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A large water cherenkov detector is being constructed in a 

deep mine at Park City, Utah by a collaboration of Harvard, Purdue 

and Wisconsin physicists. The purpose of the detector is to observe 
33 proton or bound neutron decay to lifetimes of 0.7 x 10 years. The 

detector is designed to be sensitive to several decay modes of the 

pl.-oton and to suppress the backgrounds that are naturally asso

ciated with cosmic ray muon and neutrino interactions in the walls 

of the mine or the overburden of the site. 
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INTRODUCTION 

The subject of proton stability has been of interest since at 

least 1929.1 Recently there has been renewed interest in this 

experimental measurement for three reasons: 

1. Baryon Number is not coupled to a massless gauge field 

and hence need not be conserved. 

2. The Universe appears to be asymmetric in baryon number 

and N /N = 10-9±1. B photons 
3. Unified Theories - Theories (GUTS) of Strong/Weak and 

Electromagnetic Interactions imply non conservation of 

baryon number. 

We will not attempt to reference the latest theoretical calcu

lations since by now the list is very large and well known to 

experts in that field. "However it is essential to make some assump

tions about the decay products of protons or bound neutrons if 

they are to be detected experimentally. We assume that the energy 
+ + 

of the proton or neutron is visible in either e-, ~- or pions or 

kaons. Decays with one or more neutrinos could be detected in 

some cases if the proton lifetime were short enough but would be 

extr~mely difficult to use as prime evidence for a finite proton 

lifetime. 

Beyond the assumption of "detectable" charged or neutral par

ticles in the final state the other essential assumption used in 

the detector design is the nature of the background events, including 

neutrino interactions in the detector and cosmic ray induced hadronic 
2 interactions. For the neutrino background extensive Monte Carlo 

calculations have been carried out using actual neutrino ev.ents 

observed in bubble chambers. These calculations are used as an 

imput to the detector design. The case of hadronic background is 

more complex and will be discussed further in Section III. 



There are three important components of the detector: the 

volume array of 5" photomultipliers; a 4n box of gas proportional 

counters and a large "active shield" surrounding the centered 

detector. The detector is shown schematically in Figure 1. 

The detector can also be used to observe low energy cosmic 

ray neutrino interactions. These neutrinos traveling terrestrial 

distances across the earth in principle contain information about 

neutrino mixing through neutrino oscillations. The range of 6m
2 

that can be reached is about lO-3ev2. The detector is in an 

advanced stage of construction and data taking is expected before 

summer of 1981. 3 

II. SIGNAL FOR PROTON DECAY IN WATER CHERENKOV COUNTERS 

The signature of a proton decay occurring in the sensitive 

volume is 

1. The total energy released in the event is approximately 

938 MeV. 

2. The decay products have no net ,momentum. 

3. The event originates inside the fiducial volume. 

Recognition of this signature in water is possible because 

the proton decay products will produce Cherenkov radiation. There 

is considerable experience with the use of water calorimeters to 

measure total energy as required by criterion 1. The experimental 

data are in good agreement with Monte Carlo electromagnetic shower 

calculations and indicate the general validity of the calculations 

which we have made. These results show that we can obtain total 

energy resolution of order 25 percent (~E/E) at 1 GeV by collecting 

5-10 percent of the available Cherenkov light (i.e. the light which 

would be collected by a photocathode a very small distance from the 

light source). The directionality of the Cherenkov light permits 

the use of criteria 2 and 3 to distinguish proton decay events 
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from background. Reconstruction of the Cherenkov light cones will 

permit a determination of the event vertex to better than O.3m in 

our design and provide a measurement of the net momentum. 

The most important advantage of the volume lattice detector 

is that it collects light more efficiently than the surface detec

tor when both are filled with water with a finite attenuation 

length. This larger efficiency means that for a given number of 

photodetector devices and a given fiducial volume, the lattice 

detector will make a better measurement of the total light and 

thus the total energy of an event. The realistic ratio of effi

ciencies between the two detectors is approximately a factor of 

five, which implies more than a factor of two better resolution 

for the volume lattice detector. This enhanced resolution signifi

cantly improves the ability of the detector to discriminate between 

proton decay and background events. 

