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Proton decay ~ Grand Unification

Running coupling constants seem to cross at single point
( unification scale )
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Predicted decay modes of proton
Two major decay modes
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Predicted lifetime of proton for major two decay modes
p—etnland p — v K*

Predictions of t / B ~ 1030 ~ 1037 years
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Proton decay experiments in '80s and '90s
Iron with trackers ~ 1 kton

Frejus experiment Soudan experiment
plastic flash tubes ( 25mm?) gas ionization,
with geiger tubes ( 225mm?) time projection calorimeter
974 tons in total
- ( Fiducial

900 tons of Iron
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Proton decay experiments from 1996~
Ring imaging water Cherenkov detector ~ 22.5k ton

Super-Kamiokande
; 1000m under the ground

4| Total volume 50 ktons
= Fiducial volume 22.5 ktons
] ™
er detectc ~ 20" PMTs
O =ots). 1885 8" PMTs
‘ About 40% of the inner detector
Il . IS covered

by the sensitive area of PMT.
Every day, ~ 20 solar and atmospheric neutrinos are observed.
— Background of proton decay




Predicted lifetime of proton for major two decay modes

p—etndandp — v K*
Summary of the current status

comparison with the experimental data
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Nucleon decay search
Many other decay modes have been studied.
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Super-Kamiokande detector
Ring imaging water Cherenkov detector

Particle types ( e-like or u-like ) can be identified
by the shape of the Cherenkov ring.

Electron ( or gamma ) generates electro-magnetic shower and
ring is more diffused compared to the muon.
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But weak in detecting low momentum heavy particles.



Proton decay search in SK p—et+nd
Ring imaging water Cherenkov detectors
have very high efficiency in identifying both e* and n°

gamma  SK event display

/ p — et + 1% ( simulation )

miokande

Positron

Simulation

P. = P,=459 MeV/c

gamma

Clear 3 e-like rings EEE
are expected to be observed. ol




Proton decay search in SK p—et+nd
Event selection criteria
e NO activity in the outer detector

e Vertex in the fiducial volume

* No decay electron

e 2 or 3 e-like ring

Positron \
(e*+1lor2y)
~ one of the ys may '4———0

overlap with e*

* Reconstructed =° mass
85 ~ 185 MeV/c?
( for 3 ring events )

e Reconstructed proton mass
800 ~ 1050 MeV/c?

* Reconstructed total ( proton ) momentum
Pt < 250 MeV/c



Proton decay search in SK p—et+nd
Detection efficiency

2 or 3 rings 73 7% Total mass and togzla\lll(r:nomenltum
p—e"+nm sample
PID ( all e-like) 65.5% | 1000
Mass of 1° 63.5% %800 s
= gt
No decay electron |62.5% ‘g’ 600 | - 393
Total mass and s 13 .zzé‘
total momentum | 45.0% | g Y
3 200 |
=—» Signal efficiency = 45% : :

One of the major sources %0 200 400 600 800 1000 1200
of inefficien cy Invariant proton mass (MeV/c?)

nt interaction in Oxygen ( before escaping from 1°Q0 )
e charge exchange ( n° — n¥)
* inelastic scattering ~ change momentum and direction of r°




Proton decay search in SK p—et+ 10
Interaction probability of n° in 10O ( MC)
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e Interaction probability
of © in 180 is so high.

Hiee estauE
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n¥ interactions Probability Efficiency

p. = 459MeV/c
(p—e+n’)

in 160 (SK-1)

free escape 44 % 72 %
absorption 22 % 0%
charge exchange 15 % 0%
other inelastic 19 % 13 %




Proton decay search in SK p— et + b
Source of the background events

— atmospheric v Total mass and total momentum

atmospheric v MC sample

~2events /Mt-year ,

30% from CC single &t
(V.N—eN n)
20% from CC multi =
(Ve N—e N mn)
30% from CC QE
n¥ from secondary
interactions of nucleon LS
(v.N—eN o MERmseeer T |
0 20 400 600 800 1000 120(
+ secondary n°) " vari 2
nvariant proton mass (MeV/c)
20% from NC
(v N—=vN X)
m Interaction in Oxygen or in the detector
changes the charge, momentum and direction of .

Total momentum (MeVi/c)




Proton decay search in SK
Latest result from SK

Detection efficiency 45% ( SK-1V)
Total exposure 205.7 kt-yr  (SKI~1V)
Estimated # of backgrounds 0.42 (SKI~1V)
proton decay Atmospheric v DATA
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So far, no candidate events have been observed.

