Around the Laboratories

Neutrino oscillations
Throughout their 50-year history,
neutrinos have been controver
sial, and 1995 is no exception.
On 31 January the New York
Times ran a story that a team at
Los Alamos had uncovered
intriguing new neutrino results.
Taken at face value, this report
had far-reaching physics implica
tions.
Before interpreting any new
result, scientists have to assess
the reliability of the data it is
founded on. Although no Los
Alamos scientific paper was
available to confirm the newspa
per story, its implications and
hearsay immediately fuelled
some people's thinking. On 1
February the CERN Courier
invited the Los Alamos team to
issue a statement. Taking a lot of
care with their announcement,
the team finally issued an au
thoritative statement on 20 April.
Other than minor changes, such
as transcribing symbols into
words, the statement has not
been edited.

to occur, neutrinos must be massive
and the apparent conservation law of
lepton families must be violated. At
this time, there is no broadly ac
cepted evidence for neutrino oscilla
tions from a terrestrial experiment.
The Liquid Scintillator Neutrino
Detector (LSND) experiment (July
1993, page 10) at the Los Alamos
Meson Physics facility (LAMPF) is
designed to search with high sensitiv
ity for muon-antineutrino electronantineutrino oscillations from positive
muon decay at rest. The collabora
tion consists of groups from the
University of California at Riverside,
San Diego and Santa Barbara, the
University California Intercampus
Institute for Research at Particle
Accelerators, Embry Riddle Aeronau
tical University, Linfield College, Los
Alamos National Laboratory, Louisi
ana State University, Louisiana Tech
University, the University of New
Mexico, Southern University, and

Temple University.
LAMPF is an intense source of low
energy neutrinos due to its 1 mA
proton intensity and 800 MeV energy.
The neutrino source is well under
stood because almost all neutrinos
arise from positive pion or muon
decay; negative muons and pions are
readily captured in the iron of the

Figure 1. Searching for the gamma rays
produced following neutrino interactions in the
LSND experiment at Los Alamos. R is the
likelihood that the gamma is correlated with an
interaction compared to the likelihood that it is
accidental. The leftmost bin corresponds to no
gamma found within cuts (R=0), properly
normalized in area, (a) Accidental
photons
(averaged over the tank) and correlated
photons, (b) Beam-on minus beam-off
spectrum for events in the 36 -60 MeV
electron energy range. The dashed histogram
is the result of the R likelihood fit for events
without a recoil neutron, while the solid
histogram is the total fit, including events with
a neutron.

LOS ALAMOS
Candidate events in a
search for neutrino
oscillations
n the past several years, a number
of experiments have searched for
neutrino oscillations,where a neutrino
of one type (say muon-antineutrinos)
spontaneously transforms into a
neutrino of another type (say electron
antineutrinos). For this phenomenon
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Figure 2. Oscillation evidence. The electron
energy distribution, beam-on minus beam-off,
for events with an associated 2.2
MeVgamma
with R >30. The dashed histogram shows the
expected background from known neutrino
interactions. The dotted curve is the expected
distribution for neutrino oscillations in the limit
of large mass squared, normalized to the
excess between 36 and 60 MeV. There are
9 events beam-on in the 36 - 60 MeV energy
range and a total estimated
background
(beam-off plus neutrino-induced
background)
of 2.1 ± 0.3 events. The probability that this
excess is due to a statistical fluctuation is less
than 10 - .
3

shielding and copper of the beam
stop.
The production of kaons and
heavier mesons is negligible at these
energies. The electron-antineutrino
rate is calculated to be only 4 x 1 0
that of muon-antineutrinos in the
neutrino energy range between 36
and 52.8 MeV, so that the observa
tion of a significant electronantineutrino rate would be evidence
for muon-antineutrino electronantineutrino oscillations.
The LSND detector consists of an
approximately cylindrical tank 8.3 m
long by 5.7 m in diameter. The centre
of the detector is 30 m from the
neutrino source. On the inside
surface of the tank 1220 8-inch
Hamamatsu phototubes provide 25%
photocathode coverage (cover photo,
July 1993). The tank is filled with 167
metric tons of liquid scintillator
(mineral oil) and 0.031 g/l of b-PBD.
This low scintillator concentration
allows detection of both Cerenkov
light and scintillation light and yields
a relatively long attenuation length of
more than 20 m for wavelengths
greater than 400 nm.
4

