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ABSTRACT 

Results are presented from 204 days of l i ve-time in the 
I rvi ne-Mi chi gan-Brookhaven ( IMB) proton decay detector .  Parti al l i fetime 
l imi ts at the 90% C . L .  are gi ven for 32 nucl eon decay modes. 
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THE I�B DETECTOR 

The I rvi ne-Mi chi gan-Brookhaven ( I MB)  detector consi sts of a l a rge 

rectangul ar vol ume of puri fied water { 1 7 xl8x23 m3)  l ocated i n  the 

Morton-Thiokol sal t mi ne i n  Fai rport Harbor ,  Ohi o .  The detector i s  

si tuated at a depth of 2000 ' ,  whi ch corresponds t o  1570 meters of water 

equi val ent overburden and a cosmi c ray muon fl ux of 2 . 7  per second through 

the detector.  2048 EMI 5" di ameter hemi spherical photomult ip l i er tubes 

( PM ' s ) ,  operated at the si ngl e photoel ectron l evel , face i nward toward the 

vo·1 ume of water and record Cherenkov 1 i ght produced by the passage of 

re"l at i vi st ic  charged part i c l es .  The PM ' s  are pos i t i oned on al l s ix  

surfaces of  a rectangul ar  gri d of  -1  m spaci ng ,  as shown i n  Fi gure 1 ,  with 

50 cm of water between the PM gri d and the cavity wal l s .  A fi duci al vol ume 

wh'ich begins  two meters i n  from the PM pl anes i s  used as the sensiti ve 

re!Jion for observi ng  nucl eon decay . 

The arri val time (T1 )  and the pul se hei ght (Q)  for each hit tube are 

rec:orded. The time resol uti on of the PM ' s  is 5 . 5  ns (HWHM) , which ,  together 

with the topol ogi cal i nformati on provided by the PM hit pattern , al l ows for 

the reconstructi on of the posi t i on and di recti on of re 1 at i vi st i c charged 

parti cl es in the detector.  In  addit ion to T 1 ,  a second timing scal e (T2) 

rec:ords subsequent PM fi rings out to 7 .5 µs ,  al l owi ng for the detecti on of 

muon decays wi th a 65% effi ci ency . The number of fal se muon decay s i gnal s  

i s  l ess than 1%.  Energi es are obtai ned by summi ng the cal i brated Q of al l 

fi ri ng PMT ' s .  The energy cal i brat i on i s  performed using cosmi c ray muons 

and has a systemati c  uncertai nty of ±15%. The measured energy of a part i c l e  

wi "l l  depend not onl y  on its total energy but al so i t s  mass ,  due t o  Cherenkov 

threshol d effects .  The measured energy therfore 1 abe l l  ed as a Cherenkov 

equi val ent energy ,  Ee : the energy equi val ent of a massl ess charged part i c l e  

with  total energy Ee · El ectrons ,  gammas and 11'0 1 s  wi l l  have Etot = Ee , 

wh1!reas a muon with 500 MeV of total energy wi l l  have Ee = 260 MeV . 



I RV I N E  - M I C� I GAN  - BROOKl-lAVEN DETECTOR 

F i gu re 1 .  
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DATA ANALYSIS 

We wi l l  report here on  204 days of l i ve-ti me .  Wi thin  thi s  time, 

-!ix107 tri ggers were recorded, most of them due to cosmi c ray muons . A few 

pE!rcent of the tri ggers are due to stopping  muons or mul ti pl e  muons . The 

stoppi ng muons are used to study the muon decay detect i on effi ciency . The 

number of accidental tri ggers due to noise i s  negl i gi bl e .  The expected 

r<1te of neutrino i nduced background events is -1 event/day whi ch 

corresponds to a nucl eon l i feti me of -5xlQ30  yr,  observed wi th 100% 

eff i ciency in the fi ducial  vol ume . 

