
Proton Decay 
Hide-Kazu TANAKA


(Kamioka Obs., ICRR, University of Tokyo)


II EU Workshop on Water Cherenkov Experiments for 
Precision Physics (WCD-2025), September 17-19, 2025



Proton decay?
• Proton decays: baryon number B and 

lepton number L are not conserved 
• ex. p→e+π0 


• In the Standard Model, baryon number B 
and lepton number L are conserved


• ➜ Observation of proton decay clear 
evidence of beyond the SM 

• Proton decay requires a conversion of 
quark to lepton


• →Unification of quarks and leptons: 
justifies equality of electric charge 
between proton and electron


• Grand Unified Theory (GUT): unification of 
forces and particles (at 1015-16 GeV): 
baryon number is necessarily violated  
→ proton decay
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Figure 114.1: Running couplings in SM and MSSM using two-loop RG evolution.
The SUSY threshold at 2 TeV is clearly visible on the MSSM side. (We thank Ben
Allanach for providing the plots created using SOFTSUSY [62].)
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Proton decay rate

• GUT models predict interactions through new super-heavy 
gauge bosons, X, which can mediate proton decay

• Proton lifetime prediction depends on the choice of MX, α 
and other parameters, operators — model dependence

• ex. unification at MX ~1014, α~1/40 → τ~1030

• Search for proton decay constrain those parameters (even 
if non-observation)

• In GUTs, protons dominantly decay into e+π0  (in non-SUSY 
theories) or νK̅+  (in SUSY theories)

3

Proton decay

Tommy Ohlsson1, 2, →

1Department of Physics, School of Engineering Sciences,
KTH Royal Institute of Technology, Roslagstullsbacken 21, SE–106 91 Stockholm, Sweden

2The Oskar Klein Centre for Cosmoparticle Physics, AlbaNova University Center,
Roslagstullsbacken 21, SE–106 91 Stockholm, Sweden

Proton decay is a hypothetical form of particle decay in which protons are assumed to decay into
lighter particles. This form of decay has yet to be detected. In this contribution to the proceedings
of Neutrino 2022, we review the current status of proton decay, covering both experimental results
and theoretical models, including their predictions.

I. INTRODUCTION

We review the present status of hypothetic proton de-
cay. We discuss both past and future experimental e!orts
as well as theoretical development. Especially, we con-
sider proton decay in so-called grand unified theories.

This work is organized as follows. First, in Sec. II,
we will address the question: What is proton decay? In
Sec. III, an estimate of decay in general will be given.
Then, in Sec. IV, the history of proton decay, includ-
ing results by experiments, will be discussed. Next, in
Sec. V, proton decay in theory (in so-called basic GUTs)
will be described and estimates of proton lifetime will
be presented. In Sec. VI, we will shortly study proton
decay in non-SUSY GUTs [e.g. SU(5) and SO(10)]. In
addition, in Sec. VII, we will review SU(5) and SO(10)
models that have been developed in the literature in the
last five years. In Sec. VIII, the most promising future
experiments will be mentioned. Finally, in Sec. IX, a
personal summary and outlook will be presented.

II. WHAT IS PROTON DECAY?

In particle physics, proton decay is a hypothetical form
of particle decay in which protons decay into lighter sub-
atomic particles. Examples of potential proton decay
channels are:

• p → e
++ω

0, p → µ
++ω

0 (canonical examples)

• p → ε +ω
+, p → µ

+ +K
0, p → ε +K

+, . . .

On the other hand, positron emission (or ϑ+ decay) p →
n + e

+ + εe and electron capture p + e
↑ → n + εe are

not examples of proton decay, since the protons in these
processes interact with other subatomic particles inside
nuclei or atoms.

→ tohlsson@kth.se

FIG. 1. Decay of A into B and C through exchange of X

III. ESTIMATE OF DECAY

First, we discuss how to calculate the lifetime of a de-
caying particle A in the decay A → B +C in theory, see
Fig. 1. Assuming MX ↑ mA, where MX and mA are the
masses of an exchange particle X and the initial decaying
particle A, respectively, the Feynman amplitude for the
decay can be approximated by an e!ective four-fermion
interaction, namely

↓BC|A↔ ↗ g · 1

M
2
X

· g =
g
2

M
2
X

↘ ϖ

M
2
X

, ϖ ≃ g
2

4ω
, (1)

where g is the coupling constant of the interaction. Now,
a rough estimate of the total decay width is

”(A → BC) ↗ |↓BC|A↔|2m5
A

↘ ϖ
2

M
4
X

m
5
A
. (2)

Thus, on dimensional grounds, the lifetime of the decay-
ing particle A is given by

ϱA ≃ 1

”(A → BC)
↘ M

4
X

ϖ2m5
A

. (3)

IV. HISTORY OF PROTON DECAY

Second, we discuss how to measure proton decay in
experiments. For example, the potential decay channel
p → e

+ + ω
0 could be searched for in the following pro-

cess:

p ⇐→ e
++ ω

0

ς→ φ + φ.
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Theoretical predictions

• Numerous and various models continue to be proposed
• Proton lifetime predictions are uncertain by 2-3 or more 

orders of magnitude
• Predictions of τ/B ~ 1030 ~ 1037+ years
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In short, well-motivated non-SUSY and SUSY GUTs generically predict rates of BNV
processes that can be probed by next-generation experiments if not already ruled out by the
current experimental data. A sketch of theoretical predictions for selected models and
experimental reach of upcoming detectors are depicted in figure 2 for non-SUSY and SUSY
GUTs. Furthermore, nucleon decay predictions for a wide range of models are summarized in
table 2. For details on theoretical assumptions associated with each model’s predictions, the
readers are referred to the original literature.

