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ABSTRACT 

A !t>nte Cerlo simulation of a one-year expet'iment with a 0.6 b.3 
DUHAND Array yields 18,656 expected events with one muon froaa "u 
charged-current iateractiona. It ta ahCMn that neutrino oscillations 
re~ulting from eigenmass-squared differences in the range .1 to 1000 
eV would be detectable aa a modulation of the one-muon event rate 
with zenith angle. Using aeveral proposed modele, it is shown that 
the statistics and ••surement precision are adequate to aid in the 
determination of mass differences and adxing angles and perhaps pr~ 
vide unique information on matter oacillations. 

INTRODUCTION 

'Die Dll1.AND (Deep Underwater Muon and Neutrino Detection) project 
i• a proposal to place a large array of light sensors at a depth of 
4-5 km in the ocean off the Hawaiian islands. The detector would be 
capable of observing the Cerenkov light from high energy muons and 
hadronic cascades produced by neutrino interactions in the water. 
The direction of the muon. its energy and the energy of the cascade 
would be measut"ed. 'nlua it will be possible to study the properties 
of neutrino interactions above 500 GeV, using neutrinos produced by 
coamic rays hitting the atmosphere, and search for extraterrestri-al 
sources of high energy neutrinos. 

Because of the large range in path length for neutrinos passing 
through the earth. experiments deep underground or underwater offer 
unique possibilities in the study of neutrino oscillations. This re­
port considers those possibilities for DUHAND. By means of a Monte 
Carlo simulation. it is shown that the reaction 

vµN + µX 

will be modulated by neutrino oscillations of the type which have 
been recently consideredl,2. This modulation vould be detectable 
with sufficient statistics and precision to provide important infol""' 
111.ation on the mass difference and mixing amtrtx elements involved. 

In 1'1g. 1 we define the zenith angles, e at the detector and 819 
at the production point in 'the atmospher~. and shaw how the path 
length L la related to e. Other Monte Carlo• have shown that DlllAlfD 
la capable of measutlng the muon direction and thus e, to an accuracf 
of 10 mr for 111.1ons above 1 TeV, so L would be well-deteradned. 0: 
particular, we note the large dynamic range in L, from 20 to lld 
km. which makes this experiment, and the others proposed for ••P 
mlnea. a pawerful probe of neutrino oscillations. 



If we con~ider energies above 1 TeV or so, the range in L/E for 
DUMAND ia -10- to 10 m/MeV and thus the detectable range of neutrino 
etgerma.ss-squared differences ia O.l to 103 ev2. While this range ts 
not unique and will be explored by a rb.llllber of upcoming expe rtments 
at reactors and accelerators, the energy la considerably higher than 
what can be atudied in the much leas aasgtve deep mine experiments 
and ao effects, such aa utter oscillations • which may depend on L 
and E aeparately, might be uniquely studied. 

SOOJLATION OF EXPERIMENT 

For this study one year~s supply of events tn a 0.6 1cm3 array 
(e.g., DUMAND c25) were generated. the assunptions were: 

1. The atmospheric 11JJon neutrino and anti-neutrino flux ta 
given by6 

2. "µ - 2Vµ.7. 

3. The cross section ls given 
My • 80 CeV and QCD effects 

by the 11 tanda rd 
included. 

theory, with 

Measurement errors are simulated by a Gaussian wiggling of the 
true values wtth standard deviations of 10 mr for the muon angles e11 
(which we take to be the zenith 0), and 40% in the muon and hadron 
energy. These are baaed on results of array simulations 3. 

Applying a cut to the simulated measured neutrino energy E.., of 
TeV, we get 15,212 vJ.l and 3,444 "1.1. charged-current (one-muon) 

events, or a total of 18,6::.6 for a one-year simulated run. 

We then proceed to study these events as if they were real data. 
All the results presented thus will have statistical and systematic 
errors which hopefully realistically represent those for actual ex­
periment. 

EFFECT OF OSCILLATIONS 

A wide range of oscillation possibilities exists, especially in 
the framework of ] neutrinos. In order to be able to get some indi­
cation of the aenaitivity of Dlft1AND to oscillations specific models 
which take into account the range of available data from all relevant 
ezperimenta have been used to calculate the probability 
P(vll • "µ)1,2 Theae are liated in Table I. along with the 
mass-squared differences aas-..ned. The matrix elements are not given 
and the reader is referred to the references for these. However, it 
ia to be remarked that all except Barger et al. ~del B suppress "µ 
oaclllations for the aecond maas-aquared difference listed in the 
table. 
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Table I. Neutrino oscillation models and the 
mass-squared differences assll!led. 

