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MATTER OSCILLATIONS ANO SOLAR NEIJTRINOS: A REVIEW OF THE ~WfFFECT

S. P. Rosen andJ. M. Gelb

Theoretical Oivision, Los Alamos National Laboratory
Los Alamos, N.w Mexico 87545

ABSTRACT
We review the theory of the Mikheyev-Smirnov-Wol fenstein effect, in which
matter oscillations can g?eatly enhance “in vacuo” neutrino oscillations, and
we examine its consequences for the solar neutrino #roblem. Using a two-
flavor model, we discuss Lhe solutions in the &n2-sin 2e parameter space for
the 37C2 experiment, and describe their predictions for the 7*Ga experiment
and for the spectrum of electrcn-neutrinos arriving at earth. We also comment
on the three-flavor case.

1. INTRODUCTION
Last year, there occurred the most exciting
and most ele~,mt development in the field of
neutrino oscillations since its inception
with the “solar neutrino problem” (l).
Mikheyev and Smirnov (2) discovered that as
neutrinos travel from the core to the edge
of the sun, the synergism between “in vacuo”
oscillations (3) and matter oscillations (4)
can have an enormous impact on the nature of
neutrinos emerging from the sun: neutrinos
born as members of the electron family in
the core of the sun can emerge as almost
pure membw’s of the muon or tau families,
Moreover, this change of Identity occurs for
a range Jf OSCllldtiOfI paR!MIIOtWS which is
in excellent accord with the prejudices of
particie physics (5), and which is not
accessible to terrestrial experiments. The
MSW efftct, as it has com~ to be known (6),
has re-invigorated and revolutionized the
field of solar neutrino physics,

In this talk WQ shall briefly review the
ba~lc physics of the MSW effect and the
resulting enhancement of oscillations for
neutrfnos travailing through a medlwa of
constant density. We then discuss the case
of a medium with varying dmnslty, such as
tho sun, and outltne th~ conditions for the
val{dity of the prlnc{pal approximations
which have been used in th~orotical
analyses.

To apply the MSW effect to the solar neu-
trlno problem (7), we determine those param-
etarrnwhich give th~ requisite reduction of
the 3’CI s{gnal, especially fn the small
mixing angle rcgfme, We then examine the
{mpl{rations such parameters will have for
the “’tGa experiment, and we emphasize the
need for new experiments which will measura
the energy spectrum of elactrun neutrinos
arr{vlng at eurth, Ou\I calculations are
carried out in the contoxt of two flavors of

neutrino, and at the end we consider
the complications introduced by
flavors.

2. THE PHYSICS OF MSW

~,

some of
three

The two essential ingredients of the MSW
effect are (4): (1) the prior existence of
neutrlno mixing; and (2) the charged-current
scattering of electron neutrinos by elec-
trons. Neutrino mi~,ing means that the
flavor eigenstates associated with weak
interactions are linear superpositions of
the elgenstates of the mass matrix; as long
as at least two of these mass eigenstates
correspond to difference mass eigenvalues,
the phenomenon of “in vacuu” oscillations
can take place (3), In the standard elec-
troweak model, all neutrinos can scatter
from electrons (and also from quarks) by
means of the neutral current (Z” exchange)
interaction, but only electron-type neutri-
nos can scattel from alectrons ●by means of
charged-curw’.t interactions (W -exchange);
this means that the coherent, forward scat-
ter{ng amplitude for electron-neutrinos
differs from those for muon- and tau-neutr{-
Pos, and hance It gives riso to a different
index of rafractlon, or effective mass as
the electron nautrlno propagates through
matter. As we shall see, this difference
can result in the transformation of a very
smal1 “{n vacuo” mixing angle into a very

large “in mod{o” angle,

We express the flavor @lgenstates in terms
of mass elgenstates through a unitary mlx{ng
matrix W:

‘U]flavor
= W[v]mass

ld+w.~+al , (2,1)

CMSlTt!8UTl~(X THIS DOCUMm IS UNLIMl~
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In the mass eigenstate basis, each neutrino
has a given momentum p, and hence its energy
in the case when p is much greater thfinits
mass is

(2.2)

The differential equation governing the time
development of phase differences between the
mass eigenstates 1s

i~[avlma$5= ‘diag[av]rnass , (2.3)

where [a ] represents tt’e probability
amplitude ~? all eigenstates in the mass
basis and

‘diag = [
m~/2p O ..... 1‘l<m2<” ““‘

Transforming to the flavor basis, we have

‘%[av]flavor = w~+[avlflavor. (2.5)

The charged-current diagram (Fig. 1) gen@r-
ates a difference in the effective mass of
electron neutrinos as compared with other
flavors (8),(9)

(tim)ve=J?GFNe , (2.6)

where G is the Ferm{ constant for p-decay
and N ~s the Ldnsity of electrons. Includ-
ing fh{s effect In tho time development
equation, we find that Eq. (2.5) Is replaced
by

.
l~[~vlflavor={w”w++~GFMeJl[avlflavor

(2.7)
.

