - —-T2K-only —— Inverted MO
£ LfF -
S 3 ..m-- fiTQunC tional FV . — -
5 1 4&-- fiTQun Conventiona E - 40 = SK—only
2 25f 7 APFit Conventional FV 35 f_
o (.. e -
s -
£ o A 0
§ E 25 =
1.5 e =
o - C
2 & 20 -
s F -
Q 0.5_— —
. 1055
l_ 1L ] 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I E
93000 4000 5000 6000 7000 8000 9000 5
Livetime [days] o Z T _
B ~-"‘|."|‘|‘|‘--| L1 II":‘I”I"'I-!-..J
I I 1 0 -3 -2 -1 0 1 2 g
SK-IV Data SK-I~IV Data Projected Data =

= FTUWSERBERY —ILZ2EA L. SKORKXEM _EICEIN

s —EDT—FICUMNEIGEFETWERWN, €7 —F%ES K SIC (Zhuojun)
s SKET2KEHE, /VT X —F HEIR %= bR

- *”1@@%’411‘)? : —%@%“—9 L HME > TLVER LY

» F20FETH I T —FEPL. BEREH - RMBRETNE



50
10

-40
10

30
10

20
10

-10

Time (seconds)
10

10
10

10

A—I\—7]

Quantum gravity era
Inflationary.epoch .« ...
3
= e
S S
e g w
m‘
........... = NN B
@
S ... ... ...
........... m srasnasn EEEREEE ceraena
s
- @ QD ..‘__'
........... o= . ?» .

(7 BRIR

.- Quark confinement

- Neutrino transparency
" Deuterium stable
:E Transparency point
S| for light
. el

Present time

= Kif—¥sm (GUT)

\ \ _\\ -
—
Temperature Particle p >e*n0
energy
............... 10°°K 10" GeV
_______ 107K 10" ey e+
s
(G}
10°K 100 GeV

P VIKF

-
Sa
Se

K+

D IRFEN




IRTE CD%'J BE

p—=e-nd g E— [
n— ot B I b
P> pt gy O e— '

P O ee— R
p—wvmt L ee— R

n— a0 I — P
p—ety .y B I
P—=nn L e——— Pt
n-swn L, T a—

p—sepd ) o ) P
n—erp ---

P> npd | —

n—nip e HEREE

p—=vpt Pl

n—vpl Lon
petw . —
Prp*w

e SU(5) model
e SO(10) model 1
e E¢ model 1

S
(=)

e
¥

S
n

e
=

S
o

N—=ve

L —g
|
— ]
T X Vi #H
El—
B ]

e
—

n—erK-
n—=ekK”
p—nK?

[(p —» K'w)/T(p - z'e*)

nok L dkaman! 0.5 10 15 2.0
~vKo g | ] BRI R

Le;mmw e T'(n — 72%)/T(p — 7"
— v K*@e2)

zavK':m:ﬂ i

Ll = L L ...,A.Sa L I T o ! i “A.“.ss
10 10 10 10
/B (years)

» BHE—RZEHATEEICE>T. GUTDEAVRED T
= SO(10) : I'(p = uKHIT(p — ex’) & T(n — va™)IT(p — ex”)HMEL
FE. EBIEE LD REWV
s >2E—RFZERULTHD



Kg=a2—KJ/

Charge(pe)
<267

op) o g

1754

1501

CNN Output for SK4

Feng

+ —— Score

—— ATM-v: MC
—— Signal: MC
---- Best Cut

$ ATM-v: DATA

B 23153591 V] S e

-20 -15 -10 -5 0 5 10
Machine Learning Output

= BEAY I EelE - U KEA. SKORER EA

= EIHFEE (CNN)ZEA, BERAELRTE—
s BEO7ZIIIVX L - BHEOYZI2L—Y3YDF1—>Ic&kB/NT

#+—~X>AMA_L (Zhuojun, OB)

NZIEN0 (Feng, OB)

15

20

+1.0

0.8

©
o

©
D
Normalized Score

r0.2

0.0



A—)\—7]

—
—
\

KG=Za2—hKhY /iRE]

BHE=—1—N)/
~ K> BGHFE

AHYT

E <50 MeV

Astrophysical —=a2— K1 ./



BAHTEIRRE

SN1987A K~¥t

f2

..'.

