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Abstract. The phenomenology of solar, atmospheric, supernova and laboratory neutrino oscilla-
tions is described. Analytical formulae for matter effects are reviewed. The results from oscillations
are confronted with neutrinoless double beta decay.
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1. Introduction

In this talk, | shall try to give a bird’s eye view of the current status of neutrino oscillations.
Also | shall highlight local work wherever possible since phenomenological contributions
have been made from the Institute of Mathematical Sciences on various aspects of neutrino
oscillations.

Solar neutrino physics is 30-years old. Starting from the pioneering Cl experiments of
Davis and collaborators [1], all the experiments have observed the depletion of the solar
neutrinos as compared to the theoretically calculated flux from the standard solar model
[2]. Atmospheric neutrino physics is much younger. The observation of the reduction in
thew, /v, ratio is only 10-years old. Nevertheless, atmospheric neutrino physics has won
over solar neutrino physics, since the evidence for neutrino oscillation from the former is
derived from ratios and is hence independent of the absolute flux. On the whole, very good
evidence for oscillation exists from both fronts. There are still loose ends; for instance,
the recoil energy spectrum of the solar neutrinos does not agree with the theoretically
calculated one, even with oscillations.

Alternative ideas [3] must still be explored and ruled out, before neutrino oscillations are
finally established as a part of physics. Nevertheless it is fair to state that oscillations are
the natural explanation for the observed neutrino anomalies. For, oscillation is the most
conservative explanation for the anomalies. It does not violate any known principle of
physics and it does not invoke any exotic new physics. It only uses ordinary principles of
guantum mechanics, especially the principle of superposition. In quantum mechanics, the
neutrino states will mix and oscillate, if they have masses.

Hence, | think it is time to look at the next job. Attention must now shift from the
oscillation itself, to determining the 6 fundamental parameters (2 mass differences, 3 mix-
ing angles and one CP violating phase) describing the oscillation phenomena among the
3 flavoursv,, v, andv,. Even after 30 years, none of these parameters is yet determined
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with any certainty. But, progress has recently been made in limiting their ranges or deter-
mining their orders of magnitude. One parameter, namely the mixing andlas been
bracketed rather closely.

It is important to stress the desirability of explaining neutrino anomalies and fitting the
data using a three-neutrino framework. For, there exist three neutrinos. The high-quality
data coming out from the great neutrino experiments of the present-day deserve to be
treated by a realisti6 — v analysis rather than thz— » toy model often used by the
experimenters to give their results. This is the point of view with which we started our
v-phenomenology work at IMSc [4]. When we started, there were very few groups doing
a3 — v analysis.

Having said the above, | have also to point out that Nature has helped theXlazy)
people. First, it chose the mass hierarchy:

m3 —mi << mj —m3 1)

so that solaw could be explained bym3, (= m3 — m?}) and atmospherie could be
explained bysm3,(= m3 — m3). Next, the CHOOZ reactor experiment showed that one
of the mixing angleg¢) is so small that th8 — v problem decouples into two effective
2 — v problems.

Although neutrino oscillation is a direct consequence of quantum mechanics, it leads to
a result of profound consequence for physics and astrophysics — the result that neutrinos
have mass. That is the importance of the whole subject of neutrino oscillations. Neutrino
mass is the only concrete evidence we have for physics beyond the Standard Model (SM)
of high energy physics. Every other physics beyond the SM, that is being searched for, has
remained speculative so far. Every other experimental signal for physics beyond the SM
that appears now and then on the horizon has been disappearing in about 6 months to one
year. Neutrino mass is the only evidence for physics beyond SM that has remained robust
for the past 30 years.

2. Results

The neutrino flavour statés, ) (a = e, u, ) are linear superpositions of the neutrino mass
eigenstated;)(i = 1,2,3) with massesn; : |v,) = Z;Uqs|v;) whereU is the3 x 3
unitary matrix :

CopCu CopSw S¢p

U= <—c¢sw — 8484CueY  CyCy — SySps,e’ s¢c¢ei‘5> , (2)
SypSw — C¢S¢,Cwei6 —SyCuw — C¢S¢Swei6 CypCpp€

wherec ands stand for sine and cosine of the angle appearing as subscript.

From the oscillation phenomena, one has to determine the 6 parameigs
dm3,,w, 1, ¢ andd. Most of the presently studied oscillation phenomena are insensi-
tive to the CP-violation parametér So let us ignoré but we shall justify it at the end of
the section.