As a cautionary remark, it is worth noting that none of the predictions in figure 2 or in
table 2 is actually sharp; one typically encounters ranges stretching over several orders of
magnitude. This has to do with a number of theoretical uncertainties affecting the precision of
the calculations at various levels of significance. These can be loosely divided into three main
classes corresponding to different ways the quantitative estimates based on diagrams in
figure 1 are influenced: (i) uncertainties in the determination of the masses of the relevant
leptoquark fields (i.e. the GUT scale), (ii) uncertainties in the couplings (gauge, Yukawa)
governing the GUT-scale dynamics and (iii) uncertainties in the relevant hadronic or nuclear
matrix elements. As for the first class, the most prominent of these effects are the uncertainties
related to the generally unknown shape of the GUT-scale spectrum of the models at stakes, to
the proximity of the GUT and the Planck scales enhancing the uncontrolled corrections from
higher-dimensional operators (for instance those due to gravity effects) [244–246] and to the
limited precision attainable in the perturbative accounts (see e.g. [173]), all inflicting
uncertainties in the GUT-scale matching conditions. The second class corresponds to the

Figure 2. Theoretical predictions of proton lifetime for representative GUT models are
presented (for the underlying assumptions, see text). (c here represents the coefficient
of a Planck suppressed dimension-5 operator, for details, see [110].) Current Super-K
data rule out the gray shaded regions. Future projections/sensitives from JUNO,
DUNE, THEIA, and Hyper-K are also specified in the diagram (see section 3 for
details). For these proton decay modes, the current and the future sensitivities (after
10 years of operation) are summarized in table 1. Future sensitivities after 20 years of
operation are also presented, which are simply estimated as twice the sensitivities of
10 years of operation.

J. Phys. G: Nucl. Part. Phys. 51 (2024) 033001 Topical Review
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p→e+π0

p→νK̅+



Search for proton decay
• A large detector is fundamentally 

important for proton decay search, 
which contains a huge number of 
protons as a detector medium

• A detector with a small number of 
protons take 10~30 years to observe 
one proton decay

• Super-Kamiokande, the current 
largest proton decay experiment, 
sets the most stringent limit on the 
proton lifetime, ex. p→e+π0, 
p→νK̅+

• Super-K has ~1034 protons in the 
detector (water)
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Second Generation Proton Decay Detector: Super-Kamiokande

circa 1992 (proposal)

atmospheric neutrino anomaly
solar neutrino puzzle
galactic supernova

and motivation for proton decay
still quite strong 

Tracking 
calorimeters

Water 
Cherenkov

detectors

3.3 kton

1.0 kton

900 ton (Iron)

974 ton (total)

50 kton

Original figure by E. Kearns



Super-Kamiokande
• 42m (H) x 39m (D) large water 

Cherenkov detector filled with 
50 kton ultra-pure water

• Fiducial mass 27.2 kton
• (conventional 22.5 kton)
• ~1034 protons in Super-K

• Hydrogen (free proton) ~1033

• Data taking from 1996 and on-
going now

• Excellent particle identification 
(μ and e)

• Mis-PID rate <1% at ~1GeV
• Good energy resolution

• ~3% at ~1GeV
6

Super-Kamiokande



Search for p→e+π0 in Super-K
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Signal MC

• Event selection: 
•  All particles are fully contained in FV 
•  2 or 3 rings (two of them from π0) 
•  All particles are e-like, w/o Michel-e 
•  85 < Mπ0 < 185 MeV/c2 
•  800 < Mp < 1050 MeV/c2 
•  100 < Ptot < 250 or Ptot < 100MeV/c 
•  Neutron-tagging (SK-IV~) 

•  Further reduce bkg by ~50%

• Positron and π0 run back-to-back 
• Momentum 459 MeV/c


• All particles in the final state are 
visible with Super-K 

• Able to reconstruct proton 
mass and momentum

e+

2γ (from π0)



Search for p→e+π0 in Super-K

• Signal selection efficiency: ~40%
• cf. ~80% for free proton decay
• → Inefficiency due to “nuclear effect” (see next slides)

• Expected background in signal region (SK-I~IV):
• Lower Ptot: 0.06 events  ←free proton enriched signal region
• Upper Ptot: 0.58 events

• No evidence of the proton decay with ~17y exposure
• τ/B(p→e+π0) > 2.4×1034 years at 90% C.L.

