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A brief sketch is made of the present observational status of neutrino properties, with emphasis on the hints from
solar and atmospheric neutrinos, as well as cosmological data on the amplitude of primordial density fluctuations.
Implications of neutrino mass in particle accelerators, astrophysics and cosmology are discussed.

1. INTRODUCTION

It is beyond any doubt that, although very suc-
cessful, our present standard SU(2)®@U (1) model
leaves open too many fundamental issues in par-
ticle physics to be an ultimate theory of Nature.
One of the most fundamental ones refers to the
masses and properties of neutrinos. Apart from
being a theoretical puzzle, in the sense that there
is no principle that dictates that neutrinos are
massless, as postulated in the standard model,
nonzero masses may in fact be required in order
to account for the data on solar and atmospheric
neutrinos, as well as the dark matter in the uni-
verse. The implications of detecting nonzero neu-
trino masses could be very far reaching for the
understanding of fundamental issues in particle
physics, astrophysics, as well as the large scale
structure of our universe.

One interesting aspect of most extensions of
the standard model where neutrino have non-
vanishing masses is that they may affect the
physics of the electroweak sector in a very remark-
able way, which can be experimentally tested.
Some of the ways to probe the corresponding
physics at accelerator as well as underground ex-
periments will be described.

1.1. Laboratory Limits

The most model-independent of the labora-
tory limits on neutrino mass are those that follow
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purely from kinematics, given as [EI]
my, <5eV, m,, <250keV, m, < 23MeV(1)

The improved limit on the v, mass from beta de-
cays was recently given by Lobashev [E], while
that on the v, mass comes from the ALEPH ex-
periment [[f] and may be substantially improved
at a future tau-charm factory [H).

In addition, there are limits on neutrino masses
that follow from the non-observation of neutrino
oscillations [f]. The 90% confidence level (C.L.)
exclusion contours of neutrino oscillation param-
eters in the 2-flavour approximation are given in
Fig. , taken from ref. @] Improvements are ex-
pected from the ongoing CHORUS and NOMAD
experiments at CERN, with a similar proposal
at Fermilab E] There are also good prospects
for substantial progress at future long baseline
experiments using CERN and Fermilab neutrino
beams aimed at the Gran Sasso and Soudan un-
derground facilities, respectively.

Another important limit follows from the non-
observation of neutrino-less double beta decay -
B8, - i.e. the process by which an (4,7 — 2)
nucleus decays to (A,Z) + 2 e~. This process
would arise from the virtual exchange of a Ma-
jorana neutrino from an ordinary double beta
decay process. Unlike the latter, the neutrino-
less process violates lepton number and its ex-
istence would indicate the Majorana nature of
neutrinos. Because of the phase space advan-
tage, this process is a very sensitive tool to probe
into the nature of neutrinos. In fact, as shown in
ref. [§], a non-vanishing 33, decay rate requires
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Figure 1. Limits on oscillation parameters.

neutrinos to be majorana particles, irrespective of
which mechanism induces it. This establishes a
very deep connection which, in some special mod-
els, may be translated into a lower limit on the
neutrino masses. The negative searches for 543,
in “Ge and other nuclei leads to a limit of about
two eV [[] on the weighted average neutrino mass
parameter (m)

(m) <1—-2¢V (2)

depending to some extent on the relevant nuclear
matrix elements characterising this process .
Improved sensitivity is expected from the upcom-
ing enriched germanium experiments. Although
rather stringent, this limit in eq. (f) may allow
relatively large neutrino masses, as there may be
strong cancellations between the contributions of
different neutrino types. This happens automat-
ically in the case of a Dirac neutrino as a result
of the lepton number symmetry [[L1].

1.2. The Cosmological Density Limit

In addition to laboratory limits, there is a cos-
mological bound that follows from avoiding the
overabundance of relic neutrinos E|

m,. < 92Q,h% eV, (3)

where Q,h%? < 1 and the sum runs over all
isodoublet neutrino species with mass less than
O(1 MeV). Here Q, = p,/pe, where p, is the
neutrino contribution to the total density and p.
is the critical density. The factor h? measures the
uncertainty in the determination of the present
value of the Hubble parameter, 0.4 < h < 1. The
factor Q,h2% is known to be smaller than 1.

