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O Why search for proton decay?

* Grand unified theories (GUTs) are motivated by charge quantization and
unification of strong, weak, and electromagnetic interaction

« Unification at the energy order of 101°-10° GeV is beyond the current
achievement of accelerators

» A direct transition between quarks and leptons predicted in GUTs is a

unique way for the proof
O Examples of Proton decay channel
* Proton decay results from Super-Kamiokande (SK) in recent 10 years

Channels p-It+m® p — 3 charged leptons p—1"+meson p-pt+K°
Phys. Rev. D 102, 112011 (2020)  Phys. Rev. D 101, 052011 (2020) (n; po; (1)) Phys. Rev. D 106, 072003 (2022)
Lifetime ~1034 years ~103% years 1032~103* years  ~1033 years
Model Non-SUSY GUTs Non-SUSY GUTs + Non-SUSY GUTs SUSY GUTs
lepton flavor symmetries Phys. Rev. D 96, 012003 (2017)
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.102.112011
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.106.072003
https://www-sk.icrr.u-tokyo.ac.jp/sk/_pdf/articles/PhysRevD.96.012003.pdf
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.101.052011

O Target proton decay

+ +
*p—oe” +X,p—> U +X Xisanunknown massless neutral particle and cannot be detected

* New physics scenarios with light invisible particles
Phys. Rev. D 110, L031701 (2024)

X is allowed as anything with limited spin
O Previous results phys. Rev. Lett. 115, 121803 (2015)

*Analyzed by SK collaboration with exposure: 273 kton - years
Data set collected in 1996-2012,

- Lower lifetime limit of p » et + X: 7.9 x 1032 years

«Lower lifetime limit of p = pu* + X: 4.1 x 1032 years
O About this study
*Building upon previous results with its SK I-1ll phase data and MCs, extends

SK I-V is referred as

the analysis to include additional exposure from SK V-V iotal pure water phase
* Total exposure: 401 kton - years

» Complete systematic errors included


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.121803
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.110.L031701

More details:
doi:10.1142/9789
819801107 0008

O Location: 1000m underground in the Kamioka-mine, Japan
O Water-based detector (filled with 50 kton pure water)

» Water is the proton source for searches

* Inner detector (ID): ~11000 20-inch PMTs :
Only half ID in SK Il due to the accident 3 .,_34;1?5 .
- Outer detector (OD): 1885 8-inch PMTs P W e
o g =P
Total pure water phase in this study
)
- : Date oJe s -
0 ¥ C\i]
SK | 1996-2001 91.74 R
SK || 2002-2005 49.19 Aldim 2
SK I 2006-2008 3191
SK IV 2008-2018 199.86 0
SKV 2019-2020 28.40 Gadonmiom (ad) cesoling n the water since 2020 -



https://www.worldscientific.com/doi/epdf/10.1142/9789819801107_0008
https://www.worldscientific.com/doi/epdf/10.1142/9789819801107_0008

O Emission of Cherenkov light

» Cherenkov light emitted by the interacted charged particle in the tank
and is reconstructed as a ring of hit PMTs lined on the tank wall

» The energy, direction, interaction point, and type of the charged
particles are determined by the information obtained from the PMTs

v Energy: reconstructed by observed number
of Cherenkov photons, counts of Cherenkov

photons o« momentum of the particle Cherenkov light

v Direction: determined by the cone shape of ;reolr:::nd: Y
Cherenkov light o<
Charged
v Interaction point: determined by the photon particle
arrival time information in water
Photosensors

v Number of charged particles: counts of
Cherenkov rings
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*Good particle identification (PID) performance

v'Shower ring (e%,y) and non-shower ring (p*, nt) of e <15 menanes
can be identified by Cherenkov ring pattern =t e-like  zp-like;
v'Low mis-PID rate (~1% @ 1GeV for single ring) :
*Good momentum resolution performance :

(~3% @ 1GeV for single ring)

Atmospheric v Data/MC
Single ring Event

% -a'-sﬁ 2 0 2 -
Plot from proton decay talk PID Likelihood



https://indico.cern.ch/event/818781/contributions/3668031/attachments/1964245/3266410/PDK.NuPhys2019.v4.pdf
https://indico.cern.ch/event/818781/contributions/3668031/attachments/1964245/3266410/PDK.NuPhys2019.v4.pdf
https://www.worldscientific.com/doi/epdf/10.1142/9789819801107_0008