‘where J is a matrix with 1 In the (e,e)
pos{tlon and zeros @veryWhere else,

To Illustrate thts formallsm, let us consld-
ar the two-flavor case with v and v , wh~re
x represents another family (ken, t~u, or a
fourth qen@ratton) but does not correspond
to a sterile neutrlno, The m{xingmatrlx Is
thm giv?n by

Ve e-

7
—.———~+

e- ‘e

Figure 1. The charged-current, or W-exchange
diagram for the scattering of electron-
neutrons by electrons,

where c = cosO and s s sinO and the time
development equation is

[1[1dse(t)A,8i?Eax(t) = B,O

where

A = ~(m~c2+m~s2) +

D = &m~s2+m$c2) ,

[1se(t)

ax(t)
(2.9)

flGFNe ,

B = &&n2)cs , /’2 = m~-m~>O .

(2.10)

W~th the appropriate cho!ce of electrofl
density, wo can “tune” the effective mass
matrix so that

A=o . (2$11)

Tho .Igenstates of the matrix will then be
equal admixtures of Ve and v , and WQ shall

$&t!i!i&?%#%nd;% ’e?or \!s ;;;V;;
wr tten as

(2!121

and s{nce, in the standard electro”weak
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model, GF is positive, Eq. (2.12) requires
that the electron neutrino be dominantly
composed of the llghter of the two mass
eigenstates, namely ml (8).

Let us now suppose that the neutrino is
traveling through a medium of constant
density, We define a “matter oscillation
length” lJ as (4)

7
Lo=~=~l’7j)x10 meters

O GFNe
, (2.13)

e

where p is the density of electrons in
units o#Avogadro’s Number:

Ne = 6 x 1023 pe . (2.14)

Typical val~es of p on earth are in the
range of 2-4, al’.nou& it can reach as high
as 13 at the center of the earth (10). In
the solar core pe is of tne order of 100.

In vacuo, the neutrino has amixfng angleO
(Eq, 2.8) and an oscillation length Lv:

Lv=~= 245 [.+.] meter$ , (2.15)
Am (Am/eV )

but in the medium it oscillates with modi-
fied parameters Om and Lmwhere (4)

sin22em = s{n22W{sin22e + (Lv/Lo-cos2(3)2]

(2.16)

Lm = Lv/~{sln22(3+ (Lv/Lo-cos2e)2} .

Two properties are Important in the formula
for the modified mfxing angle: first that,
no matter how small tho “in vacuo” angle 8
may be, the “in medio” angle 0 will hav~
its maxfmum value (sin22(3=l) wh& the ratio
of oscillation lengths h$pens to satisfy a
relation

(Lv/Lo) = cos2fl , (2.17)

which is just the A=O condition (Eq, 2,11,
12) in Unothtr form. In other words, as
long as e is not zero, thero is always a
dcnslty for whfch the nwtrlno will oscil-
lata wfth maximal mixing (8). The pr{co
that one pays for this gain Is that the
oscillation length bocom~s much longer,
nammly (Lv/sin2(3),

Tho sacond property Is th&t th~ width of the
sin22(3 curve as a function of (L /L ) is
propor~ional to sln28: in fact ?hQOfJll
width at half maximum Is given by (2)

2A(Lv/Lo) s 21Lv/Lo-cos201 = 2sir12Q. (2.18)

Thus the smaller the anqle 0, the narrower
the peak; and so for very small angles, the
peak becomes a sharp spike, Outside the
peak, (3 tends to zero for high densities
(Lv/L ~ and to its in vacuo value e for
low dgnsities (Lv/Lo+O).

3. VARYING OENSITY: THE SUN
In the sun, the density of electrons de-
creases steadily from a value of p =115 at
the core to p SCI at the edge. t7)(ll).
Consequently, fo$ every p/&n2 within a wide
range, there exists a density somewhere
inside the suri for which enhancement condi-
tion (Eqs. 2.11,12,17) is satisfied. In the
vicinity of this density, we expect large
oscillation effects to occur.