For the v, and v, this bound is much more
stringent than the corresponding laboratory lim-
its eq. ([l).

Recently there has been a lot of work on
the possibility of an MeV tau neutrino [E,@]
Such range seems to be an interesting one from
the point of view of structure formation [[L3[4].
Moreover, it is theoretically viable as the con-
straint in eq. () holds only if neutrinos are sta-
ble on the relevant cosmological time scales. In
models with spontaneous violation of total lepton
number ] there are new interactions of neutri-
nos with the majorons which may cause neutrinos
to decay into a lighter neutrino plus a majoron,
for example [[L],

vy = v+ J . (4)
or have sizeable annihilations to these majorons,
vetv, —>J+J . (5)

The possible existence of fast decay and/or anni-
hilation channels could eliminate relic neutrinos
and therefore allow them to be heavier than eq.
(B). The cosmological density constraint on neu-
trino decay lifetime (for neutrinos lighter than 1
MeV or so) may be written as

7515 x 107(KeV/m,. ) yr (6)

and follows from demanding an adequate red-shift
of the heavy neutrino decay products. For neu-
trinos heavier than ~ 1 MeV, such as possible
for the case of v,, the cosmological limit on the
lifetime is less stringent than given in eq. (ﬂ)
As we already mentioned the possible existence
of non-standard interactions of neutrinos due to
their couplings to the Majoron brings in the pos-
sibility of fast invisible neutrino decays with Ma-
joron emission [E] These 2-body decays can be
much faster than the visible decays, such as ra-
diative decays of the type v/ — v ++. As a result



the Majoron decays are almost unconstrained by
astrophysics and cosmology. For a more detailed
discussion see ref. [[1F].

A general method to determine the Majoron
emission decay rates of neutrinos was first given in
ref. [L7]. The resulting decay rates are rather sub-
tle [[L7] and model dependent and will not be dis-
cussed here. The reader may consult ref. [L§Lq].
The conclusion is that there are many ways to
make neutrinos sufficiently short-lived that all
mass values consistent with laboratory experi-
ments are cosmologically acceptable. For neu-
trino decay lifetime estimates see ref. [[L6,[§[L]].

1.3. The Nucleosynthesis Limit

There are stronger limits on neutrino lifetimes
and/or annihilation cross sections arising from
cosmological nucleosynthesis considerations. If
massive v;’s are stable during nucleosynthesis (v,
lifetime longer than ~ 100 sec), one can con-
strain their contribution to the total energy den-
sity from the observed amount of primordial he-
lium. This bound can be expressed through an ef-
fective number of massless neutrino species (N,).
Using N, < 3.4 — 3.6, the following range of v,
mass has been ruled out [2q,21]

0.5 MeV <m,, <35 MeV (7)

If the nucleosynthesis limit is taken less stringent
the limit loosens somewhat. However it has re-
cently been argued that non-equilibrium effects
from the light neutrinos arising from the anni-
hilations of the heavy v, ’s make the constraint
stronger and forbids all v, masses on the few MeV
range.

One can show that if the v, is unstable dur-
ing nucleosynthesis [P the bound on its mass is
substantially weakened translated as a function
of the assumed lifetime [R2].

Even more important is the effect of neutrino
annihilations [@] Fig. 2 gives the effective num-
ber of massless neutrinos equivalent to the contri-
bution of massive neutrinos with different values
of the coupling g between v,’s and J’s, expressed
in units of 1075, For comparison, the dashed line
corresponds to the standard model ¢ = 0 case.
One sees that for a fixed N]***  a wide range of
tau neutrino masses is allowed for large enough
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Figure 2. Contribution of a heavy v, to nucle-
osynthesis in terms of the equivalent number of
massless neutrinos.

values of g. No v, masses below 23 MeV can be
ruled out, as long as g exceeds a few times 107
Such values are reasonable in many majoron mod-
els [[ld,p4]. For more details see ref. [q]. In short
one sees that the constraints on the mass of a Ma-
jorana v, from primordial nucleosynthesis can be
substantially relaxed if annihilations v, v, <« JJ
E present. More details in the talk by Pastor

.

As a result of the above considerations one con-
cludes that it is worthwhile to continue the efforts
to improve present laboratory neutrino mass lim-
its in the laboratory. Omne method sensitive to
large masses is to search for distortions in the en-
ergy spectra of leptons coming from 7, K weak
decays such as 7, K — ev, 7, K — uv, as well as
kinks in nuclear g decays.

