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ABSTRACT

Some aspects of neutrino physics are reviewed. Possible explanations of
solar neutrino and atmospheric neutrino anomalies are summarized and future
tests discussed. Other topics touched on are possible majoron emission in neu-
trinoless double beta decay, non-orthogonal massless neutrinos etc.

1 Introduction

In the standard model (SM) with no singlet right-handed »’'s and a single
Higgs field, all neutrino masses are zero and lepton number (as well as individual
flavor quantum numbers) are exactly conserved. It follows that the charged
leptonic current is diagonal in both mass and flavor basis and the mixing angles
are zero. Hence any evidence for non-zero neutrino masses or for non-trivial
mixings is evidence for physics beyond the Standard Model. This makes the
search for neutrino masses and mixings doubly important: as measurement of
fundamental parameters of intrinsic interest and as harbingers of new physics.

I would like to recall here the pioneering papers on neutrino mixing and
oscillations. The general notion of neutrino oscillations was first introduced by
Pontecorvo in 1957[1], where in analogy to K° — K° mixing, the possibility of
ve — V. mixing and oscillations was raised. In this remarkable paper, it was
recognized that this would give rise to oscillations into sterile states. In 1962, a (
beautiful paper was written in Nagoya by Maki, Nakagawa and Sakata[2]. Here, s
the notion of neutrino flavor eigenstates and mass eigenstates and the rotation

relating the two:
ve \ cosf sinf »n
(VF)——(—sinﬂ cos0)<u2) (1)

were introduced for the first time in an essentially modern spirit in a prescient
way. They discussed the relationship of the oscillation length/time to §m? and
E, and pointed out that the results of the Brookhaven two neutrino experiment
(which was then under way) would place limits on ém? and sin?26 (just the
way we do today). In 1967 Pontecorvo also considered flavor oscillations with
maximal mixing and many implications for solar and astrophysical neutrinos{3].
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2 Solar Neutrinos

The current status of the data on solar neutrino observations from the four
on-going experiments is summarized in the table 1. The Kamiokande detector
is sensitive only to ®B neutrinos; and the Homestake detector is sensitive to
8B (77%) as well as "Be(14%), pep (2%) and CNO (6%) neutrinos [8]. If the
observations need no new neutrino properties, then the 8B +'s are not distorted
in their spectrum and the flux seen by Kamiokande (over a limited energy range),
can be assumed uniform and hence applicable to Homestate as well. In that case
a minimum of (38 & 8)% of SSM counting rate is contributed by 8B neutrinos
alone and adding pep neutrinos it is (40 £ 8)% to be compared to the observed
(28 + 4)%. It is obvious that something must reduce the "Be neutrino flux
drastically to obtain agreement. Since the effective temperature dependence
of "Be v flux is much weaker than for 8B flux [9], it is difficult to arrange
for a stronger suppression for "Be than for the 8B flux. This is borne out in
calculations where the core temperature is allowed to be a free parameter and it
is found that a good fit to all the data cannot be obtained [10]. Furthermore, no
solar model has been found which can reproduce the Chlorine rates even with
the reduced 8B flux or even come close [11]. There is a general agreement that
with the Chlorine data averaged over the whole period some neutrino properties
are called for [12].

I will summarize the solutions to the solar neutrino deficit with emphasis
on the non-MSW options since Smirnov [13]will cover the MSW in detail. For
definiteness and simplicity I will assume (i) SSM fluxes of Bahcall and Pinsoun-
nent, (ii) two flavor mixing, (iii) and ignore mixing with sterile neutrinos and
neutrino flavor changing neutral currents. I will briefly discuss the solutions and
how each may be distinguished in future experiments especially in Borexino,
SNO, Superkamiokande and ICARUS described in these proceedings.

Table I
The solar neutrino data [4, 5, 6, 7] compared to the SSM predictions [8]

Experiment Data/SSM
Kamiokande 0.49 4 0.01
Gallex 0.63 £+ 0.17
Sage 0.44-4027

Homestake 0.28 + 0.04

MSW:

This is the case in which §m? and sin® 20 lie in the range in which the solar
matter effects are very important [14]. A fit to all four experiments leaves three
allowed regions [15]. One is the small angle (sin?20 ~ 4.1073,§m? ~ 107%eV?)



region; in this region the rate for 7 Be ve scattering in Borexino varies rapidly be-
tween 0.2 and 0.5 of SSM and 8B spectrum as seen in SNO or Superkamiokande
will show distortion. Another is the large angle large §m? region (sin?26 ~

1,6m? S 10-%¢V?); in this region ?Be is suppressed between 0.35 and 0.7 and
there is no distortion of 8B spectrum. Finally there is a small region at large
angle small m2(sin?20 ~ 1,8m? < 10~%eV?); here there is a strong day-night
variation in 7 Be line as seen in Borexino [16].