There are actual ly three i ndependent analysis cha i n s ,  two carri ed out 

at Mi chi gan and the other at I rvi ne,  with the common goal of ident i fying  

and reconstructing  al l events i n  the energy range ( 150 < Ee  < 2000 MeV) and 

whi ch orgi nated in the fi duci al vol ume . These events wi l l  consist of 

neutrino i nteract i ons , poss i bl e  nucl eon decays and perhaps other new 

physi cs .  Computer simu l at i ons show that the effi ci ency for savi ng neutri no 

i nteracti ons i n  thi s  energy range is >90% at hi gher energies and >70% at 

the l owest energies.  The overl ap of the two independent analyses i s  

consi stent with these effi ci enci es . Nucl eon decay events such as p + e+ 110 

i n  the fiduci al vol ume are saved wi th >90% effi ciency . 

In 204 days of l i vetime ,  we have ident i fied 169 events ori ginat ing i n  

the fiduci al vol ume and i n  the energy range 150 < E e  2000 MeV . Some of  the 

events have cl ear and reconstructabl e tracks , whi l e  others have no obvious 

d ii sti ngui shabl e track . Other events may have one or more disti ngui shab l e  

tracks p l u s  a si gni ficant number o f  PM hits wh i ch cannot be obviously 

associ ated with a track.  The vari ous nucl eon decay modes we have studied 

w·i 1 1  produced PM hi t patterns whi ch vary in topol ogy and the number of 

d ·i sti ngui shabl e track . For examp l e ,  the decay p + e+ 110 wi l l  gi ve 2 c lear 



and di stingui shabl e tracks ,  whereas the decay: 

n + v K0 
s + ,,o ,,o 

wi l l  result  i n  an PM hit pattern much l i ke that produced by an i sotropi c ,  

i nstantaneous poi nt source o f  l i ght . 

The events are characteri zed by three vari abl es : Ee , the number of 

muon decays , and the an i sotropy A. The vari abl e A is defi ned as the 

magni tude of the sum of the un it  vectors from the reconstructed vertex to 

each hit PM , and l i es in the range from 0 to 1 .  Events whi ch have 

i sotrop i c  PM hit patterns wi l l  have smal l val ues of A, whi ch i s  

characteri stic  of most nucl eon decays . An event whi ch consi sts of a 

si ngl e ,  contai ned , non-showeri ng track ( i .e .  a muon ) wi l l  have A =  0 .75 ,  

whi ch i s  the cosine  of  the Cherenkov angl e .  Fi gure la  shows the 

di stri buti on of Ee vs . A for the 169 events found in 204 days of l i vet i me .  

The neutrino i nduced background was simul ated usi ng data summary tapes 

from the Gargamel l e  freon bubbl e chamber .  The reconstructed part ic le  types 

and momenta were used as i nput to the IMB computer simu lat i on program, and 

the generated events were subsequently wei ghted to fol l ow the atmospheric  

neutrino fl ux and put through the analysis  cha i n .  Thi s  techni que 

automati cal ly accounts for compl i cated nucl ear effects whi ch determi ne the 

topol ogi cal and particle  mul t i pl i city di stri buti ons  we shou ld  observe from 

neutri no interact i ons . Of course , thi s method has its drawbacks (e . g .  

freon i s  not water ) , but i s  more strai ghtforward than a real i st i c  

fi rst-pri nci pl es simu lat i on . It i s  vital that di stri buti ons  o f  the vari ous 

final states be simul ated carefu l l y ,  si nce it is the rare event on the 

edges of these di stri buti ons whi ch can mimi c nucl eon decay . F igure 2c show 

the Ee vs . A plot for a simu lati on of neutri no i nteracti ons  i n  204 days . 

wi l l  not gi ve detai l ed background estimates here ; they wi l l  be 

presented i n  a forthcoming PRL paper .  
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RESULTS ---
By us i ng the neutri no background simu l at i on and the simu l ation of 

i ndi vi dual decay modes , we ident i fy the cuts in Ee , A, and number of muon 

decays whi ch gi ves the best si gnal -to-background for each mode . We have 

chosen to make si mpl e ,  rectangul ar  cuts in Ee vs . A. Fi gure 2b shows the 

s imu l at i on of one nucl eon decay mode and the cuts chosen . For modes such 

as p + e+ n ° ,  whi ch wi l l  give very di sti nct i ve PM hit  patterns ,  we also 

make a cut based on i nspecti on of the events on our col or graphics system. 

