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Paper presented by V.J. Stenger

The DUMAND Il array currently under construction will have significant
capabilities for the detection of neutrino oscillations in a neutrino beam aimed
from 6,500 km away. This preliminary study indicates that it may be
possible to explore as low as Am? = 107 ev? and sin®28 = 1072

Introduction
The DUMAND Collaboration has proposed that the Fermilab Main

Injector (MI) neutrino beam! be pointed toward DUMAND.?Z The straight
path length from Fermilab to DUMAND is 6,482 km. In principle, this
allows a lower reach in Am? than other long—baseline proposals using
existing underground facilities. Further, matter oscillation effects would
greatly enchance the sensitivity to small mixing angles for v —v
oscillations.> £

. The accessible range of neutrino mass square differences Am? depends
on E/L: Am? > (Ve/1.27}(E/L) and sin220 > ¢, where E is the neutrino
energy in GeV, L is the path length in km, and e is the detectable
oscillation probability from one type of neutrino to another.? For the
proposed Fermilab M| beam, <E> = 20 GeV and DUMAND Il is capable of
exploring down to Am? = 1073 ev? or less, depending on ¢. With matter
oscillations, it becomes possible to explore neutrino mixing down to sinf2g =
1072, where # is the vacuum mixing angle. 34
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Effective Detector Mass

A Monte Carlo calculation was used to estimate the effective detector
mass for triggering and reconstructing low energy neutrino events and the
ability to distinguish v from v or V.. Events were generated randoml3y
within a volume of 6x1 m3: the enclosed volume of the array is 2x10% m>.
The neutrino direction is taken as fixed, pointing to Fermilab about 30°
below the horizon at the array, a region of negligible cosmic ray muon
background and maximum array sensitivity.

For ¥ and v_ events that might result from oscillations, the electronic
and hadronic energy is assumed to convert fully into a cascade of particles
that emit Cherenkov light starting from the point of interaction. For v
events, the energy is divided among the muon and the hadronic cascade.
For neutral current events, only the hadronic cascade produces light.

After some preliminary filtering to reduce background PMT hits.® a
series of fits of two types is performed, with bad points tossed out and the
fits re-done until they are either satisfactory or fail: (1) a track fit in which
all the detected light is assumed to be emitted along a muon track pointing
back to Fermilab, and (2) a vertex fit in which all the detected light is
assumed to be emitted from a cascade starting at the interaction point and
aligned in the direction of Fermilab. The two fit tzypes differ in the
estimated hit times and PMT charges that go into the x°. The lowest x2 is
sought by varying only three parameters, the coordinates of the interaction
point x , y, and z. with the direction of the neutrino forced to point back
to Fermilab. This directional constraint is a powerful aid to the
reconstruction process.

The resulting effective detection volumes and equivalent masses for
various neutrino interactions are is shown in Fig. 1, as a function of neutrino
energy, for both trigger and fully reconstructed v and v charged current
events. When the actual spectral shape expected from Fermilab neutrinos are
folded in, the effective detector masses for fully fitted ¥ N — uX events is
310 kilotons. g
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Ability to Detect Neutrino Oscillations

The planned DUMAND (I array cannot efficiently distinguish v from v,
or v_events on a one—to—one basis at low energy. However, the time
differences between light arriving from the interaction point and light arriving
from a muon track appears to provide sufficient discrimination that a
statistical statement about the relative fraction of of v to v can be made

e "
for a beam from a fixed and known direction.

An event is categorized as muonless if it gives a lower x2 for the
vertex fit described above and as muonful if the track fit is better. From the
measured ratio of events in these two categories, the oscillation probability P
can be extracted. A preliminary analysis of expected statistical and
systematic errors indicates that it should be possible for DUMAND Il to
measure P(v —v ) to about 10% and P(v —v ) to about 20%.

The estimated sensitivity of DUMAND Il in neutrino oscillation
parameter space is shown in Fig. 2. It is important to remark that this
analysis was done using the full spectrum of the MI beam. Although the
mean energy of the beam is about 20 GeV, and the maen energy of events
fully reconstructed is about 30 GeV, sufficien5 events at jower energy
contribute to provide a lower sensitivity in Am” than might be expected
from the avergage energy alone. The parameters correspond to v —V v
vacuum oscillations, with matter effects taken into account for v _.
DUMAND Il sensitivity is compared with the limits set by existing
experiments, including the possible neutrino oscillation point suggested by
Kamiokande.,® and the estimate for the M} beam directed toward IMB 600
km away.1 Also shown is an estimate for a detector at 600 km capable of
measuring P to 1%.4 Such a detector, if it could be built, would be
comparable to DUMAND 1l in vacuum parameter sensitivity, but will still not
explore matter effects. Ideally one would like a 1% detector a great distance
away.

In the case of v —v oscillations, matter effects are not present. This
and other characteristics of v_ interactions make DUMAND Il less sensitive
to v oscillations. So, while we cannot explore to the same low level of
mixing as with v _—sv , the greater distance of DUMAND Il still offers and
advantage of greater reach in Am? than those at shorter path lengths.

Conclusions

If the DUMAND Il array currently under construction is exposed to the
proposed Fermilab Main Injector neutrino beam, with a mean energy of 20
GeV, it would have an effective target mass for v charged current events of
310 kilotons. Because of the targe detector spacing, PMT hit time
differences for light from the interaction point and muon track can be
appreciable. Exploiting this, a statistical determination of the fraction of
electron or tau neutrinos in the beam that might have resuited from neutrino
oscillations can be attempted. Since DUMAND Il will be located 6,482 km
from Fermilab, as the neutrino flies, matter effects make it possible to
explore to smaller mixing angles than would otherwise be possible.
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Fig. 2. The allowed parameter space for v —v, and v, oscillations. The
checkered region is the estimate for DUMAND Il determined in this work.



