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The Super-Kamiokande Collaboration
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SK Data Taking Phases

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

1996 2002 2006 2008 2018 2019 2020 2022

SK-I11I SK-IV SK-V SK-VI

.

“SK-Gd”

—ﬁ

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

 Atmospheric neutrino oscillation measurements

e SK-I through SK-V + Expanded FV
 Three Flavor Oscillation with T2K Constraints

* Recent publications:

» Search for Cosmic ray Boosted Sub-GeV Dark Matter Using Recoil
Protons (PRL 130, 031802 (2023))

> p> uk (PRD 106, 072003)
* Neutron capture on Gd in SK-VI/VII
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Atmospheric Neutrino Oscillation

Rosmic rays

v/
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Sub-GeV to more than
|0 TeV neutrino energy.

Key measurements:

* v, disappearance
¢ Am%Z
¢ sin2923

* Vv, apearance
 CPviolation 6

* Mass-ordering

Matter Effect
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Atmospheric Neutrino Analysis at SK

Fully Contained (FC)

Upward-going Muons (Up-L)

Reconstructed,
Classified, and

. binned
’
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Total exposure:
484.2 kiloton-years

30% more data than 2020 analysis
Using all of pure water data at SK

New in this analysis:

e SK-V data

* Expanded fiducial volume

* T2K model including ¥ mode
* New multi-ring selection

* Systematics improvements
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SK- 2019.2 ~ 2020.7, 461 days 190 M (e S —
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| ; t  Upgraded water system
T o e-like | p-like e-like :  Wlike
* The last SK phase with pure water " ook Sub—GeV I [ AT T
* Upgraded water system, replaced PMT, cleaned 5 1 i | :
detector... Getting ready for Gd loading! ]
* Consistent data quality with SK4 p SR S ;. SR
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Expanded Fiducial Volume

* Expanded fiducial volume

e 22.5 kton — 27.2 kton,

20% increase

* No significant increase of external background
* No significant bias in reconstruction
* Systematics re-estimated for expanded FV

MultiGeV 1R e-like v,

Momentum bias
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External BG Vertex Dist. (after)

CR-u (70% further rejected)
PMT Flasher
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Inner detector (ID) wall

Conventional FV
22.5 kton
2 m from ID wall
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Expanded FV
27.2 kton
1 m from ID wall




Oscillation Measurements (SK only)

20 et

SK I-V expanded FV
Data fit

= == MC expectation

] Inverted
[ Normal

SK atmospheric
neutrino data
favors:

* maximal mixing
* NO (Ay% = 5.6)
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— 0 SN o
L5 2 2.5 3 3.5 035 04 045 05 055 0.6 0.65

2 -3
|Am323 1| (10 eV?) Sin2923

SK'NO 1004.56
SK'10 1010.15
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4.71 0.48 2 4 X 10—3 EVZ

2.4 x 1073 eV?
4.71 0.48 sin?g ;3 = 0.0220 £ 0.0007

10



Combining SK and External T2K Constraints

* SKsensitive on mass ordering, T2K sensitive on d¢p VT T
S — e E— [ SKI-V+T2K Run 1-9 Model sensitivity i
et | L [ — Combinedi
— I Inverted ] — — Inverted - + reactor B N
15: ] [\Torer:]; 7 E FC 30 conf. region 20 - X2 Sum
I 15 I - Inverted
10?— L = - Normal
- < -
5 .
- ) 10 f5 ; .
R R T 1 2 3 <Y 4 o e
d.p (Radians) - ' / \
/ ‘
* Tocombine, reweight SK MC to T2K published data \ / L
Q 0\1...11...1....
- - - -11/2 0 /2 I
£ A S A
g % 6CP .
= /\ + % * SK=T2K far detector— correlated cross-section
m C . . . . . . . ]
£ v * Additional sensitivity gained from combined fit
B - & . . .
e _— . Rec with correlated cross-section uncertainty
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Oscillation Measurements (SK+T2K)

SK + external T2K
constraints favor:

50 prrr—r—r 30 £
45E SKI-V + T2K run 1-9 model 15?_ _
40F — Data fit | IOE— 3
15 ---M(;? expectation %S- _ . o
. = - 2 * maximal mixing
o o NO (Ay4 = 8.9)
S LSE <
10 3 3 ~ _ I
N i 1 Ocp ® —3
w2 o 2 n O STSS ”2-4” 26 28 1035 04 045 0.5 055 0.6 065
Ocp IAm%2 31| (107 eVz) sin 9
1020 bins -m
SK+T2K NO  1094.58 4.54 0.51 2.4 x 1073 eV?
SK+T2K 10  1103.50 4.71 0.53 2.4 x 1073 eV?

sin“0{3 = 0.0220 + 0.0007

2023/02/22 12



(PU blished PApPEer, prL 130,031802 (2023))
Search for Cosmic-Ray Boosted Dark Matter
(CRDM) Using Recoll Protons

Galactic center Q
Unboosted dark matter Boosted dark matter Prot}
(non-relativistic) (relativistic) .,
' muus

Cosmic-Ray w

Possible signals:
Recoll electron (DM-e coupling) ere 120, 221301 2018)
Recoll proton (DM-hadron coupling) <€ This study
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CRDM search

