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MATTER OSCILLATIONS AND SOLAR NEUTRINOS: A REVIEW OF THE MSW EEFECT

S. P. kosen and J. M. Geld

Theoretical Division, Los Alamos Nationa)l Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

We review the theory of the Mikheyev-Smirnov-Wolfenstein effect, in which
matter oscillations can greatly enhance "in vacuo" neutrino oscillations, and
we examine its conscquences for the solar neutrino groblem. Using a two-

flavor model, we discuss Lhe solutions in the Am2-sin

20 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 eleyunt development in the field of
neutrino oscillations since 1its inception
with the "solar neutrino problem" (1).
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 aelection family in
the core of the sun can emerge as almost
pure memb:rs of the muon or tau families

Moreuver, this change of identity occurs for
a range of oscillation parameters which is
in excellent accord with the prejudices of
particie physics (5), and which 1is not
accessible to terrestrial experiments. The
MSW effect, as it has come to be known (6),
has re-invigorated and revolutionized the
field of solar neutrino physics.

In this talk we shall briefly review the
basic physics of the MSW effect and the
resulting enhancement of oscillations for
neutrinos travelling through a medium of
constant density. We then discuss the case
of a medium with varying density, such as
the sun, and outline the canditions for the
validity of the principal approximations
which have been wused in theoretical
analysaes.

To apply the MSW effect to the solar neu-
trino problem (7), we determine those param-
etery which give the requisite reduction of
the 37C2 signal, especially in the small
mixing angle regime. We then examine the
implirations such parameters will have for
the “!Ga experiment, and we emphasize the
need for new experiments which will measure
the enargy spectrum of electrun neutrinos
arriving at earth. Oui calculations are
carried out in the context of two flavors of

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

2. THE PHYSICS OF MSw

The two essential ingredients of the MSW
effect are (4): (1) the prior existence of
neutrino mixing; and (2) the charged-current
scattering of electron neutrinos by elec-
trons. Neutrino mirxing means that the
flavor eigenstates associated with weak
intaractions are linear superpositions of
the saigenstates of the mass matrix; as long
as at least two of these mass eigenstates
correspond to difference mass eigenvalues,
the phenomenon of "in vacuv" oscillations
can take place {3). In the standard elec-
troweak model, all neutrinns can scatter
from electrons (and also from quarks) by
means of the neutral current (Z° exchange)
interaction, but only elactron-type neutri-
nos can scatter from &lectrons by means of
charged=current interactions (W -exchange);
this means that the coherent, forward scat-
tering amplitude for electron-neutrinos
differs from those for muon- and tau-neutri-
ros, and hance it gives rise to a different
index of refraction, or effective mass as
the electron naeutrino propagates through
matter. As we shall see, this difference
can result in the transformation of a very
small "in vacuo" mixing angle into a very
large "in medio" angle.

We express the flavor eigenstates in terms

of mass efgenstates through a unitary mixing

matrix W:
[v]f. 2 Wv]

ravor mass

wweaw a1 | 2.1)
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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 than its
mass is

n?

E;2p+ 53 ' (2.2)

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

[a ]

diag-“v-'mass (2.3)

d _
Tqelaydnass = 1

where [a ] represents the prcbability
amp 1 itude} 5P a1 eigenstates in the mass
basis and

- 2 .
Hdiag E m1/2p 0..... my<mys.. ..

mo/2p . (2.4)

Transforming to the flavor basis, we have

d _ +
iaf[av]flavor = WHW [°v1f1avor . (2.5)

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

(6m) o = N GeNy (2.6)

where G. is the Fermi constant for B-decay
and N f; the uansity of electrons. Includ-
ing %his effect in the time development
equation, we find that Eq. (2.5) s replaced
by

d - + N
1E'E“v]flavor = (W ¢ (2 GeNgII T8, T¢y,400r

@.n

where J is a matrix with 1 in the (e,e)
position and zeros everywhere else.