8

PHYS. REV. D 102, 112011 (2020)



Nuclear modeling of proton decay signal
• One of major causes of signal inefficiency 

is due to final state interaction (FSI) of π 
inside the parent nucleus

• ~50% of π0 are affected by interactions 

with nucleons in the parent nucleus 
(scattering, absorption, charge exchange)


• Bound proton influenced with Fermi 
motion, binding energy, correlation with 
other nucleons that also cause signal 
inefficiency


• An advantage of water Cherenkov 
detector is to have ‘free protons’ 

• cf. p→e+π0 signal selection efficiency:  
in oxygen: ~40%,  
in hydrogen: 80+% 9

• Initial position (Woods-Saxon)
• Effective mass in 16O (binding energy)
• Fermi motion – 225 MeV/c
• Correlation with other nucleons
• pion-nuclear interactions

- Charge exchange
- Elastic scattering
- Absorption

26

Nuclear Modeling of Proton Decay Signal

Trouble for decay in the nucleus
Trivial for decay of free proton in H2O

About 50% of !& are affected by
interaction inside the parent nucleus

Interaction probability of π0 in 16O 

H. Ejiri Phys. Rev. C48 (1993)

Proton Decay in 16O

Invariant proton mass 
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Background in proton decay search
• Background for proton decay search 

• Sole background: atmospheric neutrinos
• Background fraction in p→e+π0 search

• CC resonance, multi-π (DIS): ~70%
• CC QE + secondary interaction producing π: ~20%
• NC interactions: ~10%

• Neutrino interaction models have uncertainties
• ➜ Background rate prediction confirmed with 𝝼 beam data of K2K-1KT Cherenkov detector

• Reducing background
• ~60% of atm-𝝼 bkg are accompanied with 

neutrons — neutrons captured by hydrogen 
(~200μs) & emit 2.2 MeV γ-ray (p+n→d+γ)

• Dead-time free electronics in SK-IV~ allows to 
identify the 2.2MeV γ-ray, ‘neutron-tagging’
• Tagging efficiency ~25%

• ➜ Atmospheric ν bkg further reduced by 
~50% with neutron-tagging 10
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Search for p→νK̅+ in Super-K
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K+ → μ+νμ K+ → π+π0

Search Methods

 Nuclear de-exitation γ, μ, and decay e+

 Monochromatic μ from K+ decay  

Search Method

 π+ and two γ from π0 decay

    (π+ Č threshold 156MeV/c)

(K+ leptonic decay) (K+ hadronic decay)

236 MeV/c

205 MeV/c

• Final state K+ has momentum of 340 MeV/c

• Below Cherenkov threshold (560 MeV/c)


• Identify K+ by finding its decay products



Search for p→νK̅+ : K+ leptonic decay

• Proton decays in 16O → Excited nucleus (15N*) emits 
6.3 MeV γ-ray (~40% probability)

• 16O→νK̅+ 15N + γ,   K+→μ+𝝼 (BR=65%),  μ→𝝼e
• γ, μ and Michel-e from μ-decay triple coincidence 

largely reduce the background
• Signal selection efficiency ~10%

12

(A-4) the distance between the vertices of the muon and the
Michel electron is less than 200 cm,

(A-5) the TOF-subtracted timing distribution for the muon
vertex is required to have a minimum goodness-of-
fit (>0.6),

(A-6) the pattern of the single nonshowering ring is more
likely to be a muon than a proton: Lpr − Lμ < 0, Lpr,
Lμ are likelihood functions assuming a proton and a
muon, which are described later,

(A-7) gamma hits are found: 8 < Nγ < 60 for SK-I, III, and
VI, 4 < Nγ < 30 for SK-II

(A-8) the time difference from the gamma tag to the
kaon decay is consistent with the kaon lifetime:
tμ − tγ < 75 nsec,

The cut criteria (A-4) and (A-5) are applied to reject
atmospheric neutrino events with a high momentum recoil
proton (above Cherenkov threshold) accompanied by an
invisible muon or charged pion (below the Cherenkov
threshold) which produces a Michel electron in its decay
chain. Since the particle type of the single nonshowering
Cherenkov ring is assumed to be that of a muon, the vertex
accuracy is worse when the Cherenkov ring is from a recoil
proton. The inaccurate vertex determination causes incor-
rect TOF subtraction of the Cherenkov light. As a result,
recoil protons may create a false peak in the time distri-
bution of hit PMTs, which can fake a prompt gamma ray.
The event may include Michel electrons from the decay
of the invisible muon, but the distance between the
misreconstructed vertex and the Michel electron is typically
large.
The proton identification criterion (A-6) is a refinement

to the methods in our previous paper for rejecting single
proton ring events. It is used for reduction of single proton
ring events. The algorithm [31] makes a likelihood function
assuming a muon (Lμ) and a proton (Lpr) by using the
Cherenkov angle and the width of the Cherenkov ring.
Figure 5 shows the likelihood function. The upper figure is
for the sample requiring cuts (A-1) through (A-5). Data
and MC agree well. The lower figure is the same distri-
bution after applying cuts (A-7) and (A-8) additionally.
Background events are efficiently reduced by (A-6).
After cuts (A-1) through (A-6), a distribution of hits (N)

vs time after TOF subtraction (t) is made. To search for the
prompt gamma ray, three quantities of time must be
defined. The first is tμ, which represents the time associated
with the detection of the muon, or equivalently, the decay of
the kaon. The second is t0, which is the start time to search
backwards to find the prompt gamma ray hits. The third is
tγ, which is the associated time of the gamma ray detection.
PMTs outside of a 50° cone with respect to the muon
direction are masked and tμ is defined as the time where
dN=dt is maximum. The signal of the gamma ray is so tiny,
compared to the muon, that it can easily be hidden by muon
hits. To avoid this, the gamma finding is started earlier than
the muon hits. To determine t0, dN=dt is calculated from
the muon peak time into the past. Muon hits are dominant
while dN=dt is increasing; t0 is defined as the latest time
before the muon peak at which the number of hits decreases
or stays the same. Then, in the N-versus-t distribution, a
time window with 12 nsec width is slid backward from t0.
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100