Angle between true and

Proton detection efficiency reconstructed proton direction

Super-Kamiokande IV

Run 999999 Sub 12 Event 146 F [ T T T T [ I =
Sl l T [ B 1000 7
====: Reduction B ]
0.8+ === Precuts | 800 C . . o b
| MVA ~ Resolution: 2.6 ]
Charge (pe 2 " | ety LI ET == -:._.:._. ............ H _ — -
s £ 0.6 i A R S 600 = ]
B3 1 " """'1.. : :
o 04 LD 400 .
1
i : — Leveas - .
> e 02 - 200F -
0.2- 32 {} I ) ) | ) ) ) ) | ) | 0 [ - L : ‘ _
1.5 2 0.99 0.995 1
Proton Momentum [GeV/c] cosO

1 o
500 1000 1500 2000

Times (ns)

« Search for FCFV 1Ring proton-like events.
« Smaller opening angle, sharper ring edge

than muon - make likelihood pattern fitting.
« Further u/proton separation by MVA

» CRDM is attenuated in the earth and only
CRDM from above can reach to the detector.
» Apply zenith angle cut: cos 6, > 0.2
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CRDM search

T 12F
0.06 é E o i —e_ Observed i PANDAX-II
0.05 E_Proton- CRDM ++++_E : — Expected ;_ | -
0.04 -Proton-Galactic center P *E 8 = Constant cross 5_60“0“ e =
: S48 8 o -
0.03F — S 1 @ 6f = 7
g ey : - =] -
o aet LT =Y
0.01;—M_M‘MM“N_M.w;j:?***f —; 2?‘ I i I i { II IT
O 02 04 o6 os 1 YT o5 o0 05
cos® o8O
Angular correlation NG excess found in GC Obtain constrain on dark
between GC and proton direction matter-nucleon cross
direction. Signal region is ' section. More than one
defined as cosOg: > 0.6 order of magnitude
better than existing
results.
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(Published paper, PRD 106, 072003)

: +IK O
Proton decay search: p9 K K " 1 (326.5MeV/c)

Favored by SUSY GUTs. O -

KO is a mixing state of K% and K° K©: K decay ( ~ 90 ps)
Results of SK-I~I1I (178 kt*yrs) have been published, k? decay (r ~ 50 ns)

(Phys.Rev.D85 (2012)112001)
SK-1V data (200 kt*yrs) is newly analyzed with neutron tagging.
Target K° decays
» K% = nn®, ntm (~70 ps) |
v’ All final particles can be detected in SK vertex. h
=>» Reconstruct K°, proton mass & momentum ;T;iokﬁ'
» KO = 9% mtrn®, n*=Fv (~50 ns) .
v' (Challenging!) Have multiple vertices. e
=2 Newly developed reconstruction tool for multi-vertex events.

reconstructed
secondary vertex

2023/02/22 16



Proton decay search: p=> @*K®°

Number of events

K (n°n°)

Blue: Signal MC
Red; Atm.v MC

T~

Black: Data
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Proton decay search: p2> p*K®

Results (SK-1V)

Search mode Efficiency (%) Background (events) Candidates (events) Lower limit (10** years)

K% — 279 9.7+ 1.0 0.31 +0.14 0 2.7
K% - a7~  4.98+0.54 0.8 +0.2 0 1.4
KY = 75 1Tv  0914+0.17 1.0+0.3 0 0.2

K? — 37° 0.36 + 0.06 0.12 +0.06 0 0.1

K} 5 atn 7% 0.18+£0.04 0.16 &+ 0.07 0 0.05

Proton lifetime (90 % CL, SK-I~IV combined): > 3.6 x 1033 years
(Previous paper: >1.6 x 1033 years)
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Evolution of Super-K: SK-Gd

y UPER \ UPER ’vE o
ﬁ Ve pO/ \ Gd
" 4 " K d e+ &E:H\/le\éy
V.+p—oet+n =
Gadolinium captures neutron and emit ~ 8 MeV y ;T"‘ZOM: g
Detection efficiency of 8MeV y ~ 100% Vertices within 50cm

Add Gadolinium (Gd) to the SK water.

Final goal
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The latest news:

on July 5t |

SK-VII started !

& We finished dissolving *

Neutrino / anti-neutrino discrimination

Discovery of supernova(SN) diffuse v
search and pointing accuracy
improvement for SN burst

Improve Discrimination power of

v and v in T2K and atmospheric neutrino
analyses

Nucleon decay background rejection
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Neutron capture time in SK6/7 Atmospheric v FCFV data

— SK6 (621d) ‘Am-Be neutron source
—+— SK7 (98d)
SK6 7: 116.5 + 0.2 ps
FCFV events SK7 7: 61.6+0.1ps
0.41 + 1 SK6
5 +  SK7 (Run=90000) _
203 . FitAe "+ B
L_é} 05 SKB: 0.96 n/ev 309%+1 + SK6 7: 119.0 + 3.3 HS
7 SK7: 1.24 n/ev ’ SK7 71 60.4 + 1.6 us
-
c0.1
0.0 1 - T | , ,
0 100 200 300 400 500 Faster captures with more Gd in SK7,

Time from event trigger [us] consistent with calibration data
Preparing MC for analysis.
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Summary

e Atmospheric neutrino oscillation:

» Analyze all pure water phase (SK-I ~ V).

» Expand fiducial volume.

» favoring NO, §cp = —%, and sin%0,3~ 0.5
 Published paper

e SK-Gd
» SK-VI (Gd ~0.01 %) analysis is on going.
» SK-VII (Gd ~0.03%) just started from July !

2023/02/22
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