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The values of neutrino masses and mixing angles which are required by the Mikheyev-Smirnov-
Wolfenstein (MSW) solution to the solar-neutrino problem are found from analytic solutions to the
neutrino propagation equations in the Sun. They coincide with those obtained through extensive nu-
merical computations by Rosen and Gelb. They divide into three classes of oscillation parameters
that can solve the solar-neutrino problem. The gallium solar-neutrino experiment will be able to test
only two alternatives. However, the third alternative yields sizable oscillations of atmospheric neu-
trinos in Earth which can be detected by the massive deep-underground proton-decay detectors and
neutrino telescopes. Finally, some solutions yield a sizable amplification of neutrino oscillations in
Earth which change both the flavor and the spectrum of solar neutrinos that reach terrestrial detec-
tors at night. The day-night modulation of the flux of solar neutrinos perhaps can be used to estab-
lish their solar origin in the radiochemical detectors and the MSW solution to the solar-neutrino

problem.

I. INTRODUCTION

If the neutrinos, which are produced in weak interac-
tions, are not stationary states of the Hamiltonian, they
will evolve in time to produce neutrino oscillations,
which is the analog in the leptonic sector of the K%K °
oscillations. Such oscillations in vacuo were first con-
sidered by Pontecorvo? who showed that the probability
of oscillations in a vacuum is measurable if the neutrinos
are not degenerate. A few years later when Bahcall and
Davis® reported that the rate of *’Ar production by the re-
action v, +3'Cl—e ~ +37Ar in the chlorine solar-neutrino
experiment of Davis is much smaller than that expected
of solar neutrinos, several authors"* proposed that it may
be due to neutrino oscillations: If v,’s, which are pro-
duced by the thermonuclear reactions in the core of the
Sun (with E, <14 MeV), oscillate and reach Earth as v,’s
(or v,’s), they escape detection in the chlorine solar-
neutrino experiment because their energy (E, <14 MeV)
is below the threshold energy for the reactions
v1+37C1—>l_+37Ar, I=u,r.

The experimental results of Davis and his collabora-
tors® indicate that a complete mixing of the three neutrino
flavors would be required to bring theory into agreement
with experiment.6 However, neutrino oscillations have
been searched extensively during the past few years and
no evidence for oscillations with large mixing angles has
been found.” But, since terrestrial measurements can mea-
sure only oscillation lengths, which are either smaller or
comparable to the diameter of Earth,"? while the oscilla-
tion length of solar neutrinos may be comparable to the
distance to the Sun, it may be impossible for terrestrial
measurements to verify the neutrino-oscillation solution
with a large mixing to the solar-neutrino puzzle.

Recently, Mikheyev and Smirnov® have discovered that
even a very small mixing angle, which yields a very small
v,—v, oscillation amplitude in vacuo can cause an al-

"
most complete conversion of the v,’s produced by the

35

thermonuclear reactions in the core of the Sun into v,’s
before they emerge from the Sun. Their discovery is
based on a very interesting 1978 paper by Wolfenstein,
where he showed that even a small mixing angle can lead
to a complete conversion of v,’s into v,’s (or v,’s) in
matter, due to the difference between the forward-
scattering amplitudes (off electrons) of v,’s and of the
other neutrinos in matter analogous to the regeneration of
K from a K; beam passing through matter. However,
Wolfenstein has demonstrated!© this resonance conversion
only for neutrinos, which cross a slab of a constant elec-
tron density equal to the resonant density, and whose
thickness is a half-integer product of the oscillation length
in matter which depends both on the mixing angle and os-
cillation length in free space, and on the electron density.
Because of these very restrictive conditions, Wolfenstein’s
discovery was not considered relevant to the solar-
neutrino problem, until Mikheyev and Smirnov discovered
by numerical integration of the neutrino propagation
equations in the Sun that a resonance conversion of solar
v.’s into v,’s can take place in the Sun® and may explain
the mystery of the missing solar neutrinos.>*!! The
Mikheyev-Smirnov-Wolfenstein (MSW) solution®!° to the
solar-neutrino problem has been reexamined recently by
Rosen and Gelb!? and by Bethe.!* These authors have
tried to develop a qualitative understanding of neutrino
masses and mixing angles, which are required by the
MSW solution.

In particular, after very elaborate and extensive compu-
tations Rosen and Gelb found that there are two classes of
oscillation parameters that can solve the solar-neutrino
problem. One class corresponds to the solution found by
Bethe,'? which does not affect the flux of solar v,’s from
the pp reaction and consequently has only a slight effect
on the expected results of the 7'Ga solar-neutrino experi-
ments. The second class suppresses completely the v, flux
from the pp reactions and reduces strongly the "'Ge pro-
duction in "'Ga.
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In view of the important implications of the MSW
solution of the solar-neutrino problem (the possible
discovery of finite neutrino masses and mixing angles and
the removal of a major shadow cast over the theory of en-
ergy production in stars and stellar evolution for the past
15 years) and in view of the fact that there seems to be
some differences between the results and conclusions of
Mikheyev and Smironov,’ those of Rosen and Gelb'? and
those of Bethe,!> we have investigated independently the
phenomenon of neutrino oscillations in the Sun and
whether or not the MSW solution can be tested on Earth.
For that purpose we have developed simple numerical and
analytical methods for solving the neutrino propagation
equations in matter. In particular we found closed-form
solutions of the propagation equations in the Sun. We
used them to derive simple closed-form expressions for
the probability of solar neutrinos to emerge from the Sun
as v,’s and for the neutrino masses and mixing angles that
can solve the solar-neutrino problem. We have verified
the analytic expressions by comparing them with the re-
sults of detailed numerical integrations. Generally our re-
sults and conclusions support those obtained by Rosen
and Gelb."?

Our final conclusions are as follows. Neutrino oscilla-
tions in the Sun can be responsible for the solar-neutrino
problem only if nature has selected one of three alterna-
tive combinations of neutrino masses and mixing angles.
The gallium solar-neutrino experiments will be able to test
two alternatives. However, the third alternative yields siz-
able oscillations of atomspheric neutrinos in Earth, which
can be detected by the massive underground proton-decay
detectors and neutrino telescopes.

Our paper is organized as follows. In Sec. II we discuss
analytic solutions to the neutrino propagation equation in
a medium of constant electron density, which exhibit the
Wolfenstein resonance phenomenon. In Sec. III we
present a simple numerical scheme, which is very useful
for numerical solutions of the neutrino propagation equa-
tions in matter whose density changes with position, and
for testing analytic solutions. In Sec. IV we derive analyt-
ic solutions of the neutrino propagation equations in the
Sun and we use them to obtain simple closed-form expres-
sions for the probability of the solar neutrinos to reach
Earth and retain their original electron flavor. In Sec. V
we demonstrate the accuracy of these expressions and use
them to determine the ranges of neutrino masses and mix-
ing angles, which can solve the solar-neutrino problem.
In Sec. VI we discuss possible tests of the MSW solution
to the solar-neutrino problem, employing either atmos-
pheric neutrinos and the deep-underground massive
proton-decay detectors as neutrino telescopes, looking for
matter amplification of neutrinos oscillation in Earth, or
solar-neutrino detectors for searching a day-night differ-
ence in the solar-neutrino flux which reaches the under-
ground detectors. Final remarks and conclusions are
drawn in Sec. VII.

