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Control room

Water & air
purification system
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T

T
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»<1000 m under the Tkenoyama-Mt
+50 kton of pure water (until 2020 when Gd
sulfate was added inside)

“~11,100 inner detector (ID) PMT's (~50cm ¢)

1,885 outer detector (OD ) PMT's (~20cm ¢)

v Detection technique based on the Cherenkov
radiations

v Direction and particle ID determined from

the ring pattern: e-like vs p-like
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> Super-Kamiokande experiment

v Super-Kamiokande (SK) has been taking data since 1996 and has come
through seven run periods

wDensely packed PMTs (40%/20% for SK-II) and good water quality
provide excellent sensitivity for various physics targets.

v In 2020 we have added Gd sulfate to the water in order to increase the
sensitivity for neutron capture; this improved tagging of the reaction IBD

N——

Gd concentration at SK-VI:
0.011% in weight.

1996 2002 2006 2008 2018 2019 2020 2022
SK-V  SK-VI | SK-VII
- Sy “SK-Gd”
Pure water Gd-loaded water
6,511 days live-time 583.3 days + the future...
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» Neutrinos are produced when cosmic
protons interact with the nuclei in the
atmosphere:

“p, A + air - 7=, 2% K*, K°

<t KT - pt +u,(,)

“u*F = e +1,0,) +v,(0,)

“K* K) — [#5, 7% + e* + 1v,(0,)
»Neutrinos with wide range of energy

MeV- PeV produced isotropically about
the Earth atmosphere

Atmospheric neutrinos

30000 m

Secondary
cosmic rays
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ravel distance

Isotropic flux of "._.Ze i
cosmic rays )
Atmospheric neutrinos travel \ T TS
15 km to 13000 km. \
oy \ ,!"f i ..""' \\r
g I '\
5 Zer'\it’tr \;'. )
‘.\
1000 ¢ /
g’ Travel distance changes e g
= rapidly at the horizon. =
8. {
2 100
Partially
10 — contained
-1 05 0 05 1
cos(6) .
0 =) 3 | Fully contained
note definition of zenith angle




1< Oscillograms plotted for normal ordering
(NO) with: Am3, = 7.7 x 107,
Sin2 923 = 050, Sin2 912 = 030,

sin?@,; = 0.0219 and 5p = 0
Phys.Rev.D 97 (2018)

gleo

| Cosine Zenith An

wImpact of matter
effects:
WNO: enhancement of

U, appearance
wNO: effect is not

present for U, — 0,

wIO:; situation is
reversed

gle

| Cosine ';enith An

wThanks to presence of matter effects
we are sensitive to mass hierarchy
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wThree flavour analysis with:
wMatter effects: - sensitive to mass
hierarchy

glep
[3)]
T I T T T T

“Oscillations of v, — 1, and U, — U, are also

sensitive to octant 0,; and O.p

| Cosine Zenith An

Wy, samples:
WMulti-GeV e-like v,
“Multi-Ring e-like v,

WD, samples:
“Multi-GeV e-like 7,
“Multi-Ring e-like 7,

10
Neutrino Energy [GeV]

NuFact2022 Salt Lake City, USA



#NUPERT "
a—KE}' Oscillation analysis method at SK

“Data are fit to the MC using y* method
assuming Poisson statistics and adding

systematic errors as scaling factors on the MC
in each bin (more in Phys.Rev.D 97 (2018)

wReactor constraints on
sin? 0,5 : 0.0220 + 0.0007(PDG2022)

“Solar and Kamland: sin® 4, Am221

*Fr‘ee Yo fi"' . Am322, Sin2 923, MO(NO/IO), 5CP

wWhat is new in this analysis !l SK-1 23%
wSK-V data added

wEnlarged FV region;
»New multi-ring selections SK-IV 50%
wSystematics improvement

SK-IIl 8%
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ging the Fiducial Volume

» So far only events with vertex reconstructed within
2m from the nearest wall have been used for the .
analysis (Conventional FV of 22.5kt) g;‘;vlf:‘;:’“al v
2m from ID wall
w Systematic uncertainties have been evaluated in Expanded FV

expanded FV region. 27.2 kton
1m from ID wall

multi-GeV single-ring e-like = .
gle-ring Ve E External BG Vertex Dist. (after)
- 1 o :CR-u (70% further rejected)
- :-:g‘ < :PMT Flasher :
LOF " ] — . H
g 0.7F - < 1 @ :
- ¥ osf, " S N N N <
O 05F 1 a
E oaf ' S : :
S 0.3F ! >  Enlarged region
0.2F : % : :
0.1F ‘ .
U T T R ! ........ loaaadaaaa gy _8
100150 200 250 300 350 400 c
wall [cm] 2% 200 300

Dlstance to detector wall [Cm]
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UPERE