The validity of these claims can be proven analytically in an 

exercise which is useful for understanding how the volume detector 

works. Consider a volume detector of volume V with N phototubes 

of cross-sectional area A. The volume of the unit cell v is then 

given by the relation v = V/N. Assume that the detector is filled 

with water which has an attenuation length L. A spherical shell of 

radius r and thickness dr, centered on a light source has a volume 
2 dV = 4nr dr. The number of phototubes in this volume is dV/v and 

the total surface area they present to the light source is dS = 
P 

(dV/v)A. The efficiency for collecting randomly generated photons 

is then 

E I 
V 

(dS /S )e-r / L 
p s NAL/V 

This approximate scaling rule has been verified by detailed Monte 

Carlo calculations (see Figure 2). 
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The Cherenkov radintion is generated by Monte Carlo techniques 

photon by photon. The number of photons per cm of path length for 

particles with a velocity of c is calculated by the equation 

['2 1 (-1. 1 
N = dN ::: 21fCl L [1 - 22] - -) 

Al S n Al 1.2 

500/cm between 250 and 710 nm. 

Many detector geometries have been simulated. 2 Parameters 

entering into the simulation include: lattice spacing of detectors, 

actual and effective radius of detectors, wavelength dependence of 

efficiency of detectors, size and shape of lattice, reflectivity of 

the detector walls (with or without mirrors), and position of 

reflecting walls. The number of photoelectrons collected in all 

the photomultipliers should be a measure of the total energy of 

the showers created by the e+ and 1f o from proton decay. Good reso

lution in this number will sharpen any peak corresponding to true 

proton decay events over most backgrounds. It has also been veri

fied that with a mirrored detector, the light collected in a given 

event is independent of the position of the event in the detector 

and the volume of the detector for a wide range of those parameters. 

We now turn to more specific calculation. The properties of 

the various decay modes of the proton are given in Table 1: these 

serve as the signature for the detection of proton decay. Using 

these decay modes we have carried out Monte Carlo simulation. 

The expected number of collected photoelectrons per decay mode 

is given in Table 2. 

5 



In order to collect adequate light and directional information 
+ + 2 from the e pie w decay modes the detector must be "close packed". 

Fortunately the Same configuration now allows the detection of the 

~ ~ e sequence, which provides an additional signature for these 
+ - + -decay (i.e., pO ~ ~ ~ ; ~ ~ ~ ~ e; WO ~ ~ ~ ~o; ~ ~ ~ ~ e). We 

expect the neutrino backgrounds to be reduced because neutrino 

event with multiple pion production provide the major background 

and the rates are expected to be very low. 

We can define the following properties of a proton decay event: 
+ - + - + -1. Asymmetry = <asym> = (N -N )/N +N where N (N ) are the 

number of photo electrons collected forward (backward) 

of the assigned vertex. 

2. Sphericity of the event <sph>, defined in the same way 
. +-as for events 1n e e experiments. 

The <asym> and <sph> values for the various decay modes are 

listed in Table 3 (for the non-wavelength shifter case). For 

comparison this average value of these quantities for neutrino 

interactions is 

<asym> = 0.7 

<sph> 0.1 

These values are considerably different from the baryon decay values 

and provide a technique for discrimination. In addition the pulse 

height spectrum provides an additional discrimination. Figure 3a 

shows the spectrum for p decay. The expected vertex position accur

acy is shown in Figure 3b. 

The technique for identifying (pIn) decays, put simply is 

1. Reconstruct event 

2. Calculate <asym>, <sph> and pulse height 

3. For pIn decay <asym> <0.4, <sph> > 0.5 

6 



4. The e+ spectrum has unique structure associated with 
o +/ +/ + d the 71 ewe p e decays, i. e., for non wavelength shifte 

water the number of photoelectrons associated with the 
+ + + + e will be", 330 (7IOe ) or '" 110 (we, pe ) or for the 

wavelength shifted case", 700 and", 250, respectively. 

5. 
+ + + The 71 (11 ) tracks from pO, W 0 (11 71 0) decay have a unique 

range. 