II. NEUTRINO OSCILLATIONS
IN A MEDIUM OF CONSTANT DENSITY

The time evolution of a wave packet describing the
propagation of a highly relativistic particle of mass m and

momentum k (%i=c=1) with a refraction index n is given
by14

| _ 14y 1|8 | 3¢ Ox
dt med dt free ax med ox free or’
(1)
where

0x /0t=~1, (OY/0x)gee=1Ik? ,
(Y /03X )peq=~iknyy ,

and
(dy/dt Voo~ —i(m?/2k )¢ .

The index of refraction n depends on N; the density of
scatterers per unit volume in the medium and on f(0), the
forward c.m. scattering amplitude from these particles:

n—1=(2wN,/k*)f(0), where (do/dQ).,, =|f(0)]%.
)

Consider now the propagation of neutrinos in matter, and
for simplicity assume that there are only two neutrino fla-
vors, v, and v,, and that the refraction index is diagonal
in the neutrino flavor. If v, and v, are not mass eigen-
states of the free Hamiltonian, but a linear combination of
the mass eigenstates v; and v, with masses m; and m,,

respectively,

Ve cosf sinf | (M1 Vi
. =U (3)
Yy —sinf cosf | |v, vy |’

then the propagation of v, and v, in matter, except for a
common phase factor of no physical significance, is
described by

4 e zi v =i—ﬂ(a01+ya3) 5 R 4)
dx |Vu dt |Vu l, Vu
where

a=sin20, y=I,/l—cos26 , (4a)
l,(cm)=4mk /Am?

=2.47x 10°E ,(MeV)/Am?(eV?) , (4b)
l(cm)EZ‘rr/k(nve—nVM)

V37 /GpN, = 103X (4c)

e

and o; are the Pauli spin matrices. /, is the oscillation
length in vacuum and [ is the refraction length in matter
expressed in terms of Gp, the Fermi coupling constant of
the weak interactions and p, =N,(cm™?)/6x 10% is the
electron density divided by Avogadro’s number. (This
value of [ is obtained explicitly in the Appendix. It
differs from that originally given by Wolfenstein!® and
used by Mikheyev and Smirnov,’” by a factor 1/v2 and in
sign and agrees with the value in Refs. 12 and 13.) In a
medium of constant density Ny, — Ny, is independent of
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position and Eq. (4) can be solved by simple exponentia-
tion. Utilizing the algebra of the Pauli spin matrices one
can write the solution as

Ve
= |cos(mx /1)
V# x
L Ve
+iTsin(7rx/1m)(a0,+ya3) v , (5
v K jo
l,=1,/(a>+y2)17?
=1, /[sin®20+ (cos20—1, /1212 . (5a)

The probability that a pure v, state at x =t=0 appears
later at x =t as a v, state can be read from Eq. (5):

P(v,—v,x)= | v,(x) |2

=(1,, /1,)*sin*20 sin*(mwx /1,,,) . (6)

Thus 7, is the oscillation length in matter. Note in par-
ticular that

sin®20sin%(mx /1,) if 1, /] <<cos26 , (7a)

P(v,—v,,x)— {(1/1,)%sin*20sin¥(7x /1) if [,/ >>1,

M
(7b)

sin®(7x sin20/1,) if I,/l1=co0s26 . (7c)

Thus in a low-density medium where [, /I <<cos28 [case
(7a)] expression (6) reduces to the well-known expression
for neutrino oscillations in vacuum,' while in a very dense
medium, where [,/]>>1 [case (7b)], the probability for
oscillations is strongly suppressed, independent of the
mixing angle. A complete flip of the lepton flavor of neu-
trinos, independent of the size of the mixing angle, takes
place in a medium that satisfies the resonance condition
I=1,/cos26 [case (7c)] at distances x, which satisfy
X, =(n+3)1,/sin20, n=0,1,2,.... This is the resonance
phenomenon that was discovered by Wolfenstein.!®

In the general case when the density of the medium
changes along the neutrino trajectory, Eq. (5) can be used
to construct the solution to Eq. (4), as follows: one can
divide the trajectory into segments where [ is practically
constant. In each individual segment [x; _,x;] the propa-
gation of the neutrinos is described by Eq. (5) with x re-

placed by Ax;=x;,—x;_; and I(x) replaced by
I;=1(x; _+Ax;/2), i.e., if one rewrites Eq. (5) as

Ve Ve

va x[zuz(li,Axi) o (8a)
then

Ve Ve
~[1 u,yl;,Ax;) , (8b)
Vi |x I,T PALS iy o

where x =3 Ax;. Solution (8) to Eq. (4) is an exact solu-
tion if / within each individual segment is a constant. It
is, of course, an exact (formal) solution to Eq. (4) in the
limit Ax; —0.

Note, however, that “far” from the resonance, where
Y =1,/1—cos20 >>cos26, Eq. (4) reduces to

d |Ve ; Y Ve
- =~ o3 ,
dx |Vu L, Vu

whose solution is

Ve(X)=exp iﬂ'fydx/lv ]ve(O) ,

vx)=exp | —im [ ydx /I, ]vy(ou

while for I, /I << 1 one obtains that /,,~/, and Eq. (4) de-
scribes vacuum oscillations. Consequently in a medium
with a density which changes with position the transition
probability for v, —v, is negligible, if ¥ >>sin26, while it
is given by expression (7a), if [, /] << 1.

III. NUMERICAL SOLUTIONS

Although Eqgs. (8) and (5) can be used to propagate neu-
trinos through matter, they require algebraic calculations
with complex numbers. The use of complex numbers can
be avoided, however, by transforming the two coupled
equations (4), which are satisfied by the two complex
functions v,(x) and v,(x), into a set of three coupled
linear equations satisfied by the three real functions

A1=|’ve|2—|vu|2,

. * *
Ay=ilvevy,—vev,),

* *
Ay=vev,+vev, .

By multiplying Eq. (4) and its complex conjugate from the
left by (v,,v,)o; and (v:,v;:)a,-, respectively, and then by

adding the two equations one obtains

4 A4, 5 0 a 0|4
L4 =T —a 0 y||4, 9)
dx I,

A 0 —v 0|4,

From the normalization condition |v, |+ |v,|*=1 one
obtains that A4+ A,°+A4;’=1 and that |v,|?
=(14+4)/2 and |v,|*=(1—4,)/2. In a medium of a
constant density the solution of Eq. (9) can be written as

A(x)=u;(l,,,X)A(0), where the propagation matrix u; is
given by
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y? 4+ a’cosx Ti sinX  ay(1—cosx)
m
uy(,,x)=1,%| — 2 lsinx 1, “2cosX + e
Im lm
+ay(l—cosx) — TL sin¥  a?+7y%cosX
m
where
- _ 1

and X=2mwx/l, [a=sin20 and y=(l,/]—co0s20)]. For
the initial conditions (v,,v,)o=(1,0), i.e., A=(1,0,0), Eq.
(10) yields the solutions

A =1-2(1,/1,)%in*20sin*(7x /1,,) , (12a)
Ar=—(1,,/1,)sin20sin(27x /1,,) , (12b)
Ay=—2(1,,/1,)sin20(cos20—1, /)sin*(mx /1,,) . (12¢)

Equation (6) then follows from Eqs. (12) and
[Vl 2=(1—A4,)/2. If the density of the medium
changes along the neutrino trajectory, one can divide the
trajectory into segments where the density is approximate-
ly a constant and the propagation matrices are given by
Eq. (10). Then the propagation matrix from O to x can be
obtained by multiplying the propagation matrices in the
individual segments

w3 (T, %) =[] 3 (%), A%,) (13)

where AX;=X;,—X;_,, 2X;=X;+X;_;, and X= Y AX;.
Equation (13) is exact if either / is a constant in each indi-
vidual segment, or Ax; —0.