1. Fully Contained (FC), Fiducial Volume (FV) event
2. Single ring Sub-GeV (E,isiple < 1330 MeV) event
3. Ring should be e-like for eX mode or p-like for pX mode
4. No Michel electron for e-like event, 1 for p-like event
SK ID Volume
5. Reconstructed Momentum cuts:
100 < e-like event < 1000 MeV/c
200 < p-like event < 1000 MeV/c
SK
By applying the event selections, around 2ml Fiducial Volume |2m
80% background and collected data for I 22.5 kton |
p—et+X and p - pt + X searches are |  purewater

subtracted in the FV region
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Signal Efficiency [%] poe+X popt+X

SK | 92.7 + 0.4 77.2 £ 0.7

SK Il 95.14 0.3 77.7 £ 0.7

SK Il 94.4 + 0.4 80.3 + 0.6

SK IV 95.5 + 0.1 95.6 + 0.1

SK V 94.9 4 0.1 /95.2 + 0.1
/

Upgrade of electronics before SK IV phase improves
the Michel electron detection

2025/08/28 Lepton Photon 2025
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Atmospheric Neutrino Background

O The main background for proton decay searches
«Eventual production of cosmic rays interacting with the air molecule

Proc. Japan Acad. B

«Neutrino interactions at SK; N N original and the outgoing nucleons 1o
I: outgoing charged lepton or neutrino
v'CC/NC quasi-elastic (QE) scattering: v+ N —» 1+ N’
v'CC/NC single-meson production: v+ N — 1 + N’ + meson
v'CC/NC coherent-pion production: v + 10 - 1+ 160 4 n+°

v'CC/NC deep inelastic scattering (DIS): v+ N —» 1+ N’ + hadrons

SK V4V Atm. v NC j-like
[ coce 8223+ 0.19%)

Wl cc singe = (13.32 £ 0.08%)
Il c single = (2.13 + 0.03%)
[ i = (1 86 £ 0.09%)

[ cther (0.45 + 0.02%)

p-opt+X

SKIVV Atm. v MC e-liks.
W coae (228 + 0.22%)

W ccsinge (1012 £ 0.08%)
nc singe = (533 + 0.06%)
oz (132 £ 0.03%)

[ other (0.85 + 0.03%)

p-oet+X

*Dominant remaining
background: CCQE

*CCQE systematic error is

Number of events
Number of events

expected to be significant

2025/08/28 ‘PDO 200 300 400 500 600 700 800 900 1000 gﬂﬂ 300 400 500 600 70O 8OO 900 1000

_ Reconstructed momentum of e-like ring [MeV/c] ‘ Reconstructed momentum of p-like ring [MeV/c]



O Source of protons comes from H,0

«2 free protons from hydrogen: (initial mass of 938.27 MeV/c? and 0 momentum)
Simple 2-body decay, daughter particles take ~m, /2 of energy

*8 bound protons from oxygen:

Kinematics of Fermi momentum, binding energy, and correlated decay

3000

«» 3000 %)
< N < i
o + 5K IV+V Data o H 4+ SK IV+V Data
[ F 2 L
5 2500~ + SK IV+V Signal MC 5 2500~ + SK IV+V Signal MC
5 N + 8K IV+V Atm, v MC 5 N + 5K IV4+V Atm. v MC
K] e) L
2000f— + 2000f +
5 p—oe”+X | 5% p-ouT+X
[ =z N
1500f Data 1500f Data
: Signal MC : Signal MC
1000l Atm. v MC 1000l Atm. v MC
500F s00f
L ] I wlvvialei L N N R T R R
700 200 300 400 500 600 700 800 900 1000 %0 300 400 500 600 700 800 900 1000
Reconstructed momentum of e-like ring [MeV/c] Reconstructed momentum of p-like ring [MeV/c]

MCs are normalized by data area

Spectral fit is applied by taking into account
the shape different between MCs n Photon 2025



x =2 anms( NEXP 4 Nobs lln Lo — 1]) + ZNsyserr <e])2

0j
exp _ [ kag + BNSlg] (1 + 2 Ngyserr f] Z]])

v NPPS, N8 N2, NS*P are the numbers of observed data (“fake data”
for sensitivity calculation) , signal MC, background MC and total MC
(signal and background) in each reconstructed momentum bin i.

v’ jlabels systematic errors, while fl’ c;, € correspond to the fractional

change, the 1o error uncertainty and the fit error parameter.

v a and B are fitting parameters and y? minimization is carried out

over each (a, 3) point according to axz/ae,- =0
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Without systematic uncertainties

With all systematic uncertainties

Neutrino flux

Neutrino oscillation
CCQE scattering

Neutrino interaction Single 1t production
DIS scattering

Final State Interaction (FSI)

Detector and reconstruction
(FCFV, ring, PID, Michel electron, etc.)

