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Proton Decay Search

~

- Grand Unification Theory

- 101°~101° GeV scale,
unreachable by accelerators

- Can be testified by
observations of proton decay

No observation!

Upper limit—
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Super-Kamiokande Detector

UPER

In Gifu, Japan hut
'apan
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\l 20" PMTs

- control room

to ENTRANCE

1 km overburden
(2 700 w. m. e)

| water system

ML IKENOYAMA

Nucl. Instr. & Meth, A 737C (2014)
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Inner Detector / Outer Detector
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For vetoing cosmic rays

:: Fiducial volume:
2 m from ID wall (22.5 kiloton)
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Proton Decay Search

#"NS\UPER
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p - etr? Search

Benchmark mode 1

Signal:
et and 2y from =

Time(ns)

Times (ns)
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Total Momentum [MeV/c]

p - etr? Search
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etm®: 2.4 x 103* years @90% CL Live-time: 450 kton - year
Phys. Rev. D 102, 112011 (2020)

2022/05/12 Nucleon Decay Searches at SK, Linyan WAN, Boston University 7




p » VK Search

Super-Kamiokande IV
Benchmark mode 2 A
O wall: 1165.1 om

Evis: 53.2 MeV
Au=like, p = 231.0 MeV/io
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p » VK Search

1.1 Prompt gamma tagging

T 17—
@ H From Proton decay MC
= From _ E
5 K+ e Michel 3
5 NI deca E
£ decay y electron 3
Z 10 Eff=9%
5
0 0 200 400 600
1.2 Monogenicg™ [ T I
muon from 2- s.: | le; _
body decay £t T T i
K*->ptv |
BR=65% 20 ¢
0 200 225 PP(ZI\SAOGVIC) 275 300

2. Kt > ttn® 0
BR=21% Mass ~135 MeV
Momentum ~200 MeV
Region (1) y 7T+
Region (2)

+| Low Cherenkov light
yield opposite to °
direction

feaen@ - Decay to a muon which
then decays to produce
Eff=9% an electron ring

SK PMT array surface

Y2

Region (1)

Exposure: 349 kton - year
vK*:8.0 x 1033 years @90% CL
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p - utK° Search

With higher branching o S ] aof-Signal MC | g1 o
ratio than e*m® for some 2 o o gieme |
SUSY SO(10) models: : |1 g% Preliminary
5 Rreliminary; s |
s 40T ] — F10r .
Y |
= 20_— —_ = 5__ ]
3.6 x 1033 years " L‘S iy, ¥ -
0 00 """" R 1 T !
@90/0 CL KO |r33:r|:r(:‘t]mg‘:‘.os (:ﬂo:\fflo;)o ’ _ngr?exsepgration (22%
K? > m~ + " (BR: 70%)| <
it .p <.Kso KJ - m° + 7° (BR: 30%)
- <
K? - nt + 1" + v, (BR: 67%)
‘+_.'(‘)’<‘ KP - 7%+ 7%+ 70 (BR: 20%) | <
# P oKL K - m* 4+~ +n° (BR: 13%)
Topology + Kinematics Exposure: 370 kton - year
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p — 3-lepton

N mB I osK

Predicted in a higher petere
dimension (d = 10) p—Ltere
model with AB = AL: o p-erer
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No result in IMB
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PHYSICAL REVIEW D 101, 052011 (2020)

2022/05/12 Nucleon Decay Searches at SK, Linyan WAN, Boston University 11



Di-Nucleon — 2-lepton

Frejus IMB SK (0.36 Mton yrs, preliminary)

* Signature: 2 back-to-back
lepton signals ppoe i
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e Cuts on reconstructed total
mass, momentum, and PID
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Event display of a MC event
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arxiv:1811.12430
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http://arxiv.org/abs/arXiv:1811.12430

Di-Nucleon — 2-lepton

« Signature: 2 back-to-back
lepton signals

e Cuts on reconstructed total
mass, momentum, and PID

* 4 modes violate (B — L)
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Frejus IMB SK (0.36 Mton yrs, preliminary)
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Baryon Number Violation

- Baryon Asymmetry — —
- Expect baryon number — —
violation: AB # 0 D —
/-~ -
nuq@o -

- Sphaleron washes out baryon 2 on dec
asymmetry from processes n .- ay
conserving (B — L) n 0 SCi//

« Haty
O

* A(B — L) #+ 0 processes are - h

candidates for post-sphaleron o

baryogenesis -
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n - n Oscillation

AB =2,AL =0
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Searchforn-n

Signal v.s. Background
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number of decay-e

Multi-variate analysis (MVA)
with inputs quantifying:

* Number of rings (2)
« Kinematics (3)
* |sotropy (4)

PID (3)

Phys. Rev. D 103, 012008 (2021)
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Reaching the range of
theoretical prediction

0.07f
0.06f
0.05f
0.04f
0.03}

02F
o1f

Probability

n — n Oscillation

SK-I

Tnon Scaled by /1/R Ty (1052 years) R (10%/s) uoyn(10° s)
|160 SK-I-IV (this study) 3.6 0.517 4.7 |
190 SK-I [8] (2015) 1.9 0.517 3.4
0 Kamiokande [11] (1986) 0.4 0.517 1.6
’H SNO [9] (2017) 0.1 0.25 1.4
6Fe Soudan IT [10] (2002) 0.7 14 1.3
56 Fe Frejus [38] (1990) 0.7 1.4 12
90 IMB [12] (1984) 0.2 0.517 15
Free neutron Grenoble (7] (1994) - - 0.9

0IOO-.