Partial lifetime limit = 1.2x10%%year (preliminary)



Proton decay search in SK p—et+nd
Future prospects

1°37:“”‘“‘“““‘“”“““““““‘ T 14 years of running
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Proton decay search in SK p—et+nd

Once we have candidate events,

background evaluation becomes really important.
Uncertainties ( background estimation )

« Atmospheric v flux calculations
Spectrum shape ~8%
Flavor ratio <1%

* Neutrino interaction simulation
(incl. winteractions in 10 )

CC single 10%
CC multi = productions 7%
CC QE 8% -
NC 2%

T INnteractions in water 25%

e nucleon interactions in water  25%

« Detector resolutions 22%

—p» Uncertainty in the hadronic interactions
In / with 18O nucleus and water has large contribution.



Proton decay search in SK p—et+no
Toward the precise estimation of the background

Data from the accelerator experiments are very useful.
For the SK analysis,

data from the 1kt water Cherenkov detector

In the K2K experiment
were used to check our estimations.

K2K :v, beam, E, ~afew hundreds of MeV ~ a few GeV.

1000 ———

2- or 3-ring
un’ events o

-- }_;:‘--jf_.;:_'_l K2K (p2>e*+n® BG by Ev<3GeV)
1.63 +0.42/-0.33 (stat.)

g

+0.45/-0.51 (sys.)
events / Mt-yr

total momentum (MeVic)

g & 8

t Good agreement

Simulation, E <3GeV
30 1.8 +/- 0.3(stat.)
g mo " e0 800" 1000 1200 events / Mtyr

total invariant mass (MeVic?)

Data from 7 beam experiments are also useful.




Proton decay search in SK
Possible way to reduce # of background

=» Focus on the decay of free protons.

Change allowed momentum region
from 250 MeV/c to 100 MeV/c.

 High efficiency for the decay of free protons.
* Most of the background events are rejected.
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Proton decay search in SK

=» Focus on the decay of free protons. = Tight momentum cut

p—>e"+nd
Possible way to reduce # of background

Signal efficiency All Free proton
2 or 3 rings 73.7% 98.0%

PID ( all e-like) 65.5 90.9

Mass of r0 63.5 87.3

No decay electron 62.5 87.3

Total mass and momentum 45.0 87.0

Total momentum < 100MeV/c |20.7 78.7

# of background events  ~ 0.1 event / Mt-yr
(~ 20 time smaller)

Drawback : free protons / all protons = 20%
But still, efficiency is still fairly large.

(45% vs ~ 16%)




Proton decay search with Lg. Ar TPC
arXiv:hep-ph/0701101v1

Lg. Ar TPC has high efficiency
In detecting e+ and «°.
Clear e* and 2 y signals.

v Identification is one advantage.

Detection efficiency ~ 45%
# of backgrounds ~ 1 event/ Mt-yr

— Almost same detection efficiency
and
background is estimated to be 1/2

compared with SK
( Water Cherenkov detectors )

Beam data ( v, © etc. ) will help

tyine (100 cm )

p—er+nd y

( simulation ) ’
pe

g,

-

A

"

Wire number
(120cm)

to understand various systematic uncertainties.




Proton decay search in SK

p—v+K*
Ring imaging water Cherenkov detectors

can not detect K+ from proton decay directly
due to its small momentum. ( p,= 339 MeV/c)

Interaction probability of low momentum K* is small
and most of K* are expected to decay at rest.

— Use decay products of K*
for the identification of the candidate events

Kt — n* + 70|[Br=20.7%

K+ / Y
= 205 MeV/c

e Two e-like rings with 1 decay-e
o Small activity ( from =* )
In the opposite direction of nt°

Kfr—=pur+v

Br = 63.5%

v u+

D Q——
p, = 236MeV/c

 Single u-like ring
with 1 decay electron




—> visible
-------- > Iinvisible

0 _)<>,<><— Use two ys
— U+, to identify 205 MeV/c r°

/ U=V, + Ve +‘<— delayed e* from p decay

p. =205 MeV/c
— barely seen ( no clear Cherenkov ring )
— Search for the activity in the opposite side of the =°
— Use Ebk ( 140 ~ 180 deg. w.r.t. =° direction ) and
(90 ~ 140 deg. w.r.t. 0 direction )

res



Proton decay search in SK

Event selection criteria

for p = v+ K
Kt — n* + r¥

p— v +K*

Efficiency

Exp. # of

(%) Backgrounds

(SK 4) (SK4 535.2d)

2 rings both e-like 16.78 339.0

With 1 decay electron 13.16 63.8

Reconstructed mass of r° 12.37 17.87
85 ~ 185 MeV/c?

