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Searches for nucleon decays are performed by Super-Kandeka large water cherenkov de-
tector. The total exposure is 173 ktgaar which includes 1489 days data of Super-Kamiokande
phase | (SK-1), 799 days of phase Il (SK-2), and 518 days o$@hi (SK-3). We have not
observed any evidence of nucleon decay yet. The lower lifgitaton life time decay int@" 7,
which is dominant mode predicted by non-SUSY model, iscL@* years with 90 % confidence
level. The lower limit of proton life time decay infeK ™, which is dominant mode predicted by
SUSY model, is 3.8 103 years with 90 % confidence level.
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1. Introduction

In Grand Unified Theory (GUTSs), nucleon decay can proceed viaxehagge of a massive
boson between two quarks in a nucleon, and one quark transforms iritoa End another into
an anti-quark which binds a spectator quark creating a meson. Thefagecay mode in GUTs
based on SU(5) symmetry {s— etr®. On the other hand, GUTs model incorporating super-
symmetry (SUSY-GUTS) suppress the decay mpde e' ° but favor the other modp — VK*
via dimension five operator interactions with the exchange of a heavyssuperetric color triplet
Higgsino.

The Super-Kamiokande is a large water cherenkov detector with 22.5 kiacidi volume,

7 x 10°3 protons. A detailed description of the Super-Kamiokande detector canunel felse
where [1]. The Super-Kamiokande started observation from Aprib188h 11,146 PMTs in
inner detector (ID) which covered 40 % of ID surface. The obsematias continued until July
2001, corresponding to 1489.2 days, 91.7 kgear, and this period is called Super-Kamiokande
phase | (SK-1). After an accident in 2001, about half of ID PMTsenest and the detector was
reconstructed with 5,182 ID PMTs, decreasing photo coverage to 1% égpdriod from December
2002 until October 2005, corresponding to 798.6 days, 49.2yan is called phase Il (SK-2).
After full reconstruction in 2006, the photo coverage has been reedwugp to 40 %, and the period
until electronics update in 2008 is called phase Il (SK-3), with 518.1 d&ly® ktonyear.

The results ofp — et i with SK1 and SK2 data, ang — VK* for SK-1 data were already
published [R] [B]. In this paper, the results of combined analysis of $&SK-3 are reported.

2. p—etm

If a proton decays int@" and r°, they are emitted back-to-back in the proton rest frame.
The ° immediately decays into two gamma rays. gr— e ® mode, the following selection
criteria are applied: (A1) the vertex is in the fiducial volume, and the evdallyscontained in the
detector (FC event), (A2) the number of rings is two or three and all rirege-tike, (A3) there is no
Michel electron, (A4) for three ring eventa? invariant mass is reconstructed in between 85 to 185
MeV /c?, (A5) the reconstructed total momentum is less thanNB@ /c and the reconstructed total
invariant mass is in between 800 to 108@V /c?. Figureq ]l show total momentum versus total
invariant mass after (A1)-(A4) cuts, for the proton decay MC, the atimrsp neutrino MC, and
the data. The detection efficiencies are estimated to be 44.6, 43.5, and 4&.3B6 1, SK-2, and
SK-3, respectively. The inefficiency is mainly due to nuclear interactifatesf of pions in oxygen.
The total systematic uncertainties are estimated to be 19 % for all period andyéns lzontribution
is the uncertainty of the cross section for pion-nuclear effects (15 #kdound for proton decay
analysis is atmospheric neutrino interaction. It is estimated by the atmospherinaddC with
large statistics (500 years equivalent for each period). After all dins,remaining backgrounds
are estimated to be 0.20, 0.11, and 0.06 events for SK-1, SK-2, and 8Ke8l prespectively. The
dominant background source is charged current (CC) single-pamuption (32 %). The number
of observed data in the signal box in Fig{ire 1 are 0 for all period. Théitife limit calculated by
a method based on Bayes theorem B, ¢ 0 > 1.0 x 103 years at 90 % confidence level.
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Figure 1. Horizontal axis is total mass and vertidalgure 2: Momentum distribution of FC1Ru-

axis is total momentum for proton decay MC (uppédiRe sample of SK-1 (top), SK-2(middle), and SK-
atmospheric MC (middle), and data (bottom), SK{bottom). Cross dots are data, boxes are atmospheric
SK2, and SK3 from left. Red box is signal region. neutrino MC, and histograms are proton decay MC.

