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Abstract. The sensitivity of a possiblefuture 1 MegatonwaterCherenkov detectorfor protondecaysearcheswas
studied.For p � e

�
π0 decaymode,thedetectionefficiency andthenumberof atmosphericneutrinobackgroundswere

estimatedby usinga detailedMonteCarlosimulationprogram.Moreover, their dependenceon thenumberdensityof
thephotomultipliertube(PMT) wasinvestigated.With thePMT densityof theSuper-Kamiokandedetector(2 PMT/m2,
40%photocathodecoverage),wewill reachto 1 � 5 � 1035 yearspartiallifetime limit at90%confidencelevel by 10years
livetimeof thedetector(104 kton� yearexposure).With a 1/4 (1/9) PMT density, thesensitivity for p � e

�
π0 modeis

decreasedto 1 � 1035 years(7 � 1034 years).

INTRODUCTION

Baryonnumberviolatednucleondecaysearchcould
be the direct testof GrandUnified Theories(1). In the
pasttwo decades,several largeundergrounddetectorex-
perimentshavelookedfor thesignalbut noclearevidence
hasbeenreported(2, 3, 4, 5, 6, 7, 8). In table1, proton
decaysearchdetectorsandtheir resultsaresummarized.
One of the detectortypesis a ring imaging Cherenkov
detectorwith a target of water; Kamiokande,IMB, and
Super-Kamiokande(SK), and anotheris a fine grained
tracking calorimeterwith a main target of iron; Fréjus
and Soudan2. One of important advantagesof water
Cherenkov detectorsis that we canobtainthe large tar-
getvolumewith reasonablecost.Moreover, therearefree
protonsin waterwhich decayproductsarefreefrom im-
perfectlyknown nucleareffect and total momentumin-
valancecausedby Fermimotionof protons.

To pushup the protondecaysearch,we would need
a muchlargerdetector. Therefore,feasibility of a water
Cherenkov detectorwith fiducial volumeof 1 Megaton,
which is about50 timeslargerthanthatof theSK detec-
tor, was studied. Among variousproton decaymodes,
sensitivity for p � e

�
π0 mode was studied in detail.

Moreover, sensitivity dependenceon the PMT density
wasstudiedin orderto evaluatetheproperPMT density.
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DETECTOR DESIGNS

As is shown in table1, currentlower limit on partial
lifetime of protonsvia p � e

�
π0 modehasbeensetas

3 	 3 
 1033 yearsby theSK detectorandthedetectorwill
reachto 1034 yearsin 10 yearslivetime.It seemsnatural
to requirethat the next generationdetectorshouldhave
sensitivity over1035 yearsfor thedecaymode.According
to therequirement,I assumedthefiducialmassof thenext
generationdetectoris 1 Mton.

Figure1 shows somedetectordesigns. “A la Super-
K” is a cylindrical tank measuring100 m in heightand
120 m in diameter. “Cubes” and“Doughnut” (9) com-
prise of 20 sub-detectors.I assumethat all surfacesof
eachsub-detectorin “Cubes”and“Doughnut”areinstru-
mentedwith PMTs. Therefore,the geometryof these
sub-detectorsis closeto that of the SK detector. I uti-
lized the SK simulationprogramto estimatethe perfor-
manceof the1 Mton detectors,“Cubes”or “Doughnut”.
However, dueto muchlongertravel lengthof Cherenkov
photons,resultsof my studypresentedheremay not be
applicableto ’a la Super-K’.