101

Residual PMT Hit Time (ns)

FIG. 3 (color online). An example graphical event display of a
simulated proton decay passing all of the criteria for Method 1.
The single Cherenkov ring was produced by the muon from kaon
decay and fit with momentum 231 MeV=c. The color of the hit
PMTs represents the residual hit time after subtracting the
time-of-flight of Cherenkov light in water from the vertex to
the PMT. The hit PMTs associated with a 6 MeV prompt gamma
are colored cyan. The decay electron was detected after the
displayed event.
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Search for p→νK̅+ : K+ hadronic decay

13

π+

(backward)

Signal MC π0→γγ 

K+→π+π0: 
π+ and π0 run back-to-back 
with 205 MeV/c

• Found no evidence of p→νK̅+ 
• Lifetime limit combining all search methods: 
τ/Br > 8.2 × 1033 years [preliminary]

• at 90% C.L. with 365 kt∙years (SK-I~IV)

Signal efficiency ~10%



Results of proton decay searches, so far
• Super-K sets 

most stringent 
lifetime limits for 
benchmark decay 
modes: p→e+π0 
and p→νK̅+


• Many other decay 
modes searched 
with Super-K
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In short, well-motivated non-SUSY and SUSY GUTs generically predict rates of BNV
processes that can be probed by next-generation experiments if not already ruled out by the
current experimental data. A sketch of theoretical predictions for selected models and
experimental reach of upcoming detectors are depicted in figure 2 for non-SUSY and SUSY
GUTs. Furthermore, nucleon decay predictions for a wide range of models are summarized in
table 2. For details on theoretical assumptions associated with each model’s predictions, the
readers are referred to the original literature.

As a cautionary remark, it is worth noting that none of the predictions in figure 2 or in
table 2 is actually sharp; one typically encounters ranges stretching over several orders of
magnitude. This has to do with a number of theoretical uncertainties affecting the precision of
the calculations at various levels of significance. These can be loosely divided into three main
classes corresponding to different ways the quantitative estimates based on diagrams in
figure 1 are influenced: (i) uncertainties in the determination of the masses of the relevant
leptoquark fields (i.e. the GUT scale), (ii) uncertainties in the couplings (gauge, Yukawa)
governing the GUT-scale dynamics and (iii) uncertainties in the relevant hadronic or nuclear
matrix elements. As for the first class, the most prominent of these effects are the uncertainties
related to the generally unknown shape of the GUT-scale spectrum of the models at stakes, to
the proximity of the GUT and the Planck scales enhancing the uncontrolled corrections from
higher-dimensional operators (for instance those due to gravity effects) [244–246] and to the
limited precision attainable in the perturbative accounts (see e.g. [173]), all inflicting
uncertainties in the GUT-scale matching conditions. The second class corresponds to the

Figure 2. Theoretical predictions of proton lifetime for representative GUT models are
presented (for the underlying assumptions, see text). (c here represents the coefficient
of a Planck suppressed dimension-5 operator, for details, see [110].) Current Super-K
data rule out the gray shaded regions. Future projections/sensitives from JUNO,
DUNE, THEIA, and Hyper-K are also specified in the diagram (see section 3 for
details). For these proton decay modes, the current and the future sensitivities (after
10 years of operation) are summarized in table 1. Future sensitivities after 20 years of
operation are also presented, which are simply estimated as twice the sensitivities of
10 years of operation.
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table 2 is actually sharp; one typically encounters ranges stretching over several orders of
magnitude. This has to do with a number of theoretical uncertainties affecting the precision of
the calculations at various levels of significance. These can be loosely divided into three main
classes corresponding to different ways the quantitative estimates based on diagrams in
figure 1 are influenced: (i) uncertainties in the determination of the masses of the relevant
leptoquark fields (i.e. the GUT scale), (ii) uncertainties in the couplings (gauge, Yukawa)
governing the GUT-scale dynamics and (iii) uncertainties in the relevant hadronic or nuclear
matrix elements. As for the first class, the most prominent of these effects are the uncertainties
related to the generally unknown shape of the GUT-scale spectrum of the models at stakes, to
the proximity of the GUT and the Planck scales enhancing the uncontrolled corrections from
higher-dimensional operators (for instance those due to gravity effects) [244–246] and to the
limited precision attainable in the perturbative accounts (see e.g. [173]), all inflicting
uncertainties in the GUT-scale matching conditions. The second class corresponds to the

Figure 2. Theoretical predictions of proton lifetime for representative GUT models are
presented (for the underlying assumptions, see text). (c here represents the coefficient
of a Planck suppressed dimension-5 operator, for details, see [110].) Current Super-K
data rule out the gray shaded regions. Future projections/sensitives from JUNO,
DUNE, THEIA, and Hyper-K are also specified in the diagram (see section 3 for
details). For these proton decay modes, the current and the future sensitivities (after
10 years of operation) are summarized in table 1. Future sensitivities after 20 years of
operation are also presented, which are simply estimated as twice the sensitivities of
10 years of operation.
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Results of nucleon decay searches, so far

• There are many other results for other modes and processes
• e.g. 3-body, 4-body, dinucleon decays, etc.