A typical 45 MeV electron created in
the detector produces some 1500
photoelectrons, of which some 280
are in the Cerenkov cone.
16

The phototube time and pulse height
signals are used to reconstruct the
track with an average position resolu
tion of some 30 cm, an angular
resolution of some 12 degrees, and
an energy resolution of around 7%.
The Cerenkov cone for relativistic
particles and the time distribution of
the light, broader for non-relativistic
particles, give excellent particle
identification.
The signature for an electronantineutrino interaction in the detec
tor is its conversion of a proton to a
neutron and a positron, followed by a
neutron and a proton giving a deuteron and a 2.2 MeV gamma ray. A
likelihood ratio, R, is employed to
determine whether an observed
gamma is a 2.2 MeV photon corre
lated with a positron or is from an
accidental coincidence. R is the
likelihood that the gamma is corre
lated compared to the likelihood that
it is accidental, and depends on the
number of hit phototubes for the
gamma, the reconstructed distance
between the positron and the
gamma, and the relative time be
tween the gamma and positron.
Figure 1a shows the expected R
distribution for accidental photons
and correlated photons. Figure 1b
shows the R distribution, beam-on
minus beam-off, for events with
positrons in the 36 - 60 MeV energy
range. The dashed histogram is the
result of the R likelihood fit for events
without a recoil neutron, and the solid
histogram is the total fit, including
events with a neutron. After subtract
ing the neutrino background with a
recoil neutron there is a net excess of
16.4 +9.7-8.9 ± 3.3 events, which if
due to neutrino oscillations corre
sponds to an oscillation probability of
(0.34 +0.20-0.18 ± 0 . 0 7 ) % .
Figure 2 shows the electron energy
distribution, beam-on minus beam-off
excess, for events with an associated

2.2 MeV with R more than 30. For
this , the total 2.2 MeV gamma
detection efficiency is 2 3 % and the
probability that an event has an
accidental gamma in coincidence is
0.6%. The dashed histogram shows
the background from expected
neutrino interactions. There are 9
events beam-on in the 36 - 60 MeV
energy range and a total estimated
background (beam-off plus neutrinoinduced background) of 2.1 ± 0.3
events. The probability that this
excess is due to a statistical fluctua
tion is less than 10 .
3

If the observed excess is due to
neutrino oscillations, Figure 3 shows
the allowed region of mixing para
meter vs mass squared from a
maximum likelihood fit to the L/E
(the neutrino distance to energy ratio)
distribution of the 9 beam-on events.
Some of this allowed region is
excluded by the ongoing KARMEN
experiment at the UK Rutherford
Laboratory's ISIS machine (April/
May, page 14), the E776 experiment
at Brookhaven, and the Bugey
reactor experiment.
In summary, the LSND experiment
observes an excess of events with
positrons in the 36 - 60 MeV energy
range that are correlated in time and
space with a low energy gamma. If
the observed excess is interpreted as
muon-antineutrino electronantineutrino oscillations, it corre
sponds to an oscillation probability of
(0.34 +0.20-0.18 ± 0.07)% for the
allowed regions shown in Figure 3.
More data taking is planned, and the
detector performance is under
continuous study.
Both of these efforts are expected
to improve the understanding of
these phenomena. If neutrino oscilla
tions have been observed, then the
minimal standard model would need
to be modified and neutrinos would
have mass sufficient to influence
CERN Courier, June 1995