For the purposes of this discussion, we use
an exponentially falling solar density

-x/Rc
Pe(xl = Pcore e (3.1)

with

(3.2)

Outside the core region (the first !% of the
solar radius), this provides a good approxi-
mation to the density profile of the sun,
The enhancement condition is satisfied when

(p/&m2) = ~e~ c052e , (3.3)

and srJ the range of applicability for neu-
trino parameters is approximately

1(.)4: (p/Aln2)$ 109 , (34)

whers w. measure p in MeV and &n2 in (eV)2,

Tho travel history for a typirl neutrino
born in the core can be divideo Into three
parts. Initially, the neutrlno finds itself
In a region of high density for which
L >>L : th@ e~fectlve mfxlng angle is much
s~all~r than the In vacuo angle (Eq, 2.16)
and so oscillations are suppressed. The
neutrino then moves into a region of inter-
m~dtate density for which L 3L &nd, since
sin228ul, oscillations ~re” enhanced.
Finally it passes into a region of low
density where LV<<LO and “in vacuo” oscilla-
tions set {n,

These three stages aro very well illustrated
In Figs. 2 and 3. The figures follow the
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Figure Z. The Dr~~aDility for an eiectron-

neutrino Dorn at the cen:er of tne sun
to remain an electron neutrino as a
function of aistance from tne Center.
Tne Darametevs EIAmZ and sinz29 are

1.5x10s an~ 0.a respectively, and tne
ennancem~nt region is ar)nroximately
7.107 m -nile the oscillation lengtn at

enhancement is 6x1135 m. This is an
example af tne adiatatic ap~roximation.

proDaDility for an electron neutrino to
remain an electron neutrino P(u + ) as it
travels tnrougn tne sun, anaeth$y were

obtainea by airect commutation using Cne

eauations of motion (12) (Ecis. 2.9 ana 10).
Figure 2 aescrioes tne aotion of a neutrlno
with slnz2~0.4 ana Fig. 3 is for tne case
slnz2g=().001: note tnat in Doth examDles.
the mean value Of P(V ‘V ) when the neUtrinO
leaves tne sun is mucfl s~aller tnan ltwoula
be were tne matter oscillat~ons not taking
place. It is also apparent tnat tne major
Change in P(v -v ) cakes place in a rela-
tl.el~ small 4g18n contfired about tne Doint
of enhancement at wnich ECI. (3.3) iS satis-
ffea. Tne actual size of tnis region ne!ps

us distinguish between ttm two bUiC itPProx-
imations one can ma~g in solving tne ●Qua-
tions cf motio-i. tne aaiabatlc approximation

ana tne slaD or sudaen approximation.

In tne adiabatic af2f2rohimation. tne eigen-

vectors of tne ewations of motion change
~ery S1OW1Y during tne Dassage tnrcugh tne
S“P. and ~n the slab, or suda~n approxima-

t16n cnanges tak~ Dlace in an axtremely
small region. The criterion distinguishing

Detwe9n tnese cases comes from a cowarison
Detween tho DnySICal size 2Ax of the region
in which ennanc.a oscillations can take

Dldc@ and tne effectivn oscillation Iongth

L at the aCtual point of ennancemant. wnen
29 is mucn greater tnat~ Lm, the aai4Datlc
approximation 1s valia. and uhe~ it is much
smaller tnan L , tne 51aD (suaaen) approxi-
.natloncomes ifio play.

Ioc
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90

I ~. I , I r I

\

r
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Figure 3. Tne proDaGility of an electrcn-
neutrino co remain an electron-neutrlnc

as a function of alstance from cge

center of tne sun. Here Sinzzg = 10 J
and E-AI112 is 3XN~ jince tne ennance-
men: region, = 5’li36 m. is now mucn
smaller tnan tne oscillation lengtn at
enhancement, 2X10a m. tnis is an eXam-

Dle of tne slab aGDroximation.

TO calculate the size of tne en?.ancement
region witnin the sun Itself, we use tne
fact that in terms of ~t!e ratio (L ;L ) tne
full width at half-maximum fOr Sf’n2& 1S

2sin2e (se. Ea. 2.18). Since. for f’lxea
Plm2. L./L is essentially tne electron

aensity. “We”can aetermine tne size of tne
region in terms of * . me cnange in rne
electron aenslty in tna neignDornooa of cne

point of enhancement, ana nence in terms Or

M, tne actual spatial extent of tne Feglon
In tnis way we fins tnat

For tne exponentially falling density als-

triDutfon of Eas. (3 1 ana 21. me scale
neignt n is a constant,

o

and tnus for small mixing angles. tne Pn-
nancement region 1S a small I fraction Of 3

solar raaius:-

W = (0.2)(2ej R~un 3 2(2e)