• Unfortunately — no signal, all limits, so far 15

Ed Kearns, SSI2022

List of all antilepton+meson, 2-body decay modes: conserves B-L



16https://www.economist.com/news/science-and-technology/21734379-no-guts-no-glory-fundamental-physics-frustrating-physicists
8/18/22
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Next generation nucleon decay detectors

• JUNO
• Jiangmen Underground Neutrino Observatory in China
• Liquid scintillator: 20 kton
• Data taking started this August

• DUNE
• Deep Underground Neutrino Experiment in the U.S.
• Liquid argon detector: ~40 kton
• Data taking starts in 2030

• Hyper-Kamiokande
• Kamioka in Japan
• Water Cherenkov detector: 260 kton
• Data taking starts in 2028

17

Detectors just started operation and currently under construction



JUNO: liquid scintillator
• Overburden: 650m
• 20 kton of liquid scintillator

• Number of protons: ~1034  

(~1033 free protons)
• 78% photo-coverage

• 17,612 20” PMTs and 25,600 3” PMTs 
• Very high energy resolution at 1 MeV
• Primary physic goal is determination 

of neutrino mass ordering using 
reactor neutrino

• Liquid scintillator filling has been 
completed and started data taking 
this August 

18

The JUNO detector
35.4 m

43.5 m

Central detector (CD)
• 20 kton of LAB scintillator
• 17612 20” large-PMTs and 25600 3” small-PMTs:
à 78% photocoverage, ~1600 PE/MeV à high resolution
à dual calorimetry L-PMTs / S-PMTs à self calibration

• Earth’s magnetic field compensation coils
à Predicted 2.95% resolution @ 1 MeV

Water Cherenkov Detector (WCD)
• 35 kton of high pure water as shield
• 2400 20” L-PMTs for active veto 

Top Tracker (TT)
• 3× plastic scintillator layers (coverage ~30% of muons)
à CD+WP+TT muon veto strategy à 92% efficiency

Calibration system
• >6 sources + laser + calibration system
à energy-scale systematics below 1%

arXiv: 2311.17314 (2023)

NIMA 1057 168680 (2023)

JHEP 03 (2021) 004

arXiv 2405.17860

6

Chin. Phys. C 47, 113002 (2023)

JUNO commissioning phase 
and first performance results 

A. Garfagnini                                 TAUP 2025 – 西昌   July 29,  2025

Alberto Garfagnini
Padova University and INFN-Padova
on behalf of the JUNO Collaboration



JUNO: liquid scintillator
• All of the charged particles 

inside emit scintillation light
• Good at searching for p→νK̅+ by 

requiring the triple coincidence: 
signal efficiency 36.9%, 0.2 bkg 
(10 years)

• Great suppression of bkg from atm-
ν K production, major bkg is proton 
from CCQE (p mimics K)

• Reaches the sensitivity of 1034 
years for p→νK̅+ in 10 years

• Reach Super-K limit in a couple of 
years

19

collection.  When  an  LPMT  is  triggered  by  a  hit,  the
waveform will be digitized and recorded by the electron-
ics.  Then, hit  time reconstruction (from the waveform to

p→ ν̄K+

p→ ν̄K+

the  hit  time of  each PE) will  be  performed to  obtain  the
hit time spectrum. For low energy events such as inverse
β  decay (IBD),  hit  time  reconstruction  is  possible   be-
cause only  a  few  photons  can  be  received  by  most   LP-
MTs.  However,  a  typical    event  usually  has  an
energy  deposition  of  more  than  200  MeV.  In  this  case,
many PEs would be received by the LPMTs in a few tens
of ns (as shown in Fig. 2(a)), and hit time reconstruction
would  be  difficult.  As  shown  in  Fig.  2(b), the   overlap-
ping of the first two pulses of the triple coincidence time
feature would be smeared if hit time reconstruction is not
performed.  Thus,  the  LPMTs  are  not  used  to  collect  the
hit time spectrum in this study. In comparison, consider-
ing  that  the  receiving  area  of  the  SPMTs is  around 1/40
times that of the LPMTs, most SPMTs will work in single
hit mode in which the SPMTs are usually hit by a maxim-
um  of  one  PE.  Advantageously,  the  triple  coincidence
time  feature  of    can  be  well  preserved.  Thus,
only the SPMTs in single hit mode are used in this study
to collect the hit time spectrum.

K+

K+

K+

K0 K+ +n→K0+ p

The protons bound in carbon nuclei are influenced by
nuclear effects [11], including the nuclear binding energy,
Fermi motion, and nucleon-nucleon correlation. The kin-
etic  energies  of  the  produced    are  smeared  around
105 MeV, which is relative to that in the free proton case.
In addition, the   kinetic energy is also changed by fi-
nal state interactions (FSIs). Before the   escapes from
the residual nucleus, it may interact with spectator nucle-
ons and knock one of them out of the remaining nucleus.
It can also exchange its charge with a neutron and turn in-
to   via  . Furthermore, the de-excitation
of  the  residual  nucleus  will  produce  γ, neutrons,  or   pro-
tons,  etc.  Obviously,  FSIs  and  de-excitation  processes
will  change the reaction products,  which are crucial  to  a
later analysis.