III. TECHNIQUES TO REDUCE BACKGROUNDS 

The expected backgrounds in the detector from various cosmic 

ray sources, these are illustrated in Figure 4. The most copious 

source of particles that pass through 650 m of rock are atmospheric 

muons. The approximate energy of the "typical" muon at the earth 

surface that reaches the detector is 0.8 TeV. Radiative fluctuations 

cause a spread in the primary energy. The fraction of muons that 

stop in the detector is determined from detailed calculations that 

include radiative fluctuations and range straggling. 

Atmospheric neutrinos comprise the other known source of back

ground events in the detector. Unlike accelerator produced neutrino 

beams, the cosmic ray flux contains an appreciable v + v component. 
e e 

Neutrino interactions- in the detector in the 0.5-2 GeV energy 

region could produce final states that simulate proton decay; thus 

a detailed study of the background is necessary before the feasibi

lity of a sensitive proton decay experiment can be ascertained. 

Fortunately the neutrino spectrum for the ZGS experiments using 

the 12' bubble chamber is very similar to the expected cosmic ray 

spectrum and we have used existing data from the ZGS experiments 

in our rate and background estimates. There are no detailed pub

lished estimates of the hadronic particles produced in the walls 

by either neutrino or muon interactions. These rates may amount 

to hundreds per year and are thus a potentially serious background 
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for proton decay experiments. It is essential to protect the detec

tor from these backgrounds by using an active shield in the same way 

that our earlier neutrino experiments at Fermilab and BNL used active 

shields. 

All accelerator neutrino experiments have observed hadrons on 

the detector from the shield~ Indeed, it was this background that 

inhibited the discovery of neutral currents for 12 years until 

large heavy liquid bubble chambers at CERN and counter experiments 

at Fermilab utilized active shields or techniques to suppress these 

incident hadronsft We expect these hadrons to be a major source of 

background for proton decay experiments as well. 

The nuclear absorption length in water is 70 cm; we assume 3-

of active water shield around the inner detector, with ~ 5.5 hadron 

absorption lengths. This leads to an ideal suppression factor of 
-3 4 x 10 , which should be adequate to reject the hadronic background. 

Table 4 summarizes the various techniques of background rejection. 

The result is a background of less than 0.2 events/year for proton 

decay. In order to estimate an experimental limit on proton decay 

we use: 

l. 

2. 

3. 

"N" ~ 5 x 1032 
baryons -

Expected background level ~ 0.2 fake 

Assume operation for three years and 
32 

T > 3x5xlO 
p 2.3 years 

~ 0.7 x 1033 years to 90% confidence. 

proton decays/year 

no events recorded 
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IV. THE HPW DETECTOR AT PARK CITY 

The University of Utah group excavated a mine site in the 

Silver King Mine in 1964 using a horizontal tunnel.2 ,5 The effective 

cost of fabricating the mine today is guessed to be about $1,000,000. 

This site was operated for ten years as a neutrino laboratory and 

is fully roof bolted and fabricated (concrete floor and crane) as a 

laboratory. Figure 6 shows the location of the laboratory site 

that is ~ 5 Km from the entrance to the tunnel. 

Figure 7 shows a concrete tank installed in the mine which 

serves as a water container and partial active shield. The detec

tor design has been optimized and influenced by several pieces of 

information and requirements: 

1. The available stope which is already a laboratory 

(safety, crane, power, ventilation, water, floor, etc.) 

2. Monte Carlo studies of the signals and backgrounds; 

in particular requirements of pulse height (p.m. spacing) 

time resolutions and water quality. It is especially 

important to optimize the signal/background. This 

implies attempting to be as sensitive as possible to 

all proton decay modes, as well as having high back

ground rejection. It also implies as many cross checks 

and calibrations as feasible in the detector. 

3. Availability of equipment; costs; time scales. 

A schematic of the detector is shown in Figure 7. The various 

elements of the detector and their function are described in 

Table 5. 
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V. NEUTRINO OSCILLATIONS SEARCH WITH DEEP MINE DETECTORS 

The interesting possibility of neutrino oscillations has long 

been recognized but no clear signal has yet been establishedp,7 

Many excellent discussions of neutrino oscillation phenomenology exist 

in the literature. Our goal here is to study the sensitivity on the 

neutrino mixing parameters from the neutrino that originate on 

the other side of the earth and are detected in deep mine detectors? 