Large Angle Long Wavelength:

The large angle long wavelength (”just s0”) [17] continues to fit all the data
[18] with §m? ~ 10~2°eV? and sin®20 > 0.8. Matter effects are negligible.
This has striking predictions testable with future detectors: (i) suppression of
"Be in Borexino between 0.2 and 0.5, (ii)sharp distortion of 8 B spectrum and
most importantly, (iii) visible oscillations of "Be line with time of the year with
upto factor of 2 variations. This maybe the only chance to see true quantum
mechanical neutrino oscillations [19].

Akhmedov et al. [20] have given an interesting possible justification of such
a scenario. They suppose that (i) there are only LH v's, (ii) lepton number is
conserved except by gravity; then at Planck scale there may be lepton number
violating terms such as

:_ij b YL Lo (2)
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where ¢ is the standard Higgs doublet, m, Planck mass, i and j are family
indices. Then the neutrino masses are Majorana and the mass matrix is

M,,.J. = g,-,-vz/mp (3)

If one makes the further assumption that gravity is flavor-blind and g;; = g and
g ~ 0(1) then the matrix is

(4)

—

11
m,=—1_|11
11

which has as mass eigenvalues m; = 0,m; = 0 and m3 = m = 2v?/m, = 107 %eV.
Hence §m? is about 10-'%°eV?%. The mixing matrix is easily calculated and it can

be shown that g Ay
P(ve — ve, L) =1—§sin2 TZE (5)
which corresponds to an effective sin? 26 of 0.89.

Decay with Mixing:

A very old proposal is to have the neutrinos decay on the way to the earth
[21]. The SN1987A observation of 7.'s require that there be a stable component

in v, and the mixing be not too small [22]. There must be also some new physics




for the decay into another neutrino and a light or massless boson. In any case,
phenomenologically, with the Gallex data in hand, very little parameter space
is left for the decay solution: the mixing element | Uz | (orsinf) has to be
between 0.6 and 0.7 and the (Laboratory) lifetime for v; has to be less than
1000 sec. The clear cut predictions are: (i) "Be suppression between 0.2 and
0.4, (ii) the NC rate in SNO suppressed by 0.7 + 0.1, (iii)®B spectrum distorted
but not by much; (iv) for Majorana v, decay a sizeable 7, signal detectable in
Borexino (> 40 events/yr) [24].

Flavor Violating Gravity:

If gravitational interaction of neutrinos is not diagonal in flavor then even
for massless neutrinos there are oscillations induced by this flavor dependent
gravitational potential [25]. The survival probability for v, is given by

P(ve = ve, L) =1 — sin® (205)sin*[6¢EL] (6)

where ¢ is the gravitational potential averaged over the neutrino path-length, §
is the departure from flavor independence of gravity: § = f. — f,.

The quantity (§¢EL) can be written as (wL/A¢g) where Ag = 6km(m6—?)[—E/Tlct‘7].
The precise value of ¢ at the earth and the sun is very uncertain due to poten-
tially large contributions from ”nearby” large masses such as the Virgo clus-
ter or the local super cluster. Current limits on ¢ from re-interpretations of
ém? — 81n?20 bound are (for v, — v,) 107® for sin® 2 ~ 1. It turns out that
§¢ in the range 1072° — 10~%! and sin® 20 ~ 1 can provide a simultaneous good
fit to all the solar neutrino data as well as the atmospheric anomaly. Future
long-baseline experiments can extend the bounds on §¢ to 10722 or better and
test this hypothesis [26].

To summarize, future detectors such as SNO, Superkamiokande, Borexino,
and ICARUS will have real time event rates of several thousand per year. They
will measure the ® B neutrino energy spectrum accurately, 7 Be line rate and the
ratio of NC/CC in v.D reaction. With this information at hand it should be
possible to establish that (a) neutrino properties are relevant, (b) distinguish
between MSW, long wavelength, decay etc., (c) pin down the parameters nar-
rowly and (d) deduce more precise information about the sun such as the core
temperature.

