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Super-Kamiokande

e | ocates 1 km underground in
Kamioka mine

* 50 kton ultra-pure water
Cherenkov detector

s trol room
' ”""“;i;- > " — * Inner Detector (ID)
L e 2 e 11,129 PMTs (20-inch)
R ar Detector (IC S @, °* Outer Detector (OD)
’*;Z*;Z: 1885 PMTs (8-inch)
= R E,é Operating since 1996 (SK-I)
> : i % T e SK-VIl is running
Auter Detector (OD  Physics targets:
* Nucleon decay search
- * Neutrino oscillation study
Energy scale of Super-K physics targets * Astrophysical neutrino
q d N S search
2 ) a0¢ o

\0“‘ 2 2 eo\\ R _
0 5\)9 X Qo 0(\(\6\‘ tmospheric v
~3.5MeV ~20 ~100 ~1 “



SK data taking phases
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4 4 v
SK-I SK-II SK-IlI SK-IV SK-V SK-VI SK-VII
> ——————————>
6,511 days live time 583.3 days live time ++

“SK” (pure water)
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§ Water system

§ For SK-Gd
' NIM A 1027 (2022)
SK-lI 166248

x P — .
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& U711

11146 ID PMTs 5182 ID PMTs 11129 ID PMTs Electronics Refurbishment Neutron tagging
(40% coverage) (19% coverage) (40% coverage) Upgrade for SK-Gd with Gd



Atmospheric neutrinos

* Produced with cosmic-rays in Earth’s atmosphere

* Atmospheric neutrinos produced in wide range of energy, MeV~TeV,
and travel length varies 10km~1300km

e Neutrinos experience “matter effect” in Earth’s core, which modifies
Vu—Ve and vV, —Ve 0scillation probability depending on neutrino mass
ordering (MO):

* Normal mass ordering: vy,—Ve enhanced
* Inverted mass ordering: v, —Ve enhanced

 Upward-going ve and Ve appearances in a few ~ several GeV sensitive
to neutrino mass ordering

Oscillation probability
Normal mass ordering case (opposite in inverted case)

1 1* T T T T TrrT T T T T TTTT T T T T TTTT ] 1

Mantl§¢< %
Outer GHfe™®) L
LT

8 0.9 08F — 0.9

. - k2
Inner’Core i - - - -
T 05 N : % 06 F)(VH — Ve) 08 & 06 P(Vu — Ve) —o-8
ol C 04 07 '€ 04 —0.7
J [3) = w = .
N o2F 0.6 N o02F 0.6
D - Resonance D - -
N Hos ng of . —S0s5
8 ’ ‘ 4 o4 © -02CF [ 1 o4
— —0.3 o 0.4 : : — —03
Oscillation Resonance = 4 o2 06k : : 4 o2
Yy & by Earth’s Matter A 08E ‘ - o1 -08F 1 ! — o1
‘;\. j‘j..‘ o {,' . I & |////ﬂjwu | u L J | L _O _1 = \ ST J 70
- ' 1 10 10° 1 10 10°
N.lohan Swanepoel / Shutterstock.com i E, (GeV)

v energy)(GeV) v energy (GeV) 5



Atmospheric v event classification in SK

ontamd)
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SK atm-v oscillation analysis improvements

e New results with full SK ‘pure water’ phase data (SK-1~V data) with
several updates

* New publication in preparation

e cf. previously published: PRD97, 072001 (2018): SK 5326 days,
328 kt-yr

* Updates since the previous analysis
e Expanded fiducial volume: +20% statistics (SK-1~V)
* More livetime: 6511 days, 484 kt-yr in total
e Event selection with neutron tagging (SK-1V~V)
 Enhance the separation v events from v events
 New multi-ring event classification using a Boosted Decision Tree (BDT)
e Atmospheric v oscillation fit with external constraints
* 013 from reactors
e “T2K model” and T2K runs 1-9 data

* |nclude antineutrino mode sample



e Distance btw vertex and nearest |ID wall surface = “wall”

e Conventional fiducial volume defined ‘wall > 2m’ .
=» Expand to ‘wall > 1m’
=» Increase fiducial volume by 20% (22.5kt — 27.2kt)

e Confirmed no significant increase of non-v background
and no significant bias in reconstruction (ex. energy scale)

Enlarged fiducial volume

(for all SK periods)

External background Reconstructed
(cosmic-ray, flasher) n°® mass
'CR-u (70% further rejected) zsoi— Conven tsiﬂgfx'/' Region -
PMT Flasher i 200" e |8
I 150F- te‘?s
> > 100 )
1 m 12 m sof 0
e : : 2
< > o .