Neutrino oscillations depend on differences in mass mi between 

the neutrino mass eigenstates vi. The latter are related to the 

weak charged current eigenstates v (distinguished by Greek suffices) 
a 

through a unitary transformation IVa> = Uailvi>. Starting with an 

initial neutrino v of energy E, the probability for finding a 
a 

neutrino V8 after a path length L can be compactly written (for 
2 2 E »m.): 

~ 

P(va ~ v8) = °a8 + i~j 2IuaiU8iUajU8jl[(coS(6ij-~a8ij)-cos~a8ij] 
2 2 

where ~a8ij = arg (UaiU~iU~jU8j) and 6ij = l/2(mi -mj )L/E. For a 

diagonal transition or an off-diagonal transition with CP conserva

tion (U real), we obtain the simple formula 

2 
P(va ~ v 8) = 0a8 - i~j 4UaiU~iU~jU8j sin (1/26 ij )· 

With LIE in m/MeV and mi in eV units, the oscillation argument 

in radians is 
2 1/2 6.; = 1.27 om'

j 
LIE 

~J ~ 

2 _ 2 2 
where omij = mj - mj . For antineutrinos replace U by u* above. 

The oscillations are periodic in LIE. Oscillations arising 
2 from a given omi' can be most readily mapped out at LIE values of 

order l/om~j' T~e experimentally accessible ranges of LIE in m/MeV 
10 5 are ~lO (solar, ~lO-lO (deep mine), 1-7 (low energy accelerators). 

Figure 8 presents a summary of the available LIE for existing or 

imagined neutrino beams including cosmic ray neutrino beams. After 
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many cycles, detectors cannot measure L or E precisely enough to 

resolve individual oscillations and are sensitive only to average 

values. In the limit L/E » (m~_m~)-l for all i = j, the average 
1. J 

asymptotic values are given by 

<P(va ~ vS) L UaiUSi2. 
i 

Since only v , v , and v neutrino types are known, we specialize 
e II T 

to a three neutrino world. The matrix U can then be parameterized 

in the form introduced by Kobayashi and Maskawa, in terms of angles 

81 , 82 , 83 with ranges (0, n/2) arid phase 0 with range (-n, n). In 

our present analysis we neglect CP violation (thus 0 = 0 or in). 

We now consider a deep mine detector and the event rate of 

neutrino interactions that produce detected muons. Such an experi

ment is conceptually shown in Figure 9. The rate for such muons is 

given by 

ap (X, E , 8) 
II II = ~E [f(E ) P (X, E, 8)] + G (E, 8) 

a II II II II ax 

where G is the rate of production of muons in a distance dX and P 
II ~ 

is the probability that ll'S enter the detector. The exact solution 

(one dimensional solution) is given by 

P (E , X) = 
II II J: o 

G (E + S(X-X') dX' 
II 

+P (E + S (X-X ); X ) 
II II 0 0 

where S = f(E) energy loss the imput neutrino spectrum is shown 

given in Reference and assume 0 ~ 30- = 0.7 E x lO-38cm2/Gev. v v 
The rIeOOpsulting integral :ate of 

P (E , X) = P (E) 
II - II 

at x of detector. 
II 

muon events is given by 

Figure 10 shows values of this integral and the expected II flux 

as a function of the cut-off II energy in the detector. Note that 

very high energy neutrino interactions are observed in such 
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experiments and that the LIE for these processes is (10-1) m/MeV. 

Thus these interactions have sufficient energy to excite heavy 

sequential leptons if the mass is less than ~ 30 GeV and if the 

mixing parameters with v are appreciable. The present gerieration 
lJ 

of detectors being constructed could be sensitive to these possibi-

lities. However it is likely that much larger underground detectors 

(> 100,000 ton water detectors for example) would be necessary to 

isolate the effects of neutrino oscillations at the higher energies. 

We have carried out detailed calculations of the effects of 

neutrino oscillation on the rate of underground lJ's},8 These calcula

tions as a function of neutrino mass differences are shown in 

Figure 11 and 12 and summarized in Table 6. Note that the effects 

are small but possibly measurable if the flux of cosmic ray neutrinos 

can be calibrated to ~ 10%. It is also possible to use the electron 

neutrinos in the cosmic ray flux to search for neutrino oscillations 

but their flux is much poorer known and the clean experimental detec

tion is very difficult. 