ER
12C

Ep = mp−ER mp

12C ν̄ K+

K+

The GENIE generator  (version  3.0.2)  [18]  is  used  to
model  these  nuclear  effects.  Some  corrections  are  made
to the default GENIE. First, the nuclear shell structure is
considered,  which  is  not  included  in  the  default  nuclear
model  of  GENIE.  A  spectral  function  model,  which
provides  a  two-dimensional  distribution  of  momentum k
and the removal energy   for protons in  , is applied
to describe the initial proton states [23]. Then, the initial
proton  energy  is  determined  by  ,  where 
is  the  mass  of  a  free  proton.  In  this  case,  approximately
2.2% of the protons from   cannot decay into   and 
because the corresponding proton invariant mass is smal-
ler than the   mass [24].

K+ +n→ K0+ p

mp−ER mn−ER EB = ER− k2/(2M11B)
K+

Second,  we  turn  on  the  hadron-nucleon  model  in
GENIE. The default GENIE uses the hadron-atom model
to  evaluate  the  FSIs,  which  takes  less  time  but  does  not
include  the    interaction.  Meanwhile,  we
modify  the  target  nucleon  energy  and  binding  energy
with   (or  ) and   [25],
respectively.  In  addition,  the  fraction  of  -nucleon

 

p→ ν̄K+ K+

K+ µ+

Fig. 1.    (color online) Illustration of the hit time spectrum of
a typical   event, containing the signals of  , the de-
cay daughter of   (  in this event), and the Michel electron.

 

p→ ν̄K+
K+

Fig.  2.      (color online) Simulated  PMT  output  of  a  typical
  event.  The  total  visible  energy  of  this  event  is

275 MeV, and   decay occurs 13.7 ns after this.  Photon hit
time reconstruction is not easy to achieve when using LPMTs
to  detect  a  hundreds-of-MeV  event.  Therefore,  an  SPMT  is
used  for  hit  time  spectrum  collection.  More  details  can  be
found in the text.

JUNO sensitivity on proton decay p → νK+ searches Chin. Phys. C 47, 113002 (2023)

113002-7

K+→μ𝝼 
(τ~12 ns) μ→e𝝼𝝼 

(τ~2 μs)

Chin. Phys. C 47, 113002 (2023)



DUNE: liquid argon TPC
• Overburden: 1,500m
• 40 kton of Liquid argon

• Number of protons: ~1034

• TPC gives 3D particle tracking 
with excellent resolutions for 
position and energy

• Primary physic goal is 
determination of neutrino CP 
and mass ordering using 
neutrino beam

• Detector construction on-going 
and start data taking in 2030

20
DUNE | NuFact 2025 | Pierre Granger

• LArTPCs provide high-resolution imaging (∼mm) of the interactions → high-
performance flavor/energy reconstruction for a wide range of energies, helped by 
deep learning techniques (talk from J. Bian) 

• Low hadronic kinetic energy thresholds (protons ∼25MeV) and PID (e.g e/  
separation) make it possible to precisely measure L/E 

• Readout of light through dedicated PDS system → talk from C. Palomares 

θ

Liquid Argon Time Projection Chambers

8



DUNE: liquid argon TPC
• All charged particles visible
• Good at searching for p→νK̅+

• Particle type identified by the deposited 
energy over its track length (dE/dx).

• Atmospheric ν are the main 
background source (K production)

• Machine-learning technique separate 
signals & backgrounds

• ν-Ar interaction studies on-going
• Signal selection efficiency: ~30%
• Search sensitivity for p→νK̅+ reach 

~1034 years
• Also search for p→e+π0 mode with 

search sensitivity ~1034 years

21

Figure 9: Event display (collection plane) for CC K
+ ! µ

+
⌫µ candidate # 1 which is a signal event. The

white labels represent the generated particles. The µ
�, K+ and µ+ have been correctly identified by the

event selection.
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Fig. 32 Event display for an easily recognizable p → K+ν signal
event. The vertical axis is TDC value, and the horizontal axis is wire
number. The bottom view is induction plane one, the middle is induction
plane two, and the top is the collection plane. Hits associated with the
reconstructed muon track are shown in red, and hits associated with
the reconstructed kaon track are shown in green. Hits from the decay
electron can be seen at the end of the muon track

are shown in red, and hits associated with the reconstructed
proton track are shown in green. Hits from the decay electron
can be seen at the end of the muon track.

The proton decay signal and atmospheric neutrino back-
ground events are processed using the same reconstruction
chain and subject to the same selection criteria. There are
two preselection cuts to remove obvious background. One
cut requires at least two tracks, which aims to select events
with a kaon plus a kaon decay product (usually a muon). The
other cut requires that the longest track be less than 100 cm;
this removes backgrounds from high energy neutrino inter-
actions. After these cuts, 50% of the signal and 17.5% of the
background remain in the sample. The signal inefficiency
at this stage of selection is due mainly to the kaon tracking
efficiency. Optimal lifetime sensitivity is achieved by com-
bining the preselection cuts with a BDT cut that gives a signal
efficiency of 0.15 and a background rejection of 0.999997,
which corresponds to approximately one background event
per Mt · year.