L 4

.2

o
.

AT 2 G |

> VE 1987F2H24

-
".\.




Intensity
100

r
.L

0

————— y ' ' . S

SANYTFNRROBAL || R

t Time(Second) : ...---:;.:‘.. L

1987-2-23 7:35:35 a.m. (world standard time) ."'-‘; N ol
LS '-_.. 'i-‘..-'. .fa"_. s i A,'A_'-. - ....,.-"_. > ? " e 's.‘:“’:’c’ 1




=N
o O

_
N

Average Energy [MeV]
—
o

[W—y
(@)

e ———
o —_———
—
——
—

_/\J\/' \ 1
: - ]
| )

120
______ 418

————— Vx 416

112

. .
-
-]

=0
14

N B~ O

NI T R T A | AR
100 200 300
Time after bounce [ms]

i IR BN SRR SRR
5 10 15 2(%
Time after bounce [s]

“uLC”
=neutrino Light Curve

P
R 5

0 U,; M. Mori, R. Wen ndell, Y. Ashida (Experiment)

ﬂf

Riken: A. Harada (Theo
U. Tokyo: Y. Suwa (Theo:

OkmeYK shio, M. Harada,

Kyushu U.: K. Nakazato (Theory)
e

iyoshi (Theo

F. Nakanishi (Experiment)

>

gy [Me

j

ne

(B3]

Average

BHEBERED AN Z X LIEKAIE
RSN TW3
= EIEER

Za—hU/ORRBEAXRT 3

SRR DIBEDEDIRS
» FEFEBS. REAEAXD
2 E TS

BimY )L —7 EHRET. KA GIR
RETIZHBWVTREBEODZ 21—
NU/ZFRNX, SKT¥IZalL—
>3y

SKTEHRAUILARY MLz H T,
BT E DB = B HER



NMQ| =— Couch

401 — Nakazato
== Tamborra
. 351 - Totani
3: 30 - Vartanyan
5,
-8 25'
©
“ 201 A
c v
5 15- T\
()
10 ~
5 -
0

100 200 300 400 500
time [ms]

s ETILD K EAHD
= BRBERZE> TYEZ £S5 HI M ZREIC



Anti-electron

nuetrino
\froton g \
' ' ' ' o Gadolinium
ST
Y Bea /AN
107 g \ /| Positron Gamma rays
We are here r \ PRL % A
- %
& v
\ —
10°F \€—— Reactor v
\ C

\ Originally detectable signal New signal

Supernova GL_
(DSNB)

=

Atmospheric 3

\
|}
\
\
1
\
|
\
\
\
\

5 10 15 20 25 30 35 40
Measured E, [MeV]

» BEDFHIX. FHREELUEBRRUCBHEDOZ2—~ ) /ITHETWS
» WRICHEIT > THIS oI, SK-Gd

= SKT. 1FICEE U DT TE A0
s RKR_Za—hJ/OFMEALY NRIGHBGE RS

= T2KO E—LALTHIFERBE (Licheng, OB)



Neutrino Secondary Neutron capture
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[2023/10/03] Completlono
("'1 Super- K) : :

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

OD PMT+WLS
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HK ATMPD Group
SK (+T2K-SK) activity Z HKICR— K~ U, FL3R

ETF—IDSEITY —I)LEXTERZILE LTS
HKDFFEZ ED U CREI Z REb
HK Outer Detector (N EP1R i 25)
Design and installation - SEDENSHE D
Electronics testing (BEAN)

~* 3,600 3-inch PMTs

e 30cm x 30 cm WLS Plate

¢ Black/White Tyvek behind
WLS Plate

¢ Injection moulded mount
(“spider”)

Spider

oD

I
RG174 RG174 RG58
[T} * . —— -
Digitizer [— x12
" T L o —

AXON Feedthrough Underwater Connection

Hybrid Vessel

¢ ~20m cable connected
underwater just before
electronics vessel

¢ Single sheet of “Black/White” (B/W) Tyyek on structure
¢ Reflection into OD region, light shielding into ID

* Double layer Tyvek on floors and outer walls of detector
e Termed “White/White” (W/W) Tyvek
¢ Bounce light back into PMTs on structure 3
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Super-Kamiokande-Introduction
Neutrino, Antineutrino?

