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Abstract.

The sensitvity of a possiblefuture 1 Megatonwater Cherenkv detectorfor proton decaysearchesvas

studied.For p — e™ 1 decaymode,the detectionefficiency andthe numberof atmospherimeutrinobackgroundsvere
estimatedby usinga detailedMonte Carlo simulationprogram. Moreover, their dependencen the numberdensityof
the photomultipliertube (PMT) wasinvestigatedWith the PMT densityof the SuperKamiokandedetector(2 PMT/m?,
40% photocathodeoverage)we will reachto 1.5 x 10%° yearspartiallifetime limit at 90%confidencdevel by 10years
livetime of the detector(10* ktonyearexposure).With a 1/4 (1/9) PMT density the sensitvity for p — et modeis

decreasetb 1 x 10°° years(7 x 1034 years).

INTRODUCTION

Baryon numberviolated nucleondecaysearchcould
be the directtestof GrandUnified Theories(1). In the
pasttwo decadesseverallarge undegrounddetectorex-
perimentdhavelookedfor thesignalbut noclearevidence
hasbeenreported(2, 3,4, 5, 6, 7, 8). In tablel, proton

decaysearchdetectorsandtheir resultsare summarized.

One of the detectortypesis a ring imaging Cherenkv
detectorwith a tamget of water; Kamiokande,IMB, and
SuperKamiokande(SK), and anotheris a fine grained
tracking calorimeterwith a main tamget of iron; Fréjus
and Soudan2. One of importantadwantagesof water
Cherenkv detectorss that we canobtainthe large tar
getvolumewith reasonableost.Moreover, therearefree
protonsin waterwhich decayproductsarefree from im-
perfectly knovn nucleareffect and total momentumin-
valancecausedy Fermimotionof protons.

To pushup the protondecaysearchwe would need
a muchlarger detector Therefore feasibility of a water
Cherenbv detectorwith fiducial volume of 1 Megaton,
whichis about50 timeslargerthanthatof the SK detec-
tor, was studied. Among various proton decaymodes,
sensitvity for p — e"® mode was studiedin detail.
Moreover, sensitvity dependencen the PMT density
wasstudiedin orderto evaluatethe properPMT density
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DETECTOR DESIGNS

As is shawn in table 1, currentlower limit on partial
lifetime of protonsvia p — e*1® modehasbeensetas
3.3 x 10% yearsby the SK detectorandthe detectomwill
reachto 104 yearsin 10 yearslivetime. It seemshatural
to requirethat the next generationdetectorshouldhave
sensitvity over 10°® yearsfor thedecaymode.According
to therequirement} assumedhefiducialmassof thenext
generatiordetectolis 1 Mton.

Figure 1 shavs somedetectordesigns.“A la Super
K" is a cylindrical tank measuringl00 m in heightand
120 m in diameter “Cubes” and “Doughnut” (9) com-
prise of 20 sub-detectors.| assumethat all surfacesof
eachsub-detectoin “Cubes”and“Doughnut” areinstru-
mentedwith PMTs. Therefore,the geometryof these
sub-detectorss closeto that of the SK detector | uti-
lized the SK simulationprogramto estimatethe perfor
manceof the 1 Mton detectors;Cubes” or “Doughnut”.
However, dueto muchlongertravel lengthof Cherenlov
photons,resultsof my study presentecheremay not be
applicableto 'a la SuperK’.

As is shavn in figure 1, we need more than 300
thousand$MTs to obtainthe samePMT densityasthe
SK detector Although thesenumbersmay not be im-
possible,it is useful to considerthe possibility to re-
ducethem. | studiedthe following three detectorcon-
figurations; detectof(A) which hassamePMT density
as the SK detector(~ 300,000 PMTs/Mton in total),
detector(B) which has1/4 PMT densityof the SK de-
tector (~ 80,000 PMTs/Mtonin total), and detecto#(C)
whichhas1/9 PMT densityof the SK detector(~ 35,000