Physical model for proton decay
(Fermi momentum and correlated decay)

p—oet+X
1.02
0.92
0.99
1.02
0.96
1.00
1.02
0.97
1.00

1.00

SK IV phase

p-ut+X
1.01
0.93
1.01
1.01
0.94
1.00
1.01
1.00
0.99

1.00

The sensitivity is greatly affected by the uncertainty of CCQE model,
which is the main background interaction for p » et + Xand p - p* + X



O Lifetime limit

(7)) _
‘T 1600 SK |-V (6511.28 days) 0
m B L] L}
> - - SKI-V data @ 90% C.L. (t90)
= 1400} /) p—e*+X (@90% C.L.) o = 2 AiX€iXNproton
o - — Atm. v MC (best fit, o = 1) 90 Ngo
o 1200~ PR ; A: exposure (kton-year), e: Signal eff
= - No significant excess of signal | A exposure (kton-year), e: Signal eff.
2 1000__ events are observed at best fit Ngg : # of proton decay counts @ 90% C.L.
Nproton: Proton numbers in the tank
800l (3.34 x 103?kton™1)
. *TgoOf p o €™ + X:
600— 33
. 1.72 X 10°° years
F (Ngo = 73)
200
: *Lifetime limit is doubly

_||||I||||I||||I||||I||||I||||I||||I||||I|||| H 1
00600300400 500 600 00 "800 600 "jooo Improved by comparing

Reconstructed momentum of e-like ring [MeV/c]  to the previous result

33
2025/08/28 Lepton Photon 2025 (0.79 X 10 years)
R R R R R ——



%) - SK IV (©511.28 dare O Lifetime limit
c B - . ays o
) - L.
2 1200 ~ SK |-V data @ 90% C.L. (t9)
S 4‘# U] pou+X (@90% C.L.) eTon = 2i AiX€iXNproton
g 1000-_ _L — Atm. v MC (best fit, o = 1) 90 Ngo
c [ No significant excess of signal c T Of D = Ut + X
= - events are observed at best fit 90 OTp = 1" +
Z 800 —4 33
- 0.61 X 10°° years
i +
600~ e (Ngo = 190)
- —$—
400__ e Lifetime limit is 50%
i improved by comparing
200l to the previous result
i (0.41 x 1033 years)
_I L1l I 1111 I 1111 I L1 11 I L1 11 I L1111 I L1 11 I 1111
S0 300 400 500 600 700 800 900 1000
Reconstructed momentum of muon-like ring [MeV/c]
2025/08/28 Lepton Photon 2025



» Super-Kamiokande devotes it energies to search for proton decay
and has set most stringent limits on plenty channels

*The search for p » e* + X and p - p* + X are updated with the SK
total pure water phase (273kton - years to 401kton - years )

Lower lifetime limit:
*No significant signal events beyond the expected ATM. v BG
eventsforp - e* + Xandp - pt + X

*New stringent lifetime limits, 1.72 x 1033 years (p —» e* + X) and
0.61 x 1033 years (p — p* + X), are set with a factor about 2
and 1.5 improvement, respectively

*More overview and prospect decay channels in link SK and keeping
an eye on the SK-Gd phase and future Hyper-Kamiokande

2025/08/28 Lepton Photon 2025
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https://zenodo.org/records/10493165

1
BACKUP SLIDES
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O Extension of the Standard Model
*Strong, weak and electromagnetic forces are unified

*Leptons are able to interact with quarks

= Baryon number violation is allowed

= Proton decay is predicted v De ‘
O Minimal SU(5) P > """""""" < a

* The simplest GUT model 3 d] 7°
*SU(5) group contains SU(3), SU(2) and U(1) gauge groups

