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It is increasingly likely that the universe is flat, having a critical den-
sity (£ = 1), and probably made up of < 10% baryonic matter, 270%
cold dark matter, and ~ 20% hot dark matter. Some evidence for the
last component may be coming from the LSND experiment which has
observed a beam-on minus beam-off excess of events which are consistent
with oscillations of ¥, — .. While the chance that this is a statistical
fluctuation is < 10~3, evidence for neutrino mass cannot be claimed unless
the effect appears also in the v, — v, channel, currently being analyzed.
If v, — v, 1s observed also. then Amie is most likely ~ 6 eV®. Should a
neutrino (v, or v) have a mass ~ 2.4 eV, then current models of a low
density universe ({2 < 0.4) do not work, and a critical density universe Is
favored. If two nearly degenerate neutrinos exist (v — v; to explain the
solar neutrino deficit or v, — v, to account for the atmospheric v, /ve
ratio) to share the ~ 20% hot dark matter. this model explains the struc-
ture of the universe on all scales and solves the age problem, because the
Hubble constant has to be close to 50 kin-s~!-Mpc~!. Constraints from
supernova nucleosynthesis can be avoided by making m,_ > m,,, or by
having v, =+ v, explain solar neutrinos, since the sterile neutrino may
even aid nucleosynthesis.

PACS numbers: 14.60.Pq, 95.35.4+d, 95.30.Cq, 98.80.Cq

1. Introduction to dark matter

There is no doubt at this time that the majority of the mass of the
universe is far greater than one can detect by other than gravitational means.
Some of that non-luminous mass is in familiar barvonic form, but much
more of it must be particles which are not in the Standard Model of particle
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physics. Thus the search for this dark matter is of great importance to
particle physics, astrophysics, and cosmology. Before discussing more exotic
types of dark matter, we deal with the baryonic contribution.

The success of nucleosynthesis theory in predicting the abundance in
the universe of *He, 3H, 2H. and "Li, as well as three flavors of neutrinos,
gives confidence that the ratio of the mass density in ordinary baryonic
matter to the density required to just close the universe is 0.01 < £2, < 0.09
[1]. Observed baryons give only 25 = 0.007, so there must be some unseen
baryonic matter,

A rather general way to search for baryonic dark matter is to use grav-
itational microlensing to look for objects which can be between 10~7 and
10! solar masses. If lighter than the lower limit, they would have evap-
orated away in a galactic time scale, and if heavier than the upper limit,
they could have become visible by nuclear ignition. These M Assive Compact
Halo Objects, or MACHOs, are detectable if the MACHO passes across the
line of sight to some distant star, so that the gravitational field of the MA-
CHO bends the star’s light around the dark object, giving a time-symmetric,
achromatic brightening of the star’s image. Searches [2] so far indicate that
<50% of our halo dark matter could be in the form of MACHOs.

While baryonic dark matter could be important in our galaxy, the need
for nonbaryonic mass increases with increasing distance scale. The tangen-
tial velocity, v, of a mass, m, in a galaxy remains constant out to a radius, r,
beyond the luminous mass, M, whereas from GmM/r? = mv? /r, v o< r~1/2
would be expected. Unobserved mass increasing linearly with r must exist,
giving a mass density relative to critical density of at least {2 = 0.05-0.10,
but the fall-off in v is seldom observed. On the scale of galactic clusters,
need for 2 = 0.1-0.3 is required both by the motion of galaxies with respect
to the center of luminous mass of the cluster and by gravitational lensing
by the cluster of a distant light source. Very large scale velocity fields from
the flow of galaxies when related to galactic densities require £2 > 0.3 at
the 4-6 standard deviation level [3], and these data favor £2 = 1. Very
recent observations using Type Ia supernovae as “standard candles™ also
favor £2 =1 and strongly limit a cosmological constant, A.

The flat universe of {2 = 1 is very likely because it is the only time-
stable value for a zero cosmological constant. Unless there is severe fine
tuning in the early universe, the present density should have been driven
far out of the present range, toward 0 or oc, unless £2 = 1. Inflation theory,
which provides an explanation for several otherwise inexplicable puzzles,
also gives a justification for a universe at critical density.