Equations (13) and (10) form the basis for our numeri-
cal solutions to the neutrino propagation equations
(within the Sun, down to Earth and through Earth until
reaching the underground neutrino detector). They have
been used to test the analytic solutions that we have found
for the neutrino propagation equations in the Sun, as
described in Secs. IV and V.

IV. ANALYTIC SOLUTIONS FOR THE SUN

Let p.(r) denote the density of electrons in the Sun (di-
vided by Avogadro’s number) as a function of the distance
r from the center of the Sun. The standard solar model
yields a density distribution,!! which decreases monotoni-
cally between p(0)=~115 and p(Rg)~0, where
R5=6.96x10'" cm is the radius of the Sun. The scale
height of the density distribution, defined as

Ho=—p,/(dp,/dr) , (14)

decreases from its value Hg~0.66Rg near r =0 to be-
come Hp~0.10Re in the convective zone, 0.25
R@ <r SR@

Let us assume that a v, which is born in the core of the

sinx | , (10)

I

Sun passes through the resonance density p;=p,(r;) [for
which I(r;)=1,/c0s20] on its way out from the Sun. Let
X denote the angle between the neutrino trajectory and the
radius vector ry (see Fig. 1). The effective scale height H,
that the neutrino sees around 7, along its trajectory is thus
given by

H=—p,/(dp,/dx)=Hg/cosX . (15)

The oscillation length in matter /,,, which is given by Eq.
(5a) has a resonance shape around r,. Its full width at
half its height is given by Al//,=tan26. Since /~p~',
the corresponding width in x space is given by

%I_ZAI_,X % ’5:_% %5 xf:%:ZtanZG,
(16)

ie.,
Ax =2H tan20 . (16a)

v
v
Re(ve=1) v
v Por (V=)

Pir(ve— ve)

FIG. 1. Schematic description of the transition of solar neu-
trinos through a spherical resonance layer in the Sun.
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Therefore we conclude that for small mixing angles for
which Ax <<H the region x, —H <x <x,+H is many
times wider than the width of the resonance. Within this
region the density may be well approximated by

e=~p,[14+(x —x,)/H] and Eq. (4) can be replaced there
by

d |Ve Ve
Ix v |Ti@oi=Bxey) |, s (17)
where

X=m(x—x,)/l,, a=sin20,
B=(l,/mH )cos26 .

For small mixing angles the probability amplitude for the
transition v, —v, can become significant only within this
region: before this region, i.e., for x <x, —H, the solution
of Eq. (4) can be well approximated (see Sec. III) by
. (X)=exp(i fydi), v,(X)=0, i.e., the neutrino enters
the resonance region as a pure v, state. Well beyond the
resonance region (x > x,+H) the solution of Eq. (4) can
be well approximated by the solution in a vacuum, which
for small mixing angles yields a very small probability
amplitude for the transition v,—wv,, P(v,—v,)
<sin?20 << 1. Consequently the only significant transi-
tions v, —v, can occur within the resonance region and
can be calculated from the solution of Eq. (17) in the re-
gion x, —H <x <x,+H.
We shall now proceed to solve Eq. (17).
tiating Eq. (17) we obtain

By differen-

d? |Ve 2 2o |7

42 —[(a*+iBo3)+B%x “] N (18)
i.e.,

dzv,_, |2

g HEEmame=0, (19)

where £=V28% and a =(—a’—ifB)/2B. Equation (19) is
the parabolic cylindrical equation whose solution is (see,
for instance, Ref. 20, p. 686)

Ve(E)=A y (—ia,Ee'™*) + A, p,(—ia,Ee'™*) (20)

where 4, and A4, are constants, and y, and y, are,
respectively, the even and the odd parabolic cylindrical
functions:

y] —ia é—em'/tt —i§2/4M(ia2/4/3,%’eiﬂ’/Zé-Z/z) , (21a)
) (*ld é—enr/4
=eim/4Ee AN (i /AB+ L2 07282 /2) | (21D)

The functions M(a,b,z) are Kummers functions. For
|z| >>|a?|,|b?|, they have the asymptotic form (see,
Ref. 20, p. 508)

e +i7raz—a e%z9 —b
M(a,b,z)~ .
(a,b,z)~I(b) Tb—a) + @) (22)

Consequently for || >>p=a?/48,

e |27t VEeinrigtis
1= .
(4 —ip) [§|Tip)
=u1+vl ’ (233)
‘/_ o2 é-eirr/Ze—M e—l‘rr/4 +i¢
Y=V Te .
2 V2|E|T(1—ip) | €0(3 +ip)
=u,+v;, (23b)

where ¢ = +i&2/4+ipIn(£2/2).

The initial conditions are v, (x=0)=v,(§=—-§,

=—V2Bmx,/l,) and v,(—&,)=0; and from Eq. (17) it
follows that dve/dg _g,=i§,/2. If we denote
'ﬁlzul(-—g,), E,zvl(—g,), ﬁ2=u2(—§r), and
U, =v,(—§&,), then the initial conditions yield the rela-
tions
ve(x=0)=A1(ii1+51)+A2(172+i)"2)=1 ’
(24)
2 |dv, o o
ié‘r 7§‘ r’:Al(ul—Ul)+A2(u2~Uz)=1 ,
whose solution is given by
Ay =0,/(u,0, —u,0,) ,
(25)

A2= —v] /(17152—5251) .

Consider now the solution at the symmetric point &,
beyond the resonance point £=0:

Ve (§,)=A1(u (&) +v1(E,))+A(uy(E,)+v,(E,)) . (26)

But u, and v, are symmetric functions of £ while u, and
v, are antisymmetric. Consequently

V(& )=A (T +0,)—A,(1,+7,) . 27)

By substituting the explicit values of A4;, %;, and T,
i=1,2, and by utilizing the relations
I'(5 —ip)T(+ +ip)=m/cosh(mp) , (28a)

N(1—ip)=—ipl(—ip) , (28b)

I'(—ip)'(ip)=m/psinh(mp) , (28¢c)
one finally obtains

V(£ )=e P L O(Vp/E,) , (29)

P(Ve_"’ve >§r )~e _4”p=e —ma’/B . (30)

If there is no significant change in this probability when
the neutrino continues to propagate out of the Sun we ar-
rive at our main result:

—(m2sin226H ) /(cos26l, )
Pi,(ve—v,)~e v 31

where the subscript 17 indicates that the neutrino was
born inside the spherical resonance layer (see Fig. 1). If
the neutrino is born behind the resonance layer and it goes
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through it twice, then

p2r(Ve“"Ve)=1‘*2P1r+2pIr2 , (32)

while for solar neutrinos that do not pass at all through
the resonance layer pg, (v, —v,)=0.