.p - et + Y is predicted

* The minimal SU(5) model is ruled out by the experiment results

2025/08/28 Lepton Photon 2025



O SO(10)
*SU(3)xSU(2)xU(1) is included
Intermediate symmetries such as SU(5)xU(1) in its breaking
process to SM
‘Predictp et +n, p->pt+n’,p-o>v+ntandp - p* +K°
O Supersymmetric GUTs
* Supersymmetry (SUSY) framework is added to GUTs

 Contributions from the SUSY make the energy scale of the GUTs
higher and extend the lifetime of proton decay

|

*p - vV + K" is predicted A A
T "ﬁ, W

K+

2025/08/28 Lepton Photon 2025



Decay channel Lifetime limit (years) Reference

p— et +n° 2 4 % 1034 Phys. Rev. D 102, 112011 (2020)
p— |J_+ + T[O 1.6 X 1034 Phys. Rev. D 102, 112011 (2020)
p— 7+ KTt 8.2 x 1033 Phys. Rev. D 90, 072005 (2014)
p—o v+t 3.9 x 1032 Phys. Rev. Lett. 115, 121802 (2014)
p-upt+ KO 3.6 X 1033 Phys. Rev. D 106, 072003 (2022)
p - et +et + e 3.4 x 1034 Phys. Rev. D 101, 052011 (2020)
p — I-l+ + et +e” 2.3 x 1034 Phys. Rev. D 101, 052011 (2020)
p—u + et + et 1.9 x 1034 Phys. Rev. D 101, 052011 (2020)
p - et + ll+ + - 92 x 1033 Phys. Rev. D 101, 052011 (2020)
p—oe +pt+pt 1.1 % 1034 Phys. Rev. D 101, 052011 (2020)
pout+pt+p” 1.0 x 1034 Phys. Rev. D 101, 052011 (2020)




summay of nucleon decay

Decay channel Lifetime limit (years) Reference
p—et+n 1.0 x 1034 Phys. Rev. D 96, 012003 (2017)
p—put+1 4.7 x 1033 Phys. Rev. D 96, 012003 (2017)
p—et+p° 72 % 1032 Phys. Rev. D 96, 012003 (2017)

p - ut + p° 5.7 x 1032 Phys. Rev. D 96, 012003 (2017)
poet+w 1.6 x 1033 Phys. Rev. D 96, 012003 (2017)
p— |1+ + 2.8 X 1033 Phys. Rev. D 96, 012003 (2017)

p-oet+v+v 1.7 % 1032 Phys. Rev. Lett. 117, 101801 (2014)

p-out+v+v 22 % 1032 Phys. Rev. Lett. 117, 101801 (2014)

p - et + KO 1.3 X 1033 Phys. Rev. D 72, 052007 (2005)

p — et + X 7.9 x 1032 Phys. Rev. Lett. 115, 121803 (2015)
p-ut+X 4.1 x 1032 Phys. Rev. Lett. 115, 121803 (2015)



https://zenodo.org/records/10493165
https://zenodo.org/records/10493165

Systematics Performance of p —» et + X

O Individual impact of systematics on the sensitivity

0.9

¥ r_]
(. | ]
M
I |
X |
N
RE
1 |
0 |
I |
t |
| I
0 |
H x _H
_ - |
_ x _H
¥ |
| |
) ]
i =
0 ]
) |
¥ -
{ |
.m+ I
el i) ]
o4 m_ ]
) 8l
=5 21
£l gl 7
S =
.I___n_o___n_D___.,__.___M/_n.____._l__ ___9_.___|
Hmhmmﬂ ._,l._b__,._h_wcmw °

{umogidnleEas AGseug
(minjosgelaeas Abiaug
Bubbel a-jayapy
UDIEDIUEamM BILed —
Bununoa Buiy

awnap [Bonpiy
UQEUELDD A-UDN
uonanpal o —
QUES DTVIM

185 Uiy 154

“las Xy 154

Ayzidinus uoJpey S10
ABDZ = M uLou b 5ig
A8DE = (e b sig
Aeoz = e b sig
APBZ <M b S0
SIUBIBYIP [BPOW S0
“WLCU LIDIES 550J02 510

Detector

UDI8S §50J0 uogINpoad ¥ uslayen

N.___ uelanposd vosew a)buig Smm—

qu uelanposd vosew a)buig

el uononpoud uosaw a)bug

onel &/ uenenposd vosew abuig
onel 2 /2 uoponposd vosew ajbuig
Buualieas vosgpnu mnyy

ones a8 3000

onel &0 000

[ASE) WNW) "WIOU UBI28S S50 3000
(A9 OQNS) "WUOU UDN28S $5042 J000
adeys uoNoes S5042 3000