[t has been widely assumed in the past that structure grew by gravita-
tional collapse from initial Gaussian fluctuations in the density of an 2 =1
universe made up, aside from the small admixture of baryons, of slowly



Neutrino Oscillations and Dark Matter 1529

moving “cold” dark matter, which preserves the fluctuations during the era
of radiation domination. As observations have improved, it has become
clear that a cold dark matter model cannot fit the amount of structure on
all distance scales. If normalized to the COBE measurements [4] of the
anisotropy in the cosmic microwave background radiation, a cold dark mat-
ter model gives too much structure on small scales, since baryons readily
clump around the cold dark matter.

Because the cold dark matter (CDM) model seems to be mainly correct,
several variations of it have been tried for patching it up, such as introducing
“bias” (changing the normalization). The variants of CDM which agree
best with observations add either a cosmological constant (ACDM), so that
A+ £2 =1, or a little hot (neutrino) dark matter (CHDM). The neutrinos,
being relativistic in the early universe (hence “hot”), tended to wash out
density fluctuations, so the CDM and HDM can be played off against each
other. If there is 30% HDM the structure on almost all scales can be fit
very well [5]. The problem is that such a large number of neutrinos causes
structure to form too late. If the neutrinos in the form of one neutrino
species of 94h2Fy162 ~ 5 eV (where A = 0.5 is the Hubble constant in units
of 100 km -s~! - Mpc™2, Fg is the fraction of HDM, and 2 is taken to
be unity) are reduced to 20%, then there is no problem with early enough
structure formation [6], but now the number density of galactic clusters is
too large. If instead the 5 eV is shared about equally between two species
of neutrinos. then something rather remarkable occurs [7]. While 5 eV
in one species or two makes essentially no difference at very large or very
small scales, at ~ 10R~! Mpc the larger free-streaming length of the 2.5
eV neutrinos lowers the abundance of clusters. Thus the model (Cv2DM)
with two, ~ 2.5 eV neutrinos fits structure information on all scales. A
comparison of these cosmological models is shown in Fig. 1, where all except
biased CDM are normalized to COBE, and five other comparisons are made
to data at various distance scales in terms of very generous errors in those
observations. Expressing those errors as “standard deviations” should not
be taken too literally. The lines have no significance, except to aid the eye
in connecting the 6 points for each type of observation.

The Cv2DM model works only if 2 = 1 and & = 0.5. Although there
are determinations of » near that value with very small stated errors, there
are also values around 0.7 to 0.8, also with errors given which are very
small, but such values are incompatible with 2 = 1 and the age of the
oldest stars. Should the Cr2DM model be proved correct by terrestrial
determinations of neutrino mass, the long-sought answers concerning A and
12 would be settled. That terrestrial experiments can settle the issues results
from the fact that there are ~ 102 /cm?® of each species of the three active
neutrinos (ve, vy, pr) everywhere. Unfortunately, direct detection of these
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Fig. 1. Various cosmological models compared with observations over a wide range
of distance scales. That fitting the data best has cold plus hot dark matter, with
the latter supplied by two species of 2.4 eV neutrinos.

relic neutrinos, whatever their mass may be, appears to be impossible at
this time, since they are now near the temperature of the cosmic microwave
background radiation and hence have too little energy.

With the possible exception of the v, the only way to detect neu-
trino masses in this cosmologically relevant mass range is to observe the
oscillation of one type of neutrino into another. The neutrino oscillation
experiment probably most directly relevant to the hot dark matter issue
will be described next.
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2. LSND experiment

The Liquid Scintillator Neutrino Detector (LSND) is designed to detect
neutrinos from a LAMPF proton beam. The oscillation searches focus on
energy ranges in which the produced v’s are overwhelmingly v, as opposed
to ve, or the produced o’s are overwhelmingly 7, as opposed to Ue. Then
observation of ve’s or 7,’s, respectively, in excess of the number expected
from conventional sources may be interpreted as evidence for neutrino os-
cillations. A paper reporting evidence for such an excess in the channel
Uy — Ue has been published in Physical Review Letters [8]. Analysis is
underway on the more difficult v, — ve channel. Because the two mea-
surements are done in different neutrino energy ranges and have different
backgrounds and systematics, the eventual comparison of their results will
provide not only independent evidence for oscillations, but also stronger
constraints on possible neutrino mass differences than either measurement
alone.

