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The atmospheric neutrino anomaly presents a hint of possible existenge-0d;
oscillations with a relatively low value afm? (Am2 << 1e\/2). The accelerator
experiments to date have not, as yet, been able to address this potentially interesting
region. Rather, the focus so far has been on investigating theAhiGhegion

(Am2 >> 1e\/2), recently extending the reach to low values of28n This chapter
summarizes the current situation in this area and the prospects for the currently
running experiments.

— Vv; Oscillation Experiments (Past and Ongoing)

5.1 Disappearance Experiments

Three different experiments of this kind have been performed to date utilizing the
CDHS, CHARM, and CCFR detectors (or their modifications). They all have very
similar features, i.e.,

(@) Two detectors at different locations, the first one at 100, 100 and 400 m
respectively, for the three experiments, and the second one at about 1 km away
from the neutrino source.

(b) The basic measurement is a comparison of rates at the two locations.
(c) All three experiments find null results and thus can only set limits.

Because the experiments are disappearance experiments, i.e., they cannot
identify the flavor of the final-state neutrino. However, because they probe the region
of AMZ-sin?20 space that has been excluded by reactor experiments (discussed below
in Chapter 6) which are sensitive to the- v, oscillation mode (and hence, also the
Ve - Vv, channel) the primary interest in the results of these experiments is to see what
information they can give about a possigle— vy signal.

The results of these three experiments are shown in Fig. 25. The relatively small
Am? range investigated is a reflection of the relatively small distance between the near
and far detectors. There is no sensitivity at Iow? because for such values&rih?®
the v's did not yet have a chance to have oscillated when they arrived at the far
detector. There is no sensitivity at high valueAmf because for high values of that
parameter the oscillations already would have occurred at the near detector. Thus, a
near/far comparison would yield a null result.
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FIG. 25. Exclusion contour plots from the three early accelergfatisappearance experiments:
(a) CCFR, (b) CDHS, and (c) CHARM.

The CDHS® and CHARM’ experiments used the neutrino beam from the
CERN PS, a beam with energy around 1 GeV. Hencértifeegion probed is lower.
The CCFR® experiment used a much higher energy beam, from the Fermilab
400 GeV synchrotron, and thus explored a relatively higher regidmbf

5.2 Completed Appearance Experiments

Up to now twov, — v; appearance experiments have been concluded and until very
recently, they provided the best limit on possiblezmnvalue for this mode of
oscillations at higmmz.

One of these was the E531 experim@rst Fermilab, the first one utilizing a
hybrid emulsion detector for oscillation search. It pioneered a number of general ideas
subsequently used in the CHORUS experiment and which have also been proposed for
the next generation of appearance experiments. The experiment was actually
designed to study charm production by neutrinos and measure their liteQinTee
vy — V¢ was a by-product, the search and potential identificatiorisdbeing done
using the same method as for the charged charm decays, i.e., looking for tracks with
large kinks near the vertex. No event candidates were found.



An alternative approach was adopted by the CHARM I Collabotimmo
searched for quasielastigroduction and subsequent decay via the exclusive mode
T - 1(K) + V.

A fine-grained calorimeter was used with the plate thickness of about 1/9 of a
hadronic interaction lengtithus the expected topology was a reasonably long single
track, traversing many plates, followed by an interaction stasignatures were
expected to have a large amount of energy in the star, since the pionsdemays
would be quite energetic, especially from the quasielagiitteraction.

The experiment compared the observed distributions for the required topology,
both the total energy seen in the interaction and the product of that energy times the
polar angle of that track (i.e., effectively the &f the track) with the Monte Carlo
generated distributions farevents and neutral current events as shown in Fig. 26. No
1-like excess was seen, allowing one to exclude a certain region in parameter space.
The exclusion limits obtained by the E531 and CHARM Il experiments are shown in
Fig. 27.

® Data --- m.c. events
mtfrom T decay (normalized to data)
80 +| T T T 71 2O e e L
: @ B (b) |
60 - 30 —H -
0 | _ [2] | " -
IS . < :+ 1
S 40 |- - S20p + .
I1] - 4 W : T, .
20 ¥ N 10 : u
L g 4 - + i
R R WA 0 Ya.n o
p s 10 20 30 40 50 0 2 4 6 8
8377A25 Es (GeV) EsB; (GeV)

FIG. 26. CHARM Il distributions of the single pion events as a function of (a) the shower egergy E
and (b) E6; for data and for Monte Carlo simulationswpfN — v, TX andv; N - T N' with the
decayt - mtv;. Here,; is the angle of the pion with respect to the direction of the incident neutrino
beam.
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FIG. 27. Exclusion contour plots for the twg — v; appearance experiments: E531 (dashed line) and
CHARM 1l (solid line).