Under the hierarchy assumption of eq. (1), one can show that the solar neutrino problem
depends only odmZ2, ,w and¢ while the atmospheric neutrino problem depends only on
dm3,,1 andé. Itis this simplification that allows us to analyse the two problems within
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a3 — v framework under reasonable control and one gets a fairly broad and stable set of
allowed regions in the 5-parameter space [4,5]. If we temporarily)@ag zero, then the

two problems decouple and the results are the following:

There are three solutions of the solar neutrino problem:

1. MSW-small angle dm3, ~ 10 °eV?, sin® 2w ~ 103
2. MSW-large angle dm?, ~ 10 %eV?,sin? 2w ~ 1
3. Vacuum oscillations ém3, ~ 10~ %V?,sin® 2w ~ 1

Atmospheric neutrinos problem has the solutiém:2, ~ 10~ 2eV?, sin® 2¢) ~ 1.

The non-observation of any depletionf in the reactor experiment at CHOOZ [6]
turns out to be a crucial result. Interpreted in 3he v framework [7], with the hierarchy
assumption of eq. (1) it implieg < 9°, which is a very powerful constraint and this
result justifies the neglect @f in the analysis of solar and atmosphericThis constraint
is independent of CP violation.

One can show that CP violation always occurs in the combinaitiofe =%, So, in view
of the CHOOZ result, CP violation is suppressed in all neutrino oscillation phenomena.

In the next few sections, we shall briefly describe how these results were obtained.

3. Oscillations in vacuum and matter

The probability of a neutrino of flavour to be observed with flavout after a distance of
travel L in vacuum is given by

1.276m? L

P(va = vs) = bap —4 > UailUpiUa;Us; sin® 5

i j>i

)

whereU is defined in eq. (2)§m§j is in eV?, L is in metres, neutrino enerdyis in MeV
and CP violation is ignored.

In matter (especially of varying density), the above formulae are drastically changed
because of the famous Mikheyev—Smirnov-Wolfenstein (MSW) effect. We consider the
propagation of the neutrinos through solar matter. Let a neutrino of flavbarproduced
at timet = t, in the solar core. Its state vector|B,(to)) = [va) = >, US;|vi) where
|v§) are the mass eigenstates with mass eigenvalijeand mixing matrix elements$,
in the core of the sun. The neutrino propagates in the sun adiabaticallyt wp(toe res-
onance point), makes nonadiabatic Landau—Zener transgitionj att¢ p with probability
amplitude)M 4Z, propagates adiabatically up#p (the edge of the sun) and propagates as
afree particfe up te, when it reaches the earth.

The state vector &b is

tz tR
[T, (t2)) = v YMEZUS, exp | —i €;(t)dt —i e(t)dt), (4)
2 lz]: JrH g ( / J / >

tr to
wheree;(t) {= E +mZ(t)/2E} are the matter-dependent energy eigenvalues in the sun

up tot; and vacuum eigenvalues for < ¢t < t,. The probability for detecting a neutrino
of flavour s on the earth is
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(sl Wa(t2)))? = > Us;Usy MEZMEZ UL U,

J
iji' '

to tr
exp{—i/t (Ej —Ej/)dt—i‘/t (Gi —Gir)dt}. (5)

Next comes the crucial step [8,9] of averaging otgrandt, and the assumption that

the oscillations are rapid enough so that the averaged exponential in this equation can be
replaced by, d;;. Calling this averaged probability al%of’ﬁ (the probability for av,
produced in the sun to be detected ag @n the earth at daytime), we get

PLy = Us,PIMS7 P\US, I (6)
ij

4. Solar, atmospheric and reactor neutrinos

Extensive literature exists on the solar [4,10] and atmospheric neutrinos [5,11]. So, we
shall be brief.

The experimental results on the total solar neutrino flux from the three types of detectors
(Cl, Gland K, O) are the following [12]:R¢; = 0.33+£0.028; Rg, = 0.56+0.05; Rsk =
0.475 + 0.015 where we have given the ratios of the experimental rates to the theoretical
rates without neutrino oscillations calculated in the standard solar model (SSM). One can
see that the statistical uncertainty is the least for the super-Kamioka (SK) water Cerenkov
detector, which is thus presaging the era of precision neutrino physics. Since the three
types of detectors are sensitive to different regions of the solar neutrino spectrum, the above
three numbers already contain some spectral information. Ascribing the above observed
depletion factors to oscillation and using the formulae in egs (3) or (6), the best fits for the
neutrino parameters can be obtained, with the results already discug§2etiowever, the
recoil electron energy spectrum as measured by SK does not fit [13] with any oscillation
scenerio, at the higher energy end where the observed number is too large (but with large
errors).