2. HINTS FOR NEUTRINO MASSES

So far the only indications in favour of nonzero
neutrino rest masses have been provided by as-
trophysical and cosmological observations, with
a varying degree of theoretical input. We now
turn to these.



2.1. Dark Matter

By combining the observations of cosmic back-
ground temperature anisotropies on large scales
performed by the COBE satellite [2d] with
cluster-cluster correlation data e.g. from IRAS
[7) one finds that it is not possible to fit well the
data on all scales within the framework of the
popular cold dark matter (CDM) model. Indeed,
the best fit is obtained for a mixture, otherwise
ad hoc, consisting of about 70% CDM with about
25 % hot dark matter (HDM) and a small amount
in baryons [@] The best way to make up for the
hot dark matter component is through a massive
neutrino in the few eV mass range. It has been ar-
gued that this could be the tau neutrino, in which
case one might expect the existence of v, — v; or
v, — vy oscillations. Searches for these oscilla-
tions are now underway at CERN, with a similar
proposal also at Fermilab [ﬂ] This mass scale is
also consistent with the hints in favour of neu-
trino oscillations reported by the LSND experi-

ment [R9].

2.2. Solar Neutrinos

So far the averaged data collected by the chlo-
rine [BJ], Kamiokande [BI], as well as by the low-
energy data on pp neutrinos from the GALLEX
and SAGE experiments [@7@] still pose a per-
sisting puzzle. The most recent data can be sum-
marised as:

RGP = (2.55 £ 0.25)SNU (8)
REP = (74 4+ 8)SNU
R$ZP = (0.44 £ 0.06) REL

where REF9 is the BP95 SSM prediction of ref.
@] For the gallium result we have taken the
average of the GALLEX [BJ] and the SAGE mea-
surements [B).

Comparing the data of gallium experiments
with the Kamiokande data one sees the need for
a reduction of the “Be flux relative to standard
solar model [B4] expectations. Inclusion of the
Homestake data only sharpens the discrepancy,
suggesting that the solar neutrino problem is in-
deed a real problem. The totality of the data
strongly suggests that the simplest astrophysical
solutions are ruled out, and that new physics is
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Figure 3. Allowed solar neutrino oscillation pa-
rameters for active neutrino conversions.

needed [@] The most attractive possibility is to
assume the existence of neutrino conversions in-
volving very small neutrino masses. In the frame-
work of the MSW effect [B] the required solar
neutrino parameters Am? and sin® 26 are deter-
mined through a x? fit of the experimental data
[l Fig. 3, taken from ref. [B7], shows the 90%
C.L. areas for the in the BP95 model for the case
of active neutrino conversions. The fit favours
the small mixing solution over the large mixing
one, due mostly to the larger reduction of the
"Be flux found in the former. Here ¢ denotes
the assumed level of noise fluctuations in the so-
lar matter density [7 not excluded by the SSM
nor by present helioseismology studies. The solid
curves are for the standard £ = 0 assumption cor-
responding to a smooth Sun. The regions inside
the other curves correspond to the case where
matter density fluctuations are assumed. Noise
causes a slight shift of Am? towards lower val-
ues and a larger shift of sin?20 towards larger
values. The corresponding allowed Am? range is
2.5 x 1076 < Am? < 9 x 107% eV? instead of
5x 1075 < Am? < 1.2 x 107° eV? in the noise-

3For simplicity we neglect theoretical uncertainties, earth
effects, as well as details of the neutrino production region.



less case. The large mixing area is less stable,
with a tendency to shift towards smaller Am?
and sin® 26 values.

It is interesting to note that the “Be neutrinos
are the solar neutrino spectrum component which
is most affected by the matter noise. Therefore
the Borexino experiment should be an ideal tool
for studying the solar matter fluctuations, if suffi-
ciently small errors can be achieved. Its potential
in "testing” the level of solar matter density fluc-
tuations is discussed in ref. , summarized in
the talk by Rossi B]]. Ref. | also contains a
discussion of sterile solar neutrino conversions, as
well as a comparison with other solar models.