As is shown in figure 1, we need more than 300
thousandsPMTs to obtainthe samePMT densityasthe
SK detector. Although thesenumbersmay not be im-
possible, it is useful to considerthe possibility to re-
ducethem. I studiedthe following threedetectorcon-
figurations; detector-(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), anddetector-(C)
whichhas1/9PMT densityof theSK detector( � 35� 000



Table 1. Protondecaysearchdetectors.WaterCherenkov detectors(Kamiokande,IMB-3, andSuper-Kamiokande)andiron
trackingdetectors(FréjusandSoudan2) arelisted.Partial lifetime limits havebeensetat 90%confidencelevel.

detectors fiducial mass[kt] exposure[kt � yr] limit on p � e
�

π0 [1031yrs] limit on p � ν̄K
�

[1031yrs]

Kamiokande 1.04 3.76 26 (2) 10 (2)
IMB-3 3.3 7.6 54.0(3)
 15.1(3)

Super-Kamiokande 22.5 52.2 330 (4)†

33 67 (5)
Fréjus 0.6 1.58 7.0(6)

1.3 1.5(7)
Soudan2 0.77 3.56 4.3(8)

�
85.5by combiningwith IMB-1

† updatedfrom thepaper
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FIGURE 1.Someideasfor 1 Mtondetectordesignsshown with
the SK detector. NecessaryPMT numbersareshown for each
detectorassumingthesamePMT densitywith theSK detector.
Below arrows,thenumberof PMTsareshown in caseof reduc-
ing thePMT densityby a factorof 4 or 9.

PMTs/Mtonin total). All Monte Carlo parameterswere
exactly sameasthoseof theSK detectorsimulationpro-
gramexcept the PMT density. Water transparency was
setat about100m at wavelengthof 420nm andsameto
thethreedetectors.

SENSITIVITY STUDY

DetectionEfficiency for p � e
�

π0

Figure2 shows event displaysof a p � e
�

π0 Monte
Carloeventfor detector-(A), (B), and(C). Threeshower-
ing ringscausedby a positron(lower left) andtwo γ (up-
perright) from thedecayof π0 areseenin eachdetector.
Although Cherenkov rings becomefaint in detector-(B)
and(C) dueto thelow PMT density, it seemspossibleto
identify theserings.

Table 2. Protondecayselectioncriteria. Criteria with circles
areappliedin eachdetector.

detector (A) � (B) (C)
PMT density 1/1 1/4 1/9

Numberof rings(2 or 3 rings) � � �
ParticleID (all showering) � — —
π0 invariantmass(85 – 185MeV/c2) � — —
No muondecays � � �
Total invariantmass& total momentum � � � †

(800 � M � 1050MeV/c2, P � 250MeV/c)

�
Super-Kamiokande

† Total invariantmasscut is loosenedas750 � M � 1050MeV/c2

Reconstructionof an event such as vertex position,
Cherenkov rings,particletype,momentum,andthenum-
ber of muon decayswas automaticallyperformed(see
reference-(4) for details). Using thesemeasuredquan-
tities, protondecaycriteria weredefinedto rejectatmo-
sphericneutrinobackgroundsbut acceptsignal. Table2
shows the criteria for eachdetector. By the numberof
ring criterion,onepositronring andoneor two of γ rings
wererequired.ParticleID criterionselectede� andγ. Al-
thoughI did not requirethis criterionin detector-(B) and
(C), onewould improve the S/N ratio by usinga tuned
programto identify a particletype. For 3-ring events,at
leastonepair of ringsmustgive π0 invariantmass.This
criterion was not requiredfor detector-(B) and (C) be-
causetherewasno clearπ0 masspeakin thesedetector.
Finally, it waschecked that the total invariantmassand
total momentumcorrespondto themassandmomentum
of thesourceproton,respectively.

Figure 3 shows the total invariant mass and total
momentumdistributions of p � e

�
π0 events for the

detector-(A), (B), and (C). Boxes are the selectioncri-
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FIGURE 2. Eventdisplaysof a p � e
�

π0 MonteCarloevent
for detector-(A) with SK PMT density, (B) with 1/4 PMT den-
sity, and (C) with 1/9. Small circles indicatehit PMTs with
the sizeproportionalto detectedphotoelectrons.Positronring
(lower left) andtwo γ rings (upperright) from thedecayof π0

areseenin eachdetector.
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FIGURE 3. Thetotal invariantmassandtotal momentumdis-
tributionsfor p � e

�
π0 eventsin threedetectorsafterthemuon

decaycriterion(Table2). Theboxedregionin eachfigureshows
theselectioncriterionfor the p � e