To {1lustrate this formalism, let us consid-
er the two-flavor case with v_ and v_, where
x represents another family (Ruon, thu, or a
fourth qeneration) but does not correspond
to a sterile neutrino. The mixing matrix is
then given by

x (2.8)

Ve e~
i — e e  — m— —
W +
—_— e s PP wm v - =
e- Vo

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

where ¢ = cos® and s = sin® and the time
development equation is

g [2®] 28] [a,t)
P 0] T80 |a ) (2.9)

where

A= %E(m§c2+m§sz) ¢ JIGN,

2.2, 22

0= §E(m1s wme?) (2.10)

1 2 .2 2_2
8 = ZE(Am Jes , Am© = m, m1>0
wWith the appropriate choice of electron
dentity, we can '"tune" the effective mass
matrix so that
A=D . (2.11)

The efgenstates of the matrix will then be
equal admixtures of v_ and v_, and we shatl}

have maximal mixing ® betwee®h the flavor
eigenstates. The condition for this can be
written as
Amz
2 GeMg 2 TR cos28 (2.12)

and since, in the standard electro-weak
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modetl, GF is positive, Eq. (2.12) requires
that the electron neutrino be dominartly
composed of the lighter of the two mass
eigenstates, namely m (8).

Let us now suppose that the neutrino is
travelling through a medium of constant
density. We define a "matter oscillation
Tength" LJ as (4)

. an_ _ (.77) x 10/

0o p
2 GeN, e

meters , (2.13)

where p_is the density of electrons in
units ofeAvogadro's Number:
Ny = 6% 102 p

e (2.14)

Typical values of p_ on ecarth are in the
range of 2-4, al.noudh it can reach as high
as 13 at the center of the earth (10). 1In
the solar core Pe is of tne order of 100.

In vacuo, the neutrino has a mixing angle @
(Eq. 2.8) and an oscillation length Lv:

L, =38 = 2.6 (RMV0 ) peters . (2.15)

am (am“/ev®)

but in the medium it oscillates with modi-
fied parameters em and Lm where (4)

sinf2e, = sin?20/(sin%26 + (L /L -cos20)?)
(2.16)
L = L /y{sin®20 + (L /L -cos20)?}
m v v 0

Two properties are important in the formula
for the modified mixing angle: first that,
no matter how small the “"in vacuo" angle ©
may be, the "in medio" angle 6_ will have
fts maximum value (sin228 =1) whéh the ratio
of osciltation lengths hﬂbpons to satisfy a
relation

(Lv/Lo) = c0s20 (2.17)

which {s just the A=D conditfon (3. 2.11,
12) in unother form. In other words, as
long as ® 1s not zero, there is always a
density for which the neutrino will oscil-
late with maximal mixing (8). The price
that one pays for this gain is that the
oscillation length becomes much longer,
namaly (L /s1n28). :

The sacond property is that the width of the
11n320_ curve as a function of (L /L) 18
proportional to sin28: in fact the®'run
width at half maximum is given by (2)

2A(LV/L0) ZILV/LO-coszel = 2s5inr20 . (2.18)

Thus the smaller the angle 6, the narrower
the peak; and so for very small angles, the
peak becomes a sharp spike. Outside the
peak, 8 tends to zero for high densities
(LV/L and to its in vacuo value A for
Tow d@nsities (L /L +0).

3. VARYING DENSITY: THE SUN

In the sun, the density of electrons de-
creases steadily from a value of p 115 at
the core to p =0 at the edge. ?7)(11).
Consequently, for every p/am? within a wide
range, there exists a density somewhere
inside the sur for which enhancement condi-
tion (Egs. 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(x) Z Peore © (3.1)

o %115 , R = %U Reyy 7 ¥ 107m
(3.2)

Qutside the core region (the first 5% of the
solar radius), this provides a good approxi-
macion to the density profile of the sun.
The enhancement condition is satisfied when

7
(p/anl) = 9=% x 10

cos20 (3.3)

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

10% < (p/am?) < 10 , (3.4)
where we measure p in MeV and am? in (ev)?,

The travel history for a typir.! neutrino
born in the core can be dividea into three
parts. Initially, the neutrino finds ftself
fn a region of high density for which
L>L : the effective mixing angle is much
sfal18r than the in vacuo angle (Eq. 2.16)
and so oscillations are suppressed. The
neutrino then moves into a region of inter-
mediate density for which L 3L _and, since
sin2eal, ascillations re- enhanced.
Finally it passes into a region of low
density where L <<L° and "in vacuo" oscilla-
tions set in.