2.3. Atmospheric Neutrinos

Two underground experiments, Kamiokande
and IMB, and possibly also Soudan2, have indi-
cations which support an apparent deficit in the
expected flux of atmospheric v,’s relative to that
of v¢’s that would be produced from conventional
decays of 7’s, K’s as well as secondary muon de-
cays [[if]. Although the predicted absolute fluxes
of neutrinos produced by cosmic-ray interactions
in the atmosphere are uncertain at the 20% level,
their ratios are expected to be accurate to within
5%. While some of the experiments, such as
Frejus and NUSEX, have not found a firm evi-
dence, it has been argued that there may be a
strong hint for an atmospheric neutrino deficit
that could be ascribed to neutrino oscillations.
Recent results from Kamiokande on higher en-
ergy neutrinos strengthen the case for an atmo-
spheric neutrino problem. The relevant oscilla-
tion parameters are shown in Fig. E taken from

ref. [J]).

2.4. Reconciling Present Hints.

One of the simplest extensions of the elec-
troweak theory consists in adding isosinglet neu-
tral heavy leptons (NHLS), such as right handed
neutrinos, as in the seesaw model [id]. In this
case the NHLS have a large Majorana mass term
Mg, which violates total lepton number, or B-L
(baryon minus lepton number), a symmetry that
plays an important role in many extended gauge
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Figure 4. Atmospheric neutrino oscillation pa-
rameters from Kamiokande data.

models [@] The masses of the light neutrinos
are obtained by diagonalizing the following mass
matrix

14 12
v| 0 D 9)
Ve DT MR

where D = hD’Ug/\/i is the Dirac mass matrix
and Mgr = Mg is the isosinglet Majorana mass.
In the seesaw approximation, one finds

My = -DMy'D" . (10)

Although one expects Mg to be large, one can
not make any firm guess, as its magnitude heavily
depends on the model. As a result one can not
make any real prediction for the corresponding
light neutrino masses that are generated through
the exchange of the heavy Majorana neutrinos.

2.4.1. Almost Degenerate Neutrinos

The above observations from cosmology and as-
trophysics do seem to suggest a theoretical puzzle.
As can easily be understood just on the baisis of
numerology, it seems rather difficult to reconcile
the three observations discussed above in a frame-
work containing just the three known neutrinos .



The only possibility to fit these observations in
a world with just the three known neutrinos is
if all of them have nearly the same mass ~ 2
eV [@] This can be arranged, for example in
general seesaw models which also contain an ef-
fective triplet vacuum expectation value [@,@]
contributing to the light neutrino masses. This
term should be added to eq. (E) Thus one
can construct extended seesaw models where the
main contribution to the light neutrino masses
(~ 2 €V) is universal, due to a suitable hor-
izontal symmetry, while the splittings between
ve and v, explain the solar neutrino deficit and
that between v, and v, explain the atmospheric
neutrino anomaly [Ji].

2.4.2. Four Neutrino Models

The alternative way to fit all the data is to add
a fourth neutrino species which, from the LEP
data on the invisible Z width, we know must be of
the sterile type, call it v5 . The first scheme of this
type gives mass to only one of the three neutrinos
at the tree level, keeping the other two massless
[@] In a seesaw scheme with broken lepton num-
ber, radiative corrections involving gauge boson
exchanges will give small masses to the other two
neutrinos v, and v, [i). However, since the sin-
glet neutrino is super-heavy in this case, there is
no room to account for the three hints discussed
above.

Two basic schemes have been suggested to keep
the sterile neutrino light due to a special symme-
try. In addition to the sterile neutrino v, , they
invoke additional Higgs bosons beyond that of
the standard model, in order to generate radia-
tively the scales required for the solar and atmo-
spheric neutrino conversions. In these models the
vy either lies at the dark matter scale @ or, al-
ternatively, at the solar neutrino scale [bd]. In the
first case the atmospheric neutrino puzzle is ex-
plained by v, to v, oscillations, while in the sec-
ond it is explained by v, to v, oscillations. Cor-
respondingly, the deficit of solar neutrinos is ex-
plained in the first case by v, to v, oscillations,
while in the second it is explained by v, to
v, oscillations. In both cases it is possible to fit
all observations together. However, in the first

case there is a clash with the bounds from big-
bang nucleosynthesis. In the latter case the v; is
at the MSW scale so that nucleosynthesis limits
are satisfied. They nicely agree with the best fit
points in Fig. H, taken from ref. [@] Moreover,
it can naturally fit the recent preliminary hints
% neutrino oscillations of the LSND experiment

l.