3. p— VKT

If a proton decays int&K* andVv, the momentum oK™ is below cherenkov threshold and
it cannot emit cherenkov light. Most &€™ are stopped in water and decay into other particles.
For p — VK™ mode, three methods are employed to analyze and merged results are sleown la
section.

A KT decays intqu™ v, with 63.5 % fraction and they have monochromatic momentum (236
MeV /c) because most dK* are stopped and decay. So we may see event excess around this
momentum region if the protons decay in this mode. Selection criteria requEsFC event in
the fiducial volume, (B2) singlg-like ring, (B3) there is one Michel electron, (B0) events are not
selected by the next method (see the next sub section). Then the momentimntdis of u in
data are divided into 3 regions; 200 - 2V /c, 215 - 260MeV /c, and 260 - 30MeV /c and
compared by atmospheric neutrino MC and proton decay MC. Fi§liresv2 slbon momentum
distributions of data, atmospheric neutrino MC, and proton decay MC. @teeathd atmospheric
neutrino MC agree well and there is no indication of the proton decay.

3.2 K* — ptvy, with prompt y

There are much background events in single pirgample as shown in the previous section. To
eliminate the background, further cuts are applied. If a proton decays wxifgen, the remaining
nitrogen nucleus left in excited states emitays immediately. The most significant branch is the
6.32MeV yray frompg, hole state with 41 % probability[][4]. To sele€t — p* v, with prompt
y, the following selection criteria are applied after (B1)-(B3) in secfioh 384) (the distance
betweernu and decay electron is less than 200 cm, (B5) the goodness of vertexéategthan 0.6.
Then a time window with 12 nsec width is opened before muon peak and is sliddigy éme to



Search for Nucleon Decays in Super-Kamiokande Makoto Miura

find a maximum hit cluster which may be producedyy. N, andT, are defined as the maximum
number of hit in the time window and the time of middle of the time window. (B#) B, < 60
for SK-1 and SK3, and & N, < 30 for SK-2, (B8)T, — T, < 75 nsec. The detection efficiencies
are estimated to be 7.2, 5.8, and 7.3 % for SK-1, SK-2, and SK-3, regggctThe systematic
uncertainties are estimated to be 22 % for all period, which are dominated by¢keainty of the

y ray emission probability (20 %). The background events are estimated ta®ed08, and 0.03
events for SK-1, SK-2, and SK-3 period, respectively. The most damibackground is that the
neutrino interacts with nuclei and makes resonance N(1650) and itslata)k "A. On the other
hand, there are no candidates in all period.

3.3 KT — momr+

The momentum oft" is just above cherenkov threshold and its cherenkov ring cannot be
observed clearly. As a result, tws from ar® and PMT activities in the backward af direction,
and a decay electron should be observed. The selection criteria isegq(@1) FC 2 rings and
both are e-like, (C2) one decay electron, (C3x8bl,0 < 185MeV, (C4) 175< P, < 250MeV /c.
Then a backward electron-equivalent eneigy, and a residual energ¥;es are estimated from
PMT charges in 140~ 180° and 90 ~ 140" from the ri® direction. (C5) 7< Ep < 17MeV, (C6)
Eres < 12MeV. The detection efficiencies are estimated to be 6.5, 5.3, and 6.6 % for SK-4,, S
and SK-3, respectively. The systematic uncertainties are 8.6 % both foeratid and the most
dominant error comes from uncertainty of lleross section in water (5.0 %). The numbers of
backgrounds are estimated to be 0.46, 0.33, and 0.14, for SK-1, St &k& 3, respectively. The
large contributions are single production in charged and neutral current interactions. There are
no candidates in the data.

3.4 Combined limit for p — VK™

The three methods are used to calculate lifetime limit for the proton decay med®@K ™
based on the Bayes theorem. Detail descriptions can be found in regefgl The obtained lower
limit of the proton lifetime viap — VK™ is 3.3x10°® years at 90 % confidence level.

4. Summary

We have searched for nucleon decaypia> e i°, which is dominant mode in the non-SUSY
GUTs, andp — VK™, which is dominant mode in the SUSY-GUTs, from an exposure of 173
kton year. No significant excesses above background of the atnraspkatrino interactions are
observed. The lower limits of the partial nucleon lifetime at 90 % confidencé &egel0 x 10%*
years and 3 x 1033 years, respectively.
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