1'bdel ,,,.2 (eV2) 

De Rujula et al. l I 100 
Barger et Al.2 A .05 I 

B .os .25 
c I 50 

In this analysis the effects of matter oscillations have been 
neglected, although these are expected to be important for large L 
and may, in fact, prove to be very interesting in DI.HAND. Also ne­
glected is the possible oecillation of v8 in the "bea•" into "µ· 
Since '"'e (( v in the TeV range, because of the large time dilation 
of the muon tffetime, this is a reasonable assun.ption and another ad­
vantage of DlMAND over lOW"er energy experiments. 

RESULTS 

In Fig. 2 we present the simulated path length distribJtion 
showing what is expected for no oscillations compared with the vari­
ous models. The strange shape of the distribution is a result of the 
rapid variation of Las 9 passes through 90° (see Fig. l). 

We see that oscillation effects are evident in the region of 
L ) 1000 km• and all models studied are distinguishable. The De Ru­
jula model gives the most dramatic effect, resulting from. the large 
a:.2 '"' l ev2 oscillation. nits same oscillation is suppressed in 
B•rger A, but the .05 eV2 oscillation is just beginning to be evident 
in the simulated data. The other models, Barger Band c. also shaw 
detectable. and distinguishably different 1 effects. 

In Fig. 3 we see the results for the distribution of L/E. Here 
again the oscillation is evident except for Barger A which shows no 
effect. It is to be remarked that L is very well determined since it 
depends only on the well-measured a. while L/E depends on E which is 
measured to only 40% precision. Nevertheless effects are still seen 
in L/E. 

The distrib.Jtions of L and L/E have very P{Onounc:ed w.riations 
which result purely from geometry and the sece distribution of the 
"bea111". When looking for an effect, it is nice to have a variable 
which is flat in the absence of the effect. Such a variable is de­
fined as 

C • lncos0*/lncos~x 

where a* is the zenith angle at the production point in the atmos­
phere ( flg. l) and a* max - 87° corresponds to 9 • 900 ~ 



A sece* distribution in the neutrino flux will result in a flat 
distribution in i;. In 1115.4 the simulated results are shown for the 
distribution of I; with conclusions similar to those for L and L/E. 
The models except larger A give distinguishable differences with very 
nice oscillations evident. In particular, note the 3 cycles of os­
cillation detected for De R.ujulA 1 s model, and the one full oscilla­
tion for Barger B • 

CONCLUSIONS 

If neutrino eiger1111aas-squared differences on the range .1 < 112 

< 1000 ev2 exist, they could be detectable in DUMAND unless they hap­
pen to be suppressed by mall mixing 11&trix elements. M:>re than 
this, the statistics and measurement precision would be adequate to 
~lp pin dfJWll the parameters of the oscillation. ~ile the region of 
L/E explored is not unique b.J.t rill be covered by experiments lnvohr­
ing synthetic neutrinos, it i8 the ~nly experiment proposed which 
will explore this entire range, io- to 10 11/MeV 1 in one experiment. 
Finally 1 the energy is much higher than what will be studied in deep 
mines so that effects which depend on L or E separately, such as 
matter oscillations, m..1.ght be explored in a unique fashion. 

The author ls grateful to Sandip Pakvasa for his help on this 
study. The work was supported in part b-f the U.S. Department of En­
ergy under Contract DE-AC03-76ER00511. 
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FIGURE CAPTIONS 

l• Neutrino path length through the earth as a function of zen­
ith angle. 

z. Path length distribution for a one year atmulated 
ment. ShCMD are the results for no oscillations 
four oscillation models discussed in the text: D • 
la, et at.l, A,B,C •Barger et at.2. 

experl­
and the 
DeRuju-

l. Distribution of L/! for a one year ai.rnulated experiment. 

•• 

Shawn are the results for no oscillations and the four os­
cillation models discussed in the text: D DeRujula. et 
al. 1, A,B,C •Barger et al.2. 

Distribution of C for a one year simulated experiment • 
Sb~ are the results for no oscillations and the four os­
cillation models discussed in the text: D DeRujula. et 
at.I, A,B,C • Barger et at.2. 
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