For tne aciabatic approximate
the enhancement rqion mujt

.On to be ial1,5
De larger Cnan

tne effective oScllldtfOn iengtn L at ~ne
-~ ~rans-point of enhancement. This .;onaltlu

lates into a tiouna on DF@

2 sin20 tan2t3
(~#’Jm ) c< 7cm h

o
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The essential feature of the adiabatic
approximation is that the eigenvectors of
t;le “Hamiltonian” matrix of Eqs. (2.9 and
10) change so slowly that, for all practical
purposes, the neutrino remains in the same
eigenstate as it crosses the enhancement
region; however, the meaning of the eigen-
state in terms of neutrino flavor changes.
An electron neutrino born in the core of the
sun is dominantly in the “heavier” of the
two eigenstates, but when the neutrino
emerges from the sun, the heavier neutrino
is the muon one! Thus, by remaining in the
same eigenstate, the neutrino has changed
flavor from electron-type to muon-type.

Several authors (13) have calculated the
probability for v to remain Ue at earth in
the adiabatic approximation:

Pad(ue+veat Earth)=cos2@o sin2e+sin2$o cos2e,

(3.9)

where (Cosl$, - sino ) is the “heavier”
eigenvector %f the fimiltonian (Eqs, 2.9,
10) at the point of birth of the neutrino.
For high density, or for large (p/Am2), @
approaches zero, and for low density ~“
becomes (n/2+9) where e is the in vacug
mxing angle. ~he typical behavior of the
probability Pa (v +V at Earth) for small
angles as a funct~oneof (p/&m2) is that it
remains close to unity in the region of
104-10s and then falls rapidly to its asymp-
totic value of sin20 as p/Am2 increases
(13); at the value of p/Am2 corresponding to
the point of enhancement it is always equal
to 1/2, The actual probability for v to
remain v cannot remain at sin26 indefin~te-
ly becau%e, at some value of p/Am2 (see Eq.
3.7), the adiabatfc approximation begins to
break down; however, the larger the angle 0,
the longer it is before the breakdown
occurs.

When the adiabatic approximation does break
down we move into th~ regim~ of the sudden,
or slab approximation (12), tha crlterlon
for which is exactly tho reverse of Eq,
(37) namely

(P/Am2)>>s{n2f3tan2e
2= ‘o

(3.10)

In thfs cas~ the probability that the neu-
trino wfll make a sudden transition from on~
elgonstate to the other (an~ thus preserve
its flavor) grows, A naive model for this
behavior, especially in tho case of small
mixing angla (12), is to assuma that In the
hfgh and low density roglons of the sun, for
which L /L Is either much groatar than, or
much le~s ~han unity, the nwtrlno dots not
osclllato. Its only oscillations take place

in the enhancement region, which, given Eq.
(3.9), is much smaller than the oscillation
length at enhan~ement, L . Thus one catches
only a fraction of th# wave and predicts
that

2 Am2 sin2Q t3n2@,Ps’ab(ve.ve at Earth)=cos (~ h
o

(3.11)

This formula gives the correct qualitative
behavior of the direct computations I shall
describe below, but it does not work well in
a quantitative sense. A much better expres-
sion, in fact one whose agreement with the
computations is remar~:able, has been ob-
tained by Haxton (14~ and by Parke (15)
using the Landau-Zen@, formula:

n Am2 sin2; tan20,Ps’ab(oe+ve at Eartt,)=exp(-~“~ o

(3,12)

Both cxprmsions in Eqs. (3.10 and 11) have
the property that as (P/&n2) increases, the
probability for v to remain u steadily
increases from sin% (the adiabatic limit)
back to one,

The behavior of an individual neutrino with
respect to these two approximations is very
well illustrated in Figs, 2 and 3, The
adiabatic condition is satisfied by param-
eters of Fig. 2 and we see that the neutrino
makes a smooth transition from large to
small probabilities P(ve+v ) over a region
of roughly 2 tenths of a ?olar radius, By
contrast, the slab approximation holds in
Fig. 3 and we see the characteristic behav-
ior in which the neutrino makes a sudden
transition, over a few hundredths of a solar
radius, and then oscillates as in kacuo,
Note, however, that the amplitude of oscil-
lation is much larger than the in vacuo
value of sln22e; because of v +V regenera-
tion effects it is actually p~op$rtional to
stn2e (12),