Note that the requirement |&| >p implies that Eq. (31)
is a good approximation as long as

4 32 I
tan"20 < - H (33)
Near the center of the Sun where /, > 107 cm this implies
the condition sin26 <0.3, while it is less restrictive if the
resonance layer is farther out.

Note also that Eq. (31) is valid only for neutrinos which
are not born within the resonance. In particular, if x, =0,
i.e., if the neutrino is born at the resonance point, then the
solution to Eq. (19) is v, (§)=y(§). From the asymptotic
form of y, it then follows that

9 i 2
pi—e 4P —exp | — 2/8X107sin"26 | H
cos260 R,
p(ve’_’ve)’-: — 1
= 20—1,/1
— c0s260 —

1 V22— 2y

+exp sin26 2Vpir

where /(x) is the refraction length of the Sun at the pro-
duction point and [ is defined p,,(I=1)=p,,. Note that
the arbitrary choice of the function p,,(/), which interpo-
lates between p,, and 1, has no practical importance be-
cause the fraction of neutrinos “born” in the resonance
layer is relatively small. This is because the width of the
resonance layer Ax =2H tan26, is much smaller than the
width of the region in the Sun where the production of so-
lar neutrinos takes place (if tan26 >>1). We selected that
particular p,,(I) because p,(I>>Il,=I,/cos260)—1 and
pil=1)~(1+e ") /2 [see Eq. (34)].

Equation (35) agrees well with numerical calculations
(see Fig. 2).

V. RESULTS

Equations (31) and (35) describe the transition probabil-
ity of v’s through the resonance layer. However, these
equations can be easily modified to include the effects of
propagation before and after the resonance; at the end of
Sec. II it was shown that neutrinos retain their flavor
when they propagate in a medium with a density much
higher than the resonance density, while they exhibit vac-
uumlike oscillations in regions with density below the res-
onance density. Consequently, (a) for neutrinos which do

not cross the, resonance layers one obtains
Por(Ve—v,)=1—75sin’20, (36)

(b) for neutrinos which are born in the region surrounded
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1 —2mp
PiVe—ve)= |y ([§] >>PH2:L€2*‘

(34)

In this paper we shall confine our attention to situations
where 47p > 1 at resonance, because only then the transi-
tion probabilities through the resonance, Egs. (31) and
(34), are significantly less than 1 and perhaps can account
for the experimental observations on solar neutrinos.
From the conditions 4mp=m’sin’20H /cos26l,>1 and
l,=1co0s26 it then follows that

1073, r,~0,

2
@202 1104, r,>0.1Rq .

When x, the production point of the neutrino changes
between x <x,—Ax/2 and x>x,+Ax/2, p(v,—v,)
changes between p;, and 1, respectively. It assumes the
value of Eq. (34) at x =x,.

This behavior can be well described by the following ex-
pression:

Am?(eV?)

EMey) | <l

(35)

, Hx)>1,

NEUTRINO OSCLLATIONS IN THE SUN

1.0 I

0.8
2 o6}
;0
E_’ 0.4}

0.2}

1x1073 ¢/ © E=10MeV
00
0'0 o 1 1 1
2 8 14 20 26 32

r=POINT OF CREATION (103 km)

FIG. 2. p(v,—v,)—the probability of an electron neutrino
produced at a distance r from the center, and moving along a
central trajectory, to emerge from the Sun, as an electron neutri-
no, as a function of r—the production point. The discrete
marks were calculated numerically with Eq. (9) and a simple pa-
rametrization of the Sun’s refraction length, specifically,
l(r)=lce’/H0, where Ic=1.6X10" cm, Hy=8x10° cm. The
smooth line was obtained from the analytic expression (35). p
was calculated for sin260=(2x 107%, 1 X 1073).
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by the resonance layer one obtains
P1,(Ve—v,)=c0s?20p,, + + sin?26 , 37

and (c) for neutrinos which are born behind the resonance
layer (and cross it twice) one obtains

Par(Ve—v,)=1—cos?205in?20 +2 cos*20(p,, > —p,,) .
(38)

P, is given by Eq. (35) and the bars indicate averaging
over detection position. This averaging has been invoked
because of the change in the relative distance between the
Sun and the underground detector (on Earth), due to the
.diurnal rotation of Earth and the eccentricity of its orbital
motion around the Sun.

The closed-form expressions (35)—(38) for p(v,—v,)
are the main results of our paper. We have compared
these expressions with numerical solutions of the neutrino
propagation equations in matter, which were obtained us-
ing the method described in Sec. III. We found excellent
agreement between the closed-form expressions and the
numerical results. This is demonstrated for the Sun in
Figs. 3—5, where we compared our closed-form expres-
sions with detailed numerical calculations and with those
of Rosen and Gelb.

In Figs. 3(a) and 3(b) we compare the closed-form ex-
pressions (37) and (35), and the numerical results of Rosen
and Gelb for p(v, —v,) at Earth as a function of E/Am?
for sin?20=0.01 and sin?260=0.04, respectively, assuming
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FIG. 3. Probability that a single electron neutrino, created at
the center of the Sun, arrives at Earth versus E/Am? for (a)
sin?26=0.01 and (b) sin’20=0.04. The oscillating curves were
calculated by Rosen and Gelb in Ref. 12. The smooth lines were
obtained from the closed-form expressions (35)—(38).
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FIG. 4. Probability that a single electron neutrino created in
the Sun (a) through ®B decay and (b) through the pp reaction ar-
rives at Earth versus E/Am? for sin®26=0.01. The oscillating
curves were calculated by Rosen and Gelb in Ref. 12. The
smooth lines were obtained from the closed-form expressions
(35)—(38) as explained in the text.
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at LAMPF. The shaded areas can be tested by searching oscil-
lations of atmospheric v’s with 0.1 <E,<1 GeV. The black
stripes indicate values that can solve the solar-neutrino problem,
allowing only 1o deviation in the reported theoretical and exper-
imental values of *’Ar production in the chlorine solar-neutrino

experiment.
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that all the solar v,’s are produced at the center of the
Sun. In the calculations we used the solar density distri-
bution, which follows from the standard solar model and
was tabulated by Bahcall et al.!! and the expression for /
that was used by Rosen and Gelb.!? The results are sensi-
tive only to the density distribution outside the solar core
which can be well represented by an exponential density
with Hg~0.1Re. Note that according to Egs. (34) and
(35) pv, —v, )z% when the resonance condition

lcos20=1,=2.47x 10> X E(MeV)/Am*eV)? cm

is satisfied at the center of the Sun. Rosen and Gelb used
1(0)~1.59% 10" cm, which yields the value E/Am?
~6x10* MeV/eV?, where p(v, —v,)= %

Figures 3(a) and 3(b) demonstrate excellent agreement
between the closed-form expressions and the numerical re-
sults of Rosen and Gelb, if one uses the same solar model.