I‘hﬁﬂ*émgg dededd o Ol DN AT

Super-Kamiokande IV

» Run 470013 Spill 5824439

)3 Sub 1295 Event 3139549059

.......

Super-Kamidolande [V

Four Run Periods:

SK-1 (1996-2001) SK-1I (2003-2005)
SK-111 (2005-2008) SK-1V (2008-2018)
SK-V (2019-2020) SK-Gd (2020-

Upgrade Complete Now operating as SK-VI (SK-Gd) !!

Tim=s ns)
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50
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Partice ID parameter
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More Gd, better (n,y) detection!
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T2K-SK : S DI ZE

Uncertainty source (%) :

Sample Flux Interaction  ED + SI + PN Flux®Interaction (%) Total (%)
IR v |2906.0) 31117 2.1(2.7) 2.2t12.7) 3.0 (13.0)
H v | 28@.7) 3.0(10.8) 1.9/(2.3) 34((11.8) 4.0 (12.0)
IRe v | 2.8@.8) 3.2(12.6) 3.11(3.2) 3.6|§13.5) 4.7 (13.8)
v |29@7) 3.1(11.1) 3.91(4.2) 4.31(12.1) 5.9 (12.7)
IRelde v | 2.8(4.9) 4.2(12.1) 13.4/(13.4) 5.0|(13.1) 14.3 (18.7)
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Supernova Relic Neutrinos

Super-K preliminary NCQE BG Measurement
> .
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Hyper-K Outer Detector : Roles and Importance

e Cosmic ray muon background (45 Hz ~ 1 million/day) must be
tagged by the OD and removed from physics analysis

e Fully-contained and Partially Contained
event Separation: Determine if particles
originating in the ID remain therein (best
resolution) or exit

¢ Veto neutrino-induced rock events from
J-PARC beam: Removes beam-
induced background from analysis
samples

e Passive shield against incoming neutron
and gamma radiation

e Upward-going muon neutrino tagging identifies
neutrino interaction in the rock around HK;
important for various oscillation physics
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Hyper-K Outer Detector

e 3-inch PMTs
¢ 30cm x 30 cm WLS
Plate

OD
f \
RG174 RG174 RG58
"m L [
Digitizer I x12
) T e T (e
AXON Feedthrough Underwater Connection
Hybrid Vessel | e ~20m cable connected

underwater just before
electronics vessel

e Single sheet of “Black/White” (B/W) Tyvek on structure
e Reflection into OD region, light shielding into ID

e Double layer Tyvek on floors and outer walls of detector
e Termed “White/White” (W/W) Tyvek
e Bounce light back into PMTs on structure 63
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EMPHATIC

Experiment to Measure the Production of Hadrons At a Test beam In Chicagoland

Table-top-sized experiment for hadron production measurements at FNAL Test Beam
Facility (FTBF)
Focus on p < 15 GeV/c with p, i, K on a variety of targets:
C, Fe, Al, H,0, Ti, Ca, B, BN, B,O,
Aim for 10% measurements of hadron production and scattering
First phase with 100mrad acceptance finished in 2023, data being analyzed now

- 76.1 cm

©=350 mrad

Top-Down View
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Need For Hadron Production Data

Hadron production data used extensively in neutrino flux estimations
Next-generation v CP-violation experiments require < 3% flux uncertainties

L Cross section measurements often suffer large flux uncertainties

However, current hadron production data are insufficient

Interactions outside of the target ( < 10 GeV/c ) are large errors for J-PARC U/

Sizable systematic errors in forward production regions
Low P data on atmospheric neutrino targets is sparse