Since the neutral current (NC) weak interaction is flavour-blind, the flux of sothka-
tected through NC node would be the tqtal + v, +v,) flux and hence is independent of
oscillation and would be a test of the standard solar model. Also, the ratio CC/NC, would
be a test of neutrino oscillation independent of the uncertainties of the solar models. There-
fore great expectations have been raised by the SNO detector [14] which will soon give the
first results. Another exciting avenue will open when Borexino [15] starts its operation,
since it is the first detector zeroing in on the monochromatice from the B€ decay in
the sun.

Cosmic rays impingent on the atmosphere produce hadrons (especially pions) that decay,
resulting in a wide spectrum of,, 7, v., 7. ranging in energy up to about 100 GeV,
with the calculated ratid?..; = (N,, + Nz,)/ (N, + Np,) approximately equal ta,
whereas the experimentally measured ratio is nearer to unity. More pregidefined as
Robs/ Real is about 0.6. This is the atmospheric neutrino problem whose solution is the
oscillation ofv,(7,) into v-(7,).

Abundant data from super-Kamioka detector [16] is now available on the zenith angle
dependence as well as on the energy-distribution oithandv, events. All these are
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consistent withv,, oscillating intor, over the distance scale of about 10,000 km; so it

is for the upward-going,, travelling through the earth that the effect is most dominant.
The effect of earth matter in the atmospheric neutrino problem is not significant [5] at the
present level of accuracy and hence one can use eq. (3). The resulting neutrino parameters
were given irg2.

Although the analysis is performed in terms of ratios sucl g&/. or up/down and
hence is relatively insensitive to the rather large uncertainties that exist in the primary
cosmic ray flux and spectrum, further improvement in our knowledge of the latter will be
essential for the complete understanding of all atmospheric neutrino data.

Also, it is worth pointing out that, if the above explanation of atmospheric neutrino
anomaly is correct, then the upward-going atmospheric neutrino beam has the approximate
composition ofv, : v, : v, =1:1:1. The direct detection of thig. through production
of 7 will be a crucial test.

Nuclear fission reactors are powerful sourceg0fThe detector was placed about 1 km
away from the CHOOZ power reactor [6] and the obsetvgtlux was compared with the
calculated flux :ops/dea = 0.98 + 0.04 + 0.04. If dmZ, >> dm2, anddm?, < 10>
eV?, the3 — v formula of eq. (3) reduces [7] to tie— v formula

5 1.276m2,L

P(7. = 7.) = 1—sin®2¢sin 7

(7)
Comparison with the CHOOZ result yields< 12° for §m32, 2 10~2 eV?. CHOOZ have
now improved their limit tap < 9°.

For the first time, a negative result on neutrino oscillations from laboratory experiment
has given a constraint of significance in the context of solar and atmospheric neutrinos.
That is the importance of the CHOOZ experiment. Independent confirmation of this result
has come from the Palo Verde experiment, although with less statistics. Hopefully the
dependence on the calcualted flig; will be removed in the future by placing another
detector near the reactor.

5. Neutrinos through the earth and the moon

Neutrino oscillation is a complex phenomenon depending on many unknown parameters
(six parameters for three flavours, v, andr;) and a considerable amount of experimental
work and ingenuity will be required before the neutrino problem is solved.

Whenever physicists are confronted with a beam of unknown properties, they pass it
through different amounts of matter. Nature has fortunately provided us with such oppor-
tunities (see figure 1): (a) Neutrinos produced in the solar core pass through solar matter;
(b) solar neutrinos detected at night pass through earth; (c) solar neutrinos detected during
a solar eclipse pass through the moon; (d) solar neutrinos detected at the far side of earth
during a solar eclipse pass through the moon and earth; (e) upward going atmospheric
neutrinos pass through the earth. To these we may add two more experiments of the fu-
ture: (f) Long-base-line experiments of accelerator and reactor produced neutrinos and
(g) detection of geophysical neutrinos [17].
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Figure 1. Neutrinos passing through various pieces of matter.