Protons from the LAMPF 800-MeV linac produce pions in a 30-cm-
long water target about 1 m upstream from the copper beam stop. For
the 7, — U, search, the 7,’s are provided via at — ,u,+1/y,, followed by
;1+ — €+I/el7p decay-at-rest. The relative 7, vield is ~ 4 x 10~ 4 for E, > 36
MeV. LSND detects 7, by Dep — etn, followed by a v from np — dy
(2.2 MeV). Requiring an ¢t energy above 36 MeV eliminates most of the
accidental background from v, 12C — ¢~ X (the detector not distinguishing
between e and e ), while an upper energy requirement of 60 MeV allows
for the v, endpoint plus energy resolution. For the v, — v. search, the
v,’s arise from 7 — pTv, decay in flight, with 60 MeV < E;, < 160 MeV,
staying above the maximum energy of decav-at-rest v.’s. LSND detects v,
by ve 12C - e~ X.

The experiment is located about 30 m from the neutrino source and is
shielded by the equivalent of 9 m of steel. The detector, an approximately
cylindrical tank 8.3 m long by 5.7 m in diameter, is under ~ 2 kg/cm? of
overburden to reduce the cosmic-ray flux and is inside a liquid scintillator
veto shield. On the inside surface of the tank 1220 8-inch Hamamatsu
phototubes provide 25% photocathode coverage with uniform spacing. The
tank contains 167 metric tons of liquid scintillator consisting of mineral oil
(CHz2) and 0.031 g/l of b-PBD. The low scintillator concentration allows the
detection of both Cherenkov and scintillation light; this in turn provides a
means of ¥ identification.

The behavior of the detector is calibrated using a very large sample of
“Michel” e* from the decays of stopped cosmic ray muons. These et are
in just the right energy range for the 7, — v, search. The phototube time
and pulse height signals are used to reconstruct the e* track with an average
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position resolution in one dimension of ~ 17 c¢m, an angular resolution of
~ 12°, and an energy resolution of ~ 7%.

Even with all the shielding, there remains a very large background to
the oscillation searches from cosmic rays. There are four lines of defense.
First, an in-time veto rejects the muons; however, decay eT and neutrons
remain a problem. Second, a veto is imposed on any event occurring too
soon after even low-level activity in the detector or veto shield; a hardware
cut of & 7 muon lifetimes is extended in software to = 18 muon lifetimes
for the D, search. Third, e ID criteria, using the quality of the position
fit along with angular and timing information, strongly suppress cosmic
ray neutrons. Fourth, any remaining cosmic ray background is very well
measured because about 13 times as much data are collected outside of the
beam spills as inside.

LSND collected beam data for 1.5 months in 1993, 3.5 months in 1994,
and the 1995 run was from August through the end of November. Data
from the 1993 and 1994 runs have been analyzed to search for v, — e
neutrino oscillations.

The first step in searching for 7, interactions was to select ™ candidates
with particle ID information consistent with a 3 ~ 1 particle and passing the
cosmic ray rejection cuts just described. The reconstructed position of the
track midpoint was required to be > 35 cm from the locus of the phototube
faces. The overall et selection efficiency is 284+ 2%. In 36 < E, < 60 MeV.
there are 135 such events with the beam on and 1140 with the beam off,
giving a beam-on excess of 46.1 & 11.9 events. (This still includes beam-
related backgrounds.)

The second step is to require a correlated 2.2 MeV ~ with a recon-
structed distance, Ar, within 2.5 m of the ¢™, a relative time, At, of less
than 1| ms, and a number of hit phototubes, N, between 21 and 50. The
efficiency for neutron detection with these cuts is 63%. To determine if such
a ~y is correlated with the ¢™ or from an accidental coincidence, a function
R of Ar, At, and N, is defined to be the ratio of approximate likelihoods
for the two hypotheses.

To determine whether there is a significant 7, excess, a cut was made
at ® > 30. This cut has an efficiency of 23% for events with a recoil
neutron and an accidental rate of 0.6% for events with no recoil neutron.
Figure 2 shows the beam-on minus beam-off energy distribution for B > 30.
There are 9 beam-on and 17 beam-off events between 36 and 60 MeV,
corresponding to a beam-on excess of 7.7 events. Of these, 0.79 £ 0.12
are estimated to be beam-related background, implying a net excess of 6.9
events. The probability that this excess is a statistical fluctuation is < 1073,

The size of the excess is, however, better determined by utilizing all et
data between 36 and 60 MeV. The total numbers of beam-on and beam-off