These three stages are very well illustrated
fn Figs. 2 and 3. 1The figures follow the
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PROBABILITY

6
R/RSUN

Figure 2. The probability for an eiectron-
neutrino porn at the centzer of the sun
to remain an electron neutrino as a
function of aistance from tne center.
Tne parameters E/am?2 and sin?20 are
1.5x105% an~ 0.4 respectively, and the
ennhancement region is approximately
7<107 m wnile the oscillation length at
enhancement is 6x105 m.  This is an
example of the adiatatic approximation.

propability for an electron neutrino to
remain an electron neutrino P(v_-v ) as it
travels througn the sun, ana®thdy were
obtained by dairect computation using che
equations of motion (12) (Eqs. 2.9 ana 10).
Figure 2 descripes the motion of a neutrino
with §1n220=0.4 ang Fig. 3 is for the case
51n229=0.001: note that in poth examples,
tna mean value of P(v_»v_) when the neutring
leaves the sun is much shaller tnan it woula
be were the matter oscillations not taking
place. [t is also apparent that tne major
crange in P(v _-v_ ) takes place in a rela-
tively small rggisn centared about the point
of enhancement at which Eq. (3.3) is satis-
fied. The actual size of this region nelps
us distinguish between the two basic approx-
imations one can make in snlving the equa-
tions cf motion, the adiabat.¢ approximation
and tre slab or sudden approximation.

In the adiabatic approaimation, the aeigen-
vectors of tne equations of motion change
very slowly during the passage thrcugh the
sur, and in the slab, or sudden approxima-
ticn cnanges take place in an extremely
small region. The criterfon distinguishing
between these rases comes from a comparison
between the physical size 2Ax of the region
fn which ennanced oscillations can take
place and the aeffective onscillation length
L,_ at the actual point of ennancement. Wwhaen
2%, is mucn greater thah L_, the aaiapatic
approximation 1s valid, and wher ft is much
smagller than L_, the slab (sudden) approxi-
natton comes ifnto play.

95 k —

90 -

85 i 1 N 1 A L — -l e
0 6 8 10
R/RSUN

(]
-3

Figure 3. The propapility of an elactron-
reutrino to remain an electron-neuytring
as a function of distance from trne
center of the sun. Here sin?29 = 10 °
ana E7am? is 3x108 Since the ennance-
ment region, = 5108 m, is now much
smaller than the oscillation length 3t
anhancement, 2x103 m, tnis is an exam-
ple of the slap approximation.

To calculate the size of the entancement
region within the sun 1tself, we use the
fact that in terms of the ratio (L 7L ) tne
full width at half-maximum for sf’nzéb 15
2sin20 (see Eq. 2.18). Since., for xeq
p/am?, L /L_ is essentfally tne electron
density, ‘we can getermine the size of tne
region in terms of ap_. the change in tne
electron density in tnd neighpornhood of the
point of enhancement, and hence in terms of
Ax, the actual spatial extent of tne region
In this way we find thnat

2ax = 2(tanze-n ) : n =

T =

E (3 5)

enhancement

For tne expongntially falling density ais-
tribution of Eqs. (3 1 ana 2). tne scale
height R is a constant,

. 7 .
n_=1/R_ 3 1:7 = m . 3 5)
0 1/ c 1 10 )
and thus for small mixing angles, the en-
nancement region 1s a small fraction of a
solar radius:

20% 3 (0.2)(20) R 3 2(28) = 7 = 10'm
sun (3 7

For the aciabatic approximation to be valid.
the ennancement region muit pe larger than
the effective oscillation lengtn L_ at tna
point of enhancement. This .ongitigh trans-
lates into a bound on psam?