Enlarged region

50 100 150 200 250 300

Distance to detector wall [cm]

Number of Events [/10 (MeV/cz)] Number of Events [/10 (MeV/cz)]

1 1
Additional Region

SK-IV
—¢— Data
— MC

0,
PRD 201, 112011 (2020) °

50 100 150
Reconstructed ©° Mass [MeV/cz]

® & DM O Dd

“wa"” <

e Systematics in the expanded region under control

Energy scale
(rt® mass, Michel-e, stop-)

SK IV SK I
¥ E ¥
-+
-—E? ¥ ‘AA-; _ 'ﬁ - ““
— 4
5 —@— R ._l_.
i o i |
- Preliminary
(sk_atm_oscillatjon_2022_v2a)
LAlil L Lol L iiil L L IIIIIII L BN ERET] L L IIIIIII IIIIIII L L IIIIIII L L L Ll
102 108 104 102 108 104

Momentum (MeV/c)
—8— Conventional FV Michel-e
—¥— Sub-GeV Stopping Muon
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Events

Neutron tagging and multi-ring BDT classification

- Data
.Ve CC |:|Ve CC
.vM CC DVM CC

B &7.CC [ONC

200
150

Sub-GeV v_-like

Single-ring sample with neutron tagging (sszolsﬂf 2?2,[ xa)
e-like H-like

Sub-GeV e-like

1500

Sub-GeV v -like

1000
500

I p—

| -
0.5 : :

-1 -05 O
cosb,

0.5 1

-05 O
cosb,

Multi-ring sample With BDT

- SKIV-V

- —+ Data
250 MC total
- []v,CC
[ v, CC

300

200
150 |
100 |

50 |

Vle

T | T T
I|m|nary_
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scillation_2022_v 2a)_

of

-1 -0.8 -0.6 -0.4 -0.2 0

vV, BDT Score

0.2 04 06 08 1

* Single-ring neutron tagging and multi-
ring BDT event classification enhance
the separation btw v and v events



SK atm-v oscillation results

with 013 constraint from reactors sin? ;3 = 0.0220 = 0.0007 [PTEP 2022, 083C01 (2022)]
16

[ rr LI L L N L LR B
14 :_SK -V expanded FV - 3.2- Normal ordering, 90% C.L. ]
- = Data fit [ Inverted - - & - - IceCube .

- - : I 3.0 #—— NOvVA Preliminar —

1 2 - MC expeCtatlon - Normal . : * . T2K (skatmoscillation2022v2ya) :
10E Preliminary L 28fF -
: (sk_atm_oscillation_2022_v2a) or)CD : :
S 8f 2 26 -
° £ 2] :
4 : )
2.2 ]

2.0 .

" | | | | | e

035 04 045 05 055 06 065
sin‘0,,
o SK atm-v data favors:
e Maximal mixing

e Scp=-1.75 e Ocp ~ -T1/2

Preliminary |
e SiN20-3 = 0.45 (sk_atm_oscillation_2022_v2a) e Normal mass Orderlng

e AX2 (0-No) = 5.69 Preliminary

(sk_atm_oscillation_2022_v2a)

e Am23> =2.4 x 10-3eV?2
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Constraints from T2K

———
SK |-V expanded FV
14F __ Data fit [ Inverted

12F == MC expectation [ Normal

SK sensitive to Mass Ordering, T2K sensitive to 6cp

—— Normal - T2K + reactor
—— Inverted - T2K + reactor

FC 30 conf. region

0

O.p (Radians)
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Constraints from T2K

e SK and T2K are independent collaborations and
there is no formal sharing of data, MC, analysis
tools, etc, (yet)

e Constraints with “T2K model”