Itis possible to treat these effects analytically. The analytical formula for (a) was already
given in eq. (6). We shall now derive the formulae for (b) the night effect [18], (c) the
eclipse effect [21] and (d) the double eclipse effect [21].

5.1 The night effect

Starting with| %, (¢2)) on the surface of the earth given by eq. (4), we multiply the right-
hand side by}, [vZ)(vF|(= 1) where|vF)(k = 1,2,3) is the complete set of matter
dependent mass eigenstates just inside the earth. If the neutrino propagates adiabatically
up tots on the other side of the earth (we shall soon correct for nonadiabatic jumps during
the propagation), the state vectot ais

Z |Vk |V] MjLiZU(ii
i,5,k

ts to tr
exp {—z/ epdt — z/ e;dt — z/ eidt} . (8)
to tr to

This expression automatically contaifs?|v;) which is the probability amplitude for
nonadiabatic transitiop — k at the vacuum-earth boundary and we shall chi,fj:

le‘] = <VI§|V]'> = Z(Vk |V0' V0|V] Z g], (9)

a
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wherev? andU¥ are mass eigenstates and mixing matrix just inside the earth.
Averaging the probability(v 5| ¥, (t3))|* overt g results in the desired incoherent mix-
ture of mass eigenstates of neutrinos reaching the surface of the earth. Calling this average
probability asP. »5 (the probability forv, produced in the sun to be detected/gsin the
earth at night), we can write the result as

S
aﬁ_ZP P, (10)

wherePfj is the probability ofv, produced in the sun being detected-agmass eigen-

state) as it enters the earth aRg}; is the probability of/; entering the earth to be detected
asvg after it propagates through the earth. These are given by

=D _IMEIPIUGI, (1)
i
t3
.7/8 - Z Uﬁk Uﬁk’Mk]Mk’ exp < / (Ek — 6kr)dt> . (12)
k& t2

It is important to note that the factorization of probabilities in eq. (10) (which has been
derived here as a consequence of the averaging @yeis valid only for mass eigenstates
in the intermediate state. An equivalent statement of this result is that the density matrix is
diagonal only in the mass-eigenstate representatiomatid the flavour representation.

During the day, put; = t» so thatPj% becomegUs;|? and so eq. (10) reduces to eq.
(6). One can justify [8] the averaging ovey andt, by the facts that the neutrinos are
produced over an extended region in the solar core and they are detected over an extended
region or time since the detector is moving with the earth. While averaging gaardi,
is equivalent to averaging ovey, as far asP B is concerned, it is not so fdPé‘/g, but we
have adopted the latter method ﬂa;g because of its simplicity in giving us the factored
probability expression in eq. (10).

However, two points have to be made: (i) HQ%, it is not justified to average over
to or t3 since we would like to detect the neutrinos during a narrow time-bin in the night.
(ii) Averaging overt p (as we have done) may be partially justified since the result may be
effectively the same for energy-integrated rates. However, this argument does not apply
for Borexino [15], where the monochromatic Beeutrino line spectrum will be detected.

Next we show how to take into account nonadiabatic jumps during the propagation inside
the earth. Considerpropagation through a series of slabs of matter, density varying inside
each slab smoothly but changing abruptly at the junction between adjacent slabs. The state
vector of the neutrino at the end of thth slab|n) is related to that at the end @f — 1)th
slab|n — 1) by [n) = F™WM®™|n — 1) where M (™) describes the nonadiabatic jump
occuring at the junction betweén— 1)th andnth slabs whileF () describes the adiabatic
propagation in theth slab. They are given by

M = @Yy = o Ty, (13)

1)

tn
Fi(j") = 6;j exp <—i / ei(t)dt> : (14)
tn—1
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where the indice$n) and(n — 1) occurring orw andU refer respectively to theth and
(n—1)th slabs at the junction between these slabs. Also notéfh&tis the same as/”
defined in eq. (9). Defining the density matrix at the end ofteslab ag (™) = |n)(n|,
we have the recursion formula

p™ = F) pp() =1 (o) (o)’ (15)

Starting withp(®) = |v;)(v;| (i.e. v; entering the earth), we can calculaté”) at the end
of the N'th slab using eq. (15). The probability of observingat the end of théVth slab
is

* i
Pfj = (vslp™Mvg) = UM pM TN g5, (16)

This formula (which reduces to eq. (12) fadf = 1) can be used for the earth modeled as
consisting of V + 1)/2 concentric shells, with the density varying gradually within each
shell.