As a function of p/&m2, the computed prob-
ability for v to remain v at Earth is
shown in Fig, ‘4 for sin22e ~0,01 and 0,04
both wtthout and with the effects of the
spatfal distrtbutlon of neutrino production
taken into account. The characteristic
behavfor of the adtabatic approximation
shows up in the region 104< p/mz<106’7,
which corresponds to the high-density-region
fn and around the solar core, and then the
slab approx{matlon takes over, The “sup
press!on gap” in which the probability 1$
equal to s{n2(3 (13) is proportional to
sin22e, being rouqhly the decade from 10s to
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Figure 4, The probability for an electrof-neutrino frnrathe sun to remain an electron-neutrino
at earth as a function of E/A/m2: (a) for neutrinos produced at the solar center with sin2
20 = O 01; (b) for the same neutrinos with sin22S3= 0.04; (c) for *B neutrinos, which are
produced in a small region around the cor~, with sin220= 0.01; (d) for pp neutrinos, which
are produced in a much larger region, with sln22e = 0.01.

108 for sin220=0.01 (Fig. 4a) and extmding 4, CALCULATIONS FOR THE 37C!2 AND 71Ga
to 4 x 106 for sinz2e= 0.04 (Fig. 4b), EXPERIMENTS
After that, there begins the climb back to a We now apply these ideas to the experiment
probability of order unity, whicil is typical of Davis and coworkers (16) in which they
of tha slab approximation. Note that the attempt to observe the energetic components
slab approximation cows into play in the (principally from ‘B and 76e) of the solar
less densa, outar regions of th~ sun. neutrino spectrum through the reaction

Neutrinos from ‘B are produced essentially v + 37Cg + 37Ar + e- , (4,1)
at the center of the sun, while pp neutrinos
are produced over a region roughly 20% of Our general approach is to assume that the
the solar radius. Since the adiabatic diminution of the observed signal (2,U0.3
ap~roximation depends upon the density at SNU) by is factor between 2 and 4 as com-
t!,tipoin+ of birth of the neutrino (we Eq.
3.8), while the slab approximation does not,

pared with the signal (5,9*2,2 SNU) pre-
dicted on the basis of the standard solar

WQ @xpect the greatest eff~cts due to the model (17) is due to the MSW effect. We
spatial extent of tho production region tc then compute thosa values of sin22e and Am2
show up at thg adiabatic, end of the prob- in a two-flavor modol that yield the desired
ability curw for pp neutrinos. This is reduction, and for each such set of param-
exactly what happens in the actual calcula- eters we predict the rate that should be
tlons (12), and tha @ffact can be seen by obs~rved in the gallium solar neutrino
comparing Figs. 4C and 4d with Fig, 4a, experiment,
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v + 71Ga +e-+71Ge , (4.2)

which is sensitive principally to the low
energy, but much more abundant, PP neu-
trinos. In addition, we calculate the
probability spectrum fOr u tO remain u at
Earth as a function of ene$gy, and we a?gue
that this spectrum will be an important tool
for distinguishing between different explan-
ations of the solar neutrino problem (12).
Throughout this discussion our emphasis will
be on small mixing angles,

-110-4 ~ sin220$ 10 , (4.3)

although we shall comment on the large-angle
case.

Our solutions for the 37Cl! experiment &re
shown in ~?g. 5, where the squares, dia-
monds, sod circles denote points in the
A# - sinz~~ nlot, which yield reduction of
1/2, 1/3, and 1/4 the expected rate respec-
tively. There are two classes of solution:
one i~which Am* remains in the neighborhood
of 10 4 (eV)* for small mixing angles; and
the other for which the product (#n2)x
(sin229) is approximately equal to 10 7“s
(eV)2. Both solutions are implicit in the
original work of Mikheyev and Smirnov (2);
Bethe (18) has elaborated upon the first
one, and Rosen and Gelb (12) uPon the
second.

(86 PLUS 78E ml 37CL)
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Figure 5, Solutions for the 37CI axperfm,nt
{n the Am2-sln22e plane, Squares corre-
spond to (1/2) th~ standard modal rate,
diamonds to 1/3, and circlas to 1/4.

The predictions for the 71Ga experiment are

shown in Table I, where the circled values
correspond to oscillation parameters, which
reduce the 37C1 signal by a factor 3. The
upper row of circled values corresponds to
the upper solution of Fig. 5, and the num-
bers represent the percentage of the stan-
dard solar model signal that is expected to
be seen in the gallium experiment. Likewise
the lower row of circled figures in Table I
corresponds to the lower solution of Fig. 5.
From the table we see that the upper solu-
tion for 37CJ! leads to the prediction that
we should see 100% of the st~ndard model
signal in gallium, whereas the lower solu-
tion tends to predict a reduced signal for
gallium, the reduction being as much as a
factor of 10 in some cases.