Re-weight SK atm-v MC to reproduce a
model for T2K MC following the T2K
publications

e Reweight SK MC to T2K flux

e Construct cross section models (include
model tunings by T2K Near Detector)

e Apply T2K event selection criteria after all
re-weighting

Simultaneously fit SK data and T2K published

data

Counts/125 MeV

w w A~ N
S G & O

—_ N

T2K FHC e-Like

ex. T2K model

with T2K published data points

T2K RHC e-Like

LA L I B L ) LB |

T T T T T T T T T T T T T 12 T T T T T T T
- T T x T T 3 i x T
- T2K runs 1-9 Model ] - T2K runs 1-9 Model
; —— _Data B E 101 —— _Data B
- I v, > V. CC = - v, > V. CC
- . v, — v.CC % g HE v, — V. CC
- I V. > V.and Vv, =V, CC 4 5 - I V.~ V.and V, = V,CC
25F HEE V, and V, CC 4 v [ MV, andV,CC
- [INC 5 6 O NC
OF = g L
5 18 4
10F + E i
2,
Sj = i
O:\ 1 I = 7\ 1 L1 T —
0 02 04 R0.6 0.8 1 1.2 00 02 04 06
Ey* (GeV .
v (GY) Preliminary

0.8 1 1.2

ERe (GeV)

(Figures adopted from T. Wester Ph.D. thesis 2023)

Generally see good agreement
with T2K distributions
(include p-like samples)

Model of T2K E.Rec MC
distributions

[J inputs from T2K publications

Atm. FC MC
Apr. 18
Honda Flux — T2K Flux > )
Re-weight E
|_
= A O A
Normalize N G>-’ &
<T2K Flux/POT> x <Total Xsec.> v = /\ » A
S~ )
wn cC
= ()
LFG-RFG CCQE Model > 5 >
Re-weight S > L >
- cosB, E, Rec
Near detector tunings >
Re-weight
Atm. flux x xsec. x T2K flux x xsec. x
fiTQun Reduction Cuts > oscillations MC oscillations MC
A

Number of events/(125 MeV)

[PRD 103, 11200

T2K run1-9

8 (2021)]

SK FHC 1R, SK RHC 1R,

T ‘ T T T ‘ T T T ‘ T T T ‘ T T T I_ I T I T T T I T T T I T T T I T T T I

—&— Dat 3 10 = —&— Data 1
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Atm-v oscillation analysis with T2K model

L L L L L L
SK I-V + T2K run 1-9 model
—_— Data fit
= = = MC expectation

I Inverted
B Normal

Preliminary

(sk_atm_oscillation_2022_v2a)

Am?2 Sin2023

L) L) L) L) I L) L) L) L) I L) L)
Preliminary
sk_atm_oscillation_2022_v2

a)

20 0 N/ 0 NS
15 QEIiiiiiiiiiil: N o 00,4 05 ..... O 1.6 ......
10F sin‘0,,

e SK atm-v + T2K model favors:
e Maximal mixing

CP * Ocp ~ -Ti/2
R I R N . PP S AR R AP SN AP S ON AP . d .
l « Best-fit results (for normalMO) § ° Normal mass ordering o

* AX2 (o-no) =8.94 ?‘S?;c:\\“‘@
o=

e Ocp=-1.75 o
Preliminary
° Sin2623 = 0.51 (sk_atm_oscillation_2022_v2a)

e AmZ23 =2.4 x 10-3eV?2

Formal joint SK+T2K analysis on-going
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Vr appearance search

Updates since the previous publication: Pays. Rev. D98, 052006 (2018)
e Full SK ‘pure water’ phase data (SK-1~V data)

o ~2 years of SK-IV and SK-V data added
e Expanded fiducial volume
e =>» ~50% more data added

Best fit of vi normalization parameter: a = 1.359 + 0.289

e cf. a=1 means consistent with prediction

Exclude no v appearance (a=0) at 4.80 significance, p-value: 7.5x10-7
Observed # of v CC events: 428 + 92 events (normal MO)

500 u
400:
SOU:
200

100—

- Tau-like

U- 1l

¢

by b bevs by Py B b By Bea
1 08 06 04 02 O 02 04 08 08 4

cos 6

1000 =
800
600
400 -

200—

~ Non tau-like

vl by bevs b bvs b by Lo g Beas
1 -08 06 04 02 O 02 04 06 08 1

cos @

1a00[

1200

1000

800

600

400

200

1400

1200

1000

800

600

400

200

Tau CC signal
— Background

—4— Data

Upward going

-
[l TR I R I L1 L1 L1
D 0.2 0.4 0.6 0.8 1
NN output
Downward
going
-
-I 1 1 l 1 1 1 I 1 1 1 l 1 1 1 I 1 1
i 0.2 0.4 0.6 0.8 1