Neutrino Oscillations and Dark Matter 1533

w
\Il\‘\\ll‘\lvll\!lhi

N
o

N

Number of Events
o

r
{
t
|
L]

|

(@]

o
92
liTIII‘iI\\\|1l\\

[ ]
-1

|

|

T

|
[]

.
\1|\||\\4‘11<\i\I\\’r\ll\Jlbw‘<\||\r|l|l

T T

30 40 ‘ISO H60
E (MeV)

n
(o)

Fig. 2. The et cnergy distribution, beam-on minus beam-off, for events with
an associated 2.2 MeV ~ with R > 30. The et efficiency drops for £ < 28
MeV. 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 Am?. normalized to the excess between 36 and 60 MeV.

et events with correlated 4’s were obtained from a likelihood fit to the R
distributions at the et positions. The result, after subtracting the neutrino

background with a neutron, is 16.4"_’2:3 events. If this is interpreted as due

to neutrino oscillations, the oscillation probability is (0.34;*8;33 + 0.07)%,

where the second error is systematic. Because these errors are highly non-
Gaussian, the probability of a null result is only 0.7%, despite this being a
far less restricted sample.

Cosmic-ray background is most intense in the outer regions of the de-
tector and where the veto has gaps—beneath the detector and near the
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lower corner of the upstream end. However, Kolmogorov tests did not show
significant problems with the distribution of the excess events. If an ad-
ditional cut were made to omit the ~ 50% of the detector with highest
cosmic ray backgrounds, one could no longer demonstrate an R > 30 excess
(2 events with an expected background of 0.7}, but this result and the fit
oscillation probability of (0.101’3:12 + 0.02)% are not statistically inconsis-
tent with the full-acceptance result. An alternative analysis [9] also finds no
excess using similar fiducial cuts initially and not using all of the particle
identification information. Of the sample of 9 events, none is in the region
of this eliminated volume where the background is maximum.

The two-generation neutrino oscillation probability is
e 2 [y s 2 < 2 L
P = (sin” 26) sin” [ 1.27Am T

where E is the neutrino energy (MeV), L is its flight distance (m) before
interaction, and Am? is the mass-squared difference (eV?). The 90% C.L.
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Fig. 3. Results from interpreting the excess signal from all ¢ 7 dutn as due 1o two-

generation neutrino oscillations. The two edges of the shaded band are the 9(}%
C.L. limits of sin” 26 as a function of Am?. Not included is the 20% systematic
uncertainty in the LSND normalization. Also shown are 90% C.L. limits from
Ref. [10] (dotted histogram), Ref. [11] (dashed histogram), and Ref. [12] (dot-
dashed histogram).
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upper and lower limits of P, found using the R distributions of all ¢t data
between 36 and 60 MeV, were converted using this equation into 90% C.L.
limits of sin? 20 as functions of Am?2. Figure 3 shows these results, along
with limits from KARMEN [10], E776 at BNL [11], and the Bugey recactor
experiment [12].

LSND does not claim this result as proof of neutrino oscillations, and
backgrounds will continue to be studied. To elucidate further just what
is going on. the 1995 and possible subsequent runs could provide better
statistics. and the v, — ve channel would give a test with quite different
potential systematic problems. If oscillations are confirmed, the v, — v,
data should determine Am?. Figure 3 shows possible oscillation antinodes
at 2, 6, and 10 eV2, whereas the higher energy of v, — ve would put the
first two antinodes at 6 and 18 eV2. The only compatible value of Am?
would then be 6 eV? to have a sufficiently small mixing angle. Such a value
implies that either the ve or v, is ~ 2.4 eV.

3. Consequences of a positive LSND result

Should a 2.4 eV neutrino exist. it would contribute ~ 10% to the dark
matter of the universe for critical density (£2 = 1). This is a contribution
to {2 equivalent to as much barvonic matter as nucleosynthesis permits
and is more than an order of magnitude more than the baryonic matter
observed so far. Models of the universe which utilize a density lower than
critical (typically 2 < 0.3) would then not have enough cold dark matter
to produce sufficiently early structure formation, since the 2.4 eV neutrinos
(hot dark matter) would wash out density fluctuations [7]. The only other
models which come close to fitting the observed structure of the universe
on all scales have 2 = 1, so such a neutrino likely forces critical density.