To understand the differences between the
two 37C!l solutions, we have computed the
probability for v to remain u at Earth, as
a function of n~utrino enerc&, P(v +V ;E)
and a typical result is shown in $ig.e 6.
From Fig. 5 we see that for a given (small)
v~lue of sin22e, there are two possible
values of Am*, which yield a reduction of
1/3 in the 37C~ signal; one corresponds to
the upper solution and the other to the
lower one. In Fi~. 6 we plot P(v +V ;E) for
each of these &n values; starseco?respond
to the upper solution and circles to the
lower one. As emphasized by Bethe (18), the
upper solution has the property that low
energy neutrinos remain as electron neu-
trfnos while high energy ones are almost
totally converted to brand X. The division
between “low” and “high” energy lies some-
where in the vicinity of 5 to 7 MeV depend-
ing on the value of sin226. Since the Pp
neutrinos responsible for most of the 71Ga
signal are “low” energy, they will always,
in the upper solution, yfeld 100% of the
standard solar model signal.

By contrast, the lower solution has the
property that neutrinos of all energies are
converted to brand X, but the conversion is
much stronger for low energies than for high
ones. In this case the pp neutrinos can
suffer a strong conversion to muon- or
tau-neutrinos, and the gallium signal will
correspondingly be reduced, as shown in
Table 1.

An important implication of thfs analysis 1s
the need to measure the spectrum of electron
neutrinos arrlvfng at earth, especially
those from ‘B decay In the sun. This meas-
urevant can be used to confirm the MSW
effect and also to resolve ambiguities of
interpretation that might arfse once the
gallium experiment has been carried out. By
way of confirming the MSW effect, we note
that changes in the standard solar modtil,
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TABLE I

Predictions for the 71Ga experiment for Parameters (circles) which yield a 1/3
reduction in the 37 experiment,

sin2(3

1. lE-4
1.OE-4
9.SE-5
5.8E-5
5.OE-5
1.7E-5
3.6E-6
1.lE-6
3.5E-7
1.OE-7
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which serve to lower the temperature of the
core, will reduce the overall normalization
of ‘% neutrinos, but will not change their
spectral shap. Likewise non-MSW oscilla-
tion sol~tions with large sin22e and small
AM2 (either too small for MSW or of the
wrong sign) tend not to affect the shape of
ths spectrum, except possibly at the high
energy and where P(v +V ;E) could coma close
to one. KISW, as w~ h~ve just shown, does
change the spectrum in one of two character-
istic ways. Hence, a measurement of the
spectrum would enable us to confirm, or to
reject MSW as an explanation of the 37C!J
experiment.

Oepending cpon the outcome Lf the 71Ga
experiment, there might bg serious assbigui-
ties in its interpretation, If, for exam-
ple, the gallium signal turns out to be
close to that predicted by the standard
solar model, we will have to choose betwaen
the upper MSW solutior~and some modification
of the solar core teltiperature(19) as the
explanation of the Davis experiment. sig-
nificant changes in the energy spectrum of
electron neutrinos will support the former
possibility, while no significant change
will support the latter.

Another conceivable outcome might be that
the gallfum s:gnal is found to be about 1/3
of the standard model pteediction. In this
case we can definitely conclude that neu-
trino oscillations are taking place, but
without a spactral measure~ent, we cannot
choose between oscillations of the MSW
variety with a small mixing angle, and
non-MSW oscillations with a large Am#~~g
angle as tht correct explanation. .

fied spectrum will point to MSW with small
mixing angle:, and an unmodified one will
Indlctte the non-MSW alternative. But even
in the latter caso there is a residual
ambiguity which may be hard to remove.

100

9
0

100
100
100

+

6
10

10

10-1.0

100

100
100
50
20

9

10-0.5

100
100
100
100

$?
00

45
25

ProbabilityAt Earth

Figure 6. Probability for an electron-neu-
trino to remain an electron-neutrino at
earth as a function of er.rgy for solu-
tions with sin22@ = 0.01. Stars corre-
spond to the upper solut?on with AM2 ~
10 4 (eV)* a,~d circles. to the lower
solution with AM2 = 4x1O 8.