NN output

i, 3 flavor P(vy—vy)

TT T 1

Cosine Zenith Angle

Energy [GeV]

vy appearance signal:
Upward going, Ey >3.5GeV

- Using the best fit +  Toyme
1000F to the data with Gaussian fit

L a € [0,3], 10000 B =143

- toy MCs are 000
8oor generated. '

i §  Bestfitto SK1-5 data
600

B # of observed v.
2001 # of expected vy
200

o ""05 1 15 2 25 3

Best fit: a = 1.359 + 0.289
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Solar neutrinos

Solar ve survival probability
PRD94, 052010 (2016)

e |Intense neutrinos from nuclear fusion
In the Sun’s core

* High statistics measurements
e Sensitive to 012 and Am2»+

e Precision test of the MSW oscillation
model

* Precise measurement of spectrum
at the vacuum-to-matter transition
“up-turn”

e Matter effect in the sun

e Measurement of Day/Night flux
asymmetry

e Matter effect in the earth’s core

o)
)
(Al

0.8 ——
0.7F
0.6F

0.5F

0.4

o

3

0.2

0.1F

p Be  pep CNO  °B  Hep ]

Vacuum Matter 3
. dominant dominant 3
éExpected k
Solar+KamLAND
- Expected
- Solar global T ;
- SK+SNO !

TR e e e BT L MR |

|
10

]
v Energy in MeV

10

Day-Night flux asymmetry

Regenerate ve with Earth’s matter effect

1010
110°

108

110’
410°
110°
10
3108
1102
110

EDE!
110
3 -2
=10

Flux in /keVem?s
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Solar v observation in SK

e Super-K’s measurement of solar
neutrinos

e Detecting recoll electron from
elastic scattering

* Robust signal extraction using
angular correlation with the
Sun

e TJotal # of observed solar v
events: >10%in SK-I~IV (5805
days)

Event/bin

40000

90000 '"|"'|"'|"'|"'|"'P|R~'Ll'/"\//‘ylv/4|"':
800007 | SK-combined (5805.08 day) ‘ R =
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---------- Background ]
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20000 . . —

Extracted solar neutrino signal is -
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2 08—06—04—02 0 02 04 06 08 1
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Solar v spectral fitting

e SK-I~IV 5,805 live days data

Neutrino oscillation (MSW-LMA)

2 1 T T _ag

* Include several analysis improvements, e.g. Y _Eigyhté
iImproved systematics, etc. Sop o um dominates

20.5 3

e Energy spectrum slightly favors “up-turn” OB e ekam AND bt 3
02F sin’6)=0305 Matter dominated

* though need more data o

107 1 10 107

* Trying to lower the energy threshold (see next slide) Neutrino eneray (MeV)

SK-I/1I/11I/IV Recoil Electron Spectrum

llllllllllllllllllll
Statistical Combination from all phases

Quadratic spectrum
thick line: best-fit
thin line: original MSW shape

o

wn

(o2}
IIIIIIIIIIIIII'IIII

Data/Simulation (with no oscillation)
[9)]
N

0.5
0.48 {.-
0.46 + +
1.44 T : _i_Li___" _fhﬁ
0.421— T -I-
= | 1 | 1 I 1 1 1 I 1 1 | I 1 1 | I | 1 1 I 1 1 |
4 6 8 10 12 14

Recoil electron kinetic energy [MeV]

Solar v survival probability

" Expected
Solar+KamLAND

Expected
Solar global

X

- SK+SNO

L SNO Preliminary
SK 5805 days :

0.0 i
3.0 40 5.0 6.0 7.0 8.0 9.010.011.012.013.014.015.0

E, in MeV
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Solar v signal with lowest energy in SK