3  Atmospheric Neutrinos

Neutrinos are produced by cosmic rays interacting in the atmosphere. A
primary (P) reacts with “air” nucleus as:

“P” + “ajr,7 - T + x (7)

The © may interact or decay; if it decays:



x = v (8)
and at low energies (few GeV) the p can also decay before it hits the ground:

p— e+ ve+uy, (9)

If all the p's decay we are led to expect N(v,)/N(v.) of 2 (ignoring the distinc-
tion between v and 7). This ratio, furthermore, is expected to be essentially
independent of the zenith angle at low energies. Neutrinos of energies below
2 GeV give rise to “contained” events in typical kiloton underground detec-
tors. The results from the two large water-Cerenkov detectors suggest that the
ratio R = N(v,)/N(v.) is smaller than expected by almost a factor of two.
Kamiokande finds (based on 310 events) for the ratio of ratios[27]

Rose/ Rarc = 0.60 + 0.07 + 0.05 (10)
while IMB finds (based on 507 events)[28]

Ry,/ RmMc = 0.54 £ 0.05 £ 0.12 (11)

The result of Frejus (for contained events) and Nusex is respectively 0.87 +
0.16 & 0.08 (based on 133 events) and 0.993-33+?( based on 50 events)[29, 30].
Finally very recently SOUDAN II has found a result of 0.46 + 0.23 based on a
0.5K-ton-year exposure [31].

The ratio N(v,)/N(v.) is considered more reliably calculated than the in-
dividual fluxes: the ratio is stable to about 5% amongst different calculations
whereas the absolute fluxes vary by as much as 20 to 30% [32]. The p/e identi-
fication in the water ¢ detectors is expected be quite reliable; in any case future
calibration tests planned at KEK should settle the issue. Nuclear physics un-
certainties in the cross-sections or y-distributions are unlikely to be relevant
provided the kinematic region near muon threshold is avoided. Finally, in all
the new calculations the p-polarization is taken into account.

The deviation of R.,/Rpc from 1 is fairly uniform over zenith angle and
is most pronounced in the charged lepton energy range 200-700 MeV which
corresponds to neutrino energies from 300 MeV to 1.2 GeV. If we are to interpret
this deficit of v],s (and/or excess of v/s) as being due to neutrino oscillations,
the relevant parameters are determined rather easily [33]. The typical height
of production, h, is about 15-20 km above ground and for a zenith angle 8 the
distance travelled by the neutrino before reaching the detector is

L) =R [\/(1 + h/R)* — sin? 6 — cos o] (12)

where R is the radius of the earth. Allowing for angular smearing due to the
scattering and finite angular resolution one finds that neutrino path lengths can



vary between 30km to 6500 km, and hence L/E can vary between 25 km/GeV
and 20,000 km/GeV. Since the data do not show any L (i.e. #) or E dependence
we may infer that the oscillations have already set in at E, ~ 1 GeV and
L ~ 30km and hence §m? cannot be much smaller than 3.10~2eV2. As for the
mixing angle 8, if P denotes the average oscillation probabilityi.e. P = sin?26 <
sin? §m?L/4E >~ } sin® 20; then R =1 — P in case of v, — v, oscillations and
for v, — v, oscillations

1—(1—-7)P
R= 13
1+ (1/r—1)P (13)
where » = N(v.)/N(v,) in absence of oscillations and most flux calculations

yield r ~ 0.45. Since R is nearly 0.6, large mixing angles of order 30° to 45°
are called for, v, — v, mixing needing somewhat smaller ones. Detailed fits by
Kamiokande bear these expectations out although somewhat bigger range of
parameters (§m? up to 4.1073eV? and mixing angles up to 20°) are allowed [27].

There are also higher energy muons in the underground detectors. Typically
in IMB and Kamiokande detectors events are classified as thrugoing muons and
stopping muons. The average v, energy for these correspond to about 100 GeV
and 10 GeV respectively. These events are expected to have the famous secl
zenith angle distribution due to the competition between 7 decay and interaction
and the v, flux is very small since the high energy u's do not have time to decay in
20 km [34]. If the above explanation of the low energy anomaly is correct then
for the thrugoing events (a) the zenith angle distribution should be distorted
since for horizontal events oscillations will not have set in (§m?L/4E < 1)
but for vertical events there should be depletion (b) the total muon event rate
itself should be decreased by the depletion and (c) in case of v, — v, oscillations
there should be an enhancement of v, (and hence showering) events especially at
energies where there might be matter enhancement (33, 35]. Four detectors, IMB,
Kamiokande, Baksan and KGF have data of the order of a few hundred events
each[36, 37, 38]. There is no clear distortion of the zenith angle distribution or
depletion of the total rate seen in any data. However, since the comparison has
to be made to absolute flux calculations, the limits on §m?, 8 derived are not yet
strong enough to rule out the values needed to explain the low energy anomaly.
IMB has derived forbidden regions by taking ratio of stoppers/thrugoers which is
largely flux independent and which rules out the large angle region (sin? 26 ~ 0.6
to 1) for §m? ~ 3.10~3 to 8.10~3. The same data can also be used to constrain
v, — v, mixing but here the matter effects are important and have to be taken
into account. Such calculations are now in progress [39].