While one species of a 2.4 eV neutrino would not provide a satisfac-
tory cold plus hot dark matter model, in Section 1 a model with two such
neutrinos (Cv2DM) was seen to fit universe structure on all scales [7]. The
reason the large-scale simulations for the Cv?DM model were tried was
not based on the LSND results but rather on a scenario [13] for neutrino
masses designed to account for three hints of neutrino mass, one of which
is the need for some hot dark matter. Of the other two, one is the deficit
of ves from the sun observed by four experiments of three types. Of those
three types, two have to be making incorrect observations in order for an
astrophysical explanation of the deficit to work [14]. A solution in terms
of neutrino oscillations requires that the mass-squared difference between
the v, and whatever it turns into be no more than Amﬁi ~ 1075 V2. The
second indication for neutrino mass results from evidence for a deficit of v,s
relative to ves in atmospheric secondary cosmic rays. There are compatible
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results from three experiments [15] and new information from Kamiokande
[16]. The latter includes accelerator confirmation of the ability to separate
ve and v, events, as well as an independent higher energy data set giv-
ing not only a v, /v, ratio agreeing with the lower energy data, but also a
zenith-angle (hence source-to-detector) dependence compatible with oscil-
lations requiring Am?2, ~ 1072 eV2. The explanation of the observations
in terms of the oscillation v, — v is almost excluded by data from the
Bugey [12] and Krasnoyvarsk reactor oscillation experiments. Also. in the
higher energy Kamiokande data [16], the muons display the zenith-angle
dependence, whereas the electrons do not, as would be expected if the v,
were affected by oscillations, but the v, were not. Finally, the calculated v,
and v, fluxes ~— backed by measurements of y fluxes — agree with the v,
data but show a v, deficit [17]. Thus v, — v, oscillations are favored as
an explanation of this atmospheric v, deficit.

If the solar v, and atmospheric v, deficits and the need for some hot
dark matter arise from the existence of neutrino mass, then there are only
two viable patterns of those masses [13] for a hierarchical mass structure.
If there are no sterile neutrinos, the only possibility allowed by the small
Am? values required by ve — vy for the solar deficit and v, — v, for the
atmospheric one is my,, & my, = m,, = 1.6 eV to give the needed ~ 4.7
eV for hot dark matter [7]. If neutrinos are Majorana particles, for which
there is strong theoretical prejudice., then neutrinoless double beta decay
experiments are close to excluding this alternative, unless there is three-
neutrino maximal mixing, which requires a vacuum oscillation solution to
the solar v, deficit [18].

A sterile neutrino may be introduced, provided it does not exceed a
limit [19] of about 3.4 neutrino species at the time of nucleosynthesis. This
limitation can be avoided only for the favored small mixing angle solution for
solar ve — vy, since any other use of a light v, would bring it into equilibrium
in the early universe. The v, and v, then provide the atmospheric v,, deficit
and share the dark matter, making m,, ~ m,, ~ 2.4 eV. A combination
of the SNO and SuperKamiokande experiments will be able to demonstrate
Ve —r Vs to check this mass pattern, which is consistent with the possible
LSND oscillation result.

There is a possible conflict with the 7, — 7. interpretation of the
LSND data from supernovae. It is believed that much of heavy element
production occurs in the outer neutrino-heated ejecta of Type Il supernovae,
where rapid interactions with the large number of neutrons can take place,
the so-called r process. A limitation on the mixing of v, and v, comes
about because energetic ({(£) ~ 25 MeV) v, or v, could convert via an
MSW transition to ve inside the region where the r process is believed to
occur. Such converted v, would have a much higher energy than the thermal
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Ve ({E) = 11 MeV), because the latter have charged current interactions
with electrons. Since the cross section for ve + n — €~ + p rises rapidly
with energy, the energetic v, would deplete the neutrons, stopping the r
process. Calculations [20] of this effect limit sin? 26 for v, — v, to <1072
for AmieEQ eV2, apparently in conflict with the LSND results.