Reconstructed momentum of r° 10.47 5.01
175 ~ 250 MeV/c

E.. <12 MeV 10.19 3.68

E 7~17MeV 7.91 0.22

{ E,. (140 ~ 180 deg. w.r.t. 0 direction )
E .. (90 ~ 140 deg. w.r.t. =0 direction )

E,and E

es are evaluated using “electron equivalent” energy




Proton decay search in SK p—v+K*
Kt — nt* + r0

Expected #
of background
in SK | ~ IV
( 205.7 kt=yr)
1.15 events

Uncertainties %

30
Data n-N o in water 5.0
28
SK I~V Energy scale 0.6
20 F (2057 ktyr) - - 6
18 _ (preliminary ) :
o ) Ring countin 4.1
1 No candidates J J
8 Water parameter 1.1
Fiducial volume 3.0
o ¢ 2 Total 7.7
Epy ota .



Proton decay search in SK p—v+K*
rKf¥—=u*+v with promptytag. -~ ———————————-

o ,? °
-------- > Invisible

|
|
|
| >V
I V4
: B K+ u+ H
| V € == -=>0 (p, =236 MeVic)
' 180 —15N d THits .
: v "'/vM Tstart
____Y(83MevV) ____________ y
When a proton in oxygen decays, A
6.3MeV de-excitation y Is also emitted =L T, t

with probability of ~ 40 %. ﬁgjow (dN/dt=max)
* Search for 1 ring p-like events with p, ~ 236 MeV/c

with 1 decay electron

o Additionally, search for the pre-activity
from prompt de-excitation 6.3 MeV vy

—



Proton decay search in SK

K*—u*+v with prompt vy tag.

Momentum distribution of 1 ring u
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e Reject proton and =+ events

e Search prompt y hit cluster

( 12 ns sliding time window )

8 <N, < 60

4<N,<30(SK2)
*T,-T,<100 nsec

p— v+ K*
| Sig. | BKG In
eff. | 535.2
(%) days
FCIR u 57.2| 1122.6
1 decay-e 56.8| 884.6
215 < p, < 260 52.9 84.7
(MeV/c)
Distance btw. 51.8 83.4
u stop point and
decay e vertex
Proton rejection | 50.6 81.4
# of prompt hits | 8.28 0.07
Tdiff < 100ns 8.23 0.06
T rejection 8.21 0.05
( Tgood ~ Mgoog<0-1) 1.5/ Mt-yr




Proton decay search in SK p—v+K*
K+ —ut+v W|th prompt y tagglng

8 Ll = "1 Box Atm.vMC
0 10 1 Histo. Signal MC
WL ! " ™_ 5 ] Dot Data
2 af = : (SKI~1V)
g 10 3 2 3

2C .
§1° 3 , r:L _rd]nﬂﬂmm No candidates
< 10 _ 102

Number of y hits

c N| : T
:>j 10 EJ Signal ¢ = 8.2 % ?Paitlgllgilfeflme .
« 1k Est. # of Background 4 (™7 &u* combined )
O : s > 3.9 x 1033 year
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Proton decay search in SK

1037 —

Partial lifetime ( years)
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p—V+K* sensitivity

Curreht limit | 7
| 3.9x 1033 yrs i PP . -
i with 206 kt-yr ‘ 3 1

combined
Blue prompty
Green nw*nd

Black p,spectrum
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p—V+K*

14 years of running
( with accident... )
~ 200 kt-yr

Typical live-time ratio
> 85%

\

Another 10 yr
of operation
~ almost doubled
exposure



Proton decay search with Lg. Ar TPC p— v+ K*

Lg. Ar TPC can detect K* from proton decay.

Also, it is possible to detect the decay products of K*.
Event selection can be simple.

* Detection efficiency [p—=V+K*
1 kaon 96.8% || 5 {SlmulEiiem )
)
No other charged tracks [96.8 % ||
No r° =
Visible energy 96.8 %
< 0.8 GeV
( c.f. SK efficiency ~ 8% ) o+
« Estimated # of backgrounds W
1 event Mt-yr X
— EXpected to reach at Wire number
©/B = 1x10%* yr with ~ 0.1 Mt-yr (34cm)

t/B = 5x1034 yr with ~ 1.0 Mt-yr arXiv:hep-ph/0701101v1




Summary

e Current lifetime limits of proton decay
p—etn® t/B=12x10%yr
p— VvK* /B = 3.9 x 1033 yr
Already excluded simple models like
minimal SU(5), minimal SUSY-SU(5) etc..
— SO(10) prediction ~ 1 x 103> yr
e Future proton decay experiments
* Huge fiducial volume ( # of protons)
 High efficiency
« Small # of background events

Already, # of background events in SK ~ O(1)
Precise understanding and estimation
of the background events

Neutrino and hadron interactions in the detector
Use existing neutrino and hadron beams.