Another theoretical possibility is that all ac-
tive neutrinos are very light, while the sterile
neutrino v, is the single neutrino responsible for

the dark matter [p1].

2.4.3. Mev Tau Neutrino

An MeV range tau neutrino is an interesting
possibility to consider for two reasons. First, such
mass is within the range of the detectability, for
example at a tau-charm factory [H] On the other
hand, if such neutrino decays before the mat-
ter dominance epoch, its decay products would
add energy to the radiation, thereby delaying the
time at which the matter and radiation contribu-
tions to the energy density of the universe become
equal. Such delay would allow one to reduce the
density fluctuations on the smaller scales purely
within the standard cold dark matter scenario,
and could thus reconcile the large scale fluctua-
tions observed by COBE [Rf] with the observa-
tions such as those of IRAS [R7 on the fluctua-
tions on smaller scales.

In ref. [@] a model was presented where an
unstable MeV Majorana tau neutrino naturally
reconciles the cosmological observations of large
and small-scale density fluctuations with the
cold dark matter model (CDM) and, simul-
taneously, with the data on solar and atmo-
spheric neutrinos discussed above. The solar
neutrino deficit is explained through long wave-
length, so-called just-so oscillations involving con-
versions of v, into both v, and a sterile species
vs , while the atmospheric neutrino data are ex-
plained through v, — v, conversions. Future
long baseline neutrino oscillation experiments, as
well as some reactor experiments will test this
hypothesis. The model assumes the spontaneous
violation of a global lepton number symmetry
at the weak scale. The breaking of this sym-



metry generates the cosmologically required de-
cay of the v, with lifetime 7, ~ 10% — 10* sec-
onds, as well as the masses and oscillations of
the three light neutrinos v, , v, and v required
in order to account for the solar and atmospheric
neutrino data. One can verify that the big-bang
nucleosynthesis constraints [@,@] can be satis-
fied in this model.

3. IMPLICATIONS

There is a variety of new phenomena that could
be associated with neutrino mass [E] Although
in the simplest models of seesaw type the NHLS
are Majorana type and expected to be quite
heavy, due to limits on the light neutrino masses,
there are interesting variants with light Dirac
NHLS [FJ]. After mass matrix diagonalization
there are couplings connecting light to heavy neu-
trinos [@], restricted only by present constraints
on weak universality violation. Through these the
NHLS can be singly produced in Z decays, if their
mass is below that of the Z [54]

Z — N;+v, (11)

Subsequent NHL decays would then give rise
to large missing momentum events, called zen-
events. The attainable rates for such processes
can lie well within the sensitivities of the LEP ex-
periments [@] Dedicated searches for acoplanar
jets and lepton pairs from Z decays have provided
stringent constraints on NHL couplings to the Z,
plotted below [F3] [| One sees that the recent DEL-
PHI constraints supersede by far the low energy
constraints following, e.g. from weak universality.

Even when the isosinglet neutral heavy lep-
tons are heavier than the Z, they can produce
interesting effects. For example, these NHLS
may mediate lepton flavour violating (LFV) de-
cays which are exactly forbidden in the standard
model. These virtual effects are completely calcu-
lable in these models, in terms of the NHL masses
and electroweak charged and neutral current cou-
plings. In the simplest models of seesaw type
where the NHLS are Majorana type these decays

4There have been also inconclusive hints reported by
ALEPH [5(].
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Figure 5. Limits on NHL mass and couplings.

channel strength
T — ey, wy <107
T — en?, um® <1076
7 —en®, un’® <1076 —1077
T — 3e, 3, ppe, ete. <1076 —-1077

Table 1
Allowed LFV 7 decay branching ratios.

are expected to be small, due to limits on the light
neutrino masses. However, in other variant mod-
els with Dirac NHLS [ this suppression is not
present @,@] and LFV rates are restricted only
by present constraints on weak universality vio-
lation. These allow for sizeable decay branching
ratios, close to present experimental limits
and within the sensitivities of the planned tau
and B factories [@] The situation is summarised
in the Tables.