Figure 3. Neutrino oscillation
probabilities.
Mixing parameter against mass squared from
a maximum likelihood fit to the UE distribution
of the 9 events which satisfy the R >30
requirement, where UE is the neutrino
distance to energy ratio, normalized to the
oscillation probability extracted from the
photon likelihood fit. The shaded area is the
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allowed region (95% C.L) from LSND. Not
shown is the 20% systematic uncertainty in the
LSND normalization. Also shown are 90% C.L.
limits from KARMEN (dotted histogram), the
Brookhaven E776 experiment
(dashed
histogram), and the Bugey reactor
experiment
(dot-dashed histogram), where the excluded
region is to the right of each of these lines.

describe this phenomenon, but
experimental evidence was scarce or
even controversial, and remained so
for almost a quarter of a century.
Recently, the Warsaw/Munich/Berlin
collaboration working within the
PS203 experiment at CERN's LEAR
low energy antiproton ring, proposed
a new method to study the nuclear
periphery using stopped antiprotons.
The halo now looks firmer.

cosmology and the evolution of the
universe.

CERN
Antiprotons probe the
nuclear stratosphere

T

he outer periphery of heavy
stable nuclei is notoriously
difficult to study experimentally.
While the well understood electro
magnetic interaction between elec
trons (or muons) and protons has
given the nuclear charge (or proton)
distribution with high precision for
almost all stable nuclei, neutron
distribution studies are much less
precise.
This is especially true for large
nuclear distances, where the nuclear
density is small. A few previous
experiments probing the nuclear
"stratosphere" suggested that far
from the centre of the nucleus (of the
order of 2 nuclear radii) this strato
sphere may be composed predomi
nantly of neutrons.
At the end of the sixties the term
"neutron halo" was introduced to
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A 200 MeV/c beam of antiprotons
was slowed down by interactions with
atomic electrons. When antiproton
kinetic energy drops well below 1
keV, the particles are captured in the
outermost orbits of "exotic atoms",
where the antiprotons take the place
of the usual orbital electrons.
With the lower orbits in this antiprotonic atom empty, the antiproton
drops toward the nuclear surface,
first emitting Auger electrons and
later predominantly antiprotonic
X-rays. Due to the strong interaction
between antiprotons and nucleons,
the antiproton succumbs to annihila
tion with a nucleon in the rarified
nuclear stratosphere, far above the
innermost Bohr orbit of the atom.
The annihilation probability in heavy
nuclei is maximal where the nuclear
density is about 3% of its central
value and extends to densities many
orders of magnitude smaller.
Antiproton annihilation on a proton
or on a neutron at the nuclear periph
ery produces on average five pions.
Some of these enter the nuclear
volume and "heat" the nucleus, which
"cools" by first emitting fast nucleons
and later evaporating neutrons or
charged particles, or by fission.
After all these processes, the
residual nucleus is often substantially
lighter. However, in 10-20% of cases
a quite different scenario evolves.
Distant annihilations have a large
probability that all produced pions
"miss" the inner nucleus, giving a

Recent data from the
Warsaw/Munich/Berlin
collaboration (PS203 experiment) at CERN's
LEAR low energy antiproton ring showing how
the 'neutron halo' depends on target neutron
separation energy. The halo factor is the ratio
(suitably corrected) of antiproton
annihilations
on neutrons to those on protons.
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"cold" reaction product. If the
antiproton annihilated with a neutron,
the resulting reaction product is a
one mass unit lighter isotope of the
target element. If a proton partici
pated in the annihilation, the reaction
product is a target isotone, with one
charge number less.
Among naturally occurring isotopes
some have both such products
radioactive. For these, the absolute
yield and the yield ratio of their
production can be determined by
nuclear spectroscopy. The yield ratio
- proportional to the number of
antiproton encounters with neutrons
to the number of encounters with
protons - reflects the neutron/proton
ratio, or "concentration", where
annihilation occurred.
The new method probes the nuclear
periphery at distances roughly equal
to 2 nuclear radii. The data indicate
that a neutron halo - a nuclear
stratosphere in which there are much
more neutrons than would be ex
pected from the target neutron/proton
ratio - appears for nuclei with neutron
binding energies lower than about 9
MeV.
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