If the mixing is v, — v, with ém3, in the range 1072eV? and an effective
sin? 2033 = 4(U,a Uus Ura U,3) near 0.6 or so what is implied for other mixings
and oscillations? The only general model-independent proposal for neutrino
masses is the see-saw mechanism[40]. Assuming that the neutrino masses scale
with generation as m,, ~ m2/M, and if one uses the up-quark masses for m;,



then ém?, ~ 107'%V? and the solar neutrino puzzle can be solved with long
wavelength oscillations (if the effective mixing sin®26,, = 4 | U, U,, |? is large
(R 0.8)). On the other hand, if one uses m; = Myoyn,then §m2, ~ 10-5eV? and
the MSW effect may be important for solar neutrinos.

I personally favor the possibility that it is v, — v, mixing with §m? near
1072eV? and sin®? 20 in the range 0.6 to 0.8 which is responsible for the atmo-
spheric anomaly[35]. In this case for high energy upcoming p's there are unusual
showering events due to matter enhanced v, — v, conversion as a signature. For
solar v.‘s there is a uniform, energy independent depletion of flux by about 0.5
to 0.6 (this can be lowered to 0.4 for three flavor mixing) and somewhat less
(0.55 to 0.66) for v.-scattering detectors. Such an energy independent solution
for solar neutrinos is allowed at about 3o level. Application of see-saw formula
leads to a mass of v, from 10 eV upwards. A v, of mass in the range of 10 eV to
30 eV is very attractive in terms of providing some (or most) of the dark matter
in the universe. Also a §m2, in the range 100 — 1000eV ? is potentially detectable
in several proposed experiments[41].

Further long baseline experiments and new reactor experiments are abso-
lutely essential to confirm or rule out this interpretation of the atmospheric
neutrino data.

4 Non-Orthogonal Massless Neutrinos

It is an old idea (going back to at least 1977[42]) that it is possible for mass-
less neutrinos to be non-orthogonal. The original example (before the lifetime
of 7 was measured) went like this. Consider the mixing of v., v, v,:

Ve Uel UeZ Uc3 151
v, = U“I U“z U,_,3 Va ( 14)
vy U'rl U'r? U1'3 v3

Now suppose that m; = my = 0 but mj3 is very large say a few GeV (m3 > m,).
Then “v.” emitted in w-decay are.

Ve = U¢1V1 + Ueara
Ve = Upll/l + Up2V2

’ and

because mj is larger than the Q-value in these decays. Now although “v,.’
“v, will have zero masses, they are not orthogonal:

A =< “v” | “v,” >= —U%Uus # 0. Hence the “v.” and “v,” emitted in
[-decay and w-decay are massless but not orthogonal. On the other hand v, and
v, emitted in W decay will be orthogonal (up to corrections of order m3/mi,)
but not massless (they will have a massive component in v3)! This shows that in
general the definition of a “flavor” state is process dependent. If m3 were larger

than m,,T would have been long-lived.



Today we know that vj is light (m3 < 35 MeV') and the above scenario is
not realized. But the basic idea is easily generalized to four families or four or
more neutrino mass eigenstates (including iso-singlet v's). The current limits
such lack of orthogonality amongst v.,v, and v, are: A., < 1073,,, < 0.11 and
Aur < 0.045[43].

The main lesson of this exercise is to remind ourselves that what we call
Ve,v, and v, may well be process dependent i.e. depend on the production
process. They could differ in the composition of mass eigenstates and in their
effective couplings to e, u,7. In general, as in the example above, “v.” and “v,”
from (-decay and w-decay may not couple will full strength whereas v, and v,
from W —decay (or a process with very high Q-value) will and have a different
mass-eigenstate composition as well.