Table 1. Protondecaysearchdetectors.Water Cherenkv detectordKamiokande |MB-3, and SuperKamiokande)andiron
trackingdetectorgFrgus andSoudarR) arelisted. Partial lifetime limits have beensetat 90% confidencdevel.

detectors fiducialmasgkt]  exposurdkt-yr] limit on p— e*1° [1031yrs]  limit on p — VK [1031yrs]
Kamiokande 1.04 3.76 26 (2) 10 (2
IMB-3 33 7.6 54.0(3) 15.1(3)
SuperKamiokande 225 52.2 330 (4)f
33 67 (5)
Fréjus 0.6 1.58 7.0(6)
1.3 1.5(7)
Soudar? 0.77 3.56 4.3(8)
* 85.5by combiningwith IMB-1
T updatedrom the paper
ala Super-K  cubes doughnut Table 2. Protondecayselectioncriteria. Criteria with circles
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FIGURE 1.Someideadfor 1 Mton detectordesignshavn with

the SK detector NecessarfPMT numbersare shavn for each
detectorassuminghe samePMT densitywith the SK detector
Below arraws,thenumberof PMTsareshawvn in caseof reduc-
ing the PMT densityby afactorof 4 or 9.

PMTs/Mtonin total). All Monte Carlo parametersvere
exactly sameasthoseof the SK detectorsimulationpro-
gramexceptthe PMT density Watertransparengc was
setat about100 m at wavelengthof 420nm andsameto
thethreedetectors.

SENSITIVITY STUDY

Detection Efficiency for p — et °

Figure 2 shavs event displaysof a p — et 1® Monte
Carloeventfor detecto#(A), (B), and(C). Threeshaver-
ing rings causedy a positron(lower left) andtwo y (up-
perright) from the decayof 1° areseenin eachdetector
Although Cherenkv rings becomefaint in detecto#(B)
and(C) dueto thelow PMT density it seemspossibleto
identify theserings.

areappliedin eachdetector

detector A* (B) (©
PMT density /1 14 1/9
Numberof rings (2 or 3 rings) O O 0O
ParticleID (all shavering) o - -
10 invariantmass(85— 185MeV/c2) o — —
No muondecays O O O
Totalinvariantmass& totalmomentum O (O QOF

(800< M < 1050MeV/c2, P < 250MeV/c)

* SuperKamiokande
T Total invariantmasscutis loosenedas 750 < M < 1050MeV/c?

Reconstructiorof an event such as vertex position,
Cherenbv rings, particletype,momentumandthenum-
ber of muon decayswas automaticallyperformed(see
reference-(} for details). Using thesemeasuredjuan-
tities, proton decaycriteria were definedto rejectatmo-
sphericneutrinobackgroundsut acceptsignal. Table2
shaws the criteria for eachdetector By the numberof
ring criterion,onepositronring andoneor two of y rings
wererequired.ParticleID criterionselected™ andy. Al-
thoughl did notrequirethis criterionin detector(B) and
(C), onewould improve the S/N ratio by usinga tuned
programto identify a particletype. For 3-ring events,at
leastone pair of rings mustgive 1° invariantmass. This
criterion was not requiredfor detecto#(B) and (C) be-
causetherewasno clearm® masspeakin thesedetector
Finally, it was checled that the total invariantmassand
total momentumcorrespondo the massandmomentum
of thesourceproton,respectiely.

Figure 3 shaws the total invariant massand total
momentumdistributions of p — et events for the
detectof(A), (B), and (C). Boxes are the selectioncri-



(A) 11

(B) 1/4

(C) 1/9

FIGURE 2. Eventdisplaysof a p— et Monte Carlo event
for detector(A) with SK PMT density (B) with 1/4 PMT den-
sity, and (C) with 1/9. Small circles indicate hit PMTs with
the size proportionalto detectedpohotoelectronsPositronring
(lower left) andtwo y rings (upperright) from the decayof T
areseenin eachdetector
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FIGURE 3. Thetotal invariantmassandtotal momentumdis-
tributionsfor p — et 1@ eventsin threedetectorsfterthemuon
decaycriterion(Table2). Theboxedregionin eachfigureshavs
theselectioncriterionfor the p — et 10 signal.