OCP Hierarchy
100 2 : >« »
SK: Neutrino Mode, v, Charge ratio mt+/m-
;6 0 _2 |l T T T T T T T T T T T T T T T T
é:: E— Mult. Error OXE, , Arb. Norm. : K + N
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cé - Pion Rescatter Error Replica 2010 _ -
S 0.15 Nucl. Error DI Replieaxoo - w0 T gogoc
% : Int. Length Error : g
(R [ ©
e B i )
- > | qouffoog
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Hyper-Kamiokande: Supernova Neutrinos

Astrophys. J. 916 (2021) 15

—— Couch
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100 200 300 400 500 100 200 300 400 500
time [ms] time [ms]

Basic mechanism of core-collapse supernovae explosions (CCNS) established after
observation of v from SN1987A by Kamiokande, IMB, and Baksan (~24 events total)
Details are largely unknown

Shock revival mechanism, equation of state, PNS formation

Many models, many assumptions, many different predictions!

Observations at current (Super-K) and next-generation detectors like Hyper-K and DUNE
are essential



Prospects and Limitations for SN Observations
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Expect orders of magnitude more v events for next
CCSN observation [10 kpc]

SK ~ O(1k) events

HK ~ O(10k) events

DUNE ~ O(1k) events

LAr detectors primarily sensitive to

ve +1 Ar — e~ + K* [89%] of CC
7. +10 Ar — et +%0 CI* [4%)]
vet+e — v, +e [T%]

v, +% Ar — v, +%0 Ar* o
Water Cherenkov detectors sensitive to

Ve+p—mn+e” [90%] of Total
ve+e —v,+e [O(1)%]
v, +1°0 = e +1°F* [0(1)%]
v, +100 — v, +1°0* [0(1)%)
Ho =, | . . _ reknown
well...others are essentially unmeasured!



Prospects and Limitations for SN Observations

& 07—

}, §T°ta| cross section for water Expect orders of magnitude more v events for next
e 1 ) servation [10 kpc]

o, | > Error OC10)7% O(1Kk) events

T a1

5 e /7 T A0 HK ~ O(10k) events

° g2l DUNE ~ O(1k) events

103} LAr detectors primarily sensitive to
10_45  N T ve +%0 Ar — e +% K* [89%] of CC
0 10 20 30 40 50 40 + 40 (¥ Unmeasured
Energy (MeV) Ve + A_r Ay _Cl [4%] -
v, +e —v,+e [Th)
102%_ —v, “°Ar: MARLEY Yoo v, +% Ar — v, +% Ar* ..
0F e Water Cherenkov detectors sensitive to

) S |
g 107 Ve +p—n+e’ [90%] of Total
Rl vote v te [O(1)%)
‘310*3_ 16 — 16 o

o — F 1

BI04 Ve +16 O—e +16 . O)%] | Unmeasured
8 A ii— Vx —|_ O % Vw —|_ O O(l)%] 777‘

10752 However, only IBD and ES reactions are known

10° *NC not shown, but present well...others are essentially unmeasured!
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SNS Beam Structure
Prompt peak from stopped pion decay: nt 2> v, tut (30 MeV)

- NC measurement

Delayed Michel decay produces anti-v, and v, <52 MeV
Spectrum of v, well known - CC v_+1°0 , Flux normalization

Beam timing powerful for reducing backgrounds
= Measure backgrounds during off timing (duty factor ~10-4)
Overlaps well with expectation from Supernova

— Ve
[R—v)

— V, (VY +V47)
ISNS v,

mimi SNS V],L

[ISNS 7,

Fluence (10° neutrinos per 0.2 MeV per cm?)

50

20 30
Neutrino Energy (MeV)



Supernova XSec Measurement at SNS
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20~ton Water Cherenkov detector, 15m from spallation target
240 3” PMTs, muon paddles for C.R. rejection

With one SNS year of data (1.8e7 s)

12,800 CC U,, interactions, analysis ~68% efficiency

5% flux normalization error from D>O measurement (COHERENT)
First measurement of this process possible, map final state particles

Future upgrade for NC measurement?
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Atmospheric Neutrino Oscillations :

 NH: Py, > 1) «—> IH: P(v, > 7,)
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