The limiting factor in the sensitivity is the kaon tracking
efficiency. The reconstruction is not yet optimized, and the

Fig. 33 Event display for an atmospheric neutrino interaction, νµn →
µ− p, which might be selected in the p → K+ν sample if the proton
is misidentified as a kaon. The vertical axis is TDC value, and the
horizontal axis is wire number. The bottom view is induction plane one,
the middle is induction plane two, and the top is the collection plane.
Hits associated with the reconstructed muon track are shown in red, and
hits associated with the reconstructed proton track are shown in green.
Hits from the decay electron can be seen at the end of the muon track

kaon tracking efficiency should increase with improvements
in the reconstruction algorithms. To understand the poten-
tial improvement, a visual scan of simulated decays of kaons
into muons was performed. For this sample of events, with
kaon momentum in the 150 MeV/c to 450 MeV/c range,
scanners achieved greater than 90% efficiency at recogniz-
ing the K+ → µ+ → e+ decay chain. The inefficiency
came mostly from short kaon tracks (momentum below
180 MeV/c) and kaons that decay in flight. Note that the
lowest momentum kaons (< 150 MeV/c) were not included
in the study; the path length for kaons in this range would also
be too short to track. Based on this study, the kaon tracking
efficiency could be improved to a maximum value of approxi-
mately 80% with optimized reconstruction algorithms, where
the remaining inefficiency comes from low-energy kaons and
kaons that charge exchange, scatter, or decay in flight. Com-
bining this tracking performance improvement with some
improvement in the K/p separation performance for short
tracks, the overall signal selection efficiency improves from
15% to approximately 30%.
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MicroBooNE public note 1071

Chapter 6: GeV-Scale Non-accelerator Physics Program 6–202

Figure 6.6: Event display for a well-classified p æ K+‹ signal event. The vertical axis is time ticks
(each time tick corresponds to 500 ns), and the horizontal axis is wire number. The bottom view is
induction plane one, middle is induction plane two and top is the collection plane. The color represents
the charge deposited in each hit.
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kaon tracking efficiency should increase with improvements
in the reconstruction algorithms. To understand the poten-
tial improvement, a visual scan of simulated decays of kaons
into muons was performed. For this sample of events, with
kaon momentum in the 150 MeV/c to 450 MeV/c range,
scanners achieved greater than 90% efficiency at recogniz-
ing the K+ → µ+ → e+ decay chain. The inefficiency
came mostly from short kaon tracks (momentum below
180 MeV/c) and kaons that decay in flight. Note that the
lowest momentum kaons (< 150 MeV/c) were not included
in the study; the path length for kaons in this range would also
be too short to track. Based on this study, the kaon tracking
efficiency could be improved to a maximum value of approxi-
mately 80% with optimized reconstruction algorithms, where
the remaining inefficiency comes from low-energy kaons and
kaons that charge exchange, scatter, or decay in flight. Com-
bining this tracking performance improvement with some
improvement in the K/p separation performance for short
tracks, the overall signal selection efficiency improves from
15% to approximately 30%.
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Hyper-K: water Cherenkov
• Overburden: ~600m
• 260 kton water Cherenkov detector

• Fiducial mass: ~190 kton
• Number of protons: ~1035 (1034 free protons)

• ~20,000 new φ50cm PMTs (20% photo-
coverage)

• New φ50cm PMTs improve nucleon 
decay discovery potential

• The cavern excavation completed this 
July and aim to start operation in 2028

22

69m

71m

94m

Hyper-K cavern



Hyper-K: water Cherenkov
• New φ50cm PMTs for Hyper-K have 

twice better photo-detection efficiency 
than SK PMTs

• Proton decay background rejection 
(neutron-tagging) efficiency largely 
improved: 

• p→e+π0 expected bkg events 0.06* for  
~10 years

• “Background free” p-decay search
• ~9σ discovery potential if proton lifetime at the 

current SK limit (τp/Br=1.7x1034yrs)

• 3σ discovery potential in 20 years:
• p→e+π0: 1035 years
• p→νK̅+: 1034 years

23

246 III.2 NUCLEON DECAYS
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FIG. 162. Total momentum distribution of events passing all steps of the p ! e+⇡0 event selection except

the momentum cut after a 10 year exposure of a single Hyper-K tank (left). Reconstructed invariant mass

distribution of events passing all steps of the p ! e+⇡0 event selection except the invariant mass cut after a

10 year exposure of a single Hyper-K tank (right). The hatched histograms show the atmospheric neutrino

background and the solid crosses denote the sum of the background and proton decay signal. Here the

proton lifetime is assumed to be, 1.7 ⇥ 1034 years, just beyond current Super-K limits. The free and bound

proton-enhanced bins are shown by the lines in the left plot, and are the upper and lower panels of the right

plot.

1. Sensitivity to p ! e+ + ⇡0 Decay

Proton decay into a positron and neutral pion is a favored mode of many GUT models. Ex-

perimentally this decay has a very clean event topology, with no invisible particles in the final

state. As a result it is possible fully reconstruct the proton’s mass from its decay products and

as a two body process the total momentum of the recoiling system should be small. The event

selection focuses on identifying fully contained events within the Hyper-K fiducial volume with two

or three electron-like Cherenkov rings. Though the decay of the pion is expected to produce two

visible gamma rays, for forward-boosted decays the two photons may be close enough in space to

be reconstructed as a single ring. Atmospheric neutrino events with a muon below threshold are

removed by requiring there are no Michel electrons in the event. For those events with three rings,

the two rings whose invariant mass is closest to the ⇡0 mass are labeled the ⇡0 candidate. An

additional cut on the mass of those candidates, 85 < m⇡ < 185 MeV/c2, is applied. The signal