- K Enlarging the Fiducial Volume (2)

multi-GeV single-ring v -like conv. FV multi-GeV single-ring v-like exp. FV
(7] ; =357% (2] F -348%
] 160: - CCQE =35.7 % = 300 - CCQE =34.8 %
: = ——— CC Single 7 =30.7 % : L — cC Single PI=30.5%
@ 1400 o I
> 5 - cCDIS=15.1% > 25; - CCDIS=16.2%
@ 120 F - CC Coherent 7 =0.5% o L - CC COherent Pl = 0.6 %
Y B Y H
o 100 - NCQE = 0.0 % o 20 r - NCQE = 0.0 %
S B 1 NCsingle 7= 0.6 % S E I NCSingle Pi=0.7%
O 80 Q 15-
-Q C —— NCDIS=6.8% _Q r —— NCDIS=75%
E 60 E L
r — OTHER=10.6% 10 — OTHER=96%
= 40— = F
Z Z .
20— L r
L, ., . —4— T

6000 7000 8000

Momentum [MeV/c] Momentum [MeV/c]

i — — —— —
1%00 2000 3000 4000 5000 6000 7000 8000 2000 3000 4000 5000

v Expansion of FV region allow us fo increase the statistics by 20% keeping systematic
uncertainties still satisfactory

Foe

-
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[eV?]

2
32

Am

3.5

[ —— SK -V Expanded FV data fit
[ = = MCexpectation at data best-fit ]

- [ Inverted
- [ Normal

SK NO 1000.42

1006.19

SK only:

parameters determination

20 T T T T I

15

————
[ —— SKI-V Expanded FV data fit
- - - MCexpectation at data best-fit

_ I \nverted
| [ Normal

4.71 0.49

@, W

N

]| SK atmospheric neutrino

data favours:
wMaximal mixing

“NO (Ay’ = 5.8)
/A

2

2.4 % 1073eV?

2.4 % 1073eV?
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SK + T2K -
parameters determination

] wNot Jom'r analy5|s Usmg publlshed T2K Run 1-9 data I :
T T T . T 20 T e e e e e e e :
| Normal ordermg, 90% contours i : SK -V + T2K Run 1-9 Model ] ;
35 —SKIV o - — Data fit .
e 1SK + external T2K

L - - MC expectation
constrains favour:

- = T2K Run 1-9 Model 7 40 -
-~ —— SKI-V+T2K Run 1-9 Model ] B I Inverted
30 — [ Normal
- A ° 158
: wMaximal mixing

L

+ Best fits

SK+T2K NO 1086.33 2.4 % 1073eV?

SK +T2K IO 1095.25 4.71 0.53 2.4 x 1073V

WSK is sensitive to mass ordering; T2K sensitive to 5.p
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SK-(Gd era

Gadolinium project at Super-K: SK-Gd

(R K C S

Gd concentration at SK-VI:
0.011% in weight.

2002 2006 2008 2018 2019 2020 2022

SK-I1 SK-IV SK-V SK-VI

HSK_Gd"

Pure water Gd-loaded water
6,511 days live-time 583.3 days + the future...




MAIN AIM: improves SK's ability to observe the sea of neutrinos, known as "supernova relic neutrinos"
For atmospheric neutrino oscillations: we may be able to improve neutrino-antineutrino separation

SUper-Kamlokande Dissolve Gadolinium into Super-K

Phys.Rev.Lett.93(2004)171101

J.Beacom and M.Vagins,

T
0.1% Gd gives

>90% efficiency e
for n capture @m
/-

“For 50 ktons this méans 7
~100 tons of water soluble

GdCl, or Gd,(SO,), /. Latest news:
| We have finished &d
| loading on July 5thl!
SK-VII era

0.0001% 0.001% 0.01% 0.1% 1%

o
electron o,
anti-neutrino (2 100%
‘ Ve Gadollnlum [e)
; proton neutron 8 o
= =4 80 AJ I~
3 =]
’o@ g
D ©
0,
K O 60% -
%
%
% 409
g positron Y ‘ y %
) e+
5
“,
N
% Positron signal Neutron signal 20% +
>
E
D 0%
N
ik
N

Gd in water

only 0.3 barn.