W I000

n_¢u: 5

m_m_u: 5

Zv Wy

Joapa eew

yibus| yed ouunay
Aynioe rejog

OIE) [BHUE A/ BILOZUOH
onEl umagsan

i1 TN

Oscillation

(neool <3 oges "as

(ABD0L > T = pon|) ones "a s
N8| >3} ones "a"s

(neool < 3)oges e

(AeD0lL =3 = aen |} ones "a
iAe5| = 3} ones "a M

(ABEI0L < ) one Cat® al a0
{A9D01 = 3 = poDL) ones Cas® alat")
(no9 = 3) ones (Ca® ")
{Ae9l = 3) wuou xniy

{A8D1 > 3] "wuou xniJ

ABDBP PEIEEUDY
asualayp [spow _E.au_ul

Signal

22/16

2025/08/28 Atmospheric Neutrino Flux Lepton Photon 2025 Neutrino Interaction Model



O Individual impact of systematics on the sensitivity

without systematic
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Error sources are identical with
the atmospheric neutrino
oscillation analysis,

Phys. Rev. D 109, 072014 (2024).

Details can be checked here

Systematic errors 1o
Solar activity  SK1 0.2
SKI 0.5
SK I 0.2
SK IV 0.07
SKV 0.2
Systematic errors 1o
Matter effect 0.068
sin?(0,3) 0.0007
sin?(0;,) 0.013
2025/08/28 Am2 18 % 10-6

Systematic errors 1o

Flux normalization E, < 1GeV 0.25

E, > 1GeV 0.15

(vu +7) E, < 1GeV 0.02

(ve +7e) 1<E, <10GeV  0.03

E, > 10GeV 0.05

Ve E, < 1GeV 0.05

Ve 1<E, <10GeV  0.05

E, > 10GeV 0.08

Yu E, < 1GeV 0.02

Vi 1<E,<10GeV  0.06

E, > 10GeV 0.06

up/down ratio 0.01

horizontal/vertical ratio 0.01
K /m ratio 0.1
Neutrino path length 0.1

1oton 2025

s 221 Lo X U


https://journals.aps.org/prd/pdf/10.1103/PhysRevD.109.072014
https://www-sk.icrr.u-tokyo.ac.jp/sk/_pdf/articles/2023/twester_thesis_2023_embedded.pdf

Error sources are identical with Systematic errors 10

the atmospheric neutrino CCQE cross section 0.1
oscillation analysis, cross section (sub-GeV) 0.1
Phys. Rev. D 109, 072014 (2024). cross section (multi-GeV) 0.1
Details can be checked here v/v 0.1
Systematic errors 10 Vu/Ve 0.1

Coherent m production 1 DIS model difference 0.1

NC/CC ratio 0.2 cross section 0.1

Hadron simulation 0.1 Q?(high W) 0.1

FSI parameter 1 0.1 Q*(low W) 0.1

FSI parameter 2 0.1 Q*(vector) 0.1

Axial mass 0.1 Q?(axial) 0.1

Meson charge current 0.1 Hadron multiplicity 0.1

Single /T 0.4

production 3 /v 0.1

Systematic errors 1o Axial coupling 0.1

Fermi model 0.1 CA5 0.1

 pE— Correlated decay 1 background 0.1


https://journals.aps.org/prd/pdf/10.1103/PhysRevD.109.072014
https://www-sk.icrr.u-tokyo.ac.jp/sk/_pdf/articles/2023/twester_thesis_2023_embedded.pdf

10 uncertainty of FC reduction Non-v background Ring separation PID 1 ring
Systematic error

SK | 0.002 0.01 0.1 0.01
SKII 0.002 0.01 0.1 0.01
SK I 0.008 0.01 0.1 0.01
SK IV 0.017 0.01 0.1 0.01
SKV 0.017 0.01 0.1 0.01
13(;/ :tr:r:‘:eglaér:yr :rf Energy calibration Ener(%/c;a:w:;\tion Michel-e tagging Fiducial volume
SK | 0.033 0.006 0.1 0.02
SKI 0.02 0.011 0.1 0.02
SK I 0.024 0.006 0.1 0.02
SK IV 0.021 0.005 0.1 0.02
SKV 0.018 0.0069 0.1 0.02

-
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