2 sin20 tand3d

(p7am©) «< ™ ila)

9
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The essential feature of the adiabatic
approximation is that the eigenvectors of
the "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
twe eigenstates, but when the neutrino
emerges from the sun, the heavier neutrino
is the muon one! Thuys, 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 v_ at earth in
the adiabatic appfoximation:

2

2 2

9+sin2¢° cos 8
(3.9)

ad, = | = :
P (ve veat Earth)=cos °o sin

where (cos¢_, - sind ) 1is the '"heavier"
eigenvector 8¢ the Himiltonian (Eqs. 2.9,
10) at the point of birth of the neutrino.
For high density, or for large (p/am?), ¢
approaches zero, and for low density ¢°
becomes (n/Z+@) where 8 1is the in vacu
mxing angle. a he typical behavior of the
probability P“"(v_+v_ at Earth) for small
angles as a functlor® of (p/am?) is that it
remzins close to unity in the region of
104-10% and then falls rapidly to its asymp-
totic value of sin?® as p/am? increases
(13); at the value of p/Am? correspunding to
the point of enhancement it is always equal
to 1/2. The actual probability for v_ to
remain v_ cannot remain at sin2e indefiry te-
ly becauSe, at some value of p/Am?® (see Eq.
3.7), the adiabatic approximation begins to
break down; however, the larger the angle 9,
the longer it s before the breakdown
oceurs.

When the adiabatic approximation does break
down we move into the regime of the sudden,
or slab approximation (12), the criterion
for which is exactly the reverse of Eq.
(3.7) namely

(p/Amz) 5> sinie tanie

0

(3.10)

In this case the probability that the neu-
trino will make a sudden transition from one
eiganstate to the other (and thus preserve
its flavor) grows. A najive model for this
behavior, aespecially in the case of smal)
mixing angles (12), is to assume that in the
high and low density regtons of the sun, for
which L /L_{s either much greater than, or
much le¥s han unity, the neutrino does not
oscillate. [ts only oscillations take place

in the enhancement region, which, given Eq.
(3.9), is much smaller than the ascillation
length at enhancement, L . Thus one catches
only a fraction of thd" wave and predicts
that

2 .
slab, =~ —..2,Am" sin20 tan20
P (ve Vo at Earth)=cos (?3_ ————ji;———)

(3.11)

This formula gives the correct qualitative
behavier of the direct computations [ shatll
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 1is remariatle, has been ob-
tained by Haxton (14 and by Parke (15)
using the Landau-Zene. formula:

2 _.
Pslab(oe‘ve at Earth)=zexp(- %'%%- 5122%352229
(3.12)

Both expressions in Eqs. (3.10 and 11) have
the property that as (P/Am?) increases, the
probability for v_ to remain v_ steadily
increases from sinte (the adiabalic Timit)
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
smal)l probabilities P(ve*v ) over a region
of roughly 2 tenths of ~a £1ar 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 vacuo.
Note, however, that the amplitude of oscil-
lation is much larger than the in vacuo
value of sin228; because of v +v_ regenera-
tion effects it is actually pMop8rticnal to
s1n20 (12).

As a function of p/am?, the computed prob-
ability for v_ to remain v_ at Earth is
shown in Fig. ® for sin22e £0.01 and 0.04
both without and with the effects of the
spatial distribution of neutrino production
taken into account. The characteristic
behavior of the adiabatic approximation
shows up in the region 10%< p/amé<108'7,
which corresponds to the high density region
in and around the solar core, and then the
slab approximation takes over. The "sup
pression gap" in which the probability is
equal to sin?8 (13) i{s proportional to
sin220, being roughly tha decade from 105 to
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Figure 4, The probability for an electror-neutrino frnm the sun to remain an electron-neutrino

at earth as a function of E/A/m2:

(a) for neutrinos produced at the solar center with sin?

26 = 0 01; (b) for the same neutrinos with sin220 = 0.04; (c) for 88 neutrinos, which are
produced in a small region around the core, with sin220 = 0.01; (d) for pp neutrinos, which
are produced in a much larger region, with sin229 = 0.01.

108 for sin228=0.01 (Fig. 4a) and exte;ding
to 4 x 108 far sin%20 = 0.04 (Fig. 4b).
After that, there begins the climb back to a
probability of order unity, whici is typical
of the slab approximation. Note that the
slab approximation comes into play in the
less dense, outer regions of the sun.