Cross section for neutron capture for 6d is 49000 barns, while for protons is
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+ Data
250 - MC: Gd(n,y)
© 200 + - MC: p(n,y)
2 me MC: Michel-e
2150 W MC: Other
=
£100 ., Xndf=558/37
50 A
i+
(]
3100 L m’“*,* ll
®0.75 ﬂ“ ! R
0 1o 200 30 40 50 60 70
PMT hits [/14 ns]
more energetlc
i
103
1 Michel-e
1024
1 Gd(nyy)
101 1 p(n,y)
s [ Noise + Other
3 1094
©
10714
10724
1073 4 T T T f "J
0.0 0.2 0.4 0.6 0.8 1.0
Signal likelihood

-+ Data

300 e MC: Gd(n,y)
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>
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| |
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e

e P
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0 100 200 300 400
Time from event tngi;er [ps]

shorter lived
<

Neural network to select
neutron candidates

Cuts to remove remaining
Michel electrons

150+

=
N O N
u o wu

(n,y) signals

w
o

+ Data
B MC: Gd(n,y)
. MC: p(n,y)
. MC: Michel-e
s MC: Other

X?/ndf=53.5/59

300 ° Zl(ijc(hel-)e
) ° ny
e 4
s, 250 e p(ny)
= 200 e Noise + Other 1
] T
=150
= St v
Z 100' 7
[+
50 1=
O * Le L I- CLF : . . . ) -
0 10 20 30 40 5

-02 0.0 0.2 0.4 0.6 0.8 1:0
Hit anisotropy: Mean(cose,,) for hiti,j

more |sotrop|c

Time from event trigger [ps]
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_____ .

-VI: Neutron Measur'eme"?f '

4
—— MC
- <4 Data
v Stable neutron multiplicity since 6d g 3
loading <
L L. : 2 Neutron
vHigher neutron multiplicity at higher g 2] iolic
energy events = multiplicity
SR
e ———
0 ——
1-ring FCFV O 100
3.0 _+_
" 4+ Sub-Gev A £ 0751 —— ¢
52'5_ 4 Multi-GeV 1T + 0.501 ——
% 2.0 . T 0 0.251 g
® 1.5 - | ‘l’ - . 0.00 102 103 10
_;.:1 . +T T+ + 1 + + ++ Reconstructed lepton momentum [MeV/c]
>: A . . 0 .
£051 et oS st »Measured neutron multiplicity is lower
0

0 Jul"20 Dec'20 Jun"21 Dec'21 Apr'22 *han presenT MC pr'edicTions.
pate Neutron production needs model
| improvement and development.
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£1< Atmospheric neutrino oscillation analysisft
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¥4 < favouring NO, O p ~ — G and maximal sin*6,, ¥
b
#1 < with all pure water data sets (SK-I ~V), ¥,

8 with expanded fiducial volume. K
% -« SK-Gd

¥ < SK-VI (6d~0.01%) analysis is ongoing

v« SK-VIT (6d~0.03%) just started!
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Earth's density

Region  Ruyin (km) Rpyax (km) density (g/cm?)

inner core 0 1220 13.0
outer core 1220 3480 11.3
mantle 3480 5701 5.0
crust 5701 6371 3.3

TABLE 1. Model of the Earth used in the analysis, a simplified
version of the PREM.

wWe use spherical density profile of
Earth model (PREM) with inputs shown
in Table I

»< NOTE: We have tried using full PREM
model with 82 layers but it provides no

FIG. 1. The propagation of two neutrinos through the simpli- percep'l'ible Change in The SenSH'IVlTy Of
fied model of the Earth used in the analysis below. Both v4 .
and vp are produced in the atmosphere. v, then experiences The Super'K GNGIYSIS

6 oscillation steps (air — crust — mantle — outer core —

mantle — crust), while vp experiences 4 oscillation steps (air 7’\(50 Slmpllf|ed mGTTer' pr'Ofile IS GdOpTed
RaCiicttliontic b St to reduce computation times

"

-

d
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wAt SK- VI 6d
loading has
exceeded the
0.011% which
corresponds to 50%
of neutron tagging
efficiency

wOn June 1st 2022
we have started
SK-VII period with
more Gd being
added to SK tank!

»Stay tuned !

Events / day
o
D

o
[N}

0.0

o
o

Sub-GeV 1-ring e-like (FCFV)

_+_

4 3
T T

; _+_

MC (no osc.)
[ MC (oscillated)
—4— Data

0.0 0.5

COSBzenith

Sub-GeV 1-ring u-like (FCFV)

-1.0 -0.5 1.0

o
o

Events / day
o o
N IS

o
o

o
o

MC (no osc.)
[ MC (oscillated)
—4— Data

]
0.0 0.5 1.0
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-0.5

|
=
o
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HE—v samples

K v

Fully contained (FC):
« Reconstructed vertex in ID
« OD hits<16

Partially contained (PC):
+ Reconstructed vertex in ID

« OD hits>=16

_For events classified as FC and PC, the neutrino interacts
within the fiducial volume, defined as the region located more
than 100 cm from the ID wall

Upward-going muons
(UPMU):

Through-going with requirement
of track length >7 m
Stopping in the detector

p(e™)

1%

Fully contained

.
.
]
/___:.—\
.
.
.
.
.
L
.
.