The study of these rare Z decays nicely comple-
ments what can be learned from the study of rare
LFV muon and tau decays. The stringent limits
on p — ey preclude the corresponding process
Z — eu of being sizeable. However the decays
Z — et and Z — put can occur at the O (1079)
level. Similar statements can be made also for



channel strength

Z—er| <1006 —-10"7

Z — Ut <1077
Table 2

Allowed branching ratios for LFV Z decays.

the CP violating Z decay asymmetries in these
LFV processes [@] However, under realistic as-
sumptions, it is unlikely that one will be able to
see these decays at LEP without a high lumi-
nosity option @] In any case there have been
dedicated searches which have set good limits in
the range from 107° to 107 for LFV Z and 7
decays at LEP [f7). Finally we note that there
can also be large rates for lepton flavour violating
decays in models with radiative mass generation
[@] The expected decay rates may lie within the
present experimental sensitivities and the situa-
tion should improve at PSI or at the proposed
tau-charm factories.

Some models of massive neutrinos may lead
to quite important and unexpected effects in the
electroweak breaking sector which may contain a
massless Nambu-Goldstone boson, denoted by J,
in the physical spectrum ,@] This leads to a
new possibility that the Higgs bosons decay in-

visibly as [p4]
h—J+J (12)

The simplest mode of production of the Higgs bo-
son at LEP is through the Bjorken mechanism.
The production and subsequent decay of a Higgs
particle which may decay visibly or invisibly in-
volves three independent parameters: its mass
My, its coupling strength to the Z, normalized
by that of the standard model, €%, and its in-
visible decay branching ratio. One can use the
LEP searches for various exotic channels in order
to determine the regions in parameter space that
are already ruled out [B3).

The invisible decay of the Higgs boson may also
affect the strategies for searches at higher ener-
gies. For example, the ranges of parameters that
can be covered by LEP200 searches for various in-
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Figure 6. Higgs mass and coupling that can be
explored at LEP200.

tegrated luminosities and centre-of-mass energies
have been investigated [fd], and the results are
illustrated in Fig. E Another mode of produc-
tion of invisibly decaying Higgs bosons is that in
which a CP even Higgs boson is produced in asso-
ciation with a massive CP odd scalar @] This
production mode is present in all but the sim-
plest majoron model containing just one complex
scalar singlet in addition to the standard Higgs
doublet. Present limits on the corresponding cou-
pling strength parameter are given in Fig. ﬂ as a
function of the A and H masses, for the case of
a visibly decaying A boson and an invisibly de-
caying H boson. This figure is taken from ref.
@] which contains extensive discussion of vari-
ous integrated luminosities and centre-of-mass en-
ergy assumptions. Similar analysis can be made
for the case of a high energy linear ete™ collider
(NLC) [6g], as well as the LHC [B9].

4. CONCLUSION

Theory can not yet predict fermion masses, and
neutrinos are no exception. Nevertheless neu-
trino masses are strongly suggested by present
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tion channel.

theoretical models of elementary particles. On
the other hand, they seem to be required to fit
together present astrophysical and cosmological
observations. Neutrino mass studies in nuclear 3
decays and peak search experiments should con-
tinue. Searches for (0j, decays with enriched
germanium could test the quasi-degenerate neu-
trino scenario of section 2.4.1. Underground ex-
periments at Superkamiokande, Borexino, and
Sudbury will shed more light on the solar neu-
trino issue. Oscillation searches in the v, —
vy and v, — v, channels at accelerators should
soon improve over the present situation illus-
trated in Fig. 1, while long baseline experi-
ments both at reactors and accelerators are being
considered. These will test the regions of oscil-
lation parameters presently suggested by atmo-
spheric neutrino data, shown in Fig. 4. Finally,
new satellite experiments capable of measuring
with better accuracy the cosmological tempera-
ture anisotropies at smaller angular scales than
COBE, will test different models of structure for-
mation, and presumably shed light on the possi-
ble role of neutrinos as dark matter.

If neutrinos are massive they could be respon-
sible for a wide variety of implications, covering
an impressive range of energies. These could be
probed in experiments performed at underground

installations as well as particle accelerators. For
example, we saw in section 3 how neutrinos may
produce new signatures at high energy physics
collider experiments. Although indirectly, these
may test neutrino properties in an important way
and will therefore complement the efforts at low
energies as well as the non-accelerator studies.
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