5.3 Statistical Analyses

Measurement of the total neutral current (NC)/charged current (CC) event ratio, as
well as the differential ratio of that quantity as a function of the total hadronic energy
can in principle provide us with information about the possigle. v, oscillation. In
practice, it is more convenient to measure the ratio of short to long events, where the
division between the two is made in such a way that there is a pretty close NC/short
and CC/long equivalence. ¥,'s do oscillate into)'s, then the number of, CC
events, i.e., long events, wilecrease. Furthermore, the majority ofth€C events

will be short events because 83% of triecays do not have a muon in the final state.
Thus, the number of short events viiitrease and hence the overall short/long ratio
will increase. In addition, the behavior of that ratio as a function of hadronic energy
can provide information abotm? and sif20 if a significant departure from the
expected nonoscillated behavior is observed.

One should emphasize that such a determination of oscillation parameters can be
made only on thessumption of a specific flavor oscillation made, ug.~ vy (or
Vy - Vo). The short/long ratio by itself does not allow one to determine which mode,
or modes, are present andaiditional measurement (or measurements) is necessary
to make such a determination.

The CCFR Collaboration has performed such an analysis on the?r caiich
found no evidence for any departure from the no-oscillation hypothesis expectations.
Their data are shown in Fig. 28, and are compared with the expectation for the no-



oscillation scenario and for two different oscillation scenarios. The sensitivity of this
analysis is comparable to that obtained by the two appearance experiments discussed
above, as is illustrated in Fig. 29.
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FIG. 28. Ratio of short to long events for the CCFR experiment, plotted as a function of the energy
deposited in the calorimeter. The shaded band shows Monte Carlo prediction assuming no oscillations
with 1o errors added in quadrature. The dotted and dot-dashed curves show the effestof
oscillations for two sets of oscillation parameters.
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FIG. 29. Results of the CCFR experiment compared with the results from the two completed
appearance experiments.



5.4 Current Short-Baseline Program

There is currently an ongoing program to searchvfor- v; oscillations at CERN,
with two different experiments, CHORUS (CERN Hybrid Oscillation Research
apparatUS) and NOMAD (Neutrino Oscillation MAgnetic Detector), attempting to
push down the limits on iB® at highAm? by another order of magnitude. This
effort is motivated by a desire to explore the cosmologically interesting reghonéin

I.e., the region ob masses suggested by the missing dark matter pr@&lem.

Both experiments are located in the West Area of the CERN®SPSa sign-
selected), beam with a mean energy of 27 GeV. The intrimgicontamination in the
beam from the Ddecay is estimated to be betweerPEhd 10° of the totalv flux.
The ratio, averaged over the beam energy spectrumf,crzjbﬁC is 0.53. The length of
the decay tunnel is about 300 m; the total target to detector distance is about 800 m.
The experiments started in May 1994 and the expectation is that they will run through
1997, with a probable run for NOMAD also in 1998. The technique used in each
experiment is quite different so we shall describe each one in turn.

The CHORUS detector, illustrated in Fig. 30, is a hybrid emulsion spectrometer,
with the v; interaction taking place in the emulsion target; the productiontoisa
identified by a kink in the emulsion. The rest of the spectrometer is used to localize
the potentially interesting events to a small region of emulsion and to measure the total
hadronic energy and the direction and momentum of the muon.
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FIG. 30. The CHORUS detector.



The target region of the CHORUS detector is illustrated in Fig.31. The
downstream fiber tracking system has a spatial resolution of aboun200t a time
resolution of 100 nsec. It is used to identify tracks that make up the neutrino
interaction vertex. The changeable emulsion sheets, with spatial resolutipgmof 1
immediately upstream of the fiber tracker provide even better position and direction
measurements of these tracks. They are changed every few months to aid in track
finding. Finally, the bulk emulsion itself was changed twice during the run, i.e., after

two years of exposure.
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FIG. 31. The target region with an emulsion target, three interface emulsion sheets (CS and SS) and
three fiber trackers is shown schematically ACC interaction is shown with a “kink” structure which
would be visible under the microscope is shown.