In Figs. 4(a) and 4(b) we compare our predictions,
which follow from the closed-form expressions (35)—(38),
and the numerical results of Rosen and Gelb for
p(ve—v,) at Earth as a function of E/Am? for
sin*26=0.01, for ®B solar neutrinos, and for pp solar neu-
trinos, respectively. The spatial distributions of the pro-
duction points of solar neutrinos were taken from the
standard solar-model predictions that were tabulated by
Bahcall et al.'' Note that for E/Am?> 5 10° MeV/eV?
Figs. 3(a), 4(a), and 3(b) are practically identical. This is
due to the fact that the resonance layer surrounds the
whole neutrino production region for E/Am? values
beyond this value and all the neutrinos, which reach
Earth, must cross the resonance layer, i.e.,
p(ve—v,)=p,,. The production region of pp neutrinos
extends up to'' r=0.5R, while the production region of
*B neutrinos extends up to'! 0.1Rg. For r,=0.5Rg the
standard solar model yields'' p;~1.4 and [, =I~1.2
x10° cm. Consequently, the resonance condition
I,cos20=1,=2.47x 10°E(MeV)/Am *eV?) implies that all
the neutrinos with E/Am >5 X 10® ¢cm, which are born at
r <0.5Rg cross a resonance layer at r; >0.5Ro. For °B
neutrinos the v, production is confined to r <0.12Rg. If
rs>0.12Rp, then p; <59.5 and I, >1,~2.73x 107 which
implies that Figs. 3(a) and 4(a) should coincide for
E/Am?>1.2X10° MeV/eV2.

When E/Am? decreases below 5x 10° MeV/eV?, the
resonance layer moves into the production region of the
pp neutrinos. Since p;, << 1 and sin®20 <<1, it follows
that both p,,~1 and Ps,=~1, i.e., all the neutrinos pro-
duced inside the resonance layer are transformed into v,)’s,
while those produced outside it survive as v,’s. Conse-
quently, in Fig. 3(b) the curve for E/Am?<5x10°
MeV/eV? simply exhibits the fraction of pp neutrinos,
which are produced beyond r, that satisfies
I,=2.47X 10*E(MeV)/Am*(eV?) =1(r,)c0s20 cm. Simi-
larly, in Fig. 3(a) the curve for E/Am?<1.2x10°
MeV/eV? describes the fraction of ®B neutrinos that are
produced beyond r, that satisfies /, =1(r;)cos20.

Figures 3(a), 3(b), 4(a), and 4(b) demonstrate that the
closed-form expressions reproduce the values of
p(ve—v,) at Earth obtained by numerical solution of the
neutrino propagation equations in the Sun. Therefore, we
shall use the closed-form expressions to evaluate the ef-
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fects of neutrino oscillations in the Sun on the solar-
neutrino experiments, and to determine the range of
values of Am? and sin?20 that can solve the solar-neutrino
problem.

The rate of interaction of solar v,’s in a detector on
Earth is given by

Emax
R=N, [, ™ dEo, (Ep, (EXd$,/dE) (39)

where N, is the number of active atoms in the detector,
o, is their cross section for v, interaction, d¢,/dE is the
differential flux of solar neutrinos (all flavors) at Earth,
and p, (E)=p(v,—v,) at neutrino energy E. E,, is the

energy threshold of the detector and E,,, is the max-
imum energy of the solar neutrinos: E,,~14 MeV. The
predictions of the standard solar model" for the capture
rate of solar v,’s by the reaction v, +3'Cl-—se~ 4+ 37Ar
with E;;=0.82 MeV are summarized in Table I for
p‘1,5= 1. For a chlorine detector the theoretical prediction
is

(R/Ng)p=[5.84£0.73(10)] X 1073¢ sec ! (40a)
while the experimental result of Davis et al.’ is
(R/Ng)exp=[2.1£0.3(10)]x 10736 sec~! . (40b)

The parameters Am? and sin?26 which yield a reduction
in the production rate of *’Ar consistent with experiment
can be found as follows.

In the standard solar model the production rate of *’Ar
is dominated by ®B neutrinos [4.3 SNU (solar-neutrino
unit) compared with 1.5 SNU from all other sources
where 1 SNU=10"% captures/>’Cl atomsec]. For °B
neutrinos E,,,d¢,/dE ~x*1—x)?, where x =E, /E .,
and o, ~x%°. Therefore o,d$,/dx peaks around x=0.73,
i.e., around E,~ 10 MeV.

The transition probability of ®B neutrinos through a
resonance layer, as given by Eq. (31), is larger than that of
all other solar neutrinos, by an enormous factor. This is
because the effective energy of ®B neutrinos, ~ 10 MeV, is
much larger than the energies of the pep, 'Be, and CNO
neutrinos (see Table I). Consequently, there are three ex-
treme possibilities to reduce the ’Ar production rate to
2.1 SNU.

(a) All the production is due to B neutrinos. This can
happen only if two conditions are satisfied: (i) p;,=0.5
for E,~10 MeV yielding Am?%sin®260/c0s26 ~2.6 108
eV%; (i) 1,00.86 MeV)>1/0.12Rp)cos20  yielding
Am?*cos26 <7x 10~¢ eV2. Condition (i) suppresses the *B
contribution from the standard-model prediction of 4.3
SNU to the observed 2.1 SNU, while condition (ii) yields
practically p,,~0 for the "Be, pep, and CNO neutrinos;
i.e., it supresses completely their contribution.

(b) The resonance condition in the Sun is satisfied only
for ®B neutrinos; i.e., 1.5 SNU are due to "Be, pep and
CNO neutrinos and the remaining 0.6 SNU are due to *B
neutrinos. This happens if either the resonance layer sur-
rounds the production region of ®B neutrinos, i.e., I,(~ 10
MeV)>I(0.12Rp), and p,,=0.6/43 but [,(0.86
MeV) < I(r, =0)cos26, which yields (i) AmZsin?20/cosO
=7x107% eV? and 1.5X 107> <Am? < 10™* eV?, or the
resonance layer surrounds 86% (=1-0.6/4.3) of the pro-
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TABLE 1. Neutrino fluxes and production rates predicted by the standard solar model (Ref. 15).