SK-I-IV

2022/05/12

10.

100
T, -/(10°sec)

Green from PSB model
K.S. Babu, et al, PRD 87 115019 (2013)
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UPER
Future Improvements S

Keys to baryon number violation searches:

EXposure!

Next generation experiments:

HyperkK, , DUNE,...

2022/05/12 Nucleon Decay Searches at SK, Linyan WAN, Boston University



BNV Searches + Future

Soudan Frejus

Super-K (2022)

p—ea’ ¢ 0 o :
. minimal SU(5) minimal SUSY SU(5)
— e :
gredicgong Lo SI""-5:I
SUSY SO(10) :
non-SUSY §0(10) Gz 00 SO10);
" 20 yrs
p— eiis ¢  oaaaa—y DUNE HyperK
j S
p;_’[:pKo P ; g 40 kton 190 kton
p—UKT| # ¢ O ee— :
minimal SUSY SU(5) i :
D — Kt non-minimal SUSY SU(5) .
rediction .
precictions SUSY SO(10) :
[ | 1 IIIIIII32 1 1 IIIIIII 1 IIIIII34 1 EI 1 111
35
10 10 10 10
/B (years)
n-n I = _

n — n predictions

2022/05/12
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PSB SU(2),xSU(2),xSU(4),
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Future Improvements

~

Keys to baryon number violation searches:
e EXposure

* Next generation: HyperK, THEIA, DUNE,...

* SK data taking continues...

2022/05/12 Nucleon Decay Searches at SK, Linyan WAN, Boston University
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SK Goes On...

PMT P*» " Electronics

io. _Reti.. Upgrade

1996~ | 2001~ 2200006; 2009~ ~ rnow :
2001} 2005 g | 2018 12020 =y
SK 1 SK 11 n SK IV SK | SK =
vV | vl
ff: 25% 509 90%

Now!
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UPER
Future Improvements S

Keys to baryon number violation searches:
e EXposure
* Next generation: HyperK, THEIA, DUNE,...
* SK data taking continues...
« Efficiency
 Current efficiency < 10% in modes involving K and
n — n oscillation, space for improvement
 Calling for higher efficiency reconstruction and
enhanced background rejection

2022/05/12 Nucleon Decay Searches at SK, Linyan WAN, Boston University
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"N\\UPER
Expanding Fiducial Volume a

Typical proton decay search cuts: or
« fully contained 8 Ao
ST i ¥
« fiducial volume P R A e
- . (] 5 T A
 kinematics < : sk
. PI D E OE_ + - t . --- I\c’I:::::fﬁ.;.-lnliil2::1::Iﬂl:;e.-gion
T T e
= 0.14F = 4L @ _Addtional Reglon ___
‘\:9- E —— 200 cm<dwall : - fql:llﬁ]_Gg:\fsé?g p”:lr? !
E‘;‘, 0'12:_ Fitted Peak, Sigma 6 C “”“]-‘_1 L PPing
§§ 0.1 :_ 933 MeV/c*, 27.6 MeV/c
?g 0.08 :_ .......... 50<dwall<100 cm E T 7
ER b g et | 22.5 kiloton — 27.2 kiloton
>= 0.06 e ! .
“E F | 20% Increase
© 35 0.04 HEP
8< 0.02] =
700 800 900 1000 1100 Phys. Rev. D 102, 112011 (2020)

Reconstructed Total Mass [MeWcz]
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SK-Gd & Future PID tools

Typical proton decay search cuts:

 fully contained
* fiducial volume

1200
1000 [

and atm. nu MC

 Kinematics :
e PID 800 K Good agreement
600 _ ' between data (points)

Proton reconstruction
Multi-ring PID

2022/05/12

400 P ]
200 F [ -j
— ]

n . i i | i — % 1 A o EEET e -
0 2 & 6 8 10

Neutron multiplicity

o Background rejection for atmospheric

neutrino events w/ neutrons

Nucleon Decay Searches at SK, Linyan WAN, Boston University
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Summary

g modes searched and updated at SK
No observa;_on yet and strong constralnts

. New reconstruction tool

. Expanded fiducial v‘olume oo

/65, Otfice of ¥
4 Science

S. DEPARTMENT OF ENERGY




SK-Gd Project

Large cross section for thermal
neutron — higher neutron capture
efficiency (25% — 90%)

Shorter lifetime — Further
discrimination between bkg and
correlated e + y's signal.

Refurbishment finished in 2018
Expected Gd loading: 2020

100[%] 0.2% Gd,(SO,),
(~100t for SK)
gives 90% neutron
capture

Gd capture eff.

80

60

0.02%
planned for
2020, 50% n-
capture

40

20

0
0 0.002 0.02 0.2

Gadolinium sulfate concentration[%]

n+Gd—->Gd+vy's

- Neutron Capture O Gd Capture 7~ 30 us E, ~ 8.0 MeV
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