We have already referred to the detection of seldmrough the neutral current mode for
bypassing the uncertainties of the solar models. Yet another way would be the detection of
the night effect. An asymmetry between the night and day rates would be an unambiguous
signal for neutrino oscillations independent of the details of the solar models. The recent
results from SK [22,23] for this asymmetry is at the levelodi6 + 0.03 and is hence
consistent with zero (&v). Even the absence of the effect contains important information
since it helps to rule out certain regions of neutrino parameter space in an unambiguous
manner.

The night effect is bound to exist at some level and the accummulated data will soon
reveal its magnitude. Further, since the neutrino samples different amount of matter in the
earth during a single night and also during the period of a year, the data accumulated in
various bins at different times of the night contain an enormous amount of information
on neutrino parameters. We have stressed the importance of analyzing this time-of-night
variation [18] and recent results from SK [22,23] do suggest such a variation.

Many interesting physical effects are contained in the analytical formulae already pre-
sented. As an example, we shall mention what we may call ‘vacuum oscillations in matter’.
For¢ = 0, we get [18] the following simple formula relating the survival probability in the
night and day:

1

PN = PP 4 (1-2PDP) (PE — sin? 17
ee ee + ( ee) ( 2e S CU) COSQ(JJ’ ( )
where
, 1 [tz A
Pf = sin® wp + sin 2wg sin 2(wp — w) sin? 1B [m3(t) —mi(t)] dt
t1
5 6m2,L
~ sin’ w + 2(wg — w) sin 2wsin? a1 (18)

4F

Herewp is the mixing angle just below the surface of the earth Ans the distance the
neutrino travels inside the earth. In arriving at the approximate expressidhfagiven

in eq. (18), we have assumed that3;, >> A(= 2v/2GrNE), N being the electron
number density inside the earth. Under this approximation of small matter efféct,
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and hence”’Y will exhibit vacuum type oscillations as a function of the distance travelled
within earth, but their amplitude will be controlled by matter density (sificg — w)
is of order4/ém3,). Such regular oscillations were indicated in the earlier numerical
calculations [24] for appropriate choice of parameters and their interpretation is clear from
our analytical formulae. This effect can perhaps be detected at the Borexino (however, see
the remark made above concerning the averagetgyer

It is particularly important to see the effect of the core of the earth [19]. A detector
situated near the equator, such as one in South India [20] can do this.

5.2 The eclipse effect

The above calculation can be extended to include the effect of the moon [21]. We can
consider both the case of the single eclipse when the neutrino passes through the moon
only and the case of the ‘double eclipse’ when it passes through the moon and the earth
and gets detected on the night-side. We present the results only. We get [21], for the single
eclipse,

Pab = PP, (19)
J
where
kR
exp {—i (en’ —en ) dy —i(ec —ep) 7} (20)
and for the double eclipse
Pag® =) PiPjs". (21)
J
where

ME E*11E AzgfEaAsE* agM asM* 3 s M* 3 r M
PP =" Ub Ul MEME MY MY MY MY,
Zle]\f!ppl

exp {—i(ep! —en )y — i(ee — €p)r — i(ef - ef,)dE} . (22)

Here, the superscriptd/ and E refer to the moon and earth respectively and we have
assumed constant densities for simplicity (but the expressions can be easily generalized
to include variable densities and discrete jumps in densitieg), dz andr denote the
diameter of the moon, diameter of the earth and the earth-moon distance respectively;
MM and MM are the non-adiabatic jump probability amplitudes at the vacuum—-moon
interface and the moon—vacuum interface respectively defined analogously to eq. (9). We
again note the convenient factorization in the results of egs (19) and (21).

Our calculations [21] show considerable enhancements in the neutrino counting rate
during the eclipse — even as high as 100%. However, since the counting rates are currently
no more than about one per hour, the enhancement during the hour or two of the duration
of the eclipse is hard to see at the present detectors. Perhaps we have to wait for the next
generation of detectors.
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6. Neutrinos from supernovae

The observation of neutrinos from the supernova SN 1987A was an exciting event and it
spurred much activity in this field. Since we now have some idea of the mass-differences
and the mixing angles from the study of solar, atmospheric and reactor neutrinos, we may
ask what effect do the oscillations have on the neutrinos from supernovae and whether
such effects can be observed in the neutrino detectors during a supernova event in the
future. Here we shall restrict ourselves to focussing attention on one such important signal
discussed recently [25].