A possible application of this idea is to the small deviation from the expected
universality shown in 7—lifetime which has stayed near the 20 level but has
refused to disappear[44]. Consider an extension of SM to include a fourth lepton
family (N, L~) with myo > m,, and consider mixing of v, — N° at a level of 6

(R)-( a)(z),

In this case the 7-lifetime would increase by a factor (1 — 6?)~! from the con-
ventional value. The value of § implied by the current data is of the order of
Cabibbo angle (~ 0.22). Such mixing can be tested by detection of flavor chang-
ing decays of Z° — N°, or Lt; e.g. for my ~ 60 GeV and my ~ 400 GeV
there would be a handful (~ 5) of events of the type Z° — N%, — Tevv etc.
in a sample of 2 million Z%s[45].

5  Tachyonic Neutrinos?

I would like to bring to your attention the fact that the experiments
which place bounds on v, and v, masses find negative values for m? [46]. The
averages as given by Kostelecky [47] are m}, = (—69 + 33)eV? and m], =
(—0.154+0.045)MeV?. Granted these are only two and three standard deviation
effects and most likely the explanation will turn out to something mundane. But
one should keep in mind the possibility of something exotic going on[48].

Of course tachyonic neutrino is one such possibility. Several tests have been
suggested to rule out tachyonic neutrinos[49]. One is based on the following idea.
Consider a decay mode such as p — n + et + v, which is ordinarily forbidden.
If v, is tachyonic then this is forbidden for a proton at rest but becomes allowed
when proton is moving, the threshold energy is given by

1 2 2 2 2
Ea = g [0m = (motme = | mas 27— 42, 1]

N



1700TeV (16)
’ mVa/eV '

The reason is that a negative energy tachyon is interpreted as a positive en-
ergy particle moving backward in time but unlike m? > 0 particles the positive
and negative energy separation cannot be made in a Lorentz invariant way. A
boost can take a tachyon from a positive to a negative energy state. This “re-
interpretation principle” of Sudarshan et al. [50], solves causality problems but
at the cost of introducing an absolute frame of reference. It was suggested by
Bilaniuk and Sudarshan[51]|that this preferred frame of reference be identified
with the one in which the 3K microwave background radiation is isotropic. One
may search for the decay p — n + e* + v, by looking for very high energy
(E ~ 10°% to 10® GeV) neutrons in primary cosmic rays corresponding to | m,, |
between 1 eV and 0.01 eV (for higher energies and smaller | m,, | the neutrons
may escape the galaxy) and by the high energy »ls produced in the neutron
decays. Another suggestion is to look for the decay

p—T4u, (17)

which can occur at a threshold of E, = m,p,/ | m,, | which is > 10GeV for
| m,, |< 0.4 MeV.

6  Majorons in Double Beta Decay

One of the intriguing questions about neutrinos is whether they have any
“secret interactions.” One such possible coupling is to a massless scalar e.g. the
Nambu Goldstone boson (Majoron) that would exist in theories with sponta-
neously broken lepton number [52]. If their coupling to neutrinos is not too
small, this coupling could be detectable in double beta decay where in addition
to the usual 88;, there would be (8(,, which has a different energy spectrum
being skewed at the high energy end.

In fact, such an excess of high energy electrons is seen in several double beta
spectra by the UC Irvine group [53]in 1%°Mo, 82Se and °Nd and by Avignone
et al.[54] in ™®Ge. The geo-chemical result[55] for the decay of ¥*T'e can also be
interpreted in terms of indirect evidence for such a decay mode.

The original Gelmini-Roncadelli model[56], with which data used to be com-
pared, is now defunct (from the LEP[57] results on the invisible Z width) but
modified G-R models can easily be constructed. These are of two kinds. One is
a class of models in which Gelmini-Roncadelli triplet model is modified by mix-
ing with a singlet. Another is the class of models discussed recently by Burgess
and Cline[58]. In these the Majoron itself carries a lepton number -2 and lepton
number is unbroken. They call this the “charged” Majoron model.

The main practical difference in the two classes of models is (i) the fact that
in the “charged” majoron model[56] the electron neutrino need not have any



Majorana mass at all (even the matrix element m,. can be zero); and (ii) the
electron sum-energy spectrum goes like (Q — E)? for B8.m versus (Q-E) for B8

The observed end-point events in "®Ge, #2Se Mo and °Nd have been
analyzed by Burgess and Cline. They find that all are fit by comparable coupling
constants (of order 107*). To account for the observed '3®Te/!*°Te ratio of 3}
the coupling required is somewhat smaller (~ 5.107%). In order to check the

energy spectrum a much larger statistical sample is required.
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