VI. A VERY LARGE WATER DETECTOR IN THE FUTURE 

There appears to be two possibilities concerning proton decay. 

1. The decay will be discovered with a lifetime of < 1033 

years using the present generation of detectors -

2. The lifetime limit will be pushed beyond 1032 years. 

In either case there will very likely be the need for a very large 

detector (50,000 - 100,000 tons) to push beyond 1033 or to accumu

late very large numbers of events. (Note that water detectors can 

be used to detect the various decay modes including those with lJ's 

in the final state, see Table 1, 2.) 
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Detectors of mass 50,000-100,000 tons must use water for econo

mical reasons. To reduce background the detector should be placed 

as deep as the limit of strength of rock will allow. Table 7 

shows some of the properties of such a detector. 

I would like to thank the members of the HPW proton decay 

group for discussions. The members are: J. Blandino, U. Camerini, 

N. Duke, E.C. Fowler, W.F. Fry, J.A. Gaidos, W.A. Huffman, 

G. Kullerud, R.J. Loveless, A.M. Lutz, J. Matthews, R. McHenry, 

T. Meyer, R. Morse, T.R. Palfrey, I. Orosz, D.D. Reeder, C. Rubbia, 

A.H. Szentgyorgyi, J. Wist, R.B. Willmann, C.L. Wilson, D.R. Winne 
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Deca:l:': TyEe 

p -+ 
+ 0 e 1T 

+ 0 P -+ e 11 

+ 0 P -+ e p 

+ 0 P -+ e w 

+ 0 P -+ Jl 1T 

Lepton 
+ <Ee > 'V 

450 MeV 

+ <E > 'V 

310 MeV 

<E +> 'V 
e 

150 MeV 

<E +> 'V 
e 

145 MeV 

<E +> 'V 
Jl 

465 MeV 

Meson 

<E 0> 'V 
'If 

<Ey1 ,2> 

<9
y1y2

> 

<E 0> 'V 
11 

Table 1 

480 MeV 
'V 240 MeV 

'V 45 0 

630 MeV 

<Ey1 ,2> 'V 320 MeV 

1250 <9y1y2> 'V 

<E 0> 'V 790 MeV 
p 

<E ±> 'V 400 MeV 
1T 

<9 + -> 'V 150 0 
1T 'If 

<E 0> 'V 800 MeV 
w 

<E 0> 'V 270 MeV 
1T± 

Isotropic 3 body 
decay 

475 MeV 

235 MeV 

45 0 

Back to back Event. Energy balance between 

1 forward and 2 backward in showers 

"Triangular event". 3 em showers of 

'V same energy 

"Triangular event" 3 low energy. Few 

Cherenkov light tracks e+ from 
+ + + 

1T -+ Jl -+ e decay chain. 

Isotropic event. 5 low energy. Few 
+ Cherenkov light tracks. e from 

+ + + 
1T -+ Jl -+ e decay chain. 

Back to 

between 
+ e from 

back event. 
v 

low C light 
+ 

Jl decay. 

No light balance 

back and e.m. show. 



Decay Mode 

p+e+p°oJe 

n+e+p 

Signature 

E ,E ",460 MeV 
e 'II" 

E , "'940 MeV Vl.S 

E "'300 MeV 
e 

E i "'940 MeV v s 

E "'150 MeV e 
E , ",450 MeV 

Vl.S 

E "'150 MeV e 
E i "'380 MeV v s 
E , E ",460 MeV 

lJ 'II" 

e <10° 
'll"l-J 

E . "'650 MeV Vl.S 

E "'300 MeV 
l-J 

E , "'325 MeV Vl.S 
E "'460 MeV e 

e <6° e'll" 
E , "'800 MeV Vl.S 

E "'150 MeV e 
E i "'470 MeV v s 

Table 2 

Number of 
Photoelectrons 

(wavelength 
shifter added) 

l300±l50 

1300±150 

675±100 

(50±20)* 

530±75 

900±150 

450±65 

1l00±140 

650±90 

E , E "'460 MeV 850±125 l-J 'II" 
E i "'615 MeV v S 

Major 
Backgrounds 

+nuclear 
scattering 

\I N+en('II"°)X e 

\I N+en('II")X e 
n>l 

\I N+l-l'IrX l-J . 
+nuclear 
scattering 

\I N+l-J'If'lrX 
l-J 

l-JK Ox 
1 

\I N+e'll"X e 

\I N+e'll"'II"X e 

\I N+l-J'II"X 
l-J 

*E · i h + + d i 1di 50 h 1 i h' f' vents w t l-J +e ecays y e ng '" p otoe ectrons w t l.n a ew 
microseconds. 
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Table 3 