1%

Partially contained

pr(e™)

Upward muon




HE—v samples

Fully contained (FC) Partially contained (PC)| |Upward-going muons

(UPMU):
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250:_ —UpuStop -

I

4 2s00F i .. FC Sub-GeV (v, +7,)

oo _ ] H 1 [ -Up- Throuah |
1200 P ---FC Sub-GeV (vg+v,) ] Fi FC Multi-GeV (v +7,) ] 200l . Up-p Throug N
& F i 1 2000 | o i
O 1000[ FC Multi-GeV (v, +v,) ] | 4 . PC Stop

800 f— _f 1 500:_ " D PC Through —;

T
|

DUD'M Showering:

I
|

150

I

il | o

0 L_LUUMJ_UJLU]_J_}_LUJ ] : .: " k’w ] 0 i : ‘#ﬁ EaoSe J

0
10" 1 10 10* 10* 10* 10° 10" 1 10 10* 10° 10* 10° 10" 1 10 10® 10® 10* 10°
Neutrino Energy (GeV) Neutrino Energy (GeV) Neutrino Energy (GeV)

Events/5000

Expected neutrino energy spectra of different event categories
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U, like
* Number of decay electrons=1
+ Number of tagged neutrons>0

v, like:
* Number of decay electrons #1

* Number of decay electrons =1 and number of
tagged neutrons=0

a-Zezula, NuFact2022 Salt Lake City, USA

Multi-GeV samples @ SK-IV

- ‘s
~y i .

U, like
* Number of decay electrons=0
* Number of tagged neutrons>0

v, + U, like

* Number of decay
electrons=0

* Number of tagged
neutrons=0

v, like:
* Number of decay electrons >0




- SK only -
pc ameters determination

X
—
1o
&b

| T T T L T T L L L

SK Sensitivity, N.O., 90% contours I SK Sensitivity

SK |-V Expanded FV | —— SKI-V Expanded FV

SK I-IV, Conventional FV SK I-IV Conventional FV

I Inverted
I Normal




»< The simulation of atmospheric neutrinos is performed following the flux calculation of Honda
et.al M. Honda, T. Kajita, K. Kasahara, and S. Midorikawa, Phys.Rev. D83, 123001 (2011),
arXiv:1102.2688 [astro-ph.HE] and using the NEUT simulation software.

p i ~ 5 T |||||||| T ||||||||_ | ——
Y | —— This Work .
-------- : ) 7)) == HKKMSOG v + Vv
----------- 9o - Bartol
-’ 16 ------ .
o
X
=
L
= L2
[~ c
[ —— This Work \ ; =
- - - HKKMS06 N 1 3
- - - Bartol ’ <
------ Fluka \
100 _1' "'””lo L ""“'|1 L1 1 ! |||||||| ! |||||||| L1
10 10 10 107 10° 10’
E, (GeV) | E, (GeV)
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pheric neutrino

Atmospheric Neutrino Flux:
PHYSICAL REVIEW D 94, 052001 (2016)
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;e‘ 10° ®  Super-Kamiokande -V v, '_T"—*!'—- ' l ""-§J E
m ¥ ::cr:g;:b:“v . unfolding ‘ ‘%_, E
-6 IceCube v, forward foldin, ' L.l
10 —— 2“@233231:3:}‘23'.‘12"?:@3 —— Jm ‘ 2 |R. Wendell talk at:
ANTARES v, = _ . o
107 HKKMIL Y, 3%, (v ) | #Lﬁ . 29" International Symposium
e Py RV, — 3 |on Lepton Photon Interactions
108 v lecueanie Y g Hich E ies 2019
HKKMI1 v'+V: (w/ osc.) ‘§ at 1g nergles
-9 1 1 1 l L1 1 1 l L1 1 1 l L1 1 1 l 11 1 1 l L1 1 1 l L l—
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Cherenkov light

Neutrino
J :J—’
Charged
particle
in water
Photosensors

v, +n—pu +p

b —> e +p

Detection technique

* In water, light travels about 25% slower

than it does in a vacuum and it is possible for
an energetic particle to travel faster than
light.

- A blue light called Cherenkov light is emitted

by charged particle.

* This light is detected by an array of light

sensitive PMT's

* By measuring the brightness, shape, and

direction of the ring we can figure out how
much energy the particle had, whether it is a
muon or electron, and which way it was going.

na Posiadala-Zezula, NuFact2022 Salt Lake City, USA
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80

60

Fuzzy edges,
blurred rings

Number of e
NN
o

20 +
s o)

Separation between i and e
in Cherenkov detectors

1 1 1 1 1
—+— T2K data

Y, and v charged current

Ve—llke

v, and v, charged current

Neutral current

Sharp edges of
the ring

| »MM

1,000

Electron or muon PID discriminator
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