An experiment of this nature is fundamentally limited by the ability to process
the data, i.e., scanning. It is important both to reduce the number of candidate events
and to automate the scanning process as much as possible. The Japanese groups have
made great progress in the latter area with the development of a computer-controlled



automatic microscope attached to a CCD camera. Track reconstruction is done by
overlapping in software the 16 frames corresponding to different z positions of the
detector. The measured data are then used to obtain an impact parameter for each
track reconstructed in this manner and if that value exceeds a threshold, the event is
manually scanned. The distribution of the impact parameter from simulated
interactions and data is shown in Fig. 32. The manual scan checks the topology for the
accepted events and rejects charm candidates, which will have an accompanying
and a D decay with either one positive decay daughter or with three particles. The
kink is also required to have a sufficiently larges® as to reject the coherent scatters

on a nucleus, without a visible recoil or boiloff nucleon. The observed and simulated
(for v¢’s) Py distribution is shown in Fig. 33.
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FIG. 32. Distribution of the impact parameter from simulatgiaiteraction and data. With a cut on the
impact parameter of 2-48m, 59% of thev, interactions survive. A large fraction of data, mostly
induced interactions, is cut.
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FIG. 33. Distribution of pBn from simulatedv; interactions and real data. With a cut
Py Byink > 250 MeV most of the interactions survive.

There are expectations that all thdecay modes will eventually be looked for,
even though at this time the— p analysis is most advanced. The efficiency for
finding thet - p events is about a factor of two higher than for the other decay
modes. At the time of these lectures about 10% of the potential muon decay sample
was analyzed* no events were found, giving a €8 limit of 4.5 x 103. For the
other decays, so far only 4% of the neutral current events have been analyzed. Three
low P (< 250 MeV/c) kinks were found but mocandidates. It is hoped that the full
analysis of all the data can be completed by the end of 1998.

The other experiment, NOMAD, relies on a kinematical analysis to identify
production and decay. To be able to achieve that goal, the target/detector is composed
of a number of thin plane drift chambers located in a large magnetic volume, the
magnet used being formerly a part of the UAL experiment. NOMAD, like CHORUS,
also hopes to have a background-free experiment. The schematic of the detector is
shown in Fig. 34.
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FIG. 34. Side view of the NOMAD detector.

nine modules of transition radiation detectors (TRD's) and then an electromagnetic
calorimeter, 19 radiation lengths deep, composed of lead glass Cherenkov counters.
Further downstream, outside the magnet, is a hadronic calorimeter followed by muon
chambers, composed of arrays of drift tubes.

The kinematical analysis used to identify the purely leptandecay events
relies on correlations between these vectoliggd Phadron and Byiss FOrvy, orve
charged current eventsefon and Ragron Will generally be back to back, with a
relatively small R,iss The last will be due to contributions from the Fermi motion in
the nucleus, nuclear reabsorption and rescattering, and measurement errors (including
missing particles). Thus on a two-dimensional plot, where axes are defined by the
azimuthal angles between the three vect¢g;, and ¢p,, there will be a region
populated byt events but not by (or e) events. This is illustrated in Fig. 35 where we
show the Monte Carlo calculated scatter plots fovthevents and the; CC events.
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FIG. 35. Distributions obeVs. ¢y, Obtained after” - e'v v, selections cuts have been applied.

The initial data taken gave a measuregl distribution forv, CC events
somewhat broader than what was expected from the Monte Carlo calculation:
specifically one obtained Py eas= 770 MeV vs. <R>\,c = 610 MeV. The precise
reasons for this discrepancy were not understood at the time of these lectures; they
could be due to some neglected nuclear effects or easier reconstruction in Monte
Carlo. Currently, theyu data sample is used to calibrate and then correct for this
discrepancy.

At the present time, based on 18% of the proposed statistics, no candidate events
were observed (0.6 background events were expe%rted)[his gives a limit:
sin?20 < 3.4 x 102 (90% C.L.) at highAm?.

There are expectations that the limit will be improved significantly by inclusion
of more decay modes, increased statistics, and improved efficiency.

In summary, the three most sensitive experiments, E531, CHORUS, and
NOMAD, have so far seen no candidate events/for. v; oscillations. Thus, one
can combine the whole data sample from all the experiments to obtain the current
global limit on sif28 of about 1.2 x 1G. The projected sensitivities of NOMAD and
CHORUS as stated in the proposals are shown in Fig. 36 and compared there with the
current limits from the published experiments. Finally, we might add that these
experiments also set a limit on possiale- v, oscillations which is about a factor of
50-100 worse than thg, — v limit, reflecting the much smalleg, flux in the beam.
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FIG. 36. Current 90% C.L. neutrino oscillation parameter limits compared to the limits achievable by the
CHORUS and NOMAD experiments.