Neutrinos from 238 are produced essentially
at the center of the sun, while pp neutrinos
are produced over a reg:on roughly 20X of
the solar radius. Since the adiabatic
apnroximatfon depends upon the density at
the point of birth of the neutrino (see Eq.
3.8), while the slab approximation does not,
we expect the greatest effects due to the
spatial extent of the production region tc
show up at the adiabatic end of the prob-
ability curve for pp neutrinos. This is
exactly what happens in the actual calcula-
tions (12), and the effect can be seen by
comparing Figs. 4c and 4d with Fig. 4a,

4. CALCULATIONS FOR THE 37C2 AND 7!Ga
EXPERIMENTS
We now apply these ideas to the experiment
of Davis and coworkers (16) in which they
attempt to observe the energetic components
(principally from 8B and 7Be) of the solar
neutrino spectrum through the reaction
v +37Ce» AP + e (4.1)
Our general approach is to assume that the
diminution of the observed signal (2.1+0.3
SNU) by a factor between 2 and 4 as com-
pared with the signal (5.9:2.2 SNU) pre-
dicted on the basis of the stand-rd solar
model (17) is due to the MSW effect. We
then compute those values of sin226 and am?
in a two-flavor model that yield the desired
reduction, and for each such set of param-
eters we predict the rate that should be
observed in the gallium solar neutrino

expariment,
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v+T7Ga+e + TGe |, (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 v_ to remain v_ at
Earth as a function of ené?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,

10°% < sin%20 < 1071, (4.3)
although we shall comment on the largje-angle
case.

Our solutions for the 37C¢ experiment are
shown in Fig. 5, where the squares, dia-
monds, >nd circles denote points in the
am? - sin2¢> nlot, which yield reduction of
1/2, 1/3, and 1/4 the expected rate respec-
tively. There are two classes of solution:
one in which Am? remains in the neighborhood
of 10 4 (ev)2 for small mixing angles; and
the other for which the product (4m?)x
(sin220) 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) wupon the
second.

(88 PLUS TBE ON 37CL)

K‘ 5 T T l'l!"" T lr]l"l V_YI'IHII L TrerT
: (a)

0-4 9 8§ 8 § § ©
° 0
. o
%07 : )
N._. 9
21078 ° 9
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a o
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0
o )

sin? 20

Figure 5. Solutions for the 37C2 experiment
in the Am2-sin220 plane. Squares corre-
spond to (1/2) the standard mode!l rate,
diamonds to 1/3, and circles to 1/4,
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The predictions for the 7!Ga experiment are
shown in Table I, where the circled values
correspond to oscillation parameters, which
reduce the 37C2 signal by a factor 3. Thre
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 37C2 leads to the prediction that
we should see 100% of the standard 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 ditferences between the
two 37CL solutions, we have computed the
probability for v_ to remain v_ at Earth, as
a function of nfutrino ener , P(v v _;E)
and a typical result is shown in Fig® 6.
From Fig. 5 we see that for a given (small)
value of sin220, there are two possible
values of am?, which yield a reduction of
1/3 in the 37C2 signal; one corresponds to
the upper solution and the other to the
lower one. In Fig. 6 we plot P(ve4v ;E) for
each of these Am* values; stars coFrespond
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-
trinos 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 sin?26. Since the pp
neutrinos responsible for most of the 7!Ga
signal are "low" energy, they will always,
in the upper solution, yfeld 100% of tLhe
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 fis
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 I.

An important implication of this analysis fs
the need to measure the spectrum of electron
neutrinos arriving at earth, especially
those from 8B decay in the sun. This meas-
urement can be used to confirm the MSW
effect and also to resolve ambiguities of
interpretation that might arise once the
gallium experiment has been carried out. B8y
way of confirming the MSW effect, we note
that changes in the standard solar model,
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TABLE I

A REVIEW OF THE MSw EFFECT

Predictions for the 71Ga experiment for parameters (circles) which yield a 1/3
reduction in the 37 axperiment.