Parke (15),(20) has recentlY emphasized
that, in addition to the two small angle
solutlons of the Davis experiment mentioned
above, there is a third, large angle MSW
solution. It arises when the “suppression
gap” of Fig, 4 is large enough to include
essentially all of the solar neutrlno spec-
trum, and when the asymptotic value of the
adiabatic solution (13), sin20 (see discus-
sion below Eq. (3.8)) is roughly 1/3 (i.e.
sin22890.9). In this case, we again obtain
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an essentially unmodified spectral shape for
8B neutrinos. Now the large angle M5W
solgtion tends to have a larger &n2(10-i
-10 ‘(eV)2), than a non-MSW solution, which
either has $he wrong sign for Am2, or a
value of 10 6(eV)z or smaller. This puts
the (p/m2) value for the large-angle MSW
solution in a rang? such that day-night and
winter-summer asymmetries (21-23) may show
up in the gallium, and other oroposed neu-
trino experiments. These :synsnetries,
estimated to be of order 15% (13), will
resolve, at least in principle, the ambigui-
ty between large angle MSW and non-MSW
solutions.

10 draw this part of the discussion to a
close, we note that should there be found in
the gallium experiment a definite suppres-
sion of the signal as compared with the
standard model prediction, and should this
suppression be much greater than or much
less than ti, ~t,ppressionin the aiCk tixper-
iment, then we can definitely conclude that
MSW oscillations are takii,g place. This
would be a result of enormous significance
for neutrino physics in particular, and for
particle physics in general.

5. PROPOSALS TO MEASURE THE ELECTRON-
NEUTRINO SPECTRUM

Several solar neutrino experiments have been
proposed which have the capability of prc-
viding information about the energy spectrum
of electron neutrinos arriving at Earth.

The Sudbery Neutrino Observatory proposal
(24) involves the detection and measurement
of’’’”””””- “’”Lne alslnr.egratlon or the aeuteron by

NU-E SCATTERING (8B)

E (MW)

---- -
oh , T 1

5.0 6,0 7,0 8,0 9,() 10,0

SOlar neUtrinOS interacting through both the
charged- and the neutral-currents. As long
as the brand X neutrino into which v oscil-
lates is active (X:p,r) and not ster?le, the
neutral current reaction will measure the
total solar neutrino flux above a given
threshold energy. The charged current reac-
tion is sensitive only to electron neutrinos
and hence, if its observed rate is lass than
that of the neutral current (after kinematic
and cross section factors have been taken
into account) then oscillations must defi-
nitely be occurring. Furthermore, in the
charged current reaction, the incident neu-
trino transfers most of its energy to the
final state electron, and therefore from the
observed electron sp<!ctrum one can unfold
information about tfie incident neutrino
spectrum.

Another idea being actively pursued by the
Kamiokande detector group in Japan is the
scattcri~g of solar neutrinos by electrons
(25). Because of the charged-current dia-
gram for v -electron scattering (Fig. lj,
the self-sa%e diagram responsible for the
MSW effect, the cross section for v scat-
tering is roughly six times that ‘of the
purely neutral current induced v -electron
scattering (26), and similarly fop v ‘elec-
tron scattering. Therefore, if ther elec-
tron-neutrino oscillates into either one of
v or v or into some linear combinati6rlof
t~em, tbn the cross section, and thus the
reaction rate for solar neu’,rino-electron
scattering will be much reduced. In addi-
tion, the shape of the electron spectrum
will also be altered. And so one car!again
obtain information about the incident

9
t

C!a
o a

-,7.0 -6.5 -6,0 -5,5 -5,0 -4S -4.0 -35

LOG DMS

Figure 7, Predictions for solar-neutrino electron scattering, (a) The spectrum ~or scattered
electrons with eneraies between 5 and 10 MeV: here sin229 = 0.1 and &m2 = 10 7. The solid
lin~ is for pure eiectron neutrinos with no”oscillations at all; the dotted linQ is the
total rate with oscillations; the dashed line is for tha electron-neutrino component; and
the dash-dot line is for muon-neutrinos, (b) The total event rate between 5 and 10 MeV
as a ~unction of Am2 for various sinz2& boxes (a) are for sin220 = 10 3, circles (o)
for 10 2, and crosses (x) for 0.7.
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neutrino spectrum from the observed electron
spectrum, although the unfolding may be more
difficult in this case. Some typical re-
sults are shown in Fig. 7 (27).

Raghavan, Pakvasa, and Brown (23) have
examined several nuclei as candidates for a
comparison between neutral- and charged-
current excitation reaction rates. In the
case of 116, for which the nuclear physics
of both charged-current transition to llC
and neutral-current transitions to excited
states of llB is well understood, they have
developed a measure which provides direct
information regarding the oscillation param-
eters of the incident neutrino. Older pro-
posals for superconducting sol~r neutrino
detectors (29) would also provide informa-
tion of the same type regarding the incident
neutrino spectrum.