Consider the thermal or cooling phase of the supernova when all the three flavours of
neutrinos and antineutrinos are emitted. We denote the fluy @ndz,, produced in the
core byF? and F? respectively. For all practical purposes one can put [26]

F)=F)=F)=F =F}. (23)

If P, is the probability forx changing to flavoug during propagation through the super-
nova, then, the fluxes of, andv,, + v, coming out of the supernova are given by

Fo=F)Pe + F)Pyc + F} P;,
:Fg_(l_Pee)(Fg_Fg)
2F, = F, + F, =2FY + (1 — P..)(FY — FY), (24)
where we have used eq. (23) and the constraintP,z = 1. A similar analysis for the
antineutrinos gives
Fé:FeP_(]'_Péé)(Fg_FJS)
2F; = 2F) + (1 — Pee)(F7 — FY). (25)
Let us now calculat®,. andPz;. The variation of the three matter-dependent mass eigen-

values for the neutrinos and antineutrinos as functions of matter-dgrRe#schematically
depicted in figure 2. The, has the decomposition in matter:

@ (b)

<l
[N

Figure 2. (a) Mass squares of the three neutrinos as functions of matter densitth
two MSW resonancesb) same for antineutrinos where there are no resonances.
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[Ve) = OS P, COS Wi |V]) + COS Py, SI Wi |V*) + SIn Py |5, (26)

where '’ denotes matter. In the dense core of the supernbya— /2 and so the, is
emitted as/” in the fireball:|v.) = |v§?).

For the parameters relevant for supernovae, one can show [25] that the Landau—Zener
nonadiabatic jump probabilities at the two MSW resonances depicted in figure 2 are van-
ishingly small as long asin¢ > 10~2. Hence, the neutrino state vectot®) evolves
adiabatically and ends up pg) as it emerges out of the supernova. Siticgrs) = sin ¢,
we haveP,, = sin”® ¢ ~ 0 where we have used the resgilk 9° from the CHOOZ reactor
experiment.

For the antineutrinos, we start with

|Ze) = COS P COS @i [T + COS By SIN Dy, | PY) + SIN Dy, | P3) (27)

and sincep,, — 0,@,, — 0, at high densities, we see that, when produted, = |7}")
and7* emerges from the supernovaias Using (7.|7) = cos ¢ cosw, we therefore
get P-z = cos® ¢gcos’w ~ 1 0or1/2for ¢ < 9° and the small or large solar solution
respectively.

Substituting these results into eqs (24) and (25), we get the changed neutrino fluxes due
to oscillations:

F,~F’ 2F,~F°+F° (28)

Fr~ F?;, Fp =~ F?, (for small w) (29)
1 1

Fy ~ §(F§ + F?); 2F; = §(F§ +3FY).  (forlarge w) (30)

The changes in the neutrino detection rates arising from these have been calculated [25],
but the important signal for oscillation is contained in eq. (28) which states fhae v,, or

v, ) are converted into,.. Since the original average energiegpfindv,, in the supernova

are 12 MeV and 24 MeV, respectively, the average energy @ shifted upwards by the
oscillation. This can be detected by the charged current mod&®fn the H,O detector

which has a threshold of 15.4 MeV. The rate for this mode can be enhanced by as much
as two orders of magnitude as a consequence of oscillation [25]. If one can construct a
detector witht®O or2C without protons, it will be ideal since otherwise the absorption
reaction is dominant.

7. Majorana neutrinos and global analysis

If neutrinos are Majorana fermions, then neutrinoless double beta decay is allowed. How-
ever the latter has not been seen yet and the experimental limits on it are getting stronger.
The strongest upper limit so far comes from the germanium experimentand it is [27]

> mUZm;| <0.2eV  (at 90%CL), (31)
J

wheren; (= £1) is the CP parity (apart from a factérof the Majorana neutring ;. The
mixing matrix for Majorana neutrinos is
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(32)

There are three CP-violating phases for Majorana neutrinos, in contrast to the case of Dirac
neutrinos where there is only one phase (see eq. (2)). However, for oscillation phenomena,
only one combination of the three phases occurs and so oscillations cannot distinguish
between Majorana and Dirac neutrinos.