10 3.0 2.5 10°¢
1.16-4 100 100
1.06-4  GoO 100 %
9.56-5 100 100
5.86-5 Q00 100 100
5.06-5 100 100 100
1.76-5 100 d00) 100
3.6E-6 65 50 (60D
1.1E-6 45 15 1
3.5€-7 70 40 10
1.0E-7 85 70 40

2

which serve to lower the temperature of the
core, will reduce the overall normalization
of 8B neutrinos, but will not change their
spectral share., Likewise non-MSW oscilla-
tion solutions with large sin228 and small
am? (either too small for MSW or of the
wrong sign) tend not to affect the shape of
the spectrum, except possibly at the high
energy and where P(v_+v_;E) could come close
to one. MSW, as wé€ hive 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 37C2
experiment.

Depending upon the outcome (¥ the 7!Ga
experiment, there might be serious ambigui-
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 betw2en
the upper MSW solution and some modification
of the solar core tenperature (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 signal is found to be about 1/3
of the standard model pvediction. In this
case we can deffnitely conclude that neu-
trino osciliations are taking place, but
without a spectral measurerant, we cannot
choose between oscillations of the MSW
variety with a small mixing angle, and
non-MSW oscillatfons with & large mixing
angle as the correct explanation. A modi-
fied spectrum will point to MSW with small
mixing anglez, and an unmodified one will
indicete the non-MSW alternative. But even
in the latter case there s a residual
ambiguity which may be hard to remove,
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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 sin228 = 0.01. Stars corre-
spgnd to the upper solution with am? =

1004 (ev)? ard circles_ to the lower
sulution with am? = 4x10 6.
Parke (15),(20) has recently emphasized
that, in additfon to the two small angle

solutfons of the Davis experiment mentioned
above, there is a third, large angle MSW
solution. It avrises when the "suppression
gap" of Fig. 4 iy large enough to include
essentially all of the solar neutrino spec-
trum, and when the asymptotic value of the
adiabatic solutien (13), sin%e (see discus-
sion below Eq. (3.8)) s roughly 1/3 (i.e.
s1n22040.9). In this case, we again obtain
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an essentially unmodified spectral shape for
88 neutrinos. Now the large angle MW
solution tends to have a larger am?(10 “
-10 3(ev)?), than a non-MSW solution, which
either has the wrong sign for am2, or a
value of 10 8(ev)2 or smaller. This puts
the (p/am?) value for the large-angle MSW
solution in a range such that day-night and
winter-summer asymmetries (21-23) may show
up in the gallium, and other oroposed neu-
trino  experiments. These :symmetries,
estimated to be of order 15% (13), will
resolve, at least in principle, the ambigui-
ty between large angle MSW and non-MSW
solutions.

To 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 th  <tppression in the ateg xper-
iment, then we can definitely conclude that
MSW oscillations are takiig 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 pre-

viding information about the energy spectrum

of electron neutrinos arriving at Earth.

The Sudbery Neutrino Observatory proposal
(24) involves the detection and measurement
of the disintegration of the deuteron by
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Figure 7. Predictions for solar-neutrino electron scattering.
electrons with energies between 5 and 10 MeV; here sin220 = 0.1 and am? = 10 7.
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A REVIEW OF THE MSW EFFECT

solar neutrinos interacting through both the
charged- and the neutral-currents. As long
as the brand X neutrino into which v_ oscil-
‘ates is active (X=p,t) 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 spr:trum one can unfold
information about tLne incident neutrino
spectrum.

Another idea being actively pursued by the
Kamiokande detector group in Japan is the
scattering of solar neutrinos by electrons
(25). Because of the charged-current dia-
gram for v -electron scattering (Fig. 1),
the self-sahe diagram responsible for the
MSW effect, the cross section for Ve scat-
tering is roughly six times that "of the
purely neutral current induced v -electron
¢cattering (26), and similarly fof v_-elec-
tron scattering. Therefore, if the elec-
tron-neutrino oscillates into either one of
v or v_ or into some linear combinaticun of
them, then 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 can again
obtain information about the incident
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(a) The spectrum for scattered
The solid

line is for pure electron neutrinos with no oscillations at all; the dotted line is the
total rate with oscillations; the dashed line is for the electron-neutrino component; and

the dagh-dot line is for muon-neutrinos.