-,. THREE NEUTRINO FLAVORS
The discussi~n o; matter oscillations in the
case of three lepton flavors becomes much
more complicated than in the case of two
flavors because there are many more param-
eters involved (two mass differences, three
mixing angles, and possibly one CP violating
phase). Furthermore, the analogue of the
maximal mixing condition (Eqs, 2.9 and 11)
on the “Hamiltonian” of Eq. (2.7) requires
many more matrix elements to be equal to one
another. If we write the Haniltonian for
three flavors as

11II=H [1AFG (6.1)
F8H
GHC

then the condition that its eigenvectors be
equal admixtures of all three flavors is

A =B=C , H=F=G* (6.2)

3-FLAVOR

1,0 I

.8 - ‘-

*

~ .6 -

; .4 - 4 1
1’

,2 - ; J

r)

Since we have only one adjustable matrix
element, namely A, the (e,e) matrix element,
it is most unlikely that we can ever satisfy
;:~peynditions in Eq. (6.2) unless there

to be some fortuitous equalities
within the Hamiltonian matrix.

Given that maximal mixing amongst the three
flavors is most unlikely, the next possibil-
ity is a sequence of quasi-two flavor en-
hancements. If we assume that v is heavier
than v and v is heavier than be, then for
a neutrino & given momentum, the first
enhancement will occur between u and v at
a higher density closer to the $olar c~re,
and the second enhancement at a lower
density further from the solar core. If the

neutrino starts its journey to earth from
the far side of the solar core, then it can
pass through more tp,an two enhancement
points, but always in accordance with this
density sequence.

To locate the DOintS of enhancement, we make
a change of basis
matrix, namely

BH
HC I

becomes diagonal.

so that the (Vp,Vr) sub-

(6. 3)

Its eigenvalues are

A+- = #{(B+c)tJii=) (6.4)

and the enhancements occur first when A = A+
and then when A = A- (30). The relative
importance of these two enhancements depends
upon the respective mixing angles. If the
neutrino mixing matrix follows the same
general pattern as the KM matrix for quarks,
then the v -v

ep
mixing will be larger than

3-FLALOR

1.0~-~1

.“

o .2 .4 .6 .8 I.0-.0 .2 .4 .6 .8 10
R/RSUN H/R SUN

Figure 8, Some examples of throo-flavor oscillations in which (a) th~ Ve-vr coupling is weak;
and (b) in which it is strong,
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v-v, and the second enhancement will be
tile‘important one. On the other hand,
should the two mixings be comparable, then
both enhancements could be equally important
and we could achietie an “effective” maximal
mixing situation. Examples (30) of these
two situations are shown in Fig. 8.

Kuo and Pantaleone (30), in a recent study,
have delineated those regions of the mass-
difference plane (Am2 ,&n2 ) which yield
solutions for the Da$~s e%~eriment. They
also consider a sequence of two “two-flavor”
enhancements, and analyze the cases when
both enhancements are adiaLatic and when one
is adiabatic and the other nonadiabatic.

7. FINAL COl#lENTS
Several groups (21-23) have obsarved that
when p/h2 is in the range 108-10’, there
can be significant enhancement effects for
neutrinos passing through tho earth, which
has a density of ~rder PS13 at its core, and
an average of order 2-4. In particular,
solar neutrinos which have been converted to
muon- or tau-neutrinos could be reconverted
to electron-type when they pass through the
earth. Thus , one anticipates significant
differences between the day and night sig-
nals, and also betwoan winter (longer
nights) and summer (shorter nights) sicjnals.

It )s quite possible that such asynuae’.ries
could be observed either before the ga’liu!n
experiment is completed, or at least before
the v ‘spectral measurements are made. Sucn
observations would provide strong evidence
for the MSld effect, There is, however, one
possible snag, namely that values of P/AI112
in the range 106 to 107 correspond to oscil-
lation lengths of order of the diameter of
the earth. This means that large mixing
angle, non-MSW oscillations with the appro-
priate A# could also give sign~flcant
day-night ●ffects, Again one night need a
spectral measurement to settle tho issue.

In lowest order v andv have ●qual fndlces
of refraction i# matte#, but higher order
corrections can lead to a ma!! difference
between them. Estimates of the difference
have been made by several authors who also
examine its implic~tlons (32).

In conclusion, we Just declare our own
particular prejudice that tha MSW effect Is
so elegant that ft ought to be true. Should
it lndaed prove to be the correct explana-
tion of the “solar noutrino problem,” then
solar neutrtnos wI1l be the only practical
source from which we can learn about neu-
trino masses andm~xfngs.
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