terion againstthe total massand momentum. From the
sample,detectionefficiency in eachdetectorwas esti-
matedas (A) 43%, (B) 32%, and (C) 21%. Dominant
contritution of the inefficiency in detectof(A) comes
from the 1€ interactionin the 180 nucleus;absorption,
chage exchange,and scattering. In caseof free pro-
tonswhich arefree from the nucleareffect, detectionef-
ficiengy wasabout90% for the detector(A). The differ-
enceof the efficiency between(A), (B), and (C) came
mainly from thedifferentperformancef thering identi-
fication. Thefractionof eventswhich werereconstructed
as2 or 3-ring eventswas73%for (A) whereass7% and
36%for (B) and(C), respectiely.

Atmospheric Neutrino Backgrounds

To estimatethe numberof backgroundevents,atmo-
sphericneutrinoMonte Carlo eventswere used. Here,
dueto limited CPUsfor the reconstruction] discarded
all elasticscatteringevents(vN — vN,vN — [£N’). And
vy chagedcurrent(CC) events(vyN — p£X) werealso
neglectedbecausanost of themwill be rejectedby the
muon decaycut. When particle ID programbecomes
ready particletype informationwill bealsousufulto re-
jectthem.| furtherreduced¢he Monte Carloeventsby re-
stricting the neutrinoenegy as0.7 < Ey < 4 GeV. Used
Monte Carlo samplecorrespondedo 6.8 Mton-year ex-
posureequivalent.

| applied the proton decay selectioncriteria to the
backgroundsample. Figure 4 shows the total invari-
ant massandtotal momentumdistributionsof the atmo-
sphericneutrinoeventsfor thedetector(A), (B), and(C).
The backgroundevel wassamefor thesethreedetectors
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FIGURE 4. Thetotal invariantmassandtotal momentundis-
tributionsfor atmospherimeutrinoMonte Carloeventsafterthe

muondecaycriterion(Table2). Theboxedregionin eachfigure
shaws the selectiorcriterionfor the p— et 1° signal.

within the statisticalerror. The numberof background
eventswasabout21/6.8Mton-year~ 3 Mton-year ..

Sensitvity for Proton Lifetime

Fromtheestimatedietectiorefficienciesandthenum-
berof backgroundvents expectedsensitvity for thepar
tial lifetime of protonwascalculatedn Figure5. Thesen-
sitivity was culclatedat 90% confidencdevel assuming
simple Poissonprocessesvith backgroundg10). With
10 yearslivetime (10* kton-year exposure),we would
reachto 1.5 x 10%® years(1 x 10%° years)partial lifetime
by the detector(A) (detecto#(B)). By the detectof(C),
we would need20 yearslivetime to reachto 1 x 10%°
years.

DISCUSSIONSAND CONCLUSIONS

| have reported the sensitvity of 1 Mton water
Cherenkv detectorfor p — et1® mode. With the same
PMT densityasthe SK detectoy the detectionefficiency
is 43% andthe backgroundevel is 3 Mton-year*. The
efficiency becomes32% (21%)in caseof 1/4 (1/9) PMT
densitywhile backgroundevel doesnt changednuch.If
werequirethesensitvity of 10%° yeardlifetime, we could
reducethe PMT densityby afactorof 4 andprobablyup
to 9. For amorepreciseresults,| needoptimizedrecon-
structionprogramfor eachPMT density Especially op-
timization of the Cherenkv ring identificationalgorithm
will improve thedetectiorefficiency of thesignal.

Finally, it shouldbe notedthattheprotondecaysearch
will benolongerbackgroundreeandit will becrucialto
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FIGURE 5. Expectedsensitvity for the partiallifetime of pro-
tons. The sensitvity was calculatedat 90% confidencelevel
for thedetector(A) (upperline), detector(B) (middleline), and
detecto#(C) (lowerline).

preciselyunderstandhetail of the atmospherimeutrino
interactionsandthe detectorresponce.
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