as a function of am2 for various sin?2e:

for 10 2, and crosses (x) for 0.7,

(b) The total event rate between 5 and 10 MeV

boxes (T) are for sin228 = 10 3, circles (o)
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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 !18, for which the nuzlear physics
of both charged-current transition to 1!IC
and neutral-rurrent transitions to excited
states of ‘1B is well understood, they have
developed a measure which provides direct
informtion regarding the oscillation param-
eters of the incident. neutrina. Qlder pro-
posals for superconducting solar neutrino
detectors (29) would also provide informa-
tion of the same type regarding the incident
neutrino spectrum.

5. THREE NEUTRINO FLAVORS
The discussicn o matter oscilliations 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 3nalogue of the
maximal mixing condition (Egqs. 2.9 and 1l)
on the "Hamiltonian" of Eq. (2.7) requires
many more matrix elements to be equal to one
another. If we write the Hamiltonian for
three flavors as

"H* = | A (6.1)
F
G

O™
Oxo

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

A=8=C , H=F=G (6.2)

PROBABILITY

R/RSUN

Since we have only one adjustable matrix
element, namely A, the (e,e) matrix element,
it is most unlikely that we can ever satisfy
the conditions in Eq. (6.2) unless there
happen 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-twe flavor en-
hancements. If we assume that v_ is heavier
than v and v i5s heavier than v_, then for
a neutrino given momentum, —the first
enhancement will occur between v_ and v_ at
a higher density closer to the §olar cBre

and the second enhancement at a lower
density further from the solar core. I[f the
neutrino starts its journey to earth from
the far side of the solar core, then it can
pass through more than two enhancement
points, but always in accordance with this
density seguence.

To locate the points of enhancement, we make
a change of basis so that the (v W ) sub-
matrix, namely

BH (6.3)
HC
becomes diagonal. Its eigenvalues are

= oy s Jeokady 60

and the enhancements occur first when A =

and then when A = A_ (30). The relatvve
importance of these two enhancements depends
upon the respective mixing angles. [f the
neutrino mixing matrix follows the same
general pattern as the KM matrix for quarks,
then the ve-v“ mixing will be larger than

3-FLAVOR

" R/RSUN

Figure 8. Some examples of three-flavor oscillations in which (a) the v Va Yt coupling s weak;

and (b) in which it is strong.
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v _~v_, and the second enhancement will be
the “important one. On the other hand,
should the two mixings be comparable, then
both enhancements could be equally important
and we could achieve 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 (Am? ,am2 ) which yield
solutions for the Da¥s éiﬁeriment. They
also consider a sequence of two "two-flavor"
enhancements, and analyze the cases when
botl enhancements are adiatatic and when one
ic adiabatic and the other nonadiabatic.

7. FINAL COMMENTS

Several groups (21-23) have obsarved that
when p/am2 is in the range 109-107, there
can be significant enhancement effects for
neutrinos passing through the earth, which
has a density of urder p=13 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 thay pass through the
earth. Thus, one anticipates significant
differences between the day and night sig-
nals, and also betwoen winter (longer
nights) and summer (shorter nights) signals.

It s quite possible that such asymme.ries
could be observed either before the ga lium
experiment is completed, or at least before
the v_-spectral measurements are made. Such
obser¥ations would provide strong evidence
for the MSW effect, There is, however, one
possible snag, namely that values of p/am?
in the vange 10® 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 Am2 could also give significant
day-night effects. Again one might need a
spectral measurement to settle the issue.

In lowest order v and v_ have equal indices
of refraction i mattef, but higher order
corractions can lead to a smal’ difference
between them. Estimates of the difference
have been made by several authors who also
exanine its implications (32).

In conclusion, we Jjust declare our own
particular prejudice that the MSW effect is
so elegant that it ought to be true. Should
it indeed prove to be the correct explana-
tion of the "solar neutrino problem," then
solar neutrinos will be the only practical
source from which we can learn about neu-
trino masses and mixings.

A REVIEW OF THE MSW EFFECT
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