�
π0 signal.

terion againstthe total massandmomentum.From the
sample,detectionefficiency in eachdetectorwas esti-
matedas (A) 43%, (B) 32%, and (C) 21%. Dominant
contribution of the inefficiency in detector-(A) comes
from the π0 interactionin the 16O nucleus;absorption,
charge exchange,and scattering. In caseof free pro-
tonswhich arefreefrom thenucleareffect, detectionef-
ficiency wasabout90%for the detector-(A). The differ-
enceof the efficiency between(A), (B), and (C) came
mainly from thedifferentperformanceof thering identi-
fication.Thefractionof eventswhichwerereconstructed
as2 or 3-ring eventswas73%for (A) whereas57%and
36%for (B) and(C), respectively.

Atmospheric Neutrino Backgrounds

To estimatethe numberof backgroundevents,atmo-
sphericneutrinoMonte Carlo eventswere used. Here,
due to limited CPUsfor the reconstruction,I discarded
all elasticscatteringevents(νN � νN � νN � l  N ! ). And
νµ chargedcurrent(CC) events(νµN � µ X) werealso
neglectedbecausemostof themwill be rejectedby the
muon decaycut. When particle ID programbecomes
ready, particletypeinformationwill bealsousuful to re-
ject them.I furtherreducedtheMonteCarloeventsby re-
stricting theneutrinoenergy as0 	 7 " Eν " 4 GeV. Used
Monte Carlo samplecorrespondedto 6.8 Mton # yearex-
posureequivalent.

I applied the proton decayselectioncriteria to the
backgroundsample. Figure 4 shows the total invari-
ant massandtotal momentumdistributionsof theatmo-
sphericneutrinoeventsfor thedetector-(A), (B), and(C).
Thebackgroundlevel wassamefor thesethreedetectors
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FIGURE 4. Thetotal invariantmassandtotal momentumdis-
tributionsfor atmosphericneutrinoMonteCarloeventsafterthe
muondecaycriterion(Table2). Theboxedregionin eachfigure
shows theselectioncriterionfor the p � e

�
π0 signal.

within the statisticalerror. The numberof background
eventswasabout21/6.8Mton # year % 3 Mton # year& 1.

Sensitivity for Proton Lifetime

Fromtheestimateddetectionefficienciesandthenum-
berof backgroundevents,expectedsensitivity for thepar-
tial lifetimeof protonwascalculatedin Figure5. Thesen-
sitivity wasculclatedat 90% confidencelevel assuming
simplePoissonprocesseswith backgrounds(10). With
10 yearslivetime (104 kton# year exposure),we would
reachto 1 	 5 
 1035 years(1 
 1035 years)partial lifetime
by the detector-(A) (detector-(B)). By the detector-(C),
we would need20 yearslivetime to reachto 1 
 1035

years.

DISCUSSIONSAND CONCLUSIONS

I have reported the sensitivity of 1 Mton water
Cherenkov detectorfor p � e

�
π0 mode. With thesame

PMT densityastheSK detector, thedetectionefficiency
is 43% andthebackgroundlevel is 3 Mton # year& 1. The
efficiency becomes32%(21%)in caseof 1/4 (1/9) PMT
densitywhile backgroundlevel doesn’t changedmuch.If
werequirethesensitivity of 1035 yearslifetime, wecould
reducethePMT densityby a factorof 4 andprobablyup
to 9. For a morepreciseresults,I needoptimizedrecon-
structionprogramfor eachPMT density. Especially, op-
timizationof theCherenkov ring identificationalgorithm
will improve thedetectionefficiency of thesignal.

Finally, it shouldbenotedthattheprotondecaysearch
will beno longerbackgroundfreeandit will becrucialto
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FIGURE 5. Expectedsensitivity for thepartial lifetime of pro-
tons. The sensitivity was calculatedat 90% confidencelevel
for thedetector-(A) (upperline), detector-(B) (middleline), and
detector-(C) (lower line).

preciselyunderstandthe tail of theatmosphericneutrino
interactionsandthedetectorresponce.
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