One way to avoid this bound is to invert the mass order and make the
ve heavier than the v, [21-23]. For example, if My, < My, X My, 2.4
eV, v, and v, share the hot dark matter, while ;\sz ~ 1073 eV for
the solar deficit. If the v, is a Dirac particle, either the small- or large-
angle MSW solutions work for the latter, but the global Le—L, symmetry
(where the L’s are Lepton numbers) needed to suppress neutrinoless double
beta decay requires near maximal mixing for a Majorana v.. A gauge
theory for this arrangement of neutrino masses has been worked out [23]
using a conventional SU(2),xSU(2)gr xU(1)g~r, model with the see-saw
mechanism supplemented by a global U(1)y,, 1. symmetry. This scheme
does not explain the atmospheric v, deficit, but mass-inverted versions of
the two patterns given above can. Three nearly degenerate neutrinos works
[22] for a Dirac ve, or for a Majorana v, only if there is a maximal mixing
angle scenario (as in Ref. 18), and which requires the vacuum oscillation
solution of the solar v, problem [23]. The other alternative [21] requires
My, X My, ~ 2.7 eV (for the solar v, deficit) and my, & my, ~ 1.1 eV
(for the atmospheric v, deficiency). The v, does not contribute to hot dark
madtter for the small-angle MSW solution. since its mixing with the v, is
insufficient to bring it into equilibrium in the early universe (avoiding the
nucleosynthesis bound), so the v, and v, need to make up the rest of the
~ 5 eV. In this case the v, must be Dirac, and it is not yet clear how well
such a model fits the universe structure, as is also true for the other scheme
of three nearly equal mass neutrinos.

The four-neutrino scheme [13] with a regular mass hierarchy is simpler
and can avoid the supernova bound [24] because of unique features of the
sterile neutrino. At the time the r process occurs the v, interaction potential
goes to zero in a zone outside the neutrinosphere (where neutrinos can
escape the supernova), so there v, — v, since the v, has a zero interaction
potential. Depending upon the v, —v, mixing angle, this will get rid of many
of the high energy v,s. Aiding the r-process are two other effects which
diminish the v, flux in the r-process region and hence reduce the reaction
Ve + 1 — €~ + p, thereby increasing the neutron density. First, where the
dangerous v, — ve MSW transition could occur, the back reaction, ve — v,
can now dominate, due to the reduced vy flux. Second, there is a region
just outside the neutrinosphere where the v, interaction potential goes to
zero, so there ve — vy.
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4. Conclusions

There is increasing observational evidence for a flat universe ({2 = 1)
and hence for the need for > 90% of the mass of the universe to be in
the form of particles outside the Standard Model, on the basis of limits on
baryonic matter from nucleosynthesis. The structure of the universe over a
very large range of distance scales favors a mix of cold and hot nonbaryonic
dark matter. If the dark matter is indeed ~ 7% baryonic, ~ 73% cold, and
~ 20% hot, the nature of this last component will have to be determined by
terrestrial experiments, whereas the cold dark matter component is being
searched for directly.

The LSND experiment may already be providing evidence for the hot
component, since it shows statistically significant evidence for 7, — 7
oscillations from a beam-on minus beam-off excess of events of the type
Ve+p— et +n, n+p—d+y (2.2 MeV). Barring the existence of some
as yet undetected spurious source of these events, this requires that the
vy, and/or the v, have mass, providing the first laboratory violation of the
Standard Model of particle physics. Essential to making this result certain
would be confirming evidence from the data obtained simultaneously on
Yy = Ve, since the energies involved, detection reaction, backgrounds, and
systematic uncertainties are all different from the Uy — Ve Case.

If this result is correct, it can be combined with other constraints and
hints of neutrino mass to deduce acceptable patterns of those masses which
could provide guidance to a more encompassing theory. One possibility is
that ve — vg for the solar v, deficit. vy — vy to explain the v, /v, ratio
from atmospheric neutrinos, and vy, and vy share the role of the hot dark
matter. The most likely Am? provided (but far from proved) by the LSND
results is consistent with the needed v, mass of ~ 2.4 eV, if the v, mass is
much smaller. The sterile neutrino, v4, makes possible avoiding the bound
on Ve—v/, mixing coming from the r process in supernovae, as does making
the ve heavier than the v, although the latter becomes quite contrived, if
the atmospheric v, deficit is also to be explained by neutrino mass.

If even one species of neutrino (ve or v, ) has ~ 2.4 eV mass. as indicated
by the LSND result, then Ref. [7] shows that low-£2 cosmological models do
not work, since structure forms much too late. This result then settles
the ultimate fate of the universe, expansion slowing toward zero but never
recollapse. If there are two neutrinos of about this mass (v, and vy or v,
and v,) then not only is 2 = 1, but also 2 & 0.5, and the issue of the
expaunsion rate or age of the universe is also settled [7]. The effect of the
lightest kind of elementary particle which can have mass may be remarkably
great,
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