Is it possible to combine the very important constraint on the neutrino masses and mix-
ings provided by eg. (31) with the information already derived from the solar, atmospheric
and reactor neutrinos? The answer is yes, provided we make some assumption about the
neutrino mass scale. Until two years ago, cosmologists had claimed that their analysis of
the data on the anisotropies of the cosmic microwave background radiation and the large
scale structure of the universe require the presence of some hot component (presumably
massive neutrinos) in the dark matter and their best fit was [28]

3
ij ~ afeweV. (33)

j=1

Many years ago [29], | had formulated the law that allowed only a one-way traffic between
high energy physics and cosmology: high energy physiceosmology. We violated

this law when we [30] used the cosmological result of eq. (33) in neutrino physics and
punishment came in the form of the observation [31] of high red shift supernovae and
their interpretation in terms of a nonvanishing cosmological constant. The hot dark-matter
component is no longer favoured by cosmologists. So, we now have to regard eq. (33)
merely as a cosmological assumption about the neutrino mass scale.

Since the oscillations of the solar and atmospheric neutrinos imply mass differences
which are much smaller than the cosmological scale of eq. (33), we can take all the three
neutrinos as almost degenerate in mass~ m, ~ 1 eV (fori =1, 2, 3) and so eq. (31)
becomes

|(m1 cos? w + g sin® we ™ 21) cos? ¢ + 13 sin? pe 22| < 0.2. (34)

This constraint can be analysed for all possible choices of, and#; and the allowed
regions for the mixing angles and¢ can be mapped out [30]. One fact can be immedi-
ately noted. Since < 9° according to the reactor experiment, small values eannot

be consistent with eq. (34). So we have the important conclusion: If the cosmological
assumption ofn,, in the eV scale is correct and if the smallsolution turns out to be the
correct solution of the solar problem, then neutrinos cannot be Majorana fermions.

8. LSND and the fourth neutrino

Since all the results of the solar, atmospheric and reactor neutrino experiments could be
consistently explained within the framework of three neutrinos, it seemed that all that was
required was the resolution of the three-fold ambiguity of the solar neutrino solutions and
more precision neutrino experiments to pin down the fundamental neutrino parameters.
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Table 1. Long base-line neutrino experiments.

Expt. Baseline L(km) (E,)GeV Am?(eV?) Status
probed
K2K KEK — Kamioka 250 1.4 10° Taking data
FNAL — Soudan 730 10 e To start in 2002
CERN— Gransasso 732 20 18 To start in 2005
Kamland  Reactors> Kamioka 160 3x1073 10°° To start in 2001

But a spanner was thrown into the works by the LSND experiments [32] reporting positive
results onv, — 7, andv, — v.. Since the base-line length of these experiments is as
short as 29 m, the impliedin? is in the rangle 1-10 €V It is difficult to incorporate this
result within the three-neutrino framework and so most theorists have decided to ignore
the LSND result, citing the fact that it has not yet been confirmed by an independent
experiment. The independent experiment KARMEN has not confirmed the LSND result,
but KARMEN [33] has not ruled out the full parameter space allowed by LSND either. A
real confirmation or ruling out has to await the Mini BOONE experiment at FNAL, a long
agonizing 4 years away.

If the LSND result is correct, we need a 4th neutrino, but since the known invisible
width of Z is completely exhausted by, v, andy,, the new neutrino has to be a singlet
under SU(2) and be sterile under known interactions. The natural mass hierarchy would
be to placev, a few eV above the known three neutrinos, but this is contradicted [34] by a
combination of known experimental data, unlessiecays [35].

9. Future

Is it possible to confirm or refute the results on neutrino oscillations claimed by the so-
lar and atmospheric neutrino observations using laboratory experiments? That would be
one of the chief goals of the long base-line neutrino experiments that are being planned
(see table 1). One can see that sensitivities up to the lev&hot needed for solar and
atmospheric neutrinos will be reached in these experiments. Even larger baselines can be
contemplated.

Finally, there are prospects of constructing muon storage rings that will function as
neutrino factories and these promise to take neutrino physics to a new era. Hopefully
these as well as the long baseline experiments will lead to a determination of the neutrino
parameters. Of course, entirely new phenomena could also be discovered.
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