Assume τ/Br=1.7x1034y (SK 90%CL limit)

arXiv:1805.04163

p→e+π0

Signal τ/B = SK limit

HK 10y

* # of bkg in the ‘free proton’ enhanced signal region (ptot<100MeV)

12Search for nucleon decay

➢ One of the main physics goals of Hyper-K is to search for nucleon decay predicted 
by a number of grand unifying theories

➢ World leading sensitivity for proton decay searches: large mass and can use free 
protons to avoid problems of nuclear effects

➢ 3σ discovery potential reaches half-life of 1035 years for p→e+π0 and 3x1034 years for 
p→νK+ after 20 years

3σ discovery potential as a function of time

p→e+π0 p→νK+

Hyper-K
Super-K

LArTPC 
(40 kton)

3σ discovery potential



Summary
• Many active searches in many modes, especially the 

benchmark modes p→e+π0, p→νK̅+

• No observation yet…
• Future searches with next-generation large detectors aim 

to improve the sensitivity by order of magnitude
• Let's discover conclusive evidences of nucleon decays and 

open the door to exploring grand unification!
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In short, well-motivated non-SUSY and SUSY GUTs generically predict rates of BNV
processes that can be probed by next-generation experiments if not already ruled out by the
current experimental data. A sketch of theoretical predictions for selected models and
experimental reach of upcoming detectors are depicted in figure 2 for non-SUSY and SUSY
GUTs. Furthermore, nucleon decay predictions for a wide range of models are summarized in
table 2. For details on theoretical assumptions associated with each model’s predictions, the
readers are referred to the original literature.

As a cautionary remark, it is worth noting that none of the predictions in figure 2 or in
table 2 is actually sharp; one typically encounters ranges stretching over several orders of
magnitude. This has to do with a number of theoretical uncertainties affecting the precision of
the calculations at various levels of significance. These can be loosely divided into three main
classes corresponding to different ways the quantitative estimates based on diagrams in
figure 1 are influenced: (i) uncertainties in the determination of the masses of the relevant
leptoquark fields (i.e. the GUT scale), (ii) uncertainties in the couplings (gauge, Yukawa)
governing the GUT-scale dynamics and (iii) uncertainties in the relevant hadronic or nuclear
matrix elements. As for the first class, the most prominent of these effects are the uncertainties
related to the generally unknown shape of the GUT-scale spectrum of the models at stakes, to
the proximity of the GUT and the Planck scales enhancing the uncontrolled corrections from
higher-dimensional operators (for instance those due to gravity effects) [244–246] and to the
limited precision attainable in the perturbative accounts (see e.g. [173]), all inflicting
uncertainties in the GUT-scale matching conditions. The second class corresponds to the

Figure 2. Theoretical predictions of proton lifetime for representative GUT models are
presented (for the underlying assumptions, see text). (c here represents the coefficient
of a Planck suppressed dimension-5 operator, for details, see [110].) Current Super-K
data rule out the gray shaded regions. Future projections/sensitives from JUNO,
DUNE, THEIA, and Hyper-K are also specified in the diagram (see section 3 for
details). For these proton decay modes, the current and the future sensitivities (after
10 years of operation) are summarized in table 1. Future sensitivities after 20 years of
operation are also presented, which are simply estimated as twice the sensitivities of
10 years of operation.
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In short, well-motivated non-SUSY and SUSY GUTs generically predict rates of BNV
processes that can be probed by next-generation experiments if not already ruled out by the
current experimental data. A sketch of theoretical predictions for selected models and
experimental reach of upcoming detectors are depicted in figure 2 for non-SUSY and SUSY
GUTs. Furthermore, nucleon decay predictions for a wide range of models are summarized in
table 2. For details on theoretical assumptions associated with each model’s predictions, the
readers are referred to the original literature.

As a cautionary remark, it is worth noting that none of the predictions in figure 2 or in
table 2 is actually sharp; one typically encounters ranges stretching over several orders of
magnitude. This has to do with a number of theoretical uncertainties affecting the precision of
the calculations at various levels of significance. These can be loosely divided into three main
classes corresponding to different ways the quantitative estimates based on diagrams in
figure 1 are influenced: (i) uncertainties in the determination of the masses of the relevant
leptoquark fields (i.e. the GUT scale), (ii) uncertainties in the couplings (gauge, Yukawa)
governing the GUT-scale dynamics and (iii) uncertainties in the relevant hadronic or nuclear
matrix elements. As for the first class, the most prominent of these effects are the uncertainties
related to the generally unknown shape of the GUT-scale spectrum of the models at stakes, to
the proximity of the GUT and the Planck scales enhancing the uncontrolled corrections from
higher-dimensional operators (for instance those due to gravity effects) [244–246] and to the
limited precision attainable in the perturbative accounts (see e.g. [173]), all inflicting
uncertainties in the GUT-scale matching conditions. The second class corresponds to the

Figure 2. Theoretical predictions of proton lifetime for representative GUT models are
presented (for the underlying assumptions, see text). (c here represents the coefficient
of a Planck suppressed dimension-5 operator, for details, see [110].) Current Super-K
data rule out the gray shaded regions. Future projections/sensitives from JUNO,
DUNE, THEIA, and Hyper-K are also specified in the diagram (see section 3 for
details). For these proton decay modes, the current and the future sensitivities (after
10 years of operation) are summarized in table 1. Future sensitivities after 20 years of
operation are also presented, which are simply estimated as twice the sensitivities of
10 years of operation.
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