* An attempt to further lower the energy

threshold

* Use Wideband Intelligent Trigger (WIT) @ 4300§

data in SK-IV
e 622 live days data

* Recoll electron kinetic energy 2.49

MeV - 3.49 MeV

e Applied a boosted decision tree (BDT)

event selection

e Fed standard reconstruction
variables used in the traditional

solar analysis

e ~6 times better background
rejection comparing to the
traditional solar analysis

e A clear peak pointing to the Sun

U) 4400

4000

3900

_IIIIIIIIIIIIIIIIII | N I Y S I U S I U N |
3700 -08 -06 -04 -0.2 0 0f 0.4 0.6 08 1

BDT

4200

4100

3800

—]— Data

=== Aggregate Background Shape

=== Signal MC + Background Shape

V‘

&= :‘ )
's: -
- = Tk o
f - § __.-- -
2

c0S(Osun)

‘ 160
# of signal events: 790 *150

m References:

m 10.5281/zeno0do.6759244
m J. Phys. Conf. Ser. 888, 012189 (2017)

18



Day/Night flux asymmetry

q)day _ (I)night

* Day/Night flux asymmetry: 4ow =555 —5—

 Expected D/N asymmetry ~3% in the SK energy region

e SK confirmed a higher solar v flux at night than that at daytime
with significance of 3.2¢ for the Solar best fit, 3.10 for the
Global best fit

Day/Night asymmetry (%)

SK-| SK-I| SK-III SK-IV sin°0,,=0.304 sin°f,,=0.025

~ T T T T T T T L p— 1T L L I - - I ) O I B B I B T
o ] o — ' -
° 1 = ° © | i KamLAND preferred -
-1 = of &t _
g . g N HQ__J ! ]
21— - O r Q| .
-1 + & -1— 5 [ expected —
—SE = - o | -
E E g S/\-—- @k : /:
4 t EE s 5 .
I ® ] m L E E ]
5[ — - [ i _—
= . .g -3 ;1 Fit SK data with error —
° 1 g — -
e = S, YF 2 =
- . © n ' .
_8; 1 co Cooo (SO|arBeSt flt): n _5_' Y A R 'E':l I T S N EE IO S|
1 1.5 2 25 3 3.5 4 2 4 6 8 10 12 14 16 18 20 22
SK Phase Am3, (10°eV?)
SK phase Am?221 (10-5eV?)
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Solar v oscillation parameter extraction

Al 87
X O
< 6 x|
4 * ?\Q\
DT B S Ok i ¢ W
CRLE e 18—se¥e Q%@ I
o | |
= 14 combined
NN
£ 12
< L
100 KamLAND I f
&8 S
6
4,
2 SK + SNO S
L L L I B lG 26 30
0.1 02 0.3 0.4 , 05 2468
Sin (612) Ax
Best fit oscillation parameters
Experiment sin’ 01> Am21
KamLAND | 0.316% 06 | 7 54}‘;0;1} 10‘2 Vj e There is ~1.50 tension between
SK + SNO 0.305 + 0.014 0. 10_0 75 X 10 eV . 2
Comiined T 03057000 T 720705 1075 o2 SK+SNO and KamLAND in Am?21




aK = SiGd

SK-Gd: add Gd to ultrapure water to enhance neutron tagging efficiency

100 . T 1
Physics targets: e ,
. . . ~80T750,  In May-June 2022 !
* Detect the world’s first Supernova Relic Neutrino (SRN) Sal= = —;— == ;
; i

* Enhance v and v identification in atmospheric v and T2K analyses E:g July-Aug. 2020 : I
* Reduce background in nucleon decay search 2l : E
Gd concentration in each SK phase S} »: §
o 0t = T
e SK-6 (Aug. 18, 2020~): 0.011% — ~50% n-Gd capture eff. = N -

¢ SK-7 (July 5, 2022~): 0.03% — ~75% n-Gd capture eff. =t ool o

Gd concentration (%)

Observed clear increase of neutron candidates and shorter capture time

Confirmed uniformity of Gd concentration over SK detector and its
stability over time

n-capture time with AmBe calibration source n-capture time in atm-v events
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Summary

e SK atmospheric and solar neutrino oscillation analyses keep
improving

* Atmospheric neutrino: new results with full SK pure

water phase data (SK-I~V) and with expanded fiducial
volume — new paper in preparation

Solar neutrino: lowering the energy threshold to 2.49MeV
(kinetic energy) aiming to see the “up-turn”

e SK-Gd phase began in 2020, and SK continues the stable
operation

Expect several improvements in oscillation analyses and
nucleon decay search

Observed clear signal of neutron capture on Gd in SK-VI
and SK-VII

Many analysis developments on-going
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