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Abstract

A new proposal for a long baseline neutrino oscillation experiment has re-
cently been put forward at Brookhaven. The experiment is motivated in part
by the observation of an apparent deficit of muon neutrinos from interactions in
the atmosphere. Both the neutrino beam and the detectors are being designed
to maximize the probability of observing a positive signal, if one is present.

1 Introduction

On Feb. 22, 1994, the Government of Canada announced it would not partic-
ipate in the construction of the KAON Factory at TRIUMF. One of the potential
flagship experiments at KAON would have been a long baseline neutrino oscilla-
tion experiment which could have covered about ten square orders of magnitude
of unexplored vacuum oscillation space, and therefore had an enormous discovery
potential. It is likely that such a measurement could have reached a limit in mass-
squared difference of about 10~* eV?, close to the solar neutrino level! The interest
in this experiment at TRIUMF, and for neutrino experiments in general, led to the
formation of a working group which held regular meetings and organized several
workshops to elucidate the physics and to begin to understand the problems that
would have to be solved before a neutrino facility became a reality at KAON. In
fact, all the wonderful neutrino physics that could have been done at KAON was
outlined three years ago at this Institute,' see also.? Therefore, when the idea for a
proposal® for a long baseline oscillation experiment was put forward at Brookhaven,
it was natural that TRIUMF physicists should become involved since, besides the
common physics interest, many of the same problems already addressed at KAON
would have to be faced at Brookhaven as well. For example, the addition of the
Front End Booster to the AGS means that there will now be 6 x 10'® protons per
macropulse, about four times as many as previously and the same as at KAON. The
shock created by this intense pulse of protons bombarding the production target
could well lead to the target’s destruction unless great care is taken in its design.
It might be mentioned that the KAON target would have faced the additional dif-
ficulty that the pulses would have come fifteen times more often!

\ CERN LIBRARIES, GENEVA

IR

S DYDY CM-P00068422

—J— TRUMF MC 1
e o o BNL734 date

.—C. 1 1 1 A A 1
0 1 2 3 4 6 6 7
E, (GoV)

Figure 1: Comparison of the muon neutrino beam spectrum measured in Brookhaven
E734% with a parameter free calculation using the TRIUMF Monte Carlo code.

It was already known by the proponents of the Brookhaven experiment that some
expertise had been developed at TRIUMF in regards to some of these challenging
technical issues. It was not known that a new beam simulation code had been
developed by the working group. This GEANT based program was originally a
copy of a new code developed by the CHORUS collaboration at CERN , but already
it has evolved into what could truly be called a TRIUMF program.* Shown in
Fig. 1 is a comparison of the neutrino energy distribution measured in Brookhaven
experiment E734° with a parameter free Monte Carlo simulation using this new
code.

It was the impressive ability to simulate this data that has given the new col-
laboration great confidence that many of the limiting systematic effects in previous
experiments can be better understood. It has also led to a novel way of improv-
ing the lower limit of mass difference that can be explored. The technique will be
explained shortly during the discussion of the neutrino beam.

The members of the working group are listed in Table 1; without their contri-
bution during the days when KAON looked passible it is unlikely that TRIUMF
physicists would be involved in the present proposal.

The motivation for the experiment is discussed in the next section. In the
section following, it will be shown how great care is being taken in the design of the
experiment so that if a signal is present it will not be missed, and if one is indeed
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10-100 ki for the downward going sample, and the neutrino energy range is from
0.3-1.5 GeV. For this experiment the baseline will be 24 km and the energy range
0.5-2.0 GeV, so it nicely mimics the atmospheric measurements and truly will test
the interpretation of that result.

3 The BNL Experiment

Iu general, there are two types of oscillation experiment. In an appearance ex-
periment, the beam is examined for the presence of a flavour of neutrino not present
in the original beamn. The advantage of this type of measurement is that although
the signal will be small, it is characteristic. On the other hand, a disadvantage is
that if there is an oscillation, but it is with a sterile species - one that does not inter-
act in the detector - then the signal will be missed. In a disappearance experiment,
a greater than expected loss of flux with distance is looked for. This overcomes
the objection above; oscillation with any flavour will give a signal. However, the
method relies on the subtraction of two large numbers so there is a larger statistical
uncertainty.

One of the features of the present experiment is that it is a combination of both
types of measurement. The primary goal is to search for an unexpected loss of nuon
neutrino flux at a detector (D24) located 24 km from the source. A secondary, but
potentially very important, signal, can be provided by the appearance of electron
neutrinos in this far detector. Since there is only about a 1% v, contamination
in the original beam, if as few as 10% of the initial muon neutrinos oscillate into
electron neutrinos there would be an order of magnitude increase in the number
of v.s observed in D24 over the number expected. In addition, the detectors are
sensitive to neutral current (NC) events, which are flavour blind. Therefore another
very important signal will be provided by the ratio of neutral current to charged
current (CC) events in each detector. Any changes in this ratio with distance will
be another indication that oscillations are occurring. It should also be noted here
that the ratio is essentially independent of the beam intensity, so a systematic error
in determining the flux will not affect a conclusion about oscillations.

3.1 Neutrino ?3:

There are several advantages in using an accelerator to produce the neutrinos,
rather than just taking them as they come from the atmosphere. First, the com-
position, flux and spectrum of the beam can be measured near the source before
oscillations have occurred. Differences in these parameters can then bhe looked for
some distance from the source. On the other hand, it is difficult to imagine a
practical, direct way to measure the initial atmospheric “beam”. Moreover, the
accelerator produced beam comes from a known direction at a known time, so it
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Figure 3: Scatterplot showing how, at 1 ki from the source, the spectrum softens as the
distance off axis is increased.

is possible to discriminate against backgrounds. Furthermore, the experiment can
be designed so that there will be a good statistical sample. The interpretation of
the atmospheric anomaly is based on only a few hundred events, perhaps there are
a thousand or so by now, accumulated after several years of collecting data. The
present experiment will detect this many events in about a month! Finally, with
an accelerator produced beam, the energy spectrum can be tuned to maximize the
likelihood of observing an oscillation signal.