Thi s  cut i s  denoted by "b-b"  (back-to-back)  in Tab l e  1. Al l s imul ati ons of 

nucl eon decays i ncl ude nucl ear i nteract i ons  of mesons , both wi thin  1 6Q and 

in water (pion and kaon scatteri n g ,  absorpt i on and charge exchange ,  and KL 

i nteracti ons ) and Fermi mot i on . Simul at ions of neutrino i nteractions have 

nucl ear i nteracti ons in 1 6Q inherently incl uded by the simu l at i on method , 

whi l e  meson i nteracti ons in water are simul ated expl i ci tly as above . 

Tab le  1 summari zes the cuts and resul ts for the 32 nucl eon decay 

modes . The nucl eon l i fetime l i mits  are 90% C . L .  l imits  obtai ned without 

performi ng any background subtract i on . For the nucl eon decays whi ch do 

not i ncl ude a neutri no , there are ei ght events whi ch fal l  within  the union 

of al l the cut s .  These ei ght events are l i sted i n  Table  2. 

CONCLUDI NG REMARKS 

To summari ze the IMB search for nucl eon decay events i n  204 days of 

l i ve-time: 

• We have obtai ned l i mits on 32 di fferent nucl eon decay modes . Al though 

have not presented detai l ed background estimates for speci fic  decay 

modes , it i s  apparent from Fi gures 2a and 2c that there is no g laring  

nucl eon decay si gnal i n  the  data . For  many of  the  s impl e SU ( 5 )  modes 

( e+no ,  µ+n o , , , . )  we have observed no compat i b l e  events . 

• The overal l rate and characteri stics of the events whi ch ori gi nate i n  

the  fi duc i a l  vol ume are consi stent wi th neutri no i nteract i ons . 
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• Ye s ,  Vi rgi n i a ,  we do have events whi ch are consi stent wi th nucl eon 

�ecays . These events are ,  however ,  a lso  consi stent wi th expectati ons from 

neutrino i nteractions . 

• We have recently recieved the go-ahead on pl ans to upgrade the 

detector , whi ch wi l l  eventual ly increase our l i ght col l ection by a factor 

of four .  Th i s  wi l l  provi de us with much cl eaner l ook i n g  events ,  and we 

wi l l  be abl e to improve our seperati on of nucl eon decays from neutrino 

background . 
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TABLE 1 

Summary of Nucl eon Li fetime Limits  From 204 Days of Li vetime 

1 2 3 4 5 6 7 8 

I 
Requi rements Eff. No . of Limit on 

Mode wi th Cand T I 3� 
Ee A #µ b-b Nucl ear Obs . (xlO yr) 

(Mev) Corr.  

1 p + e"t1fO 750-1100 < 0 .3  0 0 0 .61 0 1 7  • 
2 p ... µ+110 550-850 < 0 . 5  1 1 0 .39 0 1 1 .  
3 p + e+no 750-1 100 < 0.3  0 0.42 0 1 2 .  
4 p + µ+T)o 550-850 < 0.4 1 0 .31  0 9 • 
5 p ... e+po 300-600 < 0 .5  1 0 . 12  1 1 . 9  
6 p + µ+po 175-400 < 0 .5  1 , 2  0 . 16  2 1 ..9 
7 p ... e+w0 300-600 < 0. 5 1 0 . 12  1 2 .0  
8 p + µ+wo 200-450 < 0 . 5  1 , 2  0 . 33 2 4 • 
9 p ... e+y 750-1100 < 0.4 0 2 0 . 74 0 20 