Non Wave Length Shifted Case 

Decay Mode <ASYM> <SPH> <D>*cm 

+ .52 .29 p -+ e nO .16 

p -+ + ° e n .17 .75 .35 

+ p -+ e pO .24 .67 .35 

+ .32 .78 .37 p -+ e w 

*RMS error on vertex location 



Table 4 
Calculated Hadron and Neutrino Backgrounds in the Detector/Year 

(1 Kiloton Detector)* 

Source: 

Total Interactions in the 
Detector: (Events/Year) 

Remove Events with an 
accompanying in time muon 
in the detector (mostly 
vertical ~ events on the 
top of the detector). 

Require a single vertex in 
the detector volume. 

Use of Active Shield 

Apply ~E/E cut on the event, 
energy ~ Mp (±20%) (±lO%) 

Apply kinematic cuts for pIn 
decay modes. 

Produced hadrons from ~ interactions 
in the overburden. 

6000 

400 

20*** 

4 
2 

<0.2 
<0.1 

Neutrino interactions in 
the detector (all 
detectable E). 

150 

150 

150 

150 

10 
5 

< 1 
<0.5 

* Hadron rates scale like A2/3; Neutrino like A3/2 whe~e A is the surface area of the detector. 
** Calculations fromA. Grant, CERN without the active shield included. 
*** Including the active shield in the calculations. 



Table 5 
Element 

1. Photomultiplier 

2. Signal electronics 

3. Trigger logic and monitoring electronics 

4. Recording Electronics 

5. Counter proportional layers 

6. Water containment and active shield 

7. Structural elements 

8. Water bag 

9. Water supply 

10. Mirrors 

Function 
v 

Primary c signal and background detector 
(EMI 9870) 

Timing, hits & pulse height of p.m. signals 

Event trigger for signal and background 
(tube hit multiplicity in 50 nsec gate) 
using p.m. and proportional tube information 

Recording on magtype 2. t 3., above, generating 
diagnostics controlling H.V. and thresholds 

a) active shield signal 
b) calibration signal (muon trajectories) 
c) event containment signal 
d) Al proportional tubes 6"x2"x(30 or 20') 
e) two layers on walls, roof, floors (crossed) 
f) 1280 tubes; 32,000' of Al readout, gas, HV 

a) Defines water volume and surrounding area 
for counters 

b) active shield absorber 
c) structural support 

a) Roof proportional tube support 
b) p.m. tube support 
c) cable support 
d) mirror support 

a) water quality b) water containment 

a) supply water b) purify water 

Light collection 



Muons Origin 

Rock 

In H20 of 

Detector 

Table 6 

Effects of Neutrino Oscillations on 

~ Neutrinos Interactions 

Rate 

2.5xlO-12/sec/cm2 

<E >"'10 GeV v 
<L/E>=:103 m/MeV 

-15 3.4xlO /sec/gm 

Events/day 

0.65 

0.25 

0.9/day 

Include Neutrino Oscillations 

Rock 

. ~(E) = 2500 E /6m2 
v 

6 = sin228 6 max 
OBC OBC 

max mixing 8 = 45 
2 -3 2 but om ",10 eV 

0.42/day 

0.20/day 

0.62 
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Table 7 

Hypothetical Phase II HPW Oetector 

General Properties: 

1. M ~ 105 Tons - Volume array of photodetectors 

Depth ~ 4000' 

2. A preliminary site search has started in North America 

by the HPW group. 

3. Scaling Relation Results: 
E = NAL 

V 

L < 50 m 
~ 

N 2 10,000 units 

V ~ 105 m3 

conclude: 

E + 500 photoelectrons 

r > 30 cm - very large phototube must be phototube 
developed. 
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SCHEMATIC OF PROTON DECAY DETECTOR 
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