The means by which this adjustment can be made is illustrated in Fig. 3 and
Fig. 4. First, it can be seen from equation 1 that the smallest values of §m? are
reached for the lowest neutrino energies. The scatterplot in Fig. 3 shows how for
detector D1, located 1 km from the source, the spectrum can indeed be softened
by increasing the distance that the detector is positioned from the beam axis. This
is further illustrated in Fig. 4 in which slices of Fig. 3 are taken in one degree
steps. The arrows along the abscissae mark the positions of the peaks, and these -
show that the peak energy shifts from about 1.3 GeV for the on-axis spectrum to
0.5 GeV for the spectrum 3 degrees off-axis. In Fig. 5, the zero degree spectra are
overlaid with the 1.5 degree off-axis spectra for detectors located 1,3 and 24 km
from the source. This figure is a dramatic illustration of how the beam has been
shaped for the specific purposes of this experiment. The spectra peaks are clearly
shifted to lower energies in the off-axis spectra, and in addition there is more flux at
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introduce new systematic uncertainties which could complicate interpretation of
the results. Further, it will be shown in the next section that the use of identical
detectors makes possible a variety of consistency checks that reduces the chance of
undetected systematic errors. As a result, it is now planned to place two detectors,
cach identical to the close detectors, at the far location. The two together have
almost the same mass as that originally envisaged for the one larger detector.

The final size of the detectors has not been settled, but they will be about the
same size as that of the Kamiokande detector - cylinders 16m in diameter and 16m
high. They will each contain about 3 kilotons of water and will be viewed by 1900
20cim diameter photomultiplier tubes.

3.3 Analysis of the data

The primary signal for the disappearance experiment is the CC quasielastic
scattering of a muon neutrino off a neutron, y,n — u~p. Backgrounds arise from
cosmic ray muons entering the detector, and from both CC and NC single and
multiple pion production reactions on nucleons. As already mentioned, the cosmic
muons can be discriminated against by taking advantage of both the time structure
and direction of the beam. The pion production reactions should occur at less than
25% of the rate of the primary signal, based on the experience at Kamiodande. In
addition, because the detectors are all the same size, these reactions should occur
in cach detector in the same ratio to the quasielastic events, so it will be possible
to correct for them reliably. In short, there should be no serious background. The
fact that the ratio of pion reactions to quasielastic reactions should be the same
in all four detectors also provides one of the consistency checks mentioned in the
previous section.

Another check on systematic uncertainties will be achieved by analyzing sepa-
ratcly the contained and exiting events. Again, because the detectors are identical,
the ratio of these events should be the same in all detectors. Furthermore, separate
analysis of these two event types provides a check of the Monte Carlo simulation of
the detector response, which should not only successfully predict the ratio, but also
the vertex, momentuin and angle distributions of each type.

The good particle identification characteristics of these detectors makes it possi-
ble to separately identify electron neutrino and muon neutrino induced events, and
so identify the appearance channel mentioned previously. Further to that discus-
sion, if there is a reduction of v,s and no corresponding increase in v.s, then the
oscillation must be into some other channel, either to v, or to a sterile species, v,.
The detectors’ sensitivity to the flavour blind NC production of °s then makes it
possible to decide between these two options. There should be a reduction in the
number of NC reactions only if there is an oscillation into a sterile channel.

A summary of the various appearance channels is given in Table 2. The sec-

signal channels
vyn—pu"p van—e’p vN—vNn®
number of events in D24

3700
(assuming no oscillations) 18000 180
oscillation ”.. H.... ”. “ H—.- H
channels noo e
Vy = Vs J = =

Table 2: Expected changes in the yields of the signal channels assuming the various oscil-
lation channels.

ond line shows the number of each type of event expected in D24 in the absence
of oscillations. The next three lines show how the number of events would vary
assuming oscillations into each specific channel. Since the three signal channels
respond differently to each of the three oscillation possibilities, if a signal is seen
in the disappearance channel it will be possible, given a large enough signal and
adequate statistics, to identify the channel into which the oscillation has occurred.
The number of events is based on only 90 days of data taking, so it can be seen
that in the fullness of time a good statistical sample will be obtained.

Finally, because there are such good controls on systematic errors, it will be very
difficult for a spurious signal to appear in the ratio of NC to CC events. Since, as
remarked earlier, this ratio is also independent of the beam normalization, a signal
in this channel would be a strong indication that oscillations are occurring.

One other check can be mentioned that will be especially important in the event
an oscillation signal is seen, and that is that the variation between the expected and

observed flux at D24 must be consistent with the variation observed at the distance
of the intermediate detector, D3.

4 Conclusions

This experiment is largely motivated by a hint from another measurement that
neutrinos may indeed be massive particles. There is then a good prospect for a
definitive result of fundamental importance. Besides the primary v, disappearance
channel, there is a v, appearance channel from which it can be directly inferred
whether v, — v, oscillations are occurring. There is also a neutral current chan-
nel from which it can be indirectly inferred whether an oscillation signal in the
disappearance channel is due to v, — v, or v, — v, oscillations.

The experiment exploits the relatively high intensity and low energy of the AGS
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