10 p ... µ+y 550-800 < 0 . 5  1 1 0 .47 0 13.  
1 1  p + e+K0 t 0.31  1 5 . 7  
12 p + µ+Ko t 0 .35 2 4.4  
1 3  p + v K+ 150-375 0.3-.65  1 0 . 1 1  3 1 . 0  
14 p + v K* 250-500 0.3-0 .6 1 0.09 4 0 . 7  
1 5  p +e+e+e- 750-1100 <0 .3  0 0 .93 0 25.  
16  p +µ+µ+µ- 200-425 < 0 .5  2 ,3  0 .57 1 9 .  
17  n + 

'J 
1fo 325-625 0.6-0.8 0 0 .52 27 0 . 7  

18 n + v n° 475-800 < 0 .5  0 0 . 56 4 3 . 5  
19 n ... v y 325-600 0.6-0.8 0 0 .76  26  1 . 1  
2 0  n + V lJlo 200-425 0 .3- .65 1 0 . 16  6 0 .8  
21 n + e+11- 500-950 < 0 . 5  0 0 . 35 4 2 . 2  
2 2  n ... µ+11- 200-700 < 0 .5  1 0 .42 1 5 .  
23 n + e+p- 500-850 < 0 . 5  0 0 .40 4 2 . 5  
2 4  n + µ+p- 250-625 < 0 .5  1 0 . 22 1 2 . 9  
25 n + e-11+ 500-950 < 0 .5  0, l 0 .34 6 1 .6 
26 n + µ-11+ 200-550 < 0 . 5  1 , 2  0 .32 2 3 .0  
27 n + e-p+ 500-850 < 0.4 1 0 . 1 2  0 2 . 6  
2 8  n + µ-p+ 225-600 < 0 .5  1 , 2  0 .25  2 2 . 3  
2 9  n + v K0 450-750 0.2-0 .5  0 0 . 1 1  3 0 .8  
30 n + v K* 200-700 . 1 5-0 . 5  1 0 .06 1 0 . 7  
31 n + e+e- v 500-850 < 0 .5  0 0 .41 4 2 . 6  
3 2  n + u+u-v 150-375 .2- .65 1 . 2  0.45 4 2 . 8  

Notes : 
1 .  For 3-body decay modes fl at phase space was assumed . 
4. No . of muon decay si gnal s requi red . 
5 .  No .  of events rejected by a two-track with open ing  ang l e  >140° requi rement . 

Effi ciencies i ncl ude an estimated 90% scanning  effi ci ency for thi s  requi rement . 
6. Thi s  eff ici ency i ncl udes the detection effi ci ency after al l requi rements , 

i nc l ud i n g  nucl ear effect s ,  and meson branching  rat i os .  
7 .  Some events are candidates for more than one mode . ( see Tabl e  2 for the 8 

events whi ch are candi dates for non-neutri no modes . )  
8 . Li feti me l i mits  quoted are at 90% CL for 204 days of l i vetime and do not 

i ncl ude backiround subtract i on . 
t Cuts for e K0 and µ+K0 are di fferent for K� , K5+11°11° , and KS + 11+11- . 
See ref . 1 .  
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EVENT NO . 

143-21939 

225-7794 

299-72044 

510-54208 

588-8320 

656-11673 

663-1770 

747-44203 

Tab l e  2. Nucl eon Decay Candi dates
* 

ENERGY ANISOTROPY NO OF MUON 
Ee {MeV) A DECAYS 

780 0.43 1 

920 0 .27 1 

770 0 .32 0 

720 0 .39 0 

370 0.49 2 

530 0 .38 0 

500 0.41 0 

340 0.43 1 

POSSIBLE 
I NTERPRETATION 

e-w+ 

e-w+ 

e+w-,e+p-

e-w+ 

e+w-, e+p-

e- w+ 

µ+po , µ-p+, µ+wo 

µ+µ+µ- ' µ-'If+ 

µ+KO 

e+w-, e+p-

e-w+ 

e+w-, e+p-

e-w+ 

e+p o , µ+ po 

e+wo ' µ+wo 

µ+'If- , µ+p-

- + - + µ 'If • µ p 

e+KO , µ+K O 

*Modes with a neutri no are not incl uded , e . g . ,  vK+ , vwo ,  e+e-v. 
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