Branching MaxE, Flux ¥ Ar production 'Ge production rate
Reaction (%) (MeV) (10" cm~2sec™!) rate (SNU) (SNU)
The pp chain
p4+p—Dtet+v, 99.75  0.42 6.1 0 70.2
p+e=+p—D+v, 025 1.44 1.5% 1072 0.24 2.5
D+p—3He+y 100
*He + *He—*He + 2p 86
or
’He + *He—"Be + v 14 0.86 (90%) , , %10~
"Be + e~ —'Li+v, 99.89 0.38 (10%) ’ 0.95 27.0
or
"Be+ p—*B+y 0.11
"Li+p—2*He 100
'B—%Be* +et +v, 100 14.06 4%10~* 4.3 1.2
The CNO cycle
2C4p—DN 4y
BN BCHe* +v, 1.20 5%1072 0.08 2.6
l3c + p—»MN + ¥
14N + p_)150+ ¥
PO-N4et +v, 1.75 41072 0.24 3.5
15N+p_>]2C + 14He
Total: 4p+2e -~ —*He+2v, + 26.73 MeV 14.06 6.63 5.8 107.0

duction region of ®B neutrinos and p,,~0. Since 86% of
the ®B neutrinos are produced within r <0.075Rs and
H(.075R3)~0.2Rp, it follows that (ii) AmZ%cos26
~1.2Xx10~*eV? and 1073 <sin?20 <0.3.

(c) All the v,’s convert in the Sun into v,’s (p;, ~0), but
the v,’s oscillate in vacuum on their way to Earth and a
fraction of about 2.1/5.8 (=7 Xsin?26) reach the terres-
trial detector as v,’s, which yield 31078 < Am2<10~*
eV? and sin?20~0.7.

Solutions (a)—(c) define approximately a triangle in a
Am?-sin®20 plane. If the 2.1 SNU is regarded as an upper
bound then all values within the triangle can solve the
solar-neutrino problem. Solutions (a)—(c) are indicated in
Fig. 5 where we plotted the allowed values of Am? and
sin%20 which we obtained by taking the theoretical and ex-
perimental results at their face values 1 standard devia-
tion. The allowed regions become much wider if one al-
lows larger errors in both the experimental and theoretical
3Ar production rates. Our analytic solutions agree well
with the solutions found by Rosen and Gelb through ex-
tensive numerical calculations.

The effects of the MSW solutions of the solar-neutrino
problem on the proposed 7'Ga solar-neutrino experiments
can also be easily calculated.

The main contribution to 'Ge production in the "'Ga
experiments is due to pp and "Be neutrinos, as can be seen
from Table I. Their maximum energies E,,, are 0.42 and
0.87 MeV, respectively. If Am?>2x 107> eV? these ener-
gies are below the lowest possible resonance energy in the
Sun. Consequently, solutions (b) to the solar-neutrino
problem do not affect the 7'Ga solar-neutrino experi-

ments.
If, however, nature has selected Am? and sin?26, which
satisfy

Am?%sin?20/c0s20=2.6 X 108 eV?

and Am?c0s26 <1077 eV?, (r; >0.12R), then (i) the con-
tribution of "Be neutrinos is reduced to ~0, since their
production is inside the resonance layer and their transi-
tion probability through the resonance is p,~0, as fol-
lows from Eq. (35), and (ii) the production rate of "'Ge in
"'Ga by pp neutrinos decreases fastly from 70.2 SNU for
Am?>107° eV? to practically zero for Am?<1.5%x10~°
eV2 This is shown in Fig. 6, where we plotted both
p(v;—v;) at Earth and the rate of production of "'Ge in
"1Ga by pp neutrinos as function of Am?2.

The behavior of p(v;—v;) shown in Fig. 6 can be easily
understood: for E,=0.42 MeV the resonance condition
I cos20=1, and the solar density obtained from the stan-
dard solar model implies that the resonance position
changes between r,=0 for Am2?=10"° eV? and
re=Rp/2 for Am?=10"% eV2 Consequently, for
Am?>1075 eV?, the energies of the pp neutrinos are
below resonance, while for Am? < 10~ eV? all the pp neu-
trinos are born inside the resonance layer and cross it on
their way out of the Sun. From Eq. (35) it follows that
the transition probability p(v;—v;), through the reso-
nance layer for pp neutrinos (E, <0.42 MeV) which satis-
fy the condition

Am?%sin?20

— —8 Ly2
0520 =2.6X10"°eV~,



3616
Amz Sin 20 -8 2
Cos 26 - 2.6 107ev
1.0} —100
=)
|- ——P of pp ; =z
0.8 ~= P of "Be i {80 <
— —-— Rate of pp ',-" ' o w
Ny |~ — — Rate of “Be 7 ' ) 2
t 0.6 - .------ Rate of pp+ 'Be il I {60 @
LT i 1 &
~ 0.4} i 140 5
0.2} Iy 120 8
R /'// | o
.'/
OO ¢ ——T--=-- at 40.0
1077 1078 1078 1074

Am?(ev?)

FIG. 6. Production rates of 'Ge in 'Ga due to pp and 'Be
neutrinos (right scale) and the probability of pp and ’Be neutri-
nos to reach Earth as electron neutrinos versus Am 2. In this fig-
ure we assumed solution (a): Am%sin?26/c0s260~2.6x 108 eV?2,

is negligible.

Therefore if nature has selected neutrino masses and
mixing angles that satisfy condition (a), then at Earth
p(v;—v;)~1 for pp neutrinos if Am?> 107> eV?, while
p(v;—v;)=~0 for pp neutrinos if Am?<10~% eV? This
means that if solution (a) is responsible for the missing so-
lar neutrinos in *’Cl experiments, then the rate of produc-
tion of "'Ge in "'Ga should be reduced from 107 SNU to
a much smaller value if Am2<2Xx 107> eV?, depending
on the value of Am?2. In particular, the rate of production
of "'Ge in "'Ga should decrease to ~0, if Am?<10~°
eV2. Note however, that our results are valid only when
the Sun is above the horizon. As we shall see in the next
section, oscillations of solar neutrinos in Earth modify the
above predictions when the Sun is below the horizon (at
night).

VI. NEUTRINO OSCILLATIONS IN EARTH

When the Sun is well above the horizon solar neutrinos
travel only a short distance through Earth before reaching
the underground solar-neutrino detector, but when the
Sun approaches the horizon and goes below it the distance
that solar neutrinos travel through Earth before reaching
the underground detector becomes quite significant. For
a detector at a depth d below the surface this distance is
given by

L=[(R—d)*cos’X +d(2R —d)]'>—(R —d)cosX , (41)

where R =6.37x10% cm is the radius of Earth and X is
the zenith angle at the detector (X =0 if the Sun is above
the detector and X = if the Sun is below the detector).

A flip of neutrino flavor can occur in Earth if two con-
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ditions are satisfied: (a) The neutrinos satisfy in Earth the
resonance condition [cos20=1[,, ie., Ilcm)=V2r/
Grn,=1.63x10°/p, =2.47 X 102E(MeV)/Am %(eV?)cos26;
(b) the width of the resonance is much smaller than both
the scale height of the electron density near the resonance
and the distance that the neutrino travels before the densi-
ty suddenly changes.

If nature has selected Am?~1.2X 10~* eV?, then Earth
is transparent to solar neutrinos. However, cosmic-ray-
induced atmospheric neutrinos with 130 MeV < E, <600
MeV can satisfy the resonance condition /cos260=1I, in
Earth. Atmospheric neutrinos contain v,’s and wv,’s.

©
Their ratio R=N #/N in the energy range 130

MeV < E <600 MeV depends only weakly on zenith angle
(R~2.6 for X=0 and decreases to about R ~2.0 at
X =m/2) for down-going atomspheric neutrinos. For up-
going neutrinos, X > /2, their ratio can be related to their
ratio when they enter Earth from the atmosphere at zen-
ith angle 7—X on the far side of Earth:

(1—-p)R+p

PR +(1—p) ’ “42)

R=(N, /N, =
# T—X

where p=p(v,—v,) is the probability that a neutrino
flips its lepton flavor when it crosses Earth from one side
to the other at an angle m—X. Since geomagnetic and so-
lar wind effects on the ratio v, /v, are quite negligible for
E, >200 MeV at most of the sites where the massive un-
derground proton-decay detectors and neutrino telescopes
are located,'® Eq. (42) can be tested with experimental
data obtained at the same site and the experimental results
at different sites can be combined to increase statistics.!”
In Fig. 7 we plotted R as a function of the zenith angle
for atomspheric neutrinos with E,~300 MeV for
representative values of sin?20 (4x 1072, 1072, 4x 103,
and 0). The ratio v, /v, for down-going atmospheric neu-
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FIG. 7. The expected ratio of atmospheric v,’s divided by at-
mospheric v,’s versus the zenith angle for E,=0.3 GeV,
Am2c0s20=1.23 X 10~* eV2 The different lines are for the fol-
lowing values of sin?260=(0, 41073, 11072, 4% 10~?). This
ratio was calculated from expressions (9) and (42).
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trinos was taken from the calculations of Dar,'® which
agree well both with experiments and with other indepen-
dent calculations. '

p(ve—v,) for Earth as a function of the zenith angle
was calculated by using Eq. (9) and the density distribu-
tion of Earth!® shown in Fig. 11. As can be seen from
Figs. 7 and 8 the effects of neutrino oscillations on R for
Am?~1.2x10~* eV? is quite significant for values of
sin?26 which are not too small. Therefore the experimen-
tal data on the interactions of atmospheric neutrinos that
have been accumulated in the massive underground
proton-decay detectors (IMB, Kamiokande, Nusex,
Soudan, and Frejus) should be carefully reanalyzed to see
whether there is any confirmation to the MSW solution to
the solar-neutrino problem. Note in particular that the
energy range 200 MeV < E, <400 MeV is exactly the en-
ergy range where most of the interactions of atomspheric
neutrinos have been detected, i.e., o,N, for atmospheric
neutrinos peaks within this energy range.

In Figs. 8, 9, and 10 we plotted R as a function of the
energy, for atmospheric neutrinos with zenith angle
X=180° 120°, and 0°<X <90°, and various values of
sin?20.

The electron density of Earth changes from about
pe=n./N 4~ 1.6 near its surface to about p, ~6.3 near its
center.'® Consequently, solar v,’s with 0.24<E, <14
MeV may encounter a resonance density in Earth if
6x1078<Am?<1.4x107° eV2

The estimated effects of the MSW solution on the Cl
and the Ga experiments neglected neutrino oscillations in
Earth. At night solar neutrinos cross Earth before reach-
ing the detector. Passage through Earth induces v,<>v,
transitions. Since the transition probability depends on
the path length in Earth, i.e., on the position of the Sun
relative to the detector, neutrino oscillations in Earth may
induce both diurnal and seasonal modulations of the pro-
duction rates in radiochemical detectors and changes in
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FIG. 9. The expected ratio of atmospheric v,’s divided by at-
mospheric v,’s versus energy for zenith angle X =120°. The dif-
ferent lines are for sin?260=(3Xx 1073, 1 X 1072, 2 1072).

the rate and in the spectrum of recoiling electrons in
electron-recoil detectors.

We have used Eq. (9) and the density distribution of
Earth from Ref. 18 for calculating P(v,<>v,), the proba-
bility of a neutrino flavor flip after crossing Earth. Our
results are demonstrated in Fig. 12 where we plotted
P(v,<>v,) as a function of E,/Am?, for sin’26=3x10~?
and various zenith angles of the incident v,’s. As can be
seen from Fig. 12 a significant probability of neutrino fla-
vor flip develops for sin®20>10~2 and zenith angles z
satisfying cosz < —0.25, for neutrinos which satisfy the
resonance condition in Earth. The electron density of
Earth changes from p,~1.3 near its surface to about
pe~6.0 near its center. Thus the resonance condition

Ryp/Rdown ACCUMULATED OVER 0<X<90°
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FIG. 10. The ratio R=N(v,)/N(v,) for up-going atmos-
pheric neutrinos accumulated over all zenith angles 0° <X <90°
versus energy for sin220=(6X 1073, 11072, 2% 10~?) and en-
ergies 100 < E <700 MeV; Am2cos260=1.23 X 10~* eV2,
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FIG. 11. Density distribution of Earth used in this paper.
The squares are data taken from M.H.P. Bott
[The Interior of the Earth, 2nd ed. (Arnold, London, 1982), p.
164], and were calculated in Ref. 18. The line is an interpola-
tion fit, obtained by exponential functions, p(r)=peexp(—r/H)
with different parameters (po,H) in different regions of the
Earth interior. This fit was used in the numerical calculation of
Figs. 7—10.

l,=1co0s20 in Earth is satisfied by neutrinos with
10°<E/Am? <5x10° MeV/eV?.

The zenith angle of the Sun, z, as a function of time at
a geographical latitude ¢ (¢ ~43°N for Homestake, Mont
Blanc, Frejus, Grand Sasso, and Baksan) is given by

cosz =sing sind — cos¢ cosd cos(2mwh /23.934) , (43)

where A is the day time (in hours), 23.934" is the mean
siderial day, and & is the Sun’s declination as a function of
time. sind&~ —sin(23.44°)cos(27d/365.242), where 23.44°
is the angle at which the ecliptic is declined to the plane
of the celestial equator, 365.242 is the length in days of a

Plyg—1v,)

sin228 = 3xI072

P“/e =1 ) IN EARTH

£/am? (10° Mev/ev?)

FIG. 12. The probability of neutrino flavor flip in Earth as a
function of E/Am? for sin?20=3x 10~2, at various zenith an-
gles.

tropical year, and d is the time in the year (in days).

In Fig. 13 we plotted the yearly and seasonal time-
averaged regeneration probabilities of solar neutrinos in
Earth, that reach a terrestrial detector at night, at a geo-
graphical latitude 43°N, as a function of E,/Am?, for
sin20=0.1 Figure 13 demonstrates that the regeneration
probabilities in Earth can become quite large for mixing
angles not too small. Consequently if solar neutrinos are
converted in the Sun into v,,’s then Earth may transform a
large fraction of them, during nightime, back into v.’s
and the day-night difference in the radiochemical detec-
tors may be quite large (depending on the specific values
of masses and mixing angles that nature has selected), as
can be seen from Figs. 12—15. Unfortunately, the *’Ar in
the ¥’Cl experiment was extracted after exposures between
35 and 80 days.?! To reveal a day-night modulation one
will have to extract continuously the Ar atoms produced
in Cl (the Ge atoms produced in Ga) into separate day
and night containers and count them separately, which
apparently can be done with reasonable efficiencies.”?
However, a day-night difference, if it is sufficiently large
should reveal itself also in a summer-winter difference.
At 43°N the ratio between the average time that the Sun is
below the horizon in the winter (October 1 through March
31) and in the summer (April 1 through September 30) is
1.40. Since the time-averaged probabilities in winter
nights and in summer nights are approximately equal,
therefore at Homestake the ratio between the numbers of
Ar atoms produced in Cl by solar neutrinos during the
winter and during the summer should be between 1 and
1.40 (1.40 if the MSW effect in the sun transforms all so-
lar v’s into v, ’s, less otherwise).

Indeed, the average production rate of Ar in Cl at
Homestake was found to be 15% larger in the winter than
in the summer (after correcting for seasonal changes in
the distance to the Sun and excluding sessions which over-
lapped with large solar flares). However, the effect is of
the same order as the statistical error (+20%) (Refs. 21
and 22).

0.8
AVERAGED NIGHT-TIME PROBABILITIES; ¢ = 43°N }

WHOLE YEAR (total 4380h)
(total 2547h)
(total 1833 h)

08 ——— WINTER
AR — - — SUMMER

) IN EARTH
m
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1

v

P Ve —

E/am? (10° Mev/ev?)

FIG. 13. The yearly and seasonal averaged probabilities of
neutrino flavor flip in Earth for solar neutrinos that reach ter-
restrial detectors at a latitude 43°N during the night, as a func-
tion of E,/Am?, for sin?20=0.10.
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FIG. 14. The production rate of ’Ar in *’Cl at latitude 43°N
as a function of Am? during daytime and during nightime by so-
lar neutrinos, for sin?26=0.10.

VII. CONCLUSIONS

The values of neutrino masses and mixing angles,
which are required by the Mikheyev-Smirnov-Wolfenstein
solution to the solar-neutrino problem, can be found from
analytic solutions to the neutrino propagation equations in
the Sun. They practically coincide with those obtained
through extensive numerical computations. They divide
into three classes of oscillation parameters that can solve
the solar-neutrino problem. The first class corresponds to
the situation that only ®B neutrinos encounter resonance
denisties in the Sun and only 0.6 SNU of the 2.1 SNU ob-
served production of 3’Ar in *’Cl is due to ®B neutrinos,
while the rest 1.5 SNU is due to "Be, pep, and CNO neu-
trinos. The second class corresponds to the situation that
practically all the "Be, pep, and CNO neutrinos and only a
fraction of the ®B neutrinos are transformed into v,’s in

N
the Sun, and the observed *’Ar production rate is due

PP neutrinos
sin? 28=0.10

DAY /NIGHT

P(y, V) ; EARTH
Ge PRODUCTION IN Ga (SNU)

am? (ev?)
FIG. 15. The probability that pp neutrinos from the Sun
reach a terrestrial detector at latitude 43°N as electron neutrinos,
during daytime and during nighttime, as a function of Am?, for

sin?20=0.10, and the corresponding rate of 7'Ge production in
71
Ga.
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completely to the B neutrinos which escaped the Ve—Vy
transition. The third class corresponds to the situation
that all the solar neutrinos are transformed in the Sun into
v,’s, but vacuum oscillations on their way from the Sun to
Earth transform about one-third of them back into v,’s,
which produce the *’Ar atoms in *’Cl.

If nature has selected the oscillation parameters to be-
long to the first class, then neutrino oscillations in the Sun
have no effect on "'Ge production in 7'Ga. However,
these parameters yield sizable oscillations of atmospheric
neutrinos in Earth, which can be detected by the massive
deep-underground proton-decay detectors and neutrino
telescopes.

If nature has selected the oscillation parameters to be-
long to either the second or third class, then the produc-
tion of "'Ge in "'Ga by solar neutrinos is strongly reduced
(less than 5 SNU during day time). These classes of oscil-
lation parameters contain solutions that yield matter am-
plification of v,<»v, transitions due to passage in Earth
when the Sun is below the horizon. These transitions
should show themselves as variations in production rates
between day and night (perhaps possible by using more
advanced detectors such as water Cherenkov detectors or
heavy-water detectors) and between seasons (perhaps
detectable by the radiochemical detectors).
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Note added. After completion of this work and during
its proof for publication in this journal many authors have
published relevant works. In particular, J. Bouchez et al.,
Z. Phys. C 32, 499 (1986), repeated the numerical calcula-
tions of Rosen and Gelb, included the effects of neutrino
oscillations in Earth, and obtained similar results. W. C.
Haxton [Phys. Rev. Lett. 57, 1271 (1986)]; S. J. Parke
[ibid. 57, 1275 (1986)], and S. J. Parke and T. P. Walker
[ibid. 57, 2322 (1986)] found that the neutrino propaga-
tion equations in the Sun can be reduced to the quantum-
mechanical problem of level crossing under the influence
of an external linear field, which had been solved before
by L. D. Landau [Phys. Z. Sowjetunion 2, 46 (1932)] and
C. Zener [Proc. R. Soc. London A137, 696 (1932)]. Their
solution is identical to our analytic solution and indeed
they showed that it leads to the three classes of solutions
to the solar-neutrino problem which we found indepen-
dently. E. W. Kolb et al. [Phys. Lett. 175B, 478 (1986)]
reproduced the “slab model” of Rosen and Gelb to ex-
plain the Rosen-Gelb solutions to the solar-neutrino prob-
lem. Finally, possible tests of the MSW solution to the
solar-neutrino problem, using the matter amplification of
oscillation of atmospheric neutrinos and of solar neutrinos
in Earth, were discussed also by J. LoSecco [Phys. Rev.
Lett. 57, 652 (1986)], by E. Carlson [Phys. Rev. D 34,
1454 (1986)], by A. J. Baltz and J. Weneser [Phys. Rev. D
35, 528 (1987)], and by M. Cribier et al. [Phys. Lett.
182B, 89 (1986)], who arrived at similar conclusions to
ours.
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APPENDIX 172
‘ 0= |2 o=0)| =M
In the standard theory of the electroweak interactions dQ veards

the amplitude for v.e —v,e scattering via W exchange is
given by

M=—————=Vg,)v*(1—ys)e(p,)e(p,)
wie

Xyull=vs)V(q,) ,

where G is the Fermi coupling constant, My, is the mass
of the W boson, g, and p, are the initial four-momenta of
the v, and the electron, respectively, g, and p, are their
final momenta, respectively, and k=p;—g,=p,—q; is
the four-momenta transferred by the W.

The c.m. amplitudes for forward scattering of electrons
with helicities ++ are obtained by performing the spinor
and matrix multiplication and are given by

M[v,(=)+e(—)—>v,(—)+e(—)]=8V2Gpk Vs ,

all other combinations give M =0 (s is the c.m. energy
squared and k, the c.m. momentum of the neutrino), i.e.,
f_(0)=(V2Ggk,/m)f (0)=0 where the subscripts
+/— indicate ++ initial (and final) electron helicities.
Consequently

An=n(v,)—n(v,)

:f%[f_(O)xNe(—%)+f+<o>><Ne<+%)]
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