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Motivation of Nucleon Decay Searches
Grand Unification?
Unification of Forces and Particles

G⊃SU(3)C⊗SU(2)L⊗U(1)Y 
(Quark, Lepton) multiplets

↓
Spontaneous Nucleon Decay 

Unification of three coupling constants

Prediction

‣Tiny ν masses suggest physics with similar energy scale
‣Understand large ν mixing and small quark mixing in an unified way
‣Unique direct test of GUTs
‣Nucleon decay searches have already provided constraints on GUT 
models 
‣O(1016)GeV is not reachable by accelerators
‣Baryon number violation is required by cosmology 
‣B (and L) is an unexplained conserved quantum number
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Upper bounds on the decay rates

∅

∅

‣Super-K provides world stringent limits on many decay modes
‣τ(p→e+π0)>1.4×1034 years (90%C.L., 260kton・years)

‣τ(p→νK+) >5.9×1033 years (90%C.L., 260kton・years)

‣No significant signal excess so far      Giving constraints on GUT models
‣Constraints on SUSY models (e.g. R-parity conservation)
‣minimal SU(5) and minimal SUSY SU(5) are considered to be excluded.
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Single event discovery is possible for several decay modes.

discovery might be around the corner
p→e++π0 in water

p→ν+K+ 
in Liq.Argon TPC
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Experimental challenges

 ε: efficiency 
V: detector volume 
T: data daking time (exposure) 
Nlimit: limit on the number of signal�

‣Require big detector “MASS” 
‣Next target volume is 10kiloton~1Megaton (Super-K=50kiloton)
‣Background rate must be under control
‣Improved BG rejection is required as size of detectors and 
exposure scale up (Super-K, next generation detectors)
‣Keep signal efficiency high 
‣Improved knowledge of BG is required to extract convincing 
signal

‣This talk will cover;
‣Super-K with efforts to improve searches
‣Next generation experiments to go beyond the Super-K
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Super-Kamioka Nucleon Decay Experiment

11146$ID$PMTs$
(40%$coverage)$

5182$ID$PMTs$
(19%$coverage)$

11129$ID$PMTs$
(40%$coverage)$

Acrylic'(front)'
+'FRP'(back)'

Electronics$
Upgrade$

SK7I' SK7II' SK7III' SK7IV'
11,146 ID PMTs
(40% coverage)

5,182 ID PMTs
(19% coverage)

11,129 ID PMTs
(40% coverage)

Electronics 
Upgrade

96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13
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phase-I
4.1years
91.7ktyr

phase-II
2.2years
49.2ktyr

phase-III
1.4years
31.9ktyr

phase-IV
3.9years
87.3ktyr

Super-K total ~12years or 260 ktyr



p→e++π0 
searches

SK-II (half PMT) forward-backward display for p!e++π0 

γ# e+! γ#

Super-K cut!
  2 or 3 Cherenkov rings"
  All rings are showering"
  85 < Mπ0 < 185MeV/c2 (3-ring)"
  No decay electron"
  800 < Mproton < 1050 MeV/c2"

   Ptotal < 250 MeV/c "
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Tuning of π cross sections in Carbon.

‣For proton decays in 16O nuclei
‣nuclear binding energy, Fermi momentum, nucleon-nucleon 
correlation, secondary interactions of decay mesons

‣For free proton decays in hydrogen
‣NO nuclear effects
‣high & accurate signal efficiency is expected

     e.g. 87% (28%) efficiencies for p→e++π0 decays in H (16O)

Nuclear effect

 e+ 

 π0 

 π+ 

p!e++π0  in 16O 

~40% π0 escape w/o interactions
→major source of inefficiency and 
systematics 
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p→e++π0 in SK I-IV (260kt×yrs)

p→e++π0

- detection efficiency = 40%
- atmospheric ν BG   = 0.7 events in 260kton×years

                                           2.7±0.3(stat.)±1.2(syst.)  (Mton×years)-1  
- τproton/Br > 1.4 ×1034 years @ 90%C.L.

NOTE: Accurate prediction of BG is getting more important.
            Further BG reduction is also desired.
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p→e++π0 background calculation
•BG calculation based on atmν flux, cross sections, and detector response

‣ BG rate was confirmed by K2K accelerator ν beam
‣BG=1.63+0.42/-0.33(stat.)+0.45/-0.51(syst.) (Mt×yrs)-1 (Eν<3GeV)
‣Consistent w/ simulation  1.8±0.3(stat.)

Escape 

Absorption 
Scattering 

multi-pi π+ or π- 
•  Atmospheric ν flux calculations 

–  Spectrum shape                                                 ~8% 
–  Flavor ratio                                                         <1% 

•  Neutrino interaction simulation (NEUT) 
–  CC single π0                                                      10% 
–  CC multi pion production                                     7% 
–  CC QE                                                                 8% 
–  NC                                                                       2% 

•  2ndary pion interaction in water                      25% 
•  2ndary nucleon interaction in water                25% 
•  Detector resolution                                          22% 

PRD77:032003,2008

•Confirmation by K2K accelerator ν

•Further improvements are foreseen by future cross section measurements
10

Total uncertainty 44%



Potential BG reduction by neutrons
Beacom and Vagins PRL93:171101(2004) !
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Black: Tagged by 2.2 MeV a
Red:   Captured by H

Atm.i MC after all cuts for e+/0

Since SK-IV we have started recording faint signature of neutrons; 
n+p→d+γ(2.2MeV, τ~200μsec) 
by new high speed pipelined electronics.  Gd study is on-going.

‣We expect that neutrino events are often accompanied with neutrons 
(e.g. νe+p→e++π0+n, recoiled protons kick neutrons in water etc.)
‣neutron emission probability in proton decay is expected to be small. 

p→e+π0 BG Monte CarloSK-IV 1297days atmν Data

Tagged γ’s Timing (μsec) Number of neutrons or γ’s

Black: Tagged γ
average~0.9

Red: True neutrons
average~4
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main target is free proton decays 

 free proton ! e+π0 

 bound proton decay 
 16O ! 15N e+π0 

Potential BG reduction by tighter cut

20 Mtonyrs atmν BG MC 

•  Ptot < 250 MeV/c (SK cut) 
         BG=2.2 ev/Mtonyrs,  eff.=44% 
 
•  Ptot < 100 MeV/c (tighter cut) 
         BG=0.15ev/Mtonyrs, eff.=17.4% 

BG reduction by ~15 

Shiozawa, talk@NNN00-Fermilab 
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p→ν+K+ searches

K+ is below Cherenkov threshold
→ 236MeV/c μ and muon decay 
electrons

ν"

γ"

16O! K+!

ν"
µ+!

16O→νK+15Nγ, K+→µ+ν"

γ"

µ+!

t!
e+"

Number of a hits
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(I) K+→μ+ν, μ+→e+νν

Tag de-excitation γ from 15N* to reduce BG 

1.γ tagging efficiency has been improved.
2.high muon decay electrons efficiency in SK-IV.
3.better momentum reconstruction is employed.

Super-Kamiokande I, III, IV

Super-Kamiokande I-IV

Many efforts to improve analyses

e+
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p→ν+K+ searches

‣π0 efficiency was improved by dedicated 
π0 finding algorithm
‣Shape information of π+ hits for BG 
reduction

(II) K+→π+π0

p→ν+K+

- 260 kton×years exposure (SK-I+II+III+IV) 
- τproton/Br > 5.9 ×1033 years @ 90%CL

PRD72,052007
SK-I paper in 2005   91.7 kt y        14.6%                      1.3 evts.                     

- Summary of prompt γ and ππ searches -
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Summary of Super-K
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• p→e++π0      reached to 1034 years
• (p,n)→(e+,μ+)+(π,η,ρ,ω)      1032~1033 years
• SUSY favored p→νK+ > 5.9×1033 years 
• No excess in K0

S, K0
L, νπ0, νπ+

• It is important to test many decay modes
• di-nucleon decays (|ΔB|=2)
• pp→K+K+ > 1.7×1032 years
• pp→e+e+ > 1033 years
• neutron-antineutron oscillations
• radiative decays p→(e+,μ+)+γ 
• invisible decays p→ννν

No nucleon decay evidence so far.
Sensitivity(limit) improvement of Super-K is now moderate.



Gigantic Water Cherenkov Detector: 
Hyper-Kamiokande
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!Super-K  ×  25

Total Volume       0.99 Megaton
Inner Volume      0.74 Mton
Fiducial Volume   0.56 Mton (0.056 Mton × 10 compartments)                                        
Photo-sensors    99,000 20”Φ PMTs for Inner Det.
                         (20% photo-coverage)
                         25,000 8”Φ PMTs for Outer Det.

Hyper-K WG, 
arXiv:1109.3262 [hep-ex]



• Candidates
• 50cm Super-K PMT
• [NEW] High QE 50cmΦ Hybrid Photo Detector (HPD)
• [NEW] High QE re-designed 50cm PMT

• Test of 20cm HPD and 50cm HQE PMT in water tank from August 2013
• 50cm HPD prototype expected in August 2013
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Photo-detector R&D

Pre3calibra=on!and!performance!evalua=on!!
!  !Calibrate!gain!before!test!in!water!
!  !Detailed!evalua=on!of!performance!and!!
!check!long3term!stability!

!  !Study!of!reflector!and!light!collector,!etc.!
!
Proof!test!in!water!by!EGADS!tank!!
!  !Measure!Cherenkov!light!

! ! !!with!wide!dynamic!p.e.!range!
!  !Compare!with!20”!PMT!
!  !Start!since!this!summer!

17/May/2012� Hyper3K!photo3sensor!and!DAQ!(Nishimura)� ��

→!83inch!HPD!is!measured!at!first.!

EGADS!20”PMT!case�

EGADS!200!ton!tank�
@Kamioka

20ྟග㟁㠃㧗䠭䠡໬(R3600-02)

CONFIDENTIAL

20cm HPD Prototype

8kV HV 
PowerSupply

5mmΦ Avalanche Detector

High Quantum Efficiency

Pre-amplifier

Young Power

200ton test tank

20cm HPD

50cm Super-K PMT



Invariant mass (MeV/c2)

GUT tests by Nucleon Decay Searches

‣Discovery reach (3σ)  τ(p→e+π0)~5.4×1034years（HK 10years）
‣Limit (90%CL)            τ(p→e+π0)>1.3×1035years（HK 10years） 
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10
35
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n A e- K +τproton=4×1033年
（SK 90% CL limit）

K + lifetime

‣Discovery reach (3σ)  τ(p→νK+)~1.2×1034years（HK 10years）
‣Limit (90%CL)         τ(p→νK+)>3.2×1034years（HK 10years） 

ΔT(γμ+) (nsec)
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BG

BG

Hyper-K’s reaches are 1034~1035 yrs
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Stage 1: >20kt Liq.Ar (+Liq. scintillator?)  
underground (1,500m)
Stage 2:   →100kt

Stage 1: 17kton Liq.Ar TPC surface 
(please go to underground for 
proton decays)
Stage 2: Additional 20-30kt

Large Liq. Argon TPC detector: 
LBNO(GLACIER) and LBNE

LBNO LBNE



Large Liq. Argon TPC detector

JHEP04(2007)041

         p→e++π0

- efficiency = 45%, 1BG/Mtyr
- 1 ×1034 years w/ 34kton×10yrs

         p→ν+K+

- efficiency = 97%, 2BG/Mtyr
- 3 ×1034 years w/ 34kton×10yrs

20

• high granularity
• high tracking capability
• good E resolution



LENA: Liquid Scintillator Detector

         p→ν+K+

- efficiency = 65%, 2BG/Mtyr
- 4 ×1034 years w/ 10yrs exposure

LENA Physics Scintillation processes Measurements Summary UZH

50 kt of scintillator
with 180 pe/MeV

Underground location
Pre-feasibility study:
Pyhäsalmi site

Teilchen- und Astroteilchen Seminar Teresa Marrodán Undagoitia

electrons coming from free proton decay events at the
center of the detector as seen in the photomultipliers.

Two peaks can clearly be identified, corresponding to
the two main decay channels of the kaon. They are related
to the energies of 257 and 459 MeV, which is the sum of the
energies deposited by the kaon and its decay products (see
section Detection Mechanism). For each peak a 300 MeV
window has been set resulting in an efficiency of "E !

0:995 for this energy cut. The two energy windows overlap
resulting in a final window of 500 MeV. The signals outside
these energy windows correspond mainly to kaon decay
channels not considered in the analysis. There is also a
small loss due to inelastic hadronic interactions of the
decay particles before they are stopped.

B. Hadron Production

Atmospheric neutrinos can interact with the detector
producing also hadrons. The most probable of these reac-
tions is the single pion production [20,21]:

!" " p! "# " #" " p0 (4)

In such a reaction, the first signal comes from the sum of
the energies deposited by the "# and the #". Later, after
$#" ! 26 ns, the #" decays into "" and one neutrino
producing a second short-delay signal. However, the #"

has such a small mass (139.6 MeV) that its decay muon
receives only about 20 MeV kinetic energy. The signal
produced by the "" is small. Therefore, those events do
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FIG. 2 (color online). Distribution of time intervals in the
risetimes for proton decay (top) and muon background signals
(bottom). A cut at 7 ns yields a reduction factor of $2% 104 on
background events whereas the efficiency for observing a proton
decay p! K"! is 65%.
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FIG. 1. Proton decay signal where the kaon decays after 18 ns
(top) and after 5 ns (middle). The bottom panel shows a !"
background signal.

T. MARRODÁN UNDAGOITIA et al. PHYSICAL REVIEW D 72, 075014 (2005)

075014-4

not have the same signature as the proton decay signal.
Moreover, since the muon signal is so small it is usually
hidden behind the above mentioned first signal.

Neutrinos of higher energies can interact producing
strange particles, thus also kaon production has to be
considered. According to the MINERvA proposal [22],
the reactions of this type with notable probability are:

!" ! p! "" ! K! ! p (5)

!" ! n! "" ! K! !!0 (6)

!" ! n! "" ! K! !!0 ! #0 (7)

In Eqs. (6) and (7), to conserve the strangeness number
the kaon is produced together with a !0 baryon. This !0

particle decays after $!0 # 0:26 ns mainly via two chan-
nels !0 ! p! #" (63:9%) or !0 ! n! #0 (35:8%).
Because of this short lifetime, the p, #" or n, #0 cause a
prompt signal together with the "", the K! and the #0 in
the case of Eq. (7). The prompt signal in these two reac-
tions is bigger than the signal of the "! from the kaon
decay (or #!, #0 if the kaon decays within the second-
probable channel). For this reason, the signature of the
background signal can be distinguished from proton decay
events. Figure 4 shows an example of Eq. (6). First a big
peak can be seen corresponding to the signals of the "",
K! and !0. After that, two other peaks appear, one is due
to the "! that originates from the decay of the K! and the
other a "" from !0 ! p! #" and #" ! ""!".

Reaction (5) can be responsible for a potential back-
ground for proton decay in the LENA detector. For this
case, only neutrinos with energies between 650 and
900 MeV can produce a signal with a signature similar to

that of the proton decay. This neutrino energy window has
been determined considering the energy window of proton
decay events relevant for the analysis (150" 650 MeV)
and the energies deposited by the particles in the possible
background events. The atmospheric neutrino flux has a
maximum around 100 MeV and then decreases exponen-
tially to higher energies. Assuming an energy dependence
of%! $ E"2:7

! for the neutrino flux and a linear dependence
for the cross-section, 10% of the total atmospheric neutrino
flux occurs within the energy window considered in our
analysis. Within this window a rate of 0.8 events per year
(y"1) caused by such neutrino reactions is predicted. To
distinguish these background reactions from proton decay
events the number of delayed electrons produced will be
taken into account. For proton decay in the channel con-
sidered, always one and only one electron is produced by
the decay of the kaon. In the background reaction always
two electrons are present, one from the "" decay and
another from the K! decay chain. This fact considerably
reduces the background contribution. Only in those cases
where the energy of one of the background electrons is
very small (E< 0:5 MeV) or when the signal of these
electrons is hidden under that of the parent particle, the
process exhibits only one electron. Events with electrons
being hidden within the previous signal happen in 4% of
the cases. From 200 muons simulated none of them had a
decay electron with an energy smaller than 0.5 MeV. To
estimate the number of background events of this type, the
rate predicted has to be multiplied by this 0.04 and then, by
two because electrons both from the "" and the K! decay
chain can be hidden within the previous signal. Thus, the
number of events of the type of reaction (5) expected in the
LENA detector is 0.064 y"1.

Other reactions where hadrons are produced are possible
but all of them have lower rates and can also be distin-
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FIG. 4 (color online). Background signal for proton decay
events. The first peak corresponds to the signals of the "",
K! and !0. At later times, two other peaks appear, one is caused
by the "! that comes from the decay of the K! and the other a
"" from !0 ! p! #" and #" ! ""!".
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FIG. 3 (color online). Distribution of the number of photo-
electrons produced in the photomultipliers coming from free
proton decay events at the center of the detector. The cuts
performed for the two main decay channels of the kaon $257
and $459 MeV) are shown. It can be recognized that the energy
windows taken overlap resulting in a total window of 55000 pho-
toelectrons ’ 500 MeV.

SEARCH FOR THE PROTON DECAY p! K!! IN THE . . . PHYSICAL REVIEW D 72, 075014 (2005)

075014-5

K+→π+π0

K+→μ+ν
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Also R&D of water-based 
Liq. Scintillator

PRD72,075014(2005)

Minfang Yeh (BNL),
Snowmass whitepaper

K+

K+ decay



Idea of an under-ice detector (MIKA) under study
22

Ideas to go beyond 1036 years

under-sea detector



23

Summary
•Ongoing proton decay experiment

• continuous efforts to enhance signal, reduce background 
neutrino events

• No evidence so far
•Next generation nucleon decay detectors are 

seriously considered.
• Extend nucleon decay search sensitivity by a order of 

magnitude (Water)
– τproton=1034~1035 years

• Excellent tracking of many particles including K+ (Argon)
– τproton=a few ×1034 years by 34kton×10years 
– similar sensitivity for p→νK+ in scintillator detectors

• Aiming to start operation around 2023
–Having two or more experiments